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Foreword

EVIDENCE-BASED MEDICINE, A NEED FOR PARADIGM SHIFT!

We are living in a rapidly changing world, with new economic realities, and new challenges for the production
of food and for health care. In the past 60 years a number of novel medicines have been introduced which are used
to treat various diseases, though only a few, mainly the antibiotics, do cure patients. Now for the most important
ailments medicines are available. But to develop better ones, or to develop medicines for minor diseases or diseases
of the poor, the costs are far too high to bring a novel drug to the market for the patients concerned. Estimations are
around 1 billion V for a single novel drug, moreover drug development is a time-consuming process, with
8e12 years from finding a hit to the clinical application. Pharmaceutical industry has no economic incentives in
developing novel drugs for small markets and as a result the pipeline of novel small molecule drugs is stalling, with
every year less real novel small molecule drugs. At the same time globally still up to 80% of the people are using
traditional, mostly herbal, medicines. Some 40,000e70,000 plant species have one or more medical applications in
various systems of traditional medicine. In general they are cheap and locally readily available.

Already since many years a number of governments and international organizations have advocated the use of
such local traditional medicine in primary health care. But to achieve this, one should have at least evidence for
nontoxicity and preferably even know the active compound(s) and their mode of action. With other words there is
an urgent need for evidence-based traditional medicines to be able to meet the needs of the poor. At the same time,
it may, open the way for novel ideas to develop small molecule drug by finding new leads, targets, or even con-
cepts, like the use of synergy between compounds. Moreover, such information is needed for an adequate level of
quality control. Natural products research has the important challenge to deliver the information needed for evi-
dence-based use of traditional medicines.

There are, however, a number of hurdles to overcome. First of all in the present system in the Western world
organizations like EMA and FDA make the rules for registration of novel medicines. These rules are based on a
single target, single compound paradigm. In traditional medicine often mixtures of plants are used, in which each
ingredient does have a certain meaning, and the ingredients and amounts given are part of a personalized
medication. Personalized medicine in the Western world is only used in case of very toxic medicines, e.g., in cancer
therapy, but otherwise more or less all people get exactly the same dose of a medicine. The formulations are made
with very high precision containing the active compound in a certain amount with not more than 1% standard
deviation. Obviously such a system is not at all ready to deal with the problem of every person receiving a different
mixture of plant extracts, using raw materials in which the variability in the content of active ingredient(s) with no
doubt is more than such a 1% standard deviation.

New approaches are thus required to deal with these problems. Particularly in Asia much of the traditional
knowledge has already been recorded in books thousands of years ago and still plays a very important role in
health care. Therefore this is the place for developing novel approaches supported by their rapidly growing
economies: a unique momentum for local pharmaceutical companies.

This book is an effort to bring together the views, expertise and experience of leaders in the field ofmedicinal plant
research and development with the aim to show what is expected and thus needs to be done to come to evidence-
based medicinal plants. Eventually this should lead to approaches that generate all the necessary information to
register medicinal plants. Evidence that also convinces the regulatory authorities that now advocate the single target,
single compoundparadigm.There is amajor task for us in the natural product researchfield.A taskwhich requires the
close collaboration between pharmacology, toxicology, natural products chemistry, and bioinformatics. New ap-
proaches as systems biology to study single patients treatedwith personalized traditionalmedicines, instead of large-
scale clinical trials, using the various omics technologies need to be developed and used in conjunction with
reductionist approaches to confirm activity of compounds identified with activity. It requires more in depth studies
and not themore of the same as we see toomuch happening now, like in vitro screening of many plants at single dose
for one single activity. We need first of all to show pharmacological activity and safety of the traditional medicines,
based on that one may see if there are possibilities to develop novel leads from these plants.
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To encourage the study of traditional medicine there is also an urgent need for protecting the rights of the
development of an evidence-based traditional medicine, just as for any novel single compound medicine. The
present patent laws will not accept the development of an example, traditional antidiabetic medicine as an inno-
vation, consequently when that evidence has been obtained, anyone may use that information and produce and
market the medicine. With other words there is a need for an economic incentive for developing traditional
medicine.

This book should thus make a major contribution to the global discussion how to explore and exploit the ancient
knowledge to the benefit of mankind. To again make discoveries like morphine, atropine, and artemisinin, evi-
dence-based medicine needs a paradigm shift to get access to the heritage of our ancestors!

Prof. Dr. Rob Verpoorte
Natural Products Laboratory, IBL, Leiden University

The Netherlands
E-mail: Verpoort@Chem.leidenuniv.nl.
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Preface

EVIDENCE-BASED VALIDATION OF HERBAL MEDICINE

In today’s world, the role of herbal medicine has increased manifold. The use of herbal medicine in therapeutics is
becoming more popular. In the era of revolution in herbal medicines, the need of the day is the development of an
evidence base for validation for production, evaluation, regulation, safety, and allied aspects of natural products.
Herbal medicines are evaluated, validated, and regulated in various countries according to their own system.
Globalization in the context of modern drug development will increase the practice and use of natural products
worldwide, and herbal medicine is still open to fascinating realms of research. Development of secondarymetabolites
and natural leads by high-throughput screening offers exciting frontiers of future research. This book highlights
several aspects of natural products for validating the quality, safety, and efficacy of herbal medicine, particularly
methods to assess their activity and underlying mechanisms of action with a view to improve standards used in
different systems of medicine. It will provide a current cutting-edge scientific research on natural remedies, and
therefore, reading of this edited volume will be essential for everyone whose professional life impinges on the use of
natural resources.

Development of natural products requires the confluence of modern techniques and integrated approaches in
various fields of science and technology. This book provides state-of-the-art reviews from researchers around the
world on various aspects for evaluation of herbal medicine andwill help researchers to know about their validation to
exploit traditional medicines (TMs) for drug discovery and development. It will be a very useful publication, which
will not only serve as a handy tool for students and researchers in this area but will also provide the most recent
methodologies developed for evidence-based validation, phytochemical and pharmacological evaluation of herbal
drugs in all aspects fromfield to bed side.With the emerging interest, this bookwill encourage the continuing efforts to
understand TM-inspired drug development as well as the roles of TM in the global health care at large. The main aim
of this book is to improve the level of understanding of various aspects on evaluation of natural products to provide a
comprehensive validation of herbal medicine, so that they can be used with greater confidence, because of improved
quality and raising a scientifically sound evidence base. It will also be an imperative essential reference for those
involved in the fields of herbalmedicine, traditional remedies, pharmaceutical sciences, and natural product research.
I am sure it will be meant for a global readership and to provide a structured approach to the evidence-based eval-
uation of herbal medicinal products.

Pulok K. Mukherjee, PhD, FRSC
Editor,

School of Natural Product Studies,
Department of Pharmaceutical Technology,

Jadavpur University, Kolkata, India
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1.1 HEALTH CARE THROUGH
HERBAL MEDICINE

Herbal medicines attract the interest of both patients
and scientists, in all aspects of drug development from
natural products and also for validation of traditional
medicine (TM). Several developing countries rely on
TM because of their accessibility and affordability, and
scientists all over the world consider medicinal plants
as a source of new chemical entities and use them to
isolate compounds such as digoxin, morphine, taxol,
atropine, and vinblastine [1]. Herbal medicines have an
important position in health care systems worldwide;
their current assessment and quality control are a major
bottleneck. Many adverse events of herbal medicines
can be attributed to the poor quality of the raw materials
or the finished products. Quality issues of herbal medi-
cines can be classified into two categories, external and
internal. External issues include toxic metals, pesticides
residues, microbes, adulteration, and misidentification
ofmedicinal plants. The internal issues affecting the qual-
ity of herbal medicines are complexity and nonunifor-
mity of the ingredients. Through the use of modern
analytical methods and pharmaceutical techniques, pre-
viously unsolved internal issues have become solvable
[2]. The increasing search for therapeutic agents derived
from plant species is justified by the emergence of dis-
eases. Medicinal plants serve as the most valuable source
for curingmany diseases. Herbalmedicines include herb-
al extracts, herbal drug preparations, and herbal drugs.
Herbal drugs are unprocessed parts of plants or whole
plants [3]. Herbs include crude plant material such as
leaves, flowers, fruit, seed, stems, wood, bark, roots, rhi-
zomes, or other plant parts, which may be entire, frag-
mented, or powdered. Herbal preparations include
comminuted or powderedmaterials or extracts, tinctures,
and fatty oils of herbal materials, whichmay be produced
by extraction, fractionation, purification, concentration,
or other physical or biological processes [4].

Modern allopathic medicine has developed from
ancient medicine, and it is likely that many important
new remedies were discovered and commercialized
following the leads provided by traditional knowledge
and experiences. The study of these traditions not only
provides an insight into how the field has developed but
it is also a fascinating example of our ability to develop a
diversity of cultural practices [5]. The administering of a
pure chemical or a plant extract containing the same
chemical entity is essentially different. The difference is
mainly due to the complexity of a plant extract that intro-
duces many variables to conventional phytomedicinal
research, which could possibly contribute to chemical
complexity and bioactivity. On administration of plant
material of Artemisia annua versus the pure drug, for
example, artemisinin, showed that the bioavailability

from the leaves was 45 times more than that of the pure
drug [6]. Thus, the complexity of the plant extract could
have contributed to the increased bioavailability and
thus the bioactivity. A genuine interest on various tradi-
tional practices now exists among practitioners of
modern medicine and a number of practitioners of tradi-
tional, indigenous, or alternative systems are beginning
to accept and use some of the modern technologies.
Proper methodologies for the research and development,
manufacturing, and quality control of the formulations in
TM and investigations of the therapeutic potentials of
plants used in those systems with support of scientific
methods may help to use them with maximum possible
efficacy [7].

1.2 INTEGRATED APPROACHES FOR
DEVELOPMENT OF HERBAL MEDICINE

The international trade in herbal medicine has
attracted most of the pharmaceutical companies,
including the multinationals. Until a few years ago,
only small companies had interest in the marketing of
herbal medicines. Currently, several large multinational
companies are interested in commercializing herbal
drugs [8]. The world market for herbal medicine,
including herbal products and raw materials, has been
estimated to have an annual growth rate upto 15%.
Several integrated approaches in herbal research for pro-
motion and development of natural products are shown
in Figure 1.1.

1.2.1 Opportunities and Challenges in Herbal
Medicine

With the global increase in the demand for medicinal
plant or plant-derived medicines, there is a call for
ensuring the quality and safety of herbal drugs using
several modern analytical techniques. Chemical constit-
uents in herbal medicine may vary depending on har-
vest seasons, plant origins, drying processes, and other
related factors. Thus, it seems to be necessary to deter-
mine most of the phytochemical constituents of herbal
products in order to ensure the reliability and repeat-
ability of pharmacological and clinical research, to un-
derstand their bioactivities and possible side effects so
as to enhance the quality of the herbal products [9].
Quality control of herbal medicines aims to ensure their
quality, safety, and efficacy. The lack of chemical markers
remains a major problem for the quality control of herbal
medicines. In many cases, we do not have sufficient
chemical and pharmacological data of chemical
markers. Further, there are many technical challenges
in the production of markers. For example, temperature,
light, and solvents often cause degradation and/or

1. QUALITY RELATED SAFETY ISSUE-EVIDENCE-BASED VALIDATION OF HERBAL MEDICINE FARM TO PHARMA2



transformation of purified components; isomers and con-
formationsmay also cause changes in themarkers. How-
ever, a concept of understanding the complex principles
of herbal medicine must be developed through marker
profiling and related approaches so as to develop
evidence-based practice of herbal medicine [10].
Evidence-based submissions for regulatory approval
and interlinking of various pharmacopoeial and mono-
graphs would be helpful for herbal manufacturers to
the regulated markets across the world. A general com-
parison of the pharmacopoeial standards reveals that
there is a wide variation in plant-specific parameters
and quality standards of different nations. With respect
to Southeast Asia, India is among the leading countries
with respect to development of pharmacopoeial stan-
dards as well as modification of existing regulatory
guidelines [11].

The major challenges for the development and
promotion of TM include the chemoprofiling, safety
evaluations, quality control, and effective regulatory
guidelines for herbal medicines [12]. Wisdom and
compassion-enhanced global collaboration and leader-
ship are needed to change the contemporary paradigms
and develop new strategies for the enhancement of
TMs and dietary supplements. Research through collab-
oration and cooperation across the nation can help to a
large extent in the promotion and development of

the TM for the betterment health care globally [13].
Development and evaluation of medicinal plant-
derived products are being controlled and implemented
through various agencies in different countries. This
provides unique advantages for researchers and phar-
maceutical industries to enhance drug discovery and
development [14].

1.2.2 Several Aspects for Revitalization
of Medicinal Plants

In order to revitalize herbal medicine in line with
modern medicine, various strategic areas in medicinal
plant research are being considered. Scientists are
convinced that the integration of herbal medicine with
modern tools will not only benefit their own develop-
ment but will also help to fight against many complex
diseases through development of new entities [15]. It is
a fact that a very large number of medicines are derived
from plants or plant-derived synthetic analogs. Dedi-
cated research would be beneficial only with support
from advanced approaches and novel strategies [16].
Numerous methods exist to evaluate the quality of
either natural or synthetic substances. Several in vitro,
in vivo, and high-throughput screening methods are
currently involved in traditional drug discovery
approaches [17]. During the past decades, public interest
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in natural therapies, namely, herbal medicine, has
increased dramatically not only in developing countries
but also mainly in industrialized countries [18]. This has
increased the international trade in herbal medicine
enormously and has attracted most of the pharmaceu-
tical companies, including the multinationals. India is
one of the few countries that are capable of producing
most of the important plants used in modern as well
as in traditional systems of medicine. In the modern
era, combinatorial chemistry and high-throughput
screening are very useful methods, and so many new
drug molecules are emerging from herbal resources.
The traditional use of medicinal plants needs to be sys-
tematically investigated and standardized from the
perspective of quality, safety, and efficacy [14]. Although
there has been an increase in interest in science-based
research into herbal medicine, much of the research to
date has been plagued by studies conducted using
unauthenticated, uncharacterized products. One of the
most important issues involved in any research study
is the quality of the test material. A study cannot be
considered scientifically valid if the material tested
was not authenticated and characterized such that the
material can be reproduced. In the case of botanicals,
there may be misidentification of the collected plant,
adulteration with other species, or contamination with
extraneous ingredients [5].

1.3 USE OF HERBS IN TM

TM generally refers to those medical and health care
systems that are practiced in a traditional manner from
ancient times, and this discipline is not considered to
be a part of conventional modernmedicine. Over several
years, this system has evolved on the basis of religious
beliefs and social edifices of several indigenous peoples
by exploiting the natural resources and more recently by
developing a scientific method for validating therapeu-
tic and preventive approaches [19]. However, TM is
not always documented properly through evidenced-
based scientific validation as in conventional modern
medicine. TMs are more easily accepted by most people
due to their strong beliefs faith, practical benefits,
economical advantage, easy access, and many other rea-
sons that have regional, religious, and social bases, etc.
[20]. In almost all TM systems, botanicals as well as me-
dicinal plants play a key role and constitute the back-
bone of TM. The Indian material medica includes
approximately 2000 drugs of natural resources, nearly
all of which are derived from different traditional sys-
tems of medicine and Indian folklore practices. Many
conventional modern drugs originate from different nat-
ural sources especially medicinal plants: a century ago,
most of the effective drugs were plant based [21]. Drug

development from medicinal plants continues, with
drug manufacturing companies engaged in large-scale
pharmacological screening of herbs. In TM, some popu-
lar herbs such as Turmeric, Neem, Ginger, Holi Basil,
Ashwagandha, and Rauwolfia., create a revival of inter-
est in herbal products at a global level [22]. Around 60%
of the global health care product market is dominated by
medicinally useful formulations and other health prod-
ucts, derived or developed from botanicals. In India,
around 25,000 traditional and folk medicinal effective
plant-originated formulations are used. In India, more
than 1.5 million consultants are using traditional medic-
inal systems for health care, and more than 7800
manufacturing units are involved in the production of
natural health products (NHP) and traditional plant-
originated formulations [11]. There is worldwide
emerging interest in executing traditional practices in
the health care system by exploring their therapeutic
as well as preventive potential. In TM, various regula-
tions and control on the use of botanicals have come
up, which will not only help to cure different aliments
through indigenous natural resources but will also
help in the screening and evaluation of the medicinal
plants in a better way to use them in traditional health
care systems [23].

1.4 GLOBALIZATION OF TM

TM has been defined as skills and a practice based on
the theories, beliefs, and experiences that are indige-
nous to different cultures. It is used in the maintenance
of health care as well as in the prevention, diagnosis,
and treatment of physical and mental illnesses [24]. Sci-
entists around the world are highly emphasizing on
medicinal plants as alternative medicine and their com-
mercial potential in health care. Globalization of TM is
necessary for the establishment of evidence-based
health care, based on TM in consideration of its safety,
efficacy, therapeutic, and clinical evidence [25]. Modern
technology and science have developed many tech-
niques and systems for core disciplines including eth-
nomedicine, ethnobotany, ethnopharmacology, and
medical anthropology to promote TM compounds
globally [10]. Establishment of global and/or regional
regulatory harmonization is obligatory for its develop-
ment and promotion through scientific validation. The
development of TM and natural products requires the
convergence of modern techniques and integrated ap-
proaches related to their evidence-based research in
various fields of science through coordination and
cooperation [26].

To combat the growing market demand, there is an
urgency to expeditiously utilize and scientifically vali-
date more medicinally useful plants globally, which
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needs globalizing local knowledge and localizing global
technologies, through international collaboration and
cooperation. The major limits for the globalization of
TMs are due to having different standards of TM prod-
ucts and practices, including varied terminology and
philosophical approaches. Development of effective
guidelines for safety, efficacy, and quality is regarded
as a fundamental requirement in order to establish the
evidence base for TM [27]. The International Union of
Pure and Applied Chemistry (International of Pure
and Applied Chemistry (IUPAC)) has published a series
of protocols on quality control, safety, efficacy, standard-
ization, and documentation of herbal medicine in which
various significant aspects and features of phytochem-
istry and analytical chemistry have been described. If
these strategies are fully implemented by the IUPAC,
the World Health Organization (WHO) will explore
TM from its pessimistic view to modern medicine [28].

1.4.1 Strategies for Globalization of TM

The term “globalization” means the increased
mobility of individuals, information, goods, services, la-
bor, technology, and capital throughout the world. There
are huge databases of TM, which are used by ancient
people as folk medicine, and this evidence was found
in many written textbooks [29]. There are several strate-
gies for the expansion of TM such as (1) addition in the
health care system, (2) promotion of secure and valuable
use, (3) increasing its access, (4) increasing communica-
tion, and (5) cooperation in generation and distribution

of TM-related information. These strategies based on in-
formation, botany, chemistry, and biology of medicinal
plant validation and quality control are essential [30].
In the era of modern research, some new drug molecules
are emerging with the help of combinatorial chemistry
and high-throughput screening from herbal resources.

A study cannot be considered scientifically valid if the
material tested was not authenticated and characterized
such that the material can be reproduced. In the case of
botanicals, there may be misidentification of the collected
plant, adulteration with other species, or contamination
with extraneous ingredients. From the perspective of a
regulatory action, these cases may range from simple
misleading labeling to frank poisoning due to toxic con-
taminants. It can often be difficult to compare reported ef-
ficacy or toxicity studies even when “standardized”
material has been used. Many studies refer to the use of
standardized botanical material, which usually implies
a chemical standardization [31]. Interdisciplinary
approach of work on TM is to be explored for the discov-
ery of novel bioactive compounds. Issues related to the
appropriateness of conventional biomedical and clinical
models for evaluating the efficacy of TM are sometimes
very crucial. A holistic approach based on systems
biology seems muchmore suited to study the therapeutic
efficacy and pharmacodynamics of TM-based drug
development [10]. Approaches for drug development
based on traditional leads are described in Figure 1.2.

Most of the Indian and Chinese herbal formulations
contain a mixture of herbs, and several methods are
available to classify them. When two or more herbs

FIGURE 1.2 Drug development based on traditional claims.
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with their bioactive compounds are combined to pre-
pare formulations, they can be observed to have the
following effects [32]:

• Synergistic significance • Mutual repression

• Synergistic improvement • Communal aggression

• Cocounteraction • Communal inappropriateness

The main ingredient is a component that provides the
main therapeutic action; the second ingredient potenti-
ates the therapeutic actions of the other, which is known
as synergistic reaction, and the component is synergism.
The rest serve one of the following functions:

• Treat accompanying symptoms,
• Moderate the ruggedness or toxicity of the primary

ones,
• Target the medicine to the proper organs,
• Exert a complementary effect.

In some cases, standardized bioactive compounds are
subjected to animal models to correlate the presence of
certain phytoconstituents with a pathophysiological
condition of the human body [33]. In the context of mod-
ern biomedical research, there should also be necessary
prerequisites for clinical trials.

1.5 TM INSPIRED DRUG DISCOVERY
AND DRUG DEVELOPMENT

In order to revitalize herbal medicine in line with
modern medicine, various strategic areas in medicinal
plant research are to be considered of global importance
[34]. Integration of herbal medicine and modern tools
would not only benefit their own development but
will also help to fight against many complex diseases
through the development of new entities. Such dedi-
cated research would be beneficial only with support
from advanced approaches and novel strategies [35].
There are various thrust areas that play a very signifi-
cant role for research and development of natural prod-
ucts as represented in Figure 1.3.

TM is helpful in all aspects of drug development from
natural resources. A few examples of drugs from natural
productswould better explain the history of its own tradi-
tion. Several approaches on drug discovery and develop-
ment from TM had been practiced by scientists for many
years. Several therapeutically potential constituents were
isolated from plants such as artemisinin (antimalaria),
vincristine, vinblastine, camptothecin podophyllotoxin,
etoposide, teniposide, and paclitaxel (anticancer) [36].
The development of drugs from ayurvedic plants is
ongoing, with pharmaceutical companies engaged in
large-scale pharmacologic screening of herbs. “Sushrutae
Samhita,” a Sanskrit text on Ayurveda written in 600 BC

noted that the plant Commiphora mukul Hook was useful
in the treatment of obesity and related diseases. In recent
years, a confluence of spectacular advances in chemistry,
molecular biology, genomics, and chemical technology
and the cognate fields of spectroscopy, chromatography,
and crystallography may influence several therapeuti-
cally potent leading compounds from TM [11].

There are many approaches for the search of new bio-
logically active principles from botanicals. One can sim-
ply look for new chemical constituents and find a
biologist who will test the substance pharmacologically.
This is not considered to be a very valid approach. A
second approach is simply to collect every readily avail-
able plant, prepare extracts, and test each extract for one
or more types of pharmacological activity. This testing
will help in the standardization of extracts and the
bioassay-guided isolation of the active constituents. The
phytoconstituents obtained can then be taken further for
structureeactivity relationship studies [7]. Once all these
factors are determined, the constituent/extract obtained
can be further examined for its toxicity and safety evalu-
ation, followed by clinical trials. This random collection
and extensive screening method is a reasonable and the
most effective approach that eventually should produce
useful drugs, which can be well produced and formu-
lated in industries. The classic method of pharmacologic
screening involves sequential testing of herbal extracts or
phytoconstituents from biological materials in isolated
organs followed by testing in whole animals, mostly in
rats andmice.Most of the drugs in use today as therapeu-
tic agents have been found and evaluated with these
methods [37]. However, for the evaluation of TM, we
should not follow the reductionist approach, but go
back to the holistic in vivo approach. This can be done
in two different ways: one is through clinical trials; the

FIGURE 1.3 Thrust areas for botanical research.
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other is through animal experiments. Besides the classic
physiologic observations that can be made by in vivo ex-
periments, for example, blood pressure, analgesic activ-
ity, and sedation, nowadays, it is also possible to
measure gene expression, the proteome, and the metabo-
lome. These methods open up a completely newworld of
possibilities with several new technologies now giving a
much better insight into the possible changes in the or-
ganism, in a holistic way. It will give us the possibility
to better understand the mode of action by comparing
the changes in the transcriptome, proteome, and metabo-
lomic patterns when compared with those observed with
known drugs. Such an approach is now known as the
systems biology approach. The metabonomic approach
requires the statistical analysis of large data sets by
methods such as multivariate and principle component
analysis to extract the information from these data [38].
Moreover, by using the systems biology approach for
the organism combined with metabolomic data for the
different extracts of the medicinal plant or fractions
thereof, it should be feasible to make correlations be-
tween the occurrence of certain compounds in the extract
and the activity.

Evidence-based medicine research should be conduct-
ed with the involvement of patients and funding bodies
to establish a role of medical practitioners in decision
making [39]. Awidespread revolution in phytochemistry
has been observed through strengthening its importance
with the application of new technologies to enhance
the original link between phytochemistry and TM.
Evidence-based research includes developing policies,
regulatory criteria, and technical guidelines that would
ensure and provide the continued availability of quality,
safety, and effective traditionalmedicinal products, which
could support inclusion in health care systems, insurance
programs, and on essential medicine lists [28]. Evidence-
based submissions for regulatory authorization and inter-
linking of various pharmacopoeia and monographs
would make it easy for herbal manufacturers and they
will gain greater access to regulated markets across the
world [40]. It is under these circumstances that some of
the rationalists, scientists, scholars, and protagonists of
alternative medicines dedicated themselves to the devel-
opment of these alternative systems for drug develop-
ment from natural resources, which required to be
harmonized through international coordination.

1.6 ISSUES FOR QUALITY CONTROL
AND QUALITY ASSURANCE OF

HERBAL MEDICINE

Quality control and quality assurance of herbal med-
icines are very important to protect the integrity of the
herbal extracts/products for the management of

pharmaceutical quality. They have an important role
for the reproducibility of the effect of the active ingredi-
ents from batch-to-batch uniformity. To maintain and
comply with standard conditions with respect to quality,
safety, and efficacy of herbal medicine, it is required to
follow some important steps for the standardization
[41]. This includes the (1) proper authentication and
taxonomic assignment, such as through DNA finger-
printing and DNA bar coding; (2) structural elucidation
of all isolated compounds of the medicinal plant; (3)
identification and characterization of the bioactive con-
stituents for the pharmacological activity; (4) standardi-
zation of the single extracts through spectroscopic
analyses in the multicompound extracts; (5) interna-
tional harmonization of specific standardization process
under the umbrella of the International Federation of
Pharmaceutical Manufacturers Associations. Therefore,
it is very clear that major requisites for standardization
of herbal products comply with international standards.
There are several variables that can influence the stan-
dardization process. Therefore, it is compulsory to opti-
mize all aspects of cultivation, harvesting, sample
preparation, and sample processing to ensure reproduc-
ibility and eventually standardization of the herbal
dugs. There are various new hyphenated technologies
present such as chromatographic and spectroscopic an-
alyses, which need to be effectively incorporated to
ensure that sufficient quality control measures are
implemented. By using several chromatographic and
spectroscopic techniques, it is possible to analyze the
full herbal product and thus generate a standardized
“metabolic fingerprint” of specific herbal dugs. Meta-
bolic profiling can then be incorporated to identify all
the constituents [42]. The chemical fingerprints obtained
from chromatographic or spectroscopic techniques
should be similar in different samples. Spectroscopic
and chromatographic techniques are now being used
together, which leads to effective chemometric ap-
proaches. When these approaches are used in combina-
tion with chemometrics profiles, more precise data can
be obtained that will be helpful in the establishment of
the integrity of the herbal product and similarities and
differences of the observed data will be produced [30].

Generally, it is believed that the risk associated with
herbal drugs is very less, but reports on serious reactions
indicate the need for the development of effective
marker systems for isolation and identification of the in-
dividual components [43]. Standardization of herbal
medicine includes the authentication of genuine drugs,
harvesting of the best quality raw material, assessment
of intermediate and finished product, and detection of
harmful and toxic ingredients [44]. Several markers
such as taxonomic, chemical, genomic, proteomic
markers aid in the identification of herbal drug compo-
nents. Chemical markers help in the identification of
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adulterants, confirmation of collection site, and quality
evaluation and diagnosis of herbal intoxication. As per
theWHOdefinition, there are three kinds of herbal med-
icines that are obtained from raw plant material, pro-
cessed plant material, and medicinal herbal products
[38]. Herbal medicine products are dietary supplements
that people take to improve their health and are mar-
keted as tablets, capsules, powders, extracts, and fresh
or dried plants. Herbals are traditionally considered
harmless and increasingly being consumed by people,
without any prescription. The evidence for the therapeu-
tic actions of herbal drugs is documented in Indian, Chi-
nese, European, and African systems of medicine [23].
There are several important aspects for quality control
of herbal medicine that are shown in Figure 1.4.

The WHO has recognized the importance of the qual-
ity control of herbal medicine and developed a series of
guidelines to assist several nations to develop their stra-
tegies for the quality control of herbal medicines and for
conducting research on TMs [45]. The WHO had pub-
lished the “Quality Control Methods for Medicinal Plant
Materials,” a collection of recommended test procedures
for assessing the identity, purity, and content of medici-
nal plant materials to assist national laboratories
engaged in drug quality control [46]. The WHO pub-
lished the “Guidelines on good agricultural and collec-
tion practices (GACP) for medicinal plants” and in
2007, a new guideline “WHO guidelines for assessing
quality of herbal medicines with reference to contami-
nants and residues” were formulated. The European
Union, China, and Japan have developed regional and
national guidelines for good agricultural and collection
practices for medicinal plants that ensure that soil and
irrigation water used for herbal material cultivation
and propagation are within the limits or are free from
harmful heavymetals, pesticides, herbicides, and toxico-
logically hazardous substances. The certification for this
is based on parameters such as identification, water con-
tent, and chemical assay of active ingredients, inorganic
impurities (toxic metals), microbial limits, mycotoxins,

pesticides, and others [47]. From the cultivation to the
final herbal product development of herbal products,
there are so many significant factors that can influence
the quality of herbal products. Some significant issues
related to the quality control of herbal medicine are
being described briefly in the subsequent section.

1.6.1 Contamination

There are so many contaminants mostly found in me-
dicinal herbs including pesticides, heavy metals, mi-
crobes, and mycotoxins. Contaminations also present
serious obstacles for the trade of herbal medicines [48].
Heavy metals have been found in herbal medicines
with some regularity. Three most commonly detected
toxic metals are mercury, arsenic, and lead. These
contaminations may occur due to (1) the accumulation
of heavy metals in the environment (e.g., from contami-
nated soil or atmosphere); (2) unintentional pollution dur-
ing the production process; (3) deliberate addition. In
some of the herbal products, residues of pesticides
including their metabolites and depredated products
remained in plants, and such residues have become a
notable source of contamination for herbalmedicines [49].

1.6.2 Adulteration

Adulteration in herbal medicine increases the impu-
rity by adding some extraneous, improper, or inferior in-
gredients. Herbal medicines are adulterated with
conventional drugs, and plant materials have repeatedly
been documented. Adulterations can be done in the
following way including addition of orthodox drugs,
substitution of fake or inferior plant materials, and addi-
tion of foreign materials [35].

1.6.3 Misidentification

Conflicting to adulteration or substitutions, misidenti-
fication of herbal medicine mostly happens unintention-
ally. False identification can occur when an importer or
retailer mistakes one herb for another, due to incorrect la-
beling and similar appearance of the herbal materials.
Confusing nomenclature can be one of the reasons,
because one herb may be known by many names: one
or more common names, a Latin name, local names,
and the brand name. Some different medicinal herbs of
different plant species with different constituents may
have similar names. The problem becomes even more
complex through confusing terminologies and the use
of different languages in different countries [50]. The
common names of herbs usually do not reflect differences
in scientific taxonomy; and the description and micro-
scopic identification of n herb cannot identify itsFIGURE 1.4 Important steps for quality control of herbs.
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constituents. Thus, a study of ancient documents and the
use of modern analysis techniques are often necessary to
properly authenticate herbal materials.

1.6.4 Nonuniform Chemical Constituents

The chemical composition of herbal products varies
and depends on the growing conditions and geographic
region. Several environmental factors that include atmo-
spheric humidity, rainfall pattern, soil, altitude, seasonal
variation, temperature, length of day light, may affect
the concentration of chemical constituents in medicinal
plants. Some other relevant factors, such as genetic
make-up, seeding time, use of pesticides and fertilizers,
planting density, also play a significant role. Various
processing steps of raw materials can also change the
pharmacological activity of the plant extract. Therefore,
batch-to-batch standardization is very essential to main-
tain the uniformity of active constituents [51].

1.6.5 Pharmacopoeial Standards for Evaluation
of Herbal Products

Safety and efficacy assessment for any pharmaceu-
tical must be taken into account for the quality of the
prepared formulation. Minimum standards for accept-
able quality are generally laid down in pharmacopoeial
monographs, which provide all the details of the accept-
able substance and give the niceties of significant tests to
determine its identity and purity. One type of pharmaco-
poeial monograph is found in the British or European
pharmacopoeias, which give only details of the tests to
be used to establish quality, with very concise notes
about its therapeutic application. Another type of mono-
graph is more concerned with the complete information
about a medicinal plant and consists of all the informa-
tion about its chemical constituents, pharmacology, toxi-
cology, clinical studies and usage [52].

Pharmacopoeial monographs for the medicinal herbs
deal with all types of pharmaceuticals and plant mate-
rials which have been included since the earliest editions
with authorization at a national or international level. It
is interesting to trace the evolution of a monograph for
one particular medicinal plant because it reflects devel-
opments in analytical techniques, the increasing knowl-
edge of the chemical compounds present, and the
growing body of knowledge that links the compounds
present to the desired biological or clinical effect [53].
More recent editions of the British Pharmacopoeia and
European Pharmacopoeia have included monographs for
many more herbal drugs and more sophisticated chro-
matographic methods, especially liquid chromatog-
raphy (LC), have been introduced for both identity
tests, impurities tests, and for assay procedures.

Therefore, more attention should be given for the biolog-
ical activity relevant to the reputation and claims for
treating particular diseases associated with herbal med-
icines [35].

The Indian Pharmacopoeia 2007 includes pharmaco-
poeial specifications with monographs for some medic-
inal plants being most commonly used as therapeutic
agents. The specifications include the name of the drug
(along with its common name), its biological source
(Latin name), the part of the plant under consideration,
its description, macroscopic and microscopic study,
identification, several quality control parameters,
and assays with respect to the phytochemical reference
standards or botanical reference standards [54]. The Ay-
urvedic Pharmacopoeia of India is another official com-
pendium published by the Ministry of Health and
Family Welfare, Government of India. This describes
different methods for quality control and standardiza-
tion of medicinal plants and herbal preparations. Several
specifications for quality evaluation of natural products
as prescribed in the Ayurvedic Pharmacopoeia include
morphological study, determination of quantitative
data (e.g., extractive values and foreign matter), limit
tests, and different physical tests (e.g., boiling range,
refractive index, and pH) [55].

1.7 MARKER ANALYSIS AND
STANDARDIZATION OF BOTANICALS

Chemoprofiling of NHP helps in identifying the ma-
jor metabolites and is useful to assess biological effects.
The development of marker-based medicines requires
a comprehensive understanding of plant systems
including biological, chemical, genetic, and agronomic
aspects. Chemical consistency at all stages of
manufacturing processes is most important to ensure
medicinal efficacy and consumer safety. This includes
all the stages such as extraction, stability, shelf life, and
purity of herbal medicines. Different methods for char-
acterization of herbal drugs such as morphological iden-
tification, anatomical identification, and chemical
analysis, such as thin layer chromatography (TLC),
high-performance thin layer chromatography (HPTLC),
high-performance liquid chromatography (HPLC),
capillary electrophoresis (CE), Liquid chromatographye
mass spectrometry (LCeMS), and protein analysis are
extensively used [27].

According to the European Medicines Agency
(EMEA), markers may be defined as chemical constitu-
ents or groups of constituents of a herbal medicinal
product that are very important for quality control pur-
poses regardless of whether they possess any therapeu-
tic effect. Chemical markers are basically categorized
into the analytical markers and active markers.
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Analytical markers are the constituents or groups of
constituents that solely serve for analytical purposes,
whereas active markers are the constituents or groups
of constituents that contribute to therapeutic activities
[56]. Secondary metabolites as markers have been
widely used in quality control and standardization of
herbal medicines. Herbal products derived from botan-
icals are mostly obtained from wild sources and have
the greatest challenge for ensuring consistent product
quality. These are used for making medicines where
the standardization and quality control with proper
integration of scientific techniques and traditional
knowledge are vital requirements [57]. Marker com-
pound selection is generally based upon a variety of
different factors including stability, ease of analysis,
time and cost of analysis, relevance to therapeutic ef-
fect, and indicator of product quality or stability. Chem-
ical markers are frequently used for assuring quality
consistency of natural products derived from botanical
sources [58]. An ideal chemical marker for a natural
product should not only be a characteristic constituent
but also a therapeutic constituent. Marker compounds
are not necessarily pharmacologically active all the
time, but their presence is well established in products
with characteristic chemical features. Marker compo-
nents may be classified as active principles, active
markers, and analytical makers, while biomarkers
may be defined as pharmacologically active [59]. Herbal
manufacturers and researchers need to address these
critical questions to aid in the harmonization of specifi-
cations and analytical methodologies for natural prod-
ucts. Usually, determination of single or several
marker compounds by a developed method is required
for quality control purpose [60]. Standardization
methods through chemical fingerprinting should take
into account all the aspects that contribute to the quality
of the herbal medicine, including correct identification
of sample, pharmacognostic evaluation, organoleptic
evaluation, volatile matter evaluation, quantitative
evaluation (ash values, extractive value, foreign mat-
ter), phytochemical evaluation, xenobiotic testing,
toxicity testing, microbial load testing, and biological
activity determination [39]. Medicinal plants contain
several phytoconstituents in certain ratios and in stan-
dardized extracts. The ratio of these chemical constitu-
ents must be constant within narrow limits from one
batch to another [61]. Chemical fingerprints obtained
by chromatographic, spectroscopic, thermogravimetric
analyses; CE; and polarography techniques have
become the most important tools for the quality control
and standardization of herbal medicines [12].

For ensuring consistent quality, the use of markers,
standardization, chemical and DNA fingerprinting, bio-
assays, and the emerging field of phytomics are very
important [62]. Some medicinally important plants are

listed in Table 1.1. Marker selection may be based
upon a variety of different factors including stability,
ease of analysis, time and cost of analysis, relevance to
therapeutic effect, indicator of product quality, or stabil-
ity or previous use by other manufacturers or re-
searchers [59].

A list of several therapeutically potent phytomarkers
from plant species is shown in Table 1.1. Development of
lead compounds from these medicinal plants and their
evaluation may help to promote natural products based
on their quality, efficacy, and safety. Marker analysis of
several herbal drugs including polyherbal formulations
from the Indian system of medicine has been performed.
The fingerprint profiles of Emodin from Aloe vera, Gallic
acid from Terminalia chebula, Boswellic acids from Bos-
wellia serrata, Capsaicin from Capsicum annum, Glycyr-
rhizin from Glycyrrhiza glabra, epicatechin from
Camellia sinensis, Eugenol from Eugenia caryophyllata,
Ferulic acid from Coffea Arabica, Garlicin fromAllium sat-
ivum, Genistein from Glycine max, Ellagic acid from

TABLE 1.1 Some Medicinally Important Plants and Their
Known Phytomarkers

Scientific name Family Parts used

Marker

compound

Aloe vera Liliaceae Leaves Emodin

Terminalia chebula Combretaceae Fruit Gallic acid

Boswellia serrata Burseraceae Resin Boswellic acids

Capsicum annum Solanaceae Fruits Capsaicin

Glycyrrhiza glabra Leguminaceae Root Glycyrrhizin

Camellia sinensis Theaceae Leaves Epicatechin

Eugenia caryophyllata Myrtaceae Flower bud Eugenol

Coffea arabica Rubiaceae Seed Ferulic acid

Allium sativum Amaryllidaceae Bulb Garlicin

Glycine max Fabaceae Seed Genistein

Punica granatum Punicaceae Fruit Ellagic acid

Piper betel Piperaceae Leaves Piperine

Tagetes erecta Asteraceae Leaves Syringic acid

Paullinia cupana Sapindaceae Seed Anthocyanidin

Matricaria recutita Asteraceae Flowering
head

Apigenin

Citrus sinensis Rutaceae Fruit Ascorbic acid

Berberis aristata Berberidaceae Berries Berberine

Curcuma longa Zingiberacease Rhizome Curcumin

Zingiber officinale Zingiberacease Rhizome Gingerol

Citrus lemon Rutaceae Fruit Naringenin

Vitis vinifera Vitaceae Fruit Resveratrol
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Punica granatum, and Piperine from Piper betel, Syringic
acid from Tagetes erecta, Anthocyanidin from Paullinia
cupana, Apigenin from Matricaria recutita, Ascorbic acid
from Citrus sinensis, Berberine from Berberis aristata, Cur-
cumin from Curcuma longa, Gingerol from Z. officinale,
Naringenin from Citrus lemon, Resveratrol from Vitis
vinifera, and their pharmacological activities have been
reported. Marker analysis of Glycyrrhizin from G. glabra
has been reported through HPTLC densitometry. This is
a validated method as per the International Conference
on Harmonization guideline where the amount of gly-
cyrrhizin was determined in the extract of G. glabra
through HPTLC. The method was validated in terms
of specificity, linearity, precision, detection limit, and
quantification limit [63].

1.7.1 Applications of Marker Profiling

Identification, authentication, and quality evaluation
of medicinal plants are fundamental requirements of in-
dustries and other organizations dealing with herbal
health products. The fact must be taken into account
that the plant material to be examined has a complex
and inconsistent composition based on its content of sec-
ondary breakdown products or metabolites [18]. It is an
accepted fact that the qualitative and quantitative anal-
ysis of major bioactive marker components of plant ma-
terial is an important and reliable part of a quality
control protocol because any change in the quality of
the plant material directly affects the constituents. Me-
dicinal plant materials that qualified within the require-
ments of the WHO guidelines and other regulatory
affairs can be used to develop reference fingerprints of
phytoconstituents. The presence of marker compounds
may be detected by the densitometric scanning of the
chromatograms [64]. The presence of these marker com-
pounds in plant materials may be useful for quantifying
the plant materials in formulations or herbal medicinal
products and will be helpful for the quality control of
single and polyherbal formulations. The marker
profiling system is helpful as a tool in the quality control
and standardization of the raw plant materials and
finished herbal formulations. Marker analysis of phyto-
constituents may also be helpful in phytoequivalence
studies, including issues such as pharmacokinetics and
other related parameters that can be recognized by
studying the absorption, distribution, and metabolism
of herbal drugs [16].

Further, medicinal plants do not have a constant
chemical composition to their different parts such as
roots, leaves, stems, flowers, and fruits. Therefore, each
part needs individual chemoprofiling based on their
different phytoconstituents. The use of marker profiling,
standardization, DNA fingerprinting, bioassays, and
related metabolomics studies, which is the new

emerging field of phytomics can provide mechanisms
for ensuring consistent quality. Marker profiling plays
a vital role in several ways to evaluate quality control
parameters so as to ensure the efficacy and safety of
the herbal products Figure 1.5 [23]. There are numerous
challenges in the isolation and identification of marker
components of medicinal plants. Herbal manufacturers
and researchers need to address these critical questions
to aid in the harmonization of specifications and analyt-
ical methodologies for the development of natural
products [65].

1.8 PHARMACOVIGILANCE
OF HERBAL MEDICINE

Pharmacovigilance is the process of monitoring, evalu-
ating, and communicating drug safety with profound im-
plications that depend on the integrity and collective
responsibility of all parties such as consumers, health pro-
fessionals, researchers, academic, media, pharmaceutical
industry, drug regulators, governments, and international
organizations. Themainobjective of pharmacovigilance is
to extend the safety monitoring and detect any adverse
drug reactions that have previously been unrecognized
in the evaluation of clinical trials. There is an ongoing
problem with unexpected toxicity of herbal products
due to quality issues, including the use of poor quality
herbal materials, incorrect or misidentified herbs, incor-
rect processing methods, and supply of adulterated or
contaminated herbs or products. The Medicines and
Health care Products Regulatory Agency define some sig-
nificant problems in the regulation of herbal medicines in
the United Kingdom [66]. These include (1) Lack of
knowledge about the products being used, (2) Limited
use of yellow card adverse drug reporting-scheme, which
represents underreporting rather than indicating an
absence of adverse reactions, (3) Uniform manufacturing

FIGURE 1.5 Application of marker analysis.
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standards mostly of unlicensed products, and (4) Herbe
drug interactions of herbal medicines.

These quality issues can be addressed to some degree
by improved regulation requiring good manufacturing
practice (GMP) standards for manufacturing. Pharmaco-
vigilance is a very essential tool for developing reliable in-
formation on the safety of herbal medicines. The existing
systems were developed for synthetic medicines and
require some modification to address the specific differ-
ences of herbal medicine. Systematic pharmacovigilance
is essential to build up reliable information on the safety
of herbal medicines for the development of appropriate
guidelines for their safe and effective use [67].

1.8.1 Why Pharmacovigilance for Herbal
Drugs?

The importance and significance of the pharmacovi-
gilance of herbal medicines are increasing day by day.
Presently, accessible surveillance system for herbal
drug monitoring is not enough, and various cases of
herbal toxicity are likely to be significantly underre-
ported. There is no discrimination between chemically
defined drugs and herbal drugs in the filing of proce-
dure of adverse events. The recent information on “phy-
tovigilance” (the term used for pharmacovigilance of
herbal drugs) raises the suspicion that there is a ten-
dency to unequal treatment of herbal medicine [68]. Bo-
tanicals are complex mixtures of multiple components
or unknown active ingredients. This can change phar-
macokinetic characteristics through various mecha-
nisms of action. Because the process defines the
product, extrapolation of scientific data across products
from different manufacturers or sources is not possible.
Defining the herbedrug interaction lies in the proper
identification of plants, which includes Latin binominal
and authority, identification of the plant and part(s) used
in the preparation of herbal products, and the processes
used to extract and isolate the desired active from plant
resources [67].

Concomitant administration of herbal medicine with
approved conventional medications can result in thera-
peutic failures or in adverse effects. Several research re-
ports have suggested that St John’s Wort decreases
plasma levels of various other drugs [69]. There are
no strict regulatory guidelines, and there are gaps in
the inefficient regulatory processes that have allowed
entry of unsafe products in the market. With prescrip-
tion medicines, self-medication is a long-time practice
that is unsafe and yet difficult to control, due to public
assumptions that herbs are generally safe because of
the long tradition of their usage and the concept of being
natural. It is surprising that these are not recognized and
if ever observed are attributed to the remedy’s beneficial
healing effect rather than harmful effects. Because of the

scarcity of local data and lack of rigorous investigations
on herbal traditional remedies, the promotion of the use
of such products focused on claims of the beneficial ef-
fects and ignored the possible adverse effects. Therefore,
there is now a need to revise the registration procedure
for herbal products. The WHO has recognized the
importance of the use of herbal medicines and devel-
oped some guidelines for monitoring herbal safety
within the existing pharmacovigilance framework [68].

Herbalmedicinesarepromoted in themarketasnatural
and therefore as being safe and harmless. However, there
is very less regulation control in themanufacturingof such
products; consequently, quality control issues such as
misidentification of herbs, mislabeling, contamination,
standardization of dose, method of processing, product
uniformity, batch-to-batch variation, and toxicity are the
major problems in herbal drugs [70]. Manufacturing bo-
tanicals to meet analytical standards for marker com-
pounds does not necessarily ensure product efficacy or
generic equivalence with the products that have shown
efficacy. Herbal medicines are complex mixtures of
more than one active ingredient. Many times, it is unclear
as to which or how many constituents are responsible
for pharmacologically activity. This multitude of active
ingredients increases the possibilities of interactions be-
tween conventional medicines and herbeherb interac-
tions. The interaction of drugs with herbal medicine is a
significant safety concern, especially for drugs with a nar-
row therapeutic index such as warfarin and digoxin [71].
In view of establishing the safety of herbs, initiating the
pharmacovigilance program will assist in the under-
standing and prevention of adverse effects or any other
possible drug-related problems. The strength and po-
tency of herbal products are not easily quantified, and im-
purity and stability are habitually not easy to examine.
Therefore, botanicals should be regulated as in western
countries, and the necessities include labeling, GMP,
packaging, marketing, and adverse effects reporting re-
quirements, etc. [67]. Researchers, manufacturers, and
regulatory agencies must apply precise systematic meth-
odologies and clinical trials to ensure the quality, safety,
and consistency of the herbal products, to gain public
faith and confidence and to bring herbal products into
the mainstream of health care systems.

1.8.2 Steps to Initiate Herbal
Pharmacovigilance

Due to an increasing awareness at several levels of
herbal medicine, it is compulsory to develop pharmaco-
vigilance practices. Several models of pharmacovigi-
lance and its associated tools have been developed in
relation to synthetic drugs, and applying these methods
to monitoring the safety of herbal medicines presents
unique challenges in addition to those described for
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conventional medicines [72]. Several steps to initiate
herbal pharmacovigilance to monitor the safety profiles
of herbal medicines are shown in Figure 1.6.

1.9 SAFETY ISSUES ON HERBAL
MEDICINE-CYTOCHROME P450 STUDY

It is a common belief that modern drugs are
dangerous and produce side effects, while herbal medi-
cines are natural and very safe. In fact, some herbs can
also be unsafe and even cause serious adverse effects
leading to death, if used inappropriately. The complexity
of herbal medicine preparations and the interpretation of
bibliographic data on safety and efficacy reflecting the
experience gathered during long-term use are best
addressed by involving specific expertise and experi-
ence. Without the knowledge of the prescriber, the con-
sumer tends to consume the herbal products along
with prescription medicine, which may lead to herbe
drug interaction [73]. The use of complementary and
substitute medical therapies has now become a very
common trend, and their use has been documented
widely during 2004e2014. The increased usage of herbs
as dietary supplements and over-the-counter products
suggested the need for the development of clinical and
scientific data for quality and safety evaluation [74].

Toxicity may be due to the interaction of the herbal
material with conventional drugs. Besides there are
large number of clinical drugs reported to have potential
hepato, renal, cardio toxicity, etc. during epidemiolog-
ical and other prospective studies. Other agents,
such as excipients present in formulations and herbal
medicines that are consumed and often not disclosed
should also be considered for safety evaluation [75].

Several phytoconstituents have been identified as inhib-
itors or inducers of cytochrome resulting in herbe
drug interaction. Interaction of active compounds
including allicin, quercetin, silymarin compounds, etc.,
has also been reported. Conventional pharmacokinetic
literature generally deals with drugedrug interactions,
but recently, such interactions between phytoconstitu-
ents and prescription drugs have drawn attention,
because of increasing physician awareness of the wide-
spread adverse effects of undisclosed herbal use by the
patients [11].

Cytochrome P450 (CYP450) enzymes are the major
drug-metabolizing enzymes and responsible for the
metabolism of a variety of xenobiotics including thera-
peutic drugs and some important endogenous sub-
stances, and most of the herbedrug interactions occur
due to either induction or inhibition of these enzymes.
CYP450 enzymes are necessary for the production of
cholesterol, steroids, prostacyclins, and thromboxane
[76]. These enzymes also play an important role in the
detoxification of foreign chemicals and the metabolism
of drugs. There are more than 50 CYP450 enzymes, but
the CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4,
and CYP3A5 enzymes metabolize about 90% of drugs.
These isozymes are predominantly found in the liver,
and are also present in the small intestine, placenta,
lungs, and kidneys [77]. An abundance of several cyto-
chrome isoforms has been determined as 30%
CYP3A4, 20% CYP2C, 13% CYP1A2, 7% CYP2E1, 4%
CYP2A6, 2% CYP2D6, and 1% CYP2B6, which appears
to be most relevant for the metabolism of drugs [78].
Repeated administration of drugs can induce CYP en-
zymes by enhancing the rate of enzyme synthesis. In-
duction of enzymes leads to an increase in the rate of
metabolite production and hepatic biotransformation
and decreases in serum drug half-life, response and
can also lead to alteration of the pharmacokinetic
profile of the drug. CYP enzyme inhibition can be
classified into reversible inhibition and irreversible
inhibition based on the enzymatic mechanism. Revers-
ible inhibition occurs as a result of direct competition
for the binding site on a CYP enzyme between a sub-
strate and an inhibitor, whereas irreversible inhibition
is caused by reactive metabolites generated from
CYP-catalyzed reactions. Thus, modulation of CYP450
enzyme metabolism is the key to change systemic
drug concentrations.

With the increasing consumption of herbal extracts
along with prescription medicine, issues related to the
safety of herbs have become a key concern. The medical
and scientific literature is abundant in in vitro and in vivo
reports; this suggests that the concomitant oral adminis-
tration of natural products and prescription drugs or
over-the-counter products may affect human drug meta-
bolism and significantly increase the risk of serious

FIGURE 1.6 Steps to initiate herbal pharmacovigilance.
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(clinical) adverse reactions. When conventional drug
substances are co-administered along with dietary sub-
stances or herbal components, herbedrug interaction
may occur by CYP450 isozymes in several ways [76].

• A herbal constituent can be a substrate of one or
several isoforms of CYP enzymes. Therefore, one
substrate can compete for another substrate for
metabolism by the same CYP isoenzyme, resulting in
higher plasma concentrations of the drug due to
competitive inhibition.

• A herbal constituent can also be an inducer of one
or several CYP isoforms, and thereby lower
plasma concentrations of the drug due to a higher
rate of metabolism. Such interactions may produce
subtherapeutic plasma drug concentrations.

• A compound can also be an inhibitor of CYP450
enzymes and result in reduced activity of one or
several isoforms of CYP450.

Several attempts have been made to evaluate the
inhibitory effects of medicinal plants on CYP enzymes.
The potential for herbal remedies to induce or inhibit
CYP levels has been examined. By using in vitro and
in vivo methods, several herbs have been studied for
their potential inhibitory effects on human liver micro-
somes, rat liver microsomes, and cDNA expressed
human liver microsomes [79]. Studies on drug-
metabolizing enzymes enhance our understanding of
the possibilities for herbedrug interactions. Several
existing reports on the role of drugmetabolism enzymes,
mainly CYP450, in herbedrug interactions are summa-
rized in Table 1.2 with reference to individual herbs.

Several therapeutically active plant extracts have
been reported to interact with drugs leading to clinically
relevant adverse drug reactions. Interaction potentials of

some medicinal plants are being described in the
following section.

1.9.1 Cimicifuga racemosa (Family:
Ranunculaceae)

A commercially available dietary supplement made
from black cohosh was identified as CYP3A4 inhibitor
[90]. The polar fraction from the extract showed 44%
inhibition at 5 mg/ml, which was as potent as the inhibi-
tion produced by ketoconazole 58% at 5 mg/ml. The IC50

values of these six compounds were in the range of
0.10e7.78 mM [76].

1.9.2 Boswellia serrata (Family: Burseraceae)

The main constituents of salai guggal are volatile
oils, polysaccharides, triterpene acids such as a, b-
boswellic acids (1-2). Boswellia carteri, Boswellia frereana,
Boswellia sara, and Boswellia serrata (Family: Bursera-
ceae) herbal extracts were studied for their potential
inhibitory activity on CYP1A2, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, and 3A4 [91]. The aqueous metha-
nolic (MeoH 80% v/v) extracts of Boswellia species
showed potential inhibitory activities. CYP1A2 and
CYP2D6 were inhibited at a concentration of 10 mg/
ml. CYP2C8/9/19 and 3A4 were strongly inhibited at
this concentration (IC50 values between 1 and 10 mg/
ml). In order to evaluate the contribution of boswellic
acids, selected boswellic acids were evaluated for their
inhibition activity. From the study, boswellic acids were
identified as moderate to potent inhibitors of the CYP
enzymes (IC50 values between 5 and 120 mM) [76].

HO
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a-Boswellic acid (1)
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TABLE 1.2 Effects of Herbal Extracts on CYP450 Enzymes [76]

Name of the

plant

Part used

in the study

Type of

extract

Study

method

CYP isoforms

used

Effects on

CYP450

IC50 value/

percentage

inhibition Reference

Acorus calamus Root Hydroalcohol Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
46.84 m/ml and
36.81 mg/ml

[80]

Capsicum

annuum

Fruit Methanolic Fluorimetry Human
CYP3A4
CYP2D6
CYP2C9 and
CYP2C19

Inhibition
99.69 mg/ml
68.25 mg/ml
88.03 mg/ml and
84.16 mg/ml

[81]

Centella asiatica Whole plant Aqueous HPLC Human
CYP2C9
CYP2D6
CYP3A4

Inhibition
599.0 mg/ml
413.1 mg/ml
229.5 mg/ml

[82]

Centella asiatica Whole plant Ethanolic HPLC
CYP2C9
CYP2D6 and
CYP3A4

Inhibition
28.3 mg/ml
418.9 mg/ml and
465.8 mg/ml

[82]

Curcuma longa Rhizome Aqueous HPLC Human
CYP2C9
CYP2C19
CYP2D6
CYP3A4

Inhibition
82.3%
92.7%
48.6%
92.8%

[83]

Cymbopogon
nardus

Aerial part Methanolic Radiometry Rat
CYP3A4

Inhibition
370 mg/ml

[84]

Emblica officinale Fruit Hydroalcohol Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
152.11 mg/ml and
109.96 mg/ml

[85]

Origanum

vulgare

Leaves Aqueous HPLC Human
CYP2C9
CYP2C19
CYP2D6
CYP3A4

Inhibition
35.4%
80.2%
94.6%
98.6%

[83]

Piper longum Fruit Methanolic Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
164.81 mg/ml and
210.60 mg/ml

[86]

Piper nigrum Fruit Methanolic Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
178.34 mg/ml and
234.90 mg/ml

[86]

Rheum palmatum Root Methanolic Radiometry Rat
CYP3A4 and
CYP2D6

Inhibition
467 mg/ml and
385 mg/ml

[84]

Rhodiola rosea Root Ethanolic Spectrofluorimetry CYP2D6 and
CYP3A4

Inhibition 32 mg/ml and
67%

[87]

Rhododendron

groenlandicum

Leaf Ethanolic Spectrofluorimetry Human
CYP3A4

Inhibition
48%

[87]

Salvia officinalis Leaves Aqueous HPLC Human
CYP2C9
CYP2C19
CYP2D6
CYP3A4

Inhibition
97.2%
99.9%
99.8%
97.0%

[83]

Continued
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1.9.3 Gardenia jasminoids (Family: Rubiaceae)

The effects of Gardenia jasminoids extract on liver
CYP-450-dependent monooxygenases, glutathione, and
glutathione-S-transferase were investigated using rats
treated orally with the iridoid glycoside (0.1 g/kg body
weight/day) or the crude extract of its fruits (2 g/kg/
day) for 4 days [92]. Gardenia jasminoides decreased the
CYP450 content in liver microsomes and demonstrate
that geniposide from G. jasminoides has the ability to
inhibit a CYP3A4 monooxygenase and increase gluta-
thione content in rat liver. Further, immunochemical
data using immunoblotting studies using antibodies
revealed that geniposide treatment markedly decreased
the protein immunorelated to CYP3A in rat liver [76].

1.9.4 Matricaria recutita (Family: Asteraceae)

The inhibitory effect of Matricaria recutita essential oil
and its major constituents such as chamazulen (3) and
a-bisabolol (4) on four selected human CYP450 enzymes
(CYP1A2, CYP2C9, CYP2D6, and CYP3A4) demon-
strated the inhibition of these enzymes, with CYP1A2
being more sensitive than the other isoforms. Chamazu-
lene (IC50 ¼ 4.41 mM), cis-spiroether (IC50 ¼ 2.01 mM),
and trans-spiroether (IC50 ¼ 0.47 mM) were shown to
be potent inhibitors of this enzyme and also active
toward CYP3A4, CYP2C9, and CYP2D6. Chamazulene
(IC50 ¼ 1.06 mM) and a-bisabolol (IC50 ¼ 2.18 mM)
caused a significant inhibition of CYP2D6. As indicated
by these in vitro data, chamomile preparations contain

TABLE 1.2 Effects of Herbal Extracts on CYP450 Enzymes [76]dcont’d

Name of the

plant

Part used

in the study

Type of

extract

Study

method

CYP isoforms

used

Effects on

CYP450

IC50 value/

percentage

inhibition Reference

Sanatalum album Wood Methanolic Radiometry CYP3A4 and
CYP2D6

Inhibition 337 mg/ml and
886 mg/ml

[84]

Strychnos

ligustriana

Wood Methanolic Radiometry Rat CYP2D6 Inhibition 637 mg/ml [84]

Strychnos

ligustrina

Leaf Methanolic Radiometry Rat CYP2D6 Inhibition 302 mg/ml [84]

Syzygium

aromaticum

Flower Methanolic Radiometry Rat
CYP3A4 and
CYP2D6

Inhibition
219 mg/ml and
249 mg/ml

[84]

Tanacetum
parthenium

Leaves Hydroalcohol HPLC Human
CYP2C9
CYP2C1
CYP2D6 and
CYP3A4

Inhibition
51.5%
46.2%
54.1% and
64.7%

[83]

Terminalia

bellerica

Fruit Hydroalcohol Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
77.94 mg/ml and
90.20 mg/ml

[85]

Terminalia

chebula

Fruit Hydroalcohol Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
95.52 mg/ml and
102.35 mg/ml

[88]

Thonningia

sanguinea

Root Aqueous Spectrophotometry Rat
CYP1A1
CYP2B1
CYP2B2
CY1A2

Inhibition
19%
18%
18%
40%

[89]

Tinospora crispa Methanolic Radiometry CYP3A4 and
CYP2D6

Inhibition 428 mg/ml
488 mg/ml

[84]

Zingiber

aromaticum

Rhizome Ethanolic Radiometry Rat
CYP3A4 and
CYP2D6

Inhibition
102 mg/ml and
693 mg/ml

[83]

Zingiber officinale Fruit Methanolic Fluorimetry Human
CYP3A4 and
CYP2D6

Inhibition
286.49 mg/ml and
249.52 mg/ml

[86]
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constituents inhibiting the activities of major human
drug-metabolizing enzymes [93].

1.9.5 Echinacea purpurea (Family: Asteraceae)

In vitro CYP3A4 inhibition profiles of Echinacea pur-
purea and ketoconazole were evaluated by different sub-
strates and showed a much lower CYP3A4 inhibition
by E. purpurea (IC50 ¼ 5394 mg/ml) compared to that
by fluorescent substrates (IC50 354 and 452 mg/ml,
respectively). From the study, it was suggested that the
substrate/assay-dependent effects may occur due to
the complex nature of E. purpurea constituents, involving
different CYP3A4 substrate binding sites. Aweak inhibi-
tion potential of E. purpurea toward CYP3A4-mediated

metabolism in vitro was confirmed by the use of three
different substrates [94].

1.9.6 Ginkgo biloba (Family: Ginkgoaceae)

Ginkgo is believed to improve cerebral and peripheral
bloodflowthroughnitric oxide-inducedvasodilation and
possesses antioxidant activity [95]. Certain components

of Ginkgo biloba are potent in vitro inhibitors of human
CYP2C9. Another studywas undertaken to clarify the in-
fluence of repeated oral administration of ginkgo extract
on CYP2C9 and CYP3A4. A combination of G. biloba and
tolbutamide is to be administered cautiously in terms of
potential interactions, especially in elderly patients or
patients treated with drugs exerting relatively narrow
therapeutic windows. Greenblatt et al. (2006) investi-
gated the effect of G. biloba on the activity of CYP2C9
when administered with warfarin in humans [96].

1.9.7 Evodia rutaecarpa (Family: Rutaceae)

Rutaecarpine (5), a quinazolinocarboline alkaloid that
is a major constituent of Evodia fruit, caused the most
dramatic decrease in residual CYP3A4 activity. It was
further identified as a mechanism-based inhibitor of
CYP3A4. Rutaecarpin also showed potent inhibition
to CYP1A1 and CYP1A2 (IC50 0.90 and 0.06 mM). An
analysis showed that methanol extract increased the
levels of CYP1A1, CYP1A2, CYP2B, and glutathione-
S-transferase Yb immunoreactive proteins and aqueous
extract increased CYP1A2 protein level. Three major
bioactive alkaloids, that is, rutaecarpine, evodiamine
(6), and dehydroevodiamine (7) at 25 mg/kg increased
hepatic ethoxyresorufin-O-deethylase (EROD) activity.
These results demonstrated that Evodia rutaecarpa meth-
anol and aqueous extracts could affect drug-
metabolizing enzyme activities [76].

1.9.8 Hydrastis Canadensis (Family:
Ranunculaceae)

This contains the alkaloids berberine (8) and
hydrastine (9), hydrastinine (10), and canadine
(11). Its extract contains approximately equal concen-
trations (w17 mM) of two ethylenedioxyphenyl alka-
loids, berberine and hydrastine, inhibited with
increasing potency the isoform CYP2C9 (diclofenac
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4b-hydroxylation), CYP2D6 (bufuralol 1b-hydroxyl-
ation), and CYP3A4 (testosterone 6b-hydroxylation)
activities in human hepatic microsomes with interpo-
lated IC50 values of 0.98%, 0.66%, and 0.18%, respec-
tively [76].

1.9.9 Piper methysticum (Family: Piperaceae)

Whole kava extract (normalized to 100 1 M total kava-
lactones) caused concentration-dependent decreases in
CYP450 activities, with significant inhibition of the ac-
tivities of CYP1A2 (56% inhibition), CYP2C9 (92%),
CYP2C19 (86%), CYP2D6 (73%), CYP3A4 (78%), and
CYP4A9/11 (65%) following preincubation for 15 min.
These data indicated that kava has a high potential for
causing drug interactions through inhibition of
CYP450 enzymes. Jennifer and Ramzan and Jennifer
(2004) [97] reported that several kavalactones are potent

inhibitors of CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP3A4, and CYP4A9/11 and studied the effect of
kava rhizome extracts and kava alkaloids, pipermethys-
tine (12) in rat liver microsomes. Pipermethystine alone
demonstrated a nonsignificant increase in CYP1A2,

while kava rhizome extracts alone and in combination
with pipermethystine increased hepatic CYP1A2 protein
levels by 98%. From the study, it is understood that kava
kava may have a potential to produce drug interactions.
Zou et al. (2002) [98] investigated the influence of iso-
lated kavalactones kavain (13), dihydrokavain (14),
methysticin (15), yangonin (16), and desmethoxyyango-
nin (17) on recombinant human CYP isoforms such as
CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4.
They calculated IC50 values between 0.43 and
153.20 mM from the mean of four determinations for
the potent inhibitory active compounds.
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1.9.10 Radix pueraria (Family: Fabaceae)

This possesses a high content of flavonoids, couma-
rins, and isoflavones such as daidzein (18) and puerarin
(19). Crude extracts containing puerarin inhibited in a
dose-dependent fashion. Although both CYP content
and reduced nicotinamide adenine dinucleotide

phosphate-(CYP)-c-reductase activity were significantly
increased, a complex pattern of CYP modulation was
observed, including both induction (puerarin:
CYP2A1, CYP1A1/2, CYP3A1, CYP2C11; Ge-gen:
CYP1A2, CYP3A1, CYP2B1) and inactivation (Ge-gen
and puerarin: CYP3A, CYP2E1, CYP2B1) [99].
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1.9.11 Phyllanthus amarus (Family:
Euphorbiaceae)

All the CYP450 enzymes were significantly inhibited
by the Phyllanthus amarus extract in a concentration-
dependent manner. The concentrations needed for 50%
inhibition of CYP1A1, CYP1A2, and CYP2B1/2 were
4.6 mg/ml, 7.725 mg/ml, and 4.18 mg/ml, respectively.
Oral administration of P. amarus (250 mg/kg) was found
to reduce the activity of these enzymes and an increased
concentration of the extract (750 mg/kg) [100].

1.9.12 Valeriana officinalis (Family:
Valerianaceae)

Its essential oil contains terpenoid-like hydroxylva-
lerenic acid (20), and valerenic acid (21). CYP3A4-
mediated metabolism tended to be slightly lower in
aqueous extracts and slightly higher in those extracted
with acetonitrile. In most cases, the ethanolic extracts
were slightly less active than the corresponding aqueous
or acetonitrile extracts. From the study, it was concluded
that valerian extracts exhibited a marked inhibition of
CYP3A4-mediated metabolism [76].

1.9.13 Triphala

“Triphala” is a well-known polyherbal formulation
from Indian Ayurveda called “Rasayana” in Sanskrit. It
consists of dried fruits ofEmblica officinalis, Terminalia beler-
ica, and Terminalia chebula in equal proportions (1:1:1).
Traditionally, this formulation has been prescribed for
several ailments and used as a laxative, detoxifying
agent, digestive agent, and rejuvenator [101]. It has
been reported that E. officinale extract showed the high-
est IC50 value (152.11� 2.18 mg/ml) and Terminalia beller-
ica showed the lowest IC50 value (69.89 � 2.50 mg/ml)
against CYP3A4. The inhibitory activity against
CYP3A4 with IC50 values <0.1 mg/ml were found
with the three fruit extracts and the formulation, while
gallic acid (22) was found to produce inhibitory activity
with approximately 0.09 mg/ml. Likewise, all the fruit

extracts showed higher IC50 values (<0.1 mg/ml)
compared to those of gallic acid (0.09 mg/ml) against
CYP2D6. On the other hand, quinidine and ketocona-
zole showed relatively strong inhibition with an IC50
value of <0.007 mg/ml. The results indicated that the
test substances have much less interaction potential
with coadministered drugs than do the known inhibi-
tors. Triphala formulation has less interaction potential
when compared with individual plant extracts
and bioactive molecules. Triphala formulation and its
individual ingredients may likely interact with drug-
metabolizing enzymes, but are less likely to produce
significant drug interactions [85].

1.9.14 Trikatu

Trikatu is a very well-known “Rasayana” in Ayur-
veda and widely used as a polyherbal ayurvedic formu-
lation in India. Trikatu means the mixture of three acids.
It consists of three well-known plants, namely, Piper
longum, Piper nigrum, and Zingiber officinale, in an equal
ratio. Trikatu has been prescribed for cough, cold, fever,
asthma, respiratory problems, and improvement of
digestive disorders. It is reported that the trikatu and
its biomarkers have very less inhibitory effect on
CYP450 enzymes. Different concentrations of the trikatu
formulation and its individual components showed
significantly (P < 0.001) less inhibitory activity on indi-
vidual isoenzymes as compared to that shown by the
positive control [86].

O

OH
HO

H

Hydroxyvalerenic acid (20)
O

OH

H

Valerenic acid (21)

OH

OH

OH

O

HO

Gallic acid (22)

1. QUALITY RELATED SAFETY ISSUE-EVIDENCE-BASED VALIDATION OF HERBAL MEDICINE FARM TO PHARMA20



1.9.15 Murraya koenigii (Family: Rutaceae)

Murraya koenigii extract has a higher IC50 value
(160.47 � 5.45, 206.63 � 1.99, and 156.56 � 3.77 mg/ml
of CYP3A4, 2D6, and 2C9 isozymes, respectively) than
do the standard biomarkers. M. koenigii extract and its
bioactive compounds have an inhibitory effect on drug
metabolism enzymes when consumed along with con-
ventional medicine. The IC50 values were higher than
those of the positive control and indicated that the test
extracts and constituents have moderate interaction in
drug metabolism [81].

1.9.16 Glycyrrhiza glabra (Family: Fabaceae)

The major bioactive constituents of Glycyrrhiza glabra
are glycyrrhizin, glabranin A and B, glycyrrhetol, glabri-
din, formononetin, glabrone, etc. [62]. A research report
on the CYP450 interaction profiles of G. glabra and its
bioactive compound glycyrrhizin showed that the
extract and glycyrrhizin have a higher interaction poten-
tial with CYP2D6 compared with CYP3A4. The licorice
extract showed a comparably higher IC50 value with
both the isozymes, which may be related to the synergis-
tic effects for the presence of other constituents in the
extract. The IC50 values that are higher than those of
the positive inhibitors indicated that the test samples
have only a weak interaction potential in drug meta-
bolism. An IC50 value of the extract that is lower than
that of the pure compound indicates that care should
be taken when administering the extract with other
CYP450-interacting compounds, particularly those
with a low therapeutic index [102].

1.10 HERB-DRUG INTERACTIONS

The plant material as an active ingredient in herbal
products may also be related to health risks, because it
also contains some toxic constituents or constituents
that are known to affect the bioavailability and pharma-
cokinetic or pharmacodynamic interaction of other com-
pounds or drugs [103]. Another problem associated with
the use of herbal products is underreporting of observed
adverse reactions and herbedrug interactions. In a
study, it was found that 58% of users do not inform their
physician when they buy any herbal medicinal prod-
ucts. It has been reported that 69% of Britishers and
61.7% of Italians that use herbal product do not consult
their physicians [104].

Many medicinal herbs have a long history of use, and
this may have generated a significant amount of pub-
lished toxicological information including scientifically
accepted monographs, clinical experience, and epidemi-
ological studies, as well as data from postmarketing

surveillance programs. This information may be
used as a basis for a simplified registration procedure
and may serve as a substitute for animal experiments
and reduce the number of clinical trials in humans
[105]. Prescribers and consumers of herbal products
will be able to recognize and report on major acute
adverse events, such as dermatological reactions,
nausea, and disturbances of the gastrointestinal tract.
Consequently, data on traditional use are unlikely to
provide information on chronic toxicity and carcino-
genic, mutagenic, and teratogenic effects [76]. Several
regulatory bodies have acknowledged this problem
and have given the right to national authorities to de-
mand such supplementary safety testing when biblio-
graphic evidence is deemed to be insufficient to prove
safety before marketing authorization of the herbal
products [78].

Consumption of herbal products that are capable of
modulating CYP metabolism can cause clinically rele-
vant herbedrug interactions and can alter drug bioavail-
ability. Any inhibitory effect of herbal extracts on CYP
may result in enhanced plasma and tissue concentra-
tions leading to toxicity, while any inductive effect
may cause reduced drug concentrations leading to
decreased drug efficacy and treatment failure [104].
The complexity of herbal medicine preparations and
the interpretation of bibliographic data on safety and
efficacy reflecting the experience gathered during
long-term use are best addressed by involving specific
expertise and experience.

1.10.1 Synergistic Effects of Herbs

The mechanisms of synergistic actions of herbal in-
gredients can be explored for designing new multitarget
drugs and drug combinations and for discovering
potent drug combinations that are individually subther-
apeutic but efficacious in combination. Synergistic ac-
tions involve interactions with multiple sites, targets,
and pathways that are sensitively influenced by genetic,
environmental, behavioral, and scheduling profiles
[106]. It is claimed that combinations of herbs have
synergistic effects. There is much in vitro and/or in
vivo evidence to support the occurrence of synergism
between constituents in certain herbal extracts. Synergy
is also taken to mean an attenuation of undesirable
effects, another key theory of herbalism being that the
toxicity of plant extracts is less than that of a single
isolated constituent.

Synergism has a major role in therapeutic efficacy of
medicinal plants and plant-derived formulation. This
cannot be easily distinguished from additive effects
and usually relies on high margins of variation. In
fact, the mechanism of action of many phytomedicines
is still unknown, and there are several instances of a
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total herb extract showing a better effect than an equiv-
alent dose of an isolated compound [107]. Generally,
synergistic effects are considered to be positive, with
the low doses used perceived as a benefit, although it
is obvious that there may also be negative aspects.
Pepper contains the alkaloid piperine, which is known
to increase the bioavailability of a number of clinically
used drugs. Unwanted interactions, for example, would
be the presence of tannins in herbal drugs, which may
hinder the absorption of proteins and alkaloids, or the
induction of enzymes, such as CYP450, which may
accelerate drug metabolism resulting in blood levels of
actives too low for a therapeutic effect [101]. The issues
concerning the safety of herbs with increasing consump-
tion of herbal extracts along with prescription medicine
have become a major concern. This leads to several
studies on evaluation of their effects on drug-
metabolizing enzymes. These studies will help to under-
stand and ensure the possibilities for herbedrug
interactions.

1.11 SYSTEM BIOLOGY AND
METABOLOMICS

System biology intends to recognize the biological
complexity of different measurements without any
hypothesis. The major focus of systems biology is to
enquire the dynamics of all genetic, regulatory, and
metabolic processes in a cell and to understand the
complexity of cellular networks [108]. Adoption of the
systems biology approach would be more helpful for
exploring the scientific implication of herbal medicine
and the modernization of TM.

There are several technological platforms of system
biology, such as genomics, proteomics, and metabolo-
mics, that provide powerful tools for the study on the
essence and function of herbal drugs (Figure 1.7). Scien-
tifically and technologically validated herbal products
can be explored on a fast track using various innovative
approaches such as reverse pharmacology and systems
biology, which are based on a knowledge of TM. TM

FIGURE 1.7 System biology in drug discovery.
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comprises of evolutionary process as communities to
discover practice transforming techniques. The methods
for carrying out metabolic modeling by means of collect-
ing, storing, and analyzing metabolomic data are
considerably different, which will generally be per-
formed by individuals or in laboratories with different
skill sets, and yet necessarily will deal with the same
molecules [109]. It is therefore very essential to timely
bring together the known or conditional metabolic
maps of suitable organisms with measurements of their
metabolomes to provide a system level understanding
of the metabolic fluxes and metabolite concentration in
these organisms, and their way of changing under
different conditions [110].

LCeMS is an analytical technique that combines the
physical separation capabilities of LC with the mass
analysis capabilities of MS. LCeMS is a powerful tech-
nique used for many applications and has a very high
sensitivity and selectivity. LCeMS consists of an ultra-
high LC combined with a mass spectrometer that con-
tributes to achieve high-throughput studies in
metabolomic analysis. LCeMS is frequently used in
drug development at many different stages including
natural product dereplication, metabolomic stability
screening, metabolomic identification, impurity identifi-
cation, quantitative analysis, and quality control. Gener-
ally, its application is oriented toward the specific
detection and potential identification of phytoconstitu-
ents in a plant extract. LCeMS becomes a powerful
approach for the rapid identification of phytochemical
constituents in botanical extracts, and it can avoid the
time-consuming isolation of all compounds to be identi-
fied. LCeMS is most commonly used for metabolomic
analysis of plant extract where secondary metabolite
masses may overlap even with a high-resolution mass
spectrometer. Profiling of secondary metabolites in
plants or food, such as phenolics, can be achieved with
LCeMS [111].

Metabolomics aims at qualitatively and quantita-
tively determining as many compounds as possible.
This can not only be in extracts of tissues but also in
body fluids such as serum or urine in the case of
humans. Chromatographic methods in combination
with MS, MS with nuclear magnetic resonance (NMR)
spectrometry, are used for such analyses [112]. By
combining the result of such analyses with other param-
eters, novel correlations can be found, for example, a
relationship between the occurrence of certain com-
pounds in extracts and a biological activity. Analysis of
metabolites in urine by means of 1H-NMR is already
extensively applied for studying the toxicity of drugs
[113]. The metabolomics approach is also a very prom-
ising tool for the quality control of botanicals. A study
on the metabolic profiling of G. biloba L. in pharmaceu-
tical preparation by means of 1H-NMR has been

reported. Besides a recognizable pattern, the quantita-
tive analysis of ginkgolides and bilobalide could be
done with a 5-min acquisition time of the spectrum,
without the need for any elaborate sample preparation.
Also, for other preparations, it was found that this
method is very suitable; among other preparations
studied were strychnos, ephedra, and cannabis. Such
studies are the first steps in the long way to a better
understanding of the activity of medicinal plants [114].

Metabolomic study reveals the quantitative and
qualitative estimation of “whole” metabolite found in
a cellular or organism system. It can be defined as the
systemic study of the individual chemical fingerprints
that a definite cellular process leaves behind and even
more particularly the technique of the metabolite profile
of the “whole” small molecules in an organism. The
combined data of all the metabolites in a biological sys-
tem, which are the final products of its gene expression,
are known as the metabolome. These approaches deal
with the study of genomics, transcriptomics, and prote-
omics of biological systems. It involves four major steps
of analysis of the unknown compound present in the
herbal medicine, which includes the following:

• Targeted investigation of the compound: This deals
with quantitative estimation of definite metabolites.

• Metabolic documentation: Quantitative and
qualitative data for the estimation of the unknown
compound or of definite metabolic pathways.

• Metabolomic fingerprinting: This is the process of
sample classification by rapid global investigation.

• Metabolomic examination: This pertains to the
quantitative and qualitative analysis of “whole”
metabolites.

Metabolomic analyses use a particular set of analyt-
ical techniques such as Fourier transformed infrared
spectroscopy, gas chromatographyemass spectrometry,
LCeMS, NMR, CEeMS, and TLC. Recent advances
made in analytical chemistry for small mass compound
detection and characterization, such as MS and high-
field NMR, coupled with modern multivariate statistics,
have led to a highly efficient system for the comprehen-
sive analysis of the metabolite data matrices generated
by metabolomic experiments [9]. In the past decades,
several attempts have been made to solve these prob-
lems using metabolomics. Metabolomics is a relatively
new field of “omics” research concerned with the
high-throughput identification and quantification of
small-molecule metabolites in the metabolome. Analysis
of a large number of samples might facilitate the identi-
fication of patterns or metabolite markers that are char-
acteristic of a species, a cultivar, a certain stage of
development or conditions, such as disease state, stress,
or daily and seasonal changes. Therefore, the high-
throughput global analysis of a metabolome through
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hyphenated technologies is a key factor in this field
[115]. Thus, metabolomics is now emerging as a power-
ful tool for the characterization of complex phenotypes
affected by both genetic and environmental factors.
Nevertheless, metabolomic fingerprinting often lacks
robustness, so targeted or profiling approaches may be
useful techniques for the validation of herbal medicine
with the necessary specificity, precision, accuracy, line-
arity, sensitivity, recovery, and stability in the presence
of potentially interfering compounds [116].

1.12 INTERNATIONAL
HARMONIZATION

To ensure homogeny of quality, safety, and efficacy of
the herbal medicines across countries, harmonizing ef-
forts have been initiated on pharmacopoeial specifica-
tions, standardization, and classification of herbal
drugs. Different specifications have been found in
different pharmacopoeias of Korea, Japan, and China
for a single herbal medicine. The same crude plant ma-
terial may be described, but the family or species of
the original plant may be different [117]. The Western
Pacific Regional Forum for the Harmonization of herbal
medicine tried to harmonize the crude drug mono-
graphs in the pharmacopoeias of six Asian countries
(Japan, China, Korea, Singapore, Vietnam, and Hong
Kong) in order to help in promoting commercialization
of safe and effective herbal drugs across countries.
Harmonization process and herbal product registration
were initiated in 2000 among different countries. Inter-
national harmonization would help in developing
evidence-based clinical practice guidelines on TM. India
has nearly 8000 herbal drug companies, among which
about five thousand companies have GMP-compliant
manufacturing units, and most of them are of small
and medium size. Seventy percent of the Indian exports
from the herbal sector consist of only raw materials, and
30 percent consist of finished products including herbal
extracts. There are 55 major herbal drugs exporting com-
panies in India [28]. As discussed in the monographs of
the American Herbal Pharmacopoeia, the use of single
or multiple chemical markers was important for quality
control. Protocols and guidance documents on safety
and toxicity testing of TMs have been issued by the In-
ternational Life Sciences Institute, the Institute of Medi-
cine, National Research Council (2004), the Union of
Pure and Applied Chemistry, the EMEA (e.g., EMEA,
2009) [118], and by the European Food Safety Authority
(EFSA, 2009) [119] These regulation documents tell us
about the assessment of the safety, efficacy, and quality
of herbs for food and medicine purposes. Standards
for medicinal plants are being developed worldwide,

but as yet there is no consensus as to how these should
be adopted. There are several publications: US Pharma-
copoeia, British Herbal Compendium, British Herbal
Pharmacopoeia, Chinese Pharmacopoeia, and Physi-
cian’s Desk Reference for herbal medicines, Ayurvedic
Pharmacopoeia of India have monographs for herbal
raw materials [24]. For a single plant, the monograph
may vary in different publications, different country
standards with respect to a single formulation, which
creates difficulties for manufacturers in herbal drug
trade. Thus, the need to establish global regulatory
mechanisms for regulating herbal drugs seems obvious.
An improvement in the processes of regulation and
global harmonization is desirable and necessary, which
combines scientific data and traditional knowledge [34].

Several challenges and issues on promotion and
development of herbal drug have been identified, which
should be solved through international coordination
and collaboration. Considering the widespread use
and popularity of herbal products, there is a need for
adequate evidence in the quality, safety, and efficacy of
herbal products, which is mandatory. Therefore, there
is a need for coordination and harmonization of research
and development of medicinal plants as both pharma-
ceuticals and food supplements.

1.13 CONCLUSION

The existing knowledge of herbal medicines needs to
be validated and documented through regulatory
guidelines of quality control, standardization, and
manufacturing process. Chemical consistency at all
stages of manufacturing processes such as extraction,
standardization, quality control, quality assurance, sta-
bility, shelf life, and purity is of utmost important to
ensure medicinal efficacy and safety. Considering the
widespread use and popularity of herbal medicines,
proper standardization and validation methods have
been developed for the promotion of natural products.
Medicinal plants are most commonly used in TMs and
can potentially influence the bioavailability and phar-
macokinetics of some pharmaceuticals by affecting
CYP450 drug metabolism. Evidence-based submissions
for regulatory approval and interlinking of various
pharmacopoeial monographs would be helpful for herb-
al manufacturers to regulate markets across the world.
Research through collaboration and cooperation can
help to a large extent in the promotion and development
of TM for the betterment of health care globally. This
may bring scientists and other stakeholders together to
discuss global issues and implications of new strategic
terms, with a new set of goals, a new agenda, but most
importantly, a new vigor is vital for global development.
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The different systematic approaches of TMs are not only
about a single science or technique but also an amalgam-
ation of these concomitant areas, which are mutually
interrelated.

Acknowledgments

The authors wish to express their gratitude to the National Medicinal
Plant Board (NMPB), Department of AYUSH, Ministry of Health and
Family Welfare, Government of India, for providing financial assis-
tance to the School of Natural Product Studies, Jadavpur University,
through project grant [F. No.: Z. 18017/187/CSS/R&D/WB-01/2009-
10-NMPB].

References

[1] Tistaert C, Dejaegher B, Heyden YV. Chromatographic separa-
tion techniques and data handling methods for herbal finger
prints: a review. Anal Chim Acta 2011;690:148e61.

[2] Zhang J, Wider B, Shang H, Li X, Ernst E. Quality of herbal
medicines: challenges and solutions. Complement Ther Med
2012;20:100e6.

[3] Mukherjee PK, Sahoo AK, Narayanan N, Kumar NS,
Ponnusankar S. Lead finding from medicinal plants with
hepatoprotective potentials. Expert Opin Drug Discov 2009;4:
545e76.

[4] Shinde VM, Dhalwal K, Potdar M, Mahadik KR. Application of
quality control principles to herbal drug. Int J Phytomed 2009;
1:4e8.

[5] Booker A, Johnston D, Heinrich M. Value chains of herbal
medicinesdresearch needs and key challenges in the
context of ethnopharmacology. J Ethnopharmacol 2012;140:
624e33.

[6] Weathers PJ, Arsenault PR, Covello PS, McMickle A, Teoh KH,
Reed DW. Artemisinin production in Artemisia annua: studies
in planta and results of a novel delivery method for treating
malaria and other neglected diseases. Phytochem Review 2011;
10:173e83.

[7] Mukherjee PK,Wahile A. Perspectives of safety for natural health
products. In: Sharma RK, Arora R, editors. Herbal drugsda
twenty first century perspectives. New Delhi: Jaypee Brothers
Medicinal Publishers Ltd; 2006. p. 50e9.

[8] Choi DW, Kim JH, Cho SY, Kim DH, Chang SY. Regulation and
quality control of herbal drugs in Korea. Toxicology 2002;58:
181e2.

[9] Liang YZ, Xie P, Chan K. Quality control of herbal medicine.
J Chromato B 2004;812:53e70.

[10] Patwardhan B, Mashelkar RA. Traditional medicine-inspired
approaches to drug discovery: can Ayurveda show the way
forward? Drug Discov Today 2009;14:804e11.

[11] Mukherjee PK, Venkatesh P, Venkatesh M, Ponnusankar S,
Khan MY. Strategies for revitalization of traditional medicine.
Chin Herb Med 2010;2:1e15.

[12] Mukherjee PK. Exploring botanicals in Indian system of
medicine-regulatory perspectives. J Clin Res Reg Affairs 2003;
20:249e64.

[13] Mukherjee PK. Evaluation of Indian traditional medicine. Drug
Inf J 2001;35:631e40.

[14] Mukherjee PK, Ponnusankar S, Venkatesh M. Ethnomedicine in
complementary therapeutics. In: Chattopadhyay D, editor.
Ethnomedicine: a source of complementary therapeutics. Trivan-
drum: Research Signpost; 2010. p. 29e52.

[15] Nema NK, Dalai MK, Mukherjee PK. AYUSH herbs and Status
Quo in herbal industries. The pharma review. New Delhi:
Kongposh Publications; 2011. 141.

[16] Mukherjee PK, Houghton PJ, editors. Evaluation of herbal me-
dicinal productsdperspectives of quality, safety and efficacy.
UK: Pharmaceutical Press, Royal Pharmaceutical Society of
Great Britain; 2009. p. 501.

[17] Mukherjee PK. Quality control of herbal drugs: an approach to
evaluation of botanicals. 1st ed. India: Business horizons; 2002.
113e119.

[18] Mukherjee PK, Venkatesh M, Gantait A. Ayurveda in modern
medicine: development and modification of bioactivity. In:
Mander L, Lui HW, editors. Comprehensive natural products II
chemistry and biology, vol. 3. Oxford: Elsevier Science; 2009.
p. 479e507.

[19] Mukherjee PK, Bahadur S, Harwansh RK, Nema NK, Bhadra S.
Development of traditional medicines: globalizing local knowl-
edge or localizing global technologies. Pharma Times 2013;45:
39e42.

[20] Mukherjee PK, Wahile A. Integrated approaches towards drug
development from Ayurveda and other Indian system of
medicines. J Ethnopharmacol 2006;103:25e35.

[21] Mukherjee PK, Sahu M, Suresh B. Indian herbal medicines. In:
The Eastern pharmacist, 42; 1998. p. 21e4.

[22] Mukherjee PK, Saha BP. Quest for GMP for the production of
quality botanicals. In: Mukherjee PK, Verpoorte R, editors.
GMP for botanicalsdregulatory and quality issues on
phytomedicine. New Delhi, India: Eastern Publishers, Business
Horizons Ltd; 2003. p. 165e90.

[23] Mukherjee PK, Nema NK, Venkatesh P, Debnath PK. Changing
scenario for promotion and development of Ayurvedadway
forward. J Ethnopharmacol 2012;143:424e34.

[24] Mukherjee PK, Maity K, Mukherjee K, Houghton PJ. Leads from
Indian Medicinal Plants with hypoglycemic potentials. J Ethno-
pharmacol. 2006;106:1e28.

[25] Bilello JA. The agony and ecstasy of “OMIC” technologies in
drug development. Curr Mol Med 2005;5:39e52.

[26] Sahoo N, Manchikanti P, Dey S. Herbal drugs: standards and
regulation. Fitoterapia 2010;81:462e71.

[27] Cordell GA. Phytochemistry and traditional medicineda revolu-
tion in process. Phytochem Lett 2011;4:391e8.

[28] Cordell GA, Colvard MD. Natural products and traditional
medicine: turning on a paradigm. J Nat Prod 2012;75:514e25.

[29] Mukherjee PK, Rai S, Kumar V, Mukherjee K, Hylands PJ,
Hider RC. Plants of Indian origin in drug discovery. Expert
Opin Drug Discov 2007;2:633e58.

[30] Guo R, Canter PH, Ernst E. A systematic review of randomized
clinical trials of individualized herbal medicine in any
indication. Postgrad Med J 2007;83:633e7.

[31] Homma M, Oka K, Yamada T, Niitsuma T, Ihto H, Takahashi N.
A strategy for discovering biologically active compounds with
high probability in traditional Chinese herb remedies: an appli-
cation of Saiboku-To in bronchial asthma. Ana Biochem 1992;
202:179e86.

[32] Mukherjee PK, Kumar V, Mal M, Houghton PJ. In vitro
acetylcholinesterase inhibitory activity of essential oil and its
main constituents of Acorus calamus. Planta Med 2007;73:285e8.

[33] Mukherjee PK, Verpoorte R. GMP for botanicalsdregulatory and
quality issues. New Delhi: Business Horizons; 2003.

[34] Mukherjee PK, Houghton PJ. The worldwide phenomenon of
increased use of herbal products: opportunity and threats. In:
Houghton PJ, Mukherjee PK, editors. Evaluation of herbal
medicinal productsdperspectives on quality, safety and
efficacy. Pharmaceutical Press, Royal Pharmaceutical Society of
Great Britain; 2009. p. 3e12.

REFERENCES 25



[35] Cragg GM, Schepartz SA, Suffness M, Grever MR. The taxol sup-
ply crisis. new NCI policies for handling the large-scale produc-
tion of novel natural product anticancer and anti-HIV agents.
J Nat Prod 1993;56:1657e68.

[36] Sharma RK, Arora R. Herbal drugsda twenty first century
perspective, 141. New Delhi: Jaypee Brothers, Medical
Publishers (P) Ltd; 2006. 319e320, 527.

[37] Verpoorte R, Choi YH, KimHK. Ethnopharmacology and systems
biology: a perfect holistic match. J Ethnopharmacol 2005;100:53e6.

[38] Mukherjee PK, Ponnusankar S, Venkatesh P, Gantait A, Pal BC.
Marker profiling: an approach for quality evaluation of Indian
Medicinal Plants. Drug Inf J 2011;45:1e14.

[39] Evans S. Changing the knowledge base in Western herbal
medicine. Soc Sci Med 2008;67:2098e106.

[40] Ulrich-Merzenich G, Zeitler H, Jobst D, Panek D, Vetter H,
Wagner H. Application of the “-Omic-” technologies in
phytomedicine. Phytomedicine 2007;14:70e82.

[41] Tyler VE. Phytomedicines: back to the future. J Nat Prod. 1999;62:
1589e92.

[42] Venkatesh P, Mukherjee PK, Kumar NS, Bandyopadhyay A,
Fukui H, Mizuguchi H, et al. Anti-allergic activity of standard-
ized extract of Albizia lebbeck with reference to catechin as a
phytomarkers. Immunopharm Immunotoxicol 2010;32:272e6.

[43] Mukherjee PK, Wahile A, Kumar V, Rai S, Mukherjee K. Marker
profiling for a few botanicals used for hepatoprotection in Indian
system of medicine. Drug Infor J 2006;40:131e9.

[44] Raja S, Nazeer HA, Kumar V, Mukherjee K, Bandyopadhyay A,
Mukherjee PK. Exploring the effect of Asclepias curassavica on
markers of oxidative stress in rats. Evidence Based Int Med
2005;2:87e9.

[45] World Health Organization. Quality control methods for medic-
inal plant materials. 1998. 9241545100.pdf, Last accessed on 17th
April 2014.

[46] WHO. Guidelines for assessing quality of herbal medicines with
reference to contaminants and residues. 2007.

[47] Xue J, Liu DJ, Chen SL, Liao YH, Zou ZM. Overview on external
contamination sources in traditional Chinese medicines. World
Sci Techn 2008;10:91e6.

[48] World Health Organization. Guidelines on good agricultural and
collection practices (GACP) for medicinal plants. 2003.

[49] World Health Organization. WHO monographs on selected
medicinal plant. 2004.

[50] Bent S, Ko R. Commonly used herbal medicines in the United
States: a review. Am J Med 2004;116:478e85.

[51] Anonymous. Markers and natural health products. Technology
Watch 2006;3:2e4.

[52] Mukherjee PK, Kumar SN, Heinrich M. Plant made pharmaceu-
ticals (PMPs)ddevelopment of natural health products from bio-
diversity. Indian J Pharm Educ Res 2008;42:113e22.

[53] Ministry of Health and Family Welfare. Department of ISM and
H. Part I The Ayurvedic Pharmacopoeia of India 2001;III.

[54] Li S, Han Q, Qiao C, Song J, Cheng CL, Xu H. Chemical markers
for the quality control of herbal medicines: an overview. Chinese
Med 2008;3:1e16.

[55] Chaudhary N, Sekhon BS. An overview of advances in the stan-
dardization of herbal drugs. J Pharm Edu Res 2011;2:55e70.

[56] Mukherjee PK, Rai S, Bhattacharya S, Wahile A, Saha BP. Marker
analysis of polyherbal formulation, Triphala: a well known
Indian traditional medicine. Indian J Trad Knowl 2008;7:379e83.

[57] Mukherjee PK, Rai S, Kumar V, Mukherjee K, Hyland PJ,
Hider RC. Plants of Indian origin in drug discovery. Ex Opin
Drug Dis 2007;2:633e57.

[58] Song j, Li S, Zhou Y, Qiao C, Chen S, Xu H. A novel approach
to rapidly explore analytical markers for quality control of
radix salviae miltiorrhizae extract granules by robust principal

component analysis with ultra-high performance liquid
chromatographyeultravioletequadrupole time-of-flight mass
spectrometry. J Pharm Biomed Anal 2010;53:279e86.

[59] Liu Y, Shi X, Liu E, Sheng L, Qi L, Li P. More accurate matrix-
matched quantification using standard superposition method
for herbal medicines. J Chromato A 2012;1254:43e50.

[60] Guliyev VB, Gul M, Yildirim A. Hippophae rhamnoides L: chro-
matographic methods to determine chemical composition use in
traditional medicine and pharmacological effects. J Chromato B
2004;812:291e307.

[61] Mukherjee PK. Problems and prospects for the GMP in
herbal drugs in Indian systems of medicine. Drug Inf J 2002;63:
6635e44.

[62] Gantait A, Pandit S, Nema N, Mukherjee PK. Quantification of
glycyrrhizin in Glycyrrhiza glabra extract by validated HPTLC
densitometry. J AOAC Inter 2010;93:492e5.

[63] Mukherjee PK, Nema NK, Bhadra S. Shifting paradigm for
validation of traditional medicine: need and reality, Jatmed.
2013. 1e9.

[64] Busse W. The significance of quality for efficacy and safety of
herbal medicinal products. Drug Infor J 2000;34:15e23.

[65] Srinivasan VS. Challenges and scientific issues in the standardi-
zation of botanicals and their preparations. United States
Pharmacopoeia’s dietary supplement verification programda
public health program. Life Sci 2006;78:2039e43.

[66] Kayne S. Problems in the pharmacovigilance of herbal medicines
in the UK. Pharm J 2006;276:543e5.

[67] Huang S, Hall SD, Watkins P, Love AA, Singh CS, Betz JM, et al.
Drug interactions with herbal products and grapefruit juice:
a conference report. Clin Pharmacol Ther 2004;75:1e12.

[68] World Health Organization. WHO guidelines on safety moni-
toring of herbal medicines in pharmacovigilance systems.
Geneva: World Health Organization; 2004.

[69] Bauer S, Stormer E, Johne A, Kruger H, Budde K, Neumayer H,
et al. Alterations in cyclosporine A pharmacokinetics and meta-
bolism during treatment with St. John’s wort in renal transplant
recipients. Brit J Clin Pharmaco 2003;55:203e11.

[70] Ponnusankar S, Venkatesh P, Venkatesh M, Mandal SC,
Mukherjee PK. Herbal drug require pharmacovigilance
studydneed and reality. Pharm Rev 2007;12:113e20.

[71] Zhou S, Zhou Z, Li C, Chen X, Yu X, Xue CC, et al. Identification
of drugs that interact with herbs in drug development. Drug
Discov Today 2007;12:664e73.

[72] Barnes J. Pharmacovigilance of herbal medicines: a UK
perspective. Drug Saf 2003;26:829e51.

[73] Bagnais CI, Deray G, Baumelou A, Le, Quitrec M,
Venherweghem JL. Herbs and the kidney. Am J Kidney Dis
2004;44:1e11.

[74] Mukherjee PK, Ponnusankar S, Badra S, Pandit S, Venkatesh M.
Confluence of strategies for the development of botanicals.
Pharm Rev 2008;12:114.

[75] Larrey D, Pageaux GP. Drug-induced acute liver failure. Eur J
Gastroen Hepat 2005;17:141e3.

[76] Mukherjee PK, Ponnusankar S, Pandit S, Hazam PK,
Ahmmed M, Mukherjee K. Botanicals as medicinal food and
their effects on drug metabolizing enzymes. Food Chem Toxicol.
2011;49:3142e53.

[77] Lynch T, Price AB. The effect of cytochrome P450 metabolism on
drug response, interactions, and adverse effects. Am Fam Phy
2007;76:391e6.

[78] Zhou S, Gao Y, Jiang W, Huang M, Xu A, Paxton JW. Interactions
of herbs with cytochrome P450. DrugMetabol Rev 2003;35:35e98.

[79] Crespi CL, Penman BW. Use of cDNA expressed human
cytochrome P450enzymes to study potential drugedrug
interactions. Adv Pharmacol 1997;43:171e88.

1. QUALITY RELATED SAFETY ISSUE-EVIDENCE-BASED VALIDATION OF HERBAL MEDICINE FARM TO PHARMA26



[80] Pandit S, Mukherjee PK, Ponnusankar S, Venkatesh M,
Srikanth N. Metabolism mediated interaction of a-asarone and
Acorus calamus with CYP3A4 and CYP2D6. Fitoterapia 2011;82:
369e74.

[81] Pandit S, Mukherjee PK, Mukherjee K, Gajbhiye R, Venkatesh M,
Ponnusankar S, et al. Cytochrome P450 inhibitory potential of
selected Indian spicesdpossible food drug interaction. Food
Res Intern 2012;45:69e74.

[82] Pan Y, Abd-Rashid BA, Ismail Z, Ismail R, Mak JW, Pook PC,
et al. In vitro modulatory effects on three major human cyto-
chrome P450 enzymes by multiple active constituents and
extracts of Centella asiatica. J Ethnopharmacol 2010;130:275e83.

[83] Foster BC, Vandenhoek S, Hana J, Krantis A, Akhtar MH,
Bryan M, et al. In vitro inhibition of human cytochrome-P450
mediated metabolism of marker substrates by natural
products. Phytomedicine 2003;10:334e42.

[84] Usia T, Iwata H, Hiratsuka A, Watabe T, Kadota S, Tezuka Y.
CYP3A4 and CYP2D6 inhibitory activities of Indonesian medic-
inal plants. Phytomedicine 2006;13:67e73.

[85] Ponnusankar S, Pandit S, Babu R, Bandyopadhyay A,
Mukherjee PK. Cytochrome P450 inhibitory potential of Triphala
rasayana from Ayurveda. J Ethnopharmacol 2011;133:120e5.

[86] Harwansh RK, Mukherjee K, Bhadra S, Kar A, Bahadur S,
Mitra A, et al. Cytochrome P450 inhibitory potential and
RP-HPLC standardization of trikatuda Rasayana from Indian
Ayurveda. J Ethnopharmacol 2014;153:674e81.

[87] Scott LM, Leduc RI, Burt AJ, Marles RJ, Arnason JT, Foster BC.
The inhibition of human cytochrome P450 by ethanol extracts
of North American botanicals. Pharm Biol 2006;44:315e27.

[88] Ponnusankar S, Pandit S, Venkatesh M, Bandyopadhyay A,
Mukherjee PK. Safety evaluation of standardized extract of
Terminalia chebula Retz by Cytochrome P450 inhibition assay.
Phytother Res 2011;25:151e4.

[89] Gyamfi MA, Hokama N, Oppong-Boachie K, Aniya Y. Inhibitory
effects of the medicinal herb Thonningia sanguine on liver drug
metabolizing enzymes of rats. Human Exp Toxicol 2000;19:623e31.

[90] Tsukamoto S, Aburatani M, Tomihisa O. Isolation of CYP3A4
inhibitors from Black Cohosh (Cimicifuga racemosa). eCAM
2005;2:223e6.

[91] Frank A, Unger M. Analysis of frankincense from various
Boswellia species with inhibitory activity on human drug metab-
olizing cytochrome P450 enzymes using liquid chromatography
mass spectrometry after automated on-line extraction. J Chroma-
togr A 2006;21:255e62.

[92] Kang JJ, Wang HW, Liu TY, Chen YC, Ueng TH. Modulation of
cytochrome P450 dependent monooxygenases, glutathione and
glutathione S-transferase in rat liver by geniposide fromGardenia
jasminoides. Food Chem Toxicol 1997;35:957e65.

[93] Ganzera M, Schneider P, Stuppner H. Inhibitory effects of the
essential oil of chamomile (Matricaria recutita L.) and its major
constituents on human cytochrome P450 enzymes. Life Sci
2006;78:856e61.

[94] Hansen TS, Nilsen OG. In vitro CYP3A4 metabolism: inhibition
by Echinacea purpurea and choice of substrate for the evaluation
of herbal inhibition. Basic Clin Pharmacol Toxicol 2008;103:
445e9.

[95] Bent S, Goldberg H, Padula A, Avins AL. Spontaneous bleeding
associated with Ginkgo biloba. J Gen Intern Med 2005;20:657e61.

[96] Greenblatt DJ, Von Moltke LL, Luo Y, Perloff ES, Horan KA,
Bruce A, et al. Ginkgo biloba does not alter clearance of flurbipro-
fen, a cytochrome P4502C9 substrate. J Clin Pharmacol 2006;46:
214e21.

[97] Jennifer A, Ramzan I. Pharmacokinetic and pharmacodynamic
drug interactions with Kava (Piper methysticum Forst. F). J Ethno-
pharmacol 2004;93:153e60.

[98] Zou L, HarkeyMR, Henderson GL. Effects of herbal components
of cDNA expressed cytochrome P450 enzyme catalytic activity.
Life Sci 2002;71:1579e89.

[99] Guerra MC, Speroni E, Broccoli M, Cangini M, Pasini P,
Minghetti A, et al. Comparison between Chinese medical herb
Pueraria lobata crude extract and its main isoflavone puerarin
antioxidant properties and effects on rat liver CYP catalyzed
drug metabolism. Life Sci 2000;67:2997e3006.

[100] Harikumar KB, Kuttan R. Inhibition of drug metabolizing
enzymes (cytochrome P450) in vitro as well as in vivo by
Phyllanthus amarus Schum and Thonn. Biol Pharm Bull 2006;29:
1310e3.

[101] Peng CC, Glassman PA, Trilli LE, Hayes-hunter J, Good CB.
Incidence and severity of potential drugedietary supplement
interactions in primary care patients. Arch Intern Med 2004;
164:630e6.

[102] Pandit S, Ponnusankar S, Bandyopadhyay A, Ota S,
Mukherjee PK. Exploring the possible metabolism mediated
interaction of Glycyrrhiza glabra extract with CYP3A4 and
CYP2D6. Phytother Res 2011;25:1429e34.

[103] De Smet PA. Health risks of herbal remedies: an update. Clin
Pharmacol Ther. 2004;76:1e17.

[104] Colalto C. Herbal interactions on absorption of drugs: mecha-
nisms of action and clinical risk assessment. Pharmacol Res
2010;62:207e27.

[105] Anonymous. Directive 2004/24/EC of the European Parliament
and of the Council of 31 March 2004, amending, as regards tradi-
tional herbal medicinal products, Directive 2001/83/EC on the
Community code relating to medicinal products for human
use. Off J Eur Union 2004;136:85e90.

[106] Barnes JA. Close look at synergy and polyvalent action in medic-
inal plants. In pharma 1999;1185:3e4.

[107] Wagner H. New targets in the phytopharmacology of plants. In:
Herbal medicine, a concise overview for health care
professionals. Butterworth-Heinemann; 1999. p. 34e42.

[108] Kitano H. Computational systems biology. Nature 2002;420:
206e10.

[109] Kell DB. Systems biology, metabolic modelling and metabolo-
mics in drug discovery and development. Drug Discov Today
2006;11:1085e92.

[110] Li P, Yang LP. Application of systems biology method in the
research of traditional Chinese medicine. J Chin Int Med. 2008;
6:454e7.

[111] Li F, Gonzalez FJ, Ma X. LCeMS-basedmetabolomics in profiling
of drug metabolism and bioactivation. Acta Pharmaceu Sini B
2012;2:118e25.

[112] Hood L, Perlmutter RM. The impact of systems approaches on
biological problems in drug discovery. Nat Biotech 2004;22:
1215e7.

[113] Holmes E, Nicholls AW, Lindon JC, Connor SC, Connelly JC,
Haselden JN, et al. Chemometric models for toxicity classifica-
tion based on NMR spectra of biofluids. Chem Res Toxicol
2000;13:471e8.

[114] Choi YH, Choi HK, Hazekamp P, Bermejo YDC, Schilder C,
Erkelens C, et al. Quantitative analysis of bilobalide and ginkgo-
lides from Ginkgo biloba leaves and Ginkgoo products using
1HNMR. Chem Pharm Bull 2003;51:158e61.

[115] Choi YH, Kim HK, Hazekamp A, Erkelens C, Lefeber AMW,
Verpoorte R. Metabolomic differentiation of Cannabis sativa culti-
vators using 1H-NMR and principal component analysis. J Nat
Prod 2004;67:953e7.

[116] Park HW, In G, Kim JH, Cho BG, Han GH, Chang IM. Metabolo-
mic approach for discrimination of processed ginseng genus
(Panax ginseng and Panax quinquefolius) using UPLCeQTOF
MS. J Ginseng Res 2014;38:59e65.

REFERENCES 27



[117] Jordan SA, Cunningham DG, Marles RJ. Assessment of herbal
medicinal products: challenges, and opportunities to increase
the knowledge base for safety assessment. Toxicol Appl Pharma-
col 2010;243:198e216.

[118] EMEA. Committee on herbal medicinal products. Guideline
on selection of test materials for genotoxicity testing for tradi-
tional herbal medicinal products/herbal medicinal products
(Draft). Committee on herbal medicinal products. London:
EMEA; 2009.

[119] EFSA. European food safety authority, guidance on safety assess-
ment of botanicals and botanical preparations intended for use as
ingredients in food supplements. 2009.

LIST OF ABBREVIATIONS

AYUSH Ayurveda, Yoga, Unani, Siddha and Homeopathy
CDSCO Central Drugs Standard Control Organization
CYP450 Cytochrome P450
EMEA European Medicines Agency
GACP Good Agricultural and Collection Practices
IUPAC International Union of Pure and Applied Chemistry
TM Traditional medicine
USFDA United States Food and Drug Administration
WHO World Health Organization

1. QUALITY RELATED SAFETY ISSUE-EVIDENCE-BASED VALIDATION OF HERBAL MEDICINE FARM TO PHARMA28



C H A P T E R

2

Value Chains of Herbal
MedicinesdEthnopharmacological and

Analytical Challenges in a Globalizing World

Anthony Booker1, Deborah Johnston2, Michael Heinrich1
1Centre for Pharmacognosy and Phytotherapy/Research Cluster Biodiversity and Medicines, UCL School of Pharmacy,

London, UK; 2Department of Economics, School of Oriental and African Studies, University of London, London, UK

O U T L I N E

2.1 Introduction 29

2.2 The Concept of Value Chains 30

2.3 The Medicinal Plant Value ChainsdResearch
Needs 30

2.4 Medicinal Plant Value Chains in Asia 31

2.5 Medicinal Plant Production in China and India 32
2.5.1 China 32
2.5.2 India 32

2.6 Supply, Demand, and Sustainability 34

2.7 The Tea Value Chain 35

2.8 The Ginseng Value Chain 36

2.9 Plant Metabolomics and Analytical Challenges 37

2.10 Discussion 39

Acknowledgments 42

References 42

List of Abbreviations 44

2.1 INTRODUCTION

According to the World Health Organization, in
2008, world trade in herbal medicine was estimated
at US$83 billion [1]. Much of the trade in medicinal
plants has been based within national market systems.
While global trade in high-value products, such as
spices and medicines, has a long history (e.g., the spice
route [2]), during 1984e2014, international trade has
flourished, and a main thoroughfare of this trade exists
between Asia and Europe, the United States and
Australia.

From a global perspective and particularly with
regards to products sold with a specific medical claim,
Europe has been leading the way in terms of supplying

high-quality herbal medicinal products (HMPs). First,
with diverse national initiatives and with the develop-
ment of quality standards, for example, in the European
Pharmacopoeia and, in 2004, with the introduction of
the EU-wide, Traditional Herbal Medicinal Products
Directive (THMPD), which requires well-defined stan-
dards of quality and safety to be ensured before a prod-
uct can be released onto the market. Until December
2012, there has been >1000 traditional use registration
licenses granted in Europe [3].

The effect of these new regulations on products orig-
inating outside of the EU and particularly in Asia has
been substantial, with protests being voiced from trade
associations and government officials. This has been
particularly noticeable in China and India, two countries
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that have had a long history of trade in HMPs with the
UK and the rest of Europe [4,5].

The main problems highlighted and voiced by manu-
facturers are that the more sophisticated inputs involved
in meeting the standards and the costs attached to these
registered products are seen as being too high for many
companies that operate within Asia and particularly
within India [6].

These concerns are similar to those held generally
on the impact of production standards [7]. However,
changes in regulatory requirements or the setting of
higher entry bars, although presenting many challenges
to the industry, can also offer opportunities. An increase
in quality standards is often regarded as a positive step
by consumers, particularly when related to food or
medicines, and these improvements in quality and
safety can be regarded as adding value to a product.
If companies are able to use these added requirements
to their advantage, it may be possible for new and
more sustainable enterprises to be established, particu-
larly if there is cooperation between Asian and Euro-
pean actors.

The creation of vertically integrated value chains
(VIVCs) is one way to achieve this cooperation and for
producers in less economically developed countries
(LEDCs) to gain better access to highly regulatedmarkets.

An introduction to value chains, the impact that these
chains have on the quality of finished HMPs, the impact
on livelihoods, and an outline of the potential effects that
overharvesting may have on the industry, forms the
main aims of this chapter.

2.2 THE CONCEPT OF VALUE CHAINS

The literature on global commodity chains has moved
away from the term “commodity chain or supply chain”
in favor of the term “value chain.” The latter is thought
to better describe a wider variety of products and ser-
vices, while also focusing on the distribution of benefits.
As a result, the global commodity chain approach is now
known as global value chain analysis [8].

Value chain analysis describes the activities within and
attached to an organisation, and relates them to an analysis of
the competitive strength of the organisation. Therefore, in eco-
nomic terms, it evaluates that value each particular activity
adds to the organisations’ commodities or services. This idea
was founded upon the insight that any company is more than
a random assembly of machinery, people and finance and
only if these things are arranged into definable systems will it
become possible to produce something for which customers
are willing to pay a price. Therefore, it is argued that the ability
to perform particular activities and to manage the linkages be-
tween these activities is a source of competitive advantage [9].

Changes in production, distribution, and financial
systems, in synergy with the globalization of markets
and the spread of information and communication tech-
nologies, suggest that more attention needs to be paid to
both external and internal linkages within a company
structure. The concept of the value chain allows us to
shift the focus from manufacturing only to the other ac-
tivities involved in the supply of goods and services,
including distribution and marketing.

Value chain research focuses on the nature of the relation-
ships among the various participants involved in the chain,
and on their implications for development. At any point in
the chain, some degree of governance or coordination is neces-
sary in order to take decisions on how the chain should be
managed effectively [10].

However, value chain analysis has also been criti-
cized for not giving enough attention to wider social,
economic, and political factors. Its strength lies in
describing the value chain linkages, but it does not
explain how and why these linkages have developed.
Therefore, any research investigating the value chain
should also include a wider exploration of these sur-
rounding issues.

2.3 THE MEDICINAL PLANT VALUE
CHAINSdRESEARCH NEEDS

Value chain analysis has been applied to a variety of
consumer goods, but only in the last 10 years has it
been applied to medicinal plant production [11e17].

By examining medicinal plant value chains (MPVCs),
it is possible to gain a better understanding of the role of
different actors and inputs in the chain and their influ-
ence over chain management. Understanding the pro-
cess is a vital step toward suggesting any meaningful
strategies for improvement. The cultivation of medicinal
plants is a relatively new industry, and wild collection
represents the main route of supply in terms of the num-
ber of species collected [18,19]. On many occasions, wild
medicinal plants are preferred by traditional healers and
consumers over cultivated ones [20], as there is a general
feeling that wild plant species are more clinically
effective.

Worldwide, medicinal plant species are getting
depleted rapidly due to overcollection from their natural
habitats [21,22]. The collection and marketing of medic-
inal plants from the wild is an important source of liveli-
hood for many of the poor in LEDCs. In Nepal,>300,000
households are engaged in the collection of medicinal
plants [12]. It is claimed that up to 15,000 species of me-
dicinal plants are globally threatened [23], and two ways
are identified to conserve threatened species: first by
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tightening restrictions on collection practices, and sec-
ond by cultivation on a large scale [24].

2.4 MEDICINAL PLANT VALUE CHAINS
IN ASIA

Kala et al. [21] assert that the marketing system in
India is largely unregulated and inequitable. The medic-
inal plant cultivators are generally marginal farmers and
laborers. They receive a cash income to meet their basic
requirements of food, health, and the education of their
children. They are often unaware of the real market pri-
ces of many of the medicinal plant species. It is often
difficult for farmers to sell certain herbs due to their
lack of knowledge of the marketing system, and
conversely, many medicinal plants are destined to be
traded through illegal channels. Other constraints are
the slow rate of production, a long gestation period,
shortage of cultivation technology, low yields, unscien-
tific harvesting, poor processing, lack of quality control,
scarcity of good manufacturers, and poor marketing
infrastructure.

In a review [15] of fieldwork conducted in Uttaranchal,
one of India’s poorest states, van de Kop et al. document
that resource-poor people collect plants from the wild
to supplement their low income. They point out that
high risks, transaction costs, and a lack of trust among
chain actors prevent small-holder producers from taking
up the cultivation of medicinal plants and suggest
publiceprivate collaboration as a way of reducing these
constraints and secure market accessibility for small
producers. They analyze the opportunities for and the
constraints on developing medicinal plant chains and
aim to identify the role of medicinal plant chains in
poverty reduction.

Most of the medicinal plants in Uttaranchal are
collected from the wild. Permits are issued to coopera-
tive groups in the area, which in turn employ contractors
to organize the collection. The contractors employ col-
lectors, usually land owning farmers or landless la-
borers. The contractor can sell the collected plants
either to the local cooperatives or directly to indepen-
dent traders after paying royalties to the cooperative.

The cooperatives sell either to local agents or whole-
salers, traders in large cities, or to drug manufacturers.
The traders supply the domestic market and interna-
tional markets.

Van de Kop et al. suggest that in the value chain, the
collectors and local contractors are in a weak position as
they cannot sell directly to the largest trading companies
in the cities, and depend on the local traders for market-
ing. This weak position often results in them receiving a
considerably lower price than the true market price.

Cultivation is seen as a way of breaking free from
some of these ties, and small-scale projects have
commenced in the area. There are difficulties and risks
attached to cultivation, and publiceprivate collabora-
tions are suggested as a way of minimizing these con-
straints. However, these collaborations have remained
small and further promotion, regulation, and invest-
ment are needed if these ventures are to produce a
meaningful result [12].

The work of Alam and Belt focused on a project in
Uttarakhand, northern India, where 80% of the popula-
tion relies on agriculture as their main economic activity,
and 40% of people live below the poverty line. It was
proposed that the cultivation of a medicinal plant, kutki,
Picrorhiza kurroa Royle ex Benth. Plantaginaceae, would
benefit the farmers financially, provide social benefits,
and help preserve wild species. Moreover, the European
buyer would have a secure supply of the plant from a
fully traceable source.

The Uttarakhand project produced disappointing re-
sults, and in their paper, the authors highlighted the rea-
sons for this as being poor quality of planting material,
planting on small, poorly irrigated plots, and the emer-
gence of apples as a profitable cash crop, resulting in
farmers switching over from kutki to apples.

Alam and Belt concluded that the cultivation of me-
dicinal plants is more difficult than usually suggested
in the scientific literature and government promotional
material and stress the importance of agencies and
nongovernmental organizations (NGOs) taking these
difficulties into account and taking steps to minimize
these. The authors further argue that a thorough tech-
nical and economic feasibility study of the value chain,
long-term involvement of governmental and NGOs,
and an understanding of the prevalent farming system
are necessary to ensure the success of the chain.

Conversely, a project conducted in Bangladesh [14]
appears to be more optimistic with respect to the eco-
nomic potential of medicinal plants and suggests verti-
cal integration as a vehicle to benefit and empower
producers and processors at the beginning of the value
chain. The primary and wholesale secondary markets
were dominated by middlemen, but their study chal-
lenged the view that medicinal plant cultivation was
only appropriate for relatively well-off people with bet-
ter access to land, capital, and information.

The authors built on previous work by researchers
[15] and argue that some of the mechanisms employed
in developing and sustaining institutional relationships
may also apply equally well to defining the MPVC and
list contracts, quasivertical integration (an especially close
and long-term relationship), tapered vertical integration
(when a company sources inputs externally from inde-
pendent suppliers as well as internally within the
same company), cost plus agreements (where the
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contractor is paid a negotiated amount regardless of
incurred expenses), joint ventures, and strategic alliances
as examples of these potential relationships.

Moreover, they argue that the benefits of an inte-
grated value chain are numerous.

It enables primary producers to become active participants
in the process, it removes market access barriers, and it results
in better commercialization of products and is attractive to com-
panies as they can have greater control over quality and supply.

In their study, Shahidullah and Haque, contrary to
previous views, found that the cultivation or production
of medicinal plants could play an important role in
improving the livelihoods of those poor or very poor
people who may own only small pieces of land.

They argue that to sustain growth in medicinal plant
production,

A fair distribution of the gross margin to the primary pro-
ducers is necessary.

In the value chain system examined in [14], it was
found that downstream buyers, especially manufac-
turers and consumers, pay most of their money for the
value additive opportunistic pricing of middlemen
due to inherent weaknesses in the chain.

A vertically integrated chain, with only producers
and processors as commercial actors and NGO’s as pro-
moters, could create a better and more equitable
situation.

However, there are some studies that suggest that
vertically integrated chains, particularly ones that are
dominated by a powerful company, can lead to negative
effects on the livelihoods of small producers.

This has been illustrated in the work of van Niekerk
and Wynberg [25], in which the authors present evi-
dence to suggest that (based on their assessment) the
monopolistic behavior of one large European company
threatened the livelihoods of farmers in South Africa
(for a single botanical drug) and that there were major
inequalities between the bargaining powers of the local
manufacturers and the primary producers.

2.5 MEDICINAL PLANT PRODUCTION
IN CHINA AND INDIA

2.5.1 China

China has a long and relatively well-recorded history
of using plants for medicinal purposes [26]. There are
hundreds of state-owned and increasingly shared
ownership companies producing traditional Chinese
medicines (TCMs), many of which export their products
internationally [27].

China has partly addressed its own difficulties
relating to the manufacture and supply of TCM prod-
ucts by modernizing its traditional medicines profession
with government-sponsored good agricultural practices
and good manufacturing practices (GMPs). All manu-
facturers of TCM products must comply with standards
set down by the China Food and Drug Administration to
gain GMP certification. Only around 1500 companies
have achieved this standard.

However, TCM products originating in China are of
particular concern to many regulatory authorities such
as in the UK and instances of poor quality and adulter-
ated material are commonly reported [28e30].

To satisfy the requirements of an international mar-
ket, some companies have found it necessary to put in
place systems that help address the quality concerns of
foreign customers. For example, Taiwanese herbal prod-
uct manufacturers, which supply herbs to distributors in
many parts of the world, had to find an alternative strat-
egy for buying herbs at local or provincial herbal mar-
kets to better assure their customers that they can
source good quality herbal ingredients that can be traced
back to the areas of cultivation. The belief is that by hav-
ing direct links to the farms it is easier and less costly to
ensure the quality and traceability of the herbs in com-
parison to using the herbal markets that tend to domi-
nate herbal medicinal trade. In China, it is difficult for
non-Chinese organizations to make direct links with in-
dividual farmers, so herbal sourcing companies have
emerged to provide this missing link in the export mar-
ket supply chain.

2.5.2 India

Kala et al. [21] assert that of the 17,000 higher plant
species to be found in India, 7500 are known for medic-
inal uses, with Ayurvedic medicine claiming to use 2000
of these. Most plants used in Indian systems of medicine
are collected from the wild. More than 60 species are in
great demand, and the “tribal belt” of India is abundant
in these plants, and minority groups mainly depend on
this trade for their livelihoods [31]. The annual turnover
of the Indian herbal medicine industry has been esti-
mated by different authors to be between US$377 mil-
lion and US$1 billion per annum [21,32], between 0.5
and 0.8 per cent of world trade.

The globalization of Ayurvedic practices gained
momentum during the 1990s and onward into the
2000s, and Ayurvedic products are commonly used as
food supplements in North America, Australia, New
Zealand, Europe, and Japan [33]. While Indian exports,
valued at US$132 million in 2008, contributed less than
one per cent to the global herbal market, industry
observers suggest that growth is rapid and that Indian
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companies are fast emerging as key international
suppliers of medicinal plants [34].

A study commissioned by India’s National Medicinal
Plants Board and conducted by the Bangalore-based
institution, the Foundation for the Revitalization of
Local Health Traditions has estimated that
177,000 tonnes of medicinal plants are used each year
by India’s domestic herbal industry, that 86,000 tonnes
are used within rural Indian households, and that
56,500 tonnes are exported through international
trade [35].

The structure of the industry is quite diverse. HMPs
are produced by several thousand companies in India,
most of whom are quite small, including numerous
neighborhood pharmacies that compound ingredients
to make their own remedies [36]. The products of these
companies are included within the broad category of
“fast moving consumer goods,” which mainly involves
foods, beverages, toiletries, cigarettes, and may also
contain certain types of pharmaceuticals [37]. Most of
the larger HMP suppliers provide materials other than
herbal medicines, particularly in the areas of foods and
toiletries [36].

The exact number of manufacturers is unclear. Subrat
et al. [38] suggest that there are approximately 6000
licensed manufacturers and about the same number of
unlicensed ones, with about 70 per cent of the market
share belonging to Ayurveda. However, Polshettiwar
[39] proposes that about 1200 licensed small manufac-
turers in India are on record, with about 20 well-
recognized manufacturers of HMPs and 140 small- to
medium-sized manufacturers. However, what is gener-
ally agreed upon is that the formal sector of the industry
is dominated by less than a dozen major companies. In
2012, Emami was the leading company, with a market
value share of 17 per cent, followed by Dabur with 16
per cent and Proctor and Gamble, the American multi-
national consumer goods company, with 11 per cent,
indicating an increase in market presence from non-
Indian companies [40].

However, according to Seale [34], there are around
30 other companies that produce US$1 million or
more of Ayurvedic products each year, including small
pharmacies and family-owned enterprises that formu-
late their own products and guard their remedy recipes
closely. But although Ayurveda has traditionally been
the province of home remedies and naturalist pro-
ducers, like everything in India, Ayurvedic and other
traditionally based products are going increasingly
high-tech [34].

These manufacturers are supplied by local or national
markets, directly from farms, or commonly through
middlemen. The vast majority of medicinal plants
used in India to make HMPs are still collected from
the wild although there is evidence to suggest that

some companies are developing more sustainable culti-
vation strategies [35].

Exports of Indian herbal products increased from
US$69 million in 2005e2006 to US$128 million in
2009e2010, and recorded a compounded annual growth
rate of 16.8 per cent. North America, Pakistan, Germany,
Japan, the United Kingdom, Spain, China, France,
Vietnam, and Mexico were the top 10 export destinations
for India’s herbal exports during 2011e2014. The United
Kingdom remained the fifth largest overseas market for
Indian herbal productswith exportsworthUS$3.7 million
in 2007e2008, and US$5 million in 2008e2009 (Table 2.1).
The UK had a 2.5 per cent share in the country’s total
herbal exports in 2009e2010 [41]. If these figures are accu-
rate, it indicates that UK imports in 2009e2010 declined
to around US$3.2 million, possibly as a result of the
implementation of the THMPDwhich, it has been argued,
raises the entry bar for producers of these types of plant-
based medicines to enter the European market [42].

The number of professional practitioners of tradi-
tional Indian medicine (TIM), including Ayurveda, are
scarce in the UK compared with that of Western herbal-
ists or TCM practitioners, and Indian HMPs are gener-
ally sought out by the general public in retail health
food shops or by using online websites. Ayurvedic prod-
ucts are also available as food items in supermarkets in
the form of teas. This is a juxtaposition of how these
plants are administered in India, where many herbal
products are regarded as potent medicines often supe-
rior in efficacy to pharmaceuticals and with fewer side
effects [31].

Despite some healthy growth in Indian HMP exports,
adulteration and contamination are commonplace, so
the supply of good quality raw materials is limited
[31]. This has in turn stunted the industry’s growth in
previous years.

TABLE 2.1 Estimated Annual Values of Herbal Medicines and
Some Health Foods

Global value of herbal

medicine US$83 billion (2008)

Value of Indian herbal trade US$1 billion (2006)

Value of Indian herbal
exports

US$128 million (2010)

Value of UK imports of
Indian herbal medicine

US$5 million (2009)

Value of herb trade at
Bozhou market, China

US$735 million (2011)

Value of Canadian ginseng
trade

US$68 million (2001)

Value of US turmeric
imports

US$4 million (2008)

Refs [1,21,32,41,44e46].
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Increasingly more species are being gradually added
to the Indian herbal materiamedica, and the standards for
purity and identification do not always keep pace with
this expansion process [21]. This potentially lucrative
position has led to the overexploitation and depletion
of medicinal plants. According to Kala et al. (2006),
>95 per cent of the 400 species used in the herbal indus-
try are wild collected, and development of agrotechnol-
ogy should be a research priority. Consequently, farming
will foster the production of uniform material from
which products with a chemically well-defined compo-
sition can be readily obtained. Moreover, by cultivating
plant species, identification can be controlled from the
seed stage. Arguably, the medicinal plant sector can
be improved if the agricultural support agencies would
come forward to help strengthen the medicinal plant
growers and if research institutions would aid the plant
growers by improving their basic knowledge of
plant cultivation practices [21].

Vaidya and Devasagayam [43] are more positive
about the condition of the industry and propose that
evidence-based herbals are widely used and manufac-
tured, as per the guidelines, by a well-organized indus-
try and suggest that newer approaches, using
collaborative research and modern technology in combi-
nation with established traditional health principles,
will yield rich dividends in improving health.

However, as indicated below (the tea and ginseng
value chains), there is some debate and no firm resolu-
tion concerning the long-term effects of a move to culti-
vation, the impact of closer regulation, and of the
implementation of VIVCs.

According to Patwardhan et al. [31], India should take
the lead from China in developing a more quality-driven
ethos towards medicinal plant production. However,
Gong [47] points out that despite the fact that China out-
paces India in economic development, the Indian phar-
maceutical industry excels in the international market
while Chinese companies lag behind and argues that
the critical success factors of Indian pharmaceuticals
can be explained from both themacrolevel of the industry
environment and themicrolevel of enterprises (Table 2.2).

Pharmacoeconomic studies on TIM and TCM are rare
but can help in understanding cost effectiveness and
cost benefit of traditional medicine. Patwardhan et al.
[31] argue that in all such attempts, Chinese medicine
regulation can help India at various levels, including
with policies, quality standards, research models, and
integration into the health system.

There is no doubt that China has considerable experi-
ence in this arena, but it may also be productive for India
to make collaborations with the countries in which their

products are destined in order that they can fully
comply with international standards and regulations.
As discussed above, India has already achieved this in
the allopathic pharmaceutical arena in which it appears
ahead of China in terms of its achievements.

2.6 SUPPLY, DEMAND, AND
SUSTAINABILITY

As experienced in connection with the expansion of
traditional medical systems globally, rapid growth in
the traditional Asian medicine industry has led to the
overexploitation and depletion of medicinal plants, not
only affecting biodiversity and the ecology but also hav-
ing a serious detrimental impact on the livelihoods of
the indigenous forest peoples.

It has been estimated that >2000 medicinal and aro-
matic plant species are used commercially in Europe,
of which 1200e1300 are European native species.
Approximately 90 per cent of the European species are
collected from the wild, with eastern Europe and the
Mediterranean regions being the main suppliers [48].

In India, it has been estimated that approximately
7500 species are used for medicinal and veterinary
purposes [49]. Over 10,000 species are used medicinally
in China [50], with 1000 species commonly used in
medicinal preparations, of which 80 per cent are wild
collected [51].1

TABLE 2.2 Success Factors for the Indian Pharmaceutical
Industry [47]

Macrolevel Microlevel

The development of the
pharmaceutical industry is driven
by societal development and
innovation.

Well-established privately owned
enterprises are commonplace in
India.

The Indian government provides
incentives for exporting active
pharmaceutical ingredients and
reduces taxation to promote trade.

Resources are well used and
enterprises are efficiently
managed.

To Investors, India is more
attractive than China because of
better corporate governance, more
regulated finances, and more
transparent intellectual property
rights protection, and a more
business friendly legal system.

Indian companies have a longer
history and a deeper
understanding of international
markets than their Chinese
counterparts have.

Exceptional patent protection
exists in India.

Indian companies place a high
priority on applying technologies
and expertise to business
management.

1 These figures are difficult to obtain and to validate, and thus, there may well be a high degree of conflicting data.
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Kala [21] argues that developing agrotechnology
should be a research priority.

Farming will foster the production of uniform material from
which standardised products can be readily obtained. More-
over, by cultivating plant species, identification can be
controlled from the seed stage. The medicinal plant sector can
be improved if the agricultural support agencies would come
forward to help strengthen the medicinal plant growers and if
research institutions would aid the plant growers by improving
their basic knowledge of plant cultivation practices.

Opportunities for governments to develop legislation
to control and monitor harvest and trade of medicinal
plant species and to consider conservation and sustain-
able use of medicinal plants as a priority in establishing
protected areas have been greatly improved through the
addition of medicinal plant species to the Convention on
International Trade of Endangered Species and the entry
into force of the Convention on Biodiversity [18].

The following value chain case studies consider some
aspects and exemplify opportunities and challenges.
While not specifically focusing on species that yield
herbal medical products, the debate centers on how pri-
vate companies and other agencies are likely to be able
to support agricultural initiatives and whether this leads
to better income for farmers and workers and improved
working conditions.

2.7 THE TEA VALUE CHAIN

The tea industry, including green tea and other
niche products, provides a good example of how value
may be added to a product. Tea has uses as a food, a
medicine, and also in the cosmetic industry [52,53].
It is a product that has a history of being exported
and has been subject to value chain analysis. More-
over, the cultivation of this product can have a consid-
erable impact on the livelihoods of farm workers in
LEDCs [54].

It is widely reported that tea cultivation in the coun-
tries where it is prevalent has historically demonstrated
a positive impact on the economy of poorer rural areas
[55,56].

Tea cultivation often requires companies to provide
employment to large numbers of the least privileged
segments of society, mostly in remote areas where there
is little other infrastructure. As a result, roads, electricity,
water, etc., become more widely available to the general
populace in these isolated districts.

In India, for instance, the major tea plantation com-
panies provide affordable housing, medical care, and
education to their employees and their employees’ fam-
ilies. Wage agreements are usually industrywide, and
salaries are above the national average [57].

Green tea production is chiefly located in southeast
Asia and particularly in China, which is responsible
for 75 per cent of all green tea produced [56]. Although
much of Chinese tea production is conducted on small
farms rather than on large tea plantations, Unilever
has invested tens of millions of Yuan in establishing a
research center for tea and TCM in Anhui province
[58]. The plant has a production capacity of>100 million
Yuan (US$16.5 million) every year.

Although this seems to be a beneficial situation for
rural workers, as outlined below, there is a counterar-
gument suggesting that it is the tea companies that
are the biggest winners through their exploitation of
the farmers and their workers, who have few alterna-
tives other than to subjugate themselves either to the
multinational or state-run companies, finding them-
selves increasingly dependent on a wide range of
exterior inputs ranging from seed to fertilizers to
pesticides.

The bargaining power of producers at the cultivation
end of the value chain appears relatively weak
compared to that of the processors and retailers who
are able to exert control on both the price paid for the
raw crops and the essential inputs needed to produce
economically viable yields [59].

One initiative that is claimed to have a beneficial ef-
fect on both the incomes of farmers and the quality of
produce is the Fairtrade� initiative [55].

This has been particularly noticeable in the tea and
coffee markets and the broad-based aim of the Fair-
trade� movement is to offer a better deal for farmers
by paying above the market rate for the commodity in
question, and in return, the farmers are expected to
adhere to the Fairtrade� policies on production and
follow quality-driven requirements in key areas, partic-
ularly in the cultivation and collection stages.

Although basically this is a positive step forward, the
scheme is far from a panacea as it only represents a small
section of the total market and may be more suitable in
some countries than others [60].

Fairtrade� schemes tend to favor larger companies
and have little influence on the wages of the workers
[61]. The market price for tea in China and the “Fair”
price, according to the Fairtrade� database was
US$1.20 per kilogram and US$1.70, respectively. Ac-
cording to Ref. [62], even low-quality Chinese tea typi-
cally costs >US$1.70, indicating that the bar is set very
low for Fairtrade� certification. Hodge asserts that in
China, Fairtrade� is not relevant at all in relationship
to good quality tea and argues that the producers of
this level of quality tea do financially well compared to
peasant farmers that are growing other crops. Chinese
agriculture does not tend to be based on the corporate,
plantation model, as in the rest of the world and, there-
fore, many Fairtrade� initiatives are less implementable
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into the Chinese framework than they are for the huge
plantations of South America and to a lesser extent, for
those of East Africa.

Although consumer support is needed, it appears
that the issues are much more complicated than just
price. Since virtually all farming in China is done by
small farmers, organizational issues are very different
from those for an international plantation model. This
view appears to have some credibility; the Fairtrade�

website makes little mention of Chinese Fairtrade� tea,
whereas it does list out bean products from Inner
Mongolia as one of their success stories in terms of sup-
porting poorer communities. However, in terms of using
Fairtrade� as a vehicle to help develop organic, sustain-
able farming, there are a few small specialist farms in
China beginning to emerge.

Moreover, in a 10-year review of the Fairtrade� liter-
ature [60], the authors conclude that although the evi-
dence base is patchy, there are producer and gender
inequalities and Fairtrade� has not shown to be a solu-
tion to eliminate rural poverty. The information gath-
ered indicated that Fairtrade� was valuable in
providing organized small export producers with the
stability and security they needed to make longer term
investments and that most Fairtrade� cooperatives are
becoming stronger, particularly where producer owner-
ship further along the chain is achieved.

One of themajor reasons for the price of some tea being
kept so low is due to the domination of the tea sector by a
few companies, and it is seen in the breakdown of who
accrues the largest share of the value chain that the high-
est earners are traders and retailers. Approximately 40
per cent of the retail price of tea accrues to the tea traders
and manufacturers, and a further 40 per cent goes to the
processors and blenders, packagers, and retailers, based
mainly in rich countries [55]. In tea-producing countries,
around 15 per cent of the retail price goes to the planta-
tion and factory, and less than one per cent goes to the
auction broker. The plantation worker is likely to earn
one per cent or less of the retail value.

This unappreciation and underinvestment of the agri-
cultural workforce as a valuable human resource is not
only grossly unfair and a cause of huge social inequity
but may also lead to quality problems that will be car-
ried through the length of the production process. This
can potentially result in a finished product that will be
difficult to sell as an aid to health in the hugely compet-
itive functional food and nutraceutical arena.

The future for the growth of tea and particularly
green tea production is inextricably linked to its health
claims, but it is not only the health of consumers in
Europe that are affected but also the workers and
farmers in the countries of origin. In Vietnam, tea pro-
ducers often benefit from better living standards than
do producers of other crops, with reports of incomes

doubling through tea production; this benefit appears
mainly dependent on the ability of producers to connect
to a value chain, which in turn opens up access to a more
lucrative export market [54].

However, one of the more concerning reports
suggests that the overuse of pesticides by producers
in Darjeeling, India, leads to pesticide residue rates,
which far exceed international limits, and exposes tea
pickers to high levels of toxins that are hazardous to
their health [63].

One pesticide, which is of particular concern, is the
organochlorine pesticide, Endosulfan�. Although Endo-
sulfan� has been banned or severely restricted in >60
countries, it is still widely used in many LEDCs,
including India and China, due to its high effectiveness
and low application cost. Endosulfan� is a “persistent
organic pollutant” as defined under the Stockholm
Convention: it is persistent in the environment, bio-
accumulative, demonstrates long range environmental
transport, and causes adverse effects to human health
and the environment [64].

One central question is how the tea industry can be
developed sustainably to optimize the health benefits
at both ends of the value chain. Workers and small
farmers have historically been weakened and marginal-
ized, and today, they hold a relatively minor position
in the tea value chain. A downward pressure on the price
paid for tea to the farmers and subsequently on the daily
wages of the workers causes poverty and distress among
hundreds of thousands of people whose living depends
entirely on tea production. At the same time, traders and
tea packers are continuing to realize large profits. It is
claimed that large companies have a policy of deliber-
ately reducing differences in quality among the different
teas produced worldwide, enabling teas to be purchased
at the lowest cost and maximizing profits from the
blending, packaging, and marketing stages that tend to
be in the hands of the large tea oligopolies [65].

2.8 THE GINSENG VALUE CHAIN

Another value chain, which has been well docu-
mented, and that gives a good account of how value
can be added to a product is that of Panax ginseng C.A.
Mey. and some related species. It is of particular rele-
vance as the literature shows that buyers’ perceptions
of what constitutes a good quality and desirable product
can make huge value additions to a product. Moreover,
it is seen through an examination of this literature that
the leading firms in a value chain are not always at the
retail end of the chain and more power can sometimes
be held by farmers.

During the 14-year period from 1989 to 2003, approx-
imately 17 tonnes of dried American ginseng (Panax
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quinquefolius L.) root were harvested from Pennsylvania.
Approximating a conservative price of US$600 per kilo-
gram paid to collectors, the contribution from the
ginseng trade to Pennsylvania’s economy can be esti-
mated at >US$10 million during this period and this
figure does not include income received from down-
stream and value added processing [66]. In 2012, the
United States exported approximately 20 tonnes of
wild or wild-simulated2 American ginseng, worth
US$27 million [67]. When the market was at its peak,
ginseng root was one of the world’s most profitable legal
crops (in terms of its value per kilogram), selling for as
much as US$770 per kilogram for semiwild woodland
crops [45].

Ginseng values are dependent on the production
method. The lowest investment and production costs
are for wild-simulated ginseng, while the greatest ex-
penses are required for intensively cultivatedfield grown
ginseng under artificial shade. Wild ginseng is consid-
ered the most profitable, and was sold at US$990 per ki-
logram of dry weight in 1999, compared with wild
simulated at US$550 per kilogram and woods cultivated
at US$330 per kilogram. This translates to revenues of
US$ 17,700 per hectare for wild-simulated over an 8- to
10-year period and US$31,500 per hectare for woods
cultivated over a five-year period and so although the
wild-simulated approach requires less input, the longer
cultivation period reduces overall revenue [68].

Field-cultivated ginseng had a value of under US$44
per kg in the same year [69]. This difference in price is
at first difficult to comprehend, but it may be linked in
some way to the ginsenoside content of the herbal mate-
rial and consequently to its effectiveness. The potency of
herbal products can vary from manufacturer to manu-
facturer and from batch to batch, partly because of
nonstandard processing methods and also due to the
variability of cultivation conditions, for example, soil,
temperature, moisture, length of cultivation, and har-
vest season [70].

Asian buyers consider wild ginseng to be more potent
than cultivated ginseng and connect value to
morphology (wild roots can look more human in shape).
Consequently, the root value is highly dependent on its
appearance. However, in a study conducted by Schlag
and McIntosh [93], the authors fail to find a significant
difference between wild and cultivated plants with
reference to total ginsenoside content. This could indi-
cate that Asian traditional beliefs surrounding ginseng
are based on the subjective value of a wild crop or linked
to experiences of taste, color, etc., or it could mean that
total ginsenoside content is not a clinically relevant

measure of ginseng potency, and other metrics such as
relative ginsenoside composition may prove to be
more meaningful. In the Schlag andMcIntosh study, sig-
nificant variations were found between the ginsenoside
composition of wild and cultivated ginsengs, and two
distinct chemotypes were identified. However, chemo-
typical differences in composition were also observed
between wild ginsengs grown in different areas of the
United States, and it is not such a simple picture of
wild versus farmed.

Although the price paid for semiwild ginseng
doubled from 1999 to 2009, the price for farmed ginseng
dropped by 75 per cent. Current prices for farmed roots
are below the cost of production, and consequently, the
artificial shade cultivated industry in North America is
in a state of collapse. One of the primary reasons for
this decline in prices in North America is increased culti-
vation of P. quinquefolius in China. It is unlikely that this
situation will extend to wild-simulated ginseng or even
woods-cultivated as China has long since gone through
a process of deforestation.

Although high yielding, the main problem for farmed
ginseng is that it is susceptible to disease and requires the
heavy use of pesticides and fungicides in order to thrive
[72]. This can be a real drawback when presented as an
aid to good health, especially in amarket that historically
sets high entry bar standards for non-EU commodities.
China seems to be responding in typical fashion and
along the highways one can now see small trees several
rows deep. These are part of China’s reforestation pro-
gram, and once they reach a suitable age, they are trans-
ferred to where forests once stood for replanting. It may
take some time for these new forests to mature, but there
is a real prospect of wild ginseng growing once again in
the country that made it a global commodity.

2.9 PLANT METABOLOMICS AND
ANALYTICAL CHALLENGES

Our research in recent years has used a mixed
methods approach combining a value chain analysis
with a study of the chemical composition of the starting
materials sourced from diverse regions of India with a
metabolomics analysis. Here, we outline two examples
of analytical platforms, 1H-Nuclear magnetic resonance
(NMR) spectroscopy and High-performance thin layer
chromatography (HPTLC), which may be used to better
understand the composition and chemical variability
of HMPs. Both techniques provide different and
complementary data, and together they can be used to

2 Plants are cultivated in areas and under conditions that reproduce as closely as possible a wild environment. Whereas woods-

cultivated are farmed in a forest environment.
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effectively differentiate between a wide variety of crude
drug powders and HMPs. 1H-NMR spectroscopy
coupled with multivariate analysis provides a quick
method of separating different samples but the statisti-
cal software is sometimes confounded by multicompo-
nent products or by the addition of excipients.
Comparing results against HPTLC helps to avoid this
pitfall, and when combined the two techniques provide
a clearer picture of sample composition, and offer new
ways to understand how chemical quality may poten-
tially be linked to local livelihoods and the fast devel-
oping market links of ethnopharmacological
commodities [17].

Metabolomics is the term used for the comprehen-
sive, nonbiased, high throughput analyses of complex
metabolite mixtures such as those typically seen in plant
extracts. Achievement of a broad overview of metabolic
composition requires the establishment of a fully inte-
grated approach for the optimization of sample extrac-
tion, metabolite separation/detection/identification,
automated data gathering, processing and analysis,
and quantification [71]. Metabolomics has become a
well-recognized method for the study of all types of or-
ganisms, and complements the data obtained by the
other omics technologies: genomics, transcriptomics,
and proteomics [73].

One of the main problems associated with metabolo-
mics is that the metabolome consists of a wide range of
compounds at very different concentrations and with
different polarities and other chemical characteristics.
At present, there is no single solvent capable of solubiliz-
ing the whole range of chemical constituents. The choice
of extraction solvent is thus limiting the view on the
metabolome. In general, metabolomic studies should
be designed to detect as many metabolites as possible
in an organism [74].

It is widely accepted that a single analytical technique
will not provide sufficient visualization of the metabo-
lome, and therefore, multiple techniques are needed
for a comprehensive view. However, practical reasons
can force us to choose an optimum analytical tool for
metabolomic profiling. Consequently, it may be prefer-
able to use a wide spectrum chemical analysis tech-
nique, which is rapid, reproducible, and stable in time,
while needing only the very basic sample preparation.
NMR spectroscopy is potentially an analytical tool that
could meet these requirements [75]. NMR spectroscopy
is a physical measurement of the resonances of magnetic
nuclei, such as 1H, 13C, or 15N, in a strongmagnetic field.

Each compound has a highly specific spectrum. The
only variables are the solvent used and the magnetic
field strength [76].

NMR spectroscopy is an effective tool for the quality
control of medicinal plants or HMPs [77]. The advan-
tages of NMR spectroscopy over other techniques such

as mass spectrometry (MS) for metabolomics applica-
tions include the relative ease of sample preparation,
nondestructive analysis, potential to identify a broad
range of compounds, enhanced capacity for definitive
chemical compound identification, and provision of
structural information for unknown entities [78].

Recent advances in analytical chemistry, combined
with multivariate analysis techniques, have brought us
closer to the final goal of metabolomics: the comprehen-
sive evaluation of all the metabolites, both qualitatively
and quantitatively in living organisms.

NMR spectroscopy and MS have been successfully
used for metabolic fingerprinting analysis. These two
techniques have their respective advantages and limita-
tions; however, as a tool for metabolomics, NMR spec-
troscopy has some unique advantages over MS-based
methods. It can provide a detailed analysis on the bio-
molecular composition very quickly with relatively
simple sample preparation. It is a universal detector
for all molecules containing NMR-active nuclei. Using
a proper internal standard, the real concentration of
metabolites can be easily calculated and because
NMR spectroscopy is based on the physical characteris-
tics of compounds, it has a very high reproducibility
[79]. In any metabolomics application, the robustness
and reproducibility of data collection are vitally
important.

1H-NMR spectroscopy is an ideal tool for large-scale
plant metabolomics data collection. In a study by Ward
et al. [80], it was concluded that “with attention to exper-
imental design and careful set up, data collection for
large scale plant metabolite fingerprinting using
1H-NMR spectroscopy can be carried out as a dispersed
activity across laboratories, using different NMR spec-
troscopy instruments.” Moreover, many techniques
have now been devised to develop 1H-NMR spectros-
copy as a fingerprinting tool for the quality assessment
of crude plant materials.

Multivariate or pattern recognition techniques,
such as principal component analysis (PCA), are valu-
able techniques for the analysis of data obtained
by 1H-NMR spectroscopy. In combination with PCA,
1H-NMR spectroscopy has been applied to the metabo-
lomic profiling of plants and herbal medicines [81].
In the case of feverfew, 1H-NMR spectroscopy and
PCA was used to differentiate between 14 commercial
batches of samples based on their multicomponent
metabolite profile [82]. In the case of Hypericum perfora-
tum L. (St John’s Wort) the PCA of the NMR spectra
from different commercial extracts was used to differ-
entiate between various preparations according to their
metabolomic profile. This included differentiation
between various batches obtained from the same sup-
plier. This highlighted the potential to use the method
for assessing whether the species extract variability

2. VALUE CHAINS OF HERBAL MEDICINESdETHNOPHARMACOLOGICAL AND ANALYTICAL CHALLENGES IN A GLOBALIZING WORLD38



versus the manufacturing process accounts for the
variability [83].

Further studies carried out on herbal tinctures have
shown that 1H-NMR spectroscopy and adjuvant tech-
niques can potentially be applied to the quality control
of plant extracts, including batch-to-batch consistency
and stability studies [84].

HPTLC also has a use in metabolomic analysis and
can provide complementary and different data to other
analytical platforms. HPTLC is limited in that it is not
possible to see the same range of metabolites in a single
test, as is possible for NMR spectroscopy. However, by
using solvent systems of different polarities, it is
possible to view a metabolomic fingerprint that is com-
parable to NMR spectroscopy spectra.

An important advantage of HPTLC is that it is
possible to visualize compounds directly that are pre-
sent only in very small concentrations that are not
readily seen using NMR spectroscopy due to baseline
noise or the presence of other peaks. A wider compari-
son of the advantages and disadvantages of NMR spec-
troscopy and HPTLC is given in Table 2.3.

2.10 DISCUSSION

Farmers and pickers are beginning to move away
from the traditional route of selling their herbs at the
local or provincial herb markets and are beginning to

form alliances with local pharmaceutical companies or
with regional sourcing companies to gain access to the
more lucrative export market [21,85,86].

The perceived benefits to the farmer to this approach
are mainly market price stabilization and a fixed-term
contractual arrangement that allows for longer term
planning, where the buyer is able to provide target
crop yields for the farmer and agree a contractual price
that will not be easily affected by many of the market
shocks that may negatively impact the market traders.
Moreover, the farmer has access to a wide range of in-
puts that are necessary to help cultivate medicinal plant
crops effectively.

However, it is the very nature of an unstable and fluc-
tuating market that continues to attract and sustain in-
terest in the medicinal plant trade at the traditional
market level, and it appears by far to be the more com-
mon route of supply [86].

It may be that there is room for both approaches; the
free market for those who want to speculate, chiefly sup-
plying to other traders and the Asian HMP
manufacturing market, and those who are more inclined
toward receiving a steady income with price guarantees
and regular orders and who are amenable to modifying
their working practices to satisfy the needs of interna-
tional buyers.

Moreover, there is some evidence from the literature
to suggest that VIVCs can have a detrimental effect on
livelihoods and lead to primary producers being
exploited by large multinational companies. Work on
the effect on livelihoods from the cultivation and supply
of Catharanthusroseus (L.) G. Don (often known as Vin-
carosea L. or Madagascan periwinkle) [87] serves as an
illustration of this. However, this is not a totally new
phenomenon as bioprospecting and the extraction of
active drug substances from plants has been born from
a long history of the exploitation of other countries’ nat-
ural resources and the development of drugs from them,
for example, curare, caffeine, and opium. For the
farmers and collectors, changing working practices
and changes in the governance of the regulation of me-
dicinal plant cultivation are a priority. If higher quality
raw materials can be produced for the export market,
this may lead to a shift in equity toward the actors
who operate at the beginning stages of the value chain.
Moreover, by forming partnerships and alliances with
well-established European companies, small farmers
can expect greater benefits in terms of total remunera-
tion, governance, training, supply of essential inputs,
and better business stability for the long term.

The cultivation and supply of medicinal plants and
the manufacture of HMPs in India, although having a
long history of trade, both domestically and internation-
ally, has failed to become a major industry in terms of
European exports. India has to some extent attempted

TABLE 2.3 Comparison of Key Strengths and Weaknesses of
1H-NMR Spectroscopy and HPTLC

1H-NMR Spectroscopy HPTLC

Equipment expensive Equipment relatively cheap

High throughput technique with
sample preservation

High throughput technique with
sample preservation

One system needed to view an
entire range of extractable
metabolites

Several systems needed to view
an entire range of extractable
metabolites

Small peaks may be difficult to see
or obscured by larger peaks

It is possible to view compounds
that are present in very small
quantities

Multivariate analysis is able to
group the samples according to
the metabolite composition

Grouping of samples is achieved
manually by visual inspection

Multivariate analysis can be
confounded by multiingredient
samples leading to errors in
groupings

Separate systems and visual
inspection reduces grouping
errors

Manipulation of data allows for
individual samples to be
compared in detail against other
samples or to the whole group

Comparisons are generally
achieved visually
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to follow the Chinese initiative, with the globalization of
its traditional medical system and particularly with the
export of food supplements and HMPs [31].

However, quality-related problems inherent
throughout the supply chains of manufacturing indus-
tries in India and China have resulted in finished prod-
ucts that are unable to rival similar products produced
within the EU. This has resulted in a poor export profile
for these commodities. This deficiency in export trade
potential has been further compounded by the introduc-
tion of more stringent EU regulations for herbal medi-
cines and according to some industry stakeholders,
pressures being exerted by European manufactures,3

on medicine regulators to enforce these new regulations
and standards and to close any loopholes that may have
allowed for less restrictive trade between Europe and
LEDCs [88].

A totally Eurocentric approach, where plants are
grown in the EU, and subsequently manufactured and
distributed by European companies, may be easier to
regulate and have less inherent dangers attached, but
in an increasingly globalized market, this is clearly not
an option. There should be a means to make products
of a suitable standard available from farther afield.
This attitude would not only result in a wider variety
of products for consumers, but may also have a positive
impact on the lives and livelihoods of primary pro-
ducers in LEDCs.

European consumers have already experienced food
products, including tea, coffee, and cocoa originating
in these countries and being produced to acceptable
EU standards. The difference for HMPs is that, “not
only are the requirements for testing different to that
of foods,” but unlike the food sector products, “they
are yet to be established as global commodities” and
are entering the market at a time of great change and un-
certainty. This makes these products, and the companies
that produce them, far more vulnerable to changes in
legislation, increases in consumer expectations and mar-
ket shocks than products produced by more well-
established industries.

In the global pharmaceutical industry, the quality of
raw materials has been an important factor for many
years [89], but in the traditional medicines industry,
the focus has been directed more toward the end prod-
uct, with companies investing more heavily toward
packaging, marketing, and advertising and other end
stage activities that are seen as a means to add value
to a product. However, the source and quality of the
plant material, and the integrity of the initial processing
stages, have in many instances, been largely ignored.

Quality remains a key concern. China has been
plagued by instances of substandard quality in many
of its industries, including pharmaceuticals and herbal
medicines [90]. Although India is regarded as a country
that can produce acceptable quality drugs, there are ma-
jor concerns regarding the production of HMPs, espe-
cially regarding authentication of raw materials, heavy
metal content, and pesticide use [31]. As found in
TCM, Indian systems of herbal medicine still advocate
the practice of ingesting heavy metals [91], a practice
that will never be acceptable to European medicine
regulators.

The THMPD has introduced EU-wide standards that
will help ensure the quality and safety of HMPs, but its
implementation has so far favored European companies
who have the infrastructure and hardware analytical
and manufacturing platforms in place to deliver this
without incurring massive costs. Manufacturers and re-
tailers have intimated that the introduction of the
THMPD has decreased their profit margins as in order
to achieve the standards far more quality related expen-
diture is required [42].

However, for the farmers and collectors, changing
working practice may be more important than heavy in-
vestment, and if high-quality raw materials can be pro-
duced, then it may lead to a shift in equity toward the
beginning stages of the value chain. Moreover, by form-
ing partnerships and alliances with well-established Eu-
ropean companies, small farmers may expect greater
benefits in terms of governance, training, and supply
of essential inputs.

There is evidence to suggest that there are differences
in chemical composition in plants obtained from a
VIVC compared with the traditional routes and that
safety and quality can be better ensured through the
management of such a chain. Products obtained
through a VIVC are less likely to be spoiled or contam-
inated through microbial growth, and paradoxically
fewer chemical treatments are needed throughout the
chain steps [17].

For the end user, the customer in previously unregu-
lated or poorly regulated markets like the UK, there are
now safeguards in place to help ensure the safety and
quality of HMPs through the introduction of the
THMPD. However, apart from acknowledging the plau-
sibility of a herb to treat a particular condition, the direc-
tive does not address efficacy.

In the context of these discussions about quality
assurance, the metabolomic profile of a plant becomes
of importance. It is generally not considered relevant
in orthodox testing protocols, where a crude drug or

3 European manufacturers of registered HMPs have complained that many herbal products continue to be found in the retail market

available as “food supplements.”
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product is generally assessed as suitable or not suitable
depending on the concentration of one, or sometimes
several, marker compounds and on the absence of impu-
rities. Metabolomics can offer a whole new approach to
quality assessment and one that is particularly relevant
to medicinal plants, whereby the active ingredient is
often undefined, and any therapeutic benefits may be
due to the synergistic action of multiple plant compo-
nents. It also offers opportunities to study the composi-
tion of the materials from source to consumer, that is,
along the different value chains.

As plants are depleted in the wild; their scarcity often
leads to an increase in their desirability, which in turn re-
sults in an increase in the price. The impact at a grass-
roots level is that they become more economically
attractive. This process can continue until the plant is en-
dangered or even made extinct in the wild. It is often the
poorest of people who make their living from foraging
plants from the wild; however, it is these same people
who are most open to exploitation from middlemen
and frequently only receive about six per cent of the
retail price of a herbal medicament [24].

There seems little doubt that the Indian cultivated
medicinal herb industry is some way behind that of
China with over 90 per cent of medicinal plants in India
still being collected from the wild [92]. As demand for
Indian medicinal plants increases, it is unlikely that
wild collection will be sustainable in the long term,
and new strategies will be needed if the industry is to
succeed.

There is already some evidence of strategic alliances
and global partnerships manifesting but sometimes
with mixed results [12,14,86].

Professionals, producers, and academics should work
together to share what strategies succeed and where the
problems lie. Poor seed quality, unsuitable environment,
and lack of knowledge base have already been identified
as contributory factors for failure, and it is important
that measures are taken to avoid repetition.

Farmers and primary producers need incentives
and guarantees if they are to invest finance, time,
and resources into the cultivation of medicinal plants.
A robust regulatory system is needed to be in place to
control the manufacture and delivery of plant
medicines through all stages of production. The Euro-
pean THMPD is an example of how a pragmatic
approach can be utilized to improve the quality and
safety of HMPs; however, one weak point is that it fails
to regulate the appropriate sourcing of plants in a
meaningful way.

This situation is even more relevant to the Asian me-
dicinal plant industry, and if this industry is to develop
its export capability, it will be necessary for it to address
issues such as endangered species, sustainability, and
economic viability in parallel to those of quality, safety,

and effectiveness. From the manufacturers’ perspective,
to implement a sustainable business model, the con-
tracts that are put in place need to be managed effec-
tively from both sides.

Although a VIVCmay seem to be more stable and less
of a risk to the farmer, there are some instances where
the farmer may not benefit. Once contracted into a chain,
a degree of freedom is sacrificed, and the farmer is no
longer free to sell on the open market. Large companies
may be able to exert a downward pressure on the
farmers as highlighted with the tea farmers whose liveli-
hoods can become totally dependent on a single com-
pany. In other circumstances, as pointed out by
Neimark [87] on his investigation into the Catharanthus-
roseus (Vincarosea) value chain and the production of
chemotherapeutic agents, although the finished product
end of the market may be modern and well regulated,
the beginning stages of the market may be quite unreg-
ulated, even when the farmer is integrated into a value
chain, allowing the lead company to dominate the
farmer.

When selling to one or two companies, which may be
the main buyers for a raw material, the farmer may find
himself with no alternative than to make contracts with
these big corporations, who are less likely to be inter-
ested in the livelihoods of small farmers.

For the buyer too, some risks exist, even when un-
der contract, there is no guarantee that the farmer
will not sell his crop on the open market if the price
is right and there is unlikely to be any redress for
the buyer in this situation. There are also a myriad of
economic, political, and climatic risks associated with
the cultivation of medicinal plants and their manufac-
ture into HMPs that need to be overcome to create a
successful industry.

Albeit with the caveat that there are risks in any
business and that no system is fool proof or without
its own unique set of exogenous and endogenous
problems. For small- to medium-sized businesses
that are prepared to build strong relationships with
farmers over time and that are proactive in supply
chain management strategies, and for primary pro-
ducers who are prepared to adapt their working prac-
tices to comply with standards of different countries
than their own, there are mutual benefits to be
attained and importantly that these benefits can be
measured through an interdisciplinary understanding
of the strategic issues.

A thorough investigation of MPVCs can provide the
industry with a far more comprehensive picture of the
cultivation, processing, and storage history of a given
HMP. This information can be used to help justify,
encourage, and promote the continued development of
VIVCs together with the implementation and manage-
ment of better contractual relationships between
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manufacturers of HMPs and the primary producers that
supply themda process that ultimately will benefit both
producers (through better income and thus better liveli-
hoods) and consumers (though products with a repro-
ducible high quality).
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3.1 INTRODUCTION

Since the dawn of human kind, humans have relied
on plant-based medicines for the majority of their health
and disease needs. The rapid and increasing rise in the
worldwide use of herbal medicines in recent decades
suggests botanical medicines, both traditional and mod-
ern, fulfill a therapeutic niche not adequately addressed
in modern health care delivery systems. At the same
time, there is a propensity, predominantly in developed,
but also developing nations, to develop herbal medi-
cines in the same manner as modern chemically charac-
terized drugs. This trend is driven partly by a belief that
the same regulatory requirements that are applied to
modern pharmaceuticals should be applied to herbal
medicines and partly by economics, a subject to be
expounded upon later.

In the late 1800s, chemistry was advancing and the
role and focus of those involved in the development of
medicinal plants changed from attention to detail of
the source, identity, and quality of the plant material
itself to the compounds containedwithin the plant. Simi-
larly, in the same time period, the use of herbalmedicines
was rapidly declining as use of chemical medicines was
on the rise. In developed nations, the responsibility of
herb quality passed from herbalists to medical doctors
who became among the first modern teachers of materia
medica, and then to pharmacognosistsdpharmacists
specializing in the development of drugs from natural
products. Subsequently, this pharmacognostic knowl-
edge was codified into national pharmacopoeias, which
became the quality standard for drugs within national
health care approval systems. Thus, modern drug
approval systems, and subsequently, modern pharmaco-
poeias, were modeled for the needs of modern drugs,
not traditional herbal medicines or traditional healing
systems. In parallel to this, the economics of medicine
changed with greater focus on research, specialization,
technology, high-cost drug approval processes, and a
medical system more driven by research findings and
profits than practitioner or patient need. This is a key
premise in the evolution of modern medicine that
greatly influenced the way in which the practice of
medicine and approval of medicinal agents evolved,
including creating significant positive bias in pharma-
ceutical research and substantial negative bias against
traditional herbal medicines.

The World Health Organization (WHO) in their
Declaration of Alma-Ata considers among some of the
more salient benefits of herbal medicines and traditional
healing systems as their accessibility and affordability
[162,165]. The WHO, however, does not explicitly recog-
nize other very unique benefits of traditional medicines.
For example, specifically in the United States, arguably

among the most technologically advanced of countries,
58% of consumers who use traditional healing modal-
ities do so not for the treatment of disease, but rather
to “prevent future illness from occurring or to maintain
health and vitality” [37]. Similar findings were reported
in a survey of dietary supplement users in the US in
which “preservation of health was by far the most pre-
dictive indicator for use of herbal products and dietary
supplements” [94] and in Australia where prevention
of sickness was the primary reason for herbal medicine
use [91]. Another unique characteristic of traditional
healing systems, especially, Ayurveda, traditional Chi-
nese medicine (TCM), Unani, Tibetan, etc., is the utiliza-
tion of a completely different diagnostic system than
applied in the West, a system designed specifically to
be applied to the individual needs of the patient. The
diagnostic framework used in traditional healing sys-
tems allows for a unique understanding of health and
pathology, and subsequently unique therapeutic strate-
gies, than those in the West, thus broadening patient op-
tions. Additionally, amongst these healing traditions is
an inherent belief of the relationship between human
and environmental health, a belief completely inte-
grated into the diagnostic construct of most herbal tradi-
tions and completely ignored in modern medicine.

These traditional healing strategies are in stark
contrast to the prevalence of Western conventional med-
ical strategies, which are predominantly focused on dis-
ease management more than the promotion or
restoration of health. The pharmacological specificity
inherent in western medical therapies gives those thera-
pies a targeted focus, often to the neglect of the general
health status of the individual. Generally speaking, in
western conventional medicine, if tissue or organ struc-
tures are not functioning properly the treatment is to
basically attack it: the removal of tonsils (a first line of
defense against infectious disease), gallbladders (inte-
gral to digestive and eliminative processes), hips, cata-
racts; transplants of hearts, livers, and kidneys;
radiation or poison (in cancers); or interfering with
normal processes, such as pharmacological agents
designed to either upregulate, downregulate, or other-
wise completely shut down normal physiological pro-
cesses. A good example of this is the widespread use
of anti-inflammatories, inflammation actually reflecting
a biological healing response of the body to an inflam-
matory mediator. Rather than seeking to identify and
remove the inflammatory trigger, the conventional west-
ern medical strategy is to shut down, what ultimately is
a healing response. From a natural health care perspec-
tive, such a strategy is the antithesis of what is needed to
support human health. This does not mean there is no
value in such a strategy. Militaristic search and destroy
therapies are uniquely suited for crisis intervention
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and emergency medicine. Severed limbs, acute poison-
ings, intractable severe pain, ruptured organs, etc.
respondwell to a militaristic approach; in contrast, preg-
nancy does not, a fact reflected in the appalling high rate
of infant mortality in the US due to high-tech interven-
tions for what should be a normal process. To have a
medical system entirely based on militaristic therapies
is inherently limited; a fact equally evidenced by the
high rates of iatrogenesis, deaths due to pharmaceuti-
cals, and chronic illness associated with modern health
care systems. Perhaps of greatest consequence is that
modern conventional medical strategies focus on the
treatment of diseases not the treatment of people.

Thus, conventional and traditional healing practices
represent two very different paradigms of medicine.
Traditional healing practices offer a different paradigm
and different therapeutic solutions than conventional
medical care. This is precisely why traditional healing
systems and herbal medicines are growing in popu-
larity. If the two systems can be harmonized there is a
greater potential for healing than either system can
deliver on its own. However, regulating chamomile
tea, valerian root, and hawthorn berry syrup, with their
hundreds of compounds in the same way as Prilosec,
Ambien, and artificial hearts, disregards the fact that
each botanical medicine has several hundred years of
historical use, has been in the public domain for those
several hundred years, and threatens to undermine the
potential herbal medicines possess.

Throughout, much of the world herbal medicine is in
transition from the collection and processing of crude
herbal materials of varying strengths and potencies,
such as are used as powders, teas, simple syrups, and
extracts by local healers and communities to well-
characterized preparations made according to pharma-
copoeial standards predominantly supplied through
highly regulated markets. The former more crude prep-
arations are characteristic of undeveloped and devel-
oping nations, while the latter are typical of developed
nations. Forcing herbal medicines into a regulatory cate-
gory that was designed for modern drugs greatly de-
creases accessibility while greatly increasing cost of
herbal drugs, thus negating two of the primary benefits
offered by herbal medicines, as articulated by WHO.
Rather a new paradigm that takes into consideration
the unique characters of herbal medicines is needed
with a focus on the quality and sourcing of raw material
based on the myriad of constituents found in single
herbs and formulas and applying modern techniques
to the investigation of traditional healing practices.

Ironically, and perhaps most saliently, practitioners
of traditional healing systems are seldom part of
traditional health care policy decisions. Rather, commer-
cial interests by traditional medicine producers often

drive national and international health care policies,
frequently leading to a restriction in materia medica
and impeded access to herbal drugs. Thus, it is question-
able whether traditional herbal medicine will thrive, and
in many cases, survive within national health care sys-
tems. If policy makers, regulatory bodies, medicinal
plant researchers, and pharmacopoeias can once again
place emphasis on the quality of the plant material itself
rather than viewing herbal drugs as cocktails of chemi-
cals to be pulled apart, isolated, and manipulated, there
is a chance. Similarly, medicinal plant research should
reorient itself to investigate the traditional use of herbal
medicines within the traditional healing system from
whence they came, investigating the physiological and
pharmacological subtleties that give the medicine its
unique healing quality, rather than simply looking at
the application of herbal drugs for Western disease pat-
terns. Truly honoring traditional healing systems and
herbal medicines and maximizing their healing poten-
tial is an international challenge that minimally should
be discussed as part of national and international health
care policy if humankind is to continue to reap the ben-
efits of medicinal plants based on the systems in which
they were traditionally used.

3.2 HISTORICAL PERSPECTIVES ON
TRADITIONAL HERBAL MEDICINE

3.2.1 Healing in Nature

“Esam bhutanam prthivi rasha, prthivya apo raso-
pam osadhayo rasa, osadhinam puruso rasah”d“The
essence of all beings is Earth. The essence of the Earth
is Water. The essence of Water is Plants. The Essence of
Plants is the Human Being..” Chandogya Upanishad,
CE sixth century Vedic text.

Thus, are the philosophical underpinnings of human
existence recorded in the Chandogya Upanishad, a Vedic
text dating to the Brahmana period sometime before the
CE sixth century that clearly articulates the dynamic
relationship that exists between humans, plants, and
the environment overall. Similarly, the philosophy of
Vis Medicatrix Naturae (the healing power of nature), as
set down by Hippocrates, summarizes the basic princi-
ples of healing, namely that the body as a living biolog-
ical organism is always trying to achieve a state of health
and balance and that an observed malady is the body’s
attempt to reestablish equilibrium [60,68]. This connec-
tion between human health and nature is a philosoph-
ical underpinning of many traditional healing systems
worldwide [115], but is a perspective considered
completely irrelevant in modern medicine and most
often overshadowed or completely lost in attempts to
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push herbal medicine into a level of acceptance in
modernity. Ancient healers recognized the human or-
ganism was made of the same substances that existed
in nature and thus is an extension of nature. Therefore,
so it was reasoned that healing was facilitated through
nature and substances of nature, namely fresh air, pure
water, sunshine, good nutrition, exercise, and herbal
medicines, and, including in shamanistic or religious
healing practices, invocation of ancestors, saints, spirits,
and God(s).

The practice of herbal medicine historically followed
two paths. The first of these was rooted in relative
simplicitydan herbalist gathering plant medicines and
attending to the needs of the sick in a system that can
be defined as community-based health care. These
were, and in many countries today, are, the folk healers,
grandmothers, and grandfathers learned in the use of
medicinal plants. The second path was that of the pro-
fessional practitioners. In ancient times, some of these
were among the most learned of their generation and
are well represented from the CE first to fifteenth cen-
turies in works such as De Materia Medica of Dioscorides
(Figure 3.1) and the Hippocratic Corpus of Hippocrates,
both of Greece, the Charka Samhita of India, and the
Shen Nong Ben Cao of China, followed a few centuries

later by the Canon of Medicine by Ibn S�ın�a (Avicenna)
of Persia and several centuries later by the Renaissance
herbal writers such as Fuchs, Gerard, Mattiolis, Parkin-
sons, and Salmon, to name only a few.

The use of herbs within these formal medical tradi-
tions was integrated with very sophisticated theories
of anatomy, physiology, and pathology. Conversely,
folk-healing traditions predominantly represented an
empirical use of herbs passed down through families,
community knowledge, and fragments of the more
formalized medical practice. While the humoral system
of Hippocrates, Galen, and to a great degree, Avicenna
was the ancestor of today’s medical theories, today’s
conventional Western medical practitioners have no
relationship to these past theories, obviously with a
belief of the scientific superiority of current theories. In
contrast, the medical theories of Ayurvedic and Chinese
herbal medicine remain intact, continue to evolve, and
continue to be practiced according to their same histor-
ical foundational principles. Inherent in both Ayurveda
and Chinese medicine is the belief that humans are an
extension of nature, and therefore, the theoretical princi-
ples developed were inherently designed to mimic na-
ture and facilitate healing by adhering to vitalistic
principles reflected in nature. These principles include

FIGURE 3.1 De Materia Medica of Pedanius Dioscorides (CE first century), Greece. One of the earliest formal materia medicas of Western
civilization originally written CE 50e70. It remained the primary authority on medicinal substances for 1500 years, replaced by Renaissance
herbals that largely continued to derive their primary information from Dioscorides. Courtesy of the Lloyd Library and Museum, Cincinnati, OH.
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the tri-doshic and five-element (wu xing) systems of Ay-
urvedic and TCM, respectively, both of which relate hu-
man anatomy, physiology, pathology, and dietary and
herbal therapies to, in Ayurveda, vata (air), pitta (fire),
and kapha (water) (which themselves consist of earth,
water, fire, wind, and ether) and in Chinese medicine
to huo (fire), tu (earth), jin (metal), shui (water), and mu
(wood). In contrast, current western medical traditions
possess no principles that inherently link human health
with the living biological principles of nature and only
tangentially as an afterthought attempt to link health
to behavior or lifestyle.

3.2.2 The Vitalistic-Mechanistic Schism
of Traditional Healing and Conventional
Medical Philosophies

Traditional healing systems are commonly regarded
as vitalistic or holistic, while Western medical philoso-
phy is often described as mechanistic, reductionist, or

rationalistic [29]. The former believes in the innate abil-
ity of the human organism to heal itself, and, using phil-
osophical constructs, diagnostics, and naturally oriented
therapies as described above, seek to restore homeosta-
sis. These vitalistic traditions are most commonly
embodied in Ayurveda, TCM, Unani, and Tibetan tradi-
tions, and, in the West, are also reflected in the work and
writings of Galenic adherents (Figure 3.2).

The latter rationalistic perspective is based on the
perception that development of modern medical theory
and drug development was founded on rational scienti-
fic principles, with an inherent implication that tradi-
tional herbal medicine knowledge lacked a rational
basis, a premise disputed by noted medical historian
John Riddle [124].

Philippus Aureolus Theophrastus Bombastus von
Hohenheim, otherwise known as Paracelsus (1493e
1541) (Figure 3.3), the fifteenth century, the Swiss-
German physician who challenged what at the time
was a relatively strict adherence to the medical philoso-
phies of ancient texts, including those of Galen,

FIGURE 3.2 Galen of Pergamos, Greece. The medical theories of ancient Greece viewed humans as a microcosm of nature and utilized
diagnostic systems and therapies based in a natural understanding of physiology designed to re-establish the health of the host in relationship to
their environment. Courtesy of the Lloyd Library and Museum, Cincinnati, OH.
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Avicenna, and others, the books of whom he actually
burned at the University of Basel, Switzerland on St.
John’s Day in 1527.

The earlier teachings of Galen posited there were four
physiological humors (blood, phlegm, yellow bile, and
black bile; originally taught by the Greek philosopher
Pythagoras (570 BCec. 495 BC)) and that when in bal-
ance, there was health. The humoral theory persisted
as a prominent medical theory until the middle 1800s
[39]. Paracelsus argued there were three humors: salt
representing stability, sulfur representing combusti-
bility, and mercury representing fluidity. Whereas the
humoral theory of Galen was rooted in human physi-
ology that sought to restore homeostasis naturally, the
philosophy of Paracelsus was more materialistic with a
greater emphasis placed on the action of compounds
that assert a pronounced pharmacological effect.

Further driving Western medical thought was Har-
vey’s (1578e1657) articulation of the circulatory system
in the seventeenth century, which provided fertile
soil for new mechanistic theories that challenged
old humoral theory (though it is interesting to note

that the concept of circulation was described in the foun-
dational text of TCM, the Neijing and by Galen centuries
before).

Yet further setting the stage for a separation of human
and environmental health was French physiologist
Claude Bernard (1813e1878) who posited that the hu-
man environment (milieu intérieur) was separate from
the external environment. Others, such as the noted
German physician Rudolf Virchow (1821e1902) stated
the cell was the basic unit of the body that had to be
studied in order to understand disease. While tradi-
tional health practitioners gave focus to the macrocosm
of all that makes up an individual’s life and health status
(constitution, diet, lifestyle, environment, physical activ-
ity, stress, sleep, etc.) [125], allopathic physicians or
“mineral doctors,” as they came to be known, were
bloodletting with lancets and purging with Paracelsun-
type mercury compounds [125]. Contrastly, in Ayurveda
and TCM patient therapies are very much individual-
ized and have remained physician and patient centered,
the practitioner predominantly making their assessment
through observational means reflected in the eight

FIGURE 3.3 Swiss-German physician Philippus Aureolus Theophrastus Bombastus von Hohenheim (Paracelsus; 1493e1541). Paracelsus
ardently opposed the medical philosophies of Galen and his humoral system shifting medical thought from physiology to pharmacology.
Paracelsus further ushered in the use of powerful mineral-based drugs (e.g., mercury) in contrast to the relatively gentle plant-based medicines
(Galenic preparations) that occupied early materia medicas and pharmacopoeias. Courtesy of the Lloyd Library and Museum, Cincinnati, OH.
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methods of diagnosis of ayurveda (astavidha pariksa) and
four examinations (si zhen) of TCM. Traditional practi-
tioners further seek to correct the underlying causative
factors while providing therapeutic options to address
both cause and symptoms, codified in TCM as biao and
ben or treating the “root and branch.”

The visualization of microbes with the advent of the
microscope by Holland’s Anton Van Leeuwenhoek
(1632e1723), Pasteur’s (1822e1895) confirmation of the
potential pathogenicity of microbes, and Fleming’s
(1881e1955) discovery of antibiotics further concretized
the material cause and cure of disease, which in turn so-
lidified the reductionist, militaristic, search and destroy
approach typical of the microcosm of cellular biology re-
flected in western medical thought today. Furthermore,
Western medical practices develop “standards of care”
for diseases, in contrast to individualized healing proto-
cols for patients. Western diagnostics are not guided by
any understanding of the individual’s lifestyle that
initially led to the disease state, nor do they take into
consideration a patient’s environment, but rather rely
on automated tests of specific biomarkers that reflect
the disease process not the cause. This results in an
almost exclusive focus on the symptom management
and an almost complete neglect of the cause and promo-
tion of health. This perhaps represents the primary
differentiation between traditional and conventional
healing philosophies.

3.2.3 The Primary Schism between Traditional
and Modern Medicines

Prior to the fifteenth century, the majority of medici-
nal agents were plant based. While numerousmedicinal
agents of mineral and animal origin were also used,
the overwhelming majority of medicines, as reflected
in the De Materia Medica of Dioscorides, were plants
[12,112,123]. Paracelsus (1493e1541) pioneered the use
of concentrated and relatively pure (for the time) chem-
icals in medicine. Paracelsus, interestingly, also
ascribed to earlier principles of materia medica, such
as the doctrine of signatures, the belief in which physical
characteristics of a plant portend the plant’s medicinal
action. However, the primary effect of the teachings of
Paracelsus was to almost completely digress from
earlier medical philosophy and chart a new path.
Another seminal change credited to Paracelsus was
that while Galenists believed that a disease of a certain
character or nature would be cured by a remedy pos-
sessing the opposite effect, a precept similarly espoused
by the famed Chinese Tang Dynasty physician and
alchemist Sun Simiao (CE 581e682), Paracelsus and
his followers argued that “a poison in the body would
be cured by a similar poison.” While many

contemporaries of Paracelsus felt the substances he
was recommending were too toxic to be used safely,
Paracelsus defended his position with his oft quoted:
Alle Ding sind Gift, und nichts ohn Gift; allein die Dosis
macht, daß ein Ding kein Gift ist. “All things are poison,
and nothing is without poison; only the dose permits
something not to be poisonous.” His challenging of
the medical authority of the day forced Paracelsus to
leave Basel and the revolutionary physician died at
the young age of 48 [17]. Nevertheless, the teachings
and writings of Paracelsus took on many adherents
and charted a path in medicine that was alternative to
current medical thinking and can be characterized as
the progenitor of the modern, chemically refined, and
highly toxic pharmaceutical medicines of today.

Other seminal events in medical history contributed
to the course that led to the development of the type
of medicines that predominate today. In 1805, a German
apothecary apprentice named Friedrich Wilhelm Adam
Sertürner isolated what was to become the first pure,
presumably “active” compound of a plant the alkaloid
morphine from the opium poppy (Papaver somniferum)
(Figure 3.4) [76].

FIGURE 3.4 Papaver somnifera from the Anicia Juliana Codex (Codex

Vindoboensis) a sixth century illustrated work of De Materia Medica of
Dioscorides. The first “active” constituent discovered in a plant was
morphine isolated from the opium poppy in 1805 by FriedrichWilhelm
Adam Sertürner (1783e1841). With permission of the Austrian National
Library, Vienna, Austria.
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With the isolation of morphine, an alkaloid making up
approximately 10% of the total alkaloids of the plant [76],
medical researchers recognized that the whole plant need
not be used as amedicinal preparation but rather that one
could extract an active constituent. Sertürner referred to
his new compound as principium somniferum or “sleep-
making principle,” later naming it morphium, after
Morpheus the Greek God of dreams or sleep [16]. Subse-
quent decades witnessed the isolation and eventual syn-
thesization of pure compounds and the race for “active”
constituents began changing medicine from whole plant-
based to individual chemical-based entities. Traditional
herbalists wonder what effects the other 90% of alkaloids
in poppy contribute to either the safety or efficacy of the
drug, and traditional herbalists and theWHO continue to
regard the whole plant as representing the activity of a
traditional medicine.

During the same time period, the medical and phar-
macy professions were undergoing rapid changes.
Originally, it was physicians, often referred to as “med-
ical botanists,” who were the primary teachers of mate-
ria medica and founders of early pharmacopoeias. As
the pharmacy profession evolved, pharmacists began
assuming an oversight role on the quality control of
medicines. Later, pharmacognosy evolved as a subdis-
cipline of pharmacy and, initially, focused their atten-
tion and scientific investigation in the quality of crude
drug materials. In modern times, this focus changed
to searching for compounds in plants that were candi-
dates for modern drugs. Subsequently, physicians
became the sole prescribers of medicines, pharmacists
became the primary and formal dispensers of medi-
cines, and pharmacists and pharmacognosists assumed
the primary role of drug development and quality
control, as represented in the development of early
pharmacopoeias.

The switch from botanical- to chemical-based medi-
cine is clearly evidenced in the evolution of the United
States Pharmacopoeia (USP), which in the first edition of
[153] (Figure 3.5) included approximately 150 herbal
drugs, 50% of the approximately 300 listed drugs at
the time [153].

By United States Pharmacopeia [154], herbal drug
monographs in the USP numbered approximately 50
of the more than 1100 preparation entries (a little more
than 4%) [18,154]. This lack of representation of herbal
drugs is in sharp contrast to the almost exclusive inclu-
sion of herbal medicines that comprised the sixteenth
century Pharmacopoeia Augustana [71].

3.2.4 Economic Influences in the Evolution
of Medicine

Modern regulatory requirements dramatically
change the accessibility and cost of herbal drugs. This

is an important consideration in health care as among
the most important of founding principles of the Decla-
ration of Alma-Ata [166] regarding herbal medicines
was accessibility and affordability, principles that have
persisted to the current day more than 36 years later
[165]. Generally speaking, herbal raw materials were
historically gathered by local herbalists, who either pre-
scribed them directly to patients or delivered them to
practitioners. Often the price of an herbal consult and
herbal formula was eggs, milk, a chicken, or the consult
and treatment were free due to the practitioner being
provided for by the larger community, similar to social-
ized systems of medicine. While such compensation
practices seem out of place or inapplicable in developed
nations, such practices still exist in many undeveloped
and developing nations (e.g., rural China, Vietnam)

FIGURE 3.5 First edition of the United States Pharmacopoeia (USP)
of 1820. Early editions of most all pharmacopoeias were dominated by
plant-basedmedicines. TheUnited States Pharmacopoeia [153] contained
approximately 300 medications, approximately 50% of which were
botanically based. By 1950, less than 5% of listed drugs were of plant
origin. Roy Upton Soquel, CA.
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and play a significant role in the affordability factor of
traditional herbal medicine. This is no better expressed
than in the teachings of China’s Sun Simiao.

Sun left a legacy of some of the most important and
poignant lessons of TCM as well as medical ethics. In
his Bei Ji Qian Jin Yao Fang (Essential Prescriptions for
Every Emergency Worth a 1000 in Gold) Sun wrote: “phy-
sicians should respond to whoever asks for help, not
distinguishing between poor and rich, young and old,
ugly and elegant, friend or foe, foreigner or native,
wise or fool, but should treat them equally as though
they were your own relatives, without discrimination”
[87]. Sun further noted: “a human life is extremely
precious; more valuable than one thousand liang of
gold.”

A philosophy similar to Sun’s was espoused in the
ancient Ayurvedic literature in which payment for ser-
vices was to be primarily provided by the wealthy and
included formal lists of those who should receive free
services [170]. This teaches that providing health care
to those in needs is considered in these traditions to be
more of a duty than a business. This is yet another stark
contrast to, most notably, the US health care system,
which can be characterized as being more of a business
than a service.

At the same time that medicines were on the path of
chemical development, medical professions in the US,
and somewhat worldwide, were on a similar trajectory.
The path taken would eventually lead to restrictions
and obstacles to the acceptance of traditional herbal
medicines. In the US, prior to the development of the
American Medical Association (AMA) in 1847, there
were multiple schools of medical thought. These disci-
plines included the Eclectics, Physiomedicalists, and
Thomsonian practitioners (Figure 3.6), all of whom
specialized in the use of botanical medicines, homeo-
paths, and allopaths.

The allopaths followed the path laid down by Para-
celsus, and as noted, at the time, used bleeding (scarifi-
cation) and calomel (mercury chloride) preparations as
among their primary therapies. The AMA, an organiza-
tion founded exclusively by the mineral doctors, in
their first set of bylaws, adopted specific language
that excluded from the professional organization, any
“irregular” physicians whose “practice is based on
exclusive dogma.,” a clause, which at the time was
specifically directed at homeopathic physicians who
were at the time successfully competing with AMA
physicians [9].

In the US, the Carnegie Foundation commissioned a
lawyer named Abraham Flexner to report on the status
of medical education in America. The result of the report
published in 1910 was that schools were given specific
ratings of A, B, or C according to facilities, laboratories,
teaching resources, personnel, etc. Johns Hopkins, a

decidedly allopathic oriented school, was considered
the model by which all other schools were judged. Ac-
cording to Pulitzer Prize winning author Starr P. [142]
in his The Social Transformation of American Medicine:
The Rise of a Sovereign Profession and the Making of a Vast
Industry, while the educational funding boards claimed
neutrality in their pursuit to “improve medical educa-
tion,” they “sought to impose a model of medical educa-
tion more wedded to research than to medical practice.”
According to Starr, while the policies that ensued from
the Flexner report did not determine which institutions
would survive, they did greatly influence which would
dominate and what ideals would prevail. This greatly
ushered in a change that may be described as decidedly
un-Paracelsun, in that research-driven findings, not pa-
tient outcomes or physician observation, would dictate
medical treatments. This was occurring at the same
time as the chemical revolution was resulting in the
rise of the pharmaceutical manufacturing industry
whose lobbying power led to the integration of their
products into the nonnationalized, largely profit-
driven medical delivery system of the US today.

Economics in the international herbal medicines in-
dustry today is similarly driving health care policies,
resulting in either greater or lesser degrees of access or
restrictions to herbal medicines. For example, the cost
of getting a traditional herbal medicine approved in
the UK is between £30,000 and £120,000 (as of 2014).
To have the same UK-approved herbal drug approved
in other European Union (EU) countries costs an addi-
tional £10,000e£15,000 per country registration.

In the EU, the cost of getting a drug approved is
approximately 100,000 euros (w$137,000 in 2014). To
date, 1015 botanical drugs have been approved through
the EUmodel, most of which are single-ingredient prep-
arations. As most of the drug registrations are duplica-
tive, these represent only a very small proportion of
the traditional materia medica.

Another regulatory framework that impedes access
and affordability to herbal medicines is the Botanical
Drug Model established in the US (2004) [23], a country
that does not recognize traditional herbal medicines as a
distinct category, and has a modern drug approval pro-
cess that results in a cost of approximately $750 million
(2008 estimates) per drug and several years to bring a
drug to market. If no commercial entity has an interest
in a particular herbal ingredient then the cost required
to meet the regulatory requirements for drug approval
will not be pursued, and nonapproved herbal drugs
will either be completely restricted or at least not sup-
ported within the regulatory framework. Few com-
panies would consider astragalus, hawthorn berry
syrup, or the 1000-year-old Ayurvedic compound tri-
phala candidates for this level of investment for items
that have been in the public domain for centuries.
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More poignantly, in the US, there is no regulatory
model for the approval of traditional herbal medicines
and the prescribing or dispensing of herbs as “medi-
cines” is technically illegal despite recognition of some
traditional healing traditions (e.g., traditional Chinese
medicine and naturopathic practitioners), as primary
care providers. Similarly, traditional herbal medicines
are not reimbursed under any American insurance pro-
gram. Thus, with regards to either traditional or

conventional medicine, in a nonnationalized health
care system, economics, more than medical or health
needs, drives medical research and practice.

Modern regulatory policies greatly limit the
approval of herbal medicine to those with an economic
interest to do so. This in turn greatly restricts access to
traditional herbal medicines and limits a practitioner’s
ability to access the full breadth of their materia medica.
This is perhaps best evidenced by the fact that since the

FIGURE 3.6 Examples of medical sects prominent in the late 1800s in the United States. In the late 1800s, a myriad of schools of differing
medical thought were prevalent in the US andwere partially represented by the Eclectics, Homeopaths, Thomsonians, and Physiomedicalists. Roy
Upton Soquel, CA.
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enactment of the EU directive in 2004, not a single tradi-
tional Ayurvedic or Chinese herbal formula has been
approved throughout the EU and only a single Chinese
herb, Dioscorea nipponica, has been approved in
Holland. This is highly significant to the practice of
traditional herbal medicine as, in the EU, the presence
of nonregistered herbal medicines on the market is
technically illegal despite the fact that they have been
in the public domain for literally hundreds or thou-
sands of years. Similarly, in the US, only two botanical
drugs have been approved through the botanical drug
process since the regulations were promulgated; Vere-
gen, a patented ointment prepared from green tea
(Camellia sinensis) used for the treatment of genital
warts and dragon’s blood (derived from Croton lechleri)
as an antidiarrheal drug for HIV/AIDS patients. These
2 latter botanical drugs represent novel innovations not
traditional uses. The cost associated with their approval
has not been reported.

Another factor in these discussions that is of partic-
ular interest to the US market is the fact that most
nations, with the exception of the US, have a long history
of socialized health care. When profit is the primary
motivating factor for drug development this dramati-
cally changes the dynamics of a health care system,
and most specifically, the practice of medicine. Today,
reimbursement or coverage of herbal medicines is an in-
tegral part of the health care delivery system of many
developed countries (e.g., China, France, Germany,
Japan, Netherlands, Republic of Korea) to greater or
lesser degrees [178] and is key to keeping herbal medi-
cines affordable. Yet, in most Western countries, the
herbs and formulas that make up the bulk of the tradi-
tional materia medica are not recognized, approved,
and in some cases, as in the US, not allowed as
medicines.

Today’s quest for modern medicines and the desire to
fit traditional herbal medicines into a modern pharma-
ceutical drug regulatory model is more about the crea-
tion of a new highly profitable blockbuster drug than
relief of suffering of humankind, a model that affects
health care policies worldwide.

3.3 MODERN MEDICINEdAN
AMERICAN CASE HISTORY

Evidence for the failings of relying strictly on a
research- and profit-driven versus a practitioner-
driven medical system is no better demonstrated than
in the health care statistics of the US. Schuster et al.
[136] reported that in almost all aspects of health care,
the US is failing. These failings encompass the spectrum
of services from preventive, acute, and chronic care;
from infants to the elderly; and the health care delivery

system of a single city or nation overall. Patients are
either not receiving the care they should be receiving
or they are receiving inappropriate care that is related
to both under treatment and over treatment, as well as
the inappropriate use of pharmaceutical medications.
Similar findings were reported by numerous other au-
thors (e.g., McGlynn et al. [96]) and organizations over
the last decade.

By all measures of individual and social health,
America is ranked among the worst of all similarly
developed nations [168]. In infant mortality, a general
marker of overall societal health, the US ranks an
appalling 31 (based on 2008 data) [65], in the world
behind virtually all similarly industrialized nations. In
2000, the WHO ranked the US a dismal 37th in overall
health care systems [160]. In a similar ranking by the
Commonwealth Fund [25], the US was far behind other
nations in terms of healthy lives, quality, access, effi-
ciency, and equity of health care delivery services and
19th of 23 nations surveyed in healthy life expectancy
at age 60 years [24]. Perhapsmost importantly, the report
noted a “strikingly consistent and pervasive pattern of
higher mortality and inferior health in the United States,
beginning at birth,” and that this pattern of poorer
health was evident at all stages of life, from infancy to
childhood, to adolescence to young adulthood, to mid-
dle and old age, and could not be explained by dispar-
ities in social demographics. Those who could afford
health care and were financially well off fared little bet-
ter than those less fortunate. More unfortunate is that
some of these findings have been reported for decades
(such as the persistent high rates of infant mortality)
and yet no meaningful change in the system has
occurred. Primary care pioneer Barbara Starfield
(1932e2011) highlights that the majority of those coun-
tries with the best health statistics have a strong primary
care infrastructure and that better outcomes are corre-
lated with primary care services. Primary care providers
can be described as being patient centric. This in contrast
to the predominant reliance on specialists in the US,
which can be described as more research centric. The
WHO has a long history of recognizing traditional
health care practitioners as primary health care pro-
viders, but many countries, like the US, lack acceptance
or full integration of traditional healing practitioners
into their national health care systems.

More importantly, no improvements in health statis-
tics can occur without a fundamental change in the phil-
osophical basis by which health and healing are
approached. As long as the militaristic approach of
search and destroy is employed as the primary thera-
peutic paradigm, big guns represented in powerful
pharmaceutical and high-tech interventions will
continue to yield the extremely poor health statistics
reflected in the American system (Table 3.1).
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3.3.1 Over DiagnosisdOver
TreatmentdIatrogenesis

Medical diagnostic technology that leads to a cascade
of subsequent treatments is partly responsible for the
relatively high rate of iatrogenesis in the US [141].
Such diagnostics are predominantly research driven
and represent how lack of a patient-centered focus re-
sults in negative health outcomes. This is no more evi-
denced than in policies regarding prostate-specific
antigen (PSA) screening and mammograms. For almost
two decades in the US, annual PSA screening was rec-
ommended for healthy men over 50 years of age despite
the lack of robust scientific evidence for a benefit (see
Ref. [3]). Literally millions of men were screened annu-
ally at an annual cost of $447 million to America’s Medi-
care program alone (2009) [90]. False positives and
detection of slow growing (indolent) tumors resulted
in aggressive surgical or radiation treatments that
caused serious harm including urinary incontinence,
erectile dysfunction, pain, infections, hospital readmis-
sion, and death [101]. It has only been more recently
that a number of studies specifically looking at the
benefit-risk assessment of routine PSA testing over the
last 20 years determined that the moderate to high risks
of PSA screening and the ensuing cascade of treatments
as described by Starfield [141] far outweighed the low to
moderate benefits [21]. Annual screening resulted in
high levels of false positives that led to unnecessary

biopsies that carry a risk of bleeding, infection, pain, uri-
nary symptoms, and hospitalization [104]. Because of
this, PSAs are no longer recommended for most of the
demographics for which it was previously used. Routine
mammograms followed the same trajectory and were,
and among many, remain, research-driven and profit-
motivated technology [38]. While early detection with
mammograms benefits a small subset of the population,
the very act of compressing breasts between two plates
and subjecting breast tissue to the cumulative
DNA-damaging effects of radiation increases women’s
risk of breast cancer, some estimates accounting for up
to 20% of breast cancers in the US (Ref. [38] and refer-
ences therein).

Thus, despite mounting evidence of questionable
benefit (see Ref. [98]) in recent decades regarding the
substantial risk of mammograms, as of February 2014,
75% of American women reported having received a
mammogram in the past year. In the United States
alone, approximately more than 37 million mammo-
grams are performed annually at a cost of about $100
per mammogram. Among the interventions chosen by
women after diagnosis is bilateral mastectomy. In the
largest study to date [84] there was no difference in
mortality of women receiving bilateral mastectomies
compared with women receiving unilateral mastec-
tomy or lumpectomy and standard follow-up radiation.
Interestingly, unilateral mastectomy was associated
with a higher mortality than either lumpectomy or
bilateral mastectomy.

It is now recognized that PSA and mammography
screening are almost identical in their overdiagnosis,
overtreatment, marginal benefit, enormous cost, and
substantial risk. Ironically, according to a study by Fen-
ton et al. [45], patients who reported they were most
satisfied with their health care had greater chances of be-
ing admitted to the hospital and had an approximately
9% higher total health care cost as well as 9% higher pre-
scription drug expenditures. Additionally, death rates
among those most satisfied with care were more than
25% higher than death rates in those reporting the least
satisfaction with health care services received. This is
particularly poignant as it illustrates a marked differen-
tiation between patients seeking conventional versus
traditional health care services. The Fenton et al. [45]
study suggests that patients seeking conventional care
services equate satisfaction with increased treatments
and interventions to their detriment that is paid for by
the entire society.

Such practices represent medicine at its worst and is
a complete antithesis of the common medical dictum of
Primum non nocere (first do no harm), often attributed to
Hippocrates and still integral, in theory only, to modern
medical ethics. More significantly, these examples of
research-driven technologies represent an insidious

TABLE 3.1 US Health Care Statistics Compared to 13 Other
Countries

Outcome

Ranking of

13 countriesa

Average for all health indicators surveyed 12

Low birth-weight % 13

Neonatal and infant mortality 13

Years of potential life lost 13

Post-neonatal mortality and life expectancy at
1-yr-old for females

11

Post-neonatal mortality and life expectancy at
1-yr-old for males

12

Life expectancy at 15 years of age 10

Life expectancy at 40 years of age (males) 9

Life expectancy at 40 years of age (females) 10

Life expectancy at 65 years of age (females/males) 7

Life expectancy at 80 years of age (females/males) 3

Age adjusted mortality 10

aJapan, Sweden, Canada, France, Australia, Spain, Finland, the Netherlands, the

United Kingdom, Denmark, Belgium, United States, Germany [141].

3. TRADITIONAL HERBAL MEDICINE, PHARMACOGNOSY, AND PHARMACOPOEIAL STANDARDS: A DISCUSSION AT THE CROSSROADS56



aspect of the modern health care system as every ma-
jor cancer association as well as local and national
government agencies strongly supported the use of
the aforementioned screening tools for the majority
of the adult population despite a lack of clinical evi-
dence of benefit and despite significant mechanistic
and observed evidence for risk. The negative impact
of such research and economic-driven policies is
clear. However, more importantly, this is a poignant
example of how much of what is considered techno-
logically advanced medicine is not based in sound
clinical science, but rather research-based science. A
primary criticism levied against herbal medicines,
and other traditional healing practices, is their lack
of scientific proof of efficacy based in modern phar-
macological research. However, much of traditional
herbal medicines and traditional healing practices in
general are precisely based on human clinical out-
comes codified in human experience for hundreds or
thousands of years. This is not to say that traditional
healing knowledge is complete, safe, effective, and
appropriate for all people all of the time or does not
have limitations and knowledge gaps. This merely re-
flects a different knowledge base that has been a
consistently evolving foundation of human healing
since the beginning of human existence, and at the
very least, should be given the same respect, honor,
and use as technologically advanced therapies that
only have decades of largely experimental use.

3.3.2 Pharmaceutical MedicationsdA Huge
Price to Pay

In addition to the philosophical differences between
traditional and conventional medical practitioners and
the economics that drive medical practice is the problem
of having a medical system that relies predominantly on
pharmaceutical medications. There is no doubt that
pharmaceuticals save lives, especially in acute crisis.
The advent of antibiotics, while solidifying a search
and destroying militaristic philosophy as a primary
approach in health care, has been responsible for saving
tens of millions of lives. Morphine, while representing
an inherent split between whole plant-based medicines
and active constituents, is an incredibly effective pain-
killer that, due to its potential for diversion to opium
and heroin, is no longer allowed in the public domain
as a plant-based medicine as it once was. And the story
of pharmaceutical development can easily be written to
focus on the positive attributes modern drugs have
contributed to human health (e.g., The Inside Story of
Medicines) [67]. But despite some great successes in the
world of pharmaceuticals, many ironically that were
derived from plants (e.g., aspirin, morphine, and vinca
alkaloids), there is a tremendous price that current and

future societies pay for the adverse effects inherent in
such powerful medications.

Firstly, pharmaceutical medications are represented
to the public and health care professionals as proven
to be safe and effective according to rigorous scientific
methodology. This is not entirely true. In 2009, the phar-
maceutical giant Pfizer plead guilty to a felony charge
and agreed to pay $2.3 billion in fines for fraudulently
marketing select drugs. This was the fourth fine levied
against Pfizer since 2002. In recent decades, a large num-
ber of the most recognized pharmaceutical companies
have paid similar fines, most for fraudulent marketing
practices and some for violations of goodmanufacturing
practices (GMPs). Such practices reflect relatively gross
violations of federal law. The research and development
side of pharmaceutical development is much more
nuanced and insidious as has been highlighted in recent
writings such as ‘Deadly Medicines and Organised Crime:
How Big Pharma Has Corrupted Healthcare.’ This expose
was written by Peter Gøtzsche, a co-founder of the high-
ly prestigious independent evidenced-based Cochrane
Collaboration. Another, ‘The Truth About Drug Com-
panies: How They Deceive Us and What To Do About It,’
was written by medical doctor Marcia Angell, former
editor-in-chief of the New England Journal of Medicine,
arguably one of the most prestigious medical journals
in the world. Both works provide clear and evidence-
based examples of broad-based bias and fraud in the
world of medical literature. These authors demonstrate
clearly that published clinical research is positively
biased to the sponsoring companies, provide examples
of gross fraud by medical writers claiming to conduct tri-
als that were never conducted (reviewed in Ref. [62]), and
report that negative findings are often not publicized,
allowing for a drug to be released on the market with
the belief that it has been scientifically demonstrated to
be safe and effective.

The consequence of poor science in pharmaceutical
drug development is significant. There are numerous
examples of heavily marketed drugs that were
removed from the market due to serious, sometimes
fatal, adverse effects including Oraflex, Propulsid,
Rezulin, and perhaps the crowning jewel of this collec-
tion, Vioxx, a widely prescribed arthritis drug that was
withdrawn from the market after disclosures that the
pharmaceutical manufacturer Merck withheld infor-
mation from patients and physicians about the poten-
tial for Vioxx to increase the risk of heart attacks and
stroke. Vioxx use resulted in between 88,000 and
140,000 cases of serious heart disease. Most signifi-
cantly, cautions regarding the safety of Vioxx were
put forth by epidemiologist David Graham, who at
the time was the Associate Director of the Food and
Drug Administration’s (FDA) Office of Drug Safety.
In formal testimony given before the US Senate

3.3 MODERN MEDICINEdAN AMERICAN CASE HISTORY 57



Committee on Finance, Dr. Graham provided poignant
testimony stating that policies within FDA were insuf-
ficient to protect the public from drugs, which carry un-
acceptable risks, stating;

I would argue that the FDA, as currently configured, is inca-
pable of protecting America against another Vioxx.We are virtu-
ally defenseless. Finally, the scientific standards CDER applies
to drug safety guarantee that unsafe and deadly drugs will
remain on the US market. [57]

While such testimony can be viewed as representing
only an individual opinion, similar findings were re-
flected in a US Government Accountability Office [54]
report that stated:

FDA lacks a clear and effective process for making decisions
about, and providing management oversight of, postmarket
drug safety issues.

In a follow-up interview with Dr. Graham, congres-
sional representatives asked specifically what within
FDA needed to be fixed. Dr. Graham replied:

FDA is inherently biased in favor of the pharmaceutical in-
dustry. It views industry as its client, whose interests it must
represent and advance. It views its primary mission as
approving as many drugs it can, regardless of whether the
drugs are safe or needed. [20]

Graham’s testimony in 2005 was largely echoed by
Leonard Paulozzi, a medical epidemiologist with
the US Centers for Disease Control and Prevention, in
other congressional testimony, in Ref. [114], in which
Dr. Paulozzi stated;

We cannot lose sight of the pressing realities of public health
issues that we face every day, such as unintentional poisonings,
which are now the second leading cause of unintentional injury
death.. Most unintentional drug poisoning deaths are not ‘ac-
cidents’ caused by toddlers or the elderly taking too much med-
ication. These deaths are largely due to the misuse and abuse
of prescription drugs.

In actuality, in the 35- to 54-year-old age group,
poisonings due to conventional medications were
the leading cause of death, exceeding that of motor
vehicle accidents. In 2009, deaths due to pharmaceu-
tical medications overtook motor vehicle accidents
as the primary cause of preventable death in the
US [66], the US Department of Health and Humans
Services (HHS) stating: “The United States is in the
midst of an unprecedented drug overdose epidemic,”
specifically referring to pharmaceutical medications, a
five-fold increase over 1980 pharmaceutical-related
deaths.

Regarding efficacy, or specifically, lack thereof, a re-
view of studies and meta analyses of studies of

approved antidepressant medications found that “anti-
depressants are only marginally efficacious compared
to placebos” and further document profound publica-
tion bias that “inflates their apparent efficacy” [118].
The relative lack of efficacy of approved antidepressant
medications was underscored by the National Institute
for Health and Clinical Excellence (UK) who
concluded: “Given these data, there seems little evi-
dence to support the prescription of antidepressant
medication to any but the most severely depressed pa-
tients, unless alternative treatments have failed to pro-
vide benefit” [79]. Concern regarding publication bias
specifically regarding antidepressants was further
raised by the US FDA who stated: “By altering the
apparent risk/benefit ratio of drugs, selective publica-
tion can lead doctors to make inappropriate prescribing
decisions that may not be in the best interest of their pa-
tients and, thus, the public health” [44]. Approximately
11% of Americans take antidepressants and between
2005 and 2008, this class of drugs was the third most
common prescription drug taken by Americans of all
ages [120]. According to a study of Mojtabai and Olson
[100], approximately 62% of these subjects are misdiag-
nosed and do not meet appropriate diagnostic criteria
warranting medication.

The fallacies of the scientific validity of the US drug
approval process are further hidden from the American
public in equally infactual ways. In a 2013 article in the
Journal of General Internal Medicine, authors Faerber and
Kreling reported that 60% of prescription drug ads
and 80% of over the counter drug ads were misleading
or false. The study found 43% of the claims in direct to
consumer (DTC) drug ads were “objectively true” while
55%were “potentially misleading” and 2%were “false.”
Moreover, 84% of regulatory letters sent by the FDA
from 1997 to 2006 cited ads for minimizing risks and/
or exaggerating effectiveness of drugs. For example,
one study found that although 19% of DTC ads
mentioned lifestyle changes as an adjunct to medication,
none mentioned them as an alternative to drug treat-
ment [49]. Thus, promoting a drug in consumer adver-
tisements as the solution to a specific health problem
serves to disincentivize viewers from making healthy
lifestyle changes and fostering the belief that such
changes are ineffective or unnecessary [137]. DTC drug
advertisement, which is illegal in most all countries
except the US and New Zealand, rarely focuses on pub-
lic health messages about diet, exercise, addictions, so-
cial issues, and other treatments that may be more
cogent to wellness than pharmaceutical interventions
[4]. Such behavioral changes can result in fundamental
improvements in an individual’s health status, is free
of side effects, and is free of cost. It makes sense for prod-
uct marketing to focus on the intervention and not the
lifestyle, as, from a marketing perspective, promoting
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healthy lifestyle practices would be a disincentive to us-
ing the medication.

3.3.3 Safety of Herbal versus Pharmaceutical
Medications

The consequences of the adverse effects associated
with conventional medications go far beyond those
associated with the numerous drugs removed from
the market due to their danger and from the lack of
scientific rigor in establishing their safety prior to
releasing them into the hands of physicians who
know little of their dangers. There is a gross misconcep-
tion by physicians and consumers that drugs that have
been subjected to formal approval can be relied upon as
being safe for their intended indications within the pa-
rameters as proscribed and disclosed in required pre-
scribing information. However, this is not the case
and is well illustrated in the history of adverse drug ef-
fects in the US. In 1990, the US General Accounting
Office (GAO) reviewed 198 FDA-approved drugs and
reported that of these approximately 102 (51.5%) had
“serious post-approval side effects” that were not
known at time of approval. The additional side effects
reported included anaphylaxis, cardiac failure, hepatic
and renal failure, birth defects, blindness, and death
[53]. At the time of the report, all but two of the
medications remained on the market. All the others
remained as they were or with additional warning
language.

Leape et al. [86] in a comprehensive review of adverse
drug events in hospitalized patients, reported that drug
complications were the most common source of adverse
events. Bates et al. [11] reported that 1% of adverse drug
events were fatal, 12% life threatening, 30% serious, and
57% significant. In the same year, Cullen et al. [30] noted
significant underreporting of adverse drug events in
hospitalized patients including more than 10% of events
that were serious or life-threatening and went unre-
ported. In 1996, it was reported that among 1000 elderly
patients admitted to the hospital from the emergency
room, 538 were exposed to 1087 drug-drug interactions
[33]. In a review of hospital surveillance reports of
adverse effects associated with approved medications,
Lazarou et al. [85] reported that 2,216,000 patients
experienced serious adverse effects resulting in
60,000e140,000 fatalities annually due to the proper
use of conventional drugs. Not included in this figure
was the number of deaths that occurred due to misuse
of medications, which accounted for another 200,000 pa-
tients annually. A variety of studies report varied inci-
dences of adverse drug events ranging from 20e25%
of patients experiencing such an event, 13e38% of which
are considered serious [52,63]. Zhan et al. [177] reported
4.3 million adverse drug events in 2001, showing an

upward trend from 1995e2001. In total, adverse drug ef-
fects have been estimated to cost $77 billion in extra
health care costs annually in the US alone [74,141]. A
2008 memo of the European Commission [40] shows
that dangers associated with pharmaceutical medica-
tions are not isolated to the US. In acknowledging the
need for legislative changes to improve drug safety,
the European Commission estimated that 5% of all hos-
pital admissions in the EU are due to an adverse drug
reaction, that adverse drug reactions are the fifth most
common cause of hospital death, and that adverse
drug reactions are responsible for approximately
197,000 deaths annually. Some may argue that the bene-
fits of the drugs outweigh the risk, a general premise
that is widely accepted. However, the bare facts suggest
that a medical system so reliant on conventional phar-
maceutical medications with their inherent toxicity is
fundamentally flawed, echoing back to the warnings of
pre-Paracelsun pharmacopoeias that cautioned against
the use of such toxic medications.

The relevance of all this to traditional healing prac-
tices, especially herbal medicine, is two-fold; first is
that research, economic, and regulatory agendas are
heavily biased to pharmaceutical development based
on research findings that are often flawed at best and
fraudulent at worst versus being patient centric and out-
comes oriented. Second, no single herbal medicine or
collective of herbal medicines in the history of the world
has resulted in the magnitude of public harm as a single
drug such as thalidomide, Vioxx, or Rezulin or the col-
lective of pharmaceutical drugs. Yet, despite hundreds
or thousands of years of clinical and empirical data
with herbal medicines, their use is often restricted or
limited based on claims of their “unknown dangers”
simply because modes of action have not been fully ar-
ticulated according to modern conventional drug stan-
dards, which, in actuality, fail to accurately disclose
the dangers of modern drugs.

3.4 TRADITIONAL HERBAL MEDICINES:
CENTURIES OF EMPIRICISM

One of the points of demarcation between the basis of
evidence by which traditional and modern drugs are
differentiated is empirical observation of the former
and modern clinical trials of the latter. Interestingly, as
in the examples of the toxic pharmaceutical discussed
above, it is only when the drugs get into empirical use
is the actual toxicity and limited efficacy revealed. Addi-
tionally, in the US, 20% of prescription drugs are used
for off-label uses, uses for which they were not specif-
ically approved, including use in pregnancy and in chil-
dren, uses for which were determined by practitioners
empirically and are legally allowed. Moreover, a 2006
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study reported that most all of these off-label uses (73%)
had little or no scientific support [121]. This is most trou-
bling as one of the primary reasons given worldwide
that dissuades physicians and insurance carriers from
integrating herbal medicine into national health care
plans is a perceived lack of scientific evidence; yet
most of what is practiced in Western medicine,
including the use of pharmaceuticals andmedical proce-
dures (e.g., cesarean sections, hysterectomies, mammog-
raphy and PSA screening) are not evidenced based or
are based on very poor evidence.

3.4.1 St. John’s WortdA Herbal Case History

St. John’s wort (Hypericum perforatum) (Figure 3.7) is
one of the most ancient of herbal remedies in Western
civilization and continues to be used today in much
the same ways as in ancient times.

Dioscorides wrote: a decoction of the fruit (taken as a
drink with a pint of honey water) is available for sciatica.

It expels much bilious excrement. Smeared on, it is
good for burns [112]. Today, St. John’s wort oil is
routinely used topically by modern medical herbalists
for burns, scrapes, and neuralgic pain and internally
for the treatment of depression. While St. John’s wort
was introduced into modern western medical practice
by homeopaths, who regarded it as “arnica for the
nerves,” a dictum attributed to Paracelsus [73], and
arnica being a highly regarded healing agent for tissue
damage, the herb became widely accepted by nonho-
meopaths. St. John’s wort was historically one of the
most relied upon botanicals for the treatment of
wounds. Part of this activity is due to Hypericum’s anti-
microbial activity, which modern research attributes to
the essential oil, phloroglucinols, and flavonoids. In a
relatively modern study, a St. John’s wort oil, one of

the oldest of Galenical St. John’s wort preparations,
was shown to facilitate the healing of second and third
degree burns [129] and successfully treat infection
with Staphylococcus aureus [105] to a degree greater
than standard treatment with sulfonilamide [2]. In
another study of St. John’s wort, a tincture (1:10) of the
herb was studied for its wound-healing properties and
compared with Calendula. The effect of orally adminis-
tered tincture of St. John’s wort was greater than topical
application of Calendula tincture in the healing of inci-
sion, excision, and dead space wounds as evidenced
by an increase in epithelization and wound-breaking
strength [122]. In recognition of the ancient use of St.
John’s wort as a healing balm, St. John’s wort oil was
listed in the Pharmacopoeia Augustana (1622) and in the
first [116]. Gerard [55] wrote that St. John’s wort’s use
as a balm for wounds, burns, ulcers, and bites was
without equal, stating: “for I dare undertake to cure
any such Wound as absolutely in each respect, if not
sooner and better, as any Man whatsoever shall or
may with Natural Balsam.” Linnaeus [89] in his Materia
Medica reported on the use of the flowers and herb of St.
John’s wort (Hypericum vulgare) to stop bleeding of the
lungs and urinary tract and as an anthelmintic. The
Latin name Hypericum was derived from the earlier
Greek eikon as recorded in the second century BCE by
Nikander (Alexipharmaca V, line 603) and then later, ac-
cording to Ref. [69] by the noted Greek physician Eury-
phon (upereikon; fifth century BC) as yperikon, which
meant “over an apparition” [69].

Paracelsus also recommended St. John’s wort for
phantasmata, which referred to psychoses and hallucina-
tions, and for “healing of the soul.” In early times,
depression was undoubtedly considered a form of
possession, and, from a humanistic perspective if not a
medical diagnostic perspective, depression can very

(A) (B)

FIGURE 3.7 (A): St. John’s wort (Hypericum perforatum); (B): Oil maceration of St. John’s wort (Hypericum perforatum) flowering tops. The oil of
St. John’s wort flowers is one of the most ancient of vulnerary (wound healing) oils used. Modern research attributes wound-healing effects due to
phloroglucinols contained in the flowers and seeds. Roy Upton, Soquel, CA.
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much be described as a “disease of the soul.” In more
modern times, formal clinical trials including meta-
analyses, demonstrate St. John’s wort’s efficacy in the
treatment of mild to moderate depression [5,88]. In one
of a few trials where significant benefit was not demon-
strated with either St. John’s wort or the approved anti-
depressant imipramine, the herb performed better than
the pharmaceutical both in patient outcome and side-
effect profile [31]. Thus, even in a study where the
herb presumably was not statistically significantly better
than placebo, it nevertheless showed greater efficacy
than an approved pharmaceutical agent and was safer.

3.4.2 Triphala and Si Wu Tang

Ayurvedic medicine provides us with a particularly
poignant example of a traditional herbal drug that has
similarly stood the test of time and modern
researchdthe three-fruit combination triphala. Triphala
was first written about and referenced extensively
more than 1000 years ago in the seminal text of Ayur-
veda the Caraka Samhita (w100 BCE). This formula is a
mainstay of the practice of virtually every modern Ayur-
vedic practitioner today and, for many, it is the first ther-
apy given before any others can be considered effective.
Additionally, triphala is regarded as a rasayana, a rejuve-
native tonifier used to preserve life [119]. Much of the
modern research of the individual herbs in triphala, as
well as the combination itself, focuses on cytoprotective,
immunomodulating, and antioxidant activity [103,140],
three pharmacological actions that can be considered
to be associated with preserving life.

A last example is provided by a classic Chinese herbal
formula known as si wu tang (four substance decoction).
The formula was first written about in the Xian Shou Li
Shang Xu Duan Mi Fang (Secret Formulas to Manage
Trauma and Reconnect Fractures Received from an Immortal)
approximately CE 846 [133]. The formula was originally
described for its use in menstruation, among other indi-
cations. Regarding menstrual difficulties, Western con-
ventional medicine has few therapeutic options for
promoting gynecological health and fewer good thera-
peutic options. In 2003 in the US alone, there were
approximately 602,457 hysterectomies performed,
538,722 (w89%) of which were for benign conditions
[169]. Some studies show that many hysterectomies are
deemed unnecessary by second opinion or when alter-
native treatments are offered [15,144]. Some experts sug-
gest that up to 90% of hysterectomies are not medically
necessary [108]. Rates of hysterectomies have differed
between countries over the years, for example, ranging
from a high of 5.4 per 1000 women in the US [43]; inter-
mediate rates of 3.7 per 1000 in Italy [95]; and a low of 1.2
per 1000 in Norway [97]. The conditions for which hys-
terectomies are performed, and are often accompanied

by removal of the ovaries (oophorectomy) as prophy-
laxis against ovarian cancer, are predominantly to
relieve symptoms of difficult menstruation that gener-
ally do not threaten lives. Current scientific evidence
suggests that elective oophorectomy is not advisable
for the majority of women as it may lead to a higher
risk of death from cardiovascular disease and hip frac-
ture and a higher incidence of dementia and Parkinson
disease [127]. Recently, it was concluded that preserving
ovaries until at least the age of 65 years was associated
with higher survival rates. Conversely, women who
have a bilateral oophorectomy have a higher incidence
of risk of all-cause death, fatal and nonfatal coronary
heart disease, stroke, and lung cancer. Markedly, none
of the groups in which oophorectomies were performed
showed any correlation with increased survival [113]
suggesting that botanical alternatives offer a completely
different therapeutic strategy with tremendous potential
for benefit. Similarly, bioprospecting in the traditional
herbal medical literature for potential medicinal com-
pounds has been demonstrated to yield more positive
findings than random screening of plant compounds
[26,145]. Moreover, noted medicinal plant researcher
Cordell [27] underscores the need for humans to pay
close attention to the preservation and investigation of
traditional knowledge and natural resources that pro-
vide traditional and modern medicines for future gener-
ations, a message that should be taken to heart.

3.5 TRADITIONAL MEDICINE:
THERAPEUTICS, DEFINITIONS,

AND ORIENTATIONS

Historically there were two primary arms to the study
of traditional herbal healing modalities, therapeutics and
materia medica. The first provides the theoretical frame-
work by which health and disease is understood, the sec-
ond the medicinal agents used. Therapeutics provides
the diagnostic principles that form the basis for which
materia medica is to be applied. Today, the majority of
herbal medicines are researched in a way that takes little
or no consideration into the therapeutic framework in
which herbal medicines were traditionally used. Rather,
individual (relatively rarely) formulas are investigated
from a western pharmacological perspective for Western
disease endpoints, out of cultural diagnostic and thera-
peutic context. The primary reason that Chinesemedicine
offers potentially effective treatments for functional gyne-
cological problems, as discussed above, is due to the theo-
retical basis of understanding the physiology and
pathology of the gynecological system. In Western medi-
cine there is little understanding of the cause of functional
gynecological imbalances. Western medicine employs
metrics to identify hormonal imbalances, growths, and
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abnormalities, but has little to no understanding of the
cause. Conversely, Chinese medicine offers unique per-
spectives on promoting the health of the gynecological
system through a myriad of theories of the causative fac-
tors of gynecological imbalances that correspond directly
to therapies to address those imbalances. Whereas West-
ern medicine offers hormonal replacement therapy (that
itself increases mortality), palliative medications, and
surgical and ablation therapies, TCM offers a host of ther-
apies that include dietetics, baths, exercise, moxibustion,
acupuncture, and a myriad of diverse herbal prescrip-
tions, such as si wu tang, some of which have been in
continued use for several hundred years. Many of these
therapies have been demonstrated to have high rates of
efficacy relative to controls for a wide range of gynecolog-
ical imbalances including infertility, endometriosis, poly-
cystic ovarian syndrome, dysmenorrhea, and pelvic
inflammation, to name only a few (Refs [75,126]; among
others), though most of the non-Asian world remains un-
aware that TCM offers a completely different healing
paradigm that could render a large percentage of hyster-
ectomies unnecessary.

Traditional herbal medicines are generally and specif-
ically defined within numerous WHO documents and
are categorized into four main groups as follows [161]:

1. Herbs: crude plant material such as leaves, flowers,
fruit, seed, stems, wood, bark, roots, rhizomes, or
other plant parts, which may be entire, fragmented, or
powdered.

2. Herbal materials: in addition to herbs, fresh juices,
gums, fixed oils, essential oils, resins, and dry
powders of herbs. In some countries, these materials
may be processed by various local procedures, such
as steaming, roasting, or stir-baking with honey,
alcoholic beverages, or other materials.

3. Herbal preparations: the basis for finished herbal
products and may include comminuted or powdered
herbal materials, or extracts, tinctures, and fatty oils
of herbal materials. They are produced by extraction,
fractionation, purification, concentration, or other
physical or biological processes. They also include
preparations made by steeping or heating herbal
materials in alcoholic beverages and/or honey or in
other materials.

4. Finished herbal products: herbal preparations made
from one or more herbs. If more than one herb is used,
the term mixture herbal product can also be used.
Finished herbal products and mixture herbal
products may contain excipients in addition to the
active ingredients. However, finished products or
mixture products to which chemically defined active
substances have been added, including synthetic
compounds and/or isolated constituents from herbal
materials, are not considered to be herbal.

The WHO more specifically defines herbal medicines
as follows:

“For the purpose of these guidelines, the Consulta-
tion agreed that Herbal Medicines should be regarded
as: Finished, labeled medicinal products that contain
as active ingredients aerial or underground parts of
plants, or other plant material, or combination thereof,
whether in the crude state or as plant preparations. Plant
material also includes juices, gums, fatty oils, essential
oils, and any other substances of this nature. Herbal
medicines may contain excipients in addition to the
active ingredients. Medicines containing plant material
combined with chemically-defined active substances,
including isolated constituents of plants, are not consid-
ered to be herbal medicines.”

These categories draw clear distinctions between a
traditionally prepared herbal medicine and a modern
chemical isolate. This is poignant as an herbal substance
such as St. John’s wort with several centuries of accumu-
lated data regarding indications, efficacy, and safety, and
numerous modern studies documenting relative safety
and efficacy, must be considered differently than the
newly developed drug of the year that has no history
of existence let alone a sufficient body of data regarding
safety and efficacy.

While some countries (e.g., Japan, India, People’s Re-
public of China) have worked diligently to represent
traditional healing practices, including herbal medi-
cine, as part of their national health care systems, as
of 2005, approximately 60% of WHO member countries
had no policy on traditional healing practices [164].
Moreover, while it is largely public interest that is
driving the desire for greater access to herbal medi-
cines, and thus driving policies, oftentimes, national
policies are established with little or no input from
the traditional medicine practitioner community. For
example, neither the EU traditional medicines Directive
2001/83/EC nor the Dietary Supplement Health and
Education Act, the latter that constitutes the primary
access by which traditional herbal agents are allowed
in the US, had formal input from the most well estab-
lished of the traditional medicine practitioners, namely,
Ayurvedic, Chinese medicine, or naturopathic practi-
tioners. Thus, in both the US and the EU, it is industry
with vested interests in specific herbal remedies that
drive both health care policy and herbal medicine
approval. This is a significant impediment to traditional
healing practices as the availability of materia medica is
often dependent upon the availability of crude herbs or
herbal preparations through industry. The 2006 ban-
ning of the Chinese herb ephedra (Ephedra sinica)
(Figure 3.8) in the US is a clear example of how the
misuse of the herb by industry, and subsequently by
consumers, in stimulant and weight loss products led
to significant adverse events.
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This resulted in both perceived and real concerns
regarding the herb’s safety that resulted in a complete
restriction from public and practitioner use, losing one
of the most important articles of both Chinese and West-
ern herbal materia medica and losing access to an herb
that had been used with a relatively high degree of
safety (when properly used) for more than 1000 years.
A similar ban of kava root (Piper methysticum) (Figure 3.9)
occurred, almost worldwide due to concerns over its po-
tential for hepatotoxicity in certain individuals.

Kava has a long history of use throughout Polynesia,
where it is used as a ritualistic calming beverage. It was
developed as a modern phytomedicine and its safety
and efficacy as an anxiolytic has been reported in indi-
vidual studies and meta-analyses [130,131]. Prior to its
ban, the root preparation was available worldwide. In
the early 2000s, case reports of alleged hepatotoxicity
associated with kava use were published (see Ref. [41],
among others). In subsequent years, a total of a few
hundred case reports were made. These were

systematically reviewed by a variety of regulatory au-
thorities and authors and resulted in an almost complete
ban of the herb worldwide. According to most reviews,
only a small percentage of the total number of the re-
ports could be attributed to kava itself as many users
were also using potentially hepatotoxic drugs such as
acetaminophen, chemotherapeutic drugs, or alcohol,
and some were not using kava at all. In their formal
assessment at the time, Swiss regulatory authorities esti-
mated that 8 cases occurred in a total of 40 million daily
doses or 1 case per 170,000 courses of treatments of
30 days duration [143]. In a formal review of the case re-
ports at the time, noted toxicologist Donald Waller
concluded: “In summary, there are only a few of these
cases in which kava might be directly associated with
liver damage, although speculation about the cause of
liver injury in even these few cases is not scientifically
supportable in the absence of more complete informa-
tion. Each of these possible cases appear to have been
hypersensitivity or idiosyncratic based responses. There
are several other reports which have weak associations
with kava consumption and many reports which have
inadequate information to make any rational assess-
ments.” [155]. Some attributed potential hepatotoxicity
to poor sourcing practices; i.e., purchase of the least
expensive but less desirable variety of kava or manufac-
ture of the extract from the stems rather than the root.
Regardless, the incidence of alleged negative events is
extremely small relative to other anxiolytics, at best
such an effect is idiosyncratic and rare, and at worse,
poor sourcing practices may have contributed to the
case reports and is correctable. Rather, despite very
weak evidence of harm, two of the most important bo-
tanicals in the materia medica, whose efficacy is well
documented, were removed from the market nationally
or internationally.

In contrast, the common over-the-counter drug acet-
aminophen (paracetamol) is one of the most common
drugs associated with acute liver failure, an effect that
has been known since at least 1966, yet it has remained
on the market despite it causing approximately 46% of
the approximately 2800 cases of acute liver failure that
occur in the US annually, 20% of which results in death
[47]. In 1993, 47.8% of all overdoses involved paraceta-
mol or paracetamol-containing drugs, making it a pri-
mary cause of liver failure in the UK [110], though
restrictions in prescribing practices there reduced this
incidence [70]. National policies regarding herbal medi-
cines do not usually involve formal benefit to risk assess-
ments. Rather, even small risks are often not tolerated,
such as in the case of kava and ephedra, while it is
acceptable for a drug such as acetaminophen to be asso-
ciated with 50% of the world’s liver failures and for
pharmaceutical medications to be the leading cause of
death in many countries.

FIGURE 3.8 Ma huang (Ephedra sinica). Ma huang is an herbal drug
used since ancient times in China. It is a source of the sympathomi-
metic amine ephedrine, which is used as a common ingredient in de-
congestants. Its inappropriate use in herbal stimulant and weight loss
products led to the complete ban of the herb in the US in 2004, though
over-the-counter ephedrine drug products remain on the US market.
Roy Upton Soquel, CA.
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In addition to the loss of an effective anxiolytic,
there are other far-reaching consequences to cultures
and economies when such a ban occurs. Prior to the
kava ban, annual production of kava throughout the
Pacific Island islands was approximately $200 million
annually. After the ban in 2002, revenues from the sale
of kava in Fiji, Vanuatu, Tonga, and Samoa decreased
between 75 and 98%. At the time, kava production
was one of the few profitable industries throughout
Polynesia [130,131]. This illustrates the larger role

that plants play in human health, ecology, culture,
and economies.

Policies regarding herbal medicines tend to focus pre-
dominantly on supply and manufacturing issues, with
relatively little resources expended on human clinical
trials, and fewer resources expended to investigate bo-
tanicals medicines in the manner in which they were
traditionally used, as part of a multifaceted healing pro-
gram that included dietary, stress, and behavioral modi-
fication. Too much emphasis is placed on studying

FIGURE 3.9 Kava (Piper methysticum) the legendary anxiolytic herb of Polynesia. Anxiolytic activity of kava is supported by both the
traditional and scientific literature. Concerns over alleged hepatotoxicity lead to the international ban of this plant despite numerous formal
toxicity reviews and studies attesting to its safety when used appropriately, eliminating a safe and effective botanical medicine from the modern
herbal materia medica. Kava plant and kava bowl: Roy Upton, Soquel, CA; Kava roots: Lynette Casper, American Herbal Pharmacopoeia, Scotts Valley, CA.
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herbal drugs in the same way that conventional drugs
are studied, thus, often investigating the herbal drug
out of the cultural and medical context in which it was
historically used.

3.5.1 Pharmacognosy’s Separation from
Traditional Herbal Medicine

“To talk about pharmacognosy is to follow the evolu-
tion of man’s knowledge during the various civiliza-
tions, i.e. the evolution of mankind from the dawn of
time to the present.” [32]

Historically and until relatively recent times, pharma-
cognosy, the study of drugs derived from natural prod-
ucts, represented an intersect between traditional herbal
medicine, ethnobotany (the traditional and cultural use
of plant medicines and textiles), and scientific inquiry.
In ancient times, the predecessors of modern pharma-
cognosists, represented by early medical scholars such
as the Greek physician Dioscorides (CE first century),
were more closely linked with the practice of medicine
than their descendents of the twentieth century, many
of whom were influenced by the chemical revolution
taking place at the time and became more aligned with
the business of drug development rather than the prac-
tice of medicine.

With its formal beginnings in the writings of the
Austrian professor of medicine Johann Adam Schmidt
(1759e1809), the original focus of pharmacognosy
was on ensuring the identity, quality, and purity of
plant-based drugs [135]. A principle focus at the time
was on the source and quality of the raw material
used in the manufacture of herbal drugs. This was prior
to the advent of modern analytical chemistry and so the
morphological and organoleptic characters of the crude
plant drug, and later, the cellular structures of the plant
as observed with a compound microscope, were the
primary analytical tools used. As analytical chemistry
and the manufacture of synthetic drugs advanced, the
science of pharmacognosy evolved into the field of
pharmaceutical biology with an emphasis on natural
products chemistry, molecular biology, and biotech-
nology. The modern pharmacognosist, rather than
applying the skills of classical botanical pharmacog-
nosy to ensure the identity, quality, purity, and integrity
of plant drugs, which were being replaced by chemical
drugs, was employed to search for novel compounds
that could be exploited as drugs for commercial pur-
poses. This change in scientific focus paralleled the
changes in the medical profession described previ-
ously. According to a 1941 article in the magazine
Science,

“The desertion of the study of vegetable drugs
soon became almost complete.at the present time re-
searchers dealing with plant medicinals are relatively

rare and are becoming more so. Today is the heyday
for organic synthetic chemicals.” [59].

3.5.2 The Warp and Woof of Ancient
and Modern Medical Thought

The focus on the germ theory in Western medicine as
the primary cause of pathology paralleled earlier medi-
cal philosophies of China’s Zhang Ji (Zhang Zhong Jing;
wCE 150e210) in his Shang Han Za Bing Lun (Shang Han
Lun; Treatise on Cold Damage Disorders) that recognized
pathogenic factors as a cause of epidemics. Germs and
their destruction and the subsequent advent of antibi-
otics, an incredible life-saving but one-sided facet of dis-
ease treatment, became the primary focus of twentieth
century medicine that employed a militaristic strategy
to search and destroy disease that has persisted. This
is in stark contrast to the vitalistic principles of Chinese
and Ayurvedic medicine, whose primary focus was and
is on the health of the host, and on the earliest doctrines
of Western medical practice of first do no harm. The
earliest text of TCM, the Neijing Suwen (475 BCEeCE
221) records:

Uneducated practitioners behave very aggressively,
believing they can launch an attack. Before the old disease has
ended, a new disease emerges in addition. [150].

The myriad of serious negative side effects that are an
inherent part of modern pharmaceutical therapies, as
reflected in increasing rates of iatrogenesis, provide
ample evidence of the consequences of aggressive treat-
ments. According to traditional systems of healing, a
healthy host, it is reasoned, is less susceptible to external
pathogenic influences and has the greatest chance of
health restoration, for example, from chronic degenera-
tive diseases, for which modern medical constructs
have little to offer. This realization was articulated in
the historical TCM literature of Chinese herbalist and
acupuncturist Li Dongyuan (CE 1180e1252). Li broke
from the earlier traditions of the Shang Han Lun that
focused on external pathogenic factors as the cause of
disease and noted that if a person’s core health, as
embodied in the health of the spleen and stomach (bu
tu pai: earth engendering school), is strong they will have
resistance from external invasion no matter how strong
the pathogen [174]. This was a revolutionary concept
in medical history that has yet to be practically applied
in Western medicine. Most importantly, these two con-
cepts, the shang han and di sheng traditions, along with
several other principle philosophies (e.g., yin-yang, wei
qi ying xue bian zheng (4 levels), qi qing (7 emotions),
and ba gang (8 principles), among others) reflect a system
that embraces a myriad of medical philosophies that are
applied for an individual patient. This is in stark
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contrast to the single-minded focus of western medi-
cine on a pathogen and pathology.

As modern pharmaceuticals increased in isolation,
potency, and pharmacological exactness, herbal medi-
cines largely vanished from use in Western countries.
Conversely, Ayurvedic and traditional Chinese medi-
cine remained relatively strong up until the twentieth
century. There were periods in the history of China
and India (e.g., in India while under British rule) when
traditional medical practices were formally discouraged
in favor of European medicine. However, for example,
after decades of influence of western medical theories
in China, traditional Chinese medicine practitioners
began to identify deficiencies in western theories and
argued that traditional Chinese medicine had much to
offer the totality of medical care and began a process
of integrating Western and traditional Chinese medical
theories [22] that continues today. Subsequently, as of a
2005 survey conducted by the WHO, 1242 herbal medi-
cines were listed on China’s essential drug list [164].
Similarly, after the end of British rule in India, Ayurveda
once again regained its popularity and today, there are
more hospitals of Ayurvedic care than there are conven-
tional Western medical hospitals and the government
actively supports the development of Ayurveda, as
does the Chinese government for TCM. There are
approximately 960 plants species used by the Indian
herbal industry [128].

Herbal medicine in Europe experienced resurgence
for more practical reasons; after World War I, a number
of drug patents, such as aspirin and heroin, were lost to
the Allied Forces under the Treaty of Versailles [72].
Similarly, during World War II, much of the infrastruc-
ture for drug development was destroyed in major cities
throughout Europe. This forced many, most notably
Germans, to once again look at traditional herbal medi-
cines and began a trend of cultural use and research that
has persisted to the present day.

While herbalmedicine in theUS survived in pockets of
minority groups (African Americans and Caucasians
from the rural south, certain Christian sects, Mormons,
Native Americans, etc.), a true resurgence did not occur
in the US until the 1960s with the back to nature “hippy”
movements occurring then. This movement was overlaid
with experimental use of a variety of hallucinogens, a
number of which were of plant origin (e.g., Psilocybe,
Datura, Lophora, Cannabis). At the same time, America
was introduced to all the isms of the rest of the world
such as Buddhism, Confucianism, Daoism, Hinduism,
shamanism, all of which emphasize an individual’s rela-
tionshipwithin the context of all else that lives, ancestors,
and future generations. This was in contrast to the domi-
nant Christian constructs that suggest that “man has do-
minion over the earth,” a philosophy rejected as new
thoughts from the east and from Native Americans

were introduced. This partially established in modern
youths the philosophical foundation of nature being the
primary healer and the recognition or belief that humans
and plants have coevolved and, because of that, plants
were the optimal form of medicine for human health; a
philosophy firmly held by many herbalists and natural
health care practitioners today.

3.6 STANDARD OF HERBAL DRUGS IN
EARLY PHARMACOPOEIAS

The term pharmacopoeia is derived from the Greek
pharmakon (meaning medicine or charm) and poien
(meaning to make). Thus, any of the earlier works of
materia medica, which attempted to codify the prepara-
tion of medicinal ingredients or formulae, can be consid-
ered the antecedents of today’s pharmacopoeias. In this
regard, China’s Shen Nong Ben Cao, Egyptian papyri
(e.g., Eber’s Papyrus), the Caraka Samhita of India, and
the early Greek and Roman works of Theophrastus,
Dioscorides, and Galen all represent such works. How-
ever, over time, pharmacopoeias came to encompass
consensus documents generated by groups of physi-
cians or pharmacists, versus individual authors, and
were given formal authority by governmental bodies.
Sonnedecker [139] defines the modern concept of phar-
macopeias as containing “pharmaceutical specifications
that are intended to secure uniformity in the composi-
tion, quality, and therapeutic activity of medicines and
that are made obligatory within a political unit by le-
gally effective authority.”

Historians differ as to the earliest of formal works of
medical authority, but perhaps the first such consensus
standard wasNuovo Receptario Composito, a book of med-
ical ingredient standards commissioned by the guild of
physicians of Florence and made official in Florence in
1498 [50]. Fifty years later in 1548, the actual word phar-
macopoeae appeared in Pharmacopoeae Jacobi Sylvii libri
tres of French physician Jacques [34], but the term was
used only in its generic sense. The first officially sanc-
tioned work with the word pharmacopoeia was the
Pharmacopoeia Augustana of 1601 [139]. Other pharmaco-
poeias soon followed establishing the model for official
pharmacopoeias.

Early pharmacopoeias (e.g., Pharmacopoeia Augustana
1622 (Figure 3.10); [116]) were predominantly books of
recipes for extracts, syrups, and oils and provided guid-
ance for relative standardization of medicinal prepara-
tions, many of which were Galenical, relatively
crudely extracted, herbal preparations.

Over time, pharmacopoeias (e.g., British Pharmaco-
poeia [19]) introduced standards of identity and quality
for individual herbal medicines. Many of these reflected
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relative generality, sometimes not specifying plant spe-
cies (e.g., acacia) but notably included information
regarding the identifying morphological characters,
origin, collection practices, and drying conditions of
the drug material, clearly the primary considerations
of early herbalists and plant collectors. Another early
pharmacopoeia, the Dispensatorium Lippiacum [134],
introduced organoleptic characterizations and the use
of magnifiers as part of the assessment criteria for plant
medicines. Interestingly, the Dispensatorium Lippiacum
(1792) was described as “predominantly addressing
handcraft savvy pharmacists in small towns” [48], a
description that could readily be applied to numerous
traditional herbal extract (tincture) manufacturers in
the US today.

In addition to being predominantly recipe books of
relatively crude herbal preparations, some of the earliest
of formal pharmacopoeias (e.g., Pharmacopoea Augus-
tana) attempted to resist the ever-growing movement
to use Paracelsun “chemical” medicines. According
to history of pharmacy scholar George Urdang
(1882e1960), in a decree of the Augsburg Senate in
1582, the apothecaries (druggists) were “admonished”
not to prepare or offer for sale “substances which are
known to be detrimental or poisonous, such as
Labdanum minerale, the so-called antimony, also Turpe-
thum minerale and other purging mecurials.” Many of
the precepts of the Paracelsun use of powerfully acting
drugs were in direct opposition to the empirical lineages
of Galenists and Hippocratists. However, soon after, in
1589, the London College of Physicians proposed that
the chemicals, salts, extracts, and metals of Paracelsus
be included in the London Pharmacopoeia. This was even-
tually realized in 1618 with the inclusion of calomel
(mercury chloride) among the medications for internal
use. While the juxtaposition of Paracelsun ideologies
and those of the Galenists were in great part an attempt
of the Paracelsuns to not blindly follow the empirical
philosophies of the ancients, and were very much
attempting to apply scientific experimentation in medi-
cine, Galenists were alarmed at what they saw as the
introduction of highly poisonous substances that had
no basis of safety or efficacy into medical practice. As
noted, this trend laid the groundwork for modern
drug development that persists today.

Another development marking the distinction be-
tween traditional and modern drugs was the introduc-
tion of chemical testing methods into pharmacopoeial
monographs. Prior to analytical chemistry, the focus of
pharmacopoeias and materia medicas was on mor-
phology as the primary identity test and proper har-
vesting conditions and organoleptic characters as the
primary criteria by which herb quality was assessed.
The Pharmacopoea Wirtenbergica (1741; Ref. [48]) was the
first pharmacopoeia to introduce chemical testing of
drugs, a trend that continued as analytical chemistry
advanced and chemically characterized drugs became
dominant. Whereas the earliest pharmacopoeias and
materia medicas reflected a relatively herbal-botanical
approach to the assessment of herbal medicines, later
Western pharmacopoeias, persisting to the current day,
established chemistry as the primary marker of herb
quality.

3.6.1 Identity, Purity, Quality, and
TestingdThe Foundation of
Pharmacopoeial Standards

Pharmacopoeias codify the standards of identity, pu-
rity, quality, and testing for herbal drugs, traditional and

FIGURE 3.10 Pharmacopoeia Augustana (1618). The Pharmacopoeia

Augustana was the first officinal pharmacopoeia in which the word
Pharmacopoeia was used in the title. Many of today’s botanical med-
icines were included in this and early pharmacopoeias. Roy Upton,
Soquel, CA.
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modern. Generally speaking, if a pharmacopoeia does
not provide a monograph for a specific drug then the
drug cannot be traded commercially. Most pharmaco-
poeias worldwide are relatively consistent in the fields
of information they provide. The primary principle of
pharmacopoeial monographs is to ensure the proper
identity of the herbal ingredient to be used in a drug
and develop minimal standards of quality and purity
so that when a pharmacopoeial-grade drug ingredient
is used it will deliver the intended activity. Some
pharmacopoeial monograph standards are consistent
with the herbal assessment practices employed by tradi-
tional herbalists. Others are a result of the ever modern-
ization of herbal medicines including the requirement
for chemical testing that often overshadow traditional
assessment techniques as discussed below. Most phar-
macopoeias lack information that is valuable in procur-
ing a high-quality herbal medicine. While most
monographs create a minimum standard of acceptance,
they fall short in helping to establish an optimal stan-
dard. Most importantly, over-reliance on chemical tech-
nologies can result in impediments to traditional herbal
medicine use. In most all cases, the interface between the
medical practitioner, the classical botanical pharmacog-
nosist, and the resultant pharmacopoeial standard has
been largely lost creating a significant disassociation be-
tween the manufacture and practice of medicine, a
connection that traditionally was much more integrated.

3.6.2 Pharmacopoeial Standards

As noted, pharmacopoeial botanical drug mono-
graphs outline the standards of identity, purity, quality,
and testing required to ensure the consistency of botan-
ical drug ingredients. Additionally, these standards
form the qualitative basis of the regulatory framework
for botanical drug approval and oftentimes, availability
of herbal drugs to the public through public health care
systems. Pharmacopoeial drug monographs are gener-
ally officially accepted by the regulatory officials of a
specific country. However, approximately 74% of coun-
tries do not have their own pharmacopoeias. Of coun-
tries lacking their own pharmacopoeia, approximately
56% utilize the monographs of the European Pharmaco-
poeia or USP; approximately 30% utilize no pharmaco-
poeia; and, perhaps most telling, 78% of countries do
not include herbal medicines in their national drug lists
[164]. In both developed and developing nations, unless
provisions for access to nonofficial plant drugs are in
place, or at the very least not restricted, availability to
traditional herbal drugs can be impeded, a situation
currently in place in the US where there is no formal reg-
ulatory allowance of traditional herbal medicines (there
is a level of regulatory discretion applied to TCM and
naturopathic practitioners).

The following fields of information are contained in
the majority of pharmacopoeial monographs world-
wide. Different pharmacopoeias give greater or lesser
emphasis to certain fields of information over others.
Compliance with monographs in developed countries,
as most represented by the pharmacopoeias of the
European Union and the United States, requires adher-
ence to all aspects of the monograph, a requirement that
fosters redundancy and, in some cases, unnecessary
testing, all of which drive the cost of traditional herbal
medicines up.

3.6.3 Pharmacopoeial Definition

Most monographs begin by defining the medicinal
substance. This definition establishes the identity of
the material being used and oftentimes, the minimum
quality of the ingredient to be used, as determined by
the presence of a specific quantity of a chemical com-
pound as noted in Table 3.2.

The pharmacopoeial definition is often the first body
of information that establishes that a chemical test is
required for acceptance of the herbal drug. Chemical
testing is especially relevant when most of the activity
of the botanical can be assigned to a specific constituent,
when there is a narrow therapeutic to safety window of
the drug, or when the medicinal qualities of the plant
cannot be discerned through sensory analysis. Generally
speaking and specifically regarding relatively safe herb-
al drugs, chemical testing has great value as a comple-
ment to organoleptic assessment. However, analytical
chemistry does not take the place of ensuring optimal
times of harvest and proper drying, processing, and
storage conditions. Chemistry can more fully inform
these practices, but in itself is not sufficient to render
analytical techniques such as botany, microscopy, and
sensory evaluation obsolete (see Macroscopic and Sensory
(Organoleptic) Evaluation below).

TABLE 3.2 Pharmacopoeial Definitions of St. John’s Wort
(Hypericum perforatum)

European
Pharmacopoeia (EP)

Whole or cut, dried flowering tops of
Hypericum perforatum L., harvested during
flowering time.
Content: minimum 0.08 per cent of total
hypericins, expressed as hypericin
(C30H16O8; Mr 504.4) (dried drug).

United States
pharmacopeia (USP)

St. John’s wort consists of the dried
flowering tops or aerial parts of Hypericum

perforatum Linne’ (fam. Hypericaceae),
gathered shortly before or during flowering.
It contains not less than 0.04 percent of the
combined total of hypericin (C30H16O8) and
pseudohypericin (C30H16O9) and not less
than 0.6 percent of hyperforin (C35H52O4).
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3.6.4 Macroscopic and Sensory (Organoleptic)
Evaluation

All pharmacopoeia monographs include a morpho-
logical description of the plant drug under various
descriptive headings such as: Identification in the Euro-
pean Pharmacopoeia; Botanic Characteristics in the USP;
and Description in the Ayurvedic Pharmacopoeia of India
and Pharmacopoeia of the People’s Republic of China. These
sections primarily give the relative form, size, shape,
and physical features of the crude plant drug. These
were the primary criteria used by traditional herbalists
and early pharmacognosists in discerning the authen-
ticity of the plant drug material (see Figure 3.11).

Great emphasis was similarly placed on plant
morphology in the numerous pharmacognosy works of
the nineteenth and early twentieth centuries (e.g., Refs
[46,92,132]; etc.). Detailed instruction was provided of
how an appropriate macroscopic/morphological assess-
ment was to be performed on various plant parts. Today
there is a plethora of references (e.g., Refs [6,180,181]) on
the morphological assessment of crude plant drugs that
provide a scientifically validmeans for identifying a large
number of medicinal plants to determine conformity
with pharmacopoeial identification specifications.

From an evolutionary perspective, tastes are either
aversive or desirable and inform human decisions about
what and what not to eat. At a very basic level, the sweet
flavor typically identifies high-energy foods; strongly
bitter and or strongly acrid tastes are undesirous and
may indicate a poison. In herbal medicine, the tastes
represent specific medicinal properties that have been

codified and integrated into a unified system of thera-
peutics and materia medica.

Organoleptic assessment was, historically, and
among herbalists today, the most important testing mo-
dality for determining the relative quality of a crude
plant drug. Organoleptic or sensory evaluation of plant
material includes an assessment of the taste, aroma,
texture, and sensation experienced by the assessor and
requires a specialized skill set akin to those required
by food scientists and sommeliers, but to a much lesser
degree. From a botanical medicine sense, taste is broad-
ened to include the sensation of texture and mouth feel.
Taste arises when chemicals in foods (and herbs) react
chemically with receptors on taste buds (gustatory caly-
culi) on the tongue, mouth, and throat. The tongue is
covered with 2000e5000 taste buds, each one containing
50e100 taste receptor cells. In modern food sensory
evaluation, five basic tastes are recognized: sweet,
sour, salty, bitter, and umami. This latter umami taste
was defined by the Japanese to describe the “savory” fla-
vor of the commonly used food flavoring monosodium
glutamate. There are relatively few herbs that possess
this flavor and so its relevance to organoleptic assess-
ment of botanicals is limited. More relevant are the tastes
recognized in traditional herbal medicine systems,
namely, sweet, sour, bitter, salty, pungent, and in Ayur-
veda the addition of astringent, which is more accu-
rately a mouth feel, but nevertheless, regarded as a
taste for purposes of describing herbal actions.

Prior to the advent of chemistry, traditional herbal
systems developed a very sophisticated system of

FIGURE 3.11 Macromorphological images of crude medicinal plant parts. Root and rhizome of black cohosh (Actaea racemosa). Lloyd JU,
Lloyd CG. 1931. Cimicifuga racemosa. Bulletin of the Lloyd Library of Botany, Pharmacy and Materia Medica 9 (30 Pt 2):224e88.
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sensory assessment that formed the didactic basis of
their understanding of the pharmacology of the herbs.
These systems linked sensory qualities found in nature
with sensory qualities of pathology and health (hot,
cold, moist, dry, etc.) and then correlated those with
the sensory quality of plant drugs (cool of menthol,
heat of cayenne, moist of slippery elm, etc.).

The Neijing (Inner Classic), the foundational text of
Chinese medicine (dated variously as originating
475e221 BCE or 206 BCEeCE 220), for example, writes:

Xin neng san, neng xing (Acrid can disperse, can move);
Gan neng bu, neng huan, neng he (Sweet can build, can
slow, can harmonize);
Ku neng xie, neng zao, neng jian (Bitter can drain, can dry,
can make firm);
Suan neng shou, neng se (Sour can gather, can astringe);
Xian neng xia, neng ruan (Salty can descend, can soften);
Dan neng shen, neng li (Bland can leech, can benefit).

The Neijing further states:

These five tastes, respectively.each possess their respective
benefits..depending on the four seasons and five zang organs,
diseases are to be treated through the indicated five tas-
tes.acrid enters the lungs; salty enters the kidneys; sour enters
the liver; bitter enters the heart; sweet enters the spleen. [8].

Flavor as the basis of traditional Chinese pharma-
cology was underscored by later Chinese physicians
such as the Ming Dynasty physician Zhang Jingyue
(1563e1640) who in his Jingyue Quanshu (Complete Works
of Jingyue) wrote:

The way of using herbs, there is one way, there is no other.
That is to master the herb’s nature and flavor, and to understand
its yin and yang. Onlywith this understanding, even if the herbs
are many, can you achieve desired results. [109].

Over time, herb compatibility (mixing of more than
one herb) was studied and codified, and after this, in-
compatibilities, and herbal formulas, a clinically based
study of medicine and pharmacology that evolved
over two millennia, and continues to evolve using the
same foundational principles.

Tastes contribute part of the sensation of foods and
are complemented by aroma detected by olfactory
epithelium receptors; texture detected mechanically
such as through nerves in muscles; temperature through
thermoreceptors; and sensations of coolness (pepper-
mint leaves or oil), heat (cayenne, black pepper), and
pungency (cloves, ginger root) through chemical sensa-
tions detected by skin andmucous membranes (chemes-
thesis) (in TCM referred to as the “nature” of the herb).
In some cases, the tastes directly correspond to medici-
nally active constituents as established in western sci-
ence, such as menthol from peppermint; capsaicin and

piperine from cayenne and black pepper, respectively;
and eugenol and gingerol from cloves and ginger root,
respectively. For example, in addition to the oral cavity,
bitter taste receptors are expressed in neuroendocrine
cells of the large intestine, chemosensory cells of nasal
epithelium, human airway cells, and even the brain
(brainstem, cerebellum, cortex, and nucleus accumbens)
[138]. Menthol is an active constituent in topical analge-
sics and acts by triggering cold-sensitive TRPM8 recep-
tors in the skin. It is through this mechanism that the
familiar cooling sensation when inhaled, ingested, or
applied topically are experienced [35], while menthol’s
analgesic properties are mediated through a selective
activation of k-opioid receptors [51]. The yellow color
and bitter taste of the Chinese herb huang lian (Coptis
spp.) [181] and the North American goldenseal root
(Hydrastis canadensis) are correlated with berberine con-
tent, the herbs’ putative primary antimicrobial constitu-
ent; the mucilaginous content of herbs such as slippery
elm (Ulmus rubra), flax seed (Linum usitatissimum), and
psyllium seed (Plantago ovata), as determined by the
swelling index included in most pharmacopoeias, is
correlated with the soothing and moistening nature of
the herbs; the bitter flavor of Ganoderma species is corre-
lated with immunomodulating triterpenes [83,106]; the
numbing effect of Echinacea angustifolia root experienced
when chewed is correlated with isobutylamides, among
the most biologically and pharmacokinetically relevant
of echinacea’s immunomodulatory constituents [167].
These are only a few examples where there is a clear as-
sociation between flavors and known active constituents
and pharmacological effects.

Most of all traditional herbal healing systems use
taste and the organoleptic qualities of plant drugs as
the foundational principle in understanding the plant’s
physiological effects. In Ayurveda, this is codified as dra-
vyaguna (pharmacology) comprised of the six rasas (pri-
marily regarded as tastes), guna (physical properties),
veerya (temperature or potency), vipaka (post-digestive
effect), and prabhav (specific or unique action). Western
classical herbal traditions utilized similar nature-plant-
physiology-pathology correspondences. Avicenna in
the introduction of his Canon states that “taste is the
most precise indication of the nature of the drug” and
is part of a larger system, as in TCM, where the tastes,
actions, and the nature or “temperament” of a drug
are directly correlated with the primary elements of na-
ture, namely air, fire, earth, and water, and are further
correlated with physiological states of health and dis-
ease [10]. Indigenous healing systems similarly used
taste and the physical nature of the herb to guide
prescriptions.

While the aforementioned basic taste-chemistry cor-
respondences are simplistic and not specific to disease
complexes from a Western medical approach, they
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form the basis of pharmacology that is completely uni-
fied in the diagnostic system of traditional systems of
healing. Similarly, while herbalists historically did not
specifically know what compounds were correlated
with what activity, like the WHO, they recognized that
it was the whole herb that was considered the active
ingredient and that the quality and action of the herbal
drug were discerned, and often directly correlated to,
its sensory characteristics. These relationships were
then either proven or disproven through experience
and refined over centuries. In Ayurveda and TCM, this
system of sensory relationship between nature, humans,
andmedicines is still actively applied by almost all herb-
al practitioners. It is this very system that uniquely cor-
relates qualities of nature with qualities possessed in
plants; qualities reflected in anatomy, physiology, and
pathology; and qualities of an individual’s environment,
creating a unified system based on natural principles
of human health and plant evolution that is, itself, a
microcosm of nature. This is another stark differentiator
between traditional and modern systems whose diag-
nostic systems seldom look at the nature of the person
but rather defer the understanding of human health
and pathology to mechanical diagnostic equipment
that then generates, often, arbitrary values that represent
only the symptoms experienced by a human but not the
human experience. Consumers experience benefits from
traditional healing systems precisely because those sys-
tems offer a paradigm that is different from conven-
tional medicine and addresses a universal need to
restore the human aspects to human health.

3.6.5 Can We Integrate Traditional Knowledge
and Modern Science?

For quality control purposes, sensory assessment of
crude drugs was codified into the historical herbal,
materia medica, and pharmacognosy literature and is a
critical part of the herbal medicine assessment process
that has been almost completely discarded in modern
times, far overshadowed by chemistry first, and now
by metabolomics and genetics. To the modern pharma-
cognosist or regulator, relying on organoleptic assess-
ments for determining the quality of an herbal drug
may appear to be outdated considering modern analyt-
ical techniques that can quantify to parts per million or
billion. From a modern pharmacognosy perspective
the correlation of medicinal effects with sensory charac-
ters of plant drugs is a potentially large area of interest
for future research in helping to correlate traditional
herbal pharmacology with western pharmacology.

Despite the importance of organoleptic characteristics
as a basis of traditional herbal medicine, these characters
are seldom given in Western pharmacopoeias (e.g.,

European Pharmacopoeia, USP-NF) but do persist in Ayur-
vedic and Asian pharmacopoeias (e.g., Ayurvedic Phar-
macopoeia, Pharmacopoeia of the People’s Republic of China,
and Japanese Pharmacopoeia). Consistent with historical
practices, conformity with organoleptic characteristics
in these references is considered part of the acceptance
criteria for herbal drugs. Like the morphological assess-
ment of crude drugs, texts that focus on classical botan-
ical pharmacognosy provide detailed guidance on how
to conduct an appropriate organoleptic assessment and
also provide the morphological and organoleptic charac-
teristics of hundreds of plants. The importance of devel-
oping the skills needed for assessing crude drug quality
was underscored by the highly respected Eclectic phar-
macist John Uri Lloyd who stated:

The crude drug is the foundation of the pharmaceutical
preparation.. The [pharmacognosist] must be able to judge
of the intrinsic qualities of drugs. This last is the most important
part of the art of pharmacognosy, for while it is easy to learn to
identify different drugs it is difficult to obtain the experience
necessary to judge of quality shades.. The study of crude
drugs is most important.

The importance of macroscopic assessment of plant
parts is equally underscored by the WHO in their Guide-
lines for the Assessment of Herbal Medicines, which states:

Visual inspection provides the simplest and quickest means
by which to establish identity, purity and, possibly, quality. If a
sample is found to be significantly different, in terms of color,
consistency, odor or taste, from the specifications, it is consid-
ered as not fulfilling in the requirements. [159]

Applying western standards of either chemical or
pharmacological assessment to traditional herbal medi-
cines can inform and increase our knowledge base of the
botanical, its optimal time of harvest and processing
conditions, pharmacology, purity, and safety. However,
the majority of the herbs used today have been in
continued use for several hundred years, often used in
exactly the same manner as herbalists and physicians
did historically, before the advent of modern pharma-
cology and chemistry. Attempting to regulate or restrict
traditional herbal healing systems because they do not
fit into the typical western paradigm is an antithesis to
the healing system itself. From a traditional herbal med-
icine perspective, preservation, development, and
acceptance of morphological and organoleptic assess-
ment skills are critical in preserving traditional medicine
practices and are worthy of modern scientific investiga-
tion within the context of the medical system in which
those qualities exist and the attributes assigned to those
qualities.

Regarding traditional medicine practice, there is some
protection of traditional herbal medicine principles inter-
nationally. In most countries that regulate herbal
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medicines (e.g., much of Asia, the European Union, and
India), herbal medicine practitioners are exempt from
standard manufacturing GMPs. This is not the case in
the US, where FDA maintains the authority to require
practitioners to be in full compliance with standard die-
tary supplement manufacturing GMPs, an authority
that threatens the perpetuation of traditional herbal heal-
ing in that country. As recognized by the WHO and Eu-
ropean Union, the whole crude plant part is considered
to be the active ingredient, not a specific amount of a
compound(s) that can be quantified. Macroscopic and
sensory evaluation of herbal ingredients, followed by
therapeutic experience, is the primary means by which
traditional herbal practitioners can continue practicing
their traditional healing systems as outlined in the clas-
sical medical literature. Not recognizing traditional herb-
al assessment principles in formal pharmacopoeia limits
the expression and evolution of traditional herbal medi-
cine, and instead, pushes herbal medicines solely into a
western pharmaceutical paradigm.

3.6.6 Histology and Identification (Microscopic
Characterization)

Just prior to the advent of modern analytical chemis-
try, microscopic examination of crude herbal drugs,
along with gross morphological and organoleptic
assessment as described above, were the primary tools
used for crude herbal drug assessment.

European and American pharmacognosists put
tremendous value in the ability to identify plants to

species microscopically (see Figure 3.13), including
those that are closely related, detect adulterations, and,
in some cases, even assess relative quality.

According to noted American pharmacognosist
Henry Kramer [80],

(A) (B) (C) (D)

FIGURE 3.12 Slippery Elm (Ulmus rubra) mucilage swelling index. Simple tests such as the swelling index are used for quantifying mucilage,
the mucilage historically correlated to the nature or physical quality of a botanical drug. Upton R, editor. Slippery Elm monograph. Am Herbal
Pharmacopoeia 2013. Scotts Valley, CA.

FIGURE 3.13 Image showing the identifying features of a cross-
section of Echinacea purpurea root as viewed under a compound mi-
croscope. Transverse section of the root of Echinacea purpurea showing
cork, parenchyma, secondary phloem, vascular cambium, secondary
xylem, and primary xylem poles just exterior to the pith with secretory
ducts filled with orange-brown secretions occurring in a ring along the
endodermis between the parenchyma and secondary phloem, all
identifying features of the crude plant drug. Prof. Dr. Reinhard Laenger,

AGES PharmMed, Vienna, Austria.
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The microscope furnishes the surest means of determining
the identity of a powdered drug at our command.the micro-
scope also furnishes the most reliable means for detecting and
determining adulterants in powdered drugs. [and] detecting
the presence of worm-eaten drugs or powders of certain classes
of drugs which have been exhausted in whole or in part...

Kraemer went so far as to say that even the time of
gathering, method of drying, and length of time for
which a botanical had been stored could “be judged in
many instances by the use of the microscope.” Addition-
ally, microscopy offers a highly sensitive tool in being
able to detect adulterating species. For example, many
years ago there were numerous reports of the Chinese
herb fang feng (Stephania tetrandra) being mixed up
with a different species of plant (Aristolochia fangchi),
which contains the renal toxin and potential carcinogen
aristolochic acid. This adulteration was responsible for
several hundred to a few thousand deaths, predomi-
nantly in Belgium and France. With microscopic exami-
nation, the addition of as little as 0.3% of Aristolochia
fangchi in a stephania sample can be detected by obser-
vation of the differing oxalate crystals that occur within
the species [151]. Discerning crude drug species micro-
scopically reached a very high level of refinement and
is reflected in numerous seminal texts on the subject in
the mid-nineteenth to twentieth centuries, most notably
[13] of Germany; Moeller of Austria [99]; Tschirch and
Oesterle of Switzerland [146]; and microscopists of the
UK and US such as Refs [58,81,93,132,175].

With advancements and evolution of analytical chem-
ical techniques, first with paper chromatography fol-
lowed by thin-layer chromatography (TLC) and then
more quantitative techniques (liquid chromatography,
gas chromatography), and finally molecular technolo-
gies (e.g., DNA), microscopy, like morphology and sen-
sory assessment, as an analytical tool was regarded as
outdated in the face of these more recent techniques.
However, seldom is one analytical technique inherently
superior to another. The superiority or applicability of
one analytical method over another is dependent upon
the desired analytical endpoint. From this perspective,
microscopy is as scientifically valid of an analytical
tool as any other technique and is currently enjoying a
resurgence in the US where it had fallen into almost
complete neglect in recent decades.

3.6.7 Chromatographic Technologiesd
Quantitation and Pattern Recognition
Identification: Thin-Layer
Chromatography

The first of the chemical assessment techniques in
most pharmacopoeias, Eastern and Western, is TLC,
and more recently, High performance thin-layer

chromatography (HPTLC) (Figure 3.14), and is primarily
used as an identification assay.

TLC and HPTLC analyses provide a snapshot of the
constituent profile of crude plant drugs and have been
a standard entry in pharmacopoeias for decades. In pre-
vious decades, TLC as an analytical technique was very
crude, had a limited degree of reproducibility, was
cumbersome, and not very compliant with good
manufacturing practices. In more recent decades, the
introduction of HPTLC has addressed many of these de-
ficiencies. As a chemical analytical tool, HPTLC is
extremely versatile and sensitive for the identification
of many crude herbal drugs and is especially useful
for the detection of adulterations, often with a very
high degree of sensitivity.

However, it must be recognized that any chemical
testing is a surrogate for identification.When identifying
plant material botanically, macroscopically, organolepti-
cally, or microscopically, it is the actual plant material
that is being assessed. With chemistry, it is the constitu-
ent profile of the plant being assessed, not the plant ma-
terial itself. Different herb parts (e.g., goldenseal
Hydrastis candadensis) may possess a similar chemical
fingerprint that is not clearly distinguished through
chemical testing. Goldenseal root that has been properly
harvested and dried can yield up to 6% berberine [152].
Pharmacopoeial monographs (e.g., American Herbal
Pharmacopoeia, USP) require a minimum of 2.5%
berberine, the typical minimum concentration of
berberine found in commercial goldenseal. Roots
yielding relatively high concentrations of berberine can
be mixed with either goldenseal leaf material, which
contains much lower concentrations of berberine, or
other berberine-containing plants and pass most all
chemical tests. Identification of plant materials chemi-
cally is therefore limited and is most accurate when
coupled with appropriate physical tests. For compliance
with pharmacopoeia monographs, TLC/HPTLC or

FIGURE 3.14 HPTLC chromatogram of goldenseal (Hydrastis

canadensis) and its potential adulterants. TLC was one of the earlier
techniques of modern analytical chemistry. Upton R, editor. Goldenseal
Root monograph, Am Herbal Pharmacopoeia 2001. Scotts Valley, CA.
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other quantitative assays are conducted in tandem with
the physical tests outlined above.

Critical to any chemical testing methodology of me-
dicinal plants is to look at the suite of constituents
from the perspective of chromatographic fingerprinting
and not only individual markers. The concept of chro-
matographic fingerprinting was developed primarily
by Chinese phytochemists who recognized that the ac-
tivity of a Chinese herb is in its collection of compounds
not just the single active constituent approach typical of
modern drugs. Numerous authors provide guidance
and perspectives on appropriate ways to apply modern
chemistry to the analysis of traditional herbal drugs
(Refs [42,171]; among others).

A critical starting point to chromatographic finger-
printing is to obtain multiple samples of the desired
botanical that is grown, harvested, and dried in a
manner that is optimal for the plant part. Such criteria
are traditionally determined organoleptically by evalu-
ating the color, smell, taste, texture, relative purity, and
other physical characteristics of the plant. Optimal pick-
ing times can be informed by traditional literature, such
as harvesting the flowering tops of St. John’s wort on the
eve of St. John’s day (June 24). While the specificity of a
single day may not be required, in most growing areas,
St. John’s day reflects a harvest time when the plant is in
full bloom, the traditional time to harvest most flowers;
roots and barks are typically harvested in the Spring or
Fall; and leaves, prior to flowering before the energy of
the plant goes to flower, seed and fruit production, etc.
In Chinese herbal medicine, specific herbs must be gath-
ered at a specific age, such as the roots of dang gui (An-
gelica sinensis) at a minimum of 4 years of age or
Chinese ginseng (Panax ginseng) at a minimum of 6 years
of age. Optimal harvest times can also be informed by
chemical analysis. Specifically regarding St. John’s
wort, the highest concentration of the suite of St. John’s
wort constituents including flavonoids, and naphtho-
dianthrones are yielded during the budding and flower-
ing stage (around St. John’s day), the concentrations
dropping dramatically after flowering [147], thus con-
firming traditional harvesting practices of herbalists.

Another critical aspect in developing chromato-
graphic fingerprinting methodologies for medicinal
plants is to obtain samples of closely related and poten-
tially adulterating species that may be inadvertently
traded for the authentic material. Having multiple spe-
cies of the same appropriate quality material, ideally
from multiple regions for multiple years, allows the an-
alyst to observe the variation inherent in natural prod-
ucts due to changing environmental conditions.
Having closely related or adulterating species helps
the analyst know if the chromatographic fingerprint is
robust enough to identify the authentic from substitute
species. In China, chromatographic fingerprinting

techniques are coupled with chemometric programs
(e.g., Ref. [178]). These programs are designed to store
and analyze multiple data points from multiple samples
and provide statistically relevant comparative finger-
prints that allow for developing relatively objective
criteria for what constitutes an acceptable chromato-
graphic fingerprint. Similar chemometrics have been
more recently applied by analysts at the United States
Department of Agriculture (USDA) (e.g., Ref. [64]).
Ideally, such determinations should be made based on
the available clinical data that establishes the efficacy
of the herbal drug being analyzed.

It is important to recognize that much of the basic
work in developing appropriate chromatographic fin-
gerprints is best done in academic settings and is a
very expensive and time-consuming process that does
not allow for the high throughput testing often needed
in industry. Once done in academia, such testing criteria
can then be codified into pharmacopoeia as a way to
impose a consistent standard that is then relevant to
the herbal industry at large and herbal practitioner.

3.6.8 Quantitative Assays

In addition to identity tests, most Western pharmaco-
poeial monographs require quantitative assays, many of
which will correlate directly with the pharmacopoeial
definition of the botanical drug ingredient and may or
may not directly correlate with activity. Quantitative as-
says are often lacking in Eastern pharmacopoeias (e.g.,
Ayurvedic Pharmacopoeia; Pharmacopoeia of the People’s Re-
public of China). In most cases, quantitative assays will
quantify a specific compound that is correlated with a
known active constituent or class of constituents. Other
compounds assayed are considered surrogate marker
compounds for activity, other chosen compounds may
reflect a constituent or class of constituents that provide
a baseline of “quality” based on harvest or processing
practices, which may or may not correlate with activity,
and yet others will reflect other measures of “quality,”
such as an organoleptic bitterness value for a particular
botanical such as gentian root (Gentiana spp.) or a
swelling index (Figure 3.12) as discussed previously
regarding mucilage content of slippery elm bark or
flax seed.

As repeatedly noted, very seldom is a single constitu-
ent correlated with the total activity of a particular
botanical. Rather, the total extract or profile of the crude
drug is considered the active ingredient or substance.
This is reflected in WHO documents [158] and acknowl-
edged by renowned medicinal plant researchers (e.g.,
see Refs [102,173]). For example, valerian root (Valeriana
officinalis) is a sedative herb used at least since the first
century [117]. The essential oil was long considered to
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represent the active fraction. However, early pharmaco-
logical work demonstrated that the essential oil fraction
was only associated with approximately 1/3 of the total
activity of the extract [61]. Later, research demonstrated
depressant activity of the dichloromethane extract but
activity could not be attributed to either the valepotri-
ates, valerenic acid, valeranone, or the essential oil
[82]. To date, the total activity of valerian has not
been fully articulated. Today, Western pharmacopoeias
require quantitation of the essential oil fraction of vale-
rian as the primary marker of quality. St. John’s wort
(Hypericum perforatum) provides another example of a
plant whose efficacy as an antidepressant has been
documented over a period of more than 2000 years,
but for which the pharmacological mechanisms in
humans have yet to be determined [28]. Thus, quantifi-
cation of a single marker or group of markers should
be viewed as representing only a portion of the activity
of the whole plant or extract made therefrom.

Regarding quantitative assays, varying pharmaco-
poeias take different approaches in determining what
compound(s) are to be assayed. For example, the phar-
macopoeias of Germany and the US tend towards spec-
ificity of compounds favoring relatively sophisticated
quantitative technologies such as HPLC (Figure 3.15)
in contrast to more generic technologies such as
spectrophotometry.

Whereas HPLC has greater accuracy in quantifying
individual compounds, spectrophotometry groups
similar compounds together, often resulting in higher
quantitative values as compared to HPLC. Both technol-
ogies have strengths and weaknesses. HPLC offers

greater accuracy in quantitation; this is its primary
advantage. If used appropriately, HPLC can also be
used for purposes of identification if the total chromato-
graphic fingerprint of the plant is considered and thus
has a greater chance of detecting adulterants. Spectro-
photometric techniques, in grouping like compounds,
often gives a more accurate representation of the totality
of the plant or extract, but has the distinct disadvantage
of being easily fooled by admixtures of adulterants. In
the US, there are no requirements to follow any mono-
graph standards for herbal supplements. For practical
and economic reasons, analysts in botanical dietary sup-
plement manufacturers often attempt to perform a sin-
gle test for all or most identity and quality testing,
often times choosing the most economically feasible
assay, but not always the most appropriate. Such testing
may or may not provide scientifically valid results for
the desired analytical endpoint. In the EU, where there
is a legal requirement to follow all aspects of the Euro-
pean Pharmacopoeia monographs, there appears to be
a greater use of spectrophotometric methods, which
are only employed after appropriate identity of the
botanical ingredient has been confirmed and the pres-
ence of potential adulterants, through morphological
and microscopic analyses, has been ruled out. In the
USP, there appears to be greater utilization of specific
methods, requiring multiple analytes, greater time,
and greater expense. In contrast, quantitative assays
are not typically a criterion of Asian pharmacopoeial
monographs, where the crude botanical drug is consid-
ered the medicinally relevant material and requires con-
formity with the morphological and organoleptic

FIGURE 3.15 HPLC chromatogram of Ginkgo biloba flavonoids. HPLC is the primary analytical technique used in developed nations for
quantification of specific compounds.
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characteristics historically attributed to the plant mate-
rial. The Easter pharmacopeias reflect a more traditional
approach to herbal ingredient assessment.

Some Chinese researchers propose a tiered approach
to traditional Chinese herbal drug quality control devel-
opment, recommending “elementary, intensive, and
advanced” levels of testing. The “elementary” level re-
flects current standard requirements of pharmacopoeias
that focus on basic identity, qualitative tests, and anal-
ysis of a single marker compound. The “intensive” level
includes multiple component analysis, including differ-
entiation between “high-” and “low”-quality materials
based on quantitative assays of a particular com-
pound(s). The “advanced” level proposes that the mul-
tiple component herbal medicine be subjected to
formal pharmacological study but acknowledges the
inherent lack of Western pharmacological models for
assessing traditional Chinese actions of herbs such as
to “expel wind” and “nourish kidney” [172]. Similarly,
it has been proposed that the comparison of an herbal
drug to a properly made well-characterized extract is a
more appropriate way to assess the quality of a Chinese
herbal drug than to simply assay a single constituent
[173]. While these represent more appropriate ways to
ensure the integrity of multicomponent ingredients
and formulas than the typical Western pharmacopoeial
approach, they continue to depend on chemical analysis
versus traditional herbal assessment techniques and
therefore, do not take into consideration the full suite
of traditional assessment techniques.

3.7 OTHER QUALITATIVE
FACTORS NOT CONSIDERED

IN PHARMACOPOEIAS

3.7.1 Botanical Identification

Botanical identification remains the primary tech-
nique for the identification of plants worldwide. While
chemotaxonomy and DNA analysis have made great
strides in altering the classifications of traditional taxon-
omy, neither technology has supplanted botany as the
primary means of identifying medicinal plants. Howev-
er, botanical identification is not included as a required
test with which to conform in virtually all official phar-
macopoeias, the reason being that oftentimes the botan-
ically unique characters of a specific plant are not intact
in the crude plant drug.

Historically, different species of a specific genus of
plant, and sometimes, different genera of plant, were
used as a specific botanical drug. Rather than being
referred to by its generic and specific name, e.g., Salix
purpurea, medicinal plants were described according to
their Galenic names, e.g., Cortex salicis, the Galenic

name referring to the bark of varieties of willow that
were historically used interchangeably without differen-
tiation of species. Such a practice is represented in most
pharmacopoeias but is increasingly moving towards
greater speciation. For example, in the European Pharma-
copoeia, the bark of several species of Salix is allowed as
long as the barks conform to the identity tests given and
a minimum quantity of salicin (1.5%), the primary puta-
tive active constituent and precursor to the development
of acetyl salicylic acid (aspirin). Conversely, in the US,
where herbs are predominantly traded as “dietary sup-
plements” not “medicines,” for purposes of supplement
labeling, the names of botanical ingredients must
conform to “Herbs of Commerce” of the American
Herbal Products Association (AHPA). This text, rather
than recommending use of Galenic or more common
names (e.g., “willow bark”), requires more precise speci-
ation such as crack willow (Salix fragilis), purple willow
(Salix purpurea), white willow (Salix alba), etc. Unfortu-
nately, while conformity to the identification tests of
pharmacopoeias for these barks can be assured, most
of these barks cannot be identified to species when in
their crude form as they are morphologically, organolep-
tically, chemically, andmedicinally very similar, the very
reason why the multiple species are used interchange-
ably. Thus, greater levels of specificity are often required
for either academic or arbitrary regulatory reasons
creating unnecessary impediments, to continued use of
traditional herbal medicines.

3.7.2 Daodi (Region Specificity)

Daodi is a philosophy that is exclusively applied to the
development of medicinal substances in Chinese medi-
cine. Dao is an ancient Chinese unit of measure, which
became applied to the development of districts. Di
means earth or land and is applied to specific geograph-
ical regions. According to Zhao et al. [179], daodi medic-
inal materials are generally defined as medicinal
materials produced in specific geographic regions under
natural ecological and environmental conditions that are
optimum for the growing of the plant, with particular
attention to cultivation, harvesting, and processing tech-
niques. Daodi is believed to lead to quality and clinical
effects that are considered to surpass those of the same
botanical produced in a different region. The concept
of daodi was used by early Chinese herbalists and codi-
fied by Sun Simiao in his Qian Jin Yi Fang (Supplement
to the Formulas of a Thousand Gold Worth). According to
the venerable Sun:

When ancient doctors used medicinals they depended on
the earth, therefore when they treated ten people they achieved
results in nine. Although contemporary doctors understand the
pulse and prescriptions, they discard the timing for harvesting
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medicinals. They are not familiar with the originating land or
the freshness, age, nature, emptiness or fullness; therefore
they only achieve results in five or six cases out of ten.

Sun’s teachings underscore the importance of organ-
oleptic assessment and a quality control system that in-
tegrates the proper harvest time and source of the
originating plant material. Furthermore, in the Ben Cao
Pin Hui Jing Yao (Essentials of Chinese Materia Medica) of
China’s Liu Wentai (1488e1505), specific attention was
given to medicinal plant development that encom-
passed the sprouting of the plant, the land on which it
was grown, the timing of planting and harvest, and po-
tential substitutes. Thus, prior to the development of
formalized good manufacturing practices and the
adherence to mandatory pharmacopoeial standards,
Chinese physicians recognized the need for strict adher-
ence to quality control in ways that ensured the quality
of the medicinal plant. This care is reflected in the many
grades of herbs that can be observed in any Chinese
herbal pharmacy today.

Many of these principles reflect common sense in
ensuring the quality of herbal drugs. Similar principles
are being applied internationally and in a myriad of
Good Agriculture and Collection Practices (GACP)
developed by varying national and international bodies.
The People’s Republic of China is perhaps most active in
establishing good agricultural practices for medicinal
herbs.

Similar to Sun’s observation in the Tang Dynasty,
modern herbal practitioners are often not aware of the
quality control needs of herbal medicines, and rather
rely on industry to produce quality medicines, when
much of the industry lacks the skills necessary to do
so.Daodi is an important concept to include in the devel-
opment and selection of herbal medicines and there may
be wisdom in codifying such principles in modern phar-
macopoeias. According to Zhao et al. [179], among the
500 most commonly used Chinese medicinal materials,
approximately 200 are recognized as having daodi corre-
spondences. These 200 medicinal materials account for
80% of the total consumption of medicinal materials in
China, making daodi a very important concept in mod-
ern herbal medicine GMPs.

3.7.3 Molecular Identification

Molecular techniques of crude plant identification are
not currently included in any pharmacopoeia. Like all
analytical technologies, molecular analysis has much
strength and some weaknesses in crude plant identifica-
tion. Among the technique’s strengths is its great sensi-
tivity. If the unique identifying primers for the particular
target species has been appropriately developed, and
the technique used is robust enough to filter DNA

from nontarget organisms (e.g., insect fragments, other
plant parts, etc.), or prevent rejection due to the presence
of acceptable levels of foreign matter (which may also
contain DNA) then it is an exceptionally powerful tool
for identifying plant material to species and beyond,
including discerning the same species that have
different genetic lineage, such as American ginseng
(Panax quinquefolium) grown in the wild in Kentucky,
versus the same species from cultivated root stock in
Wisconsin, versus that grown in Canada. Another
advantage of the technique is that it uses very small
amounts of material for analysis. Among its weaknesses
is also the technique’s great sensitivity. Much of the time,
identifying plants to species is sufficient and, when the
plant is properly grown, there is little reason to know
whether one’s chamomile (Matricaria recutita) was
grown in Romania, Bulgaria, or Poland, unless there is
evidence to suggest that specific growing regions are
not appropriate for specific botanicals. It is more impor-
tant from a traditional assessment perspective to know if
a given sample possesses the traditional morphological
and organoleptic characters of material that has been
properly harvested and dried.

3.7.4 Environmental Sustainability
of Medicinal Plants

At the heart of most all herbal medicine traditions is a
relationship with earth and the natural world. This
stems from the inalienable fact that humans are an
extension of the natural world, are dependent upon
the natural world for their survival, and that what af-
fects the natural world affects human health (e.g., diet,
pollution, etc.). This relationship also extends to cul-
tures, some of whom for generations have either culti-
vated medicinal plant crops or harvested them from
the wild and has formed the basis of countless econo-
mies worldwide. While excessive harvesting of medici-
nal plants can have negative environmental effects,
cultivation or wild harvesting of medicinal plants
when done according to GACP, international standards
for which exist (e.g., Refs [1,163]; among others), main-
tains and fosters environmental stewardship of natural
resources, thus ensuring future supplies of medicinal
plants.

Juxtaposed against the largely positive environ-
mental impact of medicinal plant trade is the largely
negative environmental impact of pharmaceutical med-
ications, which have significant consequences on both
human and environmental health. There are two pri-
mary sources of pharmaceutical pollution: pharmaceu-
tical production and the pollution generated therefrom
through effluence and emissions and the excretion of
medications and their metabolites ingested by humans
and farm animals.
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In the US, a report from the US Geological Survey
detected pharmaceutical contaminants in 80% of 139
streams sampled. Contaminants included antibiotics,
hypertensive medication, antidepressants, analgesics,
reproductive hormones, and other prescription drugs
that also affected municipal water [56,107]. The most
stark environmental impact of pharmaceuticals has
been from endocrine disruptors, partially due to metab-
olites excreted in urine from oral contraceptive use. A
2007 study reported that 75% of male smallmouth bass
in certain areas of the Potomac River basin (US) had
ovarian tissue in their gonads resulting in a feminization
of the fish [14]. Other studies have shown similar nega-
tive effects directly associated with oral contraceptives
delivered through municipal wastewaters affecting fish
populations (e.g., Ref. [78]). In another study, fish
exposed to effluent from a cattle feedlot in the US state
of Nebraska experienced reproductive abnormalities,
including reduced testes size in male fish and a lower
level of estrogen in female fish [111]. Other studies
have linked such xenoestrogen exposure to testicular
and breast cancer in humans (Ref. [156] and references
therein). The US Geological Survey [56] also reported
finding nonprescription pharmaceuticals in more than
40% of the municipal water samples tested and prescrip-
tion and nonantibiotic pharmaceuticals in more than
30% of samples. Moreover, the ubiquitous over use of
antibiotics, especially in farm animals, bioaccumulate
in soil, potentially giving rise to antibiotic resistance
pathogens [107], an event that has contributed to a
serious international health care crisis.

Such events are not limited to the US. In Pakistan, the
nonsteroidal antiinflammatory diclofenac was linked to
widespread die off of vulture populations leading to the
listing of three vulture species as endangered (Ref. [7]
and references therein). Moreover, the same drug in-
creases the risk of heart attack in humans [77]. A number
of surveys in Germany report that 95% of the pharma-
ceuticals studied are not readily biodegradable, 15%
are persistent in surface water, approximately 50% of
veterinary pharmaceuticals studied are persistent in
soil, and a large number of pharmaceutical substances
and metabolites can be found in wastewater and surface
water throughout Europe. Standard long-term tests con-
ducted with fish, daphnia, and algae as test organisms
revealed effects at pharmaceutical concentrations of
less than 1 mg/L, while one study described changes
in aquatic organisms at concentrations of less than
0.001 mg/L [36]. There currently exists little health risk
assessment data regarding the potential adverse effects
from chronic exposure of the myriad of pharmaceuticals
that accumulate in the environment. From a traditional
herbal medicine perspective, it is incongruent to have
a healing system that causes so much toxicity to the
environment and contributes so much to human disease

as do pharmaceutical medications. Conversely, medici-
nal plants have coevolved with the environment for
millennia and such negative consequences do not exist
in healthy ecosystems.

3.7.5 Spiritual Well-Being

Lastly, an often neglected or completely shunned
aspect of modern health care including traditional herb-
al medicine is the role medicinal plants can play in spir-
itual health. This is largely due to modern medicine’s
attempt to be scientific, a paradigm that, when applied
in a typical manner, tends to divorce human and mate-
rial existence from any precept of spirit, whether spirit
is defined from a creationist or evolutionary perspective,
or from a perspective of humanity’s relationship with
each other, and the relation of humans to the larger
world or ecosystem.

In many systems of traditional healing, spiritual well-
being is the highest ideal to achieve. In a practical sense,
this means an attainment of a sense of peace and har-
mony with self and one’s surrounding world. In Ayur-
veda, for example, significant emphasis is placed on
mental and emotional well-being through the incorpora-
tion of meditative practices, prayer (puja), and therapies
such as pancha karma and shirodara, designed to promote
a long life of physical, mental, and emotional well-being.
Numerous herbs figure into a variety of spiritual prac-
tices. In India, the herb tulsi (Ocimum sanctum) is highly
revered and by some is considered the wife of god
Vishnu (Vishnupriya). Tulsi is central in Tulsi Vivah, a cer-
emony marking the end of the monsoon season and
beginning of the Hindu wedding season, the rites of
which are described in Hindu scripture. Among some
regions of India, households will grow tulsi plants and
perform ceremonies by circling the plant reciting mantra
morning and evening. Also in India, the Hindi avatar
Dhanvantari is depicted as Lord Vishnu with four hands,
holding medical herbs in one hand and a pot containing
rejuvenating nectar called amrita in another. Dhanvantari
is also considered the God of Ayurveda. In Western
herbal traditions stemming from ancient Greece, the
botanical genus Asclepias (commonly known as milk-
weed) is named after Asclepias, the Greek God of medi-
cine. Thus, in most all medical traditions, including
those in the West, there was an innate relationship be-
tween physical and spiritual health that was connected
through plant-based medicines.

In TCM, especially in Taoist practices, there was and
continues to be great emphasis of aligning one’s life with
the spiritual will of heaven. In the five-phases (wu xing)
theory of TCM, each of the five major organ systems is
said to be correlated with a spirit that both serves to
guide one to one’s authentic self and is meant to be culti-
vated through various spiritual practices. In this regard,
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the use of herbs serve to facilitate this cultivation. In
TCM principles, the shen (spirit or mind) is housed in
the heart; the hun (ethereal soul) in the liver; the po
(corporeal soul) in the lungs; yi (intellect or ideation)
in the spleen, and zhi (will) in the kidneys. In turn, the
physical manifestations of each of these organ systems
affect these various “spirits” (wu shen). According to
Chinese medical philosophy, the hun governs one’s na-
ture. It drives and has the ability to nourish one towards
their destiny. When in disharmony, the hun wanders
aimlessly or perhaps violently, and in either case, cannot
direct one to their greater good or expression. The yi or
intellect represents our ability to discern ideas and expe-
riences and to form intent, intent of thought and action.
When in disharmony, the judgment of the yi is clouded
or misguided. The po most closely reflects human in-
stinct, our inner knowing despite having all the facts,
our gut senses, and is inherently focused on expressing
our greatest self in one lifetime. When in disharmony,
the po can cause us to act on gross human desires
without considering the larger consequences of such ac-
tions. The zhi or will provides (or not) the motivation to
accomplish and act on intent. When in disharmony, the
ability to act according to what is in the best interest of
the five spirits is impaired. Lastly the shen or mind
(xin) is consciousness itself. On a physical level it is
our level of peace of mind, while on a more esoteric level
it governs our ability to mobilize all the other shen to
their higher purposes, imparting benevolence, compas-
sion, and love when healthy, andmuddled, erratic, or vi-
olent thinking and lack of the aforementioned positive
qualities when in disharmony. The shen, yi, po, zhi, and
hun are said to be “housed” in the heart, spleen, lungs,
kidneys, and liver, respectively and are therefore influ-
enced either positively or negatively by the physical
health or disease of these organ systems. As such, herbs
and formula that support the health of these systems
support the higher goals of spiritual self, compassion,
and love for humanity for which humans are capable.

While some of these concepts may seem archaic and
religious, possibly not worthy of inclusion in modern
medical thought, in the context of human and social
health, the attainment of mental, emotional, and social
well-being is a central doctrine to most concepts of health
as articulated by the World Health Organization [157] as:

Health is a state of complete physical, mental and social
well-being and not merely the absence of disease or infirmity.

Interestingly, America, a nation with the worst health
care statistics of all developed nations (and several
developing nations) also exceeds similarly developed
nations in violent deaths, predominantly due to homi-
cide, despite being among the most affluent of nations.
A quick look at health statistics data across the US record

Vermont and New Hampshire as the two healthiest
states in the nation [148]. More interesting is that these
two states have the two lowest rates of homicide in the
nation. Conversely, the two unhealthiest states, Louisi-
ana and Mississippi, have the highest rates of homicide
and highest rates of infant mortality in the nation [149]
demonstrating a strong correlation between physical
health statistics, mental and emotional health, social
welfare, and spiritual wellbeing. Thus, any complete
healing system must take into account how an individ-
ual can attain, or a practitioner can facilitate, the attain-
ment of higher states of health and healing than simply
the removal of symptoms and treatment of disease. This
is the highest ideal of traditional healing systems that
has no foundation or construct in the current medical
delivery system, pharmaceutical industry, or modern
pharmacognosy. It is only through traditional healing
systems that such healing is even considered. Whether
one is willing to apply what many consider to be spiri-
tual aspects of healing to modern medicine is a matter
of choice. In a more material sense, as succinctly stated
by DePasquale [32]:

Pharmacognosy is the science of drugs that originate from
living beings and are studied to help other living beings.

3.8 PREVENTIVE CARE AND
SELF-RESPONSIBILITY

Inherent in a different approach to health and healing
is the need to instill in society, and to create incentives
for, a high degree of individual responsibility for one’s
own health. No medication, pharmaceutical, or herbal
can change the lifestyles that are the cause of the major-
ity of human ills. Obesity, smoking, poor nutrition
choices, lack of exercise, and exposure to the myriad of
environmental and human toxins that we allow in our
foods and homes are at the root of many modern sick-
nesses and are relatively easily remedied, first with edu-
cation about proper choices and then integration and
promotion of healthier lifestyles that lead to healthier
outcomes. First and foremost in the realm of medical
care is to acknowledge the gross limitations and dangers
associated with modern pharmaceutical drugs and an
over-reliance on specialization.

3.8.1 Proposal for a New Paradigm

The benefits obtainable through the proper use of
herbal medicines are inherently different than those
attained through standard use of pharmaceutical medi-
cations and Western disease care paradigms. Because of
this, a different paradigm for ensuring the integrity of
traditional herbal medicines is to apply scientific
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investigation in a way that fully honors the unique char-
acteristics of traditional healing systems. First and fore-
most is, through human investigation, understanding
the scientific basis of the theoretical healing principles
of our varying healing traditions, pharmacologically,
physiologically, and with an emphasis on patient out-
comes. All other experimentation is abstract and of
limited utility. Second, and most importantly regarding
herbal medicine, is intensive investigation of what con-
stitutes a “quality” herbal medicine that would then
drive the quality control guidelines and requirements
of the supply chain so as to ensure appropriate quality
of herbal medicines. Such investigation could include a
myriad of testing parameters. First of these would be
morphological and organoleptic profiling of botanicals
growing in their natural habitat and then to codify these
characters in pharmacopoeias, GACP guidance docu-
ments, and in regulation or practice, as was done histor-
ically. Chemical profiling of the botanicals can allow for
making determinations of optimal harvest times, dry-
ing, processing, extracting, and storage conditions but
should not supplant traditional assessment skills.
Morphological, organoleptic, and chemical characteriza-
tions can also help determine what species of plants can
be used interchangeably, again, in manner that was simi-
larly done historically. In the world of medicinal plant
research, focus can be given, not only to Western phar-
macological mechanisms but also on how those mecha-
nisms correspond, or not, to traditional characteristics
such as taste, smell, and sensation of the botanical, or
determination of what it really means for an herb to be
classified as a “yin tonic” or to “pacify vata.” Clinical
investigation should look at the application of the tradi-
tional medicine within the context of the lifestyle recom-
mendations that usually accompany such prescriptions.
Lastly, recognizing the inherent connection that exists
between humans, plants, and their environment,
fostering this connection through true healing practices,
and bringing this consciousness into health care para-
digms can contribute greatly to individual and societal
health. Such investigation can open a world of new pos-
sibilities for health care that is greater than what either
traditional or modern systems offer alone. Such inquiry
could then more fully inform the practice of both para-
digms of medicine and create new opportunities for
research and practitioner training, product develop-
ment, and environmentally sustainable economies.

3.9 CONCLUSION

While developing nations continue to rely on tradi-
tional healing systems for their primary health care
needs, there is ever increasing recognition in developing
countries of the value these traditional healing systems

have in human health and as a part of modern health
care systems. This is a phenomenon occurring interna-
tionally. Herbal medicines serve an integral role in tradi-
tional healing systems and there is a need to preserve,
promote, and continue to develop the knowledge base
needed for ensuring the identity, purity, and quality of
botanical ingredients. Pharmacopoeias play a key role
in these processes. However, in most Western countries,
pharmacopoeial monograph systems developed as
chemistry was overtaking crude botanical medicine
and drugs were evolving into pure, isolated, and then
synthetic compounds, in contrast to the multiple com-
pounds and pharmacological activities inherent in herb-
al medicines. Because of this, modern pharmacopoeias,
and subsequently regulatory systems, attempt to charac-
terize botanical medicines in the sameway they do phar-
maceutical medications. Lacking in this system is a
realization that traditional herbal medicine systems
have a distinct way of understanding their materia
medica that is fundamentally different than western
pharmacological approaches. Over several millennia,
knowledge of plant-based medicines evolved based on
the properties inherent in the plant, which includes a
plant’s chemistry, and is reflected in the taste, smell,
and qualities as ascertained through sensory evaluation.
More importantly, in traditional healing systems, botan-
icals are applied in a manner that is similarly distinctly
different from the typical western model whose focus
is on disease pathology and amelioration of symptoms
in contrast to human health and the elimination of the
cause. In traditional medical systems, herbs are used to
promote health, vitality, and longevity, in addition to
treating disease and ameliorating symptoms. In conven-
tional western medical practice, there is a single focus on
pathology and almost no emphasis on health. Whereas
there are hundreds of botanical medicines that are
used to promote health, there is not a single pharmaceu-
tical medication designed to promote health and vitality.

Driving the popularity in traditional herbal medicine
is a desire on the part of consumers to be healthier.
Another significant factor are the many failings of
modern medicine in dealing with many diseases, most
specifically, chronic degenerative diseases for which
pharmaceuticals offer only palliative care and the signif-
icant dangers posed by pharmaceutical medications,
which are widely recognized as one of the leading causes
of preventable deaths. Yet a last, but little recognized
driving factor for the popularity of herbal medicine is
its potential for environmental sustainability. Preserving
herbal medicine preserves cultural knowledge, cultural
integrity, environmental integrity, and the integrity of hu-
man health. If herbal medicine is to survive and thrive for
future generations it cannot simply be approached using
the same models as those used for pharmaceutical med-
ications. Similarly, pharmacopoeias must evolve to take
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into consideration the unique philosophies and tradi-
tional systems in which herbal medicines are applied,
most importantly, by not judging herb quality simply
by assessing botanical ingredients chemically. Rather, all
aspects of the source of medicinal ingredients from the
field to the pharmacy must be taken into consideration
as was done historically by herbalists and early pharma-
cognosists. If modern pharmacopoeias and regulatory
systems can evolve to integrate traditional healing
knowledge and practices, herbal medicine can thrive
and reach its full potential in serving humanity. If not,
it will continue to survive and be utilized by those who
are more committed to the promotion of health andmini-
mization of disease, but will continue to be marginalized
in modernity that maintains the status quo of disease
management to the detriment of individual and societal
health.
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4.1 INTRODUCTION

The global inventory of plant diversity consists
currently of about 350,000 species, and the most current
estimates expect about 420,000 plant species to exist.
This tremendous diversity accounts for a wide range
of phytochemicals, and a high variation of compound
composition even within one single species, depending
on growth conditions (soil, climate, nutrient status,
etc.), and harvest practices and timing, not even taking
intraspecific variation into account. Eisenmann et al.
[1,2] showed this effect exemplarily for Artemisia dra-
cunculus. While traditional plant use and medicine
preparation normally take these details into account,
they are often seen as of marginal importance in the
herbal trade. In the United States, botanical supple-
ments are supposed to be labeled, with the requirement

to include the correct scientific name [3,4]. However, in
practice this does not prevent accidental or deliberate
adulterations [5], or can contain heavy-metal contami-
nations [6].

The most problematic occurrence in herbal medicine
trade is, however, linked to the purchase and use, either
in medication or research, of botanicals that are either
accidentally or purposefully wrongly identified, or are
simply collected under a vernacular name without any
subsequent taxonomic treatment, and often without
having any vouchered material that could later be
used for the verification of plant identity.

Substitution of common, nontoxic species with toxic
species has been reported frequently in the literature
(e.g., Ref. [3]). Good examples for life-threatening adul-
terations are replacements of Plantago major L. withDigi-
talis lanata Ehrh. [7], Illicium verumHook. F., with Illicium
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anisatum L. [8,9], or Arctium lappa L. with Atropa bella-
donna L. [10].

A much more frequent occurrence is, however, the
often deliberate adulteration of botanicals with more
common and cheaper species, which, although generally
not toxic, might completely lack efficacy. Bulk herbs are
readily available unprocessed, which allows for the
retention of material for a botanical voucher, although
material in trade often does not contain all plant parts,
i.e., fruits and flowers are often missing from bulk mate-
rial, and as such botanical identification can be difficult.
In contrast, raw botanicals are also often provided in
ground or powdered form, which makes morphological
identification very difficult or virtually impossible.
While microscopic and organoleptic methods do some-
times allow separating correct species from adulterants
[3,11], if the material is only crushed or very coarsely
ground, such an identification of powdered material or
extracts is impossible. For this reason, the only possibil-
ity to later identify the source of a certain botanical
securely is to count on botanical voucher specimens
that can be directly linked to the material in trade. This
is where plant taxonomy and trained taxonomists play
an irreplaceable role in the herbal supplement industry.

4.2 VOUCHER SPECIMENS

So-called voucher specimens not only are quintessential
for correct botanical identification, but can also serve as
repository for the chemical compounds of a plant at any
given time during its life cycle. Vouchers collected at
different intervals and in different areas can thus clearly
reflect compound composition as influenced by edaphic
and harvest conditions. Apart fromproviding a clear refer-
ence for a certain batch of material, voucher specimens
also allow a follow-up in case taxonomic concepts change.

The correct preparation of a voucher is the first step in
correct botanical practice, and any study should make
sure that reference to scientific specimens is given.
Vouchers are, as a matter of fact, more important than
a correct initial identification.

A good voucher specimen needs to include all plant
parts necessary for correct identification (i.e., flowers,
fruits, a section of the stem with leaves attached;
Figure 4.1). Without fertile parts identification might be
impossible. Especially if used in herbal medicine, the
voucher needs to contain all plant parts (e.g., bark, roots,
seeds) that are actually used for the herbal preparation.
Figure 4.2 shows a complete specimen of a palm (Bactris
gasipaes var. chichagui (H. Karst.) A.J. Hend.) in the field.

4.2.1 How to Get a Good Voucher

Excellent guidelines for the collection and prepara-
tion of specimens can be found in Ref. [12]. A short

outline is given here. It is acceptable to make a skimpy
specimen if that is all the material there is. But if suffi-
cient material is available, it requires little more effort
to make ample sheets. If only skimpy fertile material is
available, a voucher can often be improved by adding
extra sterile material. Since the objective of a good spec-
imen is to provide in a convenient form an adequate rep-
resentation of a plant, one should always include the full
range of characters exhibited by the plant, including
things such as the largest and smallest leaves, young
leaves to show pubescence, and stipules. Specimens
should always be improved by adding extra flowers or
fruits and inflorescences. There is no reason to include
only one inflorescence or one flower per specimen
when there is an abundance of material at hand.

It is very important to collect fertile material if at all
possible. If possible, flowers and fruits should always
be collected for each specimen. It is important to not
ignore vegetative characters. If there are different types
of leaves, these need to be included. Mature and imma-
ture twigs, especially in vines, need also to be included,
as do sap shoots or stump sprouts and saplings often
have very different characters from mature material,
and can be very useful.

Field pressing is usually less efficient than collecting
in plastic bags. Fragile material can be placed in a field
press and sturdy things held in a plastic bag for later
pressing. It is useful to always carry small plastic bags
or newspaper for wrapping smaller or more fragile
plants. These can then be put into a larger bag. As an
alternative to using small bags, small samples can be
wrapped in any large leaf.

When collecting in plastic bags, the specimens should
be carefully folded to the correct length for a herbarium
sheet and placed firmly, but carefully, into the bag. They
should never just be dropped in the bag. This way, sepa-
rate collections will not become tangled and there will be
less damage. Later when emptying the bag, it can be
turned upside down and carefully emptied. One should
never try to pull material out of the bag. This usually
breaks up the specimens. It is preferable to use large
bags rather than small ones, as there will be less damage
to the plants. For large, heavy plants, it is best to put
them into a separate bag as they may damage other
more delicate plants in the bag. This is especially true
for palms and large aroids. To prevent significant wilt-
ing, plants may be wrapped in moist newspaper and
placed in a plastic bag, which should be kept shaded if
at all possible. Plants shrink on drying, which is espe-
cially true of more succulent plants. Keep this in mind
when collecting and pressing. What may appear to be
ample material when fresh may be skimpy once it is
dried.

When collecting material, it is important to actually
look at the plant to estimate height or note other charac-
ters. Many collectors who have trouble remembering
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this information never closely examined the plant in the
first place. If having trouble remembering details, one
should always carry a small notebook or a marking
pen to write directly on the leaves. For example, E could
stand for epiphyte, T for terrestrial, S-2 for shrub 2 m,
and T-4 for tree 4 m. It makes lots of sense to tag collec-
tions to prevent later mix-ups. Small white tags should
be securely tied to stems or fruits, with the collector’s
name, collection number, and a field determination writ-
ten in permanent ink or pencil. Stick-on type tags do not
work well under wet and humid conditions and if field
conditions are rugged.

4.2.2 Pressing Plants

Before pressing large collections it is useful to first
sort the material into different species to be able to press
complete sets together. This also allows to first press
more fragile material. Examples for separation of
different materials are given in Figure 4.3 (small high-
altitude species) and Figure 4.4 (trees and shrubs).
Wood presses (Figure 4.5) are the best way to process
vouchers, and can be stacked quite tall with specimens.
When pressing, one tries to always keep the upper sur-
face of the specimen up. Each voucher is placed between
one large newspaper or collecting paper sheet

FIGURE 4.1 Complete specimen of Axinaea reginae Bussmann, Gruhn & Glenn, Melastomataceae, on herbarium sheet.
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(Figure 4.6), and the number of the specimen should be
noted on the outside and inside of the paper with an
indelible marker or pencil (Figure 4.7). It is important
to place the collector’s initials by each specimen’s num-
ber, e.g., RBU 15,298, directly on the newspaper used for
pressing. If labels are lost, or collections mix up, it is
much easier to recapture the missing data or return the

specimen to its proper place. This saves time if collecting
or processing plants together with someone else using
the same number range, aids in replacing lost labels,
and saves confusion if several collections are shipped
together. The number is best put in the same place on

FIGURE 4.3 Sorted high-altitude vouchers in Peru.

FIGURE 4.4 Vouchers of trees and shrubs in the field in Peru.

FIGURE 4.5 Arming a large plant press for drying.

FIGURE 4.2 A complete collection of Bactris gasipaes var. chichagui
(H. Karst.) A.J. Hend., Arecaceae, with complete leaf, inflorescence,
and infrutescence.
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the newspaper each time, preferably along one edge. It is
much easier to sort the material that way.

Each specimen for any given number needs to be as
complete as possible. If flowers and fruits (or different
leaf shapes, etc.) are available, each sheet or set should
be representative. After drying, parts that were dried
separately should be combined with the rest of the
material to form complete specimens before packaging
and shipping.

The specimens must be shorter than the pressing and
mounting paper. More damage is done if they must be
refolded later and any parts that extend beyond the
newspaper will break off and be lost. Mounting paper
is mostly standardized, e.g., at Missouri Botanical Gar-
den herbarium (MO) it is 29 cm (11 1/2 inches) wide
by 42 cm (16 1/2 inches) long.

When pressing material, except for vines, stems can
be broken and folded into a “V” or “N” shape, but never
just curved to prevent the specimen from slipping. If
plants are small, several need to be collected to fill the
pressing sheet. It is paramount to the quality of individ-
ual plants on each sheet, some nice, some poor (if not all

in prime shape). Otherwise, one may end up with the
poorest sheet for one’s own institution. It simplifies later
processing if the collector designates the chosen home
institution sheet. Grasses and other herbs should not
be “top-snatched.” It is important to always collect the
full specimen, roots and all. Soil must be removed
completely before drying specimens by shaking or
washing.

It is best to arrange plants for pressing with the same
surface facing upward as will be seen once the specimen
is mounted. Before drying plants need to be arranged to
clearly show both surfaces of leaves and reproductive
structures, paying particular attention to ferns. Some
flowers should be opened for pressing, and some left
closed, and others split to show the internal structure.
Phyllaries (bracts) in the capitulae of Asteraceae are
very important, and should be pressed so some can be
clearly seen. Pubescence, stomata, and other characters
are frequently more important on lower leaf surfaces
than upper. If only one large leaf or fern frond sample
is available, it should be folded so part of both surfaces
can be seen. Flowers, fruits, or stems with leaves should
never be covered. Either spread the leaves away from
the other plant parts, or fold the leaf underneath them.
When folding leaves, one keeps the larger part under-
neath so that one can still measure length, width, etc.
When cutting or breaking off excess leaves, part of the
petiole needs to be kept to show the original leaf posi-
tion. It is important to never cut off the petiole base
and the stem attachment of a compound leaf. If possible,
some of the petiole bases of the other leaves and the apex
of the stem need to be kept. It is important not to mistake
a large compound leaf for a branch with simple leaves.
Twigs should never be split, because the opposite or
alternate arrangement of the leaf will no longer be
evident. A specimen of two sheets or more may be
necessary with very large leaves. It is usually easier to
fold the stem than to try to fold all of the leaves. If a
leaf tips stick out of the newspaper, it needs to be folded
over or it will be broken off and lost. If folding large
leaves, one can sometimes put two large leaves on a
sheet rather than one. Length, width, shape, upper sur-
face, and lower surface are still observable. With the
long leaves of palms and large ferns, one takes an apical
section, a midsection, and a basal portion with pinnae.
The length of the leaf, length of the petiole, number of
pinnae, and the arrangement of the pinnae (i.e., regular,
staggered, or irregularly spaced) need to be noted in the
field if the specimen does not show it. For palms, the po-
sition of the inflorescence in relation to the leaves, and
whether species are solitary or colonial, needs to be
described and samples of stem spines and bark
included. Each specimen, at a minimum, should consist
of an apex, a base, and midsection; selected parts of the
inflorescence; stem; and petiole base. Photographs are

FIGURE 4.6 Plants between pressing sheets.

FIGURE 4.7 Plant pressing sheet with collector number RBU
15,298.
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very useful, but the specimen, especially its leaves and
flowers, need to be photographed from all sides.

A representative specimen of large plant may require
various sheets for complete pressing. Even some
temperate plants require several sheets for representa-
tive parts of leaves, stems, flowers, and fruits. In general,
it is important to not overcrowd sheets. Multiple-sheet
specimens contain far more information than fewer
overcrowded sheets. Large fruits should be cut into
1-inch-thick slices, both longitudinally and transversely.
It is preferable to have the fruits attached to the branches
when the specimen is mounted. A thickness of 2.5 cm
(1 inch) has been established as the maximum recom-
mended thickness for mounted specimens at MO. It is
useful to mark multiple sheets of the same specimen
with the same letter. The letter can go anywhere on the
sheet, but not after the number (i.e., not 15,298A) as
this designates a mixed and divided collection. Large
leaves need to be folded so base and apex can be seen.
Part of the inflorescence, stem, flowers, etc. may be put
on top of a leaf without losing any information as long
as the shape, dimensions, and surface of the leaf can
be seen. Even if parts are dried separately, they can be
mounted together. When folding large leaves, one
always starts with the largest portion of the leaf, and
then the smaller parts on top; e.g., large cordate leaf:
base, fold apex, then petiole and inflorescence on top.
For leaves with basal lobes, one does not fold the base
over; it makes it more difficult to see the shape of the
leaf and to measure the lobes. Instead, one starts folding
large leaves with the lower surface up. The lower sur-
face generally has more taxonomic characters than the
upper. For large symmetrical leaves such as Araceae,
one side of the blade up to the midrib may be removed.
In the field notes one describes the cross-section of the
petiole, whether round or flattened, and whether it has
ribs or sharp angles (particularly in Anthurium and Phil-
odendron (Araceae)). Sometimes it is necessary to use
multiple sheets. On large plants one needs to include
at least part of the stem and one complete petiole. The
stem can be sliced in half longitudinally to make it
thinner. Roots and other thick or bulky plant parts can
also be split to hasten drying. Bulbs or corms can be
cut longitudinally or sliced crosswise, depending on
what characters need to be shown. In some cases, e.g.,
Cyclanthaceae, the leaf base and petiole base are very
important as is the depth of the leaf division, which
should be indicated.

It is very useful to preserve flowers of Iridaceae, Len-
tibulariaceae, Burmaniaceae, Zingiberaceae, Orchida-
ceae, and Marantaceae in a 50% alcohol solution with
a few drops of glycerine in whirlpacks or vials for later
study. The glycerine prevents the material from
completely drying if the fluid should be lost or evapo-
rate. Put the collector’s name and number on a piece

of paper in the vials using an alcohol-proof marker,
ink, or pencil. In Passifloraceae it is important to cut
open at least one flower on each sheet so that the internal
structure is observable. In other families with few large
flowers, e.g., Cactaceae, it is useful to add cut-open
flowers to each specimen, whenever possible.

4.2.3 Preserving Plants Until They Can Be
Dried

Most plants will deteriorate after 2 or 3 days if they
are not dried or preserved in some fashion. If they are
refrigerated, they can be kept a day or two longer. Mate-
rial that is supposed to serve for vouchering phytochem-
ical profiles needs to be dried as quickly as possible, and
must not be preserved chemically in order to not alter
the compound composition. For regular herbarium
vouchers the following preservation method can be
chosen:

A 15- to 20-cm-tall bundle of plants in newspapers
(Figure 4.8) can be preserved with about 1 L of
50e70% ethanol in large sealed plastic bags (Figure 4.9).
If the plastic bags do not have holes, the specimens may
be stored this way for several months. Holes or opening
in the bag may reintroduce mold spores and allow evap-
oration of the alcohol. Any loss in concentration of
alcohol may result in mold. Lower concentration of
alcohol than 40% does not work for storage.

After the preserving solution is added to the bag of
plants, the bag should be turned several times to evenly
distribute the alcohol. It is best to store bags flat, and
then to turn them the next day and again the following
day. This ensures the alcohol or formaldehyde will thor-
oughly penetrate the bundle.

When pressing specimens to be preserved in alcohol,
the newspapers must be numbered either with a black
china marker or other marker, which is not soluble in

FIGURE 4.8 Plant package wrapped for storage.
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the preserving solution. All markers (including other
colors of china markers) need to be checked before
with the alcohol. Over time inks from many markers
and pens will disperse into the paper, effectively erasing
any data or numbers. Pencil can also be used but it may
be difficult to read. Ballpoint pens are not at all perma-
nent. Some inks that do not bleed at low preservative
concentration will do so at high concentration. Labels
stored with plants preserved in chemicals may eventu-
ally have to be replaced, as the ink often blurs.

Each voucher needs to be identified by a distinct
number and code, and needs to contain a label with at
least minimum information (Figure 4.10).

4.2.4 Locality Data

Locality data should be as specific as possible and
apply to a range of collection numbers made sequen-
tially. Someone reading the locality data should ideally
be able to find their way to that general site using your
description alone.

• Country: State, province or county.
• Distance and direction (kilometers or miles, N-S-E-W

not “from” or “near”) from the nearest city or major
landmark that would appear on a map (smaller
geographical localities are not seen on most maps).

• Habitat or vegetation type. Dominant, typical, or
associated species if possible.

• Note if plants were preserved in alcohol, or received
any other chemical treatment before drying.

• Latitude/longitude and/or township/range; altitude
(meters or feet); Global Positioning System reading if
available.

• Date.
• Collector(s).

For each collection:

• Plant family (capitalized), genus, and species with
author.

• Life form: Tree, shrub, liana, vine, etc. Flower and/or
fruit color, scent, height, and unusual features, such
as shaggy bark, buttressed trunk, colored sap, any
attribute that cannot be obtained from the prepared
specimen.

• More specific notes on locality and habitat (near
stream, on rock, in water, etc.).

• In addition, any information such as vernacular plant
names, local uses, and traditional collecting and
harvest process.

4.2.5 How to Dry Plants

Plant specimens need to be carefully, but quickly,
dried in order to not destroy or alter the compound
composition.

When filling a press, one always keeps the numbered
side of the sheets up. It saves time in the long run. It is
best to not turn around every other sheet to balance
the press. It wastes time. Best practice is to do 20e40
sheets and then reverse the direction of the newspaper
folds as necessary. It helps as you are pressing to put
large fruits, stems, etc. on different parts of the sheet to
balance them.

A few collectors put extra sheets around each individ-
ual sheet. It does more harm than good. It has less

FIGURE 4.9 Vouchers in plastic packages preserved in ethanol.

FIGURE 4.10 Example of complete voucher label.
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structural stability than the first method. Also, the spec-
imens have to be handled more to open and look at
them. But it does pay to put extra newspaper sheets
around a few extra-big specimens. It is always useful
to make packets out of newspaper to hold loose fruit
or flowers, which would otherwise easily fall out and
be lost.

Once the plants are all dry, they need to be put into
numerical order. Then all specimens of a collection
will be together. This will save time and confusion.
This is also a good step for catching mixed collections,
rechecking the number of labels needed if necessary,
and other miscellaneous problems. If there are speci-
mens without numbers, it is important to write “spec-
imen in bundle between number XX and number XX.”
This is especially important when sorting someone
else’s plants if you cannot solve all of the problems.
Otherwise, the collector may not be able to solve the
problem later, either. If there is a possibility that the
plants will be fumigated later with a microwave oven,
do not use staples, paper clips, or other metal objects.

Specimens with irritating hairs or resins, such as
Mucuna (Fabaceae), Opuntia (Cactaceae), Sterculia
(Malvaceae), Urtica (Urticaceae), or Toxicodendron (Ana-
cardiaceae), need to be marked clearly with warnings
on drop tags or on the outside of the bundle and the
edge of the newspaper.

If shipping plants in newspaper, bundles of wrapped
plants must be packed tightly in boxes rather than
loosely. Even though a slight amount of damage may
be incurred when packing the boxes tightly, plants in
loosely packed boxes are much more easily damaged
during shipping and the boxes more prone to being
crushed. Reheating the paper-wrapped bundles over
dryers and packing them in tightly sealed boxes or plas-
tic bags reduces insect damage during storage or during
the long trip back to the home institution. Always spec-
imens need to be packed to withstand the possibility of
moisture or pest damage during long storage and ship-
ping times. Surface mail from some countries may take
3e12 months.

With the shipment one sends details of any special ar-
rangements made with the host country and or other
collectors (such as where duplicates are located or where
they are promised to be distributed). One needs to know
these arrangements before they process the plants, not
after they are distributed and not available to satisfy
agreements made by the collector. MO sometimes
stamps special agreements on the edge of the newspaper
of each collection.

With the shipment, some kind of shipping invoice
needs to be included so that the receiving institution
knows what is in the boxes and why they are being
sent. These invoices should include the sender’s name
and address, receiver’s name and address, list of

enclosed items, number of boxes (copies of the invoice
should be in each box), and any special instructions or
conditions. It is also helpful to know how the plants
have been chemically treated (i.e., formaldehyde,
alcohol, insecticides).

When drying plants, fire is a constant danger. It is best
if the plants can be dried in a separate building or fire-
proof area. If not, extraneous flammable materials such
as paper or alcohol should be kept out of the area.

There are basically two types of drying systems. The
first is a convection system, which is easier and cheaper
to build, and can use a wider variety of heat sources. The
second is a forced-air system, which is more compli-
cated and expensive to build but tends to be safer, and
when properly designed is usually more efficient.

In the convection system, the plant presses are placed
over a heat source. The warmed, dry air rises, passes
through the channels in the corrugated cardboard, and
carries the moisture away. A convection dryer can be
made safer by putting screen, chicken wire, or mesh be-
tween the press and the heat source. Most fires start
when the press loosens as it dries and pieces fall out
onto the heat source. But also remember one must
have easy access to the heat source to change bulbs,
add fuel, clean out fragments and dust periodically,
and for any other general maintenance procedures.
The press should never be put too close to the heat
source. As the material in the press dries, it becomes
more flammable and may ignite.

The heat source may be light bulbs, electric heating
strips, kerosene stoves or lamps, propane, or any other
source of heat. Propane is very readily available in
most places and has been underused in the past. But
note that at an elevation of over 2000 m you may need
an adjustable burner to compensate for the reduced
oxygen content of the air. Note also that some types of
kerosene stoves fluctuate too much to be used. Speci-
mens can be dried by putting them over the back of a
propane gas stove to enable the convection currents
from the oven to dry the plants. One botanist had his
plants dried over the oven of the local baker. Another
collector who had only half a dozen specimens every
few days dried them over the exhaust tube of a kerosene
refrigerator. If you have a generator or other motor
running constantly, always consider the possibility of
devising some sort of arrangement for taking advantage
of this waste heat. The system is most efficient if the
walls of the drying rack enclose both the heat source
and the sides of the presses. Any part of the rack that
does not have a press on it should be closed off to better
distribute the flow of warm air. Heat should not escape
except by going through the plant press.

Placing presses inside a closed oven is not feasible.
Oven heat is often too moist and will encourage mold.
The temperature cannot be satisfactorily regulated: if
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not dried long enough the plants will mold, if dried at
too high a temperature, too fast, or too long, the plants
will darken and crumble. Utilizing the warm air from
the oven by placing the press above the open oven
door may work.

When press materials are the limiting factor, one may
be able to dry a few more specimens by putting two thin
specimens, such as thin grasses, small herbs, or small
ferns, together between the blotters. This method
should, however, never be used with thicker stems or
fruits, because it will result in shriveled leaves and un-
evenly pressed specimens. Also, if you double up too
many specimens, even the thin sheets may not dry, occu-
pying the press materials for another day.

If drying space is a problem, thick fruits, stems, etc.
should be sectioned. This will speed up drying. It will
also result in fewer shriveled leaves and flatter speci-
mens. A second layer of presses can be put over the first
if sticks laid lengthwise separate them.

4.3 PLANT IDENTIFICATION

The main emphasis of vouchering is to correctly iden-
tify herbal medicines, i.e., link herbal material directly to
a plant species. An example on how this process works

is given in Figure 4.11. The correct botanical name
(¼binomial) represents the universally accepted deter-
mination of a certain plant species. The best way to
ensure correct identification is to obtain and send dupli-
cates of herbal materials to specialists, ideally at a larger
botanical research institution that holds collections from
the area where the material was collected, to enable
comparisons. Such collections are, in the botanical field,
called herbaria (singular: herbarium). Reputable
herbaria are listed in Index Herbariorum, a global list of
botanical collections [13]. A good example on how to
successfully identify plant material is given in Ref. [14].

4.3.1 Plant Names and Nomenclature

4.3.1.1 Plant NamesdA Historic Perspective

Prior to 1753, plants and animals were described by
vernacular names, or long, unwieldy descriptions. The
problem of this is obvious: it was never exactly clear if
two researchers (or practitioners) referred to the same
species with the same name, in particular if no material
was available for direct comparison. In 1753, Carolus
Linnaeus, a Swedish scientist developed a binomial
naming system. Since Latin was the language of science
at that time, all names were constructed as Latin bino-
mials. Since then, scientists worldwide employ the

Plant identification and labeling 

Has a good botanical 
voucher been collected? 

NO 

Correct scientific identity cannot be guaranteed. 
Material should not enter trade. 
Labeling of a product with this material does not 
fulfill legal requirements of FDA. YES 

Has the material been 
sent to and identified 
by a trained botanist? 

YES 

NO 

The material should be sent to a trained botanist 
to verify the identity of the sample. 

NO 

YES 

Has the voucher been deposited in a certified collection? 
Was a published source used for identification of the material? 
Has the correct Latin binomial with Genus and species been used? 
Does the name contain the correct author citation? 
Is the name spelled correctly? 
Does the family name follow APG-3 

YES 

The material fulfills 
label requirements 

NO 

FIGURE 4.11 Correct plant identifica-
tion to meet labeling requirements.
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same system for naming species, based on the Interna-
tional Code of Nomenclature for algae, fungi, and
plants, which indicates that only one correct name can
refer to one taxon (e.g., species of plant). This universal
use of one name allows an unambiguous classification.
The Linnaean system has of course detractors, and is
not perfect [e.g. 15,16]. In the binomial system, each
name consists of a generic name and a species epithet,
along with the citation of the author (or authors) who
first described the species (e.g., Blakea nareliana Buss-
mann: genus ¼ Blakea, species epithet ¼ nareliana,
author ¼ Bussmann). In any publication, the whole
name including the author should be referenced, but
the generic name may be abbreviated once the full
name has been cited. Complete plant names can be
found in the literature, as well as on the Internet, e.g.,
under www.tropicos.org.

All Latin plant binomials are italicized. However,
author names and family names are always spelled in
normal font. Example: Blakea nareliana Bussmann
(Melastomataceae).

Plant names are now governed by the International
Code of Botanical Nomenclature, which is amended
every 6 years by an international panel of experts. At
the time of writing the Melbourne Code is valid [17].
The International Code of Nomenclature for algae,
fungi, and plants was developed to provide a clear sys-
tem that would allow for a unique name for each plant
species. This is of great importance, because the US
Food and Drug Administration (FDA) labeling guide-
lines for botanical products has accepted this code as
reference for the validity of names in trade.

4.3.1.2 Author Names and Synonyms

Author names are given to indicate who exactly
described any given species, and at which time. Based
on the International Code of Nomenclature for algae,
fungi, and plants, the correct plant name is the one
that was first published. Any other names given to a spe-
cies later are called synonyms. The earliest names are of
course the ones assigned by Linnaeus, e.g., Arnica mon-
tana L., since Linnaeus developed the binomial system.
Authors in parentheses, e.g., Schisandra chinensis (Turcz.)
Baill., indicate that originally the author in parentheses
(Turczaninow) described the species Kadzur achinensis
Turcz. in 1837, but Baillon (Baill.) correctly placed the
species in the genus Schisandra in 1868. The use of author
names has often been criticized [14], but is essential in
case the same name has accidentally been given to two
different species.

Synonyms are names other than the correct and
accepted names that have been given to a species. In
the above example, Kadzura chinensis would be a syno-
nym of Schisandra chinensis. Synonyms can originate
either because the same species was described by

different authors under different names or because the
correct evolutionary relationship of a species was only
recognized after it had already been described. The
same species might be known by a wide variety of syn-
onyms, because the species was originally collected and
described by many researchers without having knowl-
edge of each other. Quinine, for example, was originally
derived from a variety of species of the genus Cinchona.
One of the most important sources, Cinchona calisaya
Wedd., is also known under 47 different synonyms.
The significance of this becomes obvious when trying
to run a search for publications about use or compounds
of a certain species. “Cinchona calisaya” might yield only
a fraction of the possible search results, and only the in-
clusion of all names would give a complete overview on
available references. A well-known example in the
United States is black cohosh [18,19]: black cohosh is
correctly identified as Actaea racemosa L. (the species
was described first by Linnaeus in 1753), but Cimicifuga
racemosa (L.) Nutt. (described by Nuttall in 1818) is
widely used. A search on Pubmed for Actaea racemosa
yields 549 results, while a search for Cimicifuga racemosa
yields 540 results. The combination of both names plus
the vernacular “black cohosh,” however, yields 661 re-
sults. Careful use of binomial names is thus important
for any research on herbal medicine.

4.3.1.3 Classification Systems

Current plant taxonomy follows the so-called Angio-
sperm Phylogeny Group (APG)-3 system [20]. This sys-
tem updates the traditional taxonomic system based on
morphology with modern genetic data. APG-3 has two
important advantages for herbal medicine research. First
of all, by providing a unified taxonomic system, it allows
for a better comparison of family overviews in herbal
medicine, i.e., it can help to elucidate plant groups
with similar genetics, and thus possibly more similar
phytochemistry. A great example is the Mauve family
(Malvaceae): Before the implementation of APG-3, Mal-
vaceae, Tiliaceae, Sterculiaceae, and Bombacaceae were
counted as independent families, although in traditional
medicine many species belonging to these families had
similar medicinal applications. With APG-3, all species
of these families belong to Malvaceae, which provides
a much better fit and a better tool for screening. Simi-
larly, APG-3 has led to the split of lump families like
Scrophulariaceae into smaller units, which in turn also
allow for easier selection of screening targets. The genus
Veronica, before in Scrophulariaceae, was found to
belong to Plantaginaceae, which, from a medicinal
perspective, makes much more sense. Sambucus, before
classified in Caprifoliaceae, turned out to belong genet-
ically to Adoxaceae. Phyllanthus, well known for species
like Phyllanthus stipulatus L. and Phyllanthus niuriri L.
(chanca piedra, for urinary problems), and Phyllanthus
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emblica L. (amla, Indian gooseberry, known for anti-
cancer and antiinflammatory properties) belonged
formerly to the Euphorbiaceae (Spurge family, mostly
with toxic latex) and now forms its own family (Phyllan-
thaceae), which again from a medicinal perspective
makes lots of sense. Valeriana (formerly Valerianaceae)
belongs now to the Caprifoliaceae. Although this new
system does implement a considerable number of taxo-
nomic changes, it does, however, hardly affect compari-
sons of the most important plant families in medicinal
floras. Of 494 species cited in Bussmann et al. [21,22],
only 44 changed family designation through implemen-
tation of APG-3. Another eight simply contained
spelling mistakes, even after multiple checks of the com-
plete plant database (Table 4.1). The change in family
classification to APG-3 did, however, not at all alter
the distribution of the first 40 (of 128) most important
plant families in the medicinal flora of Northern Peru,
which accounted for almost 60% of all species (Table 4.2).

4.4 LABEL REQUIREMENTS FOR
BOTANICAL SUPPLEMENTS AND OTHER

MATERIALS IN TRADE

In the United States, the FDA [23] regulates closely
how the labels of botanical supplements and other mate-
rials in trade have to be structured. The common or
usual name of ingredients of dietary supplements that
are botanicals (including fungi and algae) shall be
consistent with the names standardized in Herbs of Com-
merce [24].

The listing of these names on the label needs to be
followed by statements of the following:

1. The part of the plant (e.g., root, leaves) fromwhich the
dietary ingredient is derived (e.g., “Garlic bulb” or
“Garlic (bulb)”), except that this designation is not
required for algae. The name of the part of the plant
must be expressed in English (e.g., “flower” rather
than “flos”).

2. The Latin binomial name of the plant, in parentheses,
except that this name is not required when it is
available in Herbs of Commerce [24] for the common or
usual name listed on the label, and, when required,
the Latin binomial name may be listed before the part
of the plant. Any name in Latin form needs to be in
accordance with internationally accepted rules on
nomenclature, such as those found in the International
Code of Botanical Nomenclature, and include the
designation of the author or authors who published
the Latin name, when a positive identification cannot
be made in its absence.

3. On labels of single-ingredient dietary supplements
that do not include an ingredient list, the

identification of the Latin binomial name, when
needed, and the part of the plant may be prominently
placed on the principal display panel or information
panel, or included in the nutrition label.

An example for the correct identification and labeling
flow needed to produce a voucher as basis for legal sup-
plement identification is given in Ref. [15].

4.5 THE PROBLEM OF LACKING
VOUCHERS AND INCORRECT

IDENTIFICATION

Voucher specimens are of tremendous importance in
herbal medicine use and research. The intraspecific
(within-species) variation of phytochemicals has already
been mentioned above. This variation can have signifi-
cant influence on the activity and efficacy of a certain
plant and preparation, and only careful vouchering of
the original source allows tracing activity back to the
correct plant material. Eisenman et al. [24] mention
such variation for commercial preparations of Ginkgo
biloba L.

Studies on herbal medicine frequently cite a lack of ef-
ficacy. An often-referenced example is Echinacea purpurea
(L.) Moench. A variety of researchers found lack of effi-
cacy in preparations of E. purpurea [25e29]. However,
none of the studies relied on vouchered material, and
thus the results are impossible to reproduce. However,
such studies are often used by industry to discredit the
efficacy of herbal medicine. In the case of E. purpurea,
initial studies found compounds that exhibited bioac-
tivity but later turned out to be compounds of Parthe-
nium integrifolium L. [24].

Our own research group documented the need for
vouchers to assess adulterations in herbal medicine in
botanical trade [3]. Material sold as Arnica montana L.
was often contaminated with, or replaced by, Heterothe
cainuloidesCass.;Matricaria chamomilla L. was often adul-
terated with species of Anthemis (possibly causing
allergic reactions), Scutellaria laterifolia L. (Skullcap)
turned out to be adulterated with Teucrium canadense L.
(which is hepatotoxic), and I. verum Hook. f. was adul-
terated with I. anisatum (which is also toxic). None of
these adulterations could have been identified without
the availability of vouchered material for comparison.

4.6 PROBLEMS WITH THE LACK OF
TAXONOMIC ATTENTION

Latin names are often seen as anachronistic and
cumbersome. Many authors are not used to Latin
spelling [18]. Using amisspelled name in a bibliographic
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TABLE 4.1 Plants from Bussmann & Sharon 2006 [21] and Changed Classificatilon Based on APG-3
(Gray Underlay)

Old classifica�on 
(Bussmann & 
Sharon 2006 
[21])

Classifica�on 
accoring to APG-
3

Acanthaceae Aphelandra cirsioides Lindau Acanthaceae Aphelandra cirsioides Lindau

Adiantaceae Adiantum concinnum Wild. ex 
H.B.K. Pteridaceae Adiantum concinnum Wild. ex 

H.B.K. Change to APG-3

Adiantaceae Pellaea ternifolia C. Chr. Pteridaceae Pellaea ternifolia C. Chr. Change to APG-3

Aizoaceae Tetragonia crystallina L'Herit Aizoaceae Tetragonia crystallina L'Herit

Alstroemeriaceae Bomarea angustifolia Benth. Alstroemeriaceae Bomarea angustifolia Benth.

Alstroemeriaceae Bomarea dulcis (Hook.) 
Beauv. Alstroemeriaceae Bomarea dulcis (Hook.) 

Beauv.

Amaranthaceae Alternanthera brasiliana (L.) 
Kuntze Amaranthaceae Alternanthera brasiliana (L.) 

Kuntze

Amaranthaceae Alternanthera halmifolia 
(Lam.) Standley & Pittier Amaranthaceae Alternanthera halmifolia 

(Lam.) Standley & Pittier

Amaranthaceae Alternanthera porrigens 
(Jacquin) Kuntze Amaranthaceae Alternanthera porrigens 

(Jacquin) Kuntze

Amaranthaceae Alternanthera villosa H.B.K. Amaranthaceae Alternanthera villosa H.B.K.

Amaranthaceae Amaranthus caudatus L. Amaranthaceae Amaranthus caudatus L.

Amaranthaceae Amaranthus hybridus L. Amaranthaceae Amaranthus hybridus L.

Amaranthaceae Iresine diffusa H.B.K. ex Willd. Amaranthaceae Iresine diffusa H.B.K. ex Willd.

Amaranthaceae Iresine herbstii Lindley Amaranthaceae Iresine herbstii Lindley

Amaryllidaceae Eustephia coccinea Cav. Amaryllidaceae Eustephia coccinea Cav.

Anacardiaceae Annacardium occcidentale L. Anacardiaceae Annacardium occcidentale L.

Anacardiaceae Loxopterygium huasango 
Spruce ex Engl. Anacardiaceae Loxopterygium huasango 

Spruce ex Engl.

Anacardiaceae Mangifera indica L. Anacardiaceae Mangifera indica L.

Anacardiaceae Mauria heterophylla H.B.K. Anacardiaceae Mauria heterophylla H.B.K.

Anacardiaceae Schinus molle L. Anacardiaceae Schinus molle L.

Annonaceae Annona muricata L. Annonaceae Annona muricata L.

Apiaceae Ammi visnaga (L.) Lam. Apiaceae Ammi visnaga (L.) Lam.

Apiaceae Apium graveolens L. Apiaceae Apium graveolens L.

Apiaceae Arracacia xanthorrhiza 
Bancroft Apiaceae Arracacia xanthorrhiza 

Bancroft

Apiaceae Coriandrum sativum L. Apiaceae Coriandrum sativum L.

Apiaceae Daucus montanus H. & B. ex 
Spreng. Apiaceae Daucus montanus H. & B. ex 

Spreng.

Apiaceae Foeniculum vulgare P. Miller Apiaceae Foeniculum vulgare P. Miller

Apiaceae Niphogeton dissecta (Benth.) 
Macbr. Apiaceae Niphogeton dissecta (Benth.) 

Macbr.

Apiaceae Petroselinum crispum (Miller) 
A.W. Hill Apiaceae Petroselinum crispum (Miller) 

A.W. Hill

Apiaceae Pimpinella anisum L. Apiaceae Pimpinella anisum L.

Apiaceae Hydrocotyle bonariensis 
Commerson ex Lam. Araliaceae Hydrocotyle bonariensis 

Commerson ex Lam. Wrong family

Apiaceae Hydrocotyle globiflora R. & P. Araliaceae Hydrocotyle globiflora R. & P. Wrong family

Apocynaceae Mandevilla antennacea 
(A.DC.) Schum. Apocynaceae Mandevilla antennacea 

(A.DC.) Schum.
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(Gray Underlay)dcont’d

Apocynaceae Mandevilla cf. trianae 
Woodson Apocynaceae Mandevilla cf. trianae 

Woodson

Apocynaceae Nerium oleander L. Apocynaceae Nerium oleander L.

Apocynaceae Thevetia peruviana (Pers.) 
Schum. Apocynaceae Thevetia peruviana (Pers.) 

Schum.

Apocynaceae Vallesia glabra (Cav.) Link. Apocynaceae Vallesia glabra (Cav.) Link.

Aquifoliaceae Ilex guayusa Loes Aquifoliaceae Ilex guayusa Loes

Araliaceae Oreopanax eriocephalus 
Harms Araliaceae Oreopanax eriocephalus 

Harms

Araucariaceae Araucaria heterophylla 
(Salisb.) Franco Araucariaceae Araucaria heterophylla 

(Salisb.) Franco

Arecaceae Bactris spp. Arecaceae Bactris spp.

Arecaceae Cocos nucifera L. Arecaceae Cocos nucifera L.

Aristolochiaceae Aristolochia ruiziana 
(Klotzsch) Zahlbr. Aristolochiaceae Aristolochia ruiziana 

(Klotzsch) Zahlbr.

Asclepiadaceae Sarcostemma clausum 
(Jacquin) Schultes Apocynaceae Sarcostemma clausum 

(Jacquin) Schultes Wrong family

Asphodelaceae Aloe vera (L.) Burm f. Xanthorrhoeaceae Aloe vera (L.) Burm f. Change to APG-3

Asteraceae Acanthoxanthium spinosum 
(L.) Furreau Asteraceae Acanthoxanthium spinosum 

(L.) Furreau

Asteraceae Achillea millefolium L. Asteraceae Achillea millefolium L.

Asteraceae Achyrocline alata (H.B.K.) DC. Asteraceae Achyrocline alata (H.B.K.) DC.

Asteraceae Acmella cf. ciliata (H.B.K.) 
Cas. Asteraceae Acmella cf. ciliata (H.B.K.) 

Cas.

Asteraceae Ambrosia arborescens Miller Asteraceae Ambrosia arborescens Miller

Asteraceae Ambrosia peruviana Willd. Asteraceae Ambrosia peruviana Willd.

Asteraceae Arctium lappa L. Asteraceae Arctium lappa L.

Asteraceae Arnica montana L. Asteraceae Arnica montana L.

Asteraceae Artemisia absinthium L. Asteraceae Artemisia absinthium L.

Asteraceae
Baccharis caespitosa (R. & P.) 
Pers. var. alpina (H.B.K.) 
Cuatr.

Asteraceae
Baccharis caespitosa (R. & P.) 
Pers. var. alpina (H.B.K.) 
Cuatr.

Asteraceae Baccharis ciliaris (Retz.) 
Koeler Asteraceae Baccharis ciliaris (Retz.) 

Koeler

Asteraceae Baccharis genistelloides 
(Lam.) Pers. Asteraceae Baccharis genistelloides 

(Lam.) Pers.

Asteraceae Baccharis glutinosa Persoon Asteraceae Baccharis glutinosa Persoon

Asteraceae Baccharis inidica (L.) Gaert Asteraceae Baccharis inidica (L.) Gaert

Asteraceae Baccharis latifolia (R. & P.) 
Pers. Asteraceae Baccharis latifolia (R. & P.) 

Pers.

Asteraceae Baccharis odorata H.B.K. Asteraceae Baccharis odorata H.B.K.

Asteraceae Baccharis salicifolia (R. & P.) 
Pers. Asteraceae Baccharis salicifolia (R. & P.) 

Pers.

Asteraceae Baccharis vaccinioides H.B.K. Asteraceae Baccharis vaccinioides H.B.K.

Asteraceae Bidens pilosa L. Asteraceae Bidens pilosa L.

Asteraceae Chuquiraga spinosa sp. 
huamanpinta C. Ezcurra Asteraceae Chuquiraga spinosa sp. 

huamanpinta C. Ezcurra

Asteraceae Chuquiragua weberbaueri 
Tovar Asteraceae Chuquiragua weberbaueri 

Tovar

Asteraceae Clibadium cf. sylvestre (Aubl.) 
Baill. Asteraceae Clibadium cf. sylvestre (Aubl.) 

Baill.

Asteraceae Cronquistianthus 
lavandulifolius DC. Asteraceae Cronquistianthus 

lavandulifolius DC.

Asteraceae Cynara cardunculus L. Asteraceae Cynara cardunculus L.

Continued
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Asteraceae Diplostephium gynoxyoides 
Cuatr. Asteraceae Diplostephium gynoxyoides 

Cuatr.

Asteraceae Diplostephium sagasteguii 
Cuatrecasas Asteraceae Diplostephium sagasteguii 

Cuatrecasas

Asteraceae Eupatorium gayanum Wedd. Asteraceae Eupatorium gayanum Wedd.

Asteraceae Eupatorium triplinerve Wedd. Asteraceae Eupatorium triplinerve Wedd.

Asteraceae
Ferryanthus verbascifolius 
(H.B.K.) H. Robinson & 
Brettell

Asteraceae
Ferryanthus verbascifolius 
(H.B.K.) H. Robinson & 
Brettell

Asteraceae Flaveria bidentis (L.) Kuntze Asteraceae Flaveria bidentis (L.) Kuntze

Asteraceae Gnaphalium americanum Mill. Asteraceae Gnaphalium americanum Mill.

Asteraceae Lactuca sativa L. Asteraceae Lactuca sativa L.

Asteraceae Loricaria ferruginea (R. & P.) 
Wedd. Asteraceae Loricaria ferruginea (R. & P.) 

Wedd.

Asteraceae Loricaria pauciflora Cuatr. Asteraceae Loricaria pauciflora Cuatr.

Asteraceae Matricaria frigidum (HBK) 
Kunth Asteraceae Matricaria frigidum (HBK) 

Kunth

Asteraceae Matricaria recutita L. Asteraceae Matricaria recutita L.

Asteraceae Mikania leiostachya Benth. Asteraceae Mikania leiostachya Benth.

Asteraceae Monactis flaverioides H.B.K. Asteraceae Monactis flaverioides H.B.K.

Asteraceae Munnozia lyrata (A. Gray.) 
Rob. & Brett. Asteraceae Munnozia lyrata (A. Gray.) 

Rob. & Brett.

Asteraceae Onoseris odorata (D. Don) 
Hooker & Arnott Asteraceae Onoseris odorata (D. Don) 

Hooker & Arnott

Asteraceae Oritrophium peruvianum 
(Lam.) Cuatrec. Asteraceae Oritrophium peruvianum 

(Lam.) Cuatrec.

Asteraceae Paranephelius uniflorus 
Poepp. & Endl. Asteraceae Paranephelius uniflorus 

Poepp. & Endl.

Asteraceae Perezia multiflora (H. & B.) 
Lessing Asteraceae Perezia multiflora (H. & B.) 

Lessing

Asteraceae Perezia pungens (H.B.K.) 
Cas. Asteraceae Perezia pungens (H.B.K.) 

Cas.
Asteraceae Picrosia longifolia D. Don Asteraceae Picrosia longifolia D. Don

Asteraceae Porophyllum ruderale (Jacq.) 
Cas. Asteraceae Porophyllum ruderale (Jacq.) 

Cas.

Asteraceae Pseudogynoxis cordifolia 
(Cass.) Cabr. Asteraceae Pseudogynoxis cordifolia 

(Cass.) Cabr.

Asteraceae Schkuhria pinnata (Lam.) 
Kuntze Asteraceae Schkuhria pinnata (Lam.) 

Kuntze

Asteraceae Senecio canescens (H.B.K.) 
Cuatrecasas Asteraceae Senecio canescens (H.B.K.) 

Cuatrecasas

Asteraceae Senecio chinogeton Wedd. Asteraceae Senecio chinogeton Wedd.

Asteraceae Senecio genisianus Cuatr. Asteraceae Senecio genisianus Cuatr.

Asteraceae Senecio hypsandinus Cuatr. Asteraceae Senecio hypsandinus Cuatr.

Asteraceae Senecio pseudotites Grieseb. Asteraceae Senecio pseudotites Grieseb.

Asteraceae Senecio tephrosioides Turcz. Asteraceae Senecio tephrosioides Turcz.

Asteraceae Smallanthus sonchifolius 
(Poepp. & Endl) H. Rob. Asteraceae Smallanthus sonchifolius 

(Poepp. & Endl) H. Rob.

Asteraceae Sonchus oleraceus L. Asteraceae Sonchus oleraceus L.

Asteraceae Spilanthes leiocarpa DC. Asteraceae Spilanthes leiocarpa DC.

Asteraceae Tagetes elliptica Sm. Asteraceae Tagetes elliptica Sm.

Asteraceae Tagetes erecta L. Asteraceae Tagetes erecta L.

Asteraceae Tagetes filifolia Lag. Asteraceae Tagetes filifolia Lag.
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Asteraceae Tagetes patula L. Asteraceae Tagetes patula L.

Asteraceae Taraxacum officinale Wiggers Asteraceae Taraxacum officinale Wiggers

Asteraceae Tesaria integrifolia R. & P. Asteraceae Tesaria integrifolia R. & P.

Asteraceae Trixis cacalioides H.B.K. Asteraceae Trixis cacalioides H.B.K.

Asteraceae Weddelia latifolia DC. Asteraceae Weddelia latifolia DC.

Asteraceae Werneria humilis H.B.K. Asteraceae Werneria humilis H.B.K.

Asteraceae Werneria pygmaea H. & A. Asteraceae Werneria pygmaea H. & A.

Asteraceae Werneria villosa A. Gray Asteraceae Werneria villosa A. Gray

Balanophoraceae Corynaea crassa Hook. f. Balanophoraceae Corynaea crassa Hook. f.

Berberidaceae Berberis buceronis J.F. 
Macbride Berberidaceae Berberis buceronis J.F. 

Macbride

Betulaceae Alnus acuminata H.B.K. Betulaceae Alnus acuminata H.B.K.

Bignoniaceae Crescentia cujete L. Bignoniaceae Crescentia cujete L.

Bignoniaceae Cydista aequinoctialis (L.) 
Miers Bignoniaceae Cydista aequinoctialis (L.) 

Miers

Bignoniaceae Jacaranda acutifolia H. & B. Bignoniaceae Jacaranda acutifolia H. & B.

Bignoniaceae Tynnanthus scabra (Hoffm. ex 
Roem. & Schult.) Schum. Bignoniaceae Tynnanthus scabra (Hoffm. ex 

Roem. & Schult.) Schum.

Bixaceae Bixa orellana L. Bixaceae Bixa orellana L.

Boraginaceae Borrago officinalis L. Boraginaceae Borrago officinalis L.

Boraginaceae Cordia alliodora (R. & P.) 
Oken Boraginaceae Cordia alliodora (R. & P.) 

Oken

Boraginaceae Cordia lutea Lam. Boraginaceae Cordia lutea Lam.

Boraginaceae Heliotropium curasavicum L. Boraginaceae Heliotropium curasavicum L.

Boraginaceae Tiquilia paronychoides (Phil.) 
Rich. Boraginaceae Tiquilia paronychoides (Phil.) 

Rich.

Brassicaceae Brassica oleracea L. f. sp. 
capitata Brassicaceae Brassica oleracea L. f. sp. 

capitata

Brassicaceae Brassica rapa L. Brassicaceae Brassica rapa L.

Brassicaceae Capsella bursa-pastoris (L.) 
Medic. Brassicaceae Capsella bursa-pastoris (L.) 

Medic.

Brassicaceae Lepidium virginicum L. Brassicaceae Lepidium virginicum L.

Brassicaceae Raphanus sativus L. Brassicaceae Raphanus sativus L.

Brassicaceae Rorippa nasturtium-aquaticum 
(L.) Hayek Brassicaceae Rorippa nasturtium-aquaticum 

(L.) Hayek

Bromeliaceae Ananas comosus (L.) Merrill Bromeliaceae Ananas comosus (L.) Merrill

Bromeliaceae Puya hamata L.B. Sm. Bromeliaceae Puya hamata L.B. Sm.

Bromeliaceae Puya weberbaueri Mez. Bromeliaceae Puya weberbaueri Mez.

Bromeliaceae Tillandsia cacticola L.B. Sm. Bromeliaceae Tillandsia cacticola L.B. Sm.

Bromeliaceae Tillandsia multiflora Bentham. 
var. decipiens (Andre) Sm. Bromeliaceae Tillandsia multiflora Bentham. 

var. decipiens (Andre) Sm.

Burseraceae Bursera graveolens (H.B.K.) 
Triana & Planchon Burseraceae Bursera graveolens (H.B.K.) 

Triana & Planchon

Burseraceae Commiphora myrrha (T. Nees) 
Engl. Burseraceae Commiphora myrrha (T. Nees) 

Engl.

Cactaceae Echinopsis pachanoi (Britton & 
Rose) Friedrich & G. Rowley Cactaceae Echinopsis pachanoi (Britton & 

Rose) Friedrich & G. Rowley

Cactaceae Opuntia ficus-indica (L.) Miller Cactaceae Opuntia ficus-indica (L.) Miller

Continued
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Campanulaceae Centropogon articulatus Drake Campanulaceae Centropogon articulatus Drake

Campanulaceae Centropogon cf. cornutus L. Campanulaceae Centropogon cf. cornutus L.

Campanulaceae Centropogon cf. rufus. Wimm. Campanulaceae Centropogon cf. rufus. Wimm.

Campanulaceae Lobelia decurrens Cavaniles Campanulaceae Lobelia decurrens Cavaniles

Campanulaceae Siphocampylus angustiflorus 
Schlechtendal Campanulaceae Siphocampylus angustiflorus 

Schlechtendal

Campanulaceae Siphocampylus cutervensis A. 
Zahlbr. Campanulaceae Siphocampylus cutervensis A. 

Zahlbr.

Campanulaceae Siphocampylus tupaeformis 
Zahlbr. Campanulaceae Siphocampylus tupaeformis 

Zahlbr.

Capparidaceae Capparis crotonoides H.B.K. Capparaceae Capparis crotonoides H.B.K. Spelling mistake

Capparidaceae Capparis scabrida Kunth Capparaceae Capparis scabrida Kunth Spelling mistake

Caprifoliaeae Sambucus nigra L. Adoxaceae Sambucus nigra L. Change to APG-3

Caprifoliaeae Sambucus peruviana H.B.K. Adoxaceae Sambucus peruviana H.B.K. Change to APG-3

Caprifoliaeae Lonicera japonica Thunberg Caprifoliaeae Lonicera japonica Thunberg

Caricaceae Carica papaya L. Caricaceae Carica papaya L.

Caricaceae Jacartia digitata (Poepp. & 
Endl.) Solms-Lang. Caricaceae Jacartia digitata (Poepp. & 

Endl.) Solms-Lang.

Caryophyllaceae Dianthus caryophyllus L. Caryophyllaceae Dianthus caryophyllus L.

Caryophyllaceae Dianthus caryophyllus L. Caryophyllaceae Dianthus caryophyllus L.

Caryophyllaceae Stellaria media (L.) Criollo Caryophyllaceae Stellaria media (L.) Criollo

Chenopodiaceae Chenopodium ambrosioides L. Amaranthaceae Chenopodium ambrosioides L. Change to APG-3

Chenopodiaceae Chenopodium quinoa Willd. 
(wild form) Amaranthaceae Chenopodium quinoa Willd. 

(wild form) Change to APG-3

Chenopodiaceae Chenopodium quinoa Willd. Amaranthaceae Chenopodium quinoa Willd. Change to APG-3

Chloranthaceae Hedyosmum racemosum (R. 
& P.) G. Don. Chloranthaceae Hedyosmum racemosum (R. 

& P.) G. Don.

Chrysobalanaceae Coupeia sp. Chrysobalanaceae Couepia sp. Spelling mistake Coupeia

Clethraceae Clethra castaneifolia Meissner Clethraceae Clethra castaneifolia Meissner Change to APG-3

Clusiaceae Mammea americana L. Calophyllaceae Mammea americana L. Change to APG-3

Clusiaceae Clusia minor L. Clusiaceae Clusia minor L.

Clusiaceae Hypericum aciculare Kunth. Hypericeae Hypericum aciculare Kunth. Change to APG-3

Clusiaceae Hypericum laricifolium Jus. Hypericeae Hypericum laricifolium Jus. Change to APG-3

Clusiaceae Hypericum silenioides Jus. Hypericeae Hypericum silenioides Jus. Change to APG-3

Convolvulaceae Ipomoea batatas (L.) Lamarck Convolvulaceae Ipomoea batatas (L.) Lamarck

Convolvulaceae Ipomoea pauciflora M. 
Martens & Galeotti Convolvulaceae Ipomoea pauciflora M. 

Martens & Galeotti

Crassulaceae Echeveria peruviana Meyen Crassulaceae Echeveria peruviana Meyen

Cucurbitaceae Citrullus lanatus (Thunberg) 
Matsumura & Nakai Cucurbitaceae Citrullus lanatus (Thunberg) 

Matsumura & Nakai

Cucurbitaceae Cucumis dipsaceus Ehrenb. Cucurbitaceae Cucumis dipsaceus Ehrenb.

Cucurbitaceae Cucumis sativus L. Cucurbitaceae Cucumis sativus L.

Cucurbitaceae Cucurbita maxina Duch. Cucurbitaceae Cucurbita maxina Duch. 

Cucurbitaceae Cucurbita moschata Duch. Cucurbitaceae Cucurbita moschata Duch.

Cucurbitaceae Cyclanthera pedata (L.) 
Schrad. Cucurbitaceae Cyclanthera pedata (L.) 

Schrad.
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Cucurbitaceae Sechium edule Swartz. Cucurbitaceae Sechium edule Swartz.

Cucurbitaceae Sicana odorifera (Vell.) Naud. Cucurbitaceae Sicana odorifera (Vell.) Naud.

Cucurbitaceae Sycos baderoa H. et A. Cucurbitaceae Sycos baderoa H. et A.

Cupressaceae Cupressus lusitanica Miller Cupressaceae Cupressus lusitanica Miller

Cuscutaceae Cuscuta foetida H.B.K. Convolvulaceae Cuscuta foetida H.B.K. Change to APG-3

Cyperaceae Cyperus articulatus L. Cyperaceae Cyperus articulatus L.

Cyperaceae Kyllingia pumila Michx. Cyperaceae Kyllingia pumila Michx.

Cyperaceae Oreobolos goeppingeri Sues Cyperaceae Oreobolos goeppingeri Sues

Cyperaceae
Scirpus californicus (C.A. 
Meyer) Steudel subsp. tatora 
(Kunth) T. Koyama

Cyperaceae
Scirpus californicus (C.A. 
Meyer) Steudel subsp. tatora 
(Kunth) T. Koyama

Dioscoreaceae Dioscorea tambillensis Kunth Dioscoreaceae Dioscorea tambillensis Kunth

Dioscoreaceae Dioscorea trifida L.f. Dioscoreaceae Dioscorea trifida L.f.

Dipsacaceae Dipsacus jallonum L. Caprifoliaceae Dipsacus jallonum L. Change to APG-3

Dipsacaceae Scabiosa atropurpurea L. Caprifoliaceae Scabiosa atropurpurea L. Change to APG-3

Elaeocarpaceae Vallea stipularis L.f. Elaeocarpaceae Vallea stipularis L.f.

Ephedraceae Ephedra americana H. & B. Ephedraceae Ephedra americana H. & B.

Equisetaceae Equisetum bogotense (H.B.K.) 
Kunth Equisetaceae Equisetum bogotense (H.B.K.) 

Kunth

Equisetaceae Equisetum giganteum (Wedd.) 
Ulbrich Equisetaceae Equisetum giganteum (Wedd.) 

Ulbrich

Ericaceae Bejaria aestuans L. Ericaceae Bejaria aestuans L.

Ericaceae Gaultheria erecta Vent. Ericaceae Gaultheria erecta Vent.

Ericaceae Gaultheria reticulata H.B.K. Ericaceae Gaultheria reticulata H.B.K.

Eriocaulaceae Paepalanthus ensifolius Kunth Eriocaulaceae Paepalanthus ensifolius Kunth

Erythroxylaceae Erythroxylum coca Lam. Erythroxylaceae Erythroxylum coca Lam.

Euphorbiaceae Acalypha mandonii Muell.-Arg. Euphorbiaceae Acalypha mandonii Muell.-Arg.

Euphorbiaceae Chamaesyce hypericifolia (L.) 
Millspaugh Euphorbiaceae Chamaesyce hypericifolia (L.) 

Millspaugh

Euphorbiaceae Croton draconoides Muell.-
Arg. Euphorbiaceae Croton draconoides Muell.-

Arg.

Euphorbiaceae Croton lechleri Muell. Arg. Euphorbiaceae Croton lechleri Muell. Arg. 

Euphorbiaceae Hura crepitans L. Euphorbiaceae Hura crepitans L.

Euphorbiaceae Jatropa curcas L. Euphorbiaceae Jatropa curcas L. 

Euphorbiaceae Jatropa gosypiifolia L. Euphorbiaceae Jatropa gosypiifolia L. 

Euphorbiaceae Jatropa multifida L. Euphorbiaceae Jatropa multifida L.

Euphorbiaceae Manhiot esculenta Crantz Euphorbiaceae Manhiot esculenta Crantz

Euphorbiaceae Ricinus communis L. Euphorbiaceae Ricinus communis L.

Euphorbiaceae Phyllanthus niruri L. Phyllanthaceae Phyllanthus niruri L. Change to APG-3

Euphorbiaceae Phyllanthus stipulatus (Raf.) 
Webster Phyllanthaceae Phyllanthus stipulatus (Raf.) 

Webster Change to APG-3

Euphorbiaceae Phyllanthus urinaria L. Phyllanthaceae Phyllanthus urinaria L. Change to APG-3

Fabaceae Acacia macracantha H. & B. 
ex Willd. Fabaceae Acacia macracantha H. & B. 

ex Willd.

Fabaceae Caesalpinia paipai R. & P. Fabaceae Caesalpinia paipai R. & P.

Continued
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Fabaceae Caesalpinia spinosa (Molina) 
Kuntze Fabaceae Caesalpinia spinosa (Molina) 

Kuntze

Fabaceae Cajanus cajan (L.) Millsp. Fabaceae Cajanus cajan (L.) Millsp.

Fabaceae Cassia fistula L. Fabaceae Cassia fistula L.

Fabaceae Cicer arietinum L. Fabaceae Cicer arietinum L.

Fabaceae Desmodium molliculum 
(H.B.K.) DC. Fabaceae Desmodium molliculum 

(H.B.K.) DC.

Fabaceae Desmodium triflorum (L.) DC Fabaceae Desmodium triflorum (L.) DC

Fabaceae Diodea virgata (Rich.) Amsh. Fabaceae Diodea virgata (Rich.) Amsh.

Fabaceae Dolichos lablab L. Fabaceae Dolichos lablab L.

Fabaceae Erythrina ormosia Fabaceae Erythrina ormosia

Fabaceae Erythrina velutina Willdenow Fabaceae Erythrina velutina Willdenow

Fabaceae Erythrina spp. Fabaceae Erythrina spp.

Fabaceae Indigofera suffruticosa Miller Fabaceae Indigofera suffruticosa Miller

Fabaceae Inga edulis C. Martius Fabaceae Inga edulis C. Martius

Fabaceae Inga feuillei DC. Fabaceae Inga feuillei DC.

Fabaceae Lathyrus odoratus L. Fabaceae Lathyrus odoratus L.

Fabaceae Lens culinaris Medikus Fabaceae Lens culinaris Medikus

Fabaceae Leucaena leucocephala 
(Lam.) De Wit Fabaceae Leucaena leucocephala 

(Lam.) De Wit

Fabaceae Lupinus mutabilis Sweet Fabaceae Lupinus mutabilis Sweet

Fabaceae Medicago sativa L. Fabaceae Medicago sativa L.

Fabaceae Melilotus alba Medikus Fabaceae Melilotus alba Medikus

Fabaceae Mimosa albida H. & B. Fabaceae Mimosa albida H. & B.

Fabaceae Mimosa nothacacia Barneby Fabaceae Mimosa nothacacia Barneby

Fabaceae Myroxylon balsamum (L.) 
Harms. Fabaceae Myroxylon balsamum (L.) 

Harms.

Fabaceae Pisum sativum L. Fabaceae Pisum sativum L.

Fabaceae Prosopis pallida (H. & B. ex 
Willd.) H.B.K. Fabaceae Prosopis pallida (H. & B. ex 

Willd.) H.B.K.

Fabaceae Senna bicapsularis (L.) 
Roxburgh Fabaceae Senna bicapsularis (L.) 

Roxburgh

Fabaceae Senna monilifera H.S. Irwin & 
Bowley Fabaceae Senna monilifera H.S. Irwin & 

Bowley

Fabaceae Senna occidentalis (L.) Link. Fabaceae Senna occidentalis (L.) Link.

Fabaceae Spartium junceum L. Fabaceae Spartium junceum L.

Fabaceae Tamarindus indica L. Fabaceae Tamarindus indica L.

Fabaceae Trifolium repens L. Fabaceae Trifolium repens L.

Fabaceae Zornia reticulata Sm. Fabaceae Zornia reticulata Sm.

Gentianaceae Coutoubea ramosa Aublet Gentianaceae Coutoubea ramosa Aublet

Gentianaceae Gentianella bicolor (Wedd.) J. 
Pringle Gentianaceae Gentianella bicolor (Wedd.) J. 

Pringle

Gentianaceae Gentianella bruneotricha 
(Gilg.) J.S. Pringle. Gentianaceae Gentianella bruneotricha 

(Gilg.) J.S. Pringle.

Gentianaceae Gentianella crassicaulis J.S. 
Pringle Gentianaceae Gentianella crassicaulis J.S. 

Pringle

Gentianaceae Gentianella dianthoides 
(H.B.K.) Fabris Gentianaceae Gentianella dianthoides 

(H.B.K.) Fabris
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Gentianaceae Gentianella graminea (H.B.K.) 
Fabris Gentianaceae Gentianella graminea (H.B.K.) 

Fabris

Geraniaceae Erodium cicutarium (L.) 
L'Herit. Geraniaceae Erodium cicutarium (L.) 

L'Herit.

Geraniaceae Geranium ayavacense Willd 
ex H.B.K. Geraniaceae Geranium ayavacense Willd 

ex H.B.K.

Geraniaceae Geranium sesiliflorum 
Cavanilles Geraniaceae Geranium sesiliflorum 

Cavanilles

Geraniaceae Pelargonium odoratisimum 
(L.) L'Herit. Geraniaceae Pelargonium odoratisimum 

(L.) L'Herit.

Geraniaceae Pelargonium roseum Willd. Geraniaceae Pelargonium roseum Willd.

Hippocrateaceae Tontelea crassifolia (Mart.) 
Spreng. Celastraceae Tontelea crassifolia (Mart.) 

Spreng.

Illiciaceae Illicium verum Hook. f. Schisandraceae Illicium verum Hook. f. Change to APG-3

Isoetaceae Isoetes andina R. & P. Isoetaceae Isoetes andina R. & P.

Juglandaceae Juglans neotropica Diels Juglandaceae Juglans neotropica Diels

Krameriaceae Krameria lappacea (Dombey) 
Berdet & B. Simpson Krameriaceae Krameria lappacea (Dombey) 

Berdet & B. Simpson

Lamiaceae Hyptis sidifolia (L´Her.) Briq. Lamiaceae Hyptis sidifolia (L´Her.) Briq.

Lamiaceae Lavandula angustifolia Miller Lamiaceae Lavandula angustifolia Miller

Lamiaceae Lepechinia meyenii (Walpers) 
Epling Lamiaceae Lepechinia meyenii (Walpers) 

Epling

Lamiaceae Marrubium vulgare L. Lamiaceae Marrubium vulgare L.

Lamiaceae Melissa officinalis L. Lamiaceae Melissa officinalis L.

Lamiaceae Mentha x piperita L. Lamiaceae Mentha x piperita L.

Lamiaceae Mentha spicata L. Lamiaceae Mentha spicata L.

Lamiaceae Minthostachys mollis 
Griesebach Lamiaceae Minthostachys mollis 

Griesebach

Lamiaceae Ocimum basilicum L. Lamiaceae Ocimum basilicum L.

Lamiaceae Origanum majorana L. Lamiaceae Origanum majorana L.

Lamiaceae Origanum vulgare L. Lamiaceae Origanum vulgare L.

Lamiaceae Otholobium glandulosum (L.) 
Grimes Lamiaceae Otholobium glandulosum (L.) 

Grimes

Lamiaceae Rosmarinus officinalis L. Lamiaceae Rosmarinus officinalis L.

Lamiaceae Salvia ayavacensis H.B.K. Lamiaceae Salvia ayavacensis H.B.K.

Lamiaceae Salvia cuspidata R. & P. Lamiaceae Salvia cuspidata R. & P.

Lamiaceae Salvia discolor H.B.K. Lamiaceae Salvia discolor H.B.K.

Lamiaceae Salvia macrophylla Benth. Lamiaceae Salvia macrophylla Benth.

Lamiaceae Salvia officinalis L. Lamiaceae Salvia officinalis L.

Lamiaceae Salvia rosmarinifolia Hort. ex 
G. Don. Lamiaceae Salvia rosmarinifolia Hort. ex 

G. Don.

Lamiaceae Salvia sagitatta R. & P. Lamiaceae Salvia sagitatta R. & P.

Lamiaceae Salvia tubiflora R. & P. Lamiaceae Salvia tubiflora R. & P.

Lamiaceae Satureja pulchella (H.B.K.) 
Briquet Lamiaceae Satureja pulchella (H.B.K.) 

Briquet

Lamiaceae Scutellatia scutellarioides 
(Kunth) R. Harley Lamiaceae Scutellatia scutellarioides 

(Kunth) R. Harley

Lamiaceae Stachys lanata Jacq. Lamiaceae Stachys lanata Jacq.

Lamiaceae Thymus vulgaris L. Lamiaceae Thymus vulgaris L.

Lauraceae Aiouea dubia (H.B.K.) Mez. Lauraceae Aiouea dubia (H.B.K.) Mez.
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Lauraceae Cinnamonum verum J. Presl. Lauraceae Cinnamonum verum J. Presl.

Lauraceae Nectandra floribunda Nees Lauraceae Nectandra floribunda Nees

Lauraceae Nectandra reticulata (R. & P.) 
Mez. Lauraceae Nectandra reticulata (R. & P.) 

Mez.

Lauraceae Persea americana Mill. Lauraceae Persea americana Mill.

Lecytidaceae Gustavia augusta L. Lecytidaceae Gustavia augusta L. 

Lemnaceae Lemna minuta H.B.K. Araceae Lemna minuta H.B.K. Change to APG-3

Liliaceae Allium odorum L. Amaryllidaceae Allium odorum L.

Liliaceae Allium sativum L. Amaryllidaceae Allium sativum L.

Liliaceae Dracaena fragrans Ker Gawl. Asparagaceae Dracaena fragrans Ker Gawl. Change to APG-3

Liliaceae Hesperoziphium niveum 
(Rav.) Rav. Iridaceae Hesperoxiphion niveum (Rav.) 

Rav.

Wrong spelling 
Hesperoziphium and 
change to APG-3

Linaceae Linum sativum L. Linaceae Linum sativum L. 

Linaceae Linum usitatissimum L. Linaceae Linum usitatissimum L.

Loganiaceae Buddleja utilis Kraenzl. Scrophulariaceae Buddleja utilis Kraenzl. Change to APG-3

Loranthaceae Psittacantus chanduyensis 
Eichler Loranthaceae Psittacantus chanduyensis 

Eichler

Loranthaceae Tristerix longibracteatus (Des.) 
Barlow & Wiens Loranthaceae Tristerix longibracteatus (Des.) 

Barlow & Wiens

Lycopodiaceae Huperzia crassa (H. & B. ex 
Willd.) Rothm. Lycopodiaceae Huperzia crassa (H. & B. ex 

Willd.) Rothm.

Lycopodiaceae Huperzia cf. columnaris B. 
Oellg. Lycopodiaceae Huperzia cf. columnaris B. 

Oellg.

Lycopodiaceae Huperzia hohenackeri (Herter) 
Holub Lycopodiaceae Huperzia hohenackeri (Herter) 

Holub

Lycopodiaceae Huperzia kuestneri (Nessel) B. 
Ollg. Lycopodiaceae Huperzia kuestneri (Nessel) B. 

Ollg.

Lycopodiaceae Huperzia reflexa (Lam.) 
Trevis. Lycopodiaceae Huperzia reflexa (Lam.) 

Trevis.

Lycopodiaceae Huperzia sellifolia B. Ollg. Lycopodiaceae Huperzia sellifolia B. Ollg.

Lycopodiaceae Huperzia tetragona (Hook. & 
Grev.) Trevis. Lycopodiaceae Huperzia tetragona (Hook. & 

Grev.) Trevis.

Lycopodiaceae Lycopodium clavatum L. Lycopodiaceae Lycopodium clavatum L.

Lycopodiaceae Lycopodium jussiaei Desv. ex 
Poir Lycopodiaceae Lycopodium jussiaei Desv. ex 

Poir

Lycopodiaceae Lycopodium thyoides H. & B. 
ex Willd. Lycopodiaceae Lycopodium thyoides H. & B. 

ex Willd.

Lythraceae Cuphea strigulosa H.B.K. Lythraceae Cuphea strigulosa H.B.K.

Malesherbiaceae Malesherbia ardens Macbr. Passifloraceae Malesherbia ardens Macbr. Change to APG-3

Malpighiaceae Banisteriopsis caapi (Spruce 
ex Grieseb.) Morton Malpighiaceae Banisteriopsis caapi (Spruce 

ex Grieseb.) Morton

Malvaceae Alcea rosea (L.) Cavanilles Malvaceae Alcea rosea (L.) Cavanilles

Malvaceae Gossypium barbadense L. Malvaceae Gossypium barbadense L.

Malvaceae Malva parviflora L. Malvaceae Malva parviflora L.

Malvaceae Malva sylvestris L. Malvaceae Malva sylvestris L.

Malvaceae Urena lobata L. Malvaceae Urena lobata L.

Melastomataceae Brachyotum tyrianthium 
Macbride Melastomataceae Brachyotum tyrianthium 

Macbride

Melastomataceae Miconia salicifolia (Bonpl. ex 
Naud.) Naud. Melastomataceae Miconia salicifolia (Bonpl. ex 

Naud.) Naud.
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Melastomataceae Tibouchina laxa (Des.) Cog. Melastomataceae Tibouchina laxa (Des.) Cog.

Menispermaceae Abuta grandiflora (Mart.) 
Sand. Menispermaceae Abuta grandiflora (Mart.) 

Sand. 

Monimiaceae Peumus boldus Molina Monimiaceae Peumus boldus Molina

Monimiaceae Spiaruna aspera (R. & P.) 
A.DC. Siparunaceae Spiaruna aspera (R. & P.) 

A.DC. Change to APG-3

Monimiaceae Siparuna muricata (R. & P.) A. 
DC. Siparunaceae Siparuna muricata (R. & P.) A. 

DC. Change to APG-3

Moraceae Brosmium rubescens Taubert Moraceae Brosimum rubescens Taubert Wrong spelling 
Brosmium

Moraceae Ficus carica L. Moraceae Ficus carica L.

Moraceae Ficus spp. Moraceae Ficus spp.

Moraceae Morus alba L. Moraceae Morus alba L.

Musaceae Musa x paradisiaca L. Musaceae Musa x paradisiaca L.

Myricaceae Myrica pubescens H. & B. ex 
Wild. Myricaceae Myrica pubescens H. & B. ex 

Wild.

Myristicaceae Myristica fragrans L. Myristicaceae Myristica fragrans L.

Myrtaceae Eugenia obtusifolia Cambes. Myrtaceae Eugenia obtusifolia Cambes.

Myrtaceae Eucalyptus citriodora Hooker Myrtaceae Eucalyptus citriodora Hooker

Myrtaceae Eucalyptus globulus Labill. Myrtaceae Eucalyptus globulus Labill.

Myrtaceae Myrcianthes discolor (H.B.K.) 
Vaughn Myrtaceae Myrcianthes discolor (H.B.K.) 

Vaughn

Myrtaceae Myrcianthes fragrans (Sw) 
McVaugh Myrtaceae Myrcianthes fragrans (Sw) 

McVaugh

Myrtaceae Psidium guajava L. Myrtaceae Psidium guajava L.

Myrtaceae Scutia spicata (H. & B. ex 
Schultes) Weberb. var. spicata Myrtaceae Scutia spicata (H. & B. ex 

Schultes) Weberb. var. spicata

Myrtaceae Syzygium aromaticum (L.) 
Merr. & Perry Myrtaceae Syzygium aromaticum (L.) 

Merr. & Perry

Myrtaceae Syzygium jambos (L.) Alston Myrtaceae Syzygium jambos (L.) Alston

Nyctaginaceae Boerhavia coccinea Mill. Nyctaginaceae Boerhavia coccinea Mill.

Nyctaginaceae Mirabilis jalapa L. Nyctaginaceae Mirabilis jalapa L.

Olacaceae Heisteria acuminata (H. & B.) 
Engler Olacaceae Heisteria acuminata (H. & B.) 

Engler

Olacaceae Ximenia americana L. Ximeniaceae Ximenia americana L. Change to APG-3

Oleaceae Olea europaea L. Oleaceae Olea europaea L.

Onagraceae Epilobium sp. Onagraceae Epilobium sp.

Onagraceae Fuchsia ayavacensis H.B.K. Onagraceae Fuchsia ayavacensis H.B.K.

Onagraceae Oenothera rosea Aiton Onagraceae Oenothera rosea Aiton

Orchidaceae Aa paleacea (H.B.K.) Rchb. f. Orchidaceae Aa paleacea (H.B.K.) Rchb. f.

Orchidaceae Epidendrum calanthum Rchb. 
f. Orchidaceae Epidendrum calanthum Rchb. 

f. 

Orchidaceae Lycaste gigantea Lindl. Orchidaceae Lycaste gigantea Lindl.

Orchidaceae Pachyphyllum pastii Krenzl. ex 
Weberb. Orchidaceae Pachyphyllum pastii Krenzl. ex 

Weberb.

Orchidaceae Stelis eublepharis Rchb. f. Orchidaceae Stelis eublepharis Rchb. f.

Orchidaceae Stelis sp. Orchidaceae Stelis sp.

Oxalidaceae Oxalis bulbigera Knuth. Oxalidaceae Oxalis bulbigera Knuth.
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Oxalidaceae Oxalis tuberosa Molina Oxalidaceae Oxalis tuberosa Molina

Papaveraceae Argemone mexicana L. Papaveraceae Argemone mexicana L.

Passifloraceae Passiflora caerulea L. Passifloraceae Passiflora caerulea L.

Passifloraceae Passiflora edulis Sims. Passifloraceae Passiflora edulis Sims.

Passifloraceae Passiflora ligularis Jus. Passifloraceae Passiflora ligularis Jus.

Passifloraceae Passiflora quardrangularis L. Passifloraceae Passiflora quardrangularis L.

Passifloraceae Passiflora sp. Passifloraceae Passiflora sp.

Phytolaccaceae Gallesia integrifolia (Spreng.) 
Harms. Phytolaccaceae Gallesia integrifolia (Spreng.) 

Harms.

Phytolaccaceae Petiveria alliacea L. Phytolaccaceae Petiveria alliacea L.

Phytolaccaceae Phytolacca bogotensis H.B.K. Phytolaccaceae Phytolacca bogotensis H.B.K.

Pinaceae Pinus patula Schldl. & Cham. Pinaceae Pinus patula Schldl. & Cham. 

Pinaceae Pinus radiata D. Don. Pinaceae Pinus radiata D. Don.

Piperaceae Peperomia fraseri C. DC. Piperaceae Peperomia fraseri C. DC.

Piperaceae Peperomia galioides H.B.K. Piperaceae Peperomia galioides H.B.K.

Piperaceae Peperomia hartwegiana Miq. Piperaceae Peperomia hartwegiana Miq.

Piperaceae Peperomia inaequalifolia R. & 
P. Piperaceae Peperomia inaequalifolia R. & 

P.

Piperaceae Peperomia quadrifolia Trel. Piperaceae Peperomia quadrifolia Trel.

Piperaceae Piper aduncum L. Piperaceae Piper aduncum L.

Piperaceae Piper cf. aequale Vahl. Piperaceae Piper cf. aequale Vahl.

Piperaceae Piper nigrum L. Piperaceae Piper nigrum L.

Plantaginaceae Plantago linearis H.B.K. Plantaginaceae Plantago linearis H.B.K.

Plantaginaceae Plantago major L. Plantaginaceae Plantago major L.

Plantaginaceae Plantago sericea R. & P. Plantaginaceae Plantago sericea R. & P.

Plantaginaceae Plantago sericea R. & P. var. 
lanuginosa Grieseb. Plantaginaceae Plantago sericea R. & P. var. 

lanuginosa Grieseb.

Plantaginaceae Plantago sericea R. & P. 
subsp. sericans (Pilger) Rahn Plantaginaceae Plantago sericea R. & P. 

subsp. sericans (Pilger) Rahn

Poaceae Arundo donax L. Poaceae Arundo donax L.

Poaceae Cenchrus echinatus L. Poaceae Cenchrus echinatus L. 

Poaceae Cymbopogon citratus (DC.) 
Stapf. Poaceae Cymbopogon citratus (DC.) 

Stapf.

Poaceae Cynodon dactylon (L.) 
Persoon Poaceae Cynodon dactylon (L.) 

Persoon

Poaceae Digitaria ciliaris (Retz.) 
Koehler Poaceae Digitaria ciliaris (Retz.) 

Koehler

Poaceae Gynerium sagittatum (Aublet.) 
P. Beauvois Poaceae Gynerium sagittatum (Aublet.) 

P. Beauvois

Poaceae Hordeum vulgare L. Poaceae Hordeum vulgare L.

Poaceae Oryza sativa L. Poaceae Oryza sativa L.

Poaceae Saccharum officinarum L. Poaceae Saccharum officinarum L.

Poaceae Triticum sativum L. Poaceae Triticum sativum L.

Poaceae Zea mays L. Poaceae Zea mays L.

Polemoniaceae Cantua buxifolia Jus. ex Lam. Polemoniaceae Cantua buxifolia Jus. ex Lam.
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Polemoniaceae Cantua quercifolia Jus. Polemoniaceae Cantua quercifolia Jus.

Polygalaceae Monnina pterocarpa R. & P. Polygalaceae Monnina pterocarpa R. & P.

Polygalaceae Polygala paniculata L. Polygalaceae Polygala paniculata L.

Polygonaceae Muehlenbeckia tamnifolia 
(H.B.K.) Meisner Polygonaceae Muehlenbeckia tamnifolia 

(H.B.K.) Meisner

Polygonaceae Polygonum hydropiperoides 
Michaux Polygonaceae Polygonum hydropiperoides 

Michaux

Polygonaceae Rumex crispus L. Polygonaceae Rumex crispus L.

Polypodiaceae Grammitis moniliformis (Lag. 
ex Sw.) Proctor Polypodiaceae Grammitis moniliformis (Lag. 

ex Sw.) Proctor

Polypodiaceae Polypodium crassifolium L. Polypodiaceae Polypodium crassifolium L.

Polypodiaceae Cheilanthes myriophylla Desv. Pteridaceae Cheilanthes myriophylla Desv. Change to APG-3

Polypodiaceae Jamesonia goudotii (Hieron) 
C. Chr. Pteridaceae Jamesonia goudotii (Hieron) 

C. Chr. Change to APG-3

Polypodiaceae Jamesonia rotundifolia Fée Pteridaceae Jamesonia rotundifolia Fée Change to APG-3

Portulacaceae
Portulaca oleracea L. subsp. 
tuberculata Danin & H.G. 
Baker

Portulacaceae
Portulaca oleracea L. subsp. 
tuberculata Danin & H.G. 
Baker

Portulacaceae Portulaca villosa H.B.K. Portulacaceae Portulaca villosa H.B.K.

Proteaceae Oreocallis grandiflora (Lam.) 
R.Br. Proteaceae Oreocallis grandiflora (Lam.) 

R.Br.

Punicaceae Punica granatum L. Lythraceae Punica granatum L. Change to APG-3

Ranunculaceae Laccopetalum giganteum 
(Wedd.) Ulbrich Ranunculaceae Laccopetalum giganteum 

(Wedd.) Ulbrich

Ranunculaceae Thalictrum decipiens Boivin Ranunculaceae Thalictrum decipiens Boivin

Rosaceae Alchemilla nivalis H.B.K. Rosaceae Alchemilla nivalis H.B.K.

Rosaceae Cydonia oblonga Miller Rosaceae Cydonia oblonga Miller

Rosaceae Fragaria vesca L. Rosaceae Fragaria vesca L.

Rosaceae Geum peruvianum Focke Rosaceae Geum peruvianum Focke

Rosaceae Polylepis racemosa R. & P. Rosaceae Polylepis racemosa R. & P.

Rosaceae Prunus serotina Ehrh. Rosaceae Prunus serotina Ehrh.

Rosaceae Prunus serotina Ehrhart 
subsp. capuli (Cav.) McVough Rosaceae Prunus serotina Ehrhart 

subsp. capuli (Cav.) McVough

Rosaceae Rosa centifolia L. Rosaceae Rosa centifolia L.

Rosaceae Rubus robustus C. Presl. Rosaceae Rubus robustus C. Presl.

Rosaceae Sanguisorba minor Scop. Rosaceae Sanguisorba minor Scop.

Rubiaceae Arcytophyllum nitidum (H.B.K.) 
Schlecht. Rubiaceae Arcytophyllum nitidum (H.B.K.) 

Schlecht.

Rubiaceae Cinchona officinalis L. Rubiaceae Cinchona officinalis L.

Rubiaceae Coffea arabica L. Rubiaceae Coffea arabica L.

Rubiaceae Uncaria tomentosa (Willdenow 
ex Roemer & Schultes) DC. Rubiaceae Uncaria tomentosa (Willdenow 

ex Roemer & Schultes) DC.

Rutaceae Citrus aurantium L. Rutaceae Citrus aurantium L.

Rutaceae Citrus grandis (L.) Osbeck Rutaceae Citrus grandis (L.) Osbeck

Rutaceae Citrus limetta Riso Rutaceae Citrus limetta Riso

Rutaceae Citrus limon (L.) Burm. f. Rutaceae Citrus limon (L.) Burm. f.

Rutaceae Citrus reticulata Blanco Rutaceae Citrus reticulata Blanco
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Rutaceae Citrus sinensis (L.) Osbeck Rutaceae Citrus sinensis (L.) Osbeck

Rutaceae Gardenia augusta (L.) Merr. Rutaceae Gardenia augusta (L.) Merr.

Rutaceae Ruta graveolens L. Rutaceae Ruta graveolens L.

Salicaceae Populus deltoides Bartram Salicaceae Populus deltoides Bartram

Salicaceae Salix chilensis Molina Salicaceae Salix chilensis Molina

Sapotaceae Pouteria lucuma (R. & P.) 
Kuntze. Sapotaceae Pouteria lucuma (R. & P.) 

Kuntze.

Saxifragaceae Escallonia pendula (R. & P.) 
Pers. Saxifragaceae Escallonia pendula (R. & P.) 

Pers.

Scrophulariaceae Calceolaria rugulosa Edwin Calceolariaceae Calceolaria rugulosa Edwin Change to APG-3

Scrophulariaceae Escobedia grandiflora (L.f.) 
Kuntze Orobanchaceae Escobedia grandiflora (L.f.) 

Kuntze Change to APG-3

Scrophulariaceae Galvesia fruticosa J. Gmelin Plantaginaceae Galvesia fruticosa J. Gmelin Change to APG-3

Scrophulariaceae Caprania peruviana Bentham Scrophulariaceae Capraria peruviana Bentham Wrong spelling Caprania

Smilacaceae Smilax kunthii Killip & Morton Smilacaceae Smilax kunthii Killip & Morton

Smilacaceae Smilax medica M.Martens & 
Galeotti Smilacaceae Smilax medica M.Martens & 

Galeotti

Solanaceae Brugmansia arborea (L.) 
Lagerheim Solanaceae Brugmansia arborea (L.) 

Lagerheim

Solanaceae Brugmansia candida Persoon Solanaceae Brugmansia candida Persoon

Solanaceae Brugmansia sanguinea (R. & 
P.) D. Don. Solanaceae Brugmansia sanguinea (R. & 

P.) D. Don.

Solanaceae Capsicum chinense L. Solanaceae Capsicum chinense L.

Solanaceae Capsicum rhomboideum 
(Dunal) Kunze Solanaceae Capsicum rhomboideum 

(Dunal) Kunze

Solanaceae Cestrum auriculatum L'Herit Solanaceae Cestrum auriculatum L'Herit

Solanaceae Cestrum nocturnum L. Solanaceae Cestrum nocturnum L.

Solanaceae Cestrum strigilatum R. & P. Solanaceae Cestrum strigilatum R. & P.

Solanaceae Cestrum undulatum R. & P. Solanaceae Cestrum undulatum R. & P.

Solanaceae Datura ferox L. Solanaceae Datura ferox L.

Solanaceae Jaltomata sp. Solanaceae Jaltomata sp.

Solanaceae Juanulloa ochracea 
Cuatrecasas Solanaceae Juanulloa ochracea 

Cuatrecasas

Solanaceae Lycopersicon esculentum Mill. Solanaceae Lycopersicon esculentum Mill.

Solanaceae Lycopersicon hirsutum Dunal Solanaceae Lycopersicon hirsutum Dunal

Solanaceae Lycopersicon peruvianum (L.) 
Mill. Solanaceae Lycopersicon peruvianum (L.) 

Mill.

Solanaceae Nicotiana tabacum L. Solanaceae Nicotiana tabacum L.

Solanaceae Solanum americanum Mill. Solanaceae Solanum americanum Mill.

Solanaceae Solanum mammosum L. Solanaceae Solanum mammosum L.

Solanaceae Solanum melongena L. Solanaceae Solanum melongena L.

Solanaceae Solanum sp. Solanaceae Solanum sp.

Solanaceae Solanum sp. Solanaceae Solanum sp.

Sterculiaceae Theobroma cacao L. Malvaceae Theobroma cacao L. Change to APG-3

Theaceae Camellia sinensis (L.) Kuntze Theaceae Camellia sinensis (L.) Kuntze

Thelypteridaceae Thelypteris cf. scalaris 
(Christ.) Alton Thelypteridaceae Thelypteris cf. scalaris 

(Christ.) Alton
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search will, however, inevitably lead to a failure in
retrieving relevant literature, similar to the above-cited
problem with synonyms. A search for “Coupeia” in
PubMed yields zero results, while the correct name
“Couepia” yields six hits; much more striking, “Bros-
mium” yields no results, while the correct “Brosimum”
yields 1720 reference hits.

Vernacular names are certainly not a solution. In our
own research, the vernacular “Corpus Huay” referred to
Gentianella chamuchui (Reimers) Fabris,Gentianella bicolor
(Wedd.) Pringle, Gentianella graminea (H.B.K.) Fabris,
Gentianella thyrsoidea (Hook.) Fabris., and three unidenti-
fied species of Gentianella (all Gentianaceae). All these
species were sold and used by the local population as
treatment for diabetes, and at leastG. thyrsoidea is known
to have serious toxic effects. Moreover, all these species
are interchangeably called Hercampuri, Genciana,

Chinchimali, Hornamo, Sumaran, AngaMacha, Amar-
gon, and a variety of other vernacular names. Hornamo,
however, also refers to species of Senecio and Werneria
nubigena Kunth (both Asteraceae), as well as Valeriana
(Valerianaceae), each of which is used traditionally for
completely different applications. The term “Valeriana”
might refer not only to different species of Valeriana
(Valerianaceae), but also to Geum peruvianum (Rosaceae)
and species of Ranunculus (Ranunculaceae), all of which
can be used either for the same purpose (calmative) or
for completely different applications [21,29e33]. Again,
without careful vouchering it would never be possible
to identify the correct species and adulterations in
trade [34]. This has serious implications on efficacy
and toxicity too. Annona muricata L. (Annonaceae) and
Psidium guajava L. (Myrtaceae) are both known as “gua-
nabana,” but only the second species shows good

TABLE 4.1 Plants from Bussmann & Sharon 2006 [21] and Changed Classificatilon Based on APG-3 (Gray
Underlay)dcont’d

Thymeleaceae Daphnopsis weberbaueri 
Domke Thymeleaceae Daphnopsis weberbaueri 

Domke

Tiliaceae Mutingia calabura L. Malvaceae Mutingia calabura L. Change to APG-3

Tiliaceae Tilia platyphyllos Scop. Malvaceae Tilia platyphyllos Scop. Change to APG-3

Tropaeolaceae Tropaeolum minus L. Tropaeolaceae Tropaeolum minus L.

Typhaceae Typha angustifolia L. Typhaceae Typha angustifolia L.

Ulmaceae Celtis loxense C.C. Berg Cannabaceae Celtis loxense C.C. Berg

Urticaceae Pilea microphylla (L.) 
Lieberman Urticaceae Pilea microphylla (L.) 

Lieberman

Urticaceae Urtica magellanica A. Jussieu 
ex Poiret Urticaceae Urtica magellanica A. Jussieu 

ex Poiret

Urticaceae Urtica urens L. Urticaceae Urtica urens L.

Valerianaceae Belonanthus aff. hispidus 
(Wedd.) Graebn. Caprifoliaceae Belonanthus aff. hispidus 

(Wedd.) Graebn. Change to APG-3

Valerianaceae Phyllactis rigida (R. & P.) 
Persoon Caprifoliaceae Phyllactis rigida (R. & P.) 

Persoon Change to APG-3

Valerianaceae Valeriana bonplandiana 
Wedd. Caprifoliaceae Valeriana bonplandiana 

Wedd. Change to APG-3

Valerianaceae Valeriana plantaginea Kunth Caprifoliaceae Valeriana plantaginea Kunth Change to APG-3

Verbenaceae Clerodendron sp. Lamiaceae Clerodendron sp. Change to APG-3

Verbenaceae Aloysia triphylla (L. Her.) Britt. Verbenaceae Aloysia triphylla (L. Her.) Britt.

Verbenaceae Lantana scabiosaefolia H.B.K. Verbenaceae Lantana scabiosaefolia H.B.K.

Verbenaceae Lippia integrifolia (Grieseb.) 
Hieron Verbenaceae Lippia integrifolia (Grieseb.) 

Hieron

Verbenaceae Verbena littoralis H.B.K. Verbenaceae Verbena littoralis H.B.K.

Violaceae Viola tricolor L. Violaceae Viola tricolor L.

Vitaceae Vitis vinifera L. Vitaceae Vitis vinifera L.

Xyridaceae Xyris subulata R. & P. Xyridaceae Xyris subulata R. & P.

Zingiberaceae Zingiber officinale Roscoe Zingiberaceae Zingiber officinale Roscoe

Zygophyllaceae Tribulus terrestris L. Zygophyllaceae Tribulus terrestris L.

Note: The “BOLD WORDS” are the PLANT FAMILY NAMES (column 1 and 3) and the CHANGES IN CLASSIFICATION (column5).
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TABLE 4.2 Most Important Plant Families from Bussmann & Sharon 2006 [21] and New Classification under
APG-3 (Gray Underlay)

Family Bussmann & Sharon 
2006 [21] Family APG-3

68 13.77 Asteraceae 68 13.77

34 6.88 Fabaceae 34 6.88

25 5.06 Lamiaceae 26 5.26

21 4.25 Solanaceae 21 4.25

13 2.63 Euphorbiaceae 10 2.02

11 2.23 Apiaceae 9 1.82

11 2.23 Poaceae 11 2.23

10 2.02 Lycopodiaceae 10 2.02

10 2.02 Rosaceae 10 2.02

9 1.82 Cucurbitaceae 9 1.82

9 1.82 Myrtaceae 9 1.82

8 1.62 Amaranthaceae 11 2.23

8 1.62 Piperaceae 8 1.62

8 1.62 Rutaceae 8 1.62

7 1.42 Campanulaceae 7 1.42

6 1.21 Brassicaceae 6 1.21

6 1.21 Gentianaceae 6 1.21

6 1.21 Orchidaceae 6 1.21

5 1.01 Anacardiaceae 5 1.01

5 1.01 Apocynaceae 6 1.21

5 1.01 Boraginaceae 5 1.01

5 1.01 Bromeliaceae 5 1.01

5 1.01 Clusiaceae 1 0.20

5 1.01 Geraniaceae 5 1.01

5 1.01 Lauraceae 5 1.01

5 1.01 Malvaceae 8 1.62

5 1.01 Passifloraceae 6 1.21

5 1.01 Plantaginaceae 6 1.21

5 1.01 Polypodiaceae 2 0.40

5 1.01 Scrophulariaceae 3 0.61

5 1.01 Verbenaceae 4 0.81

4 0.81 Bignoniaceae 4 0.81

4 0.81 Cyperaceae 4 0.81

Asteraceae

Fabaceae

Lamiaceae

Solanaceae

Euphorbiaceae

Apiaceae

Poaceae

Lycopodiaceae

Rosaceae

Cucurbitaceae

Myrtaceae

Amaranthaceae

Piperaceae

Rutaceae

Campanulaceae

Brassicaceae

Gentianaceae

Orchidaceae

Anacardiaceae

Apocynaceae

Boraginaceae

Bromeliaceae

Clusiaceae

Geraniaceae

Lauraceae

Malvaceae

Passifloraceae

Plantaginaceae

Polypodiaceae

Scrophulariaceae

Verbenaceae

Bignoniaceae

Cyperaceae
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TABLE 4.2 Most Important Plant Families from Bussmann & Sharon 2006 [21] and New Classification under
APG-3 (Gray Underlay)dcont’d

Moraceae 4 0.81 Moraceae 4 0.81

Rubiaceae 4 0.81 Rubiaceae 4 0.81

Valerianaceae 4 0.81 Valerianaceae 0 0.00

Caprifoliaeae 3 0.61 Caprifoliaeae 7 1.42

Caryophyllaceae 3 0.61 Caryophyllaceae 3 0.61

Chenopodiaceae 3 0.61 Chenopodiaceae 0 0.00

Ericaceae 3 0.61 Ericaceae 3 0.61

Melastomataceae 3 0.61 Melastomataceae 3 0.61

Monimiaceae 3 0.61 Monimiaceae 1 0.20

Onagraceae 3 0.61 Onagraceae 3 0.61

Liliaceae 4 0.81 Liliaceae 0 0.00

Phytolaccaceae 3 0.61 Phytolaccaceae 3 0.61

Polygonaceae 3 0.61 Polygonaceae 3 0.61

Urticaceae 3 0.61 Urticaceae 3 0.61

Adiantaceae 2 0.40 Adiantaceae 0 0.00

Alstroemeriaceae 2 0.40 Alstroemeriaceae 2 0.40

Arecaceae 2 0.40 Arecaceae 2 0.40

Burseraceae 2 0.40 Burseraceae 2 0.40

Cactaceae 2 0.40 Cactaceae 2 0.40

Capparaceae 2 0.40 Capparaceae 2 0.40

Caricaceae 2 0.40 Caricaceae 2 0.40

Convolvulaceae 2 0.40 Convolvulaceae 3 0.61

Dioscoreaceae 2 0.40 Dioscoreaceae 2 0.40

Dipsacaceae 2 0.40 Dipsacaceae 0 0.00

Equisetaceae 2 0.40 Equisetaceae 2 0.40

Linaceae 2 0.40 Linaceae 2 0.40

Loranthaceae 2 0.40 Loranthaceae 2 0.40

Nyctaginaceae 2 0.40 Nyctaginaceae 2 0.40

Olacaceae 2 0.40 Olacaceae 1 0.20

Oxalidaceae 2 0.40 Oxalidaceae 2 0.40

Pinaceae 2 0.40 Pinaceae 2 0.40

Polemoniaceae 2 0.40 Polemoniaceae 2 0.40

Polygalaceae 2 0.40 Polygalaceae 2 0.40

Portulacaceae 2 0.40 Portulacaceae 2 0.40

Ranunculaceae 2 0.40 Ranunculaceae 2 0.40

Continued
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TABLE 4.2 Most Important Plant Families from Bussmann & Sharon 2006 [21] and New Classification under
APG-3 (Gray Underlay)dcont’d

Smilacaceae

Tiliaceae

Acanthaceae

Aizoaceae

Amaryllidaceae

Annonaceae

Aquifoliaceae

Salicaceae

Araliaceae

Araucariaceae

Aristolochiaceae

Asclepiadaceae

Asphodelaceae

Balanophoraceae

Berberidaceae

Betulaceae

Bixaceae

Chloranthaceae

Chrysobalanaceae

Clethraceae

Crassulaceae

Cupressaceae

Cuscutaceae

Elaeocarpaceae

Ephedraceae

Eriocaulaceae

Erythroxylaceae

Hippocrateaceae

Illiciaceae

2

2

1

1

1

1

1

2

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

0.40

0.40

0.20

0.20

0.20

0.20

0.20

0.40

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

Smilacaceae

Tiliaceae

Acanthaceae

Aizoaceae

Amaryllidaceae

Annonaceae

Aquifoliaceae

Salicaceae

Araliaceae

Araucariaceae

Aristolochiaceae

Asclepiadaceae

Asphodelaceae

Balanophoraceae

Berberidaceae

Betulaceae

Bixaceae

Chloranthaceae

Chrysobalanaceae

Clethraceae

Crassulaceae

Cupressaceae

Cuscutaceae

Elaeocarpaceae

Ephedraceae

Eriocaulaceae

Erythroxylaceae

Hippocrateaceae

Illiciaceae

2

0

1

1

3

1

1

2

3

1

1

0

0

1

1

1

1

1

1

1

1

1

0

1

1

1

1

0

0

0.40

0.00

0.20

0.20

0.61

0.20

0.20

0.40

0.61

0.20

0.20

0.00

0.00

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.20

0.00

0.20

0.20

0.20

0.20

0.00

0.00
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TABLE 4.2 Most Important Plant Families from Bussmann & Sharon 2006 [21] and New Classification under
APG-3 (Gray Underlay)dcont’d

Isoetaceae 1 0.20 Isoetaceae 1 0.20

Juglandaceae 1 0.20 Juglandaceae 1 0.20

Krameriaceae 1 0.20 Krameriaceae 1 0.20

Lecythidaceae 1 0.20 Lecythidaceae 1 0.20

Lemnaceae 1 0.20 Lemnaceae 0 0.00

Loganiaceae 1 0.20 Loganiaceae 0 0.00

Lythraceae 1 0.20 Lythraceae 2 0.40

Malesherbiaceae 1 0.20 Malesherbiaceae 0 0.00

Malpighiaceae 1 0.20 Malpighiaceae 1 0.20

Menispermaceae 1 0.20 Menispermaceae 1 0.20

Musaceae 1 0.20 Musaceae 1 0.20

Myricaceae 1 0.20 Myricaceae 1 0.20

Myristicaceae 1 0.20 Myristicaceae 1 0.20

Oleaceae 1 0.20 Oleaceae 1 0.20

Papaveraceae 1 0.20 Papaveraceae 1 0.20

Proteaceae 1 0.20 Proteaceae 1 0.20

Punicaceae 1 0.20 Punicaceae 0 0.00

Sapotaceae 1 0.20 Sapotaceae 1 0.20

Saxifragaceae 1 0.20 Saxifragaceae 1 0.20

Sterculiaceae 1 0.20 Sterculiaceae 0 0.00

Theaceae 1 0.20 Theaceae 1 0.20

Thelypteridaceae 1 0.20 Thelypteridaceae 1 0.20

Thymeleaceae 1 0.20 Thymeleaceae 1 0.20

Tropaeolaceae 1 0.20 Tropaeolaceae 1 0.20

Typhaceae 1 0.20 Typhaceae 1 0.20

Ulmaceae 1 0.20 Ulmaceae 0 0.00

Violaceae 1 0.20 Violaceae 1 0.20

Vitaceae 1 0.20 Vitaceae 1 0.20
Continued
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antibacterial activity, although both are used for wound
infections [35]. Gynerium sagittatum (Aubl.) Pers and
Arundo donax (L.) are both called “carrizo.” The etha-
nolic extract of A. donax is highly toxic, while its aqueous
extract is benign. G. sagittatum shows exactly the oppo-
site toxicity. Awide variety of species of Huperzia (Lyco-
pidiaceae) are known as “condor,” but all exhibit
completely different toxicity, from nontoxic to highly
toxic, again sometimes depending on preparation.
Notholaena sulphurea (Cav.) L. Sm. and Argyrochosma
nivea (Poir.) Windham (both Pteridaceae) are called Dor-
adilla (as well as CutiCuti) and used against diabetes in
aqueous extract. Notholaena is relatively nontoxic, but
Argrochosma is highly toxic [36]. Recent studies in the
markets of La Paz, Bolivia, focused on plants used for
the treatment of urinary infections. One of the most
frequently mentioned herbs was “cola de caballo,”

horsetail, which normally signifies species of Equisetum.
However, every single vendor in La Paz sold instead a
species of Ephedra. Not only does Ephedra not have any
properties related to treating urinary infections or in-
flammations, but also its main compounds can lead to
serious side effects. Without the collection of botanical
vouchers, this serious health risk would not have been
discovered.

4.7 CONCLUSIONS

The correct identification of plant material and the
preparation of voucher specimens that serve for future
research and documentation are relatively simple, and
require only a few easy steps [19]. Voucher specimens
are simply a permanent reference on which all research

TABLE 4.2 Most Important Plant Families from Bussmann & Sharon 2006 [21] and New Classification under
APG-3 (Gray Underlay)dcont’d

Xyridaceae 1 0.20 Xyridaceae 1 0.20

Zingiberaceae 1 0.20 Zingiberaceae 1 0.20

Zygophyllaceae 1 0.20 Zygophyllaceae 1 0.20

Adoxaceae 0 0.00 Adoxaceae 2 0.40

Araceae 0 0.00 Araceae 1 0.20

Asparagaceae 0 0.00 Asparagaceae 1 0.20

Calceolariaceae 0 0.00 Calceolariaceae 1 0.20

Calophyllaceae 0 0.00 Calophyllaceae 1 0.20

Cannabaceae 0 0.00 Cannabaceae 1 0.20

Celastraceae 0 0.00 Celastraceae 1 0.20

Hypericaeae 0 0.00 Hypericaeae 3 0.61

Iridaceae 0 0.00 Iridaceae 1 0.20

Orobanchaceae 0 0.00 Orobanchaceae 1 0.20

Phyllanthaceae 0 0.00 Phyllanthaceae 3 0.61

Pteridaceae 0 0.00 Pteridaceae 5 1.01

Schisandraceae 0 0.00 Schisandraceae 1 0.20

Siparunaceae 0 0.00 Siparunaceae 2 0.40

Xanthorrhoeaceae 0 0.00 Xanthorrhoeaceae 1 0.20

Ximeniaceae 0 0.00 Ximeniaceae 1 0.20

Note: Column 2 and 5: Number of species; Column 3 and 6: Percentage of species.
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and commercialization of herbal medicine needs to be
placed. After the collection of fertile specimens, these
need to be carefully processed and deposited in recog-
nized herbarium. Any publication related to herbal
medicines should cite such voucher specimens. Many
professional journals already require authors to provide
information about how the plant materials used in their
research was documented, and where the vouchers are
stored. Failure to comply with such provisions inevi-
tably leads to the rejection of the paper in such cases.
In addition, trade regulations, as, e.g., increasingly
enforced by the US FDA and similar agencies, require
producers and sellers of herbal medicinal products to
provide correct names on their labels and to provide in-
formation about voucher specimens. The current guide-
lines state: “A suitable voucher specimen (reference
specimen) for each of the botanical raw materials should
be established, along with a reference standard for the
drug substance and drug product,” and in current prac-
tice these guidelines are more and more turned into a
requirement. Both researchers and producers in the field
of herbal medicine need to ask themselves if they are
completely sure that the material they are working
with really represents the species they think it is.

Most taxonomic errors are simply caused by ortho-
graphic mistakes, by citing synonyms instead of the cor-
rect scientific name, wrong or missing author citations,
andmistakes in family classification. Most of these prob-
lems can simply be avoided by using open access online
databases. The identification of vouchering material
should, however, always be done or at least confirmed
by specialists. As such, taxonomy is a crucial tool for
the validation and safety of herbal medicine.
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Anales Españoles de Pediatria 2002;57:290e4.

[9] Johanns ES, vanderKolk LE, vanGemert HM, Sijben AE, Peters PW,
de Vries I. Een epidemie van epileptische aanvallen na drinken
van kruidenthee. Ned Tijdschr Geneeskd 2002;146:813e6.

[10] Bryson PD, Watanabe AS, Rumack BH, Murphy RC. Burdock root
tea poisoning. Case report involving a commercial preparation.
J Am Med Assoc 1978;239:2157.

[11] Applequist W. The identification of medicinal plants: a handbook
of the morphology of botanicals in commerce. Austin, TX:
American Botanical Council; 2006.

[12] Bridson D, Forman L. The herbarium handbook. Kew, UK: Kew
Publishing; 2010.

[13] Index Herbariorum, http://sciweb.nybg.org/science2/
IndexHerbariorum.asp; 2014.

[14] Nesbitt M, McBurney RPH, Broin M, Beentje HJ. Linking biodi-
versity, food and nutrition: the importance of plant identification
and nomenclatureda review. J Food Compos Anal 2010;23:
486e98.

[15] Godfray Jr HCJ. Linnaeus in the information age. Nature 2007;446:
259e60.

[16] Rieppel O. The PhyloCode: a critical discussion of its theoretical
foundation. Cladistics 2006;22:186e97.

[17] McNeill J, Barrie FR, Buck WR, Demoulin V, Greuter W,
Hawksworth DL, et al. International code of nomenclature for
algae, fungi, and plants (Melbourne Code). Regnum
Vegetabile154. Koeltz Scientific Books; 2012., http://www.
iapt-taxon.org/nomen/main.php.

[18] Bennett BC, Balick MJ. Does the name really matter? The impor-
tance of nomenclature and plant taxonomy in biomedical
research. J Ethnopharmacol 2013;152(3):387e92.

[19] Bennett BC, Balick MJ. Phytomedicine 101: plant taxonomy for
preclinical and clinical medicinal plant researchers. J Soc Integr
Oncol 2008;6:150e7.

[20] The Angiosperm Phylogeny Group. An update of the angiosperm
phylogeny group classification for the orders and families of flow-
ering plants: APG III. Bot J Linn Soc 2009;161(2):105e21.

[21] Bussmann RW, Sharon D. Traditional plant use in Northern Peru:
tracking two thousand years of health culture. J Ethnobiol.Eth-
nomed 2006;2:47.

[22] Bussmann RW, Sharon D. Plants of the four winds e the magic
and medicinal flora of Peru. Plantas de los cuatro vientos e La
flora mágica y medicinal del Perú. Trujillo, Peru: Graficart; 2007.
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5.1 INTRODUCTION

Aging is a universal biological process that leads to
some progressive and deleterious changes. The meaning
of antiaging has been changed from simply prolonging
lifespan to increasing health span, which emphasizes
more on the quality of life. It is now widely accepted
that aging is a multifarious event that results from the
collective effects of genetic variation, environmental
risk factors, nutritional factors, and lifestyle [1]. Skin ag-
ing may be divided into two basic processes, intrinsic
aging and photoaging. Photoaging can be described as
premature skin aging in chronically photodamaged
skin. Intrinsic aging is characterized by smooth, dry,
pale, and finely wrinkled skin. Photoaging is character-
ized by coarse, deep, severe wrinkling, and pigmentary
changes, on exposed areas such as the face, neck, and
forearm [2]. Skin aging is associated with a progressive
increase in extensibility and a reduction in elasticity.
With increasing age, the skin also becomes more fragile
and susceptible to trauma, and this leads to more lacer-
ations and bruising [3].

The skin is the largest organ of the body with a sur-
face area of approximately 1.5e2.0 m2. It protects the in-
ternal organs of the body by acting as an effective barrier
against the detrimental effects of environmental and
xenobiotic agents (e.g., extrinsic harmful chemicals
and genotoxics). In modern life, the skin is often
expressed to environmental accidents, including excess
ultraviolet (UV) exposure and augmented air pollution,
which usually leads to oxidative stress. In these stages,
high reactive oxygen species (ROS) can damage the
skin and induce skin disease [4]. It can cause an imbal-
ance between ROS and endogenous antioxidant sys-
tems, such as reduced glutathione (GSH), and results
in a severe decrease of its antioxidant content and in a
striking formation of active oxygen intermediates [5].
ROS formed as a result of UV irradiation may oxidize
and damage cellular lipids, proteins, and deoxyribonu-
cleic acid (DNA). This leads to changes and often to
obliteration of skin structures and can result in the hin-
drance of its regular function [6]. A small amount of
UV radiation is required for the production of vitamin
D; however, extensive exposure to the sun increases

the risk of developing sunburn, accelerates skin aging,
and causes wrinkles and several malignant skin
cancers [7]. In addition, excessive UV exposure results
in a lot of chronic skin diseases such as (1) cutaneous
malignant melanoma, a life-threatening malignant skin
cancer; (2) squamous cell carcinoma of the skin, a malig-
nant cancer, which generally progresses less rapidly
than melanoma does and is less likely to cause death;
(3) basal cell carcinoma of the skin, a slow-growing
skin cancer appearing predominantly in older people;
and (4) photoaging, which causes loss of skin tightness
and the development of solar keratoses [8,9].

Several botanicals have potent antioxidant properties
and are also associated with reduced incidence of ROS
and photoaging. Medicinal plants attracted considerable
attention because they play a crucial role in skin photo-
protective effects. This has led to great interest in nutra-
ceuticals rich in antioxidants for the prevention of
photocarcinogenesis and photoaging [10]. Antioxidants
contain phenolic acids, flavonoids, and high molecular
weight polyphenols. Natural bioactive molecules exhibit
several therapeutic activities, which include anticancer,
antiwrinkle, antiaging, skin whitenening, antiinflamma-
tory, wound healing, and immunomodulating activities.
Topical administration of antioxidants offers a better
way to develop the endogenous cutaneous protection
system and thus may be an effective strategy for
decreasing UV-mediated oxidative damage in the skin
tissues [5].

5.2 CONSEQUENCES OF HERBAL
COSMETIC

There has been a very long history in human civiliza-
tion for the use of herbal medicine for skin care. From
ancient times, Egyptians were the first to use whipped
ostrich eggs, olive oil, and resin mixed with milk for
the treatment of various skin problems or for beauti-
fying [11]. The topical application of herbal products
serves as cosmetics for the care of the body, and bioac-
tive molecules influence the biological functions of the
skin, and provide the nutrients necessary for a healthy
skin [12]. Actually, they are enriched with vitamins,
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antioxidants, various oils, essential oils, hydrocolloids,
proteins, terpenoids, and other constituents. Ayurveda
(wisdom of life), the Indian system of medicine, has its
origin in prehistoric antiquity. One of its compilations
Charak Samhita (w900 BC) has listed out 10 antiaging
drugs. Among those drugs, seven are plant-derived
products that are most commonly used in Rasaayan
(rejuvenation) therapy [13]. Those herbal products
have been subjected to scientific validation and have
possessed antiaging effects with significant free radical
scavenging and other antioxidant activities [14].

In 1820, Sir Everad Home (from England) was the
first to propose that melanin acts as a sunscreen and
is protective to the skin, a concept that is now being
challenged. In 1878, Otto Veiel (from Austria) discov-
ered that tannins may work as sun protectors. Howev-
er, their persistent staining of skin precluded their
commercial development for that application. In 1962,
Franz Greiter (from Switzerland) introduced the
concept of sun protection factor (SPF) by developing a
method to measure the effectiveness of a sunscreen to
suppress sunburn. In 1969, Albert Kligman (from the
USA) published the first evidence that sun exposure
causes structural damage to the skin that can be differ-
entiated from the intrinsic aging process. In 1986, Al-
bert Kligman developed the concept of photoaging. In
the 1990s, several studies unveiled the molecular basis
of photoaging response. In 2006, the first evidence high-
lighted by Rachel Haywood (from the UK) that visible
light (400e700 nm) also contributes to skin damage via
induction of radical production. In 2007, a report from
the World Health Organization linked indoor tanning
to melanoma. In 2010, research from Andrea Vierkötter
and Jean Krutmann redefined the causes of extrinsic ag-
ing to include some environmental factors other than
light [15]. Recently, Emblica officinalis has been reported
as an antiaging agent by promoting procollagen produc-
tion and inhibiting (MMP-1) in human and mouse skin
fibroblasts [16]. E. officinalis produces its activities
through diverse mechanisms, as shown by green tea tan-
nins through the involvement of mitogen-activated pro-
tein kinases (MAPKs), modulation of matrix
metalloproteinase (MMP) expression, and production
through activator protein-1 (AP-1) and nuclear factor
kappa B (NF-kB) activation. This suggests that it is a
strong antiphotoaging agent [17e19]. Therefore,
numerous significant research and development oppor-
tunities exist to discover novel and effective skin care
products.

5.3 SKIN AGING

Skin aging is a complex biological process that affects
various layers of the skin, with major damage seen in the

connective tissue of the dermis due to the accumulation
of the disorganized structure of elastin and loss of inter-
stitial collagens. Solar irradiation induces MMPs in the
epidermis and dermis, and the results supported
the theory that MMPs are the primary mediators for
the damage of connective tissue in skin exposed to UV
irradiation and in the premature aging of skin [20].
Deficiencies and alterations of collagen fiber are the ma-
jor structural components of skin and have been sug-
gested to be a cause for the skin wrinkling observed in
photoaged and naturally aged skin [21]. On excessive
matrix degradation, MMPs secreted by various cells,
including keratinocytes, fibroblasts, and inflammatory
cells, contribute substantially to the connective tissue
damage that occurs during photoaging [22]. During
the natural skin aging process, the collagen content in
the dermis decreases approximately 1% per year
throughout adult life [23]. Sunscreens play an important
role in avoiding skin damage by solar radiation. Some
antioxidants reduce the rate of formation of secondary
UV-induced damage, particularly those induced by
singlet oxygen [24e26].

5.3.1 Concept of Photoaging

UV rays may cause sunburn of the cells, premature
skin aging, which may also lead to a risk of several
skin cancers [27]. The most commonly used commer-
cially available UV filter in the industry is octal
methoxycinnamate [28], octyl-dimethylaminobenzoate,
p-amino benzoic acid, p-amyl dimethyl p-amino benzoic
acid (padimate-A), 2-ethoxyethyl-p-methoxycinnamate
that absorb UV radiations. UV rays have several serious
effects on exposed skin and cause accelerated aging,
including wrinkling, dryness, telangiectasia, scaling,
and mottled pigment including lentigines as well as gut-
tate hypermelanosis and hypomelanosis. UV radiation
damage up to the cellular level can exhibit changes in
DNA, including oxidation of nucleic acids [29]. These
oxidative processes can also cause structural damages
by changing the function of proteins and lipids by which
lipid peroxide is synthesized. The formation of these ac-
cumulations can lead to severe changes to the skin such
as mitochondrial damages, DNA damages, wrinkles,
and aging [10]. With a loss of polarity, keratinocytes
and melanocytes become inconsistent, unequal with ab-
normalities in pocket size. In actinic skin, Langerhans
cells are reduced due to UV radiation, which is
completely absorbed in the epidermis [30]. Epidermal
keratinocytes are protected from different oxidative
stress by antioxidants that are generally low molecular
weight organic molecules or vitamins. Topical adminis-
tration of antioxidants in a novel formulation may be a
flourishing tactic for minimizing UV radiation-
mediated oxidative damage to the skin [31].
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Consequently, containment of inflammatory cutaneous
damage and timely initiation of cellular antioxidant ca-
pacity may give a mechanistic basis for the prevention
of photoaging and photocarcinogenesis [32]. Phytocon-
stituents are suitable effective alternative in cosmetic
formulations as they can protect the skin from harmful
UV rays [33].

5.3.2 UV Index and Sun Protection Factor

The global solar UV index (UVI) is a simple measure
of the level of solar UV radiation received at a particular
time on the earth’s surface and an indicator of the poten-
tial for skin damage. The UVI also serves as a vehicle to
raise public awareness and to alert people about the
need to adopt protective measures when exposed to
UV radiation. It is reported along with the weather fore-
cast during the summer months in many countries.
Encouragement of individuals to protect themselves by
seeking shade and wearing suitable clothes is the impor-
tant key for protection against UV radiations [18,32].

The UVI is designed to indicate the potential for
adverse health effects and to encourage people to protect
themselves. The higher the UVI value, the greater the
potential for damage to the skin and eyes, and the less
time it takes to harm the skin [34]. The SPF is defined
as the ratio of the “minimal erythema dose” of protected
skin and unprotected skin. The SPF value usually repre-
sents the first approach to evaluate the ability of suncare
to prevent skin damage by UV irradiations. A number of
methods for the assessment of the level of protection
have been developed and standardized [35].

5.3.3 Etiology of Skin Aging

The skin is made up of different tissues and has
different functions, and mammalian skin is composed
of three primary layers, namely, the epidermis, dermis,
and hypodermis [36]. When the skin is environmentally
exposed, some histological changes occur in the
epidermis and dermis.

5.3.3.1 Epidermis

This is a stratified squamous, keratinized epithelium,
and it forms a waterproof, protective wrap over the
body and serve as the interface between the organism
and its environment [37]. The following strata (begin-
ning with the outermost layer): corneum, lucidum
(only in the palms of the hands and bottom of the
feet), granulosum, spinosum, and basale are the
different layers of human skin. The deepest layer is
called stratum basale, and it gives rise to new cells
through mitosis, which are still undifferentiated in this
layer [38]. The daughter cells move up, change their
shape and composition as they can be differentiated

and get filled with keratinase. They die due to isolation
from the blood source. Cytoplasm is released, and the
protein keratin is inserted. They eventually reach the
corneum and slough off (desquamation), and this pro-
cess is called keratinization [22]. This keratinized layer
of the skin is responsible for retaining water in the
body and keeping other harmful chemicals and patho-
gens out. This makes the skin a natural barrier to infec-
tion. The dermaleepidermal junction (DEJ) undergoes
changes as well. The DEJ surface area becomes smaller
with age. Further, it causes decreased transfer of nutri-
ents between the skin layers and the dermal papillae,
and epidermal ridges become less prominent [38].

5.3.3.2 Dermis

The dermis is the layer of skin beneath the epidermis
and consists of collagen fibrils and elastic tissues that,
respectively, provide support andflexibility to thedermis.
It contains hair follicles; sweat, sebaceous, and apocrine
glands; lymphatic vessels; and blood vessels. Sebum
secreted by sebaceous glands associated with the follicles
is composed of free fatty acids, triglycerides, and waxes
that play a vital role in lubricating the skin surface and
maintaining the surface pH. The sweat glands originating
in the dermis secrete sweat (a dilute salt solution of pH 5)
in response tophysical andemotional stress [36]. Collagen
fibers run parallely to the surface of the skin and are
responsible for the resilience of the dermis, whereas
elastin fibers form a network. Aging brings with it a
decline in procollagen type-I and -III mRNA and protein
expression. Besides the impairment in collagen synthesis,
an increase in the production of some MMPs also occurs
with aging, especially of MMP-1, MMP-2, MMP-3, and
MMP-9. Oxidative damage to cells accumulates with
years, and the free radicals and ROS from aerobic meta-
bolism initiate the aging process.

5.4 FACTORS ASSOCIATED WITH SKIN
AGING

5.4.1 Intrinsic Aging

Intrinsic aging is also called chronological aging, and
it occurs as a natural consequence of physiological
changes with time. Intrinsic skin aging occurs due to
telomere shortening; telomeres are DNA sequences
located at the ends of the chromosomes of eukaryotes,
which protect the genome and lifespan of cells. Skin
epidermis contains telomerase that plays a significant
role in lowering oxidative damage in cells [3]. Telo-
meres, a small DNA sequence present at the ends of
chromosomes, are considered as essential elements in
the intrinsic aging process. The processes associated
with intrinsic skin aging are deliberating to the result
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from a combination of several events including (1)
decreased proliferative capacity of skin derived cells,
(2) decreased matrix synthesis in the dermis, and (3)
increased expression of enzymes that degrade the
collagenous matrix [39]. Several significant factors that
are associated with intrinsic aging are described briefly.

5.4.1.1 Ethical Background

The main effect of ethnicity on aging relates to the dif-
ference in pigmentation. High levels of melanin pigmen-
tation protect from the cumulative effects of photoaging.
Black skin is more compact, has a greater amount of
lipids, and is also considered as a factor that influences
the increased resistance to aging. Asian subjects were
observed to develop wrinkles later and to a lesser degree
of intensity as compared to Caucasians [40].

5.4.1.2 Anatomic Variations

Some areas of the skin are thinner than are others, and
in those thinner skin regions, aging becomes more
evident. This is especially noted on the eyelids, the thin-
nest area of the skin in the human body. There is also
variability in both the composition and the distribution
of lipids in the skin. The high lipid area is less affected
in comparison to the low lipid area [40].

5.4.2 Extrinsic Aging

Extrinsic aging is due to environmental factors and
occurs to different degrees of intensity, due to solar
exposure, smoking, and to other general lifestyle fac-
tors, such as diet, sleep, and overall health. It has
been suggested that as much as 80% of facial aging is
attributable only to sun exposure [41]. Histological
changes occur in the epidermis of photodamaged
skin, including both an increase and decrease of
epidermal thickness and loss of epidermal polarity.
Changes in the proportion and functionality of the
dermal extracellular components are associated with
UV-induced extrinsic damage. There are three basic
principal molecular components involved in the
extrinsic aging such as collagen fibers, elastic fibers,
and glycosaminoglycans. Sunburned cells undergo
apoptosis, which is aided by caspase-3, which is used
as a biomarker to determine the level of UV-induced
cutaneous damage. Various potential factors associated
with extrinsic aging are discussed in brief [40].

5.4.2.1 UV Radiations

Among all environmental factors, accelerating aging
process, UVradiation contributes up to 80% in skin aging.
UV-B (290e320 nm) and UV-A (320e400 nm) are both
responsible for skin aging, but UV-B has 1000 times stron-
ger biological effects than UV-A does. UV-B is mostly
absorbed in the epidermis and predominantly affects

epidermal cells; however, about 10e30% of UV-B can
penetrate the epidermis and reach the upper dermis
and affect fibroblasts [15]. UV radiation damages the
skin through the formation of thymine and pyrimidine
dimers, commencement of an inflammatory response,
and the increased production of collagenase, the enzyme
that breaks down collagen. The clinical characteristics of
sun exposure related to aging include increased wrinkle
formation and loss of skin elasticity. More specifically,
loss of dermal collagen is the hallmark of sun-related
skin aging [42]. Increased synthesis and expression of
MMP-1 by dermal fibroblasts after UV radiation through
the increased ROS formation are believed to play a crit-
ical role in photoaging by enhancing the degradation of
type-1 and type-3 collagen [43]. UV radiation generates
severe oxidase stress in skin cells via interaction with
intracellular chromophores and photosensitizers, and re-
sults in transient and permanent genetic damage and in
the activation of cytoplasmic signal transduction path-
ways that are related to growth, differentiation, senes-
cence, and connective tissue degradation [29]. UV rays
induce production of proinflammatory cytokines, such
as interleukin-1 (IL-1) and tumor necrosis factor (TNF),
which has been considered attributable to these changes.
In addition, UV irradiation is known to stimulate both
keratinocytes and fibroblasts to induce basic fibroblast
growth factor that is responsible for the proliferation of
melanocytes and keratinocytes [44].

5.4.2.2 Infrared Radiation

Infrared Radiation (IR) radiation causes an imbalance
betweenMMP-1 and TIMPMetallopeptidase Inhibitor-1
(TIMP-1) expressions in favor of MMP-1 and at the
same time decreases collagen-1 and collagen-2 expres-
sions and thereby leads to a rarefaction of collagen fi-
bers, which eventually leads to wrinkle formation [1].
IR radiation is primarily absorbed by copper atoms in
complex IV of the mitochondrial respiratory chain. The
first detectable signaling event is the subsequent intra-
mitochondrial generation of ROS. This intramitochon-
drial signal is then transmitted to the cytoplasm where
it causes an increase in calcium levels, followed by an
activation of MAPKs and the subsequent intranuclear
transcriptional activation of IR responsive genes. The
mitochondrially targeted antioxidants are highly effec-
tive in blocking this signaling cascade in preventing IR
radiation-induced MMP-1 upregulation in human skin
[45]. IR comprises of IRA (700e1400 nm), IRB
(1400e3000 nm), and IRC (3000 nme1 mm). IRB and
IRC do not penetrate the skin deeply, but IRA produces
harmful effects. Among the total radiations, IRA repre-
sents about 30%, of which 65% reaches the dermis and
10% reaches the hypodermis [13]. IRA radiation gener-
ates ROS within the skin and the relative contribution
of IRA to free radical generation in sunlight has been
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estimated to be around one-fourth of that of UV radia-
tion. IRA also induces unbalanced gene expression of
MMP and decreases collagen gene expression, favors
angiogenesis, involved in photoaging, may promote
carcinogenesis, and also affects mitochondrial integrity.
IRA interaction with Cytochrome C Oxidase could
lead to disruption of the mitochondrial electron trans-
port chain, and result in inadequate energy production
and increased generation of ROS. IRB and IRC are
mainly responsible for the generation of heat in the
skin. Keratinocytes, fibroblasts, and melanocytes ex-
press various thermosensitive receptors at their mem-
brane, including the transient receptor potential
vanilloid-1 (TRPV-1), which was recently proposed to
be activated by IR radiation. TRPV1 is a cell membrane
channel that opens upon stimulation, and allows a flux
of calcium ions to cross the membrane and rush
into the cell. TRPV1 activation in fibroblasts induces
MMP-1 expression at the mRNA and protein levels,
which results in an increase in collagen degradation
and premature skin aging [1].

5.4.2.3 Ambient Conditions

Higher temperatures lead to increased water evapo-
ration, while low temperatures provide a hardening
and reduced water loss through the same mechanism,
even with abundant air moisture. The appropriate for-
mation of structural proteins and lipids in the skin de-
pends on the environmental temperature [40].

5.4.2.4 Tobacco Smoking

Smoking is strongly associated with a number of sys-
temic diseases, and is also related to many dermatolog-
ical conditions, including premature skin aging, acne,
poor wound healing, squamous cell carcinoma, mela-
noma, oral cancer, psoriasis, and hair loss. Several
studies report that smoking increases wrinkles, tissue
laxity, and pigmentary changes in human skin. A
research report indicates that a 10-year smoking differ-
ence in twins corresponds roughly to one twin appear-
ing 2.5 years older [15]. Smoking induces several
harmful modifications such as elastosis, telangiectasias,
and decrease of blood flow in the capillary vessels, and
leads to the deprivation of nutrients in cutaneous tis-
sues. There is a reduction of collagen fibers and elastin
in the dermis, free radical increase in the lung, increase
in keratinocytic dysplasia, and skin roughness [40].
Several studies indicate that tobacco smoke extract im-
pairs the production of collagen and increases the pro-
duction of tropoelastin and MMPs, which degrade
matrix proteins and also cause an abnormal production
of elastosis material. Smoking increases the MMP level,
which leads to the degradation of collagen, elastic fibers,
and proteoglycans; this suggests an imbalance between
biosynthesis and degradation in dermal connective

tissue metabolism [46]. The biosynthesis of new collagen
is decreased significantly by tobacco smoke extracts in
cultured skin fibroblasts [47].

5.4.2.5 Habitats

Several epidemiological studies indicate the influence
of lifestyle factors on skin aging and skin health. Eating
unhealthy food is associated with all kinds of premature
skin aging, ranging from acne to signs of skin aging. On
the contrary, when a healthy diet containing high antiox-
idants is consumed, chronological aging effects may get
delayed. Thus, twins who avoid excessive alcohol intake
have a younger apparent age. Proper rest and number of
sleeping hours needed are also very important; a person
having regular sleeping habits tends to be associated
with healthier and younger appearance of the skin. Reg-
ular exercise is also beneficial for the skin; it improves
skin tone and stimulates blood circulation and helps to
evacuate metabolic wastes and brings oxygen to skin tis-
sues [15]. One of the worst common habits is sun bed
tanning, which can further damage skin. The intensity
of solar radiation emitted by a powerful tanning bed is
10e15 times higher than what we normally get under
the normal summer sun [48].

5.5 PHOTOPROTECTIVE MECHANISM
OF BIOACTIVE MOLECULES

Several plant bioactive molecules have been reported
to interact with cellular signaling pathways that are
directly or indirectly involved in skin aging. Most of
these pathways are, in fact, signaling pathways involved
in cell survival and programed cell death.

The several molecular mechanisms of bioactive
compounds from natural resources are depicted in
Figure 5.1 and discussed in brief as follows.

5.5.1 ROS Regulation

ROS as a result of UV irradiation may oxidize and
damage cellular lipids, proteins, and DNA. This leads
to changes and often to destruction of skin structures
and results in hindrance of regular function [6]. An
imbalance between ROS and endogenous antioxidant
systems, such as reduced GSH, results in a severe
decrease of its antioxidant content and in a striking for-
mation of active oxygen intermediates as a result [5].
Senescence of eukaryotic cells may be linked to muta-
tions of their mitochondrial genome (mDNA). mDNA
synthesis takes place near the inner mitochondrial mem-
brane in close proximity where highly ROS are gener-
ated from normal respiration. The resulting
mitochondrial destruction and concomitant decline in
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cell bioenergetic capabilities may cause senescent loss of
physiological function and degeneration of cell, result-
ing in aging [49]. The excited photosensitizer subse-
quently reacts with oxygen, resulting in the generation
of ROS including the superoxide anion (O�

2 ) and singlet
oxygen (1O2). O

�
2 and O2 are also produced by neutro-

phils that are accelerated in the case of photoaged skin
and contribute to the overall prooxidant state. Superox-
ide dismutase (SOD) converts O�

2 to hydrogen peroxide
(H2O2). H2O2 is able to cross cell membranes easily and
in conjunction with transitional Fe (II) drives the gener-
ation of the highly toxic hydroxyl radical (OH). Both
singlet oxygen and OH� can initiate lipid peroxidation
of cellular membranes with the generation of carbonyls
and to date are poorly understood consequences [50].

5.5.2 Matrix Metalloproteinases

MMPs are calcium (Ca)-dependent zinc (Zn)-contain-
ing endopeptidases that belong to the “Metzincin” super-
family. MMP production, transcription, pro-MMP
activation, regulation, and inhibition are dynamic equilib-
rium processes as presented in Figure 5.2. It consists of 33

members sharing a regular catalytic core or domain with
a Zn metal in their active site [51]. MMPs play an impor-
tant role in several physiological processes, such as the
degradation of extracellular matrix (ECM) including col-
lagens, elastins, gelatin, matrix glycoproteins, proteogly-
can, wound healing, cell migration, angiogenesis, and
tumor progression. Collagenase, MMP-1 (fibroblast
collagenase), is the key collagenase, which is involved
in the physiological and pathological turnover of the
ECM of skin [52]. Irradiation of human skin causes
increased generation of hydrogen peroxide, which acti-
vates the MAPK signal transduction pathway. This leads
to decreased transforming growth factor-b(TGF-b), and
increased AP-1 expression further induces MMP genes
that stimulate the production of collagenase, gelatinase,
and stromelysin in the exposed skin [53].

Collagenase attacks and degrades collagen, long-term
elevations in the levels of collagenase, and other MMPs
likely yield the disorganized and clumped collagen
identified in photoaged skin [54]. UV radiation is
absorbed by skin molecules and generates ROS causing
“oxidative damage,” which further changes hyaluroni-
dase, elastase, and MMPs levels (Figure 5.2).

FIGURE 5.1 Photoprotective mechanisms of botanicals.
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5.5.3 Hyaluronidase and Elastase

Hyaluronidase is an enzyme belonging to the family
of endolytic glycoside hydrolases that depolymerize
the b1-4 linkages between N-acetylglucosamine and glu-
curonic acid of hyaluronan, and also takes part in the
structural constituent of the pericellular matrix synthe-
sized by skin fibroblasts [55]. The Hyaluronan content
of the skin decreases due to age-related factors. Lyso-
somal enzyme known as hyaluronidase regulates the
turnover of hyaluronan [7]. Therefore, hyaluronidase
synthesis/degradation might be strongly altered in
favor of hyaluronan degradation (Figure 5.2). Secretions
of hyaluronidase increase with aging and cause degra-
dation of hyaluronan and thereby decrease hydration
and ion transport in the extracellular space [56].
Increased hyaluronic acid catabolism induced by UV-B
stimulation of hyaluronidase activity might be one of
the main factors involved in skin photoaging [57].

Elastase belongs to the family of chymotrypsin, which
is another enzyme that is capable of hydrolyzing mate-
rials such as elastin and fibrillin, which are the fiber

materials found within the ECM. The secretion and
activation of elastase from dermal fibroblasts in
response to UV irradiation and/or to cytokines released
by keratinocytes are responsible for the degeneration of
the three-dimensional structure of elastic fibers during
the formation of wrinkles. Elastase has a significant
impact in the metabolism of elastic fibers in skin tissues
during photoaging. It was also found that the transcrip-
tional activity of NF-kB is induced by UV irradiation and
greatly contributes to the photoaging process [58].

5.5.4 DNA Damage and Mutation

DNA is a major UV-B-absorbing cellular chromo-
phore in the skin. Cyclobutane pyrimidine dimers
(CPDs) and pyrimidine photodimers are the most com-
mon and frequent intermediate products that are
formed in the skin after UV-B exposure, and result in
DNA strand ruptures [59]. Studies propose that most
of the UV-B-induced CPDs are seen in the epidermis,
but a considerable amount is also found in the dermis

FIGURE 5.2 Pathway of premature skin aging [þ, induction;�, inhibition]. Reproduced with permission from Mukherjee et al., 2011, Phytomedicine

19, 64e73.
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[60]. Photoinduced carcinogenesis is a complex multi-
stage process involving three distinct stages exemplified
by initiation, promotion, and progression. UV-B irradi-
ated in extensive amounts has been found to be associ-
ated with the formation of sunburn cells, initiated via
a p53-mediated pathway, which causes the removal of
damaged cells, and thus diminishes the risk of skin can-
cer. The lesser amount of UV-B permits cell survival and
repair of genetic damage, but the cell survival response
is a state of local and systemic immunosuppression,
which in itself may be harmful and contributes to the
process of development of skin cancers [61].

5.5.5 Nucleotide Excision Repair in Skin

Photoaging of human skin cells may cause potential
mutation in sites are completely repaired by nucleotide
excision repair (NER) before replication or synthesize
DNA using postreplication repair-specific DNA poly-
merase, which is free from error. NER is a highly
conserved approach for renovating a variety of bulky
DNA damages, such as CPDs. Base change, such as
8-hydroxy 2’ -deoxyguanosine (8-OHdG), is repaired
by base excision repair system using glycosylase in com-
bination with replication protein-A, proliferating cell
nuclear antigen, and AP endonuclease. The significance
of NER for prevention of UV-stimulated skin cancer and
benign tumors is well recognized by an extremely high
occurrence of skin cancer and seborrheic keratoses on
sun-exposed areas in xeroderma pigmentosum-
affected patients who have faulty NER. This is a com-
plex process involving >30 gene products including
some important steps: (1) recognition of a DNA lesion;
(2) single strand incision at both sides flanking the
lesion; (3) excision of a single stranded DNA nucleotide
(possibly 24e32 bases); (4) DNA repair synthesis to
replace the excised DNA lesion; and (5) ligation of
remaining single stranded nick [59].

5.5.6 Regulation of IL

Exposure to sunlight especially UV-B radiation re-
sults in the prevention of contact hypersensitivity
(CHS) stimulated by contact allergens that is a proto-
typic T-cell-mediated immune response. In the skin,
interleukin-12 (IL-12) may be produced locally either
by keratinocytes or by macrophages. UV-B-exposed
skin inhibits antigen appearance, and thereby downre-
gulates CHS responses. IL-12 suppresses UV-induced
apoptosis by stimulating DNA repair both in vitro and
in vivo [59]. It is also shown to overcome UV-B-induced
systemic immunosuppression of CHS and Delayed Type
Hypersensitivity (DTH) reactions. The mechanisms of
IL-12 to recover or inhibit UV-B-induced systemic

immunosuppression are not obvious still, while IL-12
enhances the accessory cell function of Langerhans cells
(LCs) in a mixed epidermal cell/lymphocyte reaction
resulting in augmentation of interferon gamma (IFN-g)
production. In addition, using an in vitro system, the ef-
fects of IL-12 on antigen presenting cell (APC) function
in UV-B-induced systemic immunosuppression and
demonstrated that IL-12-pretreated APC could not
restore the reduced IFN-g production [60].

5.5.7 Modulating Cell Signaling Pathways

Several plant bioactive molecules have been reported
to interact with cellular signaling pathways that are
directly or indirectly involved in photoaging. Most of
these pathways are signaling pathways that are involved
in cell survival and programed cell death. In this respect,
polyphenols have been reported to act at phosphoinosi-
tide 3-kinase (PI-3K), protein kinase B, tyrosine kinases,
protein kinase C (PKC), and MAPK signaling cascades.
They affect cellular function by altering the phosphoryla-
tion mode and expression level of targeted molecules
within the mentioned pathways [62].

5.5.8 Nuclear Factor Kappa B

NF-kB, a transcription factor, is activated by UV radi-
ation, which induces neutrophil attraction bringing
neutrophil collagenase (MMP-8) into the UV incident
site to further aggravate matrix degradation. Both AP-
1 and NF-kB are activated by ROS that may provide
the common denominator for driving these complex bio-
logic interactions. Oxidative stress increases elastin
mRNA levels in dermal fibroblasts and results in elas-
totic changes observed in photoaged skin cell [60].

5.5.9 Mitogen-activated Protein Kinase

Xu and Fisher [62] demonstrated that UV stimulation
of diverse cell surface receptors results in simultaneous
activation of multiple receptor-coupled signal transduc-
tion pathways, including the three MAPKs, signaling
modules (extracellular signal-regulated kinase (ERK),
c-Jun N-terminal kinase (JNK), and p38), PI-3 kinase,
and NF-kB pathway. MAPKs play a critical role in trans-
mitting environmental cues via cell surface receptors to
transcriptional machinery in the nucleus [63e65]. The
three different MAPK signal transduction pathways
have been recognized including ERK1/2, JNK, and
p38 MAPK [66]. The mechanisms behind UV-B-induced
COX-2 expression in cultured cells [67] as well as in
mouse skin in vivo [68] involve intracellular signaling
mediated by different upstream kinases, such asMAPKs
and PI3K. Further, the inhibition of MAP kinase kinase
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(MEK), which is upstream of ERK1/2, inhibited UV-B-
induced COX-2 expression in human epidermal kerati-
nocytes (HaCaT) [69]. Human or mouse skin, in contact
with UV light stimulates MMPs, which have been con-
cerned with aging. UVradiation activates AP-l that stim-
ulates transcription of MMP genes encoding MMP-l
(collagenase), MMP-9 (gelatinase), and MMP-3 (strome-
lysin-l) in skin cells. These modifications apparently
happen through induction of AP-1 that is activated by
a series of MAPKs [70,71]. Altogether, MMPs are capable
of degrading the collagen framework and other compo-
nents of skin connective tissue.

5.5.10 Cyclooxygenase-2

Kundu et al. [32] discussed that inadequate expres-
sion and/or activity of COX-2, a rate-limiting enzyme
involved in the biosynthesis of prostaglandins, has been
concerned in UV-B-induced skin carcinogenesis [72].
The UV-B-induced ROS production may be responsible
for irregular induction of COX-2. Molecular mechanisms
underlying UV-B-induced Cyclooxygenase (COX-2)
expression in cultured cells [73] as well as in mouse
skin in vivo [68] involve intracellular signaling mediated
by different upstream kinases, including MAP kinases,
and PI3K. The blockade of MAP kinase (MEK), which
is upstream of extracellular signal-regulated protein ki-
nase1/2 (ERK1/2), prevents UV-B-induced COX-2
expression in HaCaT [69]. Similarly, pretreatment of
HaCaT cells with inhibitors of p38 MAP kinase [73],
JNK, and PI3K [69] resulted in a significant decline in
the UV-B-induced expression of COX-2 [74]. Therefore,
suppression of inflammatory subcutaneous (SC) damage
and timely induction of cellular antioxidant capacity
may provide systemic approaches for the prevention of
photoaging and photocarcinogenesis.

5.5.11 Protein Kinase C

Ichihashi et al. [59] described that PKC is a serine/
threonineeprotein kinase family consisting of >10 iso-
forms, which is involved in a diverse signal transduction
pathway. PKC isoforms have regulatory and catalytic
domains in the amino and carboxyl-terminal halves,
respectively. Further PKC can be classified into three cat-
egories, namely, cPKC, nPKC, and aPKC, based upon
structural differences in their regulatory domains,
which require specific cofactors in each category. The
PKC isoform causes growth inhibition and differentia-
tion in cultured cells when it is overexpressed. In addi-
tion, a proteolytic fragment of dPKC containing its
catalytic domain is produced in cells in response to
UV. The activation of aPKC isoforms is inhibited by
UV exposure, and overexpression of an aPKC isoforms

can guard against UV-induced apoptosis. aPKC iso-
forms have also been concerned with the activation of
AP-1 by UV light. cPKC and nPKC isoforms are molec-
ular targets for tumor-promoting phorbol esters in skin
chemical carcinogenesis.

5.6 NATURAL BIOACTIVE MOLECULES
AGAINST SKIN AGING

The use of bioactive molecules from natural sources is
very beneficial in combating the harmful effects of solar
light. Antioxidants and photoprotective agents include
phenolic acids, flavonoids, and high molecular weight
polyphenols. Flavonoids are natural antioxidants
derived from the plant kingdom and are widely present
in human diet in the form of numerous edible fruits and
vegetables [75]. This has generated great interest in us-
ing dietary botanical supplements rich in antioxidants
for the prevention of photocarcinogenesis and photoag-
ing [10]. Although avoiding excessive exposure to the
sun, wearing protective clothing, and using sunscreen
lotions are popular recommendations, there is a need
for the development of effective phytochemicals that
are capable of ameliorating the adverse effects of UV ra-
diations. Various plant-derived phytochemicals possess
photoprotective properties by several mechanisms as
represented in Figure 5.1. Understanding how such phy-
tochemicals exert their effects is not only important but
essential to the development of better and more effective
photochemopreventive products for general human use
[60]. The biological effects, postulated mechanism(s),
and phytoconstituents of these botanical antioxidants
are listed in Table 5.1. Presently, medicinal plants have
a vast experiential-evidence base for prevention and
treatment of skin aging.

5.7 FEW MEDICINAL PLANTS USEFUL IN
SKIN AGING

5.7.1 Tagetes erecta (Fam: Asteraceae)

Flowers contain provitamin A “-carotene,” b-smyrin
and syringic acids responsible for photoprotection.
Methanol extract of flowers has been found to possess
in vitro inhibition of hyaluronidase and elastase and
MMP-1, which suggested the potential of this plant as
an antiwrinkle agent [20].

5.7.2 Citrus sinensis (Fam: Rutaceae)

Cimino et al. [107] have reported that phenolic com-
pounds, such as anthocyanins, hesperetin, flavanones,
hydroxycinnamic acids, and ascorbic acid, are
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TABLE 5.1 Some Natural Bioactive Leads Against Photodamage

Bioactive

compounds Chemical structure Plant name (family) Mechanism Reference

b-Amyrin,
syringic acid

HO O

O

OH

O
CH3H3C

Syringic acid

OH

CH3 CH3

H

H

CH3

CH3H3C

H3C CH3

H

CH3

β-Amyrin

Tagetes erecta

(Asteraceae)
Part used: Leaves

Inhibition of elastase,
hyaluronidase, and MMP-1,
Inhibition of reactive oxygen
species (ROS)

[7,12]

Apigenin

OOH

HO O

OH
Matricaria recutita
(Asteraceae)
Part used: Flowering
head

Inhibition of UV-mediated
induction of ornithine
decarboxylase (ODC) activity,
reduction in cancer incidence,
and increase in tumor-free
survival
Inhibition of MMP-1
activity and downregulation of
MMP-1 expression and activator
protein-1 (AP-1) activation

[60,76]

Continued



TABLE 5.1 Some Natural Bioactive Leads Against Photodamagedcont’d

Bioactive

compounds Chemical structure Plant name (family) Mechanism Reference

Ascorbic acid

O
O

HO OH

HO

OH
H

Citrus sinensis

(Rutaceae)
Part used: Fruit

Nuclear factor kappa B (NF-kB)
and AP-1 translocation and
procaspase-3 cleavage
Inhibition of the hyaluronidase
and elastase enzyme and free
radical scavenging activity

[7,77,78]

Hesperetin

O

OOH

HO

O

OH

C. sinensis (Rutaceae)
Part used: Fruit

Potential antityrosinase and
antioxidant activity
Protection against UV-A-induced
necrotic cell in human skin
fibroblasts (FEK4)

[7,79,80]

Asiaticoside

H

H

H

O

O

H

H
HO

H

H

HO
O

O O

O

O

OH
H

HH

OH

H

H

OH

H

H

H

HO

H OH
H

OH

H H

H

HO

HO H

OH
H

OH

Centella asiatica

(Umbelliferae)
Part used: Whole plant

Improvement of the clinical score
for deep and superficial wrinkles,
suppleness, firmness, roughness,
and skin hydration and induction
of type-I collagen synthesis

[7,81]



Berberine

O

O

O

O

N+

CH3
CH3

Berberis aristata

(Berberidaceae)
Part used: Berries

Inhibition of the expression of
MMP-9 and suppression of
TPA-induced Interleukin (IL-6)
expression
Type-I procollagen expression
increased

[7,82]

Boswellic acids

HO

H

H

O
OH

H

Boswellia serrata
(Burseraceae)
Part used: Resin

Interference with the production
of leukotrienes by inhibition of
5-lipoxygenase and inhibition of
the MMP transcription in
fibroblasts and endothelial cells

[83]

Caffeic acid

OH

O

HO

HO

Hibiscus rosa sinensis
(Malvaceae)
Part used: Leaves and
flower

Topical protective agents against
UV radiation-induced skin
damage
Potent ROS scavenging activity
Inhibitory effect on MMP-9

[84,85]

Caffeine

O

N

N

N
N

O

Camellia sinensis

(Theaceae)
Part used: Young leaf

UV-B-induced mutations in the
p53 gene in early mutant
p53-positive patches inhibited
UV-B-induced carcinogenesis.

[86]

Continued



TABLE 5.1 Some Natural Bioactive Leads Against Photodamagedcont’d

Bioactive

compounds Chemical structure Plant name (family) Mechanism Reference

Carnosic acid Rosmarinus officinalis

(Lamiaceae)
Part used: Leaves,
whole plant

Scavenging of free radicals and
modulation of xenobiotic
metabolizing enzymes
Protection against UV-A-induced
photoaging by inhibition of MMP-
1 mRNA expression in human
fibroblasts

[87,88]

Curcoligoside
OH

O

O

O

OH

OH

HO

HO

O

O

CH3

O
CH3

Curculigo orchioides
(Hypoxidaceae)
Part used: Rhizome

Inhibition of MMP-1 expression [7,89]

Curcumin HO OH

OH

H3CO OCH3

O

Curcuma longa

(Zingiberacease)
Part used: Rhizome

Inhibition of MMP-1 and MMP-2
expressions
Induction of apoptosis, activation
of caspase-3, -8, and -9, release of
cytochrome c

Inhibition of Cyclooxygenase
(COX)-2 mRNA and protein
expressions, c-Jun N-terminal
Kinase, and p38 in UV-B-
irradiated Human keratinocyte
(HaCaT) cells

[7,60]



Delphinidin,
Pelargonidin

O+

OH

OH

OH

HO

Pelargonidin

O

OH

OH

OH

HO

OH

OH

Delphinidin

Punica granatum

(Punicaceae)
Part used: Fruit

Protection of HaCaT cells against
UV-B-mediated decrease in cell
viability, induction of apoptosis,
increase in lipid peroxidation
Inhibition of UV-B-mediated
apoptosis and markers of DNA
damage such as Cyclobutane
pyrimidine dimer and 8-hydroxy
20-deoxyguanosine (8-OHdG) in
SKH-1 hairless mouse skin

[10,60]

Ellagic acid

O

O

O

O

HO

HO

OH

OH

Terminalia chebula

(Combretaceae)
Part used: Fruit

Attenuation of the UV-B-induced
toxicity of HaCaT keratinocytes
and human dermal fibroblasts
Inhibition of MMP production in
UV-B-exposed fibroblasts
Inhibition of the UV-A-induced
apoptosis of HaCaT cells, as
measured by a reduction of DNA
fragmentation, mitochondria
dysfunction, ER stress, caspase-3
activation, and Bcl-2/Bax
deregulation
Upregulation of the HO-1 and
Nrf-2 antioxidant genes
Inhibition of tyrosinase enzyme

[90e92]

Emodin O

O

OHOH

OHH3C

Aloe vera (Liliaceae)
Part used: Leaves

Inhibition of stimulated
granulocyte MMPs, inhibition of
tyrosine hydroxylase and
3,4dihydroxy-
phenylalanine oxidase Elevation
of levels of RNA and protein
expression of superoxide
dismutase

[7,93,94]

Continued



TABLE 5.1 Some Natural Bioactive Leads Against Photodamagedcont’d

Bioactive

compounds Chemical structure Plant name (family) Mechanism Reference

Epicatechin,
Catechin,
epigallocatechin
gallate

O

OH

OH

OH

HO

OH

Epicatechin

O

OH

OH

OH

HO

OH

Catechin 

O

O

O

OH

HO

HO
OH

OH

OH

HO

HO

Epigallocatechin gallate

Camellia sinensis

(Theaceae)
Part used: Leaves

Suppression of UV irradiation-
induced cutaneous erythema,
thickening of the epidermis,
overexpression of CK5/6, CK16,
MMP-2, MMP-9 modulations in
NF-kB and Mitogen-activated
protein kinase (MAPK) pathways
Decrease in H2O2 and
NOS-expressing cells and
inhibition of H2O2 and nitric
oxide production in both the
dermis and epidermis
Restoration of UV-B-induced
decrease in glutathione (GSH)
level
Inhibition of skin tumors, tumor
regression, inhibition of DNA
synthesis, enhancement of
apoptosis

[60,95]

Ferulic acid

OH

O

H3CO

HO

Theobroma cacao

(Sterculiaceae)
Part used: Seed, bean

Downregulation of
hydroxyproline and pepsin-
resistant hydroxyproline content
An antioxidant to prevent
damage from UV radiation and
skin carcinogenesis

[7,96]



Gallic acid

OH

OHHO

OHO T. chebula

(Combretaceae)
Emblica officinalis

(Phyllanthaceae)
Part used: Fruit

Tyrosinase and MMP-2 inhibition
of elastase, hyaluronidase, MMP-
2 enzyme inhibition
Inhibition of type-I collagen
collagenase, increase in TIMP-1
level

[90,97,98]

Genistein, Daidzein O

OH O

HO

OH

Glycine max
(Fabaceae)
Part used: Seed

Inhibition of melanosome
phagocytosis, prevention of the
activation of caspase-3 pathway
Inhibition of UV-induced DNA
damage. In mice, inhibition of
UV-B-induced H2O2 and
Malondialdehyde (MDA) in skin
and 8-OHdG in the epidermis

[7,10,60]

Gingerol

HO
O

O OH

OCH3

Zingiber officinale

(Zingiberaceae)
Part used: Rhizome

Reduction in UV-B-induced
intracellular ROS levels,
activation of caspase-3, -8, -9, and
Fas expression, inhibition of the
induction of COX-2 mRNA and
protein and NF-kB translocation
Inhibition of fibroblast-derived
elastase

[7,60]

Ginsenoside

O

O

O O

OH

HO
H

HO

HO

OH
OH

OH
H

H H
OH

OH

OH

Panax ginseng

(Araliaceae)
Part used: Root

Type-I procollagen gene and
protein expression, prevention of
MMP-9 gene induction, and
elongation of the fibrillin-1 fiber
length
Increase of expression of
procollagen type-I and decrease
MMP-1

[7,99]

Continued



TABLE 5.1 Some Natural Bioactive Leads Against Photodamagedcont’d

Bioactive

compounds Chemical structure Plant name (family) Mechanism Reference

Glycyrrhizin
COOH

O

O

O
HOOC

O

OH

OH

COOH
OOH

OH
OH

Glycyrrhiza glabra
(Fabaceae)
Part used: Root and
rhizome

Inhibition of the activation of NF-
kB and the activities of
phosphoinositide-3-kinase and
reduction of the production of
LPS-induced TNF-a, IL-6, and IL-
1b
Reduction of the ROS

[100]

Hyaluronic acid

O
HO

OH

NH

O

O

OH

OH

O
HO

O

O n

Glycyrrhiza glabra
(Fabaceae) Part used:
Root and rhizome

Increase of the content of
hyaluronic acid, increase of the
cellular expression of telomerase
reverse transcriptase

[7]

Lycopene Solanum lycopersicum

(Solanaceae)
Part used: Fruit

Inhibition of UV-B-induced ODC
and myeloperoxidase and
prevention of the cleavage of
caspase-3 and significant reversal
of UV-B-induced proliferating cell
nuclear antigen inhibition
Elevation of the actinic erythema
threshold and a general reduction
in UV-induced erythemas,
reduction in UV-induced p53
expression and sunburn cells, and
a parallel reduction in
lipoperoxide levels and increase
in pigmentation

[60]



Piperine

N

O

O

HH

H H

O Piper betel
(Piperaceae)
Part used: Leaves

Protection of photosensitization-
mediated Lipid peroxidation

[7,101]

Quercetin,
Kaempferol

OH

OOH

HO O

OH

OH

Quercetin

OH

OOH

HO O

OH

Kaempferol

Calendula officinalis
(Asteraceae)
Part used: Flower and
leaves

Control of the secretion of MMP-2
and MMP-9. Improvement in the
collagen synthesis in the
subepidermal connective tissue
Potent inhibition of UV-B-induced
oxidative skin damage
Inhibition of the expression of
MMP-1, at mRNA and protein
levels
Scavenging of oxygen radicals,
protection against lipid
peroxidation by reducing the
amount of MDA, and
complexation of transition metal
ions to form inert chelate
complexes

[75,102,103]

Resveratrol
OH

HO

OH

Vitis vinifera

(Vitaceae)
Part used: Fruit

Inhibition of UV-B-induced skin
edema and decrease in UV-B-
mediated generation of H2O2, and
activation of NF-kB, network, and
MAPK pathway
Inhibition of the expression of
MMP-2 and MMP-9 and
inhibition of the proliferation in
multiple myeloma cell lines

[60,104,105]

Continued



TABLE 5.1 Some Natural Bioactive Leads Against Photodamagedcont’d

Bioactive

compounds Chemical structure Plant name (family) Mechanism Reference

Silymarin (silybin,
silibini)

O

O

OO

HO

OH

HO
O OH

OH

Silybum marianum
(Asteraceae)
Part used: Fruit

Reduction in GSH depletion, ROS
production, lipid peroxidation,
formation of UV-A-induced DNA
single strand breaks, caspase-3
activity
Reduction in the UV-B-induced
enhancement of the levels of IL-
10, in the skin and draining lymph
nodes and enhancement in the
levels of IL-12

[60,106]

Mangiferin

O

O

O

OH

OH
HO

OH
OH

OH

HO

HO

Mangifera indica

(Anacardiaceae)
Part used: Leaves,
bark, fruits

Prevention of neuronal death,
oxidative stress, and
mitochondrial depolarization
Quenching of reactive oxygen
intermediates Erk1/2 pathway,
protein kinase signaling pathway,
NF-b signaling pathway

[94,107]

Macelignan

O

O

HO

H3CO

Myristica fragrans
(Myristicaceae)
Part used: Rhizomes

Protection of skin keratinocytes
from UV-B-induced damage and
inhibition of MMP-9 and COX-2
expression by attenuation of the
activation of MAPKs and PI3K

[108]



responsible for the antiphotoaging activity of three
different varieties of Citrus sinensis in modulating
cellular responses such as NF-kB and AP-1 transloca-
tion and procaspase-3 cleavage to UV-B in human ker-
atinocytes. Thus, C. sinensis has been proposed as a
useful natural standardized extract in skin photopro-
tection with promising applications in the field of
dermatology.

5.7.3 Centella asiatica (Fam: Apiaceae)

Centella asiatica contains several active triterpenoids,
saponins, including madecassoside, asiaticoside, cen-
telloside, and asiatic acid, which have been reported
to increase cellular hyperplasia, collagen production,
granulation tissue levels of DNA, protein, total
collagen, hexosamine, rapid maturation, and crosslink-
ing of collagen [109]. Haftek et al. [110] have performed
a randomized double-blind clinical trial and found sig-
nificant improvement of the clinical score for wrinkles,
suppleness, firmness, roughness, and skin hydration.
Asiaticoside is another active saponin, which induced
type-I collagen synthesis in human dermal fibroblast
cells. Triterpenes including asiatic acid, madecassic
acid, and asiaticoside extracted from C. asiatica were
screened on human fore skin fibroblast monolayer cul-
tures; it was observed that collagen synthesis was
increased in a dose-dependent manner, whereas the
specific activity of neosynthesized collagen was
decreased [111].

5.7.4 Berberis aristata (Fam: Berberidaceae)

Topical application of Berberis aristata has been re-
ported to prevent acne vulgaris in patients suffering
from skin disorders [112]. Berberine isolated from B. aris-
tata has been reported to inhibit basal and TPA-induced
expression and activity of MMP-9 and also suppressed
TPA-induced IL-6 expression, ERK activation and AP-1
DNA binding activity in UV-induced skin inflammation,
aging process, and degradation of extracellular matrix
proteins [55]. Kim and Chung [82] reported that MMP-
1 and type-I procollagen expression in human dermal fi-
broblasts regulated by berberine.

5.7.5 Curcuma longa (Fam: Zingiberaceae)

The effect of a Curcuma longa extract has been found
to bring about potential changes in skin thickness,
increased elasticity, decreased pigmentation, and wrin-
kling caused by long-term, low-dose UV-B irradiation.
It prevents the formation of wrinkles and melanin and
increases the diameter and length of skin blood vessels
and decreases the expression of MMP-2 [7,60].

5.7.6 Terminalia chebula (Fam: Combretaceae)

In vitro skin cell protective activity of Terminalia cheb-
ula has been evaluated through antioxidative and tyros-
inase inhibition activity as well as the antiproliferative
and MMP-2 inhibition activity on early aged human
skin fibroblasts. The plant showed 1.37 times more
potent MMP-2 inhibition than did ascorbic acid on fibro-
blasts when determined by zymography [92].

5.7.7 Zingiber officinale (Fam: Zingiberaceae)

Topical application of Zingiber officinale extract to hair-
less mouse skin significantly inhibited the wrinkle for-
mation induced by chronic UV-B irradiation at a
suberythemal dose accompanied by a significant pre-
vention of the decrease in skin elasticity [7,60].

5.7.8 Aloe vera (Fam: Xanthorrhoeaceae)

Emodine and aloin A and B have been shown to
inhibit Clostridium histolyticum collagenase reversibly
and noncompetitively. Both aloe gel and aloin are
also effective inhibitors of stimulated granulocyte
MMPs [113]. Aloesin from Aloe vera has been reported
to modulate melanogenesis via the competitive
inhibition of tyrosinase. Tyrosine hydroxylase and 3,
4-dihydroxyphenylalanine oxidase activities of tyrosi-
nase from normal human melanocyte cell lysates were
inhibited by aloesin in a dose-dependent manner [93].

5.7.9 Theobroma cacao (Fam: Malvaceae)

Cacao bean and cola nut are popular edible plants that
contain polyphenols and xanthine derivatives, which
protective effects against UV-induced erythema when
topically applied to the dorsal skin of hairless mice [114].

5.7.10 Glycine max (Fam: Fabaceae)

Anthocyanin isolated from Glycine max seed is respon-
sible for the downregulation of in vitro and in vivo UV-B-
induced ROS levels and apoptotic cell death through the
prevention of caspase-3 pathway activation and reduc-
tion of proapoptotic Bax protein levels [10].

5.7.11 Panax ginseng (Fam: Araliaceae)

Bioactive constituents, ginsenoside, have antiskin ag-
ing activities. Red ginseng extract improved type-I pro-
collagen gene and protein expression, preventedMMP-9
gene induction, and elongated the fibrillin-1 fiber length,
and thereby reduced facial wrinkles [73]. Red Ginseng
also inhibits the increase of epidermal thickness and
skin TGF-1 content induced by UV-B irradiation, which
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may be due to partial inhibition of the increase of skin
TGF-1 [89,99].

5.7.12 Vitis vinifera (Fam: Vitaceae)

Vitis vinifera fruit has a stronger in vitro antioxidant ca-
pacity than vitamin C or vitamin E has on cultured
normal human keratinocytes and also in vivo photoaging
activity in combination with a biotechnological extract
(Ronacare Hydroine) [60]. The dermatologic evaluation
showed that application of a serum containing the combi-
nation improved the main clinical signs of photoaged
skin. Resveratrol a bioactive constituent inhibits the
expression of MMP-2 and MMP-9 and inhibits the prolif-
eration in multiple myeloma cell lines [104].

5.7.13 Piper betel (Fam: Piperaceae)

Allylpyrocatechol, piperine, and chavibetol isolated
from Piper betel leaves have been established to effec-
tively protect photosensitization-mediated lipid peroxi-
dation of rat liver mitochondria. Allylpyrocatechol also
prevented the unfavorable effects of the type-II photo-
sensitization-induced toxicity to mouse fibroblast
L929 cells [7].

5.7.14 Calendula officinalis (Fam: Asteraceae)

Oral treatment of hairless mice maintained GSH
levels close to those of nonirradiated control mice and
affected the activity/secretion of MMP-2 and MMP-9
stimulated by exposure to UV-B irradiation [95].

5.7.15 Astragalus membranaceus
(Fam: Fabaceae)

Astragalus membranaceus has been found to increase
the content of hyaluronic acid in cultures of keratino-
cytes and fibroblasts by elevating the hyaluronan
synthase-3 and hyaluronan synthase-2 mRNA expres-
sions [115].

5.7.16 Curculigo orchioides
(Fam: Hypoxidaceae)

Curculigoside isolated from rhizomes of Curculigo
orchioides has been reported to possess strong inhibitory
activity against MMP-1 in cultured human skin fibro-
blasts and suggests its skin improvement property [89].

5.7.17 Emblica officinalis
(Fam: Phyllanthaceae)

E. officinalis shows significant type-I collagen promo-
tion and anticollagenase effects on primary mouse

fibroblast cells, as determined by immunocytochemistry
and Western blot analysis [16]. Fruit extract has been re-
ported to stimulate the proliferation of fibroblasts and
induced production of procollagen in a concentration-
and time-dependent manner. On the contrary, MMP-1
production from fibroblasts was dramatically decreased,
whereas TIMP-1 was significantly increased [116].

5.7.18 Camellia sinensis (Fam: Theaceae)

Sunscreen formulated with 2e5% Camellia sinensis
extract has been reported to protect UV irradiation-
induced photoaging, photoimmunosuppression, cuta-
neous erythema, thickening of the epidermis,
overexpression of CK5/6, CK16, MMP-2, MMP-9, etc.
[117,118]. Nichols and Katiyar [52] reported that green
tea polyphenols, catechin, epigallocatechin, and epigal-
locatechin-3-gallate, function favorably as sunscreen
supplements to protect the skin from the adverse effects
of UV radiation-induced inflammation, oxidative
stress, and DNA damage including the risk of devel-
oping skin cancers. Caffeine an active constituent of
the C. sinensis inhibits the formation of early patches
of epidermal cells [7].

5.7.19 Theobroma cacao (Fam: Malvaceae)

Cacao bean and cola nut contain polyphenols and
xanthine derivatives, which have protective effects
against UV-induced erythema when topically applied
to the dorsal skin of hairless mice. Ferulic acid chemical
constituent is a strong antioxidant that prevents damage
from UV radiation and skin carcinogenesis [96]. The to-
tal hydroxyproline and pepsin-resistant hydroxyproline
content downregulated markedly increased after UV
irradiation [114].

5.7.20 Silybum marianum (Fam: Asteraceae)

Silymarin a flavonolignan from Silybum marianum has
antioxidant and antiinflammatory properties. Oxidative
stress is one of the major mechanisms for skin aging and
dermatologic conditions; phytochemicals with proven
antioxidant activity, such as silymarin, could be useful
for treating many dermatologic conditions as well as
skin aging [119]. It has been shown that concentration-
dependent reduction of UV-A caused oxidative stress
and ROS production as well as lipid peroxidation in irra-
diated cells [60].

5.7.21 Matricaria recutita (Fam: Asteraceae)

Apigenin active constituent of Matricaria recutita
plants is most commonly used in topical health and
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beauty products for its soothing and antiinflammatory
effects on skin. It also inhibits the UV-mediated induc-
tion of ornithine decarboxylase (ODC) activity as well
as reduction in cancer incidence with an increase in
tumor-free survival [120]. Apigenin has been shown to
inhibit UV-induced COX-2 expression and downregu-
late MMP-1 expression via the inhibition of AP-1
activation [121].

5.7.22 Solanum lycopersicum
(Fam: Solanaceae)

Solanum lycopersycum fruit mainly contains lycopene,
b-carotene, a-Lipoic acid, vitamin C, and vitamin.
These compounds are able to prevent and retain
free radical formation, which can cause aging and
chronic diseases. Lycopene shows dose-dependent in-
hibition of UV-B-induced ODC and myeloperoxidase
activities and significantly reduced bifold skin thick-
ness [60].

5.7.23 Glycyrrhiza glabra (Fam: Fabaceae)

Glycyrrhiza glabra is a well-known herb in Indian and
Chinese traditional medicines and is commonly known
as liquorice. The major phytoconstituents of liquorice
having antioxidant activity are glycyrrhizin (glycyr-
rhizic acid) and flavonoids. The role of G. glabra extract
on skin is mainly attributed to its antioxidant activity
particularly to its potent antioxidants triterpene sapo-
nins and flavonoids [122].

5.7.24 Mangifera indica (Fam: Anacardiaceae)

Mangifera indica extract contains a defined mixture of
components including polyphenols, triterpenes, phytos-
terols, fatty acids, and microelements. Various pharma-
cological activities have been reported such as
antioxidant, analgesic, and antiinflammatory properties.
The extract has a powerful in vitro scavenger activity of
hydroxyl radicals and hypochlorous acid and acts as an
iron chelator [108].

5.7.25 Rosmarinus officinalis (Fam: Lamiaceae)

Rosmarinus officinalis has been used extensively in
traditional medicine. Anthropologists and archaeolo-
gists have found evidence that R. officinalis herbs have
been used as cosmetics in ancient Egypt, Mesopotamia,
China, and India. It is also used in traditional medicine
for digestive disorders, headaches and migraine,
dysmenorrhea, amenorrhea and oligomenorrhea, states
of exhaustion, dizziness, and poor memory. Its astrin-
gent and antiseptic nature stimulates metabolic

processes in the skin’s dermal layer and is very benefi-
cial in cases of acne, dermatitis, and eczema [123].

5.7.26 Punica granatum (Fam: Punicacea)

Pomegranate (Punica granatum) has strong antioxi-
dant activity and good potency for cancer prevention.
Extract of P. granatum inhibits UV-B-mediated apoptosis
and markers of DNA damage, such as CPD and
8-OHdG, in SKH-1 hairless mice skin [10].

5.7.27 Boswellia serrata (Fam: Burseraceae)

Boswellic acid is pentacyclic triterpenes with strong
antiinflammatory activity; their most important source
is the extract of the gum resin of Boswellia serrata. The
molecular mechanism of boswellic acid is the inhibition
of MMP transcription in fibroblasts and endothelial
cells [44]. Another well-known biological activity of
boswellic acid is inhibition of kappa B kinases as the
molecular target, with consequent inhibition of
NF-kappa B activation and TNF-a release from acti-
vated monocytes [83].

5.7.28 Hibiscus rosa sinensis (Fam: Malvaceae)

Hibiscus rosa sinensis have various pharmacological ac-
tivities such as antioxidants, antiinflammatory, antidia-
betic, and hyperglycemic activities. Sajia et al. (2000)
[85] reported that extracts of H. rosa sinensis have potent
ROS scavenging activity and inhibitory effect on MMP-9.

5.7.29 Myristica fragrans (Fam: Myristicaceae)

Several pharmacological studies of Myristica fragrans
show the antiinflammatory properties of myristicin
frommace, and also have antifungal, antibacterial, larvi-
cidal, and antioxidant potential. The main constituents
of M. fragrans fruit have been found to be alkyl benzene
derivatives (myristicin, elemicin, safrole, etc.), terpenes,
alpha-pinene, myristic acid, trimyristicin, volatile oil,
fixed oil, and starch. Protection of skin keratinocytes
from UV-B-induced damage attained by inhibiting
MMP-9 and COX-2 expression by attenuating the activa-
tion of MAPKs and PI3K [108].

5.8 MANAGEMENT OF SKIN AGING

Skin aging is a complex biological process and is
influenced by a combination of several endogenous
and exogenous factors. Healthy and beautiful skin is
considered as one of the principal factors representing
overall well-being and perception of good health in
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humans. The main goal for prevention and treatment of
skin aging is to increase the biosynthetic capacity of fi-
broblasts, which induces the reconstruction of an
optimal physiologic environment; enhancement of cell
activity; synthesis of collagen, elastin, and hyaluronic
acid [124].

During 2004e2014, several antiaging strategies have
been developed including preventive measurements,
cosmetological strategies, topical and systemic thera-
peutic agents, invasive procedures, etc. The schematic
diagram is presented in Figure. 5.3. The skin antiaging
strategies to reverse the dermal and epidermal signs of
photoaging and chronological aging can be grouped un-
der the following approaches.

5.8.1 Cosmetological Care

Skin barrier itself is an important defender against
dehydration; infiltration of microorganisms, allergens,
irritants, ROS, and radiation. Therefore, daily skin care
is required and that may increase skin regeneration,
elasticity, and smoothness [125]. It is compulsory to
stop the degradation of the skin primary structural con-
stituents, such as collagen and elastin, to prevent the

formation of wrinkles. Another essential approach for
preventing skin aging is the reduction of inflammation
by topical or systemic antioxidants that may be used
in combination with sunscreens and retinoids to
enhance their protective effects [41].

5.8.2 Systemic Agents

The main objective to prevent skin aging includes
sun avoidance, sun protection using sunscreens to
block or reduce skin exposure to UV radiation, reti-
noids to inhibit collagenase synthesis and to promote
collagen production, and antioxidants to reduce and
neutralize free radicals [126]. Some important studies
indicate that it is possible to delay skin aging to
improve skin conditions through administration of
some selected nutritional supplements. Nutritional an-
tioxidants act through different mechanisms in skin ag-
ing but they are mainly free radical scavengers.
Nutritional supplements are the most important source
of antioxidants and the well-known systemic antioxi-
dants belong to vitamin C, vitamin E, and carotenoids
[41]. It is well known that there is a progressive
decrease in the hormone level with the age. The main

FIGURE 5.3 Strategies toward control and management of skin aging.
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hormonal deficits in humans are menopause, andro-
pause, and partial androgen deficiency for aging.
Improvement of the skin health, libido, and osseous
density has been observed in men and woman on sys-
temic administration of dehydroepiandrosterone and
growth hormone [127].

5.8.3 Topical Medicinal Agents

There are two main groups of agents, such as the
antioxidants and cell regulators, that can be used as
antiaging cream components. Different antioxidants,
for example, vitamins, polyphenols, and flavonoids,
reduce collagen degradation by reducing the concen-
tration of free radicals in tissues. Several cell regula-
tors, such as retinols, peptides, and growth factors,
have direct effects on the metabolism and production
of collagen fiber. Vitamins C, B3, and E are the most
important antioxidants that have the ability to pene-
trate the skin through their small molecular weight
[128]. L-Ascorbic acid (vitamin C) has a skin antiaging
effect by inducing the production of Collagen-1 and
Collagen-3, as well as enzymes important for the pro-
duction of collagen and inhibition of the property of
MMP-1. Clinical studies indicate that vitamins C and
E in combination have a higher antioxidative property
than that with vitamin C or E alone [110]. Retinol
(Vitamin A) and its derivatives such as retinaldehyde
and tretinoin have antioxidant effects and also
encourage the biosynthesis of collagen and reduce the
expression of MMP-1 (collagenase 1) [41].

5.8.4 Invasive Procedures

There are several persistent procedures, and most of
these are intended to “resurface” the epidermis layer
of the skin to remove the damaged epidermis and
replace the tissue with remodeled skin layers. The chem-
ical peeling method causes a chemical ablation of
defined skin layers to induce an even and tight skin as
a result of the regeneration and repair mechanisms after
the inflammation of the epidermis and dermis. There are
several research reports to indicate that improvements
in skin elasticity and wrinkles after chemical peeling
may be attributed to increase of collagen-1 with
collagen-3 elastic fibers [129]. The desired antiaging ef-
fect can also be achieved by microinjections into the su-
perficial dermis; these contain only one active ingredient
or a combination of different compounds that are
perfectly biocompatible and totally absorbable. These
include vitamins, nutrients, hormones, growth factor,
hyaluronic acid, amino acids, minerals, autologous
cultured fibroblasts, homeopathic products, etc. [124].

5.9 CONCLUSION

A better understanding of the molecular and cellular
mechanisms underlying aging, as well as providing a
growing list of factors that can be targeted for specific in-
terventions should aimed to prevent or delay the aging.
Oxidative stress and inflammation are among the prin-
cipal mechanisms likely to be involved in the aging pro-
cess. It is clear that there are readily discernible
differences between intrinsically aged skin and that
aged by habitual exposure to sunlight, particularly at
the macromolecular level. Changes seen with intrinsic
aging such as decreased cellular lifespan, reduced
response to growth factors, and disruption of matrix
synthesis and elevation of proteolytic activity are all
evident in photodamaged skin. There are so many bioac-
tive molecules, with powerful antioxidant properties,
which exert antiinflammatory, anticancer, and antipho-
toaging activities in skin cells. Several research reports
suggested that phytopharmaceuticals might be useful
for the prevention and treatment of a variety of human
skin disorders. Natural bioactive molecules can used
to protect against UV radiation and can be ideal photo-
chemoprotective agents for photoaging.

Acknowledgments

The authors are thankful to the Department of Science and Technology,
Drug and Pharmaceutical Research Program, Government of India,
New Delhi [DST-DPRP, File No. VI-D&P/287/08-09/TDT], for finan-
cial support for this project to the School of Natural Product Studies,
Jadavpur University, Kolkata, India.

References

[1] Benedetto AVD. The environment and skin aging. Clin dermatol
1998;16:129e39.

[2] Seo JY, Chung JH. Thermal aging: a new concept of skin aging. J
Dermatol Sci 2006;(Suppl. 2):13e22.

[3] Calleja-Agius J, Brincat M, Borg M. Skin connective tissue and
ageing. Best Pract Res Clin Gastroenterol 2013;27:727e40.

[4] Chen-yu G, Chun-fen Y, Qi-lu L, Qi T, Yan-wei X, Wei-na L, et al.
Development of a quercetin-loaded nanostructured lipid carrier
formulation for topical delivery. Int J Pharm 2012;430:292e8.

[5] Saija A, Tomaino A, Cascio RL, Rapisarda P, Dederen JC. In-vitro
antioxidant activity and in vivo photoprotective effect of a red or-
ange extract. Int J Cosmet Sci 1998;20:331e42.

[6] Campanini MZ, Pinho-Ribeiro FA, Ivan ALM, et al. Efficacy of
topical formulations containing Pimenta pseudocaryophyllus

extract against UVB-induced oxidative stress and inflammation
in hairless mice. J Photochem Photobiol 2013;127:153e60.

[7] Mukherjee PK, Maity N, Nema NK, Sarkar BK. Bioactive com-
pounds from natural resources against skin aging. Phytomedi-
cine 2011;19:64e73.

[8] WHO. Ultraviolet radiation and human health. 2009.
[9] Lucas RM, McMichael AJ, Armstrong BK, Smith WT. Estimating

the global disease burden due to ultraviolet radiation exposure.
Int J Epidemiol 2008;37:654e67.

REFERENCES 143



[10] Afaq F, Mukhtar H. Botanical antioxidants in the prevention of
photocarcinogenesis and photoaging. Exp Dermatol 2006;15:
678e84.

[11] Pandey S, Meshya N, Viral D. Herbs play an important role in the
field of cosmetics. Int J Pharm Tech Res 2010;2:632e9.

[12] Dureja H, Kaushik D, Gupta M, Kumar V, Lather V. Cosmeceut-
icals: an emerging concept. Indian J Pharmacol 2005;37:155e9.

[13] Sukh Dev. Ayurveda materia medica: a treasure trove of biologi-
cally active molecules. In: Proceedings of international conference
on new developments in drug discovery from natural products
and traditional medicine. S.A.S. Nagar, India: NIPER; 2008.

[14] Kapoor VK, Dureja J, Chadha R. Herbals in the control of ageing.
Drug Discovery Today 2009;14:992e8.

[15] Dupont E, Gomez J, Bilodeau D. Beyond UVradiation: a skin un-
der challenge. Int J Cosmet Sci 2013;35:224e32.

[16] Chanvorachote P, Pongrakhananon V, Luanpitpong S,
Chanvorachote B, Wannachaiyasit S, Nimmannit U. Type I pro-
collagen promoting and anti-collagenase activities of Phyllanthus
emblica extract in mouse fibroblasts. J Cosmet Sci 2009;60:
395e404.

[17] Bae JY, Choi JS, Choi YJ, Shin SY, Kang SW, Han SJ, et al. (�)
Epigallocatechin gallate hampers collagen destruction and colla-
genase activation in ultraviolet-B-irradiated human dermal fi-
broblasts: involvement of mitogen-activated protein kinase.
Food Chem Toxicol 2008;46:1298e307.

[18] Adil MD, Kaiser P, Satti NK, Zargar AM, Vishwakarma RA,
Tasduq SA. Effect of Emblica officinalis (fruit) against
UVB-induced photo-aging in human skin fibroblasts. J Ethno-
pharmacol 2010;132:109e14.

[19] Lall N, Kishore N. Are plants used for skin care in South Africa
fully explored? J Ethnopharmacol 2014;153:61e84.

[20] Maity N, Nema NK, Abedy MK, Sarkar BK, Mukherjee PK.
Exploring Tagetes erecta Linn flower for the elastase, hyaluroni-
dase and MMP-1 inhibitory activity. J Ethnopharmacol 2011;
137:1300e5.

[21] Heenen M, Giacomoni PU, Goldstein P. Erythema, a link be-
tween UV-induced DNA damage, cell death and clinical
effects? In: Giacomoni PU, editor. Sun protection in man.
Amsterdam: Elsevier; 2001. p. 277e85.

[22] Wulf HC, Sandby-Møller J, Kobayasi T, Gniadecki R. Skin aging
and natural photoprotection. Micron 2004;35:185e91.

[23] Huang R, Wu J, Fan Y, Adamson E. UV activates growth factor
receptors via reactive oxygen intermediates. J Cell Biol 1996;
133:211e20.

[24] Giacomoni PU, Declerq L, Hellemans L, Maes D. Aging of hu-
man skin: review of a mechanistic model and first experimental
data. IUBMB-Life 2000;49:259e63.

[25] Giacomoni PU. Advancement in skin aging: the future
cosmeceuticals. Clin Dermatol 2008;26:364e6.

[26] Smijs TG, Pavel S. Titanium dioxide and zinc oxide nanoparticles
in sunscreens: focus on their safety and effectiveness. Nanotech-
nol Sci Appl 2011;4:95e112.

[27] Couteau C, Faure A, Fortin J, Paparis E, Coiffard LJM. Study of
the photostability of 18 sunscreens in creams by measuring the
SPF in vitro. J Pharmaceut Biomed Anal 2007;44:270e3.

[28] Yang YWC, Chen YT, Li CC, Yu HC, Chuang YC, Su JH, et al.
Preparation of UV-filter encapsulated mesoporous silica with
high sunscreen ability. Mater Lett 2011;65:1060e2.

[29] Chainiaux F, Magalhaes J, Eliaers F, Remacle J, Toussaint O.
UVB-induced premature senescence of human diploid skin
fibroblasts. Int J Biochem Cell B 2002;34:1331e9.

[30] Mishra AK, Mishra A, Chattopadhyay P. Herbal cosmeceuticals
for photoprotection from ultraviolet B radiation: a review. Trop
J Pharm Res 2011;10:351e60.

[31] Abdulmajed K, Heard CM. Topical delivery of retinyl ascorbate
co-drug. Synthesis, penetration into and permeation across hu-
man skin. Int J Pharm 2004;280:113e24.

[32] Kundu JK, Choi KS, Fujii H, Sun B, Surh YJ. Oligonol, a lychee
fruit-derived low molecular weight polyphenol formulation, in-
hibits UVB-induced cyclooxygenase-2 expression, and induces
NAD (P) H: quinine oxidoreductase-1 expression in hairless
mouse skin. J Funct Food 2009;1:98e108.

[33] Saraf S, Kaur CD. Phytoconstituents as photoprotective novel
cosmetic formulations. Pharmacog Rev 2010;4:1e11.

[34] Mishra AK, Mishra A, Ghosh AK, Chattopadhyay P. Evaluation
of skin irritation of herbal o/w sunscreen cream on rabbit model.
J Pharm Cosmetol 2011;1:44e9.

[35] Sayre RM, Agin PP, Levee GJ, Marlowe E. Comparison of in vivo
and in vitro testing of sunscreening formulas. Photochem Photo-
biol 1979;29:559e66.

[36] Thakur R, Batheja P, Kaushik D, Michniak B. Structural and
biochemical changes in aging skin and their impact on skin
permeability barrier. In: Dayan N, editor. Skin aging handbook-
an integrated approach to biochemistry and product
development. Norwich, New York: William Andrew Inc; 2008.

[37] Cynthia AW. Aging skin and wound healing. Dermatology
Nursing 2006;18:265e6.

[38] Hensley K, Floyd RA. Reactive oxygen species and protein
oxidation in aging: a look back, a look ahead. Arch Biochem Bio-
phys 2002;397:377e83.

[39] Jenkins G. Molecular mechanisms of skin ageing, mechanisms of
ageing and development. Mech Ageing Dev 2002;123:801e10.

[40] Ramos-e-Silva M, Celem LR, Ramos-e-Silva S, Fucci-da-
Costa AP. Anti-aging cosmetics: facts and controversies. Clin
Dermatol 2013;31:750e8.

[41] Ganceviciene R, Liakou A, Theodoridis A, Makrantonai E,
Zouboulis CC. Skin anti-aging strategies. Dermato-Endocrinol
2012;4:308e19.

[42] Zeng J, Bi B, Chen L, Yang P, Guo Y, Zhou Y, et al. Repeated expo-
sure of mouse dermal fibroblasts at a sub-cytotoxic dose of UVB
leads to premature senescence: a robust model of cellular
photoaging. J Dermatol Sci 2013;73:49e56.

[43] Lan E, Wu C, Yu H. Solar-simulated radiation and heat treatment
induced metalloproteinase-1 expression in cultured dermal fi-
broblasts via distinct pathways: Implications on reduction of
sun-associated aging. J Dermatol Sci. 2013;26:29e40.

[44] Tanaka K, Hasegawa J, Asamitsu K, Okamoto T. Prevention of
the ultraviolet B-mediated skin photoaging by a nuclear
factoreB inhibitor, parthenolide. J Pharmacol Exp Ther 2005;
315:624e30.

[45] Krutmann J. Skin ageing. In: Humbert Krutmann P, editor. Nutri-
tion for healthy skin strategies for clinical and cosmetic practice;
2011. p. 15e25.

[46] Morita A. Tobacco smoke causes premature skin aging. J Derma-
tol Sci 2007;48:169e75.

[47] Yin L, Morita A, Tsuji T. Alterations of extracellular matrix
induced by tobacco smoke extract. Arch Dermatol Res 2000;
292:188e94.

[48] Dore JF, Chignol MC. Tanning salons and skin cancer. Photo-
chem Photobiol Sci 2012;11:30e7.

[49] Chung JH, Hanft VN, Kang S. Aging and photoaging. J AmAcad
Dermatol 2003;49:690e7.

[50] Kochanek KS, Brenneisen P,Wenk J, Herrmann G,MaW, Kuhr L,
et al. Photoaging of the skin from phenotype to mechanisms. Exp
Gerontol 2000;35:307e16.

[51] Losso JN, Munene CN, Bansode RR, Bawadi HA. Inhibition of
matrix metalloproteinase-1 activity by the soybean Bow-
maneBirk inhibitor. Biotechnol Lett. 2004;26:901e5.

5. VALIDATION OF MEDICINAL HERBS FOR SKIN AGING144



[52] Nichols JA, Katiyar SK. Skin photoprotection by natural poly-
phenols: antiinflammatory, antioxidant and DNA repair
mechanisms. Arch Dermatol Rese 2010;302:71e83.

[53] Balcombe NR, Sinclair A. Ageing: definitions, mechanisms and
the magnitude of the problem. Best Pract Res Clin Gastroenterol
2001;15:835e49.

[54] Bendova H, Akrman J, Krejci A, Kubac L, Jı́rova D, Kejlova K,
et al. In vitro approaches to evaluation of sun protection factor.
Toxicol in Vitro 2007;21:1268e75.

[55] Kim JH, Byun JC, Bandi AKR, Hyun CG, Lee NH. Compounds
with elastase inhibition and free radical scavenging
activities from Callistemon lanceolatus. J Med Plants Res 2009;3:
914e20.

[56] Kim YS, Lee YK, Min KR. Inhibitory effects of herbal medicines
on hyaluronidase activity. J Korean Pharm 1995;26:265e72.

[57] Labat RJ, Fourtanier A, Boyer LB, Robert L. Age dependent in-
crease of elastase type protease activity in mouse skin: effect of
UV-irradiation. J. Photochem. Photobiol B 2000;57:113e8.

[58] Nishimori Y, Kenjoh Y, Matsumoto K, Kawai M. UVB-induced
ultrastructural changes of collagen bundles in hairless mouse
skin. J Dermatol Sci 1997;15:125.

[59] Ichihashi M, Ueda A, Budiyanto T, Bito M, Oka M, Fukunaga K,
et al. UV-induced skin damage. Toxicology 2003;189:21e39.

[60] Adhami VM, Syed DN, Khan N, Afaq F. Phytochemicals for pre-
vention of solar ultraviolet radiation-induced damages. J Photo-
chem Photobiol 2008;84:489e500.

[61] Yin L, Morita A, Tsuji T. Skin premature aging induced by to-
bacco smoking: the objective evidence of skin replica analysis. J
Dermatol Sci 2001;27:26e31.

[62] Xu Y, Fisher GJ. Ultraviolet (UV) light irradiation induced signal
transduction in skin photoaging. J Dermatol Sci 2005;(Supp 1):
S1e8.

[63] Cobb M, Goldsmith E. How MAP kinases are regulated. J Biol
Chem 1995;270:43e6.

[64] Karin M, Hunter T. Transcriptional control by protein phosphor-
ylation: signal transmission form the cell surface nucleus. Curr
Biol 1995;5:747e57.

[65] Marshall C. Specificity of receptor tyrosine kinase signaling:
transient versus sustained extracellular signal-regulated kinase
activation. Cell 1995;80:179e85.

[66] Su B, Karin M. Mitogen-activated protein kinase cascades and
regulation of gene expression. Curr Opin Immunol 1996;8:
402e11.

[67] Cho JW, Park K, Kweon GR, Jang BC, Baek WK, Suh MH, et al.
Curcumin inhibits the expression of COX-2 in UVB-irradiated
human keratinocytes (HaCaT) by inhibiting activation of AP-1:
p38 MAP kinase and JNK as potential upstream targets. Exp
Mol Med 2005;37:186e92.

[68] Bachelor MA, Cooper SJ, Sikorski ET, Bowden GT. Inhibition of
p38 mitogen-activated protein kinase and phosphatidylinositol
3-kinase decreases UVB-induced activator protein-1 and
cyclooxygenase-2 in a SKH-1 hairless mouse model. Mol Cancer
Res. 2005;3:90e9.

[69] Ashida M, Bito T, Budiyanto A, Ichihashi M, Ueda M. Involve-
ment of EGF receptor activation in the induction of
cyclooxygenase-2 in HaCaT keratinocytes after UVB. Expl Der-
matol 2003;12:445e52.

[70] Koon HW, Zhao D, Zhan Y, Rhee SH, Moyer MP, Pothoulakis C.
Substance P stimulates cyclooxygenase-2 and prostaglandin E2
expression through JAKeSTAT activation in human colonic
epithelial cells. J Immun 2006;176:5050e9.

[71] Ahsan H, Aziz MH, Ahmad N. UVB exposure activates Stat3
signaling via phosphorylation at tyrosine705 in skin of SKH1
hairless mouse: a target for the management of skin cancer? Bio-
chem Biophys Res Commun 2005;333:241e6.

[72] AnKP, AtharM, Tang X, Katiyar SK, Russo J, Beech J, et al. Cyclo-
oxygenase-2 expression in murine and human nonmelanoma
skin cancers: implications for therapeutic approaches. J Photo-
chem Photobiol 2002;76:73e80.

[73] Cho YH, Kim JH, Sim GS, Lee BC, Pyo HB, Park HD. Inhibitory
effects of antioxidant constituents from Melothria heterophylla on
matrix metalloproteinase-1 expression in UVA-irradiated human
dermal fibroblasts. J Cosmet Sci 2006;57:279e89.

[74] Tang Q, Gonzales M, Inoue H, Bowden GT. Roles of Akt and
glycogen synthase kinase 3beta in the ultraviolet B induction of
cyclooxygenase-2 transcription in human keratinocytes. Cancer
Res 2001;61:4329e32.

[75] Bose S, Du Y, Takhistov P, Michniak-Kohn B. Formulation opti-
mization and topical delivery of quercetin from solid lipid based
nanosystems. Int J Pharm 2013;441:56e66.

[76] Kaur CD, Saraf S. In vitro sun protection factor determination of
herbal oils used in cosmetics. Pharmacogn Res. 2010;2:22e5.

[77] Zenner L, Callait MP, Granier C, Chauve C. In vitro effect of essen-
tial oils from Cinnamomum aromaticum, Citrus limon andAllium sat-

ivum on two intestinal flagellates of poultry, Tetratrichomonas

gallinarum and Histomonas meleagridis. Parasite 2003;10:153e7.
[78] Nema NK, Maity N, Sarkar B, Mukherjee PK. Cucumis sativus

fruit-potential antioxidant, anti-hyaluronidase, and anti-
elastase agent. Arch Dermatol Res 2011;303:247e52.

[79] Tsai YH, Lee KF, Huang YB, Huang CT, Wu PC. In vitro perme-
ation and in vivo whitening effect of topical hesperetin microe-
mulsion delivery system. Int J Pharm 2010;388:257e62.

[80] Proteggente AR, Basu-Modak S, Kuhnle G, Gordon MJ,
Youdim K, Tyrrell R, et al. Hesperetin glucuronide, a photopro-
tective agent arising from flavonoid metabolism in human skin
fibroblasts. J Photochem Photobiol 2003;78:256e61.

[81] Ullah MO, Sultana S, Haque A, Tasmin S. Antimicrobial, cyto-
toxic and antioxidant activity of Centella asiatica. Eur J Sci Res
2009;30:260e4.

[82] Kim S, Chung JH. Berberine prevents UV-induced MMP-1 and
reduction of type I procollagen expression in human dermal
fibroblasts. Phytomedicine 2008;15:749e53.

[83] Husch J, Bohnet J, Fricker G, Skarke C, Artaria C, Appendino G,
et al. Enhanced absorption of boswellic acids by a lecithin deliv-
ery form (Phytosome�) of Boswellia extract. Fitoterapia 2013;84:
89e98.

[84] Mandade R, Sreenivas SA, Sakarkar DM, Choudhury A. Radical
scavenging and antioxidant activity of Hibiscus rosasinensis

extract. Afr J Pharm Pharmacol 2011;5:2027e34.
[85] Saija A, Tomaino A, Trombetta D, Pasquale AD, Uccella N,

Barbuzzi T, et al. In vitro and in vivo evaluation of caffeic and ferulic
acids as topical photoprotective agents. Int J Pharm 2000;199:39e47.

[86] Conney AH, Kramata P, Lou YR, Lu YP. Effect of caffeine on
UVB-induced carcinogenesis, apoptosis and the elimination of
UVB-induced patches of p53 mutant epidermal cells in SKH-1
mice. J Photochem Photobiol 2008;84:330e8.
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6.1 INTRODUCTION

A wound is defined as a disruption of cellular,
anatomical, and functional continuity of living tissue,
and wounds are broadly classified as open or closed.
When the skin is torn, cut, or punctured, it is known
as an open wound, and when blunt force or trauma
causes a contusion, it is termed a closed wound.Wounds
are generally caused by physical, chemical, thermal, mi-
crobial, or immunological assault to the tissue. Burns are
the most common type of wounds caused by fire, heat,

radiation, chemicals, electricity, and sunlight [1].
Although wounds affect all sectors of the society, elderly
patients are the most severely affected, which tremen-
dously impacts their quality of life. Unhealed wounds
continually produce inflammatory mediators that cause
discomfort to these patients due to pain and swelling at
the wound site. To exacerbate the situation, there is a
rapid global increase in impaired wound healing associ-
ated with injuries such as burns, frostbite, wounds
resulting from military and civil combat, diabetes, and
cardiovascular disease [2].
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Normally, the body initiates a cascade of physiological
and anatomical actions to heal a wound, collectively
termed the wound healing process. According to the
WoundHealing Society (USA), wound healing is defined
as a complex dynamic process that results in the
restoration of anatomical continuity and function [3].
Depending on the intensity of wound healing, wounds
are classified as acute or chronic wounds. Acute wounds
heal over a prolonged period of time (e.g., burns,
traumatic injuries, and surgical wounds), whereas the
chronic wound healing process is grossly impaired,
e.g., ulcers [4,5]. Compared to acute wounds, chronic
wounds require an extended healing period, and often
healing does not occur or the wound reoccurs. It is
estimated that at any given time, 6 million people suffer
from chronic wounds causing extensive physiological
andmental trauma [6]. Irrespective of the type of wound,
healing comprises four different phases detailed in the
next section. Apart from superficial wounds, all wounds
require angiogenesis for healing, which is a process in
which new blood vessels sprout from preexisting blood
vessels. Angiogenesis is an integral process in fetal
development, the female reproductive cycle, chronic
inflammation, as well as tissue and wound repair
[7e9]. It is important to define the role of angiogenesis
in wound healing, as reduced angiogenesis is always

associated with impaired wound healing, which has an
undesirable clinical impact on the patient. The process
of angiogenesis is highly regulated by various proangio-
genic and antiangiogenic factors. Several factors are
known to impact the wound healing process by
hampering the progression of angiogenesis, which leads
to improper or impaired wound healing characterized
by tissue damage.

6.2 PHASES OF WOUND HEALING

Wound healing is a convoluted process of repairing
the skin and other organ tissues after injury. It is an intri-
cate process involving four complex and highly
controlled phases such as hemostasis, inflammation,
proliferation/granulation, and maturation/tissue
remodeling (Figure 6.1). For efficient wound healing,
all four phases and their biophysiological functions
must progress in the proper sequence at a specific time
with optimal intensity [6,10]. These phases are charac-
terized by multifarious and synchronized biological
events such as chemotaxis, phagocytosis, neocollagene-
sis, collagen degradation and remodeling, angiogenesis,
epithelialization, as well as production of new glycos-
aminoglycans and proteoglycans that assist in proper

FIGURE 6.1 Different stages of wound healing.
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wound healing [10,11]. However, there are many
external and internal factors, such as imbalanced diet,
alcoholism, smoking, age, sex, stress, obesity, and hor-
monal status, oxygenation, medications, as well as infec-
tions and disease conditions, such as ischemia,
abnormal blood pressure, diabetes, etc. which can inter-
fere with this process, leading to abnormal wound
healing.

6.2.1 Hemostasis Phase

The normal wound healing process starts immedi-
ately after tissue injury, which begins with bleeding
and outflow of lymphatic fluid, resulting in a flow of
coagulation factors to form a fibrin clot. This fibrin clot
immediately stops bleeding (hemostasis) and facilitates
in releasing chemokines, cytokines, and growth factors
such as transforming growth factor (TGF)-b, platelet-
derived growth factor (PDGF), fibroblast growth factor
(FGF), and epidermal growth factor, which attracts the
inflammatory cells and promotes the inflammatory
phase [10,12,13].

6.2.2 Inflammatory Phase

After 8 h of injury, the inflammatory phase com-
mences with the permeation of polymorphonuclear leu-
kocytes (PMNs), neutrophils, macrophages, and
lymphocytes at wound sites. PMNs, facilitated by
TGF-b, result in the swelling of the wound, whereas
neutrophils phagocytize the damaged tissue, cell debris,
and microbes and remove them from wound site.
Several wound healing factors are secreted by macro-
phages. In this phase, signaling molecules are also
released to initiate the third proliferative phase of
wound healing.

6.2.3 Proliferative Phase

Also known as the granulation phase, this phase is
characterized by several subphases: fibroplasia, matrix
deposition, angiogenesis, epithelialization, and wound
contraction [14]. At the end of the inflammatory phase,
fibroblasts start migrating and proliferating into the
wound, and in 2e3 weeks, they are the predominant
cells that lay down the collagen matrix in the wound
site [15]. The next subphase is matrix deposition, which
leads the deposition of collagen matrix in the wound to
increase the strength of the wound and to provide a plat-
form to the cells that play a role in inflammation, angio-
genesis, and connective tissue construction.
Angiogenesis is an important phase in wound healing,
leading to the formation of a network of blood vessels
around the wound. Epithelialization subphase leads to

the development of a barrier between the wound and
the environment with the migration of epithelial cells
from the wound edges. The wound contraction sub-
phase minimizes the size of the wound by contraction
myofibroblast actins.

6.2.4 Maturation Phase

The maturation phase is also called the tissue remod-
eling phase because of the constant alterations of the
wound during this phase. The crucial step in this phase
is that the collagen production and degradation remains
in equilibrium, thus maintaining the amount of collagen
in the wound. During this phase collagen fibers are orga-
nized and aligned along with the cleavage lines of the
body to provide tensile strength to the healing wound.
After achieving strength, the redness of the wound dis-
appears as the blood vessels disappear.

6.3 ANGIOGENESIS AND ITS ROLE IN
WOUND HEALING

Angiogenesis involves the formation of new blood
vessels from the preexisting blood vessels that play an
important role in various physiological processes,
including wound healing and tissue repair. Angiogen-
esis is an important subphase of the proliferative phase
of wound healing. Apart from the most superficial
wounds, all wounds require angiogenesis for healing,
as new blood vessels are required to provide nutrients
and oxygen to promote cell growth and granulation of
tissues.

The angiogenesis process begins after 4 days of injury
due to the low oxygen tension and lack of nutrients,
resulting in release of angiogenic molecules that attract
inflammatory mediators and endothelial cells and pro-
mote their proliferation. The injured tissue secretes
angiogenic factors that bind to the receptors of the endo-
thelial cells of preexisting blood vessels. Through this
binding process, several enzymes and proteins are
released and dissolve membranes covering the blood
vessels. Angiogenesis always proceeds concomitantly
with the formation of new tissue and starts with the
degradation of themembrane underlying the endothelial
cells leading to the formation of blood vessels sprouting
from the older capillaries. These vessels further extend
into the wound and invade the fibrin-rich clots, which
leads to the development of a microvascular network
throughout the granulation tissue. The ends of these ves-
sels join through the process of anastomosis and lead to
the formation of a closed circuit. Newly formed blood
vessels are then structurally supported by smooth mus-
cle cells and finally continuous blood flow begins. This
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whole process of angiogenesis is governed by various
angiogenic and antiangiogenic factors. Angiogenic
factors promote angiogenesis, whereas antiangiogenic
factors hinder the process [16,17]. Angiogenesis is
controlled by a fine balance between proangiogenic
-compounds and antiangiogenic factors (cytokines).
If this balance favors angiogenesis, it can lead to diseases
such as macular degeneration, rheumatoid arthritis, can-
cer growth, and metastases. However, if the balance is
inclined toward a reduction in angiogenesis, then it can
result in cardiovascular disease, peptic ulcers, and
impaired wound healing [18]. The inadequate produc-
tion of angiogenesis growth factors and/or excessive
amounts of angiogenesis inhibitors leads to deficient
angiogenesis. The release and regulation of these angio-
genic factors depends on the type, location, and intensity
of the wound, as well as on the sex, age, hormonal status,
and condition of the patient. Currently, approximately 20
proangiogenic and more than 30 antiangiogenic factors
along with several receptors and signaling partners
that play an important role in angiogenesis have been
identified and characterized [3]. These angiogenic
cascade factors are categorized as follows:

1. Soluble growth factors include FGFs such as FGF-1 and
FGF-2. These growth factors were previously known
as acidic FGF and basic FGF, respectively [19]. They
were among the first discovered FGFs and are known
to possess angiogenic activity. Both these factors are
known to be secreted by injured cells at wound sites,
resulting in the initial stimulus for angiogenesis.
Another important soluble growth factor is vascular
endothelial growth factor (VEGF), which can induce
the division and differentiation of cultured
endothelial cells, which thus indicates a direct action
on these cells [20,21]. Different cell types, such as
fibroblasts, endothelial cells, macrophages, and
keratinocytes produce VEGF; however, the latter two
are responsible for the production of VEGF during
wound healing [22]. Lack of oxygen during tissue
injuries induces the production of VEGF, which plays
an important role in angiogenesis during the
proliferative phase [23]. Inhibiting this growth factor
is an approved antiangiogenic therapy for many
clinical conditions, especially in ophthalmic
conditions such as wet macular degeneration.

2. Inhibiting factors include TGF-a and angiogenin.
These factors inhibit the proliferation and enhance the
differentiation of endocrine cells. Angiogenic
inhibitors play an important role in maintaining the
angiogenic balance, which influences the rate of new
blood vessel formation.

3. Extracellular matrix-bound cytokines, such as
angiostatin, thrombospondin, and endostatin,
contribute to the regulation of angiogenesis.

6.4 PLANTS WITH PROANGIOGENIC
POTENTIAL

Although wound healing has become a highly
sophisticated field in the modern medical sphere, plants
have an illustrious history as natural mediators
facilitating efficient wound healing. The efficacy of
several plants in wound healing is extensively recorded
in some of the most ancient healing modalities such
as Chinese and African traditional medicine and
Ayurveda [24,25]. In addition, tribal folklore from
many countries such as Nigeria, Peru, and Mali, among
others, describes the use of several plants to treat
wounds and burns [26e28]. Approximately 450 plant
species have been identified with promising wound
healing properties [29]. Plants promote wound healing
by multiple mechanisms, usually by promoting angio-
genesis. Numerous studies indicate that plants such as
Aloe vera, ginseng, and Astragalus membranaceus, among
others, have noteworthy proangiogenic potential. Dur-
ing the wound healing process, most of these plants pro-
mote angiogenesis predominately via the upregulation
of VEGF expression and/or and activation of the
mitogen-activated protein kinases pathway [18]. The
chemical constituents responsible for proangiogenic ac-
tivity are often polyphenols, sterols, and saponins [3].
Thus far, nearly 41 plants and their isolated compounds
are reported as having angiogenesis-stimulating proper-
ties during the wound healing process (summarized in
Table 6.1 and Figure 6.2). In proangiogenic assessment
studies, botanical extracts have been generally tested
for their influence on the formation of blood vessels in
vitro and in vivo, with special attention to the impact
on VEGF expression [3]. Many studies have preceded
further and isolated active fractions and proangiogenic
compounds in an evidence-based ethnopharmacological
approach.

6.4.1 Achyranthes aspera (Amaranthaceae)

Devil’s horsewhip, also called the prickly chaff
flower, is an annual herb occurring throughout the
tropical region. It has been used as an emmena-
gogue, purgative, diuretic, antimalarial, antihyperli-
pidemic, estrogenic, antileprotic, antispasmodic,
cardiotonic, antibacterial, and antiviral agent in tradi-
tional healing systems [77]. The wound healing effi-
cacy has been reported to be from the methanol leaf
extract, which enhances the formation of granulation
tissue of burn wounds. It has also been reported that
a 5% ointment of Achyranthes aspera displayed signifi-
cant wound healing activity by upregulation of expres-
sion of matrix metalloproteinases (MMPs), MMP-2 and
MMP-9 [30].
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TABLE 6.1 Proangiogenic Activity of Plants

Species

Active extract/fraction/active

compounds Mechanism of action References

Achyranthes aspera Methanol leaf extract Upregulation of MMP-2 and
MMP-9 expression

[30]

Aloe barbadensis b-Sitosterol Increased the production of angiogenic
factors and/or the expression of their
respective receptors

[31]

Acemannan Induction of fibroblast proliferation and
stimulation of KGF-1, VEGF; and type I
collagen expressions

[32]

Alternanthera brasiliana Methanol extract of leaves e [33]

Anadenanthera colubrina Alcohol extract e [34]

Andrographis paniculata Aqueous extract of leaves e [35]

Angelica sinensis Polysaccharide extract Enhancement of VEGF expression and
stimulation JNK 1/2 and p38
phosphorylation

[36]

Astilbe thunbergii Eucryphin Increased VEGF, TGF-bl, and
HIF-1a expression

[37]

Astragalus
membranaceus

Ethyl acetate extract of root Activation of VEGF-KDR/Flk and
PI3K-Akt-eNOS pathways

[38]

Polysaccharide Upregulation of the expression of
angiopoietin 1 (Ang1)

[39]

Astragaloside IV Enhancement of VEGF and KDR/Flk-1/
VEGFR2 expression; activation of Akt

[40]

Formononetin Increased VEGF and VEGFR-2/Flk-1
expression

[41]

Blechnum orientale Water extract e [42]

Calendula officinalis Ethanol extract Induction of neovascularization [43]

Camellia sinensis Methanol leaf extract e [44]

Centella asiatica Asiaticoside Increased MCP-1 expression stimulating
VEGF expression

[45]

Cinnamomum cassia Ethanol extract and cinnamic
acid

Upregulation of VEGF and Flk-1/KDR
receptor expression

[46]

Clematis burgensis Methanol leaf extract e [47]

Clematis longicauda Methanol leaf extract e [47]

Euphorbia caducifolia Latex e [48]

Ficus deltoidea Aqueous extract whole plant e [49]

Gynura procumbens Ethanol extract of leaves e [50]

Hippophae rhamnoides Aqueous leaf extract Upregulation of VEGF expression [51]

Justicia flava Methanol leaf extract e [52]

Lannea welwitschii Methanol leaf extract e [52]

Lantana camara Ethanol extract of leaves e [53]

Martynia annua Ethanol extract of leaves e [54]

Flavonoid-rich fraction and
luteolin

e [55]

Continued
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6.4.2 Aloe barbadensis (Xanthorrhoeaceae)

Aloe barbadensis (syn A. vera) is a perennial succulent
plant used to treat several dermatological conditions.
The healing properties of A. vera have been ascribed to
the copious amounts of leaf gel, which is rich in polysac-
charides [78]. Aloe vera is effective in wound healing
both by oral and topical routes [79]. It has been exten-
sively reported that A. vera gel promotes wound healing
through various mechanisms such as keeping the
wound moist, increasing epithelial cell migration,

enhancing rapid maturation of collagen, and reducing
inflammation [78,80]. The angiogenic stimulating
potential of A. vera is well established. Aloe vera gel
extracts and isolated molecules (e.g., b-sitosterol) have
been reported to stimulate angiogenesis in chorioallan-
toic membrane assays of chick embryos. The induction
of angiogenesis was observed in 64% of the eggs at
10 mg concentration of b-sitosterol [31]. It has been
found that in the presence of heparin, b-sitosterol stim-
ulated neovascularization in the mouse Matrigel plug

TABLE 6.1 Proangiogenic Activity of Plantsdcont’d

Species

Active extract/fraction/active

compounds Mechanism of action References

Nicotiana tabacum Nicotine Stimulation of nicotinic acetylcholine
receptors

[56]

Opuntia dillenii Aqueous and ethanolic extract Upregulation of VEGF [57]

Otostegia persica Methanol extract e [58]

Panax ginseng Korean red ginseng water
extract

Activation of the PI3K/Akt-dependent
ERK1/2 and eNOS signaling pathways

[59]

Ginsenoside Rb1 Stimulation of VEGF and f IL-1b production [60]

Panax notoginseng Saponin extract Enhancement of VEGF and KDR/Flk-1
expression; activation of PI3K-Akt-eNOS
signaling pathway

[61]

Patrinia villosa Ethyl acetate fraction Activation of FAK signaling pathway [62]

Phyllanthus niruri Leaves extract e [63]

Picrorhiza kurroa Picroliv from root Upregulation of VEGF expression and
receptors Flt-1 and KDR

[64]

Pistacia atlantica Resin extract Increasing the concentration of growth
factor PDGF and FGF

[65]

Plagiochila beddomei Methanol extract of thallus Enhancement of VEGFA expression [66]

Puerariae flos Ethanol extract Activation of MEK/ERK-,
phosphatidylinositol 3-kinase/Akt/eNOS-,
and Src/FAKdependent pathways

[67]

Rehmannia glutinosa Aqueous extract of root e [68]

Norviburtinal e [69]

Rosmarinus officinalis Essential oil of the aerial parts e [70]

Salvia miltiorrhiza Crude root extract and
salvianolic acid B

Upregulation of VEGF and VEGF receptors
genes expression

[71]

Stewartia koreana Methanol extract of leaves Stimulation of ERK phosphorylation and
Akt kinases

[72]

Strobilanthes crispus Ethanol extract of leaves e [73]

Tephrosia purpurea Flavonoid-rich fraction and
pongamol

e [74]

Terminalia chebula Fruit tannin extract Modulated VEGF gene expression [75]

Uncaria rhynchophylla Ethanol extract of root Increased VEGF, and bFGF gene expression
and protein secretion

[76]
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assay and the motility of human umbilical vein endo-
thelial cells (HUVECs) in an in vitro wound migration
assay. The most active fraction from a dichloromethane
extract of A. vera gel promoted angiogenesis by
enhancing mRNA expression of a urokinase-type plas-
minogen activator, MMP-2, and membrane-type MMP
in calf pulmonary artery endothelial cells [81]. Delayed
wound healing is one of the complications of diabetes
mellitus, which is caused by downregulation of VEGF
expression. The oral administration of A. vera (30 mg/
head) to diabetic rats has been found to be useful in
the upregulation of VEGF gene expression on day 2
postwounding [82]. In addition, it has also been
reported that a polyherbal formulation containing the
aqueous lyophilized leaf extracts of Hippophae rham-
noides L. and A. vera and the ethanol rhizome extract
of Curcuma longa L., in an optimized ratio (1:7:1), accel-
erates normal and impaired diabetic wound healing by
promoting angiogenesis in vivo through upregulation
of VEGF expression [83].

6.4.3 Angelica sinensis (Apiaceae)

Dang Gui/female ginseng is a herb indigenous to
China, where it is widely used in Chinese traditional
medicine for the treatment of various ailments,
including wound healing and especially for gyneco-
logic disorders [84]. Its pharmacological properties are
mainly associated with phthalides, polysaccharides,
organic acids, and their esters [84]. Despite some
controversial reports, Angelica sinensis has proven to
be efficacious in wound healing by simulating angio-
genesis. The proangiogenic effects of an An. sinensis

extract has been studied on HUVEC in vitro and also
by using the zebrafish model [36]. An aqueous extract
of A. sinensis root promotes angiogenesis through
enhancing VEGF expression and stimulating c-Jun
N-terminal kinases (JNK1 and JNK-2) and p38 phos-
phorylation. The wound healing potential has also
been reported for the polysaccharide-rich extract,
ferulic acid, and aqueous isolated compound (SBD.4)
of A. sinensis [84e86].

6.4.4 Astilbe thunbergii (Saxifragaceae)

Astilbe is a genus composed of 18 rhizomatous flow-
ering species native to Asia and North America. In
China, the dried rhizomes of Astilbe thunbergii (Sieb. et
Zucc) Miq have been used for the treatment of sword
cuts, bite wounds caused by animals, frostbite, burns,
suppurative dermatitis, and cutaneous inflammatory
diseases [87]. Recent pharmacological studies have
reported that the topical application of the ethyl-
acetate-soluble fraction of 70% rhizome ethanol extract
(0.5% and 1.0% ointment) promotes the healing of burn
wounds. Three burnwound-healing-promoting effec-
tors, eucryphin (ED50: 4 mg/wound), bergenin (ED50:
190 mg/wound), and astilbin (ED50: 64 mg/wound),
were isolated from this active ethyl-acetate-soluble frac-
tion. Among these three compounds, eucryphin was
found to promote burn wound healing most signifi-
cantly [87]. Eucryphin (100 mg/wound) improves burn
wound healing by promoting angiogenesis as a result
of stimulating VEGF and TGF-b1 production caused
by the increase in hypoxia-inducible factor-1 alpha
expression in keratinocytes [37].
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6.4.5 Astragalus membranaceus (Fabaceae)

“Huáng qı́” or “yellow leader” ranks among the 50
most fundamental herbs used in traditional Chinese
medicine [3]. The dried root of Astragalus membranaceus
(Fisch. ex Link) Bunge is commonly referred to as Astra-
gali Radix and is well known for its tonic property and
has been widely used to enhance the repair and recov-
ery of tissues and organs such as the lung, heart, and
neurons [88]. The main constituents of Astragali Radix
include polysaccharides, saponins (astragaloside I, II,
and IV), flavonoids (calycosin), amino acids, and
several trace elements [89]. The topical application of
a boiled water extract of Astragali Radix directly to
wounds once daily for 11 consecutive days was found
to be beneficial in the early stages of wound healing us-
ing a rat model [90]. In humans, Astragali Radix acceler-
ates diabetic foot wound healing through the actions of
tissue regeneration, angiogenesis, and antiinflammation
[91]. Astragali Radix promoted angiogenesis in HUVEC
in vitro. It stimulates HUVEC to proliferate and en-
hances their motility in the wound healing migration
assay via enhancing VEGF mRNA expression and acti-
vation of the phosphatidylinositol 3-kinase-Akt-endo-
thelial nitric oxide synthase (PI3K-Akt-eNOS)
pathway [38]. In addition, Astragaloside IV, the main
component of Astragali Radix, has been reported to exert
potential proangiogenic effects in vitro and in vivo, and
its proangiogenic activity most likely involves both
VEGF- and Akt-dependent signaling pathways. The iso-
flavone calycosin is the most potent proangiogenic
agent among all chemical constituents reported in
Astragali Radix that induce angiogenesis in HUVEC
and zebrafish embryos via the upregulation of VEGF,
VEGFR1, and VEGFR2 mRNA expression [40]. Formo-
nonetin is another important component isolated from
Astragali Radix. Oral administration to rats at a dose of
20 mg/kg or 200 mg/kg displayed a significant increase
in the number of vessels and the expression of VEGF
and VEGF receptor 2 (VEGFR-2/flk-1) in the early stage
of chondrogenesis. However, the higher doses of formo-
nonetin had no significant effect on the expression of
VEGF and VEGFR-2/Flk-1 [41].

6.4.6 Calendula officinalis (Asteraceae)

Calendula officinalis L. is an annual herb of Mediterra-
nean origin, commonly known as pot marigold, ruddles,
common marigold, garden marigold, English marigold,
or Scottish marigold. The flowers of C. officinalis have
been used extensively as an antiinflammatory agent,
for the treatment of wounds, first-degree burns, contu-
sions, and skin rashes. Several pharmacological studies
have reported and confirmed the wound healing poten-
tial claim of C. officinalis [92e94]. It is further believed

that the wound healing potential of C. officinalis is asso-
ciated with angiogenesis-promoting activity. Several
experimental models suggest that the angiogenesis-
promoting activity of C. officinalis is not directly related
to the expression of VEGF and could possibly be associ-
ated with other proangiogenic factors [43]. Calendula offi-
cinalis has demonstrated positive effects on angiogenesis
through induction of neovascularization and other
proangiogenic factors such as FGF, TGF-b, and angio-
genic cytokines such as interleukin-8 and tumor necrosis
factor-a [43].

6.4.7 Centella asiatica (Mackinlayaceae)

Centella asiatica (pennywort) is a herbaceous, annual
plant, boasting a long history of use in South East
Asia and India for treating skin and vascular disease.
It is a well-documented medicinal plant in Ayurvedic
medicine, traditional African medicine, and traditional
Chinese medicine [95]. Centella asiatica is reported to
have a wide range of preventive and therapeutic effects.
The modulation of collagen production and deposition
in wound healing is of primary importance [96]. Active
components isolated from the leaves include triterpe-
noid compounds such as two glycosides (asiaticoside
and madecassoside) and their corresponding aglycones
(asiatic acid and madecassic acid) [97]. Wound healing
properties have been reported for various extracts of
C. asiatica using the incision and partial-thickness burn
wound models of rats. Asiatic acid (from the ethyl ace-
tate extract) was found to be the most active component
involved in wound healing [98]. Asiaticoside, is the
other pharmacologically active component of C. asiatica,
which displays angiogenesis-stimulating potential
though induction of the bFGF expression, as bFGF is a
strong angiogenic factor and a mitogen for endothelial
cells [99]. It has also been observed that asiaticoside
can promote angiogenesis via stimulation of VEGF
production caused by the increase in monocyte chemo-
attractant protein-1 expression in keratinocytes and
an increase in interleukin-1b expression in macrophages
[45]. Madecassoside, a major triterpene in C. asiatica,
administered orally at a concentration of 24 mg/kg
in rats and at 1 mg/kg dose in guinea pigs facilitates
complete wound healing by promoting skin
angiogenesis [100,101].

6.4.8 Cinnamomum cassia (Lauraceae)

“Chinese cassia” or “Chinese cinnamon” is a tall
evergreen tree originating from southern China, but
widely cultivated in most of Asia. The aromatic bark
and buds of Cinnamomum cassia are primarily used as
a spice. Several pharmacological properties have also
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ascribed to the bark, which mainly include antioxidant,
antimicrobial, antiinflammation, antidiabetic, wound
healing, and antitumor activity [46,102]. Wound healing
potential has been observed in ethanol extracts of Ci.
cassia, and its active compound, cinnamic acid, has
been found to be associated with angiogenesis-
stimulating potential. Researchers have also established
that both the ethanol extract and cinnamic acid of Ci.
cassia increase the production of VEGF by upregulating
the VEGF and receptor Flk-1/KDR gene expression in
endothelial cells [46].

6.4.9 Hippophae rhamnoides (Elaeagnaceae)

Sea buckthorn is native to Europe and Asia and has
been used for many years in various parts of the world
for medicinal and nutritional purposes. All plant parts
are used for the treatment of flu, cardiovascular dis-
eases, mucosal injuries, and skin disorders [103,104].
Ripe fruit is the richest source of vitamins (A, C, E,
and K), carotenoids, flavonoids, and organic acids,
whereas the leaves predominantly contain flavonoids,
tannins, and triterpenes [104]. Oils extracted from the
fruit and seed have generally been used for treating
scalds, burns of different etiology, skin radiation le-
sions, and gastric and duodenal ulcers [105]. Several
pharmacological studies have revealed that the leaf
extract and seed oil has potent application in wound
healing, especially in the treatment of burn and ulcera-
tive wounds [51,106]. It has been reported that the trop-
ical application of aqueous leaf extracts of sea
buckthorn (5.0%, w/w) on experimental burn wounds
in rats enhances the wound healing process by influ-
encing the different phases of wound repair, especially
in promoting angiogenesis via upregulating VEGF
expression [51].

6.4.10 Nicotiana tabacum (Solanaceae)

The genus Nicotiana includes several herbaceous
plants and shrubs native to the Americas, Australia,
South West Africa, and the South Pacific. Different
Nicotiana species are commonly known as tobacco
plants. Nicotiana tabacum is cultivated globally for the
production of tobacco leaf, which is generally used in
the preparation of cigarettes and other tobacco-
containing products. The potent stimulant drug,
nicotine, is a parasympathomimetic alkaloid found in
the leaves (0.6e3.0% of the dry weight). However,
high levels of this stimulant can be fatal. Despite the
known adverse effects of smoking on wound healing
of the skin, it has been shown that nicotine, at a low
concentration, promotes wound healing by acceler-
ating angiogenesis [107]. Recently, an endogenous

cholinergic pathway for angiogenesis mediated by
endothelial nicotinic acetylcholine receptors was
discovered, and it has been demonstrated that nicotine
stimulates nicotinic acetylcholine receptors (nAChRs)
on the endothelium to induce the angiogenic processes
[56]. It has been observed that nicotine exerts a proan-
giogenesis effect by stimulating alpha7-nonneronal
nAChR (alpha7 N-nAChR) in endothelial cells [108].

6.4.11 Opuntia dillenii (Cactaceae)

Opuntia dillenii is a succulent shrub growing in semi-
desert regions in the tropics and subtropics and is
commonly known as pear bush, prickly pear, mal rach-
ette, or tuna [109]. Wound healing effects have been
demonstrated for the aqueous and ethanolic extract of
wild cacti. At a 25% (w/w) concentration, it promotes
wound healing processes through improving angiogen-
esis by upregulation of VEGF. The combination of
aqueous and ethanolic extracts displayed pronounced
healing efficacy [57].

6.4.12 Panax ginseng (Araliaceae)

Ginseng is a slow-growing perennial plant with fle-
shy roots, which has been used to treat several diseases,
including liver and kidney dysfunction, hypertension,
noninsulin-dependent diabetes mellitus, and postmen-
opausal disorders in China, Korea, and Japan. Ginseng
extract is topically applied to cure atopic suppurative
dermatitis, wounds, and skin inflammation [110].
Ginseng root contains 2e3% ginsenosides (saponins)
with over 40 different structural analogs identified, of
which Rb1 and Rg1 are the most abundant [111]. Both
P. ginseng and Panax quinquefolium (American ginseng)
have exhibited potent wound healing activity, which
has been ascribed to angiogenesis stimulatory active
principles present in the roots. The water extract of
Korean red ginseng (P. ginseng) stimulates angiogenesis
by activating the PI3K/Akt-dependent extracellular
signal-regulated kinase (ERK)1/2 and nitric oxide syn-
thase (eNOS) pathways in the HUVEC [59]. It has been
reported that ginsenosides Re and Rg1 (high in P.
ginseng) enhance angiogenesis, whereas the ginseno-
sides Rb1, Rg3, and Rh2 (P. quinquefolium) inhibit angio-
genesis. Because of this, P. ginseng is considered
superior in wound healing compared with P. quinquefo-
lium [112]. Rg1 found to induce proangiogenic fac-
torsdnitric oxide (NO) and VEGF in HUVECs
through PI3K/Akt pathways [59]. Moreover, ginseno-
side Re helps to enhance proliferation, migration, and
tube formation in HUVEC [112]. Similar to P. ginseng,
proangiogenic activity has been attributed to the total
saponin content of Panax notoginseng. In HUVEC,
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it has been observed that the total saponin extract of P.
notoginseng stimulates angiogenesis through
upregulating VEGF and receptor KDR/Flk-1 mRNA
expression [61].

6.4.13 Patrinia villosa (Valerianaceae)

The genus Patrinia harbors 20 species, mainly distrib-
uted in Central and East Asia and the northeast of North
America. Patrinia species, especially Patrinia scabiosaefo-
lia and Patrinia villosa, have been used medicinally to
treat viral and bacterial infections [113]. Patrinia villosa
has been used in traditional oriental medicine for
inflammation, wound healing, ascetics, and abdominal
pain after child birth [114]. The wound healing potential
of this species may be linked to its proangiogenic activ-
ity. It has been demonstrated that the aqueous extract of
whole P. villosa induces angiogenesis via activation of
focal adhesion kinase (FAK) in cultured HUVEC.
Furthermore, it has been reported that the bioactive
components of ethyl acetate fraction of aqueous extracts
could be responsible for the observed proangiogenic
activity.

6.4.14 Picrorhiza kurroa (Scrophulariaceae)

Picrorhiza kurroa is a medicinally valuable yet endan-
gered plant occurring in the Himalayan region of India.
Picrorhiza kurroa is widely used in traditional as well as
modern medicine for the treatment of liver disorders, fe-
ver, asthma, and jaundice [115]. Picroliv is the active
principle of P. kurroa, mainly composed of iridoid glyco-
sides, picroside-I and kutkoside. It is a hepatoprotective
and a potent antioxidant and also protects from hemor-
rhage resuscitation injury [64]. Picroliv has been re-
ported to have angiogenesis-promoting potential via
upregulating Flt-1 and KDR, as angiogenesis signaling
is mediated by VEGF binding to its receptor tyrosine ki-
nases, Flt-1, Flt-4, and KDR, present on endothelial cells.
It has been reported that Picroliv appears to enhance the
expression of VEGF in the wound tissues on day 4 post-
wounding [64].

6.4.15 Pistacia atlantica (Anacardiaceae)

Pistacia is a genus of 15 known species, of which Pis-
tacia atlantica is one of the species commonly known as
Mt Atlas mastic tree and as the Persian turpentine tree
native to several countries such as Iran, Iraq, and Turkey.
In Iran it is called “baneh” and is generally used for
making chewing gum. It also has been used traditionally
for the treatment of peptic ulcers and as a breath fresh-
ener [65]. The resin of P. atlantica was found to be useful
in the treatment of burn wounds. It has been reported

that P. atlantica resin extract has a concentration-
dependent effect on the healing of burn wounds after
14 days of treatment through improving the angiogen-
esis and also by increasing the concentration of growth
factors such as PDGF and FGF [65].

6.4.16 Plagiochila beddomei (Plagiochilaceae)

This bryophyte is widely distributed in different parts
of India and is used ethnomedicinally in the treatment of
skin diseases. The wound healing potential of the meth-
anolic and aqueous extracts from Plagiochila beddomei
thallus was clinically studied in the Paliyar tribe,
Madurai district of India. The methanol extract of P. bed-
domei has demonstrated potent wound healing via
enhancing VEGFA expression [66].

6.4.17 Pueraria thunbergiana (Leguminosae)

Pueraria thunbergiana (Kudzu) is native to eastern
Asia, Southeast Asia, and some Pacific Islands. The
name Pueraria thunbergiana is a synonym for Pueraria
montana or Pueraria lobata. The root (radix) and flower
(flos) of this plant have been used in Chinese herbal med-
icines to treat several diseases such as liver damage, de-
mentia, and alcohol detoxification [67,116]. Wound
healing potential has been observed for the methanolic
and ethyl acetate tuber extracts of Pueraria tuberose
[117]. The angiogenesis-promoting potential of Pueraria
species is well established. It has been reported that
Puerariae flos (ethanol extract) increases angiogenic
events (in vitro), such as endothelial cell proliferation,
migration, and tube formation, as well as in vivo neovas-
cularization, which further leads to the activation of
multiple signal modulators, such as ERK, Akt, eNOS,
NO production, p38, Src, and FAK, without increasing
VEGF expression [67].

6.4.18 Salvia miltiorrhiza (Lamiaceae)

Salvia miltiorrhiza, a member of the mint family is
indigenous to China and Japan. Its roots are highly
valued in traditional Chinese medicine, and generally
used to treat hematological abnormalities, heart disease,
hepatitis, hemorrhage, menstrual abnormalities, and
collagen-induced platelet aggregation [118]. In addition,
S. miltiorrhiza is known to be beneficial in the treatment
of chronic ulcers [119]. Proangiogenic potential has been
reported for the crude aqueous and ethanol extracts and
also for an isolated compound, salvianolic acid B, in a
murine SVR endothelial cell line assay. Both crude and
isolated compounds salvianolic acid B promote angio-
genesis through upregulation of VEGF and VEGF recep-
tor gene expression [71].
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6.4.19 Stewartia koreana (Theaceae)

Stewartia koreana is a deciduous tree native to and
extensively distributed throughout Korea [120]. Lee
and coworkers reported that the extracts of S. koreana
leaves induced angiogenesis, extracellular matrix
remodeling in a mouse model, and stimulated wound
healing on punched skin of the back of mice [72].
A phytochemical analysis of the active extract indicated
the presence of a variety of compounds, including triter-
penoids, alkaloids, and flavonoids.

6.4.20 Terminalia chebula (Combretaceae)

Terminalia chebula (yellow myrobalan or chebulic
myrobalan) is native to southern Asia and extends
from India and Nepal to southwestern China and south
to Sri Lanka, Malaysia, and Vietnam. Its fruit is generally
used for medicinal purposes and is historically
accredited in Ayurvedic literature. In Thai culture, it is
considered as a natural remedy for skin diseases, wound
healing, and rejuvenation [75]. Recent pharmacological
studies have confirmed a variety of biological activities,
such as anticancer, antidiabetic, wound healing, and
antibacterial properties [121]. The wound healing poten-
tial of T. chebula has been attributed to its leaves, bark,
and fruit [75,122,123]. Tannins extracted from immature
fruits of T. chebula promote cutaneous wound healing in
rats by promoting angiogenesis by upregulating
immune-histochemical, transcriptional, and transla-
tional levels of VEGFA expression [75].

6.4.21 Uncaria rhynchophylla (Rubiaceae)

Uncaria rhynchophylla is a constituent of the crude Chi-
nese drug, Gou-teng, which is mainly used for the treat-
ment of convulsion, hypertension, epilepsy, eclampsia,
and cerebral diseases. Most of its pharmacological prop-
erties have been predominantly attributed to indole alka-
loids [124]. Recent pharmacological evidence supporting
the use of U. rhynchophylla in the treatment of wound
healing and cardiovascular diseases has been found to
be associated with its angiogenesis-inducing potential.
It has been observed that a 70% ethanolic root extract
ofU. rhynchophylla significantly enhances HUVEC prolif-
eration in a dose-dependent manner. It has also been re-
ported that extracts of Gou-teng promote angiogenesis
by increasing VEGF and bFGF gene expression and pro-
tein secretion of HUVEC [76].

6.4.22 Other Plants Useful in Wound Healing
with Proangiogenic Potential

Besides these, numerous other plants have potent
wound healing potential, which linked to their

proangiogenic ability. Based on histological analysis
of angiogenesis in healed wounds, several other plants
have been reported to have wound healing potential,
including Alternanthera brasiliana (Amaranthaceae),
Anadenanthera colubrina (Fabaceae), Andrographis pani-
culata (Acanthaceae), Blechnum orientale (Blechnaceae),
Camellia sinensis (Theaceae), Clematis burgensis (Ranun-
culaceae), Clematis longicauda (Ranunculaceae),
Euphorbia caducifolia (Euphorbiaceae), Ficus deltoidea
(Moraceae), Gynura procumbens (Asteraceae), Justicia
flava (Acanthaceae), Lannea welwitschii (Anacardiaceae),
Lantana camara (Verbenaceae), Martynia annua (Marty-
niaceae), Otostegia persica (Lamiaceae), Phyllanthus nir-
uri (Phyllanthaceae), Rehmannia glutinosa
(Scrophulariaceae), Rosmarinus officinalis (Lamiaceae),
Strobilanthes crispus (Acanthaceae), and Tephrosia pur-
purea (Fabaceae). However, the extract mechanism by
which these plants promote angiogenesis in wound
healing is not clear. Besides single herb, some studies
showed that various combinations of different plant ex-
tracts i.e., polyherbal preparations may have potent
wound healing action; however results are not well
validated at clinical trial levels.

6.5 CONCLUSION

Wound healing is not a simple process of tissue
growth but is a complex and highly regulated process.
Despite the availability of a wide range of modern med-
icines, wound healing, especially chronic wounds, re-
mains a challenging field of research, and wound
healing is even more difficult in such diseases as dia-
betes and burn conditions. Plants are the oldest known
medicines for wound care and management, and they
are still promising candidates for novel drugs in this
respect. The usefulness of several plants in wound heal-
ing has been described in different systems of tradi-
tional medicine, such as Ayurveda and Chinese
traditional medicine. In addition to individual plant ex-
tracts or isolated compounds, polyherbal formulations
have also been determined to be effective in wound
healing. It has been observed that the wound healing
potential of medicinal plants and their products is often
linked with angiogenesis-promoting potential, which is
a critical step of wound healing. Recently, most of these
plants have been studied for their impact on the proan-
giogenesis in vitro and in vivo, with special attention
being focused on the influence on the expression of
VEGF and its receptor VEGFR2. In addition, it has
been found that certain plants also promote angiogen-
esis through the activation of the mitogen-activated
protein kinases pathway.
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7.1 INTRODUCTION

The general concept, often held in marketing (as
obvious), by the media and mostly by common people
that everything that is completely natural or organic,
especially if for therapeutic purpose, is safe is a big error.

The so-called herbal medicines (HMs) have a rela-
tively low risk if properly used by expert health care-
givers, but potential important harms are associated
with their incorrect use or misuse.

Potential harms can be due to the intrinsic toxicity of
herbs, from their contamination, adulteration, plant
misidentification, and by interactions with drugs,

especially if the plant is used as a purified and concen-
trated extract, and the decoction too can be unsafe espe-
cially if the plant contains alkaloids.

About safety ofHMs it ismandatory to follow the same
procedures as synthetic drugs, and not a simplified one,
but exactly the contrary. A synthetic drug is composed of
a single substance thatmay bemetabolized into a few sub-
stances that can be studied in a relatively simple way;
however, what about a vegetable that may contain tens
or hundreds of substances interacting between them?
And which of them could interact with a synthetic drug?

As like synthetic drugs, HMs or better herbal extracts
(HEs) can give rise to untoward effects, inappropriate
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use, which is more frequent than commonly believed,
can give rise to adverse effects. Moreover, pharmacoki-
netic and pharmacodynamic interactions between
botanical medicines and synthetic drugs can also be
the cause of clinically relevant effects; so a better knowl-
edge in this particular field may be very helpful in
avoiding adverse effects, but it remains a very complex
scientific area. Uncovering adverse reactions to herbs is
much more challenging than uncovering adverse reac-
tions to drugs.

7.2 BRIEF HISTORICAL REVIEW

As a paradigmatic example we can takeHypericum per-
foratum extracts. The first studies on its antibiotic proper-
ties were published in the 1950s [1], and the first clinical
study on six women was published in 1984 by Muldner
while testing a commercial product [2]. In 1999, the first
letter about toxicity of Hypericum [3] and in 2000, the first
report of serious adverse reactions that led to rejection of
heart transplant [4] were published; later, the biochemical
mechanism was linked to interference with cytochrome
3A4 [5]. In 2003, the definitive scientific acknowledgment
that H. perforatum extracts could give rise to adverse reac-
tions and in particular to important interference with
commonly used synthetic drugs like cyclosporine was
published. Why all this time from 1984? Simply because
it is not so easy to identify adverse reactions, and probably
because then it was considered an HE, safe and having
just a placebo effect. Now it is an extract registered as a
commercial drug for treatment of psychiatric depression.

7.3 ADVERSE REACTIONS

In general, the probability of finding an adverse reac-
tion before the definitive approval of a synthetic drug is
really low. If “only” 10,000 patients participate in a large
pharmaceutical trial for 1 year, although all patients are
controlled, a severe drug reaction with a 1:20,000 inci-
dence can be missed. But when it is marketed and
used by millions of patients, for many years, especially
if they are “true patients” [6], it is much more likely to
identify adverse effects.

Randomized clinical trials (RCTs) have other impor-
tant limitations with regard to adverse drug reaction
(ADR) detection. RCTs have limited study population
and generally duration of study; especially the necessary
selective recruitment of patients can result in limited het-
erogeneity of patients, not only for a disease, but also for
age, gender, as well as cultural and mental preparedness
[6]. The generalizability of clinical findings from RCTs to
clinical practice, including ADRs, is often partially

inadequate and can have limitations: the selection of pa-
tients for RCTs is generally not representative of the gen-
eral, normal, population and patients who will receive
the treatment may be less vulnerable to ADRs, for
example, just because they are much more clinically
controlled. If they have persistent nausea and vomiting,
they will be removed from the trial and thus will never
develop a gastric ulcer. In addition, the inclusion criteria
for RCT patients are frequently not completely reported;
even in patients with relevant disease, the severity and
staging of the disease as well as comorbidities in RCTs
may not reflect those found in routine clinical care [6].
Populations such as adolescents and very old patients
are highly underrepresented in RCTs, leading to very
limited premarketing drug safety information. This
issue is still more important for HMs where RCTs often
are with few patients and of shorter duration.

Building valid basis for a real clinical knowledge and
toxicity inHMsrequires balancing twoaspects of scientific
validity: internalandexternalvalidity [7]. Internal validity
means that the research must reliably test hypothesized
relationships between an intervention and an outcome
under controlled conditions. Internally valid research
will typically try to answer a focused research question
that is salient within the vocabulary and methods of the
scientific community at the time the research is conduct-
ed. External validity refers to the practical applicability of
the research results to a target population outside the
experimental conditions of the research study [7].

It is very important to realize that pharmacovigilance
systems are almost always based on passive and not
active mechanisms, so it is generally estimated that
less that 10% of severe adverse effects are reported and
reliably described. Thus clinicians become fully aware
of adverse reactions only when several case reports are
published, unfortunately a slow process.

A further complication is that in many countries, and
the Western countries too, the majority of herbal rem-
edies are self-prescribed or counseled by not really
expert personal, generally simple shoppers who have
very little knowledge of herb toxicological problems.
Availability of information on clinical issues of HMs
has been poor despite extensive scientific literature.

Furthermore, there are some very simple yet signifi-
cant problems:

1. Medicinal plants are almost always sold as dietary
supplements in most countries, worsening the efforts
to get a safe use of HMs.

2. International merchandising regulation of HMs is not
even minimally harmonized, because there are
meaningful different regulations in European Union,
China, India, Japan, Asia, and North and South
American countries; as an obvious consequence, lack
of rules gives poor guarantee of safety.
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7.4 PHARMACOVIGILANCE

Pharmacovigilance has been defined by the World
Health Organization (WHO) as the science and activities
related to the detection, assessment, understanding, and
prevention of adverse effects or any other medicine-
related problem. In Europe, Article 106 of Directive
2001/83/EC specifically requires the European Com-
mission in consultation with the European Medicines
Agency, member states, and interested parties to draw
up guidance on the collection, verification, and presen-
tation of adverse reaction reports to facilitate the ex-
change of information.

About herbal pharmacovigilance, theWHO, European
Union, United States, People’s Republic of China, and
other countries are enforcing their systemswith exchange
of information; yet the situation relative to this particular
toxicological issue requires particular knowledge, recog-
nition, and monitoring of adverse reactions through
pharmacovigilance activities and real clinical herbal,
phytochemical, botanical, and agricultural expertise.

7.5 ADVERSE EFFECTS AND HERBAL
ADVERSE EFFECTS

The first step is to define as clearly as possible what is
an ADR and second how an adverse reaction to a herb
can develop. According to the WHO, the definition of
an ADR, which has been in use for many decades, is
“a response to a drug that is noxious and unintended
and occurs at doses normally used in man for the pro-
phylaxis, diagnosis or therapy of disease, or for modifi-
cation of physiological function” [8]; this definition is
too simple and does not fit HMs because it does not
take into regard sufficiently the problem of different
standardization, a small problem in synthetic drugs.
There can be important variations in the identity and
quantity of the substance used, sometimes in the same
preparation or in the same batch; very often they are
used without any expert medical advice or at definitive
established therapeutic doses. The same botanical spe-
cies can be used for completely different purposes
evidently in different diseases and different patients:
Curcuma longa can be used as a spice, the extract can
be titrated in curcuminoids as an antiinflammatory in
Crohn’s disease, and it can be used to treat uveitis, dia-
betic nephropathy, and other conditions, [9].

Herbs like all vegetal substances used for any pur-
pose have still more proper specific problems very
different from synthetic drugs: time of harvesting,
bioclimatic problems of growth, storage, growth of other
plants and life or insects on plants, etc.

We prefer the definition proposed by Edwards and
Aronson [10] for adverse reactions “An appreciably

harmful or unpleasant reaction, resulting from an inter-
vention related to the use of a medicinal product, which
predicts hazard from future administration and war-
rants prevention or specific treatment, or alteration of
the dosage regimen, or withdrawal of the product.”

There are tens of thousands of plant species used in this
world asmedicines and there is an enormous potential for
the development of novel products in the world that is
hungry for new drugs. This requires the establishment
of important anddefinite regulatory international choices.

There are many studies on several plant species
following substantially simple pharmacological models
at a single dose; we end up with an enormous amount
of experimental biological, and chemical information,
but very little clinical data that are generally based on
small samples of patients. Often these data are too small
for evidence-based clinical decision, highly based on the
simple common use of a plant extract, whose only toxi-
cological expertise stems from the fact that it has been
used from centuries. A controversial toxicological issue
has been established byWHO too [11]. The use of a plant
from centuries, regarded as a proof of its safety, is a very
poor technical tool, because if a plant decoction or a
spice is used by native from the beginning of times
without any adverse reaction ever reported (who could
report an ADR?), the extraction, purification and titra-
tion of some particular substance from the same plant
may yield a completely different substance, with a
new medical story to write.

WHOmore recently stated that “Currently, the major-
ity of adverse events related to the use of herbal prod-
ucts and HMs that are reported are attributable either
to poor product quality or to improper use.” This can
be misleading because there are new extracts and new
interference or new evidence that have nothing to do
with product quality or improper use.

What is really needed is a clear strategy about what
should be considered as active in terms of the required
dose and to address from the very beginning adverse ef-
fects and toxicity.

7.5.1 The Adverse ReactiondAn In-depth
View

The terms “adverse reaction” and “adverse effect”
may seem interchangeable, but they are not: an adverse
effect is from the point of view of the toxicological his-
tory of the drug, and may be well known from experi-
mental toxicological file and papers; an adverse
reaction is from the point of view of the patient and
may be unexpected, new and simple nocebo effect sine
materia. Both must be distinguished from an “adverse
event,” which is an adverse outcome that occurs
contemporary to the use of a substance [10] or more sub-
stances (synthetic, natural, or placebo), but is not
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expected, not necessarily attributable to it, and may be
said to be “hydiosyncratic.” This is the scientific path
that must be followed to identify an adverse event and
to definitely link it to a particular substance.

Besides, the adverse reaction to a drug can be classi-
fied as:

• dose and non-dose related,
• time related (chronic and delayed),
• withdrawal reactions
• allergic, and
• pharmacological interference.

The reaction can be:

• unexpected/expected;
• of serious, moderate, or mild severity; and
• can give rise to cancer or birth defect.

The accepted international terminology for reporting
ADRs is based onWHO’s Adverse Reaction Terminology
(WHO-ART) [12]. This terminology is hierarchical and
links system or organ classes to three types of general
terms: broad “high-level” terms, more specific and
disease-related or symptom-related “preferred” terms,
and finally, the frequently reported alternative “included”
term and true synonyms. This terminology is intended
for use alongside the general disease terminologydthe
International Classification of Diseases (ICD) [10]. Work
is being undertaken to link these classifications, so that
WHO-ARTwill become a subset of ICD [10].

Another initiative is the medical terminology for drug
regulatory authorities (MedDRA) [13]. This terminology
includes historical terms from WHO-ART, ICD9, and
Coding Symbols for a Thesaurus of Adverse Reaction
Terms, used in the past by the US Food and Drug
Administration. MedDRA is currently being promoted
commercially and is accepted by the European Union,
the United States, and Japan [10]. However, compati-
bility with the ICD and WHO-ART is no longer com-
plete, since MedDRA has more terms and another
level in its hierarchy, so that the links between terms
may be different from those in WHO-ART, even when
there is correspondence in individual terms [10].

These are only the main issues related to the defini-
tion of an adverse reaction to a drug and can be used
for HMs too.

7.5.2 Causality Assessment

The other fundamental issue is the attribution of cau-
sality that may be particularly challenging because
herbs have peculiar problems.

• You can have the name of a plant but you can have
completely different extracts (from titrated and
purified extract to only dehydrated raw material.

• Onemay have the name of the plant but it can contain
leaves, roots, essential oil, and oleoresin; each with a
different type of extraction (from supercritical CO2 to
hydroalcoholic extraction) and different substances.

• It can be mixed with other extracts.
• On the batch the name of a product may be written

but it may contain a different one.
• The extract can contain contaminants (natural toxins,

pesticides, heavy metals).
• The extract may not contain the substance.
• The extract can be substituted or mixed with

synthetic substances.
• The extract can be used in a completely different way

and in different doses (H. perforatum titrated extract
can be used as antidepressant; the oleolith is used for
healing purpose).

• The extractmay contain nothing but only the excipient.

Sometimes to exactly understand what has been used
can be impossible. So the attribution of causality of an
adverse reaction generally based on classical classifica-
tion, such as certain, probable, possible, unlikely, and
unassessable, can be unreliable. So herbal toxicological
expert should be a group of experts with deep botanical,
phytochemical, pharmaceutical, toxicological, clinical
and traditional medicine, and ethnobotanical expertise.

7.5.3 Laboratory Investigations

Laboratory investigations (blood samples, plasma
concentration of phytochemicals, biopsies, and so on)
establish baselines for organ function (e.g., liver, kidney,
electrocardiogram, thyroid function), can aid diagnosis,
but mostly provide a means for clinical toxicological
diagnosis andmonitoring what happen after a substance
has been stopped or a rescue therapy is given to a patient
after the onset a major adverse event. Nevertheless labo-
ratory investigations are the most important step to
establish a definitive clinical-toxicological diagnosis,
they are rarely the key to understand what is the toxic
substance. Occasionally they can help to establish base-
line functions at the start of suspected herbal therapy.
It is become important to rechallenge with an HE and
this should be fully considered, particularly if the patient
is likely to benefit directly from the knowledge gained.

Especially during rechallenge it is possible to definitely
attribute causality; obviously this is unethical, but when
it is done it can be dramatically helpful, although
rare [14].

7.6 PHARMACOVIGILANCE AND
HERBAL PHARMACOVIGILANCE

Pharmacovigilance is the science and activities related
and correlated to the investigation, identification,
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assessment, understanding, and possibly prevention of
adverse effects or any other possible problem in thera-
peutics (15) : can be synthetic drugs, HEs, vaccination,
hemoderivatives or other therapeutic devices.

The fundamental aim of pharmacovigilance is to
extend monitoring and investigate drug adverse events
that have previously been unrecognized despite evalua-
tion in clinical trials, and this objective is particularly
important in the field of HM where clinical trials are
scarce and sometimes completely absent.

Spontaneous reporting of ADRs has played a major
role in the detection of unsuspected, serious, and un-
usual ADRs previously undetected during the clinical
trial phases. This has led to the withdrawal in the recent
past of not only many drugs but also HEs: kava kava,
Senecio scandens, Ephedra sinensis.

The contribution of health professionals is enormous
in the complete success of a pharmacovigilance pro-
gram. It is found that only 6e10% of all ADRs are re-
ported in the Western countries [16,17], and probably
much less in many other countries, although data
contrast the number of calls to poison centers [18]. A
high rate of underreporting is obviously a matter of
great concern, which is the most important obstacle to
detection of serious ADRs with a major impact on the
public health.

7.6.1 Pharmacovigilance Pathways

Pharmacovigilance is based on six main pathways:

• Consumer signal
• Health caregiver signal
• Poison centers
• Manufacturer signal
• Evaluation of clinical studies (meta-analysis, cohort,

case reports, and case cohort studies)
• Population statistics

Consumers are frequent callers to poison centers,
but very poor callers to authorities or health care-
givers, especially medical doctors and especially if
they are using herbs, because they usually do that by
themselves as self-therapy and not rarely against med-
ical advice.

Health caregivers should be the mainstay of the sys-
tem but underreporting for synthetic drugs has also
been widely attributed to them.

Inman [19] has summarized these factors as the
“seven deadly sins.” His description of the “sins”
include: attitudes relating to professional activities
(financial incentives: rewards for reporting; legal as-
pects: fear of litigation or inquiry into prescribing
costs;) and problems associated with ADR-related
knowledge and attitudes (complacency: the belief that

very serious ADRs are well documented by the time a
drug is marketed; diffidence: the belief that reporting
an ADR would only be done if there was certainty that
it was related to the use of a particular drug; indiffer-
ence: the belief that the single case an individual doctor
might observe could not contribute to medical knowl-
edge; and ignorance: the belief that it is only necessary
to report serious or unexpected ADRs), and excuses
made by professionals (lethargy: the procrastination
and disinterestedness in reporting or lack of time to
find a report card and other excuses). Probably about
herb the main reason in our opinion should be an eighth
sin: scarce knowledge of HM toxicology.

In general to stimulate a reporting culture, pharmaco-
vigilance program recommends reporting of all sus-
pected, even nonserious and common ADRs related to
drugs, including Over The Counter products, although
this can be misleading with sometimes incorrect
overreporting.

In almost all parts of the world poison centers are
active, and in Europe and the United States, they are
informed about herbal toxicity. The problem is that
almost always poison centers are or are alleged to be
the frontline for emergencies, while they are not useful
for medium- and long-term toxicities. Cases often are
just telephone call and unless there are severe or
numerous adverse reactions, they often lack important
details about products, time course, and dosage of the
preparation.

Manufacturers may not be so interested in adverse
events, and unless important toxicological problems
come up, it is difficult to get too much information, espe-
cially in case of HM where many products are marketed
easily with respect to synthetic drugs.

7.6.2 Methodological Problems

The association between significant results and pub-
lication is well known: studies that report positive or
significant results (P < 0.05) are more likely to be pub-
lished, and outcomes that are statistically significant
have higher odds of being fully reported than those
that are not significant (range of odds ratios: 2.2e4.7)
[20]. An analysis of studies that compared trial publica-
tions with protocols found that 40e62% of trials
changed, introduced, or omitted at least one primary
outcome [20].

In a paper review [21] evaluating outcomes of system-
atic reviews, more than half (157/283, 55%) did not
include full data for the review primary outcome of in-
terest from all eligible trials. The median amount of re-
view outcome data missing for any reason was 10%,
whereas 50% or more of the potential data were missing
in 70 (25%) reviews. It was clear from the publications
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examined and classified that 155 (6%) of the 2486 trials
for which the researchers had measured and analyzed
the review primary outcome did not report or only
partially reported the results [21]. For reports that did
not mention the review primary outcome, the nine-
point classification regarding the presence of outcome
reporting bias was shown to have a sensitivity of 88%
(95% confidence interval (CI) 65e100%) and specificity
of 80% (95% CI 69e90%) on the basis of responses
from 62 trialists [20]. One-third of Cochrane reviews
(96/283 (34%)) contained at least one trial with high sus-
picion of outcome reporting bias for the review primary
outcome [21]. In a sensitivity analysis undertaken for 81
reviews with a single meta-analysis of the primary
outcome of interest, the treatment effect estimate was
reduced by 20% or more in 19 (23%). Of the 42 meta-
analyses with a statistically significant result, only 8
(19%) became nonsignificant after adjustment for
outcome reporting bias and 11 (26%) would have overes-
timated the treatment effect by 20% or more [21].

Outcome reporting bias is an underrecognized prob-
lem that affects the conclusions in a substantial propor-
tion of Cochrane reviews. This obviously has very
important effect on the estimation of ADRs.

Population statistics is very important, but it is very
expensive and most of all available when it is too late.
This is particularly difficult in HM often used from cen-
turies, considered herb and thus automatically safe, and
used by patients almost always without any medical
advice. Premarketing trials are almost absent, although
they are generally able to provide information only
about the advantages of single drugs and rarely to estab-
lish a safety profile, especially in HM. When a synthetic
or herbal drug is used in clinical practice in large unse-
lected populations, epidemiological postmarketing
studies find their major confirmation in recalling all
the events that occur during monitoring, with estimates
of incidence of ADRs that cannot be obtained by sponta-
neous reports. In these studies, a significant role can be
played by all the actors of sanitary systems: family doc-
tors, hospitals databases, pharmacists, dentists, nurses,
and so on, but only if there are well-known active phar-
macovigilance projects.

The main concern of pharmacovigilance is the late-
ness in detection of ADRs especially if they are new or
unexpected because of their proper clinical nature,
severity and/or frequency, and contemporary use of
other pharmacological substances. The base of this
process is the scientific acumen of the herbal pharma-
covigilance domain expert who should be a true
expert of HM, or at least, as first-line, a health care-
giver prepared at least partially in HM toxicological
problems. Moreover, the development of an easily
accessible database with screening tools to assist hu-
man reviewers in identifying associations worthy of

further investigation (i.e., signals) is essential, while
it may be counterproductive to use simplified data-
bases relying on background “noise” containing re-
ports sometimes of no substantial public health
significance [22]. Data mining algorithms are essential
and need to be developed, tested, and/or used by health
authorities, pharmaceutical companies, and academic
researchers especially to realize an efficient herbal
pharmacovigilance.

7.7 TOXICOLOGICOLOGIST’S TOOLKITS

In the literature, there are tens of methods proposed
to asses the causality between a drug and an adverse re-
action. They can be divided into three categories: expert
judgment, operational algorithms, and probabilistic ap-
proaches [23e25].

Expert judgment, or global introspection, should rely
on clinical expertise and deep knowledge of herbal
phytochemistry and toxicology and ethnopharmacology
of HM to assess the likelihood of a drug causing an
adverse event. It apparently mimics the clinical diag-
nosis process but if well done can be little subjective,
although can suffer from poor intra- and interrater
reproducibility when carried out by not true experts of
the field. We prefer this because in HM there too many
variables to consider and actually a valid algorithmic
tool does not exist [26,27].

Algorithms consist of assessing successive causality
criteria combined by means of scores or a decision tree
developed to standardize causality assessment
reasoning. The final result is expressed as an x degree
score [28]. Although this approach is easy to use and
tends to minimize the inter- and intraobserver vari-
ability, the final assessment depends highly on the rela-
tive weighting of each criterion, which is often fixed
more or less arbitrarily by the author(s) of the method
[28e30]. Probabilistic approaches are derived mainly
from Bayes’ theorem that can be seen as a way of under-
standing how the probability that a theory is true is
affected by a new piece of evidence. It is used to try to
clarify the relationship between theory and real evi-
dence of facts on the basis of mathematical rules of prob-
ability. This presents the important advantage of
providing a mathematical causal assessment and results
directly in the form of a probability, that is in a number.
So it can be applied if you have a reliable amount of data.
In toxicology, it can be used to understand how probable
a suspected fact is, or better to evaluate epidemiological
data, and understand the meaning of signals, while
parametric statistics are probably more useful to study
laboratory and experimental data.
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7.7.1 Scales and Algorithms

The algorithms published in the literature are based
on questions of alternative etiological causes with a sim-
ple final question: yes or no. So it is not possible to eval-
uate in detail the adequacy of inquiries, and this may
lead to gross errors. Like the positive toxicological eval-
uation of a substance added to many other substances
and in completely different preparates both in herbal
and conventional medicine is a non sense and give to
rise to wrong conclusions [22,31e33].

The main validated algorithm base scales are:

WHO-Uppsala Monitoring Centre (UMC)
Council for International Organizations of Medical
Sciences (CIOMS)/Roussel Uclaf Causality
Assessment Method (RUCAM) scale
Naranjo

The causality assessment system proposed by the
WHO Collaborating Centre for International Drug
Monitoring, the WHO-UMC, and the Naranjo Probabil-
ity Scale are the generally accepted and the most widely
used methods for ADR causality assessment in common
practice because they have a simple methodology.

WHO-UMC
We think this algorithm, although apparently too

simple and subjective, if completed can comply
acceptably with the problems of HM. However, it
does not take into considerable account the
possibility of pharmacological interference, which can
be a very important toxicological problem especially
in HM; in fact often herbs are used contemporarily
with other substances. We think the major defect is
that it can be used only by experts, and cannot be
easily and reliably used by every health caregiver.
CIOMS/RUCAM
This scale is almost complete and can be easily

used, but it is substantially dedicated only to liver
injuries. Nevertheless, it has some limits such as the
age (why the age � of 55 y.o. chosen as a risk factor?)
and alcohol consumption; it does not take into
consideration the importance of knowing the real
content of the extract and possible herbedrug
interference and does not give in our opinion
definitive importance to previously published
reports. There are disagreements in calculating the
time to onset and in the definition of hepatocellular,
cholestatic, and mixed reactions, which may be
misleading.
Naranjo
We criticize this scale because we think it is an

oversimplification and partially contradictory
especially for HEs. The question whether the event
appear after administration of the drug is obvious.

Rechallenge, which normally is the best evidence of
adverse reaction, has only two points. The question
whether the adverse event is confirmed by objective
evidence is contrary to the entire scale because it is
substantially a clinical diagnosis and not an
algorithm-based diagnosis. Specifically regarding
HM there is no question about the real concentration
of the active principle in the batch considered. Also,
paradoxically it gives scarce importance to the
content of any substance in the blood, which is,
however, very difficult to detect especially for HEs.
The main limitation of the scale is that it can be used
to assess the likelihood of an adverse drug event
associated with only one drug.

Unfortunately, the difficulties in assessing drug cau-
sality are huge especially in HM because you gener-
ally have many substances, sometimes indefinite.
Herbal ADRs are complex clinical problems that
involve three key variables: the patient, the botanical
substance, synthetic drugs and the event; each vari-
able has different problems, which should be wisely
evaluated in 360�:

Patient: There are multitudes of variables to consider:
allergies; metabolic risk factors; age; sex; severity of
illness; comorbid features; cardiac, renal, or liver
function; etc.

Drug: Dosage, duration of use, known toxicity, timing
of administration, and other variables must be consid-
ered. If you are dealing with a new drug, clinical trials
may not have been robust enough to detect rare ADRs.

Event: Previous reports, timing of onset, disease exac-
erbation, and new medical problems often cloud the
picture.

Then there is background noise that may confound
the diagnosis. In fact, the clinical picture in pediatric,
elderly, cancer, or intensive care patients is often so com-
plex, with the presence of multiple disorders and multi-
ple drugs, that possible drug-related effects are not
easily sorted out.

7.7.2 Predictive Toxicology

For many reasons, the eukaryotic budding (Saccharo-
myces cerevisiae) and fission (Schizosaccharomyces pombe)
yeasts are ideal models to conduct functional toxicolog-
ical studies [34]. Numerous metabolic and signaling
pathways, along with basic cellular processes, are
conserved in more complex organisms such as humans
[34]. Human homologs have been identified for a large
number of yeast genes, with several hundreds of the
conserved genes linked to disease in humans [35,36]. A
long history of genetic manipulation in yeasts confers
the ability to selectively target and examine conserved
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genes and pathways throughout their genomes, facili-
tating functional analyses. The ease of culture and avail-
ability of software resources, molecular protocols, and
genetic and physical interaction data collectively bolster
the value of yeasts in toxicology.

Genome-wide ribonucleic acid (RNA) interference
(RNAi) screens have become an important tool in drug
discovery [37] and can be readily applied to functional
toxicological studies. RNAi methods exploit existing
cellular machinery to destroy the messenger RNA
(mRNA) of a target gene, thus preventing translation
and effectively “knocking down” the function of the
target gene. RNAi screens in cell lines can be useful
to functional toxicology but are experimentally complex,
as incomplete knockdown of target genes and off-target
effects can complicate execution and analysis [38].

For a variety of reasons, functional toxicology has its
limitations in the range of organisms used. Less complex
organisms such as yeasts, other fungi, and bacteria
possess P450 enzymes, but their role in toxicant meta-
bolism is limited [37]. To better understand chemical
toxicity to humans, toxicant activation or deactivation
may be catalyzed in these experiments by adding S-9 hu-
man liver microsomes. Additionally, in unicellular or-
ganisms, cell lines, and less complex eukaryotes, one is
unable to examine a toxicant’s target organs or systemic
effects. The discovery of human disease models through
orthologous phenotypes will address these issues [37].

In whole organisms, throughput is the major barrier
to progress in functional toxicology. In yeasts and bacte-
ria, bar-coded systems allow for the high-throughput ex-
amination of thousands of deletion mutants in parallel
[39,40]. The lack of such methods in whole organisms
such as zebrafish or rodent models diminishes
throughput, and complicates systematic identification
of genes required for resistance to a toxicant. Until
high-throughput screens are devised in whole organ-
isms, actually such systems are invaluable in extending
or confirming results gathered in yeasts or bacteria.

The current gold standard for evaluation of the carcino-
genic potential of newlydevelopeddrugs and other chem-
ical compounds is the classical 2-year chronic rodent
bioassay. There is a mechanistic distinction between geno-
toxic carcinogens, which form deoxyribonucleic acid
(DNA) adducts and cause direct DNA damage, as
opposed to nongenotoxic carcinogens, for which a wide
variety of alternative hepatocarcinogenic mechanisms
have been described [41]. While genotoxic carcinogens
can be identified early by means of in vitro genotoxicity
assays (e.g., Ames test), no short-term assay exists for
the detection of nongenotoxic carcinogens. Several groups
have reported the application of toxicogenomic methods
for prediction of the outcome of chronic bioassays based
on gene expression profiles compiled from short-term in
vivo studies. Most studies published in this field focused

on mRNA expression profiling and employed machine
learning algorithms or statistical methods to predict the
carcinogenic class of compounds based on characteristic
expression patterns, called signatures [42,43]

The classification outcomes may then be used to priori-
tize environmental and/or industrial chemicals for further
exploration in chronic carcinogenicity bioassays [44].
Furthermore, the toxicogenomics approach can deliver
complementarymechanistic insights, as specificmolecular
profiles can be associated with toxicological phenotypes
and adverse effects observed in animal studies [43].

Building on published toxicogenomics studies that
mostly focused on mRNA expression and used individ-
ual genes as predictive features, two novel concepts
have been introduced: first, the integration of omics
data across platforms that interrogate different biolog-
ical layers (mRNA, microRNA, and protein expression)
and second, the abstraction from individual signature
genes to higher order levels, such as pathway enrich-
ments or molecular interactions [45].

7.8 CONCLUSIONS

The safety and efficacy of so-called “natural” products
have not been thoroughly investigated. And on this topic
it is important to improve communication with the pub-
lic, at least with respect to safety. Natural products are
promoted to the public as equally or more effective and
less toxic than conventional drugs, although some herbs
are also well known to have adverse effects. The aware-
ness of the need for monitoring the safety of natural
health products is steadily albeit slowly stimulating the
creation by the health authorities of each country systems
reporting suspected adverse reactions. For example, in
Italy, this system has been established and shared be-
tween the Italian National Institute of Health, the Minis-
try of Health, and the Italian Medicines Agency [46], in
order to encourage voluntary reporting, which can
help improve awareness among health care profes-
sionals and patients about the benefiteharm profile of
these remedies. The reports must then be evaluated by
a multidisciplinary group of experts to address and
solve the many problems specific to each case.

We hope that similar initiatives will become “normal”
in every country.
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8.1 INTRODUCTION

Viruses are ultramicroscopic, acellular, metabolically
inert nucleoprotein particles of either deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA), with or without a
lipid envelop [1,2]. They are obligate intracellular para-
sites, utilize the host’s cell machineries to propagate, and
cause ailments as benign as a common wart, as irritating
as a cold, or as deadly as the bloody African fever [2].
Entry of a virus into the specific host cell depends on the
precise attachment or fitting of the viral surface molecules
with the molecules of the host cell. Each viral strain is
unique in its surface antigenic structure, host cell recep-
tors, and life cycle, and thus adopts various invasion stra-
tegies to infect every form of life. Due to their genetic
variation, mode of transmission, effective replication, and
the ability to persist within the host, viruses can cause
widespread diseases from bacteria to humans [3e6].

Thus, the development of antiviral drugs requires
great efforts. Several reports on the discovery of new
drugs from traditional medicines [7e12] indicated the
use of medicinal plants as a potential source for antiviral
drug development [1,7e9]. Several reports indicated
that a wide variety of phytochemicals, including alka-
loids, flavonoids, terpenoids, polyphenolics, coumarins,
lignans, have therapeutic applications [4e12] due to
their interferences on viral entry or replication, along
with their antioxidative properties [6,9,13]. Different in
vitro and in vivo bioassays on phytochemicals lead to
the identification of potential antiviral molecules. In
this chapter, we will summarize the scientific ap-
proaches used to validate potential “antiviral leads”
against selected genetically and functionally diverse
viral families, from crude extracts to pure compounds.
In-depth studies on some common in vitro antiviral as-
says with testing of efficacies, modes, and molecular
mechanisms of action will be described here with in
vivo methods against a few selected viruses.

Viral infection control strategies include (1) public
health measures to minimize the risk of infection, (2)
vaccination to the exposed individuals, and (3) antiin-
fective drugs for infected individuals. Public health
measures such as safe drinking water can prevent Polio
and Rota virus infections, while pest control can prevent
arthropod and rodent-borne yellow fever, dengue, en-
cephalitis, and hanta and arena viruses. However, to
provide these benefits to the people of underdeveloped
and developing world is a challenge. A second challenge
is to discover means to control airborne respiratory in-
fections. As public health measures are never totally
effective, vaccination is a second strategy. Although vac-
cines dramatically decreased the incidence of polio, yel-
low fever, rabies, measles, mumps, rubella, and hepatitis
B, they are not yet effective in human immunodeficiency
virus (HIV), herpes simplex virus (HSV), hepatitis C vi-
rus (HCV), influenza, including common cold, caused

by 100þ strains of Rhinoviruses. Developing a polyva-
lent vaccine against all these viruses is also a challenge.
Moreover, Alpha and Filovirus (Ebola) cause devas-
tating epidemics with sporadic outbreaks, and it is diffi-
cult to vaccinate the entire population to eradicate them.
Thus, infection can and will occur despite the best effort
of humankind. Hence, for antiviral drug development,
scientists are looking into the features of an ideal anti-
viral drug that (1) effectively inhibits some essential
viral processes, (2) prevents the development of drug-
resistant viruses, (3) has broad activity (single drug
against any of the 100þ common cold viruses), and (4)
has minimum or no effect on the host system. The first
feature is obvious while the remaining depend on the
viral process being targeted.

8.2 RATIONALE FOR ANTIVIRAL DRUG
DEVELOPMENT

Till 2014, only 37 antivirals are approved by the US
Food and Drug Administration, although many viral
diseases have no effective drug(s). Moreover, several
viral diseases require long-term treatment that usually
leads to the development of drug-resistant viruses. The
existing antiviral nucleoside analogs act as antimetabo-
lites in DNA synthesis and prevent viral replication
in infected cells, and the related nucleotide analogs are
used against hepatitis B virus (HBV), HCV, HSV, and
HIV. In infected cells, these analogs are incorporated
into the replicating DNA strand and phosphorylated
as a chain terminator to stop viral DNA polymerase ac-
tivity, and affect the mitochondrial DNA, leading to
adverse effects such as bone marrow suppression.
Another family of synthetic nucleoside analog
reverse-transcriptase (RT) inhibitors help to design
drugs with preferential activity, while some nucleoside
analogs can act as nucleoside analog reverse-
transcriptase inhibitors and polymerase inhibitors for
HBV. Thus, antiviral nucleotides analogs repress viral
reproduction by interfering with viral nucleic acid
replication, compete with natural deoxynucleotide tri-
phosphates (dNTP)/NTP substrates, and incorporate
into the nascent viral nucleic acid leading to chain
termination or mutagenesis (Table 8.1).

Extensive long-term clinical use of antivirals, such as
acyclovir, the reference treatment for herpes viruses [14],
results in the emergence of drug-resistant strains [15],
due to mutations in viral thymidine kinase and/or DNA
polymerase [16], along with renal impairment [17,18].
As antiviral drugs are virus specific and target oriented,
they require appropriate diagnosis before therapeutic
intervention. Another factor is the availability of suitable
vaccines and their degree of effectiveness against a
particular virus, as vaccination is the most effective
approach for the prevention of a disease. However, in
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diseases such as hepatitis B, infected patients provide a
large market for chemotherapy. Therefore, there is an
unmatched need for readily available antiviral drugs
at affordable prices with minimal side effects. Hence,
traditional medicines are explored as novel antiviral
agents, as many of these ancient medicaments, contain-
ing diverse plant metabolites, have potent antiviral
activities [10e12,19,20].

8.3 DEVELOPMENT OF EFFECTIVE
ANTIVIRAL DRUGS

Despite continuous advancement in medical science,
viral diseases are a major cause of death around the
globe. The development of an antiviral drug depends
on the unique features of hostevirus interactions, as vi-
ruses are acellular and host- and route-specific, and
infect only by their nucleic acid(s) that regulate the
host cell DNA for multiplication. Being an obligate intra-
cellular parasite, viral replication depends on the meta-
bolic pathways of the host. Thus, designing an effective
antiviral drug to target virus-specific enzymes or repli-
cation steps without affecting the host cell is very diffi-
cult [20]. Advancement in molecular biology and
genetics helps to design a rational approach for devel-
oping antiviral agents by targeting specific sites/steps
of the viral life cycle, including (1) inactivation of the
extracellular virus particles, (2) prevention of viral
attachment or fusion, (3) entry or penetration, (4) repli-
cation of viral genome, (5) synthesis of viral-specific pro-
teins or intermediates, and (6) assembly or release of
new virions. However, the most desirable target is the

inhibition of major viral enzymes essential for replica-
tion and spread of the disease. Most of the well-
studied inhibitors of HIV, HSV, or Influenza viruses
target the host cell binding (T-20, betulinic acid),
uncoating of capsid (amantadine, pleconaril), viral repli-
cation (RT inhibitors: zidovudine, abacavir, nevirapine),
viral enzymes integrase or DNA/RNA polymerase
(acyclovir, cidofovir, ribavirin), proteinases of polypro-
tein precursors, and assembly or maturation (indinavir,
ritonavir, rimantadine). On the basis of these strategies,
several compounds were tested on different viruses, but
only 40 licensed antivirals are approved till 2014 [1,5].
Moreover, studies on viral genomics, gene functions,
and regulations led to the rational designing of gene-
based drugs that induce protective antiviral immunity,
interference with viral replication, gene expression, or
viral messenger RNAs with limited delivery to the sites
of replication and nuclease degradation [13].

8.4 MEDICINAL PLANTS AS A SOURCE
OF ANTIVIRAL DRUGS: AN OVERVIEW

The history of human civilization revealed that
almost all ancient cultures rely upon medicinal plants
for treating ailments of the body and mind, and about
80% of the world population uses traditional medicine
for primary health care [4]. The discovery of synthetic
drugs with better efficacy and quick recovery in many
diseases leads to several adverse effects during long-
term clinical use, particularly in chronic or “difficult-
to-treat” diseases. Thus, there has been a huge upsurge
in the use of natural products for preventing and

TABLE 8.1 Some Nucleoside and Nucleotide Analogs and Their Antiviral Properties

Nucleotide Analog Incorporated to viral Mechanism of viral inhibition

Vidarabine triphosphate ATP DNA polymerase Unknown

Ribavirin triphosphate GTP RNA polymerase Mutagenesis of genome replication

Acyclovir triphosphate GTP DNA polymerase Chain termination of DNA synthesis

Zidoduvine triphosphate TTP Reverse transcriptase CT of cDNA synthesis

Stavudine triphosphate TTP Reverse transcriptase Do

Lamivudine triphosphate CTP Reverse transcriptase Do

Nucleoside Analog Incorporated to viral Mechanism of inhibition

Didanosine Deoxyadenosine HIV-RT CT of viral cDNA synthesis

Abacavir, Entecavir Deoxyguanosine HIV-RT, HBV Do

Telbivudine, zidovudine Deoxythymidine HBV, HIV-RT Do

Emtrici- and Zalci-tabine Deoxycytidine HIV-RT and HBV Do

Idoxuridine Trifluridine Deoxyuridine HIV-RT Do

ATP, Adenosine triphosphate; GTP, Guanosine triphosphate; TTP, Thymidine triphosphate; CTP, Cytidine triphosphate; CT, Chain termination, (Dai L, HuangQ, Boeke

JD. (2011). Effect of reverse transcriptase inhibitors on Line-1 and Ty1 reverse transcriptase activities and on LINE-1 retrotransposition. BMC Biochemistry 12:18e28).
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treating serious viral diseases. However, most herbal
products have no quality control, are unable to provide
consistent results, and even produce undesirable effects.
About 40% of the modern-day anticancer and antimicro-
bial drugs have their roots in traditional medicine
[4,5,20], but till 2014, we have barely analyzed the tip
of iceberg to design more drugs from plants. Hence, it
is of utmost importance to search for phytochemicals
with antiviral potential from unexplored plants used
in ethnomedicine, before we lose our herbal resources
due to rapid anthropogenic activities including industri-
alization and urbanization [1,8].

Many viruses have unique features in their structure
or replication cycle that may act as the potential target
for designing new antivirals, as evident with acyclovir
(acycloguanosine), which blocks certain enzymes of her-
pes viruses responsible for triggering disease. Due to the
structural diversity and broad range of bioactivities, eth-
nomedicines can serve as a source of complementary an-
tivirals by inhibiting some specific enzymes or steps of
viral replication or cellular factors (Table 8.2) of many
DNA/RNA viruses [5].

Ayurveda and traditional Chinese medicine, in
particular, use several medicinal plants to reduce dis-
ease severity, and many of them have antiviral activity

[1,5,7,8,21]. Research on the antiviral potentials of plants
was first started in 1952, and 12 out of 288 plants were
found to be effective against influenza [4,5]. During
the past 40 years, numerous broad-based screening
programs for the antiviral activity of medicinal plants
have been initiated using in vitro and in vivo assays.
Out of 100 British Colombian medicinal plants, only a
few showed activities against corona viruses, respira-
tory syncytial virus (RSV), para influenza, and HSV
[22], while the marine algae Spirulina showed antimuta-
genic, immunomodulatory, and antiviral activities
[23,24]. Interestingly, Cyanovirin N, an 11-kDa protein
of blue green algae, inactivates HIV-1 by binding with
its glycoprotein120 [25], while sulfated polysaccharides
of seaweeds and alga showed anti-HIVand anti-HSVac-
tivities [26]. A list of selected medicinal plants and their
compounds having antiviral activities against common
viral diseases is presented in Table 8.3, and the struc-
tures of some important compounds are depicted in
Figure 8.1.

8.5 METHODS FOR THE VALIDATION OF
ANTIVIRAL ACTIVITY OF PLANTS

In vitro assays are the preliminary step toward the
identification of antiviral activity of a plant extract or
phytocompounds. These assays measure the ability of
a virus to infect and replicate in specific cell lines and
the response of a particular extract toward the relevant
virus infection. The cell culture system provides a rapid
and less cumbersome method for the growth of viruses
at higher titers, testing of cytotoxicity and antiviral effi-
cacy, maintenance of cultures, and genetic manipula-
tions. The cell lines characterized and routinely used
for common viruses along with their respective methods
are given in Table 8.4.

8.5.1 In vitro Assay

8.5.1.1 Indirect Assays

Indirect assays are the first step for screening a large
number of extracts or phytocompounds at a time, as vi-
rus infection and multiplication result in a cytopathic ef-
fect (CPE) due to the release of infectious virion or
induction of apoptosis. Inhibition of CPE in the presence
of a test extract or phytocompoundmay be due to the in-
hibition of viral replication. Till 2014, various indirect as-
says have been developed, validated, and modified for
individual viruses.

8.5.1.2 Visual Observation of CPE

Visual observation of CPE under an inverted mi-
croscope is usually carried out by infecting a semi-
confluent cell monolayer with a susceptible virus in

TABLE 8.2 The Viruses and Their Viral and Cellular Targets for
Antiviral Drug Development

Virus Viral target Cellular target

Parvo, Polyoma,
Papiloma viruses

DNA polymerase e

Adenovirus DNA polymerase Cellular factors

Herpesviruses DNA pol, kinase, helicase e

Poxvirus DNA and RNA polymerase 4 Enzymes*

Hepadna virus DNA polymerase (RT) e

Picornavirus Capsid RNA polymerase e

Flavivirus RNA polymerase e

Arenavirus RNA polymerase 4 Enzymes*

Bunya, Toga,
Rhabdo Filovirus

RNA polymerase 4 Enzymes*

Hepacivirus -Do-, helicase, protease e

Orthomyxovirus Matrix neuraminidase e

Paramuxovirus Fusion polypeptides 4 Enzymes*

Coronavirus RNA poly, helicase, protease e

Rheovirus e 4 Enzymes*

Retrovirus Protease, integrase, TAT Integration-
transcription
factors

* Inosine 50 monophosphate dehydrogenase, S-adenosylomocysteine hydrolase,

Oritidine 50-phosphate decarboxylase, Cytosine 50-triphosphate synthetase.
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TABLE 8.3 Partial List of Viruses Inhibited by Plants Used in Traditional Medicines

Virus Medicinal plant Family name Isolated molecule Antiviral effect References

HSV Tanacetum vulgare Asteraceae Parthenolide Anti-HSV-1 and -HSV-2 [27]

Ophiorrhiza nicobarica Rubiaceae Harmaline Inhibit IE gene synthesis [10,11]

Rhus javanica Anacardiaceae Moronic acid Anti-HSV-1 and -HSV-2 [28]

Achyranthes aspera Amaranthaceae Oleanolic acid Anti-HSV-1 and -HSV-2 [12]

Odina wodier Anacardiaceae Chlorogenic acid Prevent attachment [29]

Mallotus peltatus Euphorbiaceae Ursolic acid HSV replication [30]

Terminalia chebula Combretaceae Chebulagic acid, punicalagin Inhibit entry and cell spread [31]

Ilex asprella Aquifoliaceae Asprellanoside A, Oblonganoside H Anti-HSV-1 [32]

Azadirachta indica Meliaceae Sulfonoquinovosyldiacylglyceride Anti-HSV-1 and -HSV-2 [33]

Ficus benjamina Moraceae Quercetin 3-O-rutinoside, Kaempferol
3-O-robinobioside

Anti-HSV-1 and -HSV-2 [34]

Artocarpus lakoocha Moraceae Oxyresveratrol Inhibit viral replication [35]

HIV Mimusops elengi Sapotaceae Gallocatechin, Epigallocatechin HIV-1 integrase activity [36]

Schisandra sphenanthera Schisandraceae Schisphendilactones A, B Anti-HIV-1 activity [37]

Olea europaea Oleaceae Maslinic acid Anti-HIV [38]

Stellera chamaejasme Thymelaeaceae Stelleralides A Anti-HIV [39]

Artemisia annua Asteraceae Artemisinin Anti-HIV activity [40]

Sargassum fusiforme Sargassaceae Palmitic acid Inhibits HIV entry [41]

Melochia odorata Sterculiaceae Waltherione A Inhibition of HIV P24 [42]

Emblica officinalis Phyllanthaceae Curcumin Anti-HIV activity [43]

Pelargonium sidoides Geraniaceae e Blocks attachment of HIV-1, and prevent entry [44]

Influenza virus Syzygium aromaticum Myrtaceae Eugenol Inhibit the activation of extracellular signal-
regulated kinase, p38-mitogen-activated
protein kinase, IkB kinase (IKK)/NF-kB signal
pathways

[45]

Silybum marianum L. Asteraceae 23-(S)-2-Amino-3-phenyl-
propanoyl-silybin

activate ERK/p38 MAPK and IKK pathways [46]

Ribes nigrum folium Saxifragaceae e Antiinfluenza A [47]

Taraxacum officinale Asteraceae e Antiinfluenza (H1N1) [48]

Caesalpinia sappan Fabaceae 3-Deoxysappanchalcone Antiinfluenza, apoptosis, and antiinflammation [49]

Continued
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TABLE 8.3 Partial List of Viruses Inhibited by Plants Used in Traditional Medicinesdcont’d

Virus Medicinal plant Family name Isolated molecule Antiviral effect References

Vaccinium angustifolium,
Vitis vinifera L, Cinnamomum cassia

Ericaceae,
Vitaceae,
Lauraceae

Procyanidin Antiinfluenza A by inhibiting the formation of
Atg5-Atg12/Atg16 heterotrimer

[50]

Adenium obesum Apocynaceae Oleandrigenin-b-D-glucosyl l (1/4)-b-
D-digitalose

Antiinfluenza A/PR/8/34 (H1N1) [51]

Angelica keiskei Apiaceae Xanthokeistal A Neuraminidase inhibitor [52]

Melaleuca alternifolia Myrtaceae Terpinen-4-ol, terpinolene Anti-A/PR/8 virus (H1N1) [53]

Human RSV Rosmarinus officinalis Lamiaceae Carnosic acid Inhibit replication of RSV [54]

Gentiana lutea Gentianaceae e Anti-RSV [55]

Cimicifuga foetida L. Ranunculaceae Cimicifugin Inhibit viral attachment and internalization [56]

HBV Artemisia capillaris Asteraceae 8-(Z)-Decene-4, 6-diyne-1, 3, 10-triol (1),
1, 3S, 8S-trihydro xydec-9-en-4, 6-yne (2)

Inhibit HBV DNA replication [57]

Aster tataricus L. Asteraceae Astataricusones, astataricusol A Inhibit HBV DNA replication [58]

Swertia macrosperma Gentianaceae Swermacrolactones, luteolin Inhibit secretion of HBV surface antigen [59]

Piper longum Linn. Piperaceae Piperine Inhibit the secretion of HBV surface antigen [60]

Phyllanthus niruri L. Phyllanthaceae Nirtetralin A Anti-HBV activities [61]

HCV Morinda citrifolia Rubiaceae Pyropheophorbide, pheophorbide Inhibit entry and postentry steps of HCV [62]

Syncephalastrum racemosum Syncephalastraceae Ursolic acid Anti-HCV activity [63]

Marrubium peregrinum L Lamiaceae Ladanein HCV entry inhibitor [64]

Acacia nilotica Fabaceae e Anti-HCV activity [65]

Vaccinium virgatum Aiton Ericaceae Proanthocyanidin Inhibit HCV replication [66]
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PV Coffea arabica Rubiaceae N-methyl-pyridinium formate Anti-PV [67]

Baccharis gaudichaudiana Asteraceae/
Compositae

Apigenin Anti-PV type 2 [68]

Heteropteris aphrodisiaca Malpighiaceae Aliphatic nitro compound Inhibit PV type 1 [69]

Dianella longifolia Xanthorrhoeaceae Chrysophanic acid Inhibit PV 2 and PV 3 replication [70]

Pterocaulon sphacelatum Asteraceae Chrysosplenol C Inhibit PV [71]

VHSV Rhus verniciflua Anacardiaceae Fisetin Anti-VHSV [72]

Olea europaea L. Oleaceae Oleuropein Inhibit VHSV replication [73]

SARS-CoV Lycoris radiata Amaryllidaceae Lycorine Anti-SARS-CoV [74]

Glycyrrhiza glabra Fabaceae Glycyrrhizin Anti-SARS-CoV [75]

VSV Glycyrrhiza glabra Fabaceae Glycyrrhizin Inhibit phosphorylation enzymes and
latency of VSV

[75]

Calendula arvensis Asteraceae Oleanolic acid Inhibit VSV multiplication [76]

Trichilia glabra L. Meliaceae e Leaf extract inhibit VSV [77]

Human ADV Glycine max Fabaceae e Inhibit ADV-1, Coxsackie B1 [78]

Gentiana lutea Gentianaceae e Against ADV-5 [55]

Astragalus membranaceus Fabaceae Astragaloside IV Inhibit ADV-3 replication [79]

Ficus carica Moraceae e Inhibit replication [80]

DEN Aedes aegypti Culicidae Triptamine Larvicidal [81]

Scutellaria baicalensis Lamiaceae Baicalein Virucidal against DEN-2 [82]

Azadirachta indica Juss. Meliaceae e Leaf extract inhibit DEN-2 [83]

ADV, adenovirus; DEN, Dengue virus; PV, Poliovirus; SARS-CoV, severe acute respiratory syndrome coronavirus; VHSV, viral hemorrhagic septicemia virus; ERK, extracellular signal-regulated kinase, MAPK,

p38-mitogen-activated protein kinase; IKK, IkB kinase.
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the presence or absence of a test drug, in a microtiter
plate (Figure 8.2).

This initial evaluation is usually done at a twofold
concentration (with a 10-fold difference, e.g., 1 and
10 ng/ml or mg/ml). An 18 h culture (80e90%

confluency) of an appropriate cell line should be added
with the test drug or placebo, immediately after the vi-
rus infection. When the drug effect was tested as pre-
treatment, cells need to be treated with the test drug
for 15e180 min before virus infection, and incubated

FIGURE 8.1 Structures of some important compounds.
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TABLE 8.4 In vitro and In vivo Models for Antiviral Assays Against Common Viruses

Virus Disease In vitro assay (Cell line)

In vitro assay

In vivo model In vivo methodsAntiviral activity Mechanistic study

HSV Herpes Vero, MRC-5, HFF, BHK,
HepG2cells

MTT assay, plaque
reduction assay, CPE
reduction, TCID50

[10,11,29,30]

IFA, ELISA, quantitative
RT-PCR, Western blot,
electrophoretic mobility
shift assay (EMSA),
Attachment assay,
penetration assay
[10,11,29,30]

Mouse, rat, rabbit
guinea pig

Skin irritation test,
cutaneous lesion assay, viral
vaginitis assay, ocular HSV
study, latency and
reactivation study, footpad/
dorsal root ganglia model
[10,11,29,30]

Influenza Flu MDCK, A549 cell lines MTT, hemagglutination,
and plaque assay [47]

Virus adsorption assay,
Q-Rt PCR, Western blot,
flow cytometry, IFA [47]

Mice, ferrets, Chicken Treatment with extract/
compound, mouse
monitoring, histology and
immunohistology [47]

Polio virus Paralysis, aseptic
meningitis

Hela, Vero,
Human
Rhabdomyosarcoma
cells

MTT, plaque reduction
And luciferase assay
[125]

EMSA, Q-RT PCR,
Western blot, siRNA
transfection [125]

Mouse, rat Prophylactic and
therapeutic efficacy,
infectivity titers in brain/
spinal cord [111]

HBV Liver inflammation,
Jaundice

HepG2, HepG2.2.15,
COS-7 cells

MTT, ELISA [126,127]. Q-Rt PCR, Western blot
[126,127]

Mice, Ducklings Infection and treatment,
detection of duck hepatitis
B virus-DNA,
Histopathology of duck
liver [126,127]

HCV Liver cirrhosis Huh7, Ava5
cells

Full-replication, replicon,
and RdRp assay, TCID50

[89,90]

Pseudoparticle infection
assay, ELISA, Western
blot [90].

Chimpanzee, Cynomolgus
monkey

10 and 18-Day treatment
schedule [90]

HIV Acquired
immunodeficiency
syndrome

TZM-bl, MT-4
cells, Vk2/E6E7,
lymphocytic reporter cell
line

CPE reduction, TZM-bl
and CEM-GFP cell-based
assay [44, 85]

Quantitative RT-PCR, Virus
infectivity assays, pulse-
chase analysis, Western blot,
siRNA transfection [85]

Transgenic mice, rabbits Transgenic rat model,
vaginal irritation study
[112]

Rabies Hydrophobia McCoy cells MTT assay, CPE reduction
assay [128].

Confocal fluorescence
Microscopy, Q-Rt PCR,
Western blot [129]

Mice Protection assay [113],
determination of mortality
rate [114]

DENV-2 Dengue fever C6/36 mosquito and
Vero cells

Foci forming unit reduction
and prophylactic activity
assay [130,131]

Quantitative RT-PCR,
extracellular virucidal
activity [130,131]

Mice Virus inhibition assay [83]

8
.5

M
E
T
H
O
D
S
F
O
R
T
H
E
V
A
L
ID

A
T
IO

N
O
F
A
N
T
IV

IR
A
L
A
C
T
IV

IT
Y
O
F
P
L
A
N
T
S

1
8
3



for a standard time to induce viral CPE. After every 24 h
until the end of the experiment, the plate needs to be
visualized microscopically for changes in cell
morphology, compared to that for the control cells.
Here, the uninfected cell monolayer treated with the
test drug will provide an idea of the maximum dose of
drug causing minimum cell toxicity, as enlargement,
granularity, rounding off, detachment, etc., and the de-
gree of cytotoxicity as T (100% toxic), PVH (partially
very heavy toxic, 80%), PH (partially heavy toxic,
60%), P (partial toxic 40%), PS (partial slightly toxic,
20%), or 0 (nontoxic, 0%). A 50% cell inhibitory or cyto-
toxic concentration (CC50) and 50% end point of virus
inhibitory or effective concentration (EC50) can be deter-
mined from a graph plotted with the concentration
versus cellular effect due to virus infection, while the
selectivity or therapeutic index (SI or TI) is calculated
as CC50/EC50.

8.5.1.3 MTT or MTS Assay

Another rapid and sensitive in vitro assay for
the evaluation of antiviral agents is based on the
spectrophotometric assessment of the viability of
virus-infected or mock-infected cells, via the in situ

reduction of a tetrazolium dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) or
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS); this has an
equal sensitivity to that of the plaque reduction assay
[10,11,84]. The mechanism is based on the conversion of
a yellow water-soluble dye MTT or MTS to a purple
colored insoluble formazan crystal by the mitochondrial
enzymes of the viable cells. The quantitation of the
amount of formazan produced in eachwell is then deter-
mined spectrophotometrically at 490 nm, and the same
is subtracted from the background absorption of the
plate at 650 nm. The cytotoxicity of the test drug needs
to be evaluated in the same plate, and for data analysis,
a statistical software program is used to determine the
efficacy (EC50), cell toxicity (CC50), and SI or TI of the
test drug. This method allowed the screening of a larger
number of extract/compounds at the same time with a
simplified procedure.

Protocol: Cell Monolayer (100e200 ml) cultured in 10
Columns (C2e11) of a 96-well flat-bottom plate
(w2 � 104 cells/ml) needs to be added at a twofold dilu-
tion of the test drug, after 24 h (eight concentrations in
serum-free medium), the medium is removed and

FIGURE 8.2 HSV-1 infected Vero (African green monkey kidney) cells showing CPE as the formation of Syncytia (multinucleated giant cell).
This assay can be used to detect the antiviral activity of the test drug and cytopathicity can be expressed microscopically as 0 ¼No CPE;
1 ¼ 0e25%; 2 ¼ 25e50%; 3 ¼ 50e75%; 4 ¼ 75e100%.
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added with the virus (0.5e5 multiplicity of infection
(MOI)) in six wells of C3e11 (Rows 3e8). Then, C-2 (un-
infected Control) and Rows 1e2 of C3e11 are added
with the media and after adsorption (45e60 min) at
37 �C, unabsorbed viruses are removed by washing
with fresh media. The infected cells should then be
mixed with the test drug (0dhighest concentration) in
all wells of C3e11, and incubated (37 �C in a CO2 incu-
bator) for 24e48 h. After removing the drug-containing
media, 50 ml of MTT solution (5 mg/ml in phosphate
buffered saline (PBS)) should be added with the fresh
media (200 ml) to all wells in C1e11, and incubated for
3e4 h at 37 �C. Finally, the medium should be replaced
with dimethyl sulfoxide (DMSO; 200 ml) to dissolve the
formazan in C1e11, and after 15 min, glycine buffer
(25 ml) should be mixed in all wells (pH 10.5) and the
absorbance should be read (570 nm). Usually, the results
are calculated by plotting a graph with absorbance
(Y-axis) versus drug concentration (X-axis). Here, Col-
umn 2 with no virus serves as the cell viability control
andwells in Column 3with virus without the drug serve
as the virus-induced loss of cell viability. Rows 1e2 of
Columns 3e11 with an increasing concentration of the
drug without virus provide IC50 (50% cell inhibitory
concentration) of the drug, while EC50 or EC90 can be
deduced by plotting absorbance of virus-infected wells
(Column 3, rows 3e8) versus concentration of the drug
showing an increased absorbance by 50 or 90% over
the virus alone [29].

8.5.1.4 TZM-bl Cell-Based Assay

This neutralizing antibody assay, used for HIV-1, sim-
ian immunodeficiency virus (SIV), and simian-HIV, is
done in TZM-bl cells as it reflects the reduction in Tat-
induced luciferase (Luc) reporter gene expression after
a single round of virus infection. TZM-bl cells are
HeLa cell clones, engineered to express cluster of differ-
entiation 4 and CeC chemokine receptor type 5, and
contain integrated reporter genes for firefly luciferase
and Escherichia coli b-galactosidase under the control of
an HIV-1 long terminal repeat. Thus, they are highly sen-
sitive and prone to infection by immunodeficiency vi-
ruses including primary HIV-1 isolates and cloned
Env-pseudotyped viruses. Here, diethylaminoethyl
(DEAE) dextran is used to enhance infectivity during
neutralization. Soon after infection, reporter gene
expression is induced by a viral transactivator protein
Tat. Luciferase activity can be quantified by lumines-
cence and is directly proportional to the number of infec-
tious virus particles present in the initial inoculum [85].
This high-throughput assay requires a 96-well plate, and
clonal cells provide enhanced precision and uniformity.
This has been validated for a single-round infection with
either uncloned viruses grown in human lymphocytes

or molecularly cloned Env-pseudotyped viruses pro-
duced by transfection in 293T/17 cells [85].

Protocol: TZM-bl cells (4 � 104/well) are usually
seeded in a 24-well plate and incubated overnight. In a
separate vial, HIV-1NL4.3 (MOI 0.05) virion is mixed
with the test drug or vehicle for 1 h at 37 �C, and then
added to TZM-bl cells, and incubated for 4 h. After
washing the cells (with cold PBS), fresh media with
the test drug should be added and cultured for 48 h, us-
ing untreated HIV-1 infected cells (negative) and azido-
thymidine (AZT)-treated cells (positive) as a control.
The cells then need to be washed twice with PBS, lysed
with 1X lysis buffer, and the supernatant added with the
substrate can be analyzed for luciferase activity in an
optiplate using a fluorimeter. The results are expressed
as percentage inhibition as luminescence in the experi-
mental group (test drug or AZT)/luminescence of
infected cells without the drug x 100; and percent inhibi-
tion can be calculated by subtracting the above value
from 100 [44,85].

8.5.1.5 CEM-Green Fluorescent Protein
Cell-Based Assay

CEM-green fluorescent protein (GFP) is a stable T-cell
line-containing a plasmid encoding GFP and is suitable
for HIV-1NL4.3 (MOI 0.05) culture. For postinfection,
the cells (2.0x105/well) should be incubated with the
test drug up to 8 days, using AZT and solvents (used
to prepare the test drug) as control(s). The virus-
infected cells are then lysed with 1x Promega cell lysis
buffer (150 ml), and transferred to culture plate to read
the absorbance at 485 nm (excitation) and 520 nm (emis-
sion) by means of a fluorimeter. The results can be
expressed as percentage inhibition: GFP fluorescence
in the experimental group/fluorescence in infected cells
without the test drug X 100. Percent inhibition should be
calculated by subtracting the above value from 100 [85].

8.5.1.6 Virus Yield Reduction Assay

This is generally used to confirm the results of the
CPE reduction or inhibition assay with the freshly pre-
pared test drug that showed activity in the initial exper-
iments. After 3e5 days of the test, the cells are lysed by a
freezeethaw cycle, to elute the virion, centrifuged
(10,000 � g), and the resulting supernatants with
increasing drug concentration are titrated for infectious
virion and subjected to a fresh CPE inhibition test.
Briefly, cells plated in a 96-well plate with susceptible
cell lines need to be incubated for 24 h, and then added
with the serially diluted virus preparations from drug-
treated cells. Development of CPE indicates the presence
of infectious virus, and 90% effective concentration
(EC90) of the test drug is determined as the concentration
that inhibits virus yield by one log10. Infectious virus
yield assay, pretreated or posttreated with the test
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drug (reduced virus infectivity by 90% or TCID50/ml)
can be calculated from this assay.

Secondary testing of potential antiviral compounds:
The antiviral activity of the test compound is expressed
as a TI or SI, determined by dividing CC50 by EC50. In
general, an SI of �10 is considered as a potential anti-
viral agent, although a low SI for the positive control
needs to be considered. Compounds having SI values
of �10 need to be evaluated against additional virus
strains to establish the full spectrum of activity, and
the potential antiviral drug needs to be screened further
by direct assays to measure viral replication or titer inhi-
bition [1].

8.5.1.7 Direct Assays

Direct assays can measure �50% reduction in the
viral titer in the presence of the test drug, compared to
the untreated cells. CPE inhibition can be determined
by end point titration [86], which evaluates the virucidal
activity after preincubation with the virus plus test com-
pound [87,88]. Fifty percent end point titration is done
on confluent monolayers (104 cells/well) infected with
serial 10-fold dilutions (107 TCID50/ml) of the virus sus-
pension in 96-well plate. After adsorption for 1 h at
37 �C, the test drug (serial twofold dilutions) is added
(to the maintenance mediumwith 2% fetal bovine serum
(FBS) plus antibiotics), and incubated at 37 �C to record
the viral CPE under a light microscope after 4e5 days
with virus control, uninfected drug-treated and un-
treated cell controls. Cytotoxicity of the test agent is
the concentration that killed cell monolayers when no
virus titer can be determined, while the antiviral activity
is the inhibition of the virus titer at the maximum
nontoxic dose of the highest concentration of the test
drug without affecting cell morphology. Antiviral activ-
ity needs to be present in at least two subsequent dilu-
tions of the test agent; otherwise, the activity is only
virucidal or is due to the toxicity of the test drug. Extra-
cellular virucidal activity can also be determined by
titration of residual infectious virus particles after incu-
bation of the test drug with virus suspension (106

TCID50/ml) for 1 h at 37 �C.

8.5.1.8 Immunofluorescence Assay

This assay is used for the quantitative estimation of
viruses against which antibodies are available, either
commercially or in-house, but it is unable to differentiate
between infectious and noninfectious viral particles.
Briefly, the untreated or drug-treated cells are infected
with a known amount of virus (MOI 5e10). After
adsorption (45e60 min), the unabsorbed virus particle
is removed by washing, and then added with the fresh
media to incubate for 24e36 h (50% of time required to
achieve 3þ CPE). Then, the cells need to be rewashed
with PBS, fixed with 3e4% paraformaldehyde, washed,

and permeabilized with acetone or 0.5% triton X-100.
After washing, the cells should be blocked with 1%
bovine serum albumin (BSA) in PBS for 30 min followed
by incubation with mouse or rabbit antibody against
a specific viral protein for 1e4 h at 37 �C. After
repeated washing, the cells need to be incubated with
a fluorescent-tagged secondary antibody for 1 h,
washed, and visualized under a fluorescent microscope
compared to the fluorescence of untreated and drug-
treated cells. Alternatively, for quantitation, the cells
are trypsinized after treatment, fixed with 4% parafor-
maldehyde, washed, permeabilized, and then labeled
with a fluorescent-tagged antibody, followed by propi-
dium iodide (PI: 50 mg/ml in PBS). The counting of cells
is done in a fluorescent-activated cell counter to quanti-
tate the fluorescence percentage. Here, the measure of PI
will indirectly measure cytotoxicity caused by drug
treatment or virus infection [10,11,30].

8.5.1.9 Enzyme-linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) is a
solid-phase rapid, sensitive, and specific assay used
for the qualitative detection of the viral antigen or anti-
body and gross quantitation of the virus. Absolute quan-
titation is done by a series of predetermined viral titers
in ELISA matched with unknown samples that estimate
the quantity of the virus (untreated or drug-treated). As
this method cannot differentiate between infectious and
noninfectious virus particles, the drug affecting at the
earlier or later stage of viral replication or maturation
will not be differentiated. Briefly, the untreated or drug-
treated cells are infected with a known amount of virus,
adsorbed for 1 h, washed and incubated (2e4 days) for
CPE. The virus stock harvested after freeze thawing
needs to be centrifuged, and diluted for ELISA. Each
well of a plate coated with virus-specific antibody needs
to be mixed with 100 ml of controls or test drug and incu-
bated (1 h, at room temperature) with Horseradish
peroxidase conjugate (100 ml), alkaline phosphatase, or
b-D-galactosidase-labeled virus-specific antibody. After
washing five times, the substrate (100 ml) is added and
reincubated in the dark for 10 min. The reaction is then
stopped with a stop solution (5% H2SO4) and the absor-
bance is read (optical density (OD)450). Alternatively, a
quadruplicate cell monolayer in 96-well plates is over-
laid with a log10 dilution of the test drug followed by
infection with the virus. After 16e20 h of incubation at
37 �C, monolayers are fixed with 0.05% glutaraldehyde
and assayed for virus-specific protein(s) on the cell sur-
face. An ELISA is performed with monoclonal antibody
to the specific protein of the corresponding virus and
protein-A horseradish peroxidase conjugate, and the
OD is measured at 450 nm. The results are expressed
as a percentage of virus-infected cells (virus control),
and the concentration causing 50% reduction in OD
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values (EC50) should be calculated from graphic plots,
by the determination of SI (ratio of CC50:EC50) [1,10,29].

8.5.1.10 Plaque Reduction Assay

The plaque reduction assay, a phenotypic assay, can
be used to determine the IC50 values of drugs and to
determine inhibitor sensitivity (e.g., neuraminidase). In
this assay, each infectious virus particle multiplies to
form a localized area of infected cells or “plaque.” The
plaques are revealed either as areas of dead/destroyed
cells detected by cellular stains or as areas of infected
cells by immunostaining (Figure 8.3).

Protocol: Here, the confluent (80e90%) cell mono-
layer (1 � 105 cells/cm2) is infected with a log10 dilution
of viral plaque-forming unit (PFU) in the presence or
absence of the test drug, allowed to adsorb (1 h at
37 �C in 5% CO2), and then the cells are washed twice
with prewarm minimum essential medium (MEM).
Drug dilutions prepared in the overlay medium are
then overlaid on the infected culture, without the test
drug. Overlay medium I comprises MEM/Dulbecco’s
modified Eagle’s medium (DMEM) with trypsin
(10 mg/ml), 1% low melting agarose, without serum
and the test drug. Overlay medium II comprises:
100 ml 10x MEM, supplemented with glutamine
(10 ml), antibiotics (10 ml), bicarbonate (40 ml), and
FBS (20 ml). Usually, 45 ml of carboxy methyl cellulose
is added to 9 ml of the medium, and the plates are incu-
bated (37 �C in 5% CO2) for 3e5 days and then fixed
with 10% formalin or 4% formaldehyde for 30 min.

The cells are then stained with methylene blue (1 ml/
well) or 1% crystal violet (w/v), and rinsed with tap wa-
ter, allowed to dry overnight, and the plaques (dark
areas) are counted by low power magnification of a
binocular microscope. The antiviral effect is usually
measured as the percentage inhibition of plaque forma-
tion: [(mean number of plaques in control)�(mean num-
ber of plaques in sample)] � 100/Mean number of
plaque in control. The concentration of the test drug
required to inhibit up to 50% of virus growth (IC50 or
EC50), as compared to the virus control, is estimated
from the graphical plot as doseeresponse curves by
regression analysis.

8.5.1.11 Hemagglutination Assay to Measure
Viral Titer

Thehemagglutination activation (HA) assay is a quan-
titation of the viral surface or envelop hemagglutination
protein of some viral families that can agglutinate (stick
to) human or animal red blood cells (RBCs) and bind to
its N-acetylneuraminic acid to form a lattice. In contrast
to the plaque assay, HA cannot measure of viral infec-
tivity, because no virus replication is required in this
assay. It is an easy, simple, and rapid method for large
samples, and the conditions depend on the type of virus,
as some viruses bind RBCs only at certain pH values,
others are at certain ionic strengths. If a test drug inhibits
virus replication, it will also affect the viral titer and
will thus reduce the HAvalue. Briefly, the virus dilution
(1:4e1:512) is applied to an RBC dilution (0.1e0.7% for

FIGURE 8.3 Schematic representation and pictures of viral plaque assay.

8.5 METHODS FOR THE VALIDATION OF ANTIVIRAL ACTIVITY OF PLANTS 187



30 min at 4 �C, because the viruses with neuraminidase
activity will detach from the RBCs, and then the
lattice-forming parts will be counted to calculate the titer
as Virus concentration/ml ¼ 107 X HA titer.

Protocol: The RBCs separated from blood is collected
in Alseiver’s solution (20.5 g dextrose, 8.0 g sodium cit-
rate dihydrate, 4.2 g sodium chloride, and 0.55 g citric
acid per liter, pH 6.1) and kept overnight at 4 �C. The
cells are washed with PBS (2X), and the quantity of the
cell pack (2.0 ml blood yields 0.5e1.0 ml pack) is
measured in 10% suspension with PBS. The RBC solu-
tion (0.75%) in PBS (0.75 ml 10% RBCs in 10 ml PBS,
pH 7.2) is added to each well of a 96-well plate, except
for the first well of each row, along with the antigen (cul-
ture fluid containing virus from drug-treated and un-
treated controls) to the first two wells of each row. A
twofold dilution (transferring 50 ml from the second
well of each column A2-K2 to A3-K3) is mixed with
0.75% RBCs (50 ml) in all wells, and incubated for
60 min at room temperature. The cell control needs to
be checked for the complete settling of the RBCs, and
the results are recorded in the HA sheet. The RBCs
form a button or ring at the bottom of the wells that is
recorded as “O,” while hemagglutination (RBCs remain
in suspension) is recorded as a þ symbol. The highest
dilution of virus that causes complete hemagglutination
is considered as the end point. The HA titer is the recip-
rocal of the dilution of the virus in the last well with
complete hemagglutination (Figure 8.4).

Inhibition of virus hemagglutination activity (HA):
Viruses having surface HA proteins, such as influenza,
are able to agglutinate RBCs, which can be visualized
by mixing virus dilutions with RBC, and can thus, be
used to investigate the inhibitory effect of any drug
onto the HA. Briefly, the 10-fold serially diluted
(1e1000X) test drug, along with the diluted virus stocks
(1:4 to 1:128), is used. The virus dilution (50 ml/well) is
added to drug-containing wells, preincubated for
45 min, and need to bemixed with RBC (1/20 in PBS) so-
lution. Here, up to a certain dilution, the viral particles
may lose their ability to agglutinate RBCs, which indi-
cates an interaction of the drug with the viral HA.

8.5.1.12 Virus Inactivation Assay

The virus (104 PFU/ml)etest drug mix is usually
incubated for 1 h at 37 �C, and then diluted 100-fold
(100 PFU/well) with media containing 2% FBS to get a
subtherapeutic concentration of the test drug. Then,
the monolayer, seeded in the 12-well plate, is mixed
with the virus inoculums. For comparison, virusetest
drug mix diluted 100-fold (no incubation period), are
added with the respective cells for infection. The
100-fold dilution helps to titrate the test agent below
its effective doses and prevent meaningful interactions
with the host cell surface. After adsorption for 1 h at
37 �C, the diluted inoculums are discarded, and the cells
washed with PBS, should be added with an overlay me-
dium (with 2% FBS), and incubated at 37 �C for 72 h
before being subjected to the plaque assay, and the viral
plaque numbers obtained from infections set in the pres-
ence of the test drug are compared with the control [29].

8.5.1.13 Attachment Assay

Viral attachment to the host cell surface can be
assayed at 4 �C, as it allows binding but prevents viral
entry, by ELISA [31]. Briefly, 96-well plates seeded
with susceptible cells (2 � 104 cells/well) are grown
overnight, and the cell monolayers chilled at 4 �C for
1 h, are challenged with the virus (MOI 5) in the pres-
ence of the test drug using heparin as the control, for
3 h at 4 �C. The wells are then washed with ice-cold
PBS, fixed with prechilled 4% paraformaldehyde in
PBS for 1 h on ice, and blocked with 5% BSA at 4 �C.
To detect bound virus, the samples are incubated at
37 �C for 1 h with a primary antibody in PBST (PBS
with 0.05% Tween 20) plus 5% BSA. The wells are
washed twice with PBST plus 5% BSA and twice with
PBSTonly, each at 5-min interval on a shaker, and mixed
with secondary antibody in PBST with 5% BSA. After
incubation (37 �C for 1 h), the wells are washed and
developed with a 3,30,5,50-tetramethyl-benzidine two-
component microwell peroxidase substrate for 20 min
and the reaction is stopped with 1 M phosphoric acid.
The absorbance is read immediately at 450 nm, and the

FIGURE 8.4 HA showing viral HA units. Lanes 2e3 has 1: 16 HA
units.
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values are expressed as the fold change of absorbance
relative to the mock infection control [11,31].

8.5.1.14 Penetration Assay

Cell monolayers grown in 12-well plates are chilled at
4 �C for 1 h and incubated with the virus (100 PFU/well)
for 3 h at 4 �C. The infected cell monolayer is then rein-
cubated with the test drug, or heparin (100 mg/ml), for
20 min at 37 �C to facilitate penetration. Then, the extra-
cellular virus is inactivated by citrate buffer (pH 3.0) for
1 min, and washed with PBS before being overlaid with
DMEM containing 2% FBS. After 48 h of incubation at
37 �C, viral plaques are stained and counted [31].

8.5.1.15 Virus Adsorption Assay

The plated cells (0.8 � 105 cells/well for a 12-well
plate) grown overnight at 30% confluence are added
(300 ml) with virus dilution, and DEAE dextran at a final
concentration of 20 mg/ml. After adsorption (2 h at 37 �C
in CO2 incubator), the plates are placed in a rocker, to
prevent the cells from drying, and fresh medium
(1e2 ml) containing the test drug is added to each well
and incubated for 40e48 h in 5% CO2 at 37

�C, for sub-
confluent growth. After removing the media, fixing so-
lution (1e2 ml) is added to each well and incubated
for 5 min at room temperature (b-galactosidase activity
decreases dramatically if the fixing solution is left for
>10 min). Then on discarding the fixing solution, the
cells are washed twice with PBS, stained, and incubated
at 37 �C for 50 min. Finally, the plates are stained to
count the number of blue syncytia, and the titration
values are expressed as the number of stained cells
multiplied by the viral dilution.

8.5.1.16 Replicon Assay

Cells harboring viral subgenomic replicon are usually
maintained with 0.25 mg/mL G418, and the viral repli-
con cells should be seeded in a 96-well plate and incu-
bated at 37 �C in 5% CO2. After 24 h, the culture
medium needs to be replaced with a medium containing
the serially diluted test drugwith 2% FBS and 1%DMSO
and incubated for 72 h. Then, the total RNAs are
extracted, and the RNA levels are quantified by a quan-
titative real-time polymerase chain reaction (qRTPCR),
using a real-time PCR system with specific primers,
and glyceraldehyde-3-phosphate dehydrogenase gene
as control. Antiviral activity can be determined by
RNA levels in drug-treated cells as compared to that
in mock-treated cells [89].

8.5.1.17 Pseudoparticle Infection Assay

This assay requires HIV-1 based pseudoparticles con-
taining HCV E1E2 or vesicular stomatitis virus (VSV)
glycoprotein G. Pseudotyped viruses added to
Huh7.5.1 cells are incubated for 3 h at 37 �C, and mixed

with the test agent 15 min prior to virus addition. After
removing the supernatant, the cells are incubated at
37 �C for 72 h and measured for luciferase activity [90].

8.5.2 Studies on the Mechanism of Action

The mechanism of action of a test drug can be pre-
dicted from the studies of addition and removal of the
drug along with inhibition of preinfection, coinfection,
and postinfection, as depicted in Figure 8.5.

Based on the time when the test drug yielded
maximum inhibition, a mechanistic study can be done
by targeting each and every step (surface glycoproteins
for fusion and entry, different proteins, transcriptional
and translational events for gene expression) separately,
using several modern methods.

8.5.2.1 Confocal Fluorescence Microscopy

Cells adsorbed on a microscopy-adapted slide for
6 days will be infected with the virus in the presence
or absence of the test drug for 3 h. The cells are then
washed and incubated with or without polyclonal
anti-gp160 (50 mg/ml) antibodies at 4 �C for 30 min,
rewashed with PBS, 0.01% azide, 0.5% BSA, and labeled
with polyclonal mouse antihuman immunoglobulin
Gefluorescein isothiocyanate (FITC), and then fixed
with 1% paraformaldehyde. Cover slides need to be
mounted in Mowiol to be observed by sequential acqui-
sition using a microscope with planapochromat �63, 1.4
numerical aperture oil immersion objectives, and optical
sections at an image resolution of 512 � 512 pixels [85].

8.5.2.2 Quantitative Real-Time PCR

Real-time PCR is widely accepted for viral load deter-
mination due to its rapidity, low interassay and intraas-
say variabilities, sensitivity, reproducibility, and reduced
risk of carryover contamination. The method involves
the direct measurement of the amount of PCR product
obtained, even during the reaction. Mathematical anal-
ysis of the data, and comparison to control reactions con-
taining known amounts of template, allows the
calculation of the input DNA amount in the initial reac-
tion. The severity of some diseases can be correlated well
with the viral load, making real-time PCR quantitation
useful, not only the presence of a virus but also the viral
reactivation or persistence in disease progression
[91e93]. This property is successfully adapted to screen
potential antiviral compounds in vitro, where the fold
decrease in viral genetic material in the presence of
drug will measure its antiviral activity.

8.5.2.3 Quantitative Reverse Transcription-PCR

Briefly, cDNA prepared from the respective RNA
virus by an RT kit is subjected to quantitative real-time
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PCR using cDNA (5 ml) in a volume of 25 ml with a Taq-
Man1 PCR Core Reagent Kit. Primers and probe are
used at the optimum concentration. For PCR amplifica-
tions, carried out as per the manufacturer’s instructions,
RNA/DNA of the known virus serves as the positive
control, and water serves as the negative control. Ampli-
fication of target DNA and detection of PCR products
are performed with a GeneAmp1 5700 Sequence Detec-
tion System. Amplification of the target sequence is
detected by an increase in fluorescence above a baseline
with no or little change in fluorescence. To analyze the
data, the reporter fluorescence is automatically normal-
ized to a passive reference to avoid the measurement of
non-PCR-related fluorescence [94]. A threshold is set
above the baseline to get a threshold cycle value (Ct),
which is the cycle number at which the fluorescence
passes the fixed threshold with a statistically significant
increase in fluorescence. The qPCR amplification stan-
dard curve for the test agent is designed from Ct values
versus the log of standard concentrations [95e97].

Calculation and interpretation of antiviral effect: A higher
Ct value corresponding to the drug-treated sample,
compared with the untreated one, is the antiviral effect
of the drug when the viral load (�106 particles or fold
decrease) calculated from the standard plot of Ct values
is less in the drug-treated sample than in the untreated

one. From these data, IC50 or IC90 (50 or 90% reduction)
of viral particles or of fold change may also be
calculated.

8.5.2.4 Western Blot Analysis

The corresponding cell lines (1 � 106 cells/well) at an
80e90% confluence are infected with a five concentra-
tions of log10 dilution of PFU of the respective virus, in
the absence or presence of a test drug. The infected cells
were incubated for 24 h at 37 �C in 5% CO2, and equal
amounts of protein (40 mg/sample) extract from whole
cells are harvested in buffer (200 ml/well) containing
20 mM Tris (pH 7 � 0.5), 50 mM NaCl, 5% nonyl
phenoxypolyethoxylethanol-40 (NP-40%), and 0.05%
deoxycholate (DOC), added with 2X sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (1:1) and heated to 100 �C for 5 min. The
gel washed with SDS-PAGE running buffer is then
loaded with the above sample and run at 100 V through
the stacking part at 200 V, after the proteins move
through the stack and migrate through the resolving
gel (until the blue dye front reaches the end of the glass
plates). After soaking a PVDF membrane in methanol
(30 second) and distilled water the membrane will be
placed in between two fiber pads and four Whatmann

FIGURE 8.5 Schematic protocol of time of addition and removal alongwith preinfection, coinfection, and postinfection assays of drugs against
viruses grown in Vero cells (e.g., Herpes simplex virus, Dengue).
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papers (precut) in a shallow tray, fitted with a Transfer
buffer for a few minutes. After cutting off the stacking
gel and soaking in the transfer buffer (few min), the
gel is transferred in gel cassettes to prepare the transfer
sandwich, cover it, and insert the gel cassette into the
electrode module and the bioice cooling unit into the
buffer chamber (filled with the transfer buffer), and
allow 1e2 h at 4 �C at 100 V. The gel is then stained
with 1X Pongee S for 1 min, destained with ddH2O,
rinsed with PBS, and the membrane is incubated with
blocking buffer on a shaker for 1e2 h at 37� or at 4 �C
overnight. The membrane is then incubated with the
diluted primary antibody (in dilution buffer) on a shaker
for 1 h at 37 �C or overnight at 4 �C, washed four times
with washing buffer (5e10 min). The membrane is
then incubated with the diluted secondary antibody
(in blocking buffer) on a shaker for 1 h at 37 �C or
overnight at 4 �C, washed four times with washing
buffer for 5e10 min, and visualized using the commer-
cial enhanced chemiluminescence Western blot detec-
tion kit.

8.5.2.5 Pulse-Chase Analysis

This examines a time-dependent cellular process by
successive exposure of the cells to a labeled compound
(pulse) and then in an unlabeled form (chase), by radio-
activity. Corresponding cell lines (1 � 106 cells/well)
cultured in a six-well plate at an 80e90% confluency is
infected with five concentrations of log10 dilution of
viral PFUs, either in the absence or presence of a test
drug. The infected cells are incubated for 24 h at 37 �C
in 5% CO2, and then equal amounts of protein (40 mg/
sample) extract from whole cells are harvested in buffer
(200 ml/well) containing 20 mM Tris (pH 7 � 0.5),
50 mM NaCl, 5% NP-40%, and 0.05% DOC. Synthesized
protein labeled with Click-iT Metabolic Labeling Re-
agents and 293T cells transfected with pNL4-3 are
used. At 3 h posttransfection, the cell supernatant is
replaced with fresh medium with or without 10 mM
fangchinoline. After 24 h, the cells need to be labeled
with azidohomoalanine (AHA; 50 mM) for 1 h in
methionine-free medium with or without fangchinoline.
The supernatant is then replaced with complete me-
dium in the presence or absence of fangchinoline,
and the cells should be chased for the indicated
time, after being lysed in lysis buffer (50 mM Tris
HCl pH 8.0, 1% SDS, protease inhibitor). The
AHA-incorporated protein is then biotinylated by the
Click-instant Protein reaction buffer Kit and Biotin
Alkyne. After precipitation and dissolution, the bio-
tinylated protein needs to be collected with Dynabeads
MyOne Streptavidin T1, and the purified nascent pro-
tein will be eluted into the SDS-PAGE buffer by boiling
for Western blot analysis [85].

8.5.2.6 Flow Cytometry

The cells (106/well) were first dissociated by a nonen-
zymatic cell dissociation buffer, and then infected with
the virus (MOI 1) in the presence or absence of the test
drug for 1 h at 37 �C, using DMSO (0.1%) as control.
The cells are washed twice with ice-cold fluorescence-
activated cell sorting (FACS) buffer (1X PBS, 2% fetal
calf serum (FCS), and 0.1% sodium azide), need to be
blocked with 5% FCS for 30 min on ice, and then stained
with an FITC-conjugated antibody, washed with FACS
buffer, and then fixed with 1% paraformaldehyde before
being subjected to standard flow cytometry analysis.
Normal rabbit serum can serve as the isotype control,
while the data acquisition and flow Cytometry can be
performed on a Cyan flow cytometer [31].

8.5.2.7 Electrophoretic Mobility Shift Assay

Themobility shift electrophoresis is a gel or band shift
retardation assay, which uses the common affinity elec-
trophoresis technique for studying proteineDNA or
proteineRNA interactions to determine whether a pro-
tein or mixture of proteins is capable of binding to a
given DNA or RNA sequence, and to indicate whether
more than one protein molecule is involved in the bind-
ing complex. Gel shift assays are often performed to
study transcription initiation, DNA replication, DNA
repair, or RNA processing and maturation. Here, an
oligonucleotide sequence (50-GCATGCTAATGA-
TATTCTTTG-30) of the promoter gene of a virus (e.g.,
ICP0 of HSV) is biotinylated by a Biotin 30 end DNA la-
beling kit. The nuclear extracts of virus-infected cells
treated with the test drug for the indicated time are
mixed with reaction mixtures (20 ml) containing 3 mg of
nuclear extracts, 20 fmol of Biotin 30 end-labeled probe,
50 ng/ml of poly (dI-dC), 2.5% glycerol, 0.05% NP-40
(1%), 5 mM MgCl2, and 1X binding buffer. After incuba-
tion for 20 min at room temperature, reaction mixtures
are applied to 4% polyacrylamide gels in 0.5X
Tris-borate-ethylenediaminetetraacetic acid buffer at
4 �C, and the gels are transferred to Nylon membranes
using a Semi Dry Transfer Cell (Bio-Rad, USA). The
transferred oligos are then immobilized by ultraviolet
crosslinking for 10 min. For detection of bound oligos,
membranes are blocked with blocking buffer, followed
by the addition of StreptavidineHorseradish Peroxidase
conjugate and developed according to the manufac-
turer’s instructions. For supershift assays, nuclear
extracts are preincubated with host cell factor-1 poly-
clonal antibodies for 30 min on ice [9,10].

8.5.2.8 Small Interfering RNA Transfection

Small interfering RNA (siRNA or silencing RNA) is a
short (21e23 bp), double-stranded RNA nucleotide, and
its transfection is “transference,” involved in the

8.5 METHODS FOR THE VALIDATION OF ANTIVIRAL ACTIVITY OF PLANTS 191



silencing of genes. The siRNA is extremely valuable in
silencing gene expression and studying gene functions.
Usually, the corresponding cells are treated with siRNA,
specific for specific viral gene, and grown in 6/12-well
plates at a 70e80% confluency, and the medium is
removed. The cells are washed twice with PBS, and
the transfection mixture [71.5 pmol of duplex siRNA
(siRNAspecific gene or siRNAlamin A/C) and 0.25% Lipo-
fectamine 2000 in OptiMEM] is incubated for 30 min at
room temperature before adding to each well. The cells
are then incubated with the transfection mixture for
4e5 h at 37 �C in 5% CO2. The transfection medium is
then replaced with fresh MEM with 10% FBS, repeated
at 15 h posttransfection, and the transfected cells
are infected with specific viruses at 36 hour post-
transfection (hpt) to perform the immunofluorescence
assays as mentioned above.

8.5.3 In vivo Assays

The invitro antiviral activity of the test drug canbevali-
dated by in vivo testing in specificmodels. On the basis of
the target site of infection and disease presentation,
various animal models, namely, mouse, guinea pigs, fer-
rets, rabbit, andprimates, canbeused fordifferent viruses.

8.5.3.1 Herpes Simplex Virus

HSVis an enveloped double-strandedDNAvirus, clas-
sified into two types HSV-1 and HSV-2. Usually, HSV-1 is
associated with orolabialis, keratitis, and encephalitis,
whereas HSV-2 is associated with genital herpes [98],
and both are transmitted through close personal contact
[99]. HSV can hide from the immune attack of the host
by latency and reactivate frequently to cause recurrent
episodes [100]. Moreover, HSV-2 is a high risk factor for
acquisition of HIV infection [101,102]. A recent report
showed that HSV-suppressive therapy can greatly reduce
HIV-1 load in persons coinfected with HSV [103]. More-
over, the determinants of effective immunity against
HSV infection are not yet identified [104,105], and thera-
peutic vaccines failed to provide protection from infec-
tion or recurrences [104]. Hence, broad spectrum
antiviral(s) of natural origin is an important strategy for
the management of HSV infection. Thus, any agent that
showed anti-HSV activity is usually tested for toxicity
along with a skin irritation test to determine its accept-
ability for topical application, while in vivo efficacy
studies are performed by developing cutaneous, vaginal,
ocular (Figure 8.6), and latency associated infection
models, when required.

8.5.3.1.1 Skin Irritation Test

The dermal hypersensitivity and related allergic mani-
festation of any anti-HSV agent alone or in ointment

dosage form can be tested in batches (3) of mice. Specific
doses of test drug/ointment (0.5% w/w) or ointment
base are applied on the shaved and cleaned dorsal area
(100- to 150-mm2 area) of each animal. After 4 h, the resid-
ual ointment is removed, washed, and blotted dry to
observe for any signs of inflammation, redness, flash,
flare, and wheel corresponding to hypersensitivity. For
further confirmation of dermal toxicity, the dorsal hair
of female mice is shaved (with hair remover cream,
cleaned with luke warm water, and dried) and the naked
skin (100- to 150-mm2 area) is abraded with a dermal
(Seven-Star) needle to apply 0.1 g of ointment (desired
%) to the abraded area of cohorts of animals. After 24 h,
the ointment is removed, washed with warm water,
and the animals are examined for erythema and edema
within another 1 h. The animals are also observed up to
the next 72 h for additional confirmation of toxicity.

8.5.3.1.2 Cutaneous Lesion Assay

To study the drug potency on HSV-1-induced cuta-
neous lesion, the dorsal skin of mice/Guinea pigs can
be prepared and abraded (as above), and the abraded
area is divided into four quadrants, and each is infected
with HSV-1 (30 ml of 10-fold dilution), and observed up
to 10 days for herpes lesion. On the basis of the initial
result, stock virus (usually 150 ml of 108 PFU) is used to
infect a 42-cm2 area for consistent lesion development.
Once the lesion develops, animal cohorts (n ¼ 15) are
infected and treated with the (1) test drug or drug-
based ointment, (2) 3e5% (wt/wt) acyclovir, or (3) oint-
ment base (1.5 g per dose) on the infected areawith sterile
cotton swabs, twice daily for 6 days (Figures 8.7 and 8.8).

The extent of the lesion needs to be scored daily
as 1.0e1.6, lesions on one-fourth of the infected area;
1.7e2.4, lesions on one-half of the infected area; 2.5e3.2,
lesions on three-fourths of the infected area; and
3.3e4.0, lesions on the entire infected area [106].

8.5.3.1.3 Reduction in Viral Vaginitis in Mice
or Cotton Rats

To test the in vivo efficacy of test drug/formulation
against HSV-2, the genital herpes model with random
breed BALB/c female mice (Figure 8.9) or Sigmodon his-
pidus (cotton) rats [107] is developed by intravaginal
inoculation of the virus in anesthetized 6-week-old
animals.

After one-week of acclimatization (23 � 3 �C), the an-
imals (n ¼ 10 for each dilution) will be inoculated with
the virus (30 ml of 10�3 stock) into the vagina by a needle
(size 12) and observed for 12 days for vaginitis or
lethality (LD50). To test the efficacy, fresh batches of ani-
mals are infected with 10 LD50 of the virus (105 PFU).
Following inoculation, a vaginal cotton swab sample is
collected from each animal, transferred to 0.5 ml of
PBS, and stored at �20 �C. The animals are divided
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FIGURE 8.6 Dermal toxicity, cutaneous and vaginal infection model flowchart for herpes simplex virus.

FIGURE 8.7 Cutaneous model development (outline).
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into test groups (different potency), positive control
(acyclovir), negative control (solvent or ointment base),
and no treatment (virus control) groups along with an
additional uninfected control group. Symptoms of viral
vaginitis (topical edema of the vaginal tract with turbid
secretions) will be observed on the third day of infection.
Treatment begins on day 3 postinfection, by applying
the test agent or formulations to the vaginal tract with
cotton swabs (2 mg per mouse) twice daily for 6 days
[106]. Mortality and the number of days for mortality
to occur are recorded. The vaginal swab samples are

collected from day 1 following the completion of treat-
ment, as well as from the deceased animals immediately
following their death (Figure 8.5). The vaginal samples
are then diluted five times in MEM and used to infect
Vero cells. Samples that gave a positive CPE are consid-
ered positive for HSV-2 [106].

8.5.3.1.4 Vaginal Inoculation of HSV in Guinea Pigs

Vaginal inoculation of female Guinea pigs with HSV-1
or HSV-2 results in obvious primary infection. Following
recovery, survivors of primary infection periodically
display vesicular recrudescence in the vaginal area
from which infectious virus and/or viral DNA can be
recovered. Although reactivation cannot be reliably
induced, the HSV-2 spontaneously reactivates with a
much higher frequency than HSV-1, making it a very
attractive model for comparative analysis of the influ-
ence of viral genes on reactivation and HSVrecombinant
viruses. This model helps to investigate and identify
important features in this difference. The value of guinea
pigs in studying drug or vaccine efficiency and experi-
mental pathogenesis makes this an extremely valuable
and promising system.

8.5.3.1.5 Ocular Herpes Virus Model

A fast, simple reactivation model to study ocular her-
pes virus infection and latency is developed by Gordon
et al. [108] in New Zealand female rabbits (1.5e2.0 kg).
Following topical anesthesia (0.5% proparacaine HC1
eye drops), each unscarified rabbit eye will be inocu-
lated with a thymidine kinase-positive HSV-1W
(5 � 104 pfu/eye) into the lower fornix, following
topical anesthesia with eye drops. The virus establishes
latency and reactivates [109]. Successful inoculation
(100%) of eyes on day 7 will produce herpetic dendritic
ulcers with significant HSV-1 titer (104 pfu/ml) and viral
shedding, determined by a neutralization test. After
satisfactory anesthesia, the globe is proptosed with a
wooden cotton applicator and an operating microscope
for all surgical manipulations. The intrastromal injection
(0.25-ml tuberculin syringe with a no. 30 short bevel nee-
dle) is given into the central corneal stroma. The first
group is given deionized sterile endotoxin-free water;
the second group is given 100 ml air, while the 3rd group
is not given any injection. For all three groups, the nee-
dle should be carefully withdrawn with gentle pressure
so that the proptosed globe gently returns to the orbit.
The anterior chamber, injected with deionized sterile
water, is made at the limbus, inserted into the anterior
chamber parallel to the iris plane. The needle is carefully
withdrawn, and the insertion site is pressed with a cot-
ton swab for 30 s, to avoid aqueous loss, and return of
the proptosed globe to its proper place in the orbit. For
topical administration, 100 ml deionized sterile water
is administered onto the cornea of the proptosed globe

FIGURE 8.8 Efficacy test protocol on cutaneously infected mice
(schematic).

FIGURE 8.9 Viral virginities model with HSV-2.
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by means of a pipette, and the globe returns to the orbit
by gentle digital pressure. Viral Shedding (latent HSV-1
after reactivation and induced shedding into the tear
film) is determined by swabbing the eyes 2 days before
treatment and for seven consecutive days after the treat-
ment. Each eye swab is mixed with 0.3 ml MEM (Eagle’s
medium with Earle’s salt, 10% newborn calf serum, 1%
penicillinestreptomycin, 1% Fungizone), vortexed, and
the eluant is plated onto a Vero cell monolayer. After a
1-h adsorption, 1.5 ml of medium is added to the well,
and the plate is examined daily for 7 days for the CPE
of HSV-1. Random HSV-1 isolates can be confirmed by
neutralization [108,110].

8.5.3.1.6 Latency and Reactivation in Rabbits

Infection of rabbit eyes leads to a latent infection in
which virus can be recovered from the trigeminal nerve
ganglia following explantation and cocultivation with
indicator cells. In addition, virus can be sporadically
recovered from the eye following latency. In fact, reacti-
vation can be efficiently induced by the iontophoresis of
epinephrine into the eye, and this model can help to
establish the latency associated transcript (LAT) expres-
sion for efficient reactivation.

8.5.3.1.6 The Mouse Eye or Trigeminal Ganglia Model

A second murine model for HSV-1 and HSV-2 latency
involves the infection of the cornea followed by latency
in the trigeminal ganglia. As in the footpad model, latent
HSV genomes express LAT in a portion of those neurons
maintaining them, and the virus can be recovered by
cocultivation of the explanted ganglia. Interestingly,
this method is similar to an in vivo method. Here,
latently infected mice are transiently exposed to hyper-
thermia, and then trigeminal ganglia are excised,
sectioned, and assayed for the presence of observable vi-
rus by immunohistochemistry or genetic engineering
(when recombinant virus with an expressible marker
in the genome is used).

8.5.3.2 Influenza Virus

Inbred female Balb/c or C57Bl/6 mice of six to eight
weeks old are anesthetized by an intraperitoneal injec-
tion [150 ml of ketamine rompun-solution (2%-rompun
and 10% ketamine solution are mixed at 1:10 with
PBS)] and infected intranasally (i.n.) with 1 � 102 pfu/
50 ml of Influenza A virus. For infection of Influenza A
virus, preincubated with the specific drug, 102/25 ml,
103/25, or 104/25 ml of virus is incubated with 25 ml
drug (1 mg/ml) or with 25 ml PBS for 30 min at room
temperature [68].

8.5.3.2.1 Treatment of Balb/C Mice with the Test Drug

Eight-week-old BALB/c mice are anesthetized using
an intraperitoneal (i.p.) injection of ketamine (200 ml of

10% ketamine solution) and xylazin (2% xylazin solu-
tion) at 1:10 with PBS. Mice are treated with the test
drug using the COAALA Mouse Aerosol Application
System. BALB/c mice are placed in the tube cylinder
and exposed to 1.5 ml (per mouse), 2 bars of an aerosol-
ized test agent for 10 min twice a day for 3 (lung titer) or
5 days (body weight), along with a control group (H2O).
Mice are infected 10 min after the first expo-
sure via the intranasal route with the virus A/FPV/
Bratislava/79 (H7N7) (103 pfu) or the recombinant A/
Puerto Rico/8/34 (H1N1rec) (4 � 102 pfu) in a 50 ml vol-
ume to determine the viral replication in the lung and
monitor the body weight. The health status of the ani-
mals is controlled twice a day, and their body weight
is measured every day. The animals are sacrificed
upon a body weight loss of 20%. For the determination
of lung virus titer, mouse lungs are collected in PBS
(3 ml) on day 3 post-infection (p.i.) and homogenized
using a FastPrep24 homogenizator with Lysing Matrix
D, centrifuged at 10,000 rpm for 10 min at 4 �C, and
the supernatants are subjected to the plaque assay.

8.5.3.2.2 Mouse Monitoring

Body temperature and gross motor activity of the
animals are monitored with suitable software (Vital
View�) and hardware (Mini Mitter, USA) for data acqui-
sition on physiological parameters. The hardware in-
cludes a transmitter (E-Mitter)/receiver system that
collects data on temperature and motor activity. The vi-
tality or gross motor activity provides a basic index of
the movement of mice with implanted E-Mitter. As
the mouse moves, the movement of the implanted
E-Mitter results in subtle changes in the transmitted
signal detected by a receiver and registered by a com-
puter. The Vital View software recorded an index of
movement every 5 min to produce a longitudinal record
of the activity, and for implantation of E-Mitters the
mice are anesthetized with an i.p. injection of 150 ml
ketamine/rompun. The shaved ventral surface of the
abdomen with a midline abdominal skin incision
0.5e1 cm below the diaphragm with a 2-cm length.
The abdomen is opened with a 2-cm incision along
the linea alba to position the E-Mitter in the abdominal
cavity. Then the closure of the incision is achieved with
wound clips (autoclip 9 mm; Becton & Dickinson,
Germany). The animals are placed into the cage, and
successful implantation of the E-Mitter is controlled
by Vital View software. Their health status is controlled
for seven days before infection.

8.5.3.2.3 Histology and Immunohistology

Mice are treated with the nebulized extract (10 mg/ml)
three times at 9 am, 12 am, and 3 pm for 10 min or with
H2O. Immediately after the treatment, the mice are
killed and the collected lungs are fixed in buffered 4%
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paraformaldehyde, and stained with hematoxylineeosin.
Lectin staining of lung sections is performed with Sambu-
cus nigra agglutinin (SNA; Vector Laboratories) for sialic
acid 2, 6 linked to galactose and Maackia amurensis
agglutinin (MAL II; Vector Laboratories) for sialic acid 2,
3 linked to galactose. Secondary staining is done with
the ABC-kit for 30 min at room temperature, and substrate
reaction with the Diaminiobenzidine (DAB) kit.

8.5.3.3 Dengue Virus

The dengue virus (DENV) is a mosquito-borne Flavi-
virus (Flaviviridae) virus with a positive sense single-
stranded RNA [115,116] of about 11,000 bases, which
codes for capsid protein C; membrane protein M;
envelop protein E; seven nonstructural NS1, NS2a,
NS2b, NS3, NS4a, NS4b, NS5; and short noncoding re-
gions on 50 and 30 ends [115,117]. Further classification
of each serotype (1e5) into genotypes often relates to
the region where particular strains are found.

8.5.3.3.1 Virus Inhibition Assay

The inhibitory potential of a test drug can be evaluated
in sucklingmice [118]. Briefly, the serial twofold dilutions
of test agent are mixed with 100 LD50 of virus in equal
proportions and incubated for 1 h at room temperature.
After incubation, 0.02 ml of the mixture (virus þ drug)
permouse pup should be inoculated intracerebrally along
with the virus and mice control, and observed daily for
signs of Dengue, that is, weight loss, slow gait, inability
to suck mother’s milk, and flaccid paralysis followed by
death. On postinoculation days 5e6, the mouse pups
are collected, killed (chloroform inhalation), and stored
at �20 �C for RNA extraction. In addition to the preincu-
bation inhibition assay, pretreatment and posttreatment of
the test drug are attempted as per the same protocol,
except that the time of drug addition is varied.

RT-PCR: In order to demonstrate the presence or
absence of viral RNA in infected C6/36 cells and mouse
brain, RT-PCR can be performed [118], employing group
specific primers. Briefly, RNA is extracted and eluted
and then subjected to RT-PCR after initial reverse tran-
scription with Moloney murine leukemia virus reverse-
transcriptase (MMLV-RT) to synthesize the cDNA. The
cDNA synthesis is usually carried out in a 10-ml volume
with RT-mix (5 � -RT buffer, 10 mM dNTPs, 5U RNasin,
5U MMLV-RT) at 37 �C for 1 h using a downstream
consensus primer (MP4). The amplification of cDNA is
carried out by PCR (50 ml volume) congaing PCR mix
(10 � -buffer, 1.5 mM MgCl2, 10 mM dNTPs, 2.5 U Taq-
DNA Polymerase) using an upstream consensus primer
(MP3) in a DNA thermal cycler. The thermal profile of
the PCR reaction includes initial denaturation at 95 �C
for 2 min followed by 30 cycles of denaturation at 94 �C
30 s, annealing at 54 �C, 2 min, and extension at 72 �C,
2 min, and final extension at 72 �C, 10 min. The amplified

product can be analyzed on a 2% agarose gel for the pres-
ence of 511 bp virus-specific amplicon.

8.6 FUTURE PROSPECTS
AND DIRECTIONS

Not only are the existing viral diseases fatal but also
there is an upsurge of new viral infections worldwide.
The currently available antivirals, though effective, are
costly and beyond the reach of a vast majority of people.
Thus, the development of safe, effective, and low cost
antiviral drugs such as RT inhibitors is among the top
priorities, as many viruses are not yet curable and
have high mortality rates. Recently, considerable work
has been done on medicinal plants focusing on anti-
HIV activity [119e122], and there has been a consider-
able rise in the use of over-the-counter plant products
containing orthodox drugs. The rationale is to reduce
the side effects and to produce synergistic effects. But
since in most cases pharmacological mechanisms of
the combinations are not studied, adverse effects or ther-
apeutic failures have been observed [123]. The most
important consideration involving medicinal plants is
to identify and standardize the method of preparation
of extract, appropriate season of collecting plant mate-
rial, and details of its administration [20,124]. Since a sig-
nificant number of plant extracts has yielded positive
results, it seems reasonable to conclude that there are
probably many potential antiviral agents, and further
characterization of active ingredients of those potential
plants will reveal useful compounds.
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LIST OF ABBREVIATIONS

AHA Azidohomoalanine
AIDS Acquired immunodeficiency syndrome
AZT Azidothymidine
BSA Bovine serum albumin
CC50 50% cytotoxic concentration
CCR5 CeC chemokine receptor type 5
CD4 Cluster of differentiation 4
CNS Central nervous system
CO2 Carbon dioxide
CPE Cytopathic effects
DAB kit Diaminiobenzidine (DAB) as substrate used by Vectastain

ABC kit (Vector Labs, USA)
DEAE Diethylaminoethyl
DHBV Duck hepatitis B virus
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
dNTP Deoxynucleotide triphosphates
DOC Deoxycholate
EC50 Concentration of compound producing 50% inhibition of virus-

induced cytopathic effect
ECL Enhanced chemiluminescence
EDTA Ethylenediaminetetraacetic acid
FACS Fluorescence-activated cell sorting
FDA Food and Drug Administration
FITC Fluorescein isothiocyanate
GAPDH Glyceraldehyde-3-phosphate dehydrogenase gene

GFP Green fluorescent protein
H2SO4 Sulfuric acid
HA Hemagglutination activation
HBsAg HBV antigens
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCF Host cell factor
HCl Hydrochloric acid
HCV Hepatitis C virus
HIV Human immunodeficiency virus
HSV Herpes simplex virus
IC50 half minimal (50%) inhibitory concentration.
ICP0 Infected cell protein 0
IgG Immunoglobulin G
LAT Latency associated transcript
LD50 Median lethal dose
LTR Long terminal repeat
MAb Monoclonal antibodies
MEM Minimum Essential Medium
MgCl2 Magnesium chloride
MMLV-RT Moloney Murine Leukemia Virus Reverse Transcriptase
MNTD Maximum Nontoxic Dose
MOI Multiplicity of infection
mRNA messenger RNA
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NaCl Sodium chloride
NP-40 Nonyl phenoxypolyethoxylethanol-40
NRTIs Nucleoside analog reverse-transcriptase inhibitors
OD Optical density
OptiMEM Reduced Serum Media is a modification of MEM
PAGE Polyacrylamide gel electrophoresis
PBS Phosphate buffered saline
PBST PBS solution with 0.1% Tween 20
PCR Polymerase chain reaction
PFA Paraformaldehyde
PFU Plaque-forming unit
PI Propidium iodide
PVDF Polyvinylidene difluoride
qRT-PCR quantitative real-time polymerase chain reaction
RBCs Red blood cells
RF Reduction factors
RNA Ribonucleic acid
RSV Respiratory syncytial virus
RT Reverse transcriptase
RTQ-PCR Quantitative reverse transcription PCR
SARS Severe acute respiratory syndrome
SDS Sodium dodecyl sulfate
SHIV Simian-HIV
SI selectivity index
siRNA Small interfering RNA
SIV Simian immunodeficiency virus
TBE Tris-borate-EDTA
TCID50 Titration expressed in 50% tissue culture infectious doses
TCM Traditional Chinese Medicine
TI Therapeutic index
TMB 3,30,5,50-tetramethyl-benzidine
UV Ultraviolet
VGE Viral genome equivalent
VHSV Viral hemorrhagic septicemia.
VSV Vesicular stomatitis virus
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9.1 INTRODUCTION

Medicinal plants have been used in Europe since
ancient times. The earliest documents about medicinal
plants and their usage were written in Greece more
than 2000 years ago. The systematic knowledge was
extended in the medieval age and famous textbooks
were also created in central Europe. During the past cen-
turies of the second millennium the natural constituents

of medicinal plants becamemore andmore the subject of
research and education, especially in pharmacy and
medicine.

Legal regulation of herbal medicinal products in
Europe has been developed since the second half of
the twentieth century. Basically legal obligations
intended to ensure quality, efficacy, and safety of herbal
medicinal products. However, in the Member States of
the European Union there are diverse traditions with
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respect to usage of medicinal plants and different
approaches were followed at the national level. In order
to harmonize assessment of herbal medicinal products
and to facilitate access to the market in different Mem-
ber States of the European Union, a common law was
enforced. The legal framework provided a set of basic
definitions, laid down the options to grant access to
the market, and set the basic framework to have com-
mon standards and requirements for herbal medicinal
products in the European Union. A Committee on
Herbal Medicinal Products (HMPC) was established
at the European Medicines Agency (EMA) in 2004 [1].
This scientific expert committee is following a set of
legal tasks. The most important one is the development
of so-called Community Monographs harmonized stan-
dard for safety and efficacy of herbal substances and
preparations thereof, which is the basic recommenda-
tion for decision by the national competent authorities
of the Member States of the European Union. The
Monographs are based on current assessment of the
available literature. Following the legal requirements
the existing level of evidence could result in a well-
established use Monograph, which is the precondition
for a marketing authorization as herbal medicinal
product. If the scientific evidence is not sufficient the
European legal framework offers the option for aMono-
graph addressing the traditional use. This may be the
base for registration as a traditional herbal medicinal
product. The HMPC is an excellent model of how scien-
tific evaluation of herbal medicines can be harmonized
and set accepted and science-based standards to ensure
public health.

9.2 HMPC: ESTABLISHMENT
AND WORKING STRUCTURE

The HMPC was established as one of seven scientific
expert committees of the EMA in 2004 (Table 9.1).
Details were laid down in directives and regulations
of the European Union [1e3]. The EMA is located in
London and was built to coordinate the network of the
national competent authorities for medicinal products
of the Member States of the European Union.

Ten years before the HMPC started its work there had
been a working party on herbal medicinal products that
was elaborating first steps toward harmonized evalua-
tion of herbal medicinal products. However, although
the working party played a substantial role in initiating
exchange between the Member States in the field of
herbal medicines, the impact of the HMPC was much
stronger because the tasks were legally defined. More-
over, the decisions and scientific opinions of the

HMPC were intended to create a common standard,
which due to the specific procedure could be legally
binding or should be considered as a strong
recommendation.

The legal tasks of the HMPC are defined as follows.
The HMPC shall perform the following:

• Prepare Community Herbal Monographs on herbal
substances or herbal preparations that may be used
for full marketing authorizations of well-established
herbal medicinal products or simplified registrations

• Prepare a list of traditional herbal substances/
preparations/combinations

• At the request of a Member State draw up an opinion
on the adequacy of the evidence of the long-standing
use

• After referral of a Member State draw up a
Community Herbal Monograph on traditional herbal
products used less than 15 years within the
Community

• Be responsible for arbitration/referral procedures
originating from different views among Member
States on registered traditional herbal medicinal
products

• Give an opinion on other medicinal products
containing herbal substances for human use referred
to the EMA

Each Member State of the European Union is nomi-
nating one delegate and one alternate member of the
HMPC. The competence is complemented by up to
five so-called co-opted members who are elected by
the HMPC and who are representing specific fields of
expertise. Currently, the following subjects are covered
by the co-opted members: pediatrics, toxicology, phar-
macology, clinical pharmacology, and general

TABLE 9.1 Scientific Committees at the EMA

CHMP Committee onMedicinal Products
for Human Use

COMP Committee on Orphan Medicinal
Products

PDCO Paediatric Committee

HMPC Committee on Herbal Medicinal
Products

CAT Committee on Advanced
Therapies

CVMP Committee onMedicinal Products
for Veterinary Use

PRAC Pharmacovigilance Risk
Assessment Committee
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medicine. Decisions of the HMPC should strive for a
consensus, but can be also based on a majority.
Delegates and co-opted members are allowed to vote
(i.e., currently 28 delegates and five co-opted members;
June 2014). The regular plenary meetings of the HMPC
also include delegates from Norway and Iceland,
which are members of the European Economic Associ-
ation and observers from European Union candidate
countries. A secretariat is established at the EMA,
which is supporting the work administratively as
well as scientifically. In the same way the EMA pro-
vides legal or regulatory advice to the HMPC, if neces-
sary, and ensures an adequate coordination with other
committees established at the EMA. Plenary meetings
of HMPC are held six times a year every other month
in London. The meetings have been scheduled so far
for one or one and a half day.

There are three subgroups that have been established
to support the work of the HMPC:

• Organizational Matters Drafting Group (ORGAMDG)
• Quality Drafting Group (Q DG)
• Working Party on Monographs and List Entries

(MLWP)

The ORGAM DG is composed of about 10 experts
who are elected by the HMPC. The task of this draft-
ing group is to develop suitable procedures to orga-
nize the work, to provide appropriate templates to
facilitate the work, and to give advice to the HMPC
and its subgroups whenever questions address proce-
dural or organizational topics. Meetings are usually
held four times per year. Initially all meetings were
face-to-face meetings, whereas at present the work is
performed during virtual meetings. The Q DG is
bringing together the knowledge of 10 experts in the
field of quality of herbal medicines. For all issues
identified by the HMPC related to the quality of herb-
al medicines, the Q DG is preparing draft decisions or
comments for further consideration and discussion at
the HMPC. Meetings are also organized routinely four
times per year; the Q DG meetings are performed
either as face-to-face meetings or as virtual meetings.
The third subgroup, MLWP, has been established as
a permanent subgroup. The MLWP is composed of
20e25 members, including the five co-opted members
of the HMPC. The MLWP is meeting six times per
year in London for two and a half day. Its contribution
is of high importance for the core task of the HMPC
because the MLWP is drafting Monographs and
related documents for final discussion and decision
by the HMPC. Without any doubt a major part of sci-
entific discussion and evaluation of herbal substances
and preparations derived thereof is taking place at the
MLWP.

9.3 BASIC LEGAL DEFINITIONS
AND ACCESS TO THE MARKET

Worldwide there is no unique definition for “herbal
medicines.” Regulation in Canada is using the term
“natural health products,” and in the United States the
term “botanicals” is applied. In the European Union
the basic definitions are laid down in Directive 2001/
83/EC [2]. The European regulatory framework is
providing in article 1 definitions for herbal medicinal
products, traditional herbal medicinal products, herbal
substances, and herbal preparations:

9.3.1 Herbal Medicinal Products

It is any medicinal product exclusively containing as
active ingredients one or more herbal substances or one
or more herbal preparations, or one or more such herbal
substances in combination with one or more such herbal
preparations.

9.3.2 Traditional Herbal Medicinal Products

It is a herbal medicinal product that fulfills the condi-
tions laid down in Article 16a(1) of Directive 2001/83/
EC.Vitamins and minerals may be added if their action is
ancillary to the herbal constituent(s). (As this is the original
basic definition no further explanation is given here, but
the criteria are explained in more detail in Chapter 10.4).

9.3.3 Herbal Substances (Synonym “Herbal
Drug” According to the European
Pharmacopeia [4])

Herbal substances are mainly whole, fragmented, or
cut plants, plant parts, algae, fungi, or lichen in an unpro-
cessed, usually dried, form, but sometimes fresh. Certain
exudates that have not been subjected to a specific treat-
ment are also considered to be herbal substances. Herbal
substances are precisely defined by the plant part used
and the botanical name according to the binomial system
(genus, species, variety, and author).

9.3.4 Herbal Preparations (Synonym “Herbal
Drug Preparation” According to the
European Pharmacopeia [4])

These are preparations obtained by subjecting herbal
substances to treatments such as extraction, distillation,
expression, fractionation, purification, concentration or
fermentation. These include comminuted or powdered
herbal substances, tinctures, extracts, essential oils,
expressed juices, and processed exudates.
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The basic approach in the European Union is to assess
quality, efficacy, and safety of herbal medicinal products
before they have access to the market. An application for
marketing authorization or registration has to be sub-
mitted via a distinct procedure. The following proce-
dures are legally established [2,5]:

• Centralized procedure: This procedure for marketing
authorization is directed to the EMAand is linked to an
assessment coordinated by the EMA. If the marketing
authorization is granted a medicinal product can be
marketed in all Member States of the European Union.
This procedure is foreseen for a defined set of
indications (e.g., oncological or neurological
indications) or medicinal products of special
importance for public health. Currently, this procedure
is very rarely used for herbal medicinal products.

• Decentralized procedure (DCP): This procedure for
marketing authorization or registration is directed to
a subset of Member States. A Reference Member State
is taking the lead for the assessment and the other
Member States involved (Concerned Member States)
are mainly checking the assessment of the Reference
Member State. At the end of a successful procedure a
marketing authorization or registration is granted in
the Member States participating.

• Mutual Recognition Procedure (MRP): If a medicinal
product is already authorized or registered in one
Member State, a proceduremay be started that is built
up on the existing assessment. At the end of a
successful procedure a marketing authorization or
registration is granted in the Member States
participating.

• National procedure: An application can be directed to a
single national competent authority and finally only a
marketing authorization or registration for one
Member State is granted.

During the past years there has been growing experi-
ence with DCP, but national procedures still play an
important role. The application has to be made in a
distinct format with respect to the data provided in the
dossier (Figure 9.1).

9.3.5 Marketing Authorization

• Full application: for new herbal medicinal
products

• Bibliographic application: for known herbal
medicinal products with well-established use

• Hybrid forms may be used

9.3.6 Registration

• Bibliographicapplicationwithadditionaldataonsafety
if necessary: for traditional herbal medicinal products.

9.4 MONOGRAPHS AND LIST
ENTRIES: WELL-ESTABLISHED USE

AND TRADITIONAL USE

The Community Monographs are intended to facili-
tate marketing authorization of herbal medicinal prod-
ucts and registration of traditional herbal medicinal
products in the Member States of the European Union.
They basically follow the structure of a summary of
product characteristics in order to give the national
competent authorities the backbone for a products-
specific assessment.

9.4.1 Sections of Community Monographs
and List Entries

• Qualitative and quantitative composition
• Pharmaceutical form
• Clinical particulars

• Therapeutic indications
• Posology, method of administration
• Contraindications
• Special warnings and precautions for use
• Interactions
• Pregnancy and lactation, fertility
• Effects on the ability to drive and use machines
• Undesirable effects
• Overdose

• Pharmacological properties
• Pharmacodynamic properties
• Pharmacokinetic properties
• Preclinical safety data

• Pharmaceutical particulars

The Monographs for herbal substances and herbal
preparations are reflecting the harmonized European

FIGURE 9.1 Overview of requirements for traditional/herbal
medicinal products with respect to type of application.
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view and should be interpreted as a strong recommen-
dation to applicants and national competent authorities
if there is no new scientific knowledge or if no product-
specific data are made available. The Monographs on
well-established use and/or traditional use are
published by the EMA. In contrast, List Entries are
developed by the same process like Monographs but
are published by the European Commission and their
content is binding to all Member States. List Entries
are only developed for traditional use.

9.4.2 Well-Established Use

The concept of well-established use was imple-
mented in the European legislation not only for herbal
medicinal products but also for other “old” medicinal
products that were already on the market when the
legislation was developed. The facilitation was based
on the strategy that the applicant shall not be required
to provide the results of toxicological and pharmacolog-
ical tests or the results of clinical trials if he or she can
demonstrate that the constituent or constituents of the
medicinal product have a well-established medicinal
use with recognized efficacy and an acceptable level of
safety, by means of a detailed scientific bibliography.
This option should help to avoid unnecessary tests and
trials. Nonclinical and clinical characteristics shall be
addressed in a detailed scientific bibliography of
published scientific literature, which is discussed in
the dossier for application by an expert.

The time of accepted medicinal use in the European
Union must be at least 10 years. The HMPC agreed
that it is also important to consider quantitative
aspects of the use of the active substance, the degree
of scientific interest in the use of the substance, and
the coherence of scientific assessments and published
scientific literature. Basic reflections were laid down
in the guideline on the assessment of clinical safety
and efficacy (EMEA/HMPC/104613/05). In the devel-
opment of Monographs for well-established use a
systematic review of all clinical data is performed, tak-
ing into account the quality of the clinical trials (e.g.,
sufficient number of patients, good clinical practice).
According to the guideline at least one controlled clin-
ical study (clinical trial, postmarketing study, epidemi-
ological study) of good quality is required to
substantiate efficacy for a well-established use
Monograph.

9.4.3 Traditional Use

When experiences with evaluation of well-established
use of herbal medicinal products were reflected in
Europe, it became obvious that the requirements could

probably not be fulfilled for many herbal medicines
with a tradition in the European market. Accordingly, a
new legislation was establisheddDirective 2004/24/EC
[3], which was amending the overall Directive 2001/
83/EC[2]din order to create an option for a simplified
registration for those products that had a long tradition
of usage, which could be accepted as a substitute for
the data especially on safety and efficacy. The time to
establish a tradition was set to 30 years, at least for
15 years of which a product should have been in medic-
inal use in the European Union. The second part of
15 years of medicinal use could be not only be in the Eu-
ropean Union but also in any other part of the world. In
article 16 (1) of Directive 2001/83/EC [2] as amended the
following inclusion criteria were defined as a precondi-
tion for traditional use:

• indication(s) appropriate to traditional herbal
medicinal products;

• use without the supervision of a medical practitioner
for diagnosis, prescription, or monitoring of
treatment;

• specified strength/posology;
• only oral use, external use, and inhalation;
• sufficient data on traditional use of the product

(safety);
• pharmacological effects/efficacy plausible on the

basis of long-standing use and experience.

The objective of these inclusion criteria was to assure
that only safe traditional herbal medicinal products are
subject to a registration. If necessary, a national compe-
tent authority could ask for additional data on safety.
The quality of traditional herbal medicinal products
must meet the same criteria as any other herbal medici-
nal product. The legislation demands a specific labeling
for traditional herbal medicinal products. The package
leaflet must include a statement that the product is a
traditional herbal medicinal product for use in specified
indications exclusively based on long-standing use and
the user should consult a doctor or qualified health
care practitioner if the symptoms persist during the
use of the product or if adverse effects not mentioned
in the package leaflet occur.

9.5 PROCEDURE TO ESTABLISH
MONOGRAPHS

The HMPC established a priority list of herbal
substances, for which a Monograph and or a List Entry
should be established. Important parameters for prior-
itization were interests from the Member States of the
European Union, suggestions from interested parties,
and also inclusion in other sets of Monographs. The
process of development of a Monograph is started by
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approval of a rapporteur, which is suggested by the
MLWP to the HMPC. At the same time ideally a
peer reviewer is nominated who is responsible for
cross-checking the documents at specific steps of the
process in order to achieve an appropriate quality
and consistency. The EMA is publishing a general
call for scientific data, which are, e.g., provided by
interested parties, and the rapporteur is requesting
data on existing medicinal products from all Member
States. Moreover, the rapporteur is carefully collecting
all scientific data that are available in the public
domain. Subsequently, the rapporteur elaborates a
draft assessment report and a draft reference list,
from which a Monograph is derived. The draft docu-
ments are discussed at the MLWP, and the documents
are improved and rediscussed until the MLWP decides
to forward the draft Monograph and the accompa-
nying documents to the HMPC. Before discussion at
the HMPC the peer reviewer is controlling quality of
the documents and consistency with decisions made
so far. If the HMPC agrees with the draft suggested
by the MLWP it is adopted for public consultation.
Monograph, assessment report, and reference list are
published at the web site of EMA for a period of
3 months to enable interested parties and the public
in general to submit comments. At the end of the
consultation period the rapporteur compiles an over-
view of comments and based on this document the
MLWP discusses whether a modification of the
Monograph is justified. When the whole package of
Monograph, assessment report, list of references, and
overview of comments is finalized by the MLWP, the
documents are peer reviewed again and then for-
warded to the HMPC for final adoption. After final
adoption of a Monograph all the documents for a
herbal substance are published at the Web site of
EMA (www.ema.europa.eu) [6] and are available to
the public by just three mouse clicks.

When assessing the data for development of a Mono-
graph it is checked in parallel whether a List Entry could
be drafted. However, in praxis there are always some
data missing (e.g., data on genotoxicity). Therefore,
only a limited number of List Entries have been released
so far. In case that the HMPC is adopting a List Entry the
final decision and publication is up to the European
Commission.

The HMPC also experienced that it may not be
possible to develop a Monograph. A simple reason
may be the overall lack of sufficient data and the fact
that the projects are routinely put on hold in order to
avoid investment of additional resources. In some cases
there may be legal reasons, which do not allow estab-
lishment of a Monograph, or there may be some
concerns on the safety of a herbal substance. In this
situation the process is finalized by releasing a public

statement that explains the reasons that hindered estab-
lishment of a Monograph. Until March 2014 the HMPC
released 125 Monographs, 12 List Entries, and 12 Public
Statements. The majority of Monographs resulted in an
assignment of traditional use, 12 Monographs
concluded well-established and traditional use for
different herbal preparations of a herbal substance
and 12 Monographs concluded for well-established
use only. An overview of the results of the projects
finished, under evaluation, and started so far is given
in Tables 9.2e9.4.

After the HMPC initiated the process in the first
years after its establishment the committee could mean-
while finish about 20 Monographs per year. An impor-
tant step to guarantee sustainability of the system was
the start of a revision process. Each Monograph will
be regularly updated and modified according to the
needs of current scientific knowledge every 5 years.
Following this approach the set of Community
Monograph will be a valuable and official standard in
the Member States of the European Union for the
next decades.

In comparison with other sets of Monographs, e.g.,
by European Scientific Cooperative on Phytotherapy
(ESCOP) [7] and the World Health Organization [8],
the process is more advanced with respect to transpar-
ency and public availability. At the end of the twentieth
century in Germany and other countries the Mono-
graphs of the Commission E [9] were regarded as a
gold standard, but this historic set is outdated because
the Monographs had not been updated to current
knowledge.

9.6 USAGE AND ACCEPTANCE
OF MONOGRAPHS

Until May 2014 about 1500 registrations for tradi-
tional herbal medicinal products have been granted by
the Member States of the European Union. About 1000
applications are under assessment [6]. Many of these
applications are based on Community Monographs. In
most of the Member States of the European Union the
standards are accepted and applied when decisions
are made at the national level. The pharmaceutical com-
panies are increasingly exploring the benefits of Euro-
pean procedures addressing a selection of Member
States, DCP, and MRP. If a harmonized decision is
predictable, a company needs only to create one applica-
tion file and the national competent authorities share
their resources used for assessment. More and more
examples are demonstrating that the system is working
appropriately.

The indications that are granted for registered
traditional herbal medicinal products are rather
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TABLE 9.2 Herbal Substances Evaluated by the HMPC and Decisions Adopted

T Absinthii herba Artemisia absinthium L. Wormwood

PS Adhatodae vasicae folium Adhatoda vasica Nees Malabar nut leaf

T, W Agni casti fructus Vitex agnus-castus L. Agnus castus fruit

T Agropyri repentis rhizoma Agropyron repens (L.) P. Beauv. Couch grass rhizome

PS Allii cepae bulbus Allium cepa L. Onion

W Aloe bardadensis/Aloe capensis Aloe barbadensis Miller/Aloe ferox
Miller

Aloes

T Althaeae radix Althaea officinalis L. Marshmallow root

PS Angelicae sinensis radix Angelica sinensis (Oliv.) Diels Winter cherry root

T Anisi aetheroleum Pimpinella anisum L. Anise oil

LE, T Anisi fructus P. anisum L. Aniseed

T Arctii radix Arctium lappa L. Burdock root

T Avenae fructus Avena sativa L. Oat fruit

T Avenae herba A. sativa L. Oat herb

T Betulae folium Betula pendula Roth/Betula
pubescens Ehrh.

Birch leaf

T Boldi folium Peumus boldus Molina Boldo leaf

T Bursae pastoris herba Capsella bursa-pastoris (L.)
Medikus

Shepherds purse

LE, T Calendulae flos Calendula officinalis L. Calendula flower

T Camelliae non fermentatum
folium

Camellia sinensis (L.) Kuntze, non
fermentatum folium

Green tea

T Caryophylli floris aetheroleum Syzygium aromaticum (L.) Merill et
L. M. Perry

Clove oil

PS Caryophylli flos S. aromaticum (L.) Merill et L. M.
Perry

Clove

T Centaurii herba Centaurium erythraea Rafn. Centaury

PS Centellae asiaticae herba Centella asiatica L. Urban Centella

T Chamomillae romanae flos Chamaemelum nobile (L.) All.
(Anthemis nobilis L.)

Roman chamomile
flower

PS Chelidonii herba Chelidonium majus L. Greater celandine

T Cichorii intybi radix Cichorium intybus L. Chicory root

W Cimicifugae rhizoma Cimicifuga racemosa (L.) Nutt. Black Cohosh

T Cinnamomi cortex Cinnamomum veri J. S. Presl
(Cinnamomum zeylancium Nees)

Cinnamon

T Cinnamomi corticis aetheroleum C. verum J. S. Presl (C. zeylanicum
Nees)

Cinnamon Bark oil

PS Citri bergamia aetheroleum Citrus bergamia Risso & Poiteau Bergamot oil

T Colae semen Cola nitida (Vent.) Schott et Endl.
And its varieties and Cola

acuminata (P. Beauv.) Schott et
Endl.

Cola

T Cucurbitae semen Cucurbita pepo L. Pumpkin seed

Continued
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TABLE 9.2 Herbal Substances Evaluated by the HMPC and Decisions Adopteddcont’d

T Curcumae longae rhizoma Curcuma longa L. Turmeric

T Curcumae xanthorrhizae rhizoma Curcuma xanthorrhiza Roxb.
(C. xanthorrhiza D. Dietrich).

Javanese turmeric

T Cynarae folium Cynara scolymus L. Artichoke leaf

T Echinaceae angustifoliae radix Echinacea angustifolia DC. Narrow-leaved coneflower root

T Echinaceae pallidae radix Echinacea pallida (Nutt.) Nutt. Pale coneflower root

LE, T, W Echinaceae purpureae herba Echinacea purpurea (L.) Moench Purple coneflower herb

T Echinaceae purpureae radix E. purpurea (L.) Moench. Purple coneflower Root

LE, T Eleutherococci radix Eleutherococcus senticosus (Rupr. et
Maxim.) Maxim.

Eleutherococcus

T Equiseti herba Equisetum arvense L. Equisetum stem

T Eucalypti aetheroleum Eucalyptus globulus Labill.;
Eucalyptus polybractea R.T. Baker;
Eucalyptus smithii R.T. Baker.

Eucalyptus oil

T Eucalypti folium E. globulus Labill. Eucalyptus leaf

PS Euphrasiae herba Euphrasia officinalis L. (mainly
subsp. E. rostkoviana Hayne)

Eyebright

T Filipendulae ulmariae flos Filipendula ulmaria (L.) Maxim.
(¼ Spiraea ulmaria L.).

Meadowsweet flower

T Filipendulae ulmariae herba F. ulmaria (L.) Maxim.
(¼ S. ulmaria L.).

Meadowsweet

LE, T Foeniculi amari fructus Foeniculum vulgare Miller subsp.
vulgare var. vulgare

Bitter fennel

T Foeniculi amari fructus
aetheroleum

F. vulgareMiller subsp. vulgare var.
vulgare

Bitter fennel fruit oil

LE, T Foeniculi dulcis fructus F. vulgareMiller subsp. vulgare var.
dulce (Miller) Thellung.

Sweet fennel

W Frangulae cortex Rhamnus frangula L. Frangula bark

T Fraxini folium Fraxinus excelsior L. and F.
angustifolia Vahl, folium

Ash leaf

T Fumariae herba Fumaria officinalis L., Fumitory

T Gentianae radix Gentiana lutea L. Gentian root

T Ginseng radix Panax ginseng C. A. Meyer Ginseng

T Grindeliae herba Grindelia robusta Nutt., Grindelia
squarrosa (Pursh) Dunal, Grindelia
humilis Hook. Et Arn., Grindel

Gumweed herb

T Hamamelidis cortex Hamamelis virginiana L. Hamamelis bark

T Hamamelidis folium H. virginiana L. Hamamelis leaf

LE, T Hamamelidis folium et cortex aut
ramunculus destillatum

H. virginiana L. Hamamelis distillate

T Harpagophyti radix Harpagophytum procumbens DC;
Harpagophytum zeyheri Decne

Devil’s claw root

T, W Hederae helicis folium Hedera helix L. Ivy leaf

T Hippocastani cortex Aesculus hippocastanum L. Horse chestnut bark

W, T Hippocastani semen A. hippocastanum L. Horse chestnut seed
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TABLE 9.2 Herbal Substances Evaluated by the HMPC and Decisions Adopteddcont’d

W, T Hyperici herba Hypericum perforatum L. St. John’s wort

T Juglandis folium Juglans regia L. Walnut leaf

T Juniperi aetheroleum Juniperus communis L. Juniper oil

T Juniperi pseudo-fructus J. communis L. Juniper berry

T Lavandulae aetheroleum Lavandula angustifolia Mill. (L.
officinalis Chaix)

Lavender oil

T Lavandulae flos L. angustifolia Mill. (L. officinalis
Chaix)

Lavender

T Leonuri cardiacae herba Leonurus cardiaca L. Motherwort

T Levistici radix Levisticum officinale Koch Lovage root

LE, W, T Lini semen Linum usitatissimum L. Linseed

T Liquiritiae radix Glycyrrhiza glabra L. and/or
Glycyrrhiza inflata Bat. and/or
Glycyrrhiza uralensis Fisch.

Liquorice root

T Lupuli flos Humulus lupulus L. Hop strobile

T Marrubii herba Marrubium vulgare L. White horehound

T Mate folium Ilex paraguariensis St. Hil. Maté leaf

T Meliloti herba Melilotus officinalis (L.) Lam. Melilot

T Melissae folium Melissa officinalis L. Melissa leaf

LE, W, T Menthae piperitae aetheroleum Mentha x piperita L. Peppermint oil

T Menthae piperitae folium M. x piperita L. Peppermint leaf

T Millefolii flos Achillea millefolium L. Yarrow flower

T Millefolii herba A. millefolium L. Yarrow

T Myrrha, gummi-resina Commiphora molmol Engler Myrrh

T Oenotherae biennis oleum Oenothera biennis L.; Oenothera
lamarckiana L.

Evening primrose oil

T Oleae folium Olea europaea L. Olive leaf

T Ononidis radix Ononis spinosa L. and Ononis
arvensis L.

Restharrow root

T Origani dictamni herba Origanum dictamnus L. Dittany of crete herb

T Orthosiphonis folium Orthosiphon stamineus Benth. Java tea

T Passiflorae herba Passiflora incarnata L. Passion flower

T Paulliniae semen Paullinia cupana Kunth, semen Guarana

T Pelargonii radix Pelargonium sidoides DC;
Pelargonium reniforme Curt.

Pelargonium root

T Phaseoli fructus (sine semine) Phaseolus vulgaris L. Green bean pod

T Plantaginis lanceolatae folium Plantago lanceolata L. Ribwort plantain

W Plantaginis ovatae semen Plantago ovata Forsk. Ispaghula seed

W Plantaginis ovatae seminis
tegumentum

P. ovata Forsk. Ispaghula husk

T Polypodii rhizoma Polypodium vulgare L. Polypody rhizome

T Primulae flos Primula veris L.; Primula elatior (L.)
Hill

Primula flower

Continued
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TABLE 9.2 Herbal Substances Evaluated by the HMPC and Decisions Adopteddcont’d

T Primulae radix P. veris L.; P. elatior (L.) Hill Primula root

W Psyllii semen Plantago afra L.; Plantago indica L. Psyllium seed

T Quercus cortex Quercus robur L.; Quercus petraea
(Matt.) Liebl.; Quercus pubescens

Willd.

Oak bark

W Rhamni purshianae cortex Rhamnus purshianus D.C. Cascara

W Rhei radix Rheum palmatum L.; Rheum
officinale Baillon

Rhubarb

T Rhodiolae roseae rhizoma et radix Rhodiola rosea L. Arctic root

T Ribis nigri folium Ribes nigrum L. Blackcurrant leaf

T Rosmarini aetheroleum Rosmarinus officinalis L. Rosemary oil

T Rosmarini folium Rosmarinus officinalis L. Rosemary leaf

T Rubi idaei folium Rubus idaeus L. Raspberry leaf

T Rusci rhizoma Ruscus aculeatus L. Butcher’s broom

W, T Salicis cortex Salix [various species including
S. purpurea L.; S. daphnoides Vill.;
S. fragilis L.]

Willow bark

PS Salviae officinalis aetheroleum Salvia officinalis L. Sage oil

T Salviae officinalis folium S. officinalis L. Sage leaf

T Sambuci flos Sambucus nigra L. Elder flower

Sambuci fructus S. nigra L. Elderberry

W Sennae folium Cassia senna L.; Cassia angustifolia
Vahl

Senna leaf

W Sennae fructus C. senna L.; C. angustifolia Vahl Senna pods

T Solani dulcamarae stipites Solanum dulcamara L. Woody nightshade stem

T Solidaginis virgaureae herba Solidago virgaurea L. European goldenrod

T Tanaceti parthenii herba Tanacetum parthenium (L.)
Schultz Bip.

Feverfew

T Taraxaci folium Taraxacum officinale Weber
ex Wigg.

Dandelion leaf

T Taraxaci radix cum herba T. officinale Weber ex Wigg. Dandelion root with herb

LE, T Thymi aetheroleum Thymus vulgaris L.; Thymus zygis

Loefl. ex L.
Thyme oil

T Thymi herba T. vulgaris L.; T. zygis Loefl. ex L. Thyme

T Thymi herba/Primulae radix T. vulgaris L.; T. zygis Loefl. ex L./
Primula veris L.; Primula elatior (L.)
Hill

Thyme/primula root

T Tiliae flos Tilia cordataMiller, Tila platyphyllos
Scop., Tilia x vulgaris Heyne or
their mixtures

Lime flower

PS Tiliae tomentosae flos Tilia tomentosa Moench Silver lime flower

Z Tormentillae rhizoma Potentilla erecta (L.) Raeusch. Tormentil

Z Trigonellae foenugraeci semen Trigonella foenum-graecum L. Fenugreek

Z Urticae folium Urtica dioica L.; Urtica urens L. Nettle leaf

Z Urticae herba U. dioica L.; U. urens L. Nettle herb
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representative for therapeutic use of medicinal plants
in European phytotherapy (see listing below). Never-
theless, some indications are still under debate, e.g.,
the majority of Member States does not regard cardio-
vascular indication acceptable for traditional herbal
medicinal products because of safety considerations
linked to an obligate diagnosis. In Austria and
Germany this type of indication is still granted
for traditional herbal medicinal products due to a
long-standing tradition.

The following herbal substances were most
frequently approved as single active substance tradi-
tional herbal medicinal products [6]:

• Harpagophyti radix
• Hyperici herba
• Pelargonii radix
• Valerianae radix
• Passiflorae herba
• Ginseng radix

TABLE 9.3 Herbal Substances Under Evaluation by the HMPC, Draft has Already Been Published for Consultation

Agrimoniae herba Agrimonia eupatoria L. Agrimony

Allii sativi bulbus Allium sativum L. Garlic

Andrographidis paniculatae
folium

Andrographis paniculata Nees,
folium

Kalmegh

Arnicae flos Arnica montana L. Arnica flower

Fucus vesiculosus, thallus Fucus vesiculosus L. Bladderwrack

Ginkgo folium Ginkgo biloba L. Ginkgo leaf

Lichen islandicus Cetraria islandica (L.) Acharius s.l. Iceland moss

Matricariae aetheroleum Matricaria recutita L. Matricaria oil

Matricariae flos M. recutita L. Matricaria flower

Melaleucae alternifoliae
aetheroleum

Melaleuca alternifolia (Maiden and
Betche) Cheel

Tea tree oil

Rosae flos Rosa centifolia L.; Rosa gallica L.;
Rosa damascena Mill.

Rose flower

Sisymbrii officinalis herba Sisymbrium officinale (L.) Scop.,
herba

Hedge mustard

Symphyti radix Symphytum officinale L. Comfrey root

TABLE 9.2 Herbal Substances Evaluated by the HMPC and Decisions Adopteddcont’d

Z Urticae radix U. dioica L.; U. urens L. Nettle root

Z Uvae ursi folium Arctostaphylos uva-ursi (L.) Spreng. Bearberry leaf

LE, T Valerianae radix Valeriana officinalis L. Valerian root

W, T Valerianae radix/Lupuli flos V. officinalis L./Humulus lupulus L. Valerian root/hop strobile

T Verbasci flos Verbascum thapsus L.; V.
densiflorum Bertol. (V. thapsiforme

Schrad); V. phlomoides L.

Mullein flower

T Violae tricoloris herba cum flore Viola tricolor L. Wild pansy

PS Visci albi herba Viscum album L. Mistletoe

LE, W, T Vitis viniferae folium Vitis vinifera L. Grapevine leaf

PS Withania somnifera radix Withania somnifera (L.) Dunal Winter cherry root

W, T Zingiberis rhizoma Zingiber officinale Roscoe Ginger

T, Traditional Use Monograph; W, Well-Established Use Monograph; LE, List Entry; PS, Public Statement.
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The following are the therapeutic areas of major
importance for traditional herbal medicinal products
approved [6]:

• Cough and cold
• Mental stress and mood disorders
• Gastrointestinal disorders
• Urinary tract and gynecological disorders

• Sleep disorders and temporary insomnia
• Pain and inflammation
• Skin disorders and minor wounds
• Fatigue and weakness
• Mouth and throat disorders
• Venous circulatory disorders (Germany and Austria)
• Loss of appetite

TABLE 9.4 Herbal Substances, the Evaluation of Which by the HMPC Has Been Started

Calendulae herba Marigold

Capsici fructus Capsicum annuum L. var.
minimum (Miller) Heiser

Capsicum

Carvi aetheroleum Carum carvi L. Caraway oil

Carvi fructus C. carvi L. Caraway fruit

Cisti cretici folium/resinum Cisti creticus L. Pink rock-rose

Crataegi folium cum flore Crataegus spp, folium cum flore Hawthorn leaf
and flower

Crataegi fructus Crataegus monogyna Jacq.
(Lindm.); Crataegus laevigata
(Poir.) D.C.

Hawthorn berries

Cyani flos Cornflower

Epilobii herba Willow herb

Eschscholtziae herba cum flore Eschscholtzia california Cham. California poppy

Fragariae folium Fragaria vesca L. Wild strawberry leaf

Glycine max, lecithin Glycine max (L.) Merr. Soybean

Helichrysi flos Sandy everlasting

Myrtilli folium Vaccinium myrtillus L. Billberry leaf

Myrtilli fructus siccus V. myrtillus L. Billberry fruit

Origani majoranae herba Origanum majorana L. Marjoram

Paeoniae radix Paeonia spec. (to be defined) Peony root

Picrorhizae kurroae rhizoma et
radix

Picrorhiza kurroa Royle ex. Benth. Katula

Pilosellae herba cum flore Hieracium pilosella L. Mouse-ear hawkweed

Pistacia lentiscus, resinum Pistacia lentiscus L. Mastic tree resin

Polygoni avicularis herba Polygonum aviculare L. Knotweed herb, common

Prunus africanae cortex Prunus africana (Hook f.) Kalkm. Pygeum africanum bark

Ricini oleum Ricinus communis L. Castor oil

Sabalis serrulatae fructus Serenoa repens (Bartram) Small
(Sabal serrulata (Michaux) Nichols

Saw palmetto fruit

Saccharomyces cerevisiae/Saccharomyces boulardii Yeast

Salviae trilobae folium Salvia triloba L. Sage leaf

Sideritis herba Sideritis spec. (to be defined) Ironwort

Silybi mariani fructus Silybum marianum L. Gaertner Milkthistle fruit

Uncariae tomentosae cortex Uncariae tomentosae (Willd.) DC. Cat’s claw
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9.7 GUIDANCE ON QUALITY, EFFICACY,
AND SAFETY: COORDINATION

Traditional and herbal medicinal products are
defined by the manufacturing procedure and a set of
specifications. The reproducible quality is a precondi-
tion to assure safe and effective therapeutic use of these
products. The quality must be demonstrated at all steps
of the manufacturing process:

• harvest or collection of the plant material
• herbal substance
• herbal preparation
• finished herbal medicinal product or finished

traditional herbal medicinal product

The European Pharmacopeia provides standards on
methodology in general Monographs and basic quality
requirements for herbal substances and selected herbal
preparations in specific Monographs, whereas the
quality guidance of the HMPC is addressing quality is-
sues that have to be regarded when providing a
dossier for application. The HMPC installed a Q DG
that is supporting the HMPC in establishing harmo-
nized positions and guidance with respect to require-
ments and assessments linked to applications for
marketing authorizations or registrations. For
example, guidelines are addressing quality require-
ments, specifications, stability testing, and labeling.
Meanwhile, the harmonization is also targeting very
specific and tricky issues, for instance, by publishing
guidance about the level of purification of herbal prep-
arations or the application of marker concepts. In
future the HMPC will include a statement in the
assessment report of a Monograph to clarify the classi-
fication of herbal preparations (standardized, quanti-
fied, or other extract). The HMPC and European
Directorate for Quality of Medicines & Health Care
have established a very valuable coordination of their
activities in order to complement the requirements and
to offer a complete set of guidance to applicants and
national competent authorities(Table 9.5)

The guidance on nonclinical efficacy and safety
is addressing on one hand the evaluation criteria for
establishingMonographs. On the other hand, topics
of specific and multidisciplinary interest are
addressed. These may refer to safety concerns (e.g.,
recommendations for thresholds for the levels of thu-
jone) or cover a special field like genotoxicity. Because
traditional knowledge is not suitable to substitute
data on cancerogenicity and genotoxicity there was an
approach to have a basic investigation of genotoxicity
for traditional herbal medicinal products by means of
an AMES test. If there is no concern from literature
and the AMES test is negative, then no further data

are required. In case of concerns or a positive AMES
test the investigations have to follow a decision tree
(Tables 9.6e9.8).

An intrinsic part of the European regulatory frame-
work is to include all medicinal products in a phamaco-
vigilance system, which is surveying the market after
marketing authorization or registration in order to
detect signals from recording adverse events. Herbal
and traditional herbal medicinal products are
embedded in this system, but the legal provisions are
following an approach to take into account the partic-
ular characteristics of these products. For example peri-
odic safety update reports are only requested if there is a
distinct safety concern.

Manufacturing site inspections are principally
possible. Responsibilities are attributed following
different concepts (centralized or federal), but basic
requirements are also valid for traditional and herbal
medicinal products.

9.8 OUTLOOK

The legal framework for herbal medicinal products
in the European Union has been established to set up
a harmonized approach to offer European citizens
herbal medicinal products with appropriate quality,
safety, and efficacy. Pharmaceutical companies can
follow defined requirements to develop successful
applications. Despite the long tradition of medicinal
use, data on many herbal medicinal products are still
limited. The current framework was set up to avoid
disappearance of all these products due to regulation.
Such products, provided they are very safe, can be
marketed as traditional herbal medicinal products.
However, their use is restricted and the usage is mostly
not recommended for special groups of patients like
pregnant or lactating women or younger children.
These patients are under special protection of the
European legislation. There were even incentives in
legislation to improve the availability of medicinal
products to the pediatric population [10].

The European set of Community Monographs on
herbal substances and preparations derived thereof is
defining a unique standard. It is an excellent model of
harmonization of scientific assessment among a large
set of countries with different traditional backgrounds
in application of herbal medicines. As set of Community
Monographs is developed in close communication with
the scientific community and interested parties from
pharmaceutical industry the standards provided are
quite robust. There are still some issues for which
Member States of the European Union have a divergent
opinion, but these are made public together with the
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Monographs and accompanying documents. Together
with the basic quality requirements defined by the
European Pharmacopeia the Community Monographs
provide a complete system for regulation of herbal
medicinal products in the market.

As plants are not only used as herbal medicines but
also for other purposes, there is still a problem of classi-
fication of products. There is an existing borderline area
where products derived from plants may also be
marketed as food (especially food supplements), medical
devices, or cosmetics. These different categories of
products are covered by different legal frameworks and
until now the final classification is not harmonized but
is still left to the responsibility of the individual Member
States. This situation is not satisfying and there is a need
for better definitions to minimize problems and confu-
sion of citizens with borderline products.

Beside the approach of a harmonized European
legislation the market of herbal products has also
been challenged by globalization during the past
decades. European herbal medicinal products have
been exported worldwide, and vice versa, herbal and
traditional medicines from other parts of the world
were brought to the European Union. The HMPC initi-
ated a project within its work program that is exploring
options and limitations of the European regulatory
framework to handle herbal traditional medicines of
non-European origin. Reflections about this issue and
an overview of relevant parts of legislation were pub-
lished in a Question & Answer document. Globally,
there is no unique definition of herbal medicines or
related products. Without any doubt there is a similar
approach by regulators to assess quality, efficacy, and
safety but criteria for evaluation and requirements

TABLE 9.5 Selected Examples of Guidance Documents on Quality of Traditional and Herbal Medicinal Products Released by the HMPC

Quality

Title Reference number

Reflection paper on microbiological aspects of herbal medicinal products and traditional herbal
medicinal products

EMA/HMPC/95714/2013

Questions & answers (Q&A) on quality of herbal medicinal products/traditional herbal medicinal
products

EMEA/HMPC/41500/2010 Rev. 2

Quality of essential oils as active substances in herbal medicinal products/traditional herbal
medicinal products

EMEA/HMPC/84789/2013

Reflection paper on the use of recovered/recycled solvents in the manufacture of herbal
preparations for use in herbal medicinal products/traditional herbal medicinal products

EMEA/HMPC/453258/2013

Use of recovered/recycled solvents in the manufacture of herbal preparations for use in herbal
medicinal products/traditional herbal medicinal products

EMEA/HMPC/13658/2013

Reflection paper on stability testing of herbal medicinal products and traditional herbal medicinal
products

EMEA/HMPC/3626/09

Reflection paper on level of purification of extracts to be considered as herbal preparations EMEA/HMPC/186645/08

Development of a guideline on preparation on herbal teas EMEA/HMCP/451978/08

Markers used for quantitative and qualitative analysis of herbal medicinal products and traditional
herbal medicinal products

EMEA/HMPC/253629/07

Declaration of herbal substances and herbal preparations in herbal medicinal products/traditional
herbal medicinal products in the Summary of Product Characteristics (SPC)

EMEA/HMPC/CHMP/CVMP/
287539/05 Rev. 1

Quality of combination herbal medicinal products/traditional herbal medicinal products EMEA/HMPC/CHMP/CVMP/
214869/06

Nonpharmacopoeial reference standards for herbal substances, herbal preparations, and herbal
medicinal products/traditional herbal medicinal products

EMA/HMPC/312890/2012

Quality of herbal medicinal products/traditional herbal medicinal products CPMP/QWP/2819/00 Rev. 2

Test procedures and acceptance criteria for herbal substances, herbal preparations, and herbal
medicinal products/traditional herbal medicinal products

CPMP/QWP/2820/00 Rev. 2

The use of fumigants EMEA/HMPC/125562/06

Good agricultural and collection practice for starting materials of herbal origin EMEA/HMPC/246816/05
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are divergent. Obviously there is a need to discuss
regulation of herbal and traditional medicines at a
global level to improve exchange and availability of
safe products of reasonable quality all over the world.
Moreover, the scientific community should increase
current knowledge with research initiatives including

new methodology and technology. Better knowledge
about multitarget mode of actions, synergies and inter-
actions and availability in the human body will be a
precondition for future use of traditional and herbal
medicinal products.
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Use of herbal medicinal products
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pyrrolizidine alkaloids

EMA/HMPC/893108/2011

Use of herbal medicinal products
containing thujone

EMA/HMPC/732886/2010 Rev.1

Reflection paper on the risks
associated with furocoumarins
contained in preparations of
Angelica archangelica L.

EMEA/HMPC/317913/06

Herbal medicinal products
containing Cimicifugae racemosae
rhizomadserious hepatic
reactions

EMEA/269259/2006

Assessment of case reports
connected to herbal medicinal
products containing C. racemosae
rhizoma (black cohosh, root)

EMEA/HMPC/269258/
2006 Rev. 1

Chamomilla containing herbal
medicinal products

EMEA/HMPC/138309/2005

Allergenic potency of herbal
medicinal products containing
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containing asarone
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TABLE 9.7 Selected Examples of Guidance Documents
on Efficacy and Safety of Traditional and Herbal
Medicinal Products Released by the HMPC

Clinical efficacy and safety

Title Reference number

Reflection paper on the necessity
of initiatives to stimulate the
conduct of clinical studies with
herbal medicinal products in the
pediatric population

EMA/HMPC/833398/2009

Reflection paper on the
adaptogenic concept

EMEA/HMPC/102655/07

Clinical assessment of fixed
combinations of herbal
substances/herbal preparations

EMEA/HMPC/166326/05

Assessment of clinical safety and
efficacy in the preparation of
Community Herbal Monographs
for well-established and of
Community Herbal
Monographs/entries to the
community list for traditional
herbal medicinal products/
substances/preparations

EMEA/HMPC/104613/05

TABLE 9.6 Selected Examples of Guidance Documents
on Nonclinical Issues of Traditional and Herbal
Medicinal Products Released by the HMPC

Nonclinical

Title Reference number

Ethanol content in herbal
medicinal products and
traditional herbal medicinal
products used in children

EMA/HMPC/85114/08

Selection of test materials for
genotoxicity testing for traditional
herbal medicinal products/herbal
medicinal products

EMEA/HMPC/67644/09

Assessment of genotoxicity of
herbal substances/preparations

EMEA/HMPC/107079/07

Nonclinical documentation for
herbal medicinal products in
applications for marketing
authorization (bibliographical
and mixed applications) and in
applications for simplified
registration

EMEA/HMPC/32116/05
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10.1 INTRODUCTION

The therapeutic and phytochemical importance of
herbal medicine has been built for the improvement
of human health, but its broader application is
restricted due to the low bioavailability. The nature of
the molecule plays an essential role in enhancing the
rate and extent of absorption of molecules when
administered through any path. Generally, the prob-
lems come with poor lipid-soluble compounds due to
limited membrane permeability [1]. Many herbal prod-
ucts demonstrated low therapeutic action due to their
solubility problems which finally resulted in low
bioavailability despite their extraordinary potential
[2]. The strength of any herbal product depends on
the delivery of effective levels of the therapeutically
active compound. To overcome these limitations of ab-
sorption, developing novel herbal drug delivery system
with better absorption profile is of premier importance.
The therapeutic indices of the associated drugs are
improved by increasing the drug concentration at the
site of action. On the other hand, their biodistribution
is altered in favor of the diseased tissue [3]. In the
past century, attention has been focused on the ap-
proaches toward improved bioavailability and pharma-
cokinetics of herbal drugs through development of a
novel drug delivery system (NDDS). The application
of NDDS is an important approach toward solving
bioavailability-related problems associated with phyto-
molecules. Several novel herbal drug delivery systems
specifically liposomes, transfersomes, ethosomes, nio-
somes, phytosomes, dendrimers, micro/nanoparticles,
micro/nanoemulsions (NEs), micelles, etc., have been
successfully employed for the delivery of phytophar-
maceuticals. The novel formulations have notable
advantages compared to conventional formulations
like enhancement of solubility and stability, membrane
permeability and bioavailability, improved pharmaco-
logical activity through sustained-release profile, and
reduced toxicity. The novel systems of herbal medicine
have the capability to deliver the drug at a rate directed
by the needs of the body for an extended period of time,
and it should channel the bioactive molecule of herbal
products to the site of action [4]. Therefore, the NDDS
has a great future for enhancing the therapeutic activity
and overcoming problems attributed to herbal medi-
cine [4]. Most bioactive agents (e.g., nutraceuticals
and pharmaceuticals) intended for oral administration
are found as highly hydrophobic compounds with
low water solubility and poor bioavailability. Further-
more, poor solubility also leads to lower absorption in
the gastrointestinal (GI) tract (GIT) and therefore
limited therapeutic activity [5]. The application of

nanotechnology/nanoencapsulation to food, medical,
and pharmaceutical industries has received great atten-
tion from the scientific community [6]. Forced back by
the increasing consumer demand for quality and safer
medicinal food products for the promotion of better
health, researchers are currently concentrating their ef-
forts in nanotechnology to address topics relevant to
food as medication. The NDDS offers various advan-
tages over conventional systems: (1) stabilization in
aqueous systems (foodstuffs) of lipophilic bioactive
compounds with scarce solubility in water, (2) protec-
tion of herbal drugs against degradation reactions
with food constituents and minimization of the revision
of the food matrix, (3) controlled release by engineering
the delivery systems, and (4) enhancement of cell up-
take and bioavailability. Especially, the pharmacoki-
netic profile of nanoencapsulated herbal drugs are
enhanced due to their nanoparticle size distribution
range.

Cutting down the particle size to values below cell
size (w500 nm) produces higher absorption of the
active ingredient and higher particle uptake, by
enhancing the mechanisms of passive transport
through the intestinal membranes [7]. NDDS has been
set up for effective and efficacious herbal drug delivery.
The present discussion highlights the current status of
pharmacokinetics and bioavailability of herbal drugs/
products and implication of novel herbal drug delivery
technology with particular emphasis on phospholipid-
based complex system.

10.2 FACTORS AFFECTING
BIOAVAILABILITY AND

PHARMACOKINETICS OF HERBAL
PRODUCTS

Biological properties of phytochemicals depend on
their physical and chemical properties. The chemical
structure of phytochemicals determines their rate and
extent of intestinal absorption and the nature of the me-
tabolites circulating in the plasma. The bioavailability
studies in humans show that the quantities of phyto-
chemicals found intact in urine vary from one com-
pound to another. Bioavailability is low for quercetin
and rutin (0.3e1.4%), but it is relatively higher for cate-
chin in green tea, genistein and daidzein in soy, and
anthocyanidins in red wine (3e26%). A major part of
the polyphenols ingested (75e99%) is not found in
urine. This means that they have either not been
absorbed through the gut barrier, or may be absorbed,
but excreted in the bile or metabolized by our own tis-
sues or colonic microflora [8].
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Bioavailability of a compound cannot be accurately
predicted; however, analysis by Lipinski’s “rule of
five” provides some insight. In general, a compound
will have better bioavailability when it contains not
more than five hydrogen bond donors, not more than
10 hydrogen bond acceptors, molecular mass not greater
than 500 Da, log p � 5, and �10 rotatable bonds [9].
Most of the phytopharmaceuticals, including curcumin
(1), asiaticoside (3), andrographolide (4) and catechin,
do not come within these specifications and exhibited

low bioavailability. However, compounds such as genis-
tein (2), daidzein (5), biochanin A (6) have good absorp-
tive properties and are excreted by an efflux mechanism
into the gut at a high rate that limits their bioavailability.
Another rate-limiting factor is solubility and first-pass
metabolism [8]. These factors affect the absorption, dis-
tribution, metabolism, and elimination (ADME) process
of the phytochemicals. Figure 10.1 demonstrated the fac-
tors affecting the ADME, which in turn affects their
bioavailability and pharmacokinetic profile.
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10.2.1 Absorption of the Phytochemicals from
GI Lumen

Absorption is the transfer of a drug from its site of
administration into the bloodstream. The oral absorp-
tion of the drug molecules from GIT basically depends
on the dissolution and membrane permeation processes.

10.2.1.1 The Solubility of the Herbal Products

The dissolution of a phytochemical depends on
various factors like the log p value, pKa of the com-
pound as well as the pH of GI and intestinal fluids, par-
ticle size, and surface area. For example, ellagic acid
(EA) (10), curcumin (1), and resveratrol (8) have poor
bioavailability due to their poor solubility in aqueous
media [8]. The majority of other phytochemicals, such
as polyphenols and carotenoids, are either poorly

soluble or lipophilic like silybin (9), lycopene (7), phytos-
terols, and u-3 fatty acids [10].

10.2.1.2 The Absorption of Natural Products via
Passive Diffusion

Various physicochemical factors are involved in the
absorption of phytochemicals through passive diffusion

mechanism. This is because the unionized molecules
(acidic compounds) prefer to pass through the lipid bar-
riers of the GI wall, whereas the basic compounds from
the intestine. The process of absorption also depends on
GIT length, surface area, motility, and blood flow. For
example, the log p value is a major parameter for diffu-
sion across a biological membrane and how they might
partition in the lipid membrane. The quercetin (11)
(log p 1.2 � 0.1), whereas quercetin-3-O-rhamnogluco-
side (rutin), (log p 0.37 � 0.06), showing greater hydro-
philicity comparatively [11].
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Unlike the other flavonoids anthocyanin gets
absorbed in the body, although to a limited extent. Ab-
sorption is rapid and anthocyanins can be detected
within less than 1.5 h after intake, indicating that ab-
sorption probably occurs from the stomach or small in-
testine and is �0.1% of the ingested amount.
(þ)-Catechin (12) showed quite high absorption when
compared with (�)-epicatechin (13), (�)-epicatechin-
3-gallate (14), and (�)-epigallocatechin-3-gallate [12].
There are only a few studies on the bioavailability of fla-
vanones in humans. Like other flavonoids, the efficiency
of absorption for flavanones is poor. The Cmax of these
compounds were in the nanomolar range. But the agly-
cones appear to be absorbed more rapidly (Tmax 2e4 h)
than the glycosides (Tmax 6e7 h). This low absorption of
flavonoids from the diet is due to the fact that the major-
ity of food flavonoids are bound in glycoside form,
which are less absorbed because of their high molecular
weight. For example, ellagitannins from Punica gratum
are very low. They are hydrolyzed to EA in the gut
with low absorption profile due to rate-limiting factors
[13].

10.2.1.3 Active Transport Mechanism Involved in
the Influx or Efflux of Phytomolecules

Phytochemicals having large molecular structure
cannot be absorbed by passive diffusion, but might be
absorbed through carriers by an active transport process.
The transport proteins present in the plasma membrane
act as channels, pumps, or carriers. The channels operate
as specific pathways for the rapid permeation of ions
down an electrochemical gradient at the expense of aden-
osine triphosphate (ATP). Their protein structure is
composed of an ATP-binding cassette (ABC) with a
conserved consensus sequence, where ATP binding and
hydrolysis occurs. Other transporters are solute carriers
that promote the transmembranemovement ofmolecules
without hydrolyzingATP. If only a single type ofmolecule
is transported down an electrochemical gradient, it is clas-
sified as a uniporter,while if itmoves twomolecules at the
same time in either the same or opposite directions, it is
named a symporter or an antiporter, respectively. Influx
and efflux transporters move solutes either into or out of
the cells. In absorptive epithelial cells lining the intestine,
nutrient influx transporters may be uniporters located in
the apical (luminal) domain of the cell, facilitating the
diffusion of solutes until an electrochemical equilibrium
is establishedacross themembrane.One such influx trans-
porter is glucose transporter 2 [14]. The quercetin glyco-
sides are absorbed intact across the intestine via
glucose-specific transporters. Hollman et al. (1999) pro-
posed that flavonoid glycosides actually could be
absorbed intact in the small intestine, using the sodium-
dependent glucose transporter-1 (SGLT1). Bilitranslocase,
a membrane protein originally isolated from rat livers, is
an important carrier of flavonoids and anthocyanins [15].
In enterocytes, ABC pumps occur in both the luminal and

the basolateral plasma membrane domains, and promote
efflux of substrates at both sides. The cellular efflux of fla-
vonoids and other phytochemicals occurs via these trans-
porters and this might be the reason for their poor
bioavailability [14].

10.2.2 Metabolism of Phytochemicals

Metabolism is a process of biochemical modification
through a set of enzymatic pathways by living organ-
isms, which modifies the chemical structure of com-
pounds that are foreign to the organism’s natural
biology. These processes are often intended to detoxify
phytochemicals, which are converted from lipophilic
chemical compounds to more hydrophilic products.
The metabolism may occur in the GIT before absorption
of the phytochemical or may occur in the hepatic micro-
somal system after getting adsorbed.

10.2.2.1 Metabolism in GIT

The metabolism at GIT is an important aspect for the
bioavailability of the compounds. These involve the en-
zymes of the digestive system (protease, glycosidase,
etc.) or the gutmicroflora at the colon level. Theflavonoids
such as flavonols, isoflavones, flavones, and anthocyanins
are usually glycosylated by 1e3 sugar moieties like
glucose, rhamnose, galactose, arabinose, xylose, orglucur-
onic acid [16]. Flavonoids could be hydrolyzed in the
small intestine by enzymes (glycosidase). When quer-
cetin derivatives were administered to volunteers, quer-
cetin-3-O-rhamnoglucoside was absorbed more slowly
than quercetin-4-O-glucoside (maximum concentration
at 6 and 0.5 h, respectively) into the small intestine (gut
microflora) after hydrolysis [15]. Chlorogenic acid (CA)
is a caffeic acid ester linked to quinic acid, and no esterase
in human tissues is able to release caffeic acid from CA; it
is metabolized by the colonic microflora for absorption.
Similarly, ferulic acid and its homologs are released by
colonic microflora (xylanases and esterases). Ellagitan-
nins are also hydrolyzed by colonic gut microflora to
EA and further converted to hydroxy-6H-dibenzo[b,d]-
pyran-6-one derivatives known as urolithins A and B
[17]. Catechin is excreted in the bile as glucuronide
conjugates (33e44%), but other metabolites [m- and
p-hydroxyphenylpropionic acid, d-(3-hydroxyphenyl)-
g-valerolactone, and d-(3,4-dihydroxyphenyl)-g-valero-
lactone] are excreted from the gut microflora [17].
Naringenin (21) is metabolized to microbial derived
metabolites such as 3-(4-hydroxyphenyl) propionic acid
and resveratrol is metabolized to dihydroresveratrol by
the colon microflora [18].

10.2.2.2 Metabolism in the Hepatic Microsomal
System

After the drug gets absorbed in the blood it un-
dergoes first-pass metabolism in the hepatic microsomal
system. This process is biphasic and consists of stepwise
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biotransformation and synthesis reactions. Phase I
(biotransformation) consists of the oxidation (hydroxyl-
ation), hydrolysis, or reduction of a lipid-soluble or
nonpolar drug. Phase II (synthesis) consists of the conju-
gation of a drug or its metabolite with an endogenous
compound (predominantly glycine, sulfate, or glucur-
onic acid). The result of either of these phases of meta-
bolism is the production of metabolites that are more
prone to polar groups than the parent ring and readily
excreted in the bile or urine. One of the most common
oxidation mechanisms is catalyzed by cytochrome-
P450-(CYP450)-dependent mixed function oxidase sys-
tem. The majority of the phytochemicals is metabolized

by CYP450. These enzyme complexes act to incorporate
an atom of oxygen into nonactivated hydrocarbons,
which can result in either the introduction of hydroxyl
groups or N-, O-, and S-dealkylation of substrates. In
this regard, galangin (by ring hydroxylation) and
kaempferide (by O-demethylation) were metabolized
to kaempferol. CYP2C9 was the most efficient isoform
for the oxidation of galangin, followed by CYP1A2 and
CYP1A1. For the oxidation of kaempferide, CYP1A2
clearly predominated, followed by CYP2C9 and
CYP1A1. Surprisingly, chrysin was not oxidized by
any of these human enzyme preparations, but was
oxidized by the liver microsomes [18].
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Most of the flavonoid glycosides are first deglycosy-
lated and then converted to glucuronides or sulfates
with or without methylation, as shown for phloridzin
(15), luteolin (16), luteolin-7-O-glucoside (19), quercetin
glycosides, kaempferol-3-O-glucoside (20), genistein,
daidzein, quercetin, catechin, kaempferol, and naringin
(naringenin-7-rhamnoglucoside) (21) [17]. Similarly, iso-
rhamnetin (18), or 30-O-methylquercetin, has also been re-
ported in human studies [19]. The main metabolites of
galangin (23) were found to be kaempferol by oxidation,
glucuronidation, and sulfation conjugations [18]. Resver-
atrol was administered at high dose; high levels of resver-
atrol metabolites were detected in plasma, whereas the
aglycone did not reach concentrations higher than 7 mM
and exhibited a relatively short life of about 8e14 min
[13]. These results suggested an intense phase II meta-
bolism (due to the action of detoxifying enzymes) [18]
and support the fact that at higher administered doses,
higher levels of metabolites can be detected in plasma.
EA methyl ether glucuronides have been detected in hu-
man plasma and urine showing that free EA is absorbed
and extensively metabolized by phase II enzymes [13].

10.3 THE BIOAVAILABILITY AND
PHARMACOKINETICS OF SOME HERBS

AND PHYTOCONSTITUENTS

Medicinal herbal products are composed of different
chemical constituents, including flavonoids, alkaloids,
glycosides, tannins, xanthonoids, and cinnamates,
and possess diverse therapeutic activity. But unfortu-
nately the beneficial roles of potent plant secondary
metabolites are greatly limited due to their poor

bioavailability. The solubility of some of these phyto-
chemicals in GI fluid is low, which leads to poor ab-
sorption and hence poor bioavailability. Also,
majority of the compounds are present in the food as
glycosides, which are known to have poor absorption.
The pharmacokinetic profiles of some phytomolecules
are illustrated in Table 10.1.

10.3.1 Gingko biloba (Family: Ginkgoaceae)

The pharmacokinetic profile of bilobalide and gink-
golides A and B were studied after oral administration
of 80 mg of Gingko biloba (GB) extract (w24% flavonoids
and 6% terpenoids) [20]. The absolute bioavailability of
ginkgolides A and B were �80%, while ginkgolide C
showed very low bioavailability. Bioavailability of bilo-
balide was 70% after administration of 120 mg extract.
In another pharmacokinetic study, the mean bioavail-
abilities of ginkgolide A (24), ginkgolide B (25), and bilo-
balide (26) were found to be 80%, 88%, and 79%,
respectively [21].

The t1/2 of ginkgolides A and B and bilobalide were
4.5, 10.6 and 3.2 h, respectively [22]. The bioavailability
of ginkgolides A and B and bilobalide was studied in
rats after single oral administration of the dose at 30,
55, and 100 mg/kg GB extracts [23].

10.3.2 Hypericum perforatum (Family:
Hypericaceae)

Hypericum perforatum (HP) consists of hypericin (27),
pseudohypericin (28), hyperforin (29), and adhyperforin
(30) as the chief constituents [20].
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TABLE 10.1 The Pharmacokinetics of Different Phytochemicals after Oral Administration (Mean � SD)

Phytochemicals Subject Cmax(ng/mL) Tmax(h) T1/2el(h) CL Bioavailability Reference

Ginkgolide A Human 15
41.8 � 14

1e2 h
2

4e6
2.63 � 0.45

130e200 mL/min
e

80e98%
e

[21]
[22]
[19]

Ginkgolide B Human 4
5.6 � 2.2

1e2 h
2

5e11
2.34 � 0.38

140e250 mL/min
e

80e90%
e

Ginkgolide C Human 12
37.6 � 14.2

1e2 h
2

w3
2.30 � 0.24

600 mL/min 70e80%

Hypericin Human 30.6 � 12.6
14e22
0.9e3.3

4.4 � 2.7
4.0e10
4.0e8.0

36.1 � 22.6
25e31
14.7e57.8

5.8 � 2.3 L/h
2.3e3.1 L/h
34.7e238 L/h

e [117]
[118]
[24]
[118]
[119]
[24]

Pseudohypericin Human 1.1e7.1
7e12

2.0e5.0
3.0e3.6

13.9e27.9
16e24

89.2e511 L/h
10.8e17.4 L/h

e

Hyperforin Human 153.2 � 22 3.6 � 0.6 9.5 � 1.1 11.9 � 1.7 L/h e

Rat 370 3 6 70 mL/min e

(Continued)
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TABLE 10.1 The Pharmacokinetics of Different Phytochemicals after Oral Administration (Mean � SD)dcont’d

Phytochemicals Subject Cmax(ng/mL) Tmax(h) T1/2el(h) CL Bioavailability Reference

Escin Human e e 10e19 e e [28]

Rat e e e e 12.5% [29]

Salicin Human 1200
(As salicylic acid)

1 2.45 15.8 e [32]

Silybin Human 523.7 � 292 0.6e4.6 6 e e [33]

Quercetin Human 86 4.9 15.1 e e [34]

Rutin Human 320 7 11.8 e e [35]

Andrographolide Rats 1620
230

1
0.495

1.7
2.37

7.17 mL/min
e

e
2.67%

[37]
[38]

Resveratrol Human 1942
470 nM

2.80
0.5

1.06
0.82

e
e

e
e

[120]
[121]

Dogs 1700e2600 1e2 2e4 41e58 L/h e [122]

Rats 5900
3750

0.17
0.25

1.16
1.97

74.51 mL/min
0.310 L/min

e
e

[107]
[123]

Curcumin Rats 500
86.55 � 9.55

0.75
0.60 � 0.13

1.45
1.21 � 0.23

92.26 L/h
e

e

e

[106]
[124]

Rabbits 230 2 e 27.54 � 3.09 L/h e [125]

Mangiferin Human 19.94 � 3.47 2.42 � 0.71 4.47 � 0.25 0.83 � 0.22 L/h e [54]

Rats 2730 � 236
874.9
190

4.8 � 1.0
4.22
0.25

0.39 � 0.04
2.80
5.1

e
10.1L/h
e

e
e

e

[126]
[127]
[128]

Genistein Human 39 � 3.7
261.84

6.7 � 1.1
7.00

10.2 � 0.9
7.96

37.6 � 10.9 L/h
e

e- [129]
[58]

Rats 4876.19 2 e e 30.75% [57]

Diadzein Human 46 � 4.4
96.02

7.4 � 0.9
6.25

11.4 � 1.2
6.67

7.8 � 1.0 L/h
e

e

e

[129]
[58]

Ellagic acid Human 3.65 � 1.71
0.06 � 0.01 mmol/L

1.98 � 2.87
0.98 � 0.06

8.41
0.71 � 0.09

e

e

e

e

[60]
[61]

Rats 1750.7 � 769 0.264 � 0.034 5.811 � 0.93 e e [130]

Gallic acid Human 1.83 � 0.16 mmol/L 1.27 � 0.20 1.19 � 0.07 8.4 � 2.4 L/h e [131]

Rats 175.13 � 45.2 0.2 0.57 e e [63]

Chlorogenic acid Rats 1013.91
242

0.36
0.5

2.54
8.55

e
e

e
e

[58]
[132]

Rabbit 839 0.58 e e e [68]

Chrysin Human 13 1 4.6 e e [71]

Rats 19.47 � 13.1
90.22 � 19.5

0.3 � 0.1
0.40 � 0.15

6.6 � 0.8
9.72 � 3.16

17.0 � 11.0 L/h
2.72 � 0.67 L/h

e

e

[73]
[72]

Naringenin Mice 2910.6 0.2 4.69 e e [133]

Beagle dogs 146.56 � 167.98 5.3 � 2.1 2.75 � 1.33 e e [134]

Rats 1034 � 402
1088 � 198.7

13.6 � 0.89
0.42 � 0.21

5.00 � 1.46
4.43 � 0.60

e

0.012 L/h
e

e

[135]
[136]

Hesperetin Mice 776.06 0.2 5.26 e e [133]

Rats 0.58 � 0.31
791 � 165

8.0 � 2.8
0.42 � 0.21

4.3 � 1.5
4.85 � 0.51

e

0.003 L/h
e

e

[137]
[136]
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Pharmacokinetic studies of HP extract have been re-
ported by several researchers. Pharmacokinetic profile
of hypericin has been reported by Biber et al. (1998)
with the oral administration of HP extract (equivalent to
0.3% hypericin) as coated tablets [24]. The terminal elim-
ination t1/2 of hypericin increased significantly from 25 to
48 h at higher doses. The bioavailability of hypericin and
pseudohypericin from the extract was estimated to be
14% and 21%, respectively [25]. Pharmacokinetic param-
eter study of hypericin was performed in monkeys after
administration of an intravenous (IV) dose of 2 mg/kg.
Elimination t1/2 and mean plasma CL were found to be
26 � 14 h and 6 � 2 mL/kg/h, respectively. Another
pharmacokinetic study demonstrated that the Cmax of
hyperforin was found to be 370 ng/mL at 3 h after oral
administration of HP extract at the dose of 300 mg/kg
in rats (w5% hyperforin). [24]. The t1/2 and CL were
observed as 6 h and 70 mL/min/kg, respectively [26].

10.3.3 Aesculus hippocastanum (Family:
Sapindaceae)

It contains b-escin and a-escin as the active ingredi-
ents [20,27]. The bioavailability has been studied after
administration of a single dose and multiple doses
(2 tablets w50 mg escin) every 12 h for 4 days [28].
The t1/2 of escin was determined to be 10e19 h. The
pharmacokinetics and bioavailability of escin has been
reported after oral and IV administration in rats; about
66% and 33% of the dose was excreted in the bile and
urine, respectively, after IV administration. The oral
bioavailability of escin was found to be 12.5% [29].

10.3.4 Salix alba (Family: Salicaceae)

Salicin (31) is the active component of Salix alba. It is
converted to salicylic acid through metabolism [20].
The bioavailability studies revealed that when

4000 mg pure salicin was administered, the plasma
concentration of the main metabolite salicylic acid
was found to be 110 mg/L and 86% was eliminated
through urine within 24 h of administration [30]. In
contrast, lower doses (single dose of extract equivalent
to 54.9 mg of salicin) resulted in average peak plasma
concentrations of only 0.13 mg/L of salicylic acid [31].
In another study, the extract (equivalent to 240 mg of
salicin) was given in two equal doses (at 0 and 3 h) to
10 volunteers [32]. Peak plasma levels of salicylic acid
were recorded at 1.2 mg/L. Maximum concentrations
were found at 1 h after administration, while the t1/2
was 2.45 h.

10.3.5 Silybum marianum (Family: Asteraceae)

Silymarin mainly consists of silybin (9) (50e70%)
with small amounts of other constituents including iso-
silybin, silydianin, and silychristin [20]. A pharmacoki-
netic study of silybin has been done by Weyhenmeyer
et al. (1992) after a single dosage of 102, 153, 203, and
254 mg. The area under the curve (AUC) correlated lin-
early with the dose of about 10% of total silybin in
plasma, which was present as conjugate. Elimination
t1/2 of silybin was found to be w6 h. Only 5% of the
dose was excreted in urine as total silybin. Differences
in the bioavailability were attributed to the in vitro
dissolution characteristics of silybin in various marketed
products. It has been found that at least 70% of silymarin
has to be released in vitro within 15 min or 80% within
30 min to achieve desirable plasma concentrations [33].

10.3.6 Rutin

In the pharmacokinetic study of rutin it was found
that profound lag time of several hours has been
achieved with Cmax within w7 h [34]. Cmax and
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AUC(0e24) were found to vary linearly in a dose-
dependent manner. After intake of 400 mg rutin (32)
[w200 mg quercetin aglycone], mean maximum
plasma concentrations were 0.32 mg/mL at 7 h, while
the mean AUC(0e24) was 2.5 mgh/mL. Absorption of
the quercetin aglycone was faster than rutin but slower
compared to other glucosides. Tmax was in the range
1.9e4.9 h [34]. Mean AUC(0e32) and Cmax values were
similar after intake of comparable doses of free quer-
cetin and rutin [34,35]. After oral administration only
traces of free quercetin were found in the plasma,
which means that rutin was converted to quercetin
metabolites. The t1/2 of quercetin was found to be
3.8 h [36].

10.3.7 Andrographolide

Pharmacokinetic profile of andrographolide (4) (AP)
has been observed after oral administration of
tablets (equivalent to 10 mg/kg) in rats. The different
parameters were observed by a one-compartment
open model with Tmax ¼ 59.69 � 3.61 min,
Cmax ¼ 1.62 � 0.11 mg/mL, Vd ¼ 1056.90 � 83.42 mL,
and AUC0-N ¼ 348.75 � 24.41 mg min/mL [37]. The ab-
solute bioavailability of AP was found to be 2.67%. AP
has poor oral bioavailability because of its rapid
biotransformation and efflux by P-glycoprotein
(P-gp) [38].

10.3.8 Resveratrol

Resveratrol (8), [3,4,5-trihydroxystilbene] exhibited
low bioavailability in various pharmacokinetic studies
[39]. Several parameters have been studied after oral
administration of resveratrol (w25 mg/70 kg) to healthy
male subjects as white wine, white grape juice, or vege-
table juice. The Cmax was achieved after 30 min and con-
centrations declined rapidly after reaching baseline
levels within 4 h due to rapid and extensive metabolism.
However, low plasma levels of free resveratrol were
observed (<40 nmol/L) [40]. Resveratrol-3-O-sulfate,

resveratrol-40-O-glucuronide, and resveratrol-3-O-
glucuronide were found to be the major metabolites of
resveratrol [41,42].

10.3.9 Curcumin

Curcumin, a hydrophobic polyphenol, exhibited low
bioavailability [43] due to extensive metabolism. In phar-
macokinetic studies, Holder et al. (1978) has reported
that the major biliary metabolites of curcumin were glu-
curonides of tetrahydrocurcumin and hexahydrocurcu-
min in rats. Negligible amount of curcumin was
observed in blood plasma after oral administration of
1 g/kg; it revealed that curcumin was poorly absorbed
from the gut [44,45]. After oral administration of
400 mg of curcumin to rats, no curcumin was found in
blood/plasma, whereas a trace amount (�5 mg/mL)
was found in the portal blood [46]. In another study, cur-
cumin was given orally at a dose of 2 g/kg in rats; a
maximum serum concentration of 1.35 � 0.23 mg/mL
was observed at 0.83 h. In humans, the same dose of cur-
cumin resulted in either undetectable or extremely low
(0.006 � 0.005 mg/mL at 1 h) serum levels [47,48]. Simi-
larly, in a human clinical trial, curcumin (3.6 g) produced
plasma levels of 11.1 nmol/L after an hour of dosing
[49,50]. The absorption and elimination t1/2 of orally
administered curcumin (2 g/kg) in rats were reported
to be 0.31 � 0.07 and 1.7 � 0.5 h, respectively [51].

10.3.10 Mangiferin

The bioavailability of mangiferin (34)
[1,3,6,7-tetrahydroxyxanthone-C-2-b-d-glucoside] has
been reported to be very low [52] at 1.2% [53]. Pharma-
cokinetic study of mangiferin was performed by Liu
et al. (2010) after administration of single oral dose of
mangiferin of 17.5, 35, and 70 mg/kg to rats. The t1/2
seemed to be dose dependent and ranged from 2.34 to
5.10 h. The times to reach Cmax and Tmax were prolonged
to 3.0 and 4.0 h, respectively. Another study has been
investigated after oral administration of 0.1, 0.3, and
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0.9 g mangiferin to 21 healthy volunteers. The pharma-
cokinetic profile of mangiferin was determined using
noncompartmental model. Mangiferin reached plasma
concentration 38.64 � 6.75 ng/mL about 1 h after oral
administration of 0.9 g, and the apparent elimination
t1/2 was 7.85 � 1.72 h [54].

10.3.11 Genistein

The pharmacokinetics of genistein (2) has been studied
in rats and humans [55], and low bioavailability has been
demonstrated due first-pass effect [56]. After oral admin-
istration of different doses of genistein (4, 20, 40 mg/kg),
its bioavailabilities were found to be 38.58, 24.34, and
30.75%, respectively. The Tmax, Cmax, and AUC0eN of gen-
istein after oral administration (40 mg/kg) were 2 h,
4876.19 ng/mL, and 31,269.66 ng h/mL, respectively [57].

Further investigation demonstrated the pharmacoki-
netics of daidzein (5) and genistein, after ingestion
of soy beverage compared with soy extract capsules
in postmenopausal Thai women [58]. They received
either two soy extract capsules equivalent to genistein
content 3.90 � 0.04 mg/capsule and daidzein content
11.29 � 0.17 mg/capsule or 15 g of soy beverage
(genistein and daidzein content 0.62 � 0.005 and
0.70 � 0.01 mg/g). The first peak of plasma daidzein
concentration was reached w1 h after ingestion of both
preparations, whereas the second peak was attained at
higher plasma concentrations after 5.92 � 2.43 h for
soy beverage, and 6.25 � 2.26 h for soy extract capsules.
The Cmax values were 96.31 � 36.18 ng/mL and
96.02 � 27.71 ng/mL for soy beverage and soy extract
capsules, respectively. It also revealed that the elimina-
tion t1/2 was 7.68 � 4.14 h for soy beverage and
6.67 � 1.65 h for soy extract capsules [58].

10.3.12 Ellagic Acid

The pharmacokinetics of EA (10) has been determined
in healthy volunteers fed with freeze-dried black

raspberries 45 g (equivalent to 13.5 mg EA) for 7 days
[59]. After 1 day, Cmax, Tmax, AUC, and mean t1/2 were
found to be 3.65 � 1.71 ng/mL, 1.98 � 2.87 h, 16.56 �
7.66 ng h/mL, and 8.41 h respectively. Similarly,
3.25 � 1.52 ng/mL, 2.00 � 1.97 h, 17.61 � 9.15 ng h/mL
and 8.57 h, respectively, were observed after 7 days [60].

In another study, EAwas given to 18 human volunteers
through a single dose of pomegranate juice 180 mL
(w12 mg EA). The Cmax was 0.06� 0.01 mmol/L, and
the corresponding AUC [0.17 � 0.02 (mmol.h)$L�1] was
attained while Tmax was 0.98� 0.06 h. The elimination
t1/2 was found to be 0.71 � 0.08 h [61].

10.3.13 Gallic Acid

Pharmacokinetics of gallic acid (GA) (33)
[3,4,5-trihydroxybenzoic acid] has been studied
through different trials and low bioavailability
was found [62]. In an experiment, healthy human vol-
unteers were given two Acidum gallicum tablets
(25 mg GA each tablet) or 125 mL Assam black
tea brew (w50 mg GA). The oral absorption of GA
from both sources was fast (Tmax: 1.27 � 0.20 h for A.
gallicum tablets and 1.39 � 0.21 h for the tea). But the
highest GA concentrations observed in plasma were
1.83 � 0.16 mmol/L (tablets) and 2.09 � 0.22 mmol/L
(tea). The elimination t1/2, elimination rate constant,
and CL were found to be 1.19 � 0.07 h, 0.58 � 0.03 h�1,
and 8.4 � 2.4 L h�1, respectively, for the tablets and
1.06 � 0.06 h, 0.65 � 0.04 h�1, and 8.4 � 2.0 L h�1

respectively, for the tea brew [63]. In another experi-
ment, the pharmacokinetic profile has been evaluated
after oral administration of 50, 100, and 150 mg/kg
grape seed extract (equivalent to 91 mg GA/gm) in
male Sprague Dawley rats. Absorption of GA was
observed to be significantly higher from a single oral
dose of 150 mg/kg. AUC and Cmax were significantly
higher. For GA, AUC was found to increase by 198%
upon dose escalation [64].
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10.3.14 Chlorogenic Acid

CA (36) is an ester of caffeic acid and quinic acid [65].
CA was hydrolyzed by intestinal microflora into caffeic
acid and quinic acid metabolites [66]. The pharmacoki-
netic profile of CA has been determined in rat models
after oral administration of Flos lonicerae. A two-
compartment model was selected for calculation of the
different parameters. At the administered doses of 200,
400, and 600 mg/kg, the absorption half-lives (t1/2 Ka)
were 10.23, 18.66, and 28.13 min, respectively, while
elimination t1/2 were 231.64, 337.23, and 420.81 min,
respectively. The Vd at the three doses were 55.26,
35.56, 32.22 L/kg, respectively. The AUC0-Nwas not pro-
portional to the administered dose and found have
nonlinear kinetics [67].

In another experiment, the plasma levels and phar-
macokinetics of CA have been determined in rabbit after
single administration of F. lonicerae extract at a dose of
10 g/kg (w220 mg CA) body weight [68]. The plasma
CA level reached a Cmax of 0.839 � 0.35 mg/mL at
34.7 � 1.1 min. A second peak of CA appeared at
273.4 � 39.6 min in the plasma with a concentration
0.367 mg/mL. The various pharmacokinetic parameters
were: AUC, 140 � 65.9 mg min/mL and Kel, 0.0130 �
0.0023 min�1 [69].

10.3.15 Chrysin

Pharmacokinetic studies as well as extensive sys-
temic metabolism suggested strongly that the oral
bioavailability of chrysin (35) [5,7-dihydroxyflavone]
in humans may be low [70]. In a study, 200-mg capsules
of chrysin were orally administered to seven healthy hu-
man volunteers for pharmacokinetic investigation. Cmax

and Tmax was found to be 3e16 ng mL1 and 1 h, respec-
tively, with correspondingly large interindividual vari-
ability in AUC values (5e193 ng mL-1h). The apparent
t1/2 was 4.6 h. The mean plasma concentrations of
chrysin sulfate in the seven subjects exceeded those
of chrysin by approximately 30-fold, with AUC values
of 450e4220 ng mL-1h [71]. In a different study, the phar-
macokinetic profile of chrysin was performed with
oral administration of the extract of Scutellaria baicalensis
to male Wistar rats at a dose of 8 mL/kg (w0.23 mg/mL
of chrysin). The maximum concentration appeared
at 0.40 � 0.15 h with a Cmax 90.22 � 19.55 ng/mL.
The other pharmacokinetic properties such as t1/2,
AUC0eN, and CL were calculated as 9.72 � 3.16 h,
746.9 � 239.8 ng h/mL, and 2.72 � 0.67 L/h/kg, respec-
tively [72].

Another pharmacokinetic study of chrysin has
been performed after oral administration of 16.0 g/kg
Tang-min-Ling pill (equivalent to 1.12 mg/kg chrysin).
Chrysin was rapidly absorbed with a Cmax

19.47 � 13.14 ng/mL at 0.3 h. The t1/2, AUC0eN,
and CL were calculated as 6.6 � 0.8 h, 107.5 �
77.9 ng h/mL, and 17.0 � 11.0 L/h kg, respectively [73].

10.3.16 Betulinic Acid

Betulinic acid (BA) (37) exhibited low bioavailability
due to limited aqueous solubility [74]. The pharmacoki-
netic study of BA has been screened in the CD-1 mice,
to which BA was administered at a dose of 250 and
500 mg/kg i.p. The serum concentrations reached
peak level at 0.15 and 0.23 h, respectively. It has been
observed that BA has an elimination t1/2 of 11.5 and
11.8 h and total clearances of 13.6 and 13.5 L/kg/h at
a dose of 250 and 500 mg/kg, respectively [75].

10.4 CHALLENGES IN DEVELOPING
A HERBAL FORMULATION

Herbal medicine is still a challenge for developing
into suitable dosage forms for promotion and develop-
ment of human health. There are several challenges for
developing an appropriate delivery system, due to
their limited solubility and permeability through bio-
logical membranes, so much so their low therapeutic
efficacy and bioavailability. Research is now being
concurrently conducted on basic as well as applied
fields of herbal medicines, and this has led to the
need for research in the delivery system of herbal
drugs for maximum concentration as well as bioavail-
ability [3].

10.4.1 Modification for Half-Life of Herbal
Drugs

The biological half-life (t1/2) has an immense role in
the therapeutic efficacy and potency of drug molecules
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at the site where it is administered. If drugs have shorter
t1/2, then they possess low bioavailability when
compared to those with higher t1/2. The biological mem-
brane permeability of such molecules offers more activ-
ity for lipophilic action, hence its chances of availability
in the blood/plasma are more in comparison to hydro-
philic compounds. However, 40% of the active pharma-
ceutical ingredients obtained from high-throughput
screening are poorly soluble molecules. Lower bioavail-
ability results from poor solubility and incomplete
dissolution in vivo. This often holds back continuous
development and coming into the market of some prom-
ising new chemical entities (NCEs), or elicits insufficient
therapeutic effects from certain drugs. The increasing
numbers of poorly soluble drugs require innovative
formulation approaches to acquire a sufficient bioavail-
ability level after oral administration. In other words, the
hepatic biotransformation of the drug molecules is
related to more renal elimination, which lowers the
bioavailability of drugs [76]. A lot of research is going
on to overcome the problem associated with herbal med-
icine by applying NDDS.

10.4.2 Drug Delivery Systems to Enhance
Bioavailability of Herbal Medicine

A great deal of herbal products for therapeutic appli-
cation are being acquired through the use of herbs, and
information is increasing quickly with greater under-
standing of molecular mechanisms of diseases. Never-
theless, favorable drug action alone against the disease
is insufficient to satisfy the medical community. In addi-
tion, avoiding unwanted side effects at the site of action
is equally important. The pharmacological activity of
any administered drug relies not only on its therapeutic
efficacy but also on the bioavailability at the adminis-
tered site. Several phytopharmaceuticals possess low
aqueous solubility, which means poor membrane
permeability and therefore low oral bioavailability.
Conception and evolution into a suitable pharmaceu-
tical formulation for delivery of certain phytoconstitu-
ents is of premier importance. The promotion of novel
technologies is providing a large platform for novel de-
livery systems of herbal medicine to improve the thera-
peutic activity along with bioavailability of drugs that
have poor aqueous solubility. Promising novel ap-
proaches are being developed including phytosome/
herbosome, liposome, nanostructured lipid carriers
(NLCs), NE, polymeric nanoparticles (NPs), den-
drimers, micelles, and so on [77]. These novel technolo-
gies can modulate the pharmacokinetics of existing
drugs, and it may be helpful to enhance delivery of herb-
al medicine to target sites. In this regard, the discussion
on some of the delivery systems has made an impact

either by enhancing the delivery of the herbal drugs to
their target tissues or by increasing their bioavailability
by manyfold [8].

10.5 NOVEL DRUG DELIVERY
TECHNOLOGY FOR HERBAL

FORMULATION

In the development of novel therapeutics, the ability
to devise a suitable pharmaceutical formulation for de-
livery is of utmost importance. Therefore delivery of
the phytomolecules is critical for effective prevention
and treatment of diseases. The emergence of new tech-
nologies has engendered great interest in developing
NDDS to advance both the pharmacological and thera-
peutic properties of herbal drugs. There is continuous
quest for information and technology to overcome the
shortcomings associated with herbal medicine for thera-
peutic effect as well bioavailability enhancement. In this
context, the NDDS is pioneering to curb the problems
related to herbal drugs, which is systematically repre-
sented in Figure 10.2.

The nanosized NDDSs of herbal drugs have a poten-
tial future for enhancing the activity and overcoming
problems associated with plant medicines. The applica-
tions of NDDS in herbal medicine are explained through
Figure 10.3.

In this section, we would discuss some of the delivery
methods that have already made an impact either by
enhancing the delivery of different herbal products to
their target tissues or by increasing their bioavailability
by manyfold [78].

10.5.1 Liposome

Liposome is a bilayer lipidic vesicular carrier system
of phospholipids/cholesterol that varies in size from 25
to 2.5 nm. The distinct advantages are their ability to
encapsulate various materials and their structural versa-
tility. Liposome can encapsulate drugs with widely
varying solubility or lipophilicity, either entrapped in
the aqueous core of the phospholipid bilayer or at the
bilayer interface. Liposome composed of natural lipids
is biodegradable, biologically inactive, nonimmuno-
genic, and possesses limited intrinsic toxicity. The struc-
ture of liposome is described in Figure 10.4.

Therefore, drugs encapsulated in liposomes are
expected to be transported without rapid degradation,
and this results in minimum side effects. Liposome is
increasingly used with herbal products to deliver certain
drugs for the prevention or treatment of a variety of
diseases. Several formulations have been developed and
studied with regard to relative stability, pharmacokinetic
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properties, biodistribution, and toxicity. Moreover,
liposomes are able to deliver drugs into target site by
fusion or endocytosis. Despite the many advantages of
liposomes, including safety and biocompatibility, their
main drawback is instability in plasma [8]. El-Samaligy
et al. (2006) prepared silymarin-encapsulated hybrid
liposomes, which show successful preparation with effi-
cient encapsulation of silymarin. Liposome Herbasec�,
one of the liposomal powders marketed with standard-
ized botanical extracts using white and green tea, white
hibiscus, guarana, and aloe, successfully improved the
activities of their herbal ingredients. This is a novelmeans
of delivering drugs in a controlled manner to enhance
bioavailability and get the therapeutic effect over a longer
period of time [79].

10.5.2 Transfersome

Transfersomes are vesicular system consisting of
phospholipids as the main ingredient with 10e25% sur-
factant (such as sodium cholate) and 3e10% ethanol.
The surfactants work as “edge activators,” conferring
ultradeformability on the structure of transfersome,
which helps them to squeeze through pores in the stra-
tum corneum (SC). Transfersomes can squeeze through
SC layers spontaneously at w500 nm pore size, while
liposomes are too large to pass through pore size

�50 nm [80]. Transfersomes are also known as elastic
vesicles due to their deformability , and they can pass
through intact skin under the influence of hydration
gradient, transporting therapeutic agents only when
applied under nonocclusive conditions [81]. Themethod
of preparation of transfersome is similar to that of lipo-
some. The hypothesized mechanism of action of trans-
fersome is described as followings: (1) vesicles act as
drug carriers and intact vesicles enter the SC carrying
vesicle-bound drug molecules into the skin and (2) ves-
icles act as penetration enhancers and enter the SC and
then modify the intercellular lipid lamellae and conse-
quently facilitate the penetration of unbound drug mol-
ecules into and across the SC [81]. It can be used as novel
delivery systems for phytopharmaceuticals to enhance
their permeability as well as bioavailability. Transfer-
some can penetrate the SC and supply the nutrients
locally to access its functions resulting in maintenance
of skin; in this context, the transfersome of capsaicin
has been prepared, which exhibited better topical ab-
sorption in comparison to pure capsaicin [4].

10.5.3 Niosome

Niosomes are hydrated vesicular systems of nonionic
surfactants with phospholipid or cholesterol and deliver
drugs to target sites. The lamellar structures of these

FIGURE 10.2 Different novel delivery systems for herbal drugs.
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vesicular systems are fabricated of amphiphilic mole-
cules and surrounded by an aqueous compartment.
Vesicular systems are applicable for both hydrophilic
and hydrophobic drug delivery, wherein the drug is
encapsulated in the interior hydrophilic compartment
and the outer lipid layer, respectively [82]. It is biode-
gradable, biocompatible, nontoxic, and stable over a
longer period of time in different conditions and is
capable of encapsulating large quantities of material in
a relatively small volume of vesicles. Furthermore, these
are versatile carrier systems that can be administered
through various routes including intramuscularly, IV in-
jection, peroral, ocular, pulmonary, and transdermal
[83]. The structure of niosome is represented in
Figure 10.5.

Niosomes are bilayer lipidic systems consisting of
nonionic surfactants. Nonionic surfactants are used
due to their ability to increase solubility of poorly
water-soluble drugs and therefore enhanced bioavail-
ability. Compared to liposome, they have longer shelf

FIGURE 10.3 Salient features of novel herbal delivery system.

FIGURE 10.4 Structure of liposome.
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life, stability, and ability to deliver drugs at the target site
in a controlled or sustained manner for extended pe-
riods. Niosomes increased the permeability and fluidity
of biological membranes of drug molecules like podo-
phyllotoxin, etoposide, and methotrexate and show
enhanced bioavailability upon transdermal application
[82]. Junyaprasert et al. (2012) studied the EA-loaded
niosome where the in vitro skin permeation revealed
that permeation of EA depends on vesicle size, amount
of EA entrapped, and the added solubilizers, which may
act as permeation enhancer. From skin distribution
study, the EA-loaded niosome showed more efficiency
in the delivery of the EA through human epidermis
and dermis than EA solution [83].

10.5.4 Ethosome

Ethosomes are lipid vesicular systems with alcohol
(ethanol) capable of enhancing penetration to the deep
tissues of skin and then systemic circulation. It is
assumed that the alcohol interacts with ethosomal lipids
and SC bilayer lipids, thus allowing the soft, malleable
ethosomes to penetrate [80]. Recently, ethosomes have
been shown to be promising and novel vesicular sys-
tems that have appeared in the fields of herbal product
and drug delivery. This system has interesting character-
istics correlated with its ability to permeate intact
through the SC due to its high deformability. Indeed,
ethosomes are soft, malleable vesicles tailored for
enhanced delivery of phytomolecules. It has been re-
ported that the physicochemical features of ethosomes
allow this vesicular carrier to transport drug molecules
more efficaciously through the SC into the deeper layers
of the skin than conventional liposomes. This is an
important aspect in the design of the carriers to be
applied topically for delivery of herbal drugs [84]. More-
over, it facilitates percutaneous absorption of matrine as
an antiinflammatory agent [4]. In addition, ethosomes
elicited an increase in the percutaneous permeation of
ammonium glycyrrhizinate thereby enhancing the anti-
inflammatory activity of this drug in an in vivo model.
These results are very encouraging and confirm that

ethosomes are a very promising career in topical admin-
istration due to the enhanced delivery of drugs through
the skin [84].

10.5.5 Dendrimer

Dendrimers are three-dimensional hyperbranched,
treelike polymers having massive potential in drug
delivery, targeting, and diagnosis and as carriers for
deoxyribonucleic acid/gene delivery. Dendrimers have
hydrophilic exteriors and hydrophilic interiors, which
is responsible for its unimolecular micellar nature [85].
Dendrimers have some interesting features because of
their globular form and interior cavities. Another feature
is the possibility to encapsulate drug molecules in
the macromolecule interior. The interactions between
drug molecules and poly(amidoamine) (PAMAM) den-
drimers by covalent conjugation are complexed by van
der Waals interactions, or they are incorporated in the
empty spaces within branches. This complexation is
important in terms of stability, controlled release,
and high drug loading, and reduced toxicity leads to
the higher bioavailability of the drugs. In addition,
dendrimers can be surface engineered to release the
drug at the site specific for targeted drug delivery. This
property along with the solubilization behavior
could increase the therapeutic efficacy of drugs [85].
Abderrezak et al. (2012) studied the interaction of
several dendrimers of different compositions such as
mPEG-PAMAM (G3), mPEG-PAMAM (G4), and
PAMAM (G4) with hydrophilic and hydrophobic drugs
cisplatin, resveratrol, genistein, and curcumin at physio-
logical conditions. Structural investigation showed that
cisplatin binds dendrimers in hydrophilic mode via
“Pt” cation and polymer terminal NH2 groups, while
curcumin, genistein, and resveratrol were found in the
cavities binding through both hydrophobic and hydro-
philic channels [86].

10.5.6 Microsphere

Microsphere refers to spherical microparticles with a
diameter of 1e1000 mm. Biodegradable polymers are
frequently used for the development of microspherema-
trixes such as polylactic acid and copolymer of lactic
acid and glycolic acid. Apart from them, there is an
extensive range of microspheres prepared from albu-
min, albumin dextran sulfate, and fibrinogen. Adminis-
tration of medication via microparticulate systems is
advantageous because microspheres can be ingested or
injected; they can be tailored for desired release profiles
and used for site-specific delivery of drugs and in some
cases can even provide organ-targeted release. So far, a
series of phytomedicines such as rutin, camptothecin,

FIGURE 10.5 Structure of niosome.

10. BIOAVAILABILITY OF HERBAL PRODUCTS: APPROACH TOWARD IMPROVED PHARMACOKINETICS234



zedoary oil, tetrandrine, quercetin and Cynara scolymus
extract have been successfully exploited through this de-
livery system. In addition, reports on immune micro-
sphere and magnetic microsphere are also common in
recent years. Immune microsphere possesses immune
competence because the antibody and antigen were
coated or adsorbed on the polymer microspheres [4].

10.5.7 Nanoparticle

Nanoparticles range in size from 10 to 1000 nm and
can be synthesized from lipids, proteins, and carbohy-
drates, as well as several natural and synthetic poly-
mers. For delivery, a drug is dissolved, entrapped,
encapsulated, or attached to an NPmatrix. NPs improve
the therapeutic index of encapsulated drugs by protect-
ing them from enzymatic degradation, by altering phar-
macokinetics, by reducing toxicity, or by providing
controlled release over extended periods of time. NPs
may enhance the oral bioavailability of poorly soluble
drugs and the tissue uptake after parenteral administra-
tion, through adherence to the capillary wall. The nano-
particulate systems of herbal medicines have attracted
much attention, for example, nanonized curcuminoids
[87], paclitaxel [88], and praziquantel, which have a
mean particle size of 450, 147.7, and even higher than
200 nm, respectively. Furthermore, glycyrrhizic acid,
quercetin, berberine, and artemisinin have been incor-
porated in the NPs, which was found to improve their
bioavailability and bioefficacy [89].

10.5.8 Solid Lipid Nanoparticles and NLCs

Solid lipid nanoparticles (SLNs) are prepared from
lipids that are solid at room temperature as well as at
body temperature. Different solid lipids are exploited
to produce SLNs, such as, tripalmitin, cetyl alcohol, cetyl
palmitate, glyceryl monostearate, trimyristin, tristearin,
stearic acid, etc. There are several advantages of SLN
formulations, such as: (1) protection from degradation
in the external environment (during storage) and in
the gut, (2) improved bioavailability, (3) biocompati-
bility, (4) ease of scaling up at industrial production level
[90]. The schematic diagram of SLN is depicted in
Figure 10.6.

In case of NLCs, spatially very different lipid mole-
cules are mixed to create a lipid particle matrix as imper-
fect as possible. Generally, solid and liquid lipids are
mixed to produce NLCs that are still solid at room tem-
perature as well as at body temperature. Due to many
imperfections in NLCs, drug-loading capacity is
enhanced and drug expulsion during storage is mini-
mized. NLCs have several advantages, such as: (1)
NLC dispersions with higher solid content can be

produced, (2) drug loading capacity is better than that
of SLNs, (3) drug release profile can be easily modu-
lated, (4) drug leakage during storage is lower than
with SLNs, and (5) production of final dosage forms
(e.g., tablets, capsules) is feasible [90]. These technolo-
gies are applied to many herbal compounds. A pharma-
cokinetic study in male rats at an oral dose equivalent to
10 mg kg�1 demonstrated that a-asarone-loaded SLNs
improve oral bioavailability and tissue uptake of the a-
asarone compared to pure a-asarone group [91]. In
vivo pharmacokinetics following oral administration of
curcumin-loaded SLNs (50, 25, 12.5, and 1 mg kg�1

dose) and curcumin solution (50 mg kg�1) demon-
strated significant improvement in oral bioavailability
(39, 32, 59, and 155 times at 50, 25, 12.5, and 1 mg kg�1

dose, respectively) after administration of SLNs
compared to curcumin solution [92]. In another pharma-
cokinetic study with quercetin SLNs in rats following
oral administration of quercetin (50 mg kg�1) in the
form of either SLNs or suspension showed that the rela-
tive bioavailability of quercetineSLNs to quercetin sus-
pension was 571.4%. The Tmax and mean residence time
for quercetin in plasma were delayed. The study sug-
gested that SLNs may be potential carrier systems to
enhance the absorption of poorly soluble drugs [93].

10.5.9 Microemulsion and NE

Microemulsions and NEs are isotropic mixtures
of oils, surfactants, and cosolvents/cosurfactants [94].
NEs are thermodynamically stable systems that
consist of emulsifier-coated oil droplets dispersed
within an aqueous medium [95]. The size of the droplets
(o/w: oil in water and w/o: water in oil) produced
depends on the composition of the system and the

FIGURE 10.6 Schematic representation of solid lipid nanoparticle
(SLN).

10.5 NOVEL DRUG DELIVERY TECHNOLOGY FOR HERBAL FORMULATION 235



homogenization method used. The structure of microe-
mulsions/NEs is represented in Figure 10.7.

NEs when orally administered quickly disperse in the
GI fluid through self-emulsification and form nanodrop-
lets in the range of 20e200 nm with the digestive
motility of the stomach and the intestine [96]. Incorpora-
tion of herbal drugs into these systems strengthens the
stability, improves the permeability to the skin and mu-
cous, and produces sustained-release effect. So far, herb-
al drugs, like Brucea javanica oil, camptothecin,
coixenolide oil, and zedoary oil have been explored
with these systems. Choudhury et al. (2014) developed
the NEs (o/w) to improve the oral bioavailability of
paclitaxel. The terminal elimination t1/2 was increased
in oral NE up to 5.79 h as compared to the IV formula-
tion (t1/2, 1.22 h) thereby indicating a sustained release
profile of paclitaxel-loaded NE. Moreover, the absolute
oral bioavailability and sustained-release profile of the
paclitaxel NE evaluated in mouse model is found to
improve up to 55.9% [97].

10.5.10 Micelles

Micelles are lipid molecules that set themselves in a
spherical form in aqueous solutions. Polymeric micelles
range from 10 to 100 nm in size, and they are usually
very narrow. They increase the drug solubility, stability,
and hence its biomembrane permeability and bioavail-
ability through micellar surroundings. Drug release
from micelles is governed by various factors, such as
micelle stability, the rate of drug diffusion, the partition
coefficient, and the rate of copolymer biodegradation.
Polymeric micelles designed from amphiphilic block co-
polymers have been found to hold a significant potential

as drug delivery vehicles for a variety of anticancer
drugs due to unique properties, such as high solubility
and low toxicity. They can also lessen the P-gp efflux ef-
fect and, consequently, show a different mechanism of
action from the entrapped drugs [98]. The high toxicity
of potent chemotherapeutic drugs like paclitaxel, doxo-
rubicin, and many others limit the therapeutic window
in which they can be applied, which can be expanded
by using this form of delivery system. Preclinical studies
revealed that in colon-26-bearing CDF1 mice, a more
than 50 times higher AUC was obtained, while the
maximum plasma concentration (Cmax) in tumors was
three times higher compared to paclitaxel alone [99]. In
summary, polymeric micelle systems have become
increasingly important in oncology, and so far, the evi-
dence points to an increasing hope for use in cancer ther-
apy. The structure of micelle is shown in Figure 10.8.

FIGURE 10.7 Structure of microemulsion or nanoemulsion.

FIGURE 10.8 Structure of micelle.
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10.5.11 Phytosome

Phytosome is a novel technology that emerged in
1989. The term “phyto” means plant/herb while
“some” means cell-like structure [100]. Phytosome is a
technology used as controlled- and sustained-release de-
livery systems consisting of phospholipid complex
system of herbal extract or phytoconstituents in
the nanosize range (<100 nm) of particles [101]. Phyto-
somes result from the reaction of a stoichiometric
amount (1:1e1:3) of the phospholipid (phosphatidylcho-
line) with the standardized extract or phytoconstituents
in a nonpolar solvent [100]. It is a patented technology to
encapsulate standardized extracts or phytoconstituents
into phospholipids to fabricate molecular complexes
for enhancing their permeation and bioavailability, espe-
cially for those which have poor aqueous solubility and
strong tendency to self-aggregate [102]. The schematic
illustration of phytosome is shown in Figure 10.9.

The backbone of phytosomal system is only phospho-
lipid [102], several phospholipids such as hydrogenated
soy phosphatidylcholine (HSPC), dipalmitoylphospha-
tidylcholine, and distearoylphosphatidylcholine have
been employed for this purpose [103]. Phospholipid-
based delivery systems have been developed to improve
the bioavailability of phytoconstituents and herbal ex-
tracts. Phytosome has been successfully applied to
many plant extracts (milk thistle, Ginkgo, green tea, Bos-
wellia, etc.) as well as phytochemicals (silybin, curcu-
min), with significant results in both animals and
human pharmacokinetic studies [104]. Several studies
on phytoconstituentephopholipid complex have been
reported, namely, quercetin [105], curcumin [106], EA
[59], naringenin [101], AP [39], resveratrol [107], mangi-
ferin [52], and GA [62], have they been successfully
exploited for better therapeutic efficacy as well as
bioavailability.

10.6 PHOSPHOLIPID COMPLEX OF
HERBSdMODIFICATION OF

BIOAVAILABILITY AND EFFICACY

Most of the biologically active constituents of plants
are lipophilic or hydrophilic. However, hydrophilic phy-
toconstituents are poorly absorbed either due to their
large molecular size which does not allow them to be
absorbed by passive diffusion, or due to their poor lipid
solubility, severely limiting their ability to pass across
the biological membranes and resulting in poor bioavail-
ability [108]. It has often been observed that the isolation
and purification of the constituents of an extract may
lead to the partial or total loss of specific bioactivity
for the purified constituent; the natural constituent syn-
ergy is lost. Very often the chemical complexity of the
crude or partially purified extract seems to be essential
for the bioavailability of the active constituents. When
extracts are taken orally, some constituents may be
destroyed in the gastric environment.

Phytosome is produced by binding individual com-
ponents of herbal extracts to phosphatidylcholine,
resulting in a dosage form that is better absorbed and
thus produces better results than the conventional herb-
al extracts. Encapsulating drugs can improve the solubi-
lity and pharmacokinetics of drugs, and in some cases,
enable further clinical development of NCEs that have
been stalled because of poor pharmacokinetic proper-
ties. The phytosome technology has been applied to
many popular phytomedicines including GB, grape
seed, milk thistle, green tea, naringenin, hesperetin,
resveratrol, and ginseng [108].

10.6.1 Physical and Chemical Properties
of Phytosomes

Phospholipids are complex molecules that are used in
all known life forms to make cell membranes. Phospho-
lipids are small lipid molecules where glycerol is
bonded to two fatty acids, with the third hydroxyl, nor-
mally one of the two primary methylenes, bearing a
phosphate group. Phospholipids from soy, mainly phos-
phatidylcholine, are lipophilic substances and readily
complex polyphenolics. In this context, phosphatidyl-
choline, the major molecular building block of cell mem-
branes and a compound miscible in both water and oil/
lipid environments, is well absorbed orally, and has the
potential to act as a chaperon for polyphenolics, accom-
panying them through biological membranes. In
humans and other higher animals, the phospholipids
are also employed as natural digestive aids and as car-
riers for both fat-miscible and water-miscible nutrients.
They are miscible both in water and in lipid environ-
ments and are well absorbed orally. Phytosomes areFIGURE 10.9 Schematic diagram of phytosome.
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more bioavailable as compared to conventional herbal
extracts owing to their enhanced capacity to cross the
lipidic biomembrane and finally reaching the systemic
circulation. Compared to liposomes, phytosomes are
characterized by a high bioactive/lipid ratio [109] with
an overall stoichiometry in the range of 1:1 to 1:3
between the constituents and the phospholipid formula-
tion aid [110]. The complex can somewhat be compared
to an integral part of the lipid membrane, where the po-
lar functionalities of the lipophilic guests interact via
hydrogen bonds with the polar head of a phospholipid
(i.e., phosphate and ammonium groups), forming a
unique arrangement that can be evidenced by spectro-
scopic analysis. Thus, Fourier transform infrared spec-
troscopic and multienuclear magnetic resonance
studies show that a phytosome is not a mechanical
mixture of two constituents, but a specific complex be-
tween a hydrophilic guest and a lipophilic host charac-
terized by specific dipolar interactions, in accordance
with the spectroscopic differences between a phytosome
and a mechanical mixture of its two constituents [109].
Phytosomal carrier systems are promising techniques
for the oral route of natural polyphenols as an effective
delivery system. This scheme would be effective for
phytomolecules to overcome the troubles concerned
with the conventional systems.

10.6.2 The Impact of Phytosome Formulation
on Bioavailability of Herbal Products

A phytosome is generally more bioavailable than a
simple herbal extract due to its enhanced capacity to
cross the lipid-rich biomembranes and reach circulation.
The characteristics of phytosome are as follows: (1) the
small size of the particles offers large interfacial area
from which molecules can be quickly released; (2) it im-
proves the solubility and biomembrane permeability
and hence the bioavailability; (3) the phospholipids
form a complex structure between groups of phytocon-
stituents so it improves the stability; (4) these are
biocompatible, biodegradable, and nonmutagenic so it
is clinically safe; (5) it offers the site-specific and
prolonged-release profile; (6) it minimizes dose-
associated toxicities and provides better therapeutic
effects; (7) it is a value-added delivery system of
nutraceutical and dietary supplements; and (8) it facili-
tates patient compliance.

This technology has now been utilized to improve the
bioavailability and pharmacokinetic parameters of
several phytomolecules like curcumin, quercetin, narin-
genin, hesperetin, and resveratrol. Among different stra-
tegies, a phytosome delivery system has emerged as a
promising nanocarrier for oral and topical applications
[100]. The impact of phospholipid complexation in the

pharmacokinetics of herbal products is enumerated in
Table 10.2.

The bioavailability of ginkgolides A and B and biloba-
lide in healthy subjects after oral administration of
160 mg extract (24% flavonol glycosides, 6% total
terpene lactones) was greatly increased when it was
administered as a phospholipid complex [111]. The
dose was administered in the form of free extract or its
phospholipid complex. The Cmax of total ginkgolides
and bilobalides were about two- to threefold higher
when administered by the phospholipid complex. The
mean elimination half-life of each terpene lactone was
in the range of 120e180 min. To improve the oral
bioavailability of silybin, silybinephosphatidylcholine
complex was developed [112].

The pharmacokinetics of silybinephosphatidylcho-
line complex was studied in healthy subjects after a
single dose of 80 mg (silybin equivalent). Free and con-
jugated silybin concentrations peaked at 2.4 and 3.8 h,
respectively. The half-life of free and conjugated silybin
was 1.6 and 3.4 h, respectively [113]. After administra-
tion of silybinephosphatidylcholine complex (80 mg)
both Cmax and AUC were increased by two-
and threefold, respectively, after intake of the soft gelatin
compared to the hard gelatin capsule. The concentration
of silybin in bile after oral administration of
silybinephosphatidylcholine complex and silymarin
(120 mg, silybin equivalent) in surgical patients
requiring T-tube biliary drainage was studied [114].
The amount of silybin recovered in bile in the free and
conjugated forms within 48 h accounted for 11 and 3%
of the dose after silipide and siliymarin administration,
respectively. Based on the comparison of the biliary
excretion values, the bioavailability of silybin from sili-
pide was 4.2 times higher than that from silymarin [136].

The bioavailability of curcumin has been enhanced
byphospholipid complex system. Liu et al. (2006) showed
a significant improvement in curcumin bioavailability
due to curcuminephospholipid complex formation.
In this study, curcumin (100 mg/kg) and curcumine
phospholipid complex (w100 mg/kg of curcumin) were
administered orally to Sprague Dawley male rats.
Curcuminephospholipid complex showed a maximum
plasma curcumin level of 600 ng/mL after 2.33 h of
oral administration, as opposed to that of free curcumin
having maximum plasma concentration of 267 ng/mL
after 1.62 h of oral dosing. About 1.5-fold increase in
curcumin half-life was found in rats in this study of
the curcuminephospholipid complex over free curcu-
min. These results indicate that the curcuminephospho-
lipid complex can significantly increase circulating
levels of presumably active curcumin in rats [115].
Another study conducted by Maiti et al. (2007) showed
a threefold increase in aqueous solubility and a
better hepatoprotective effect of curcuminephospholipid
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TABLE 10.2 The Effect of Phospholipid Complex on the Pharmacokinetics of Different Herbal Products (Mean � SD)

Phytomolecules Subject Oral dose

Cmax

(mg/mL)

Tmax

(h)

AUC0et

(mgh/mL)

AUC0eN

(mgh/mL) t1/2el (h)

Kel

(hL1)
CL

(LhL1)

(Vd)

(L)

Relative

Bioavailability Reference

Quercetin Pure Rats 20 mg/kg 6.56 � 0.42 3.0 27.87 � 2.02 28.05 � 1.95 1.40 � 0.05 0.493 0.11 0.224 e [105]

Complex 9.86 � 0.52 6.0 112.87 � 5.23 113.52 � 6.23 3.22 � 0.23 0.215 0.034 0.159 125.56%

Naringenin Pure Rats 100 mg/kg 6.32 � 0.41 5.0 3l8.07 � 2.12 38.45 � 2.44 2.43 � 0.11 0.28 0.40 1.44 e [102]

Complex 9.35 � 0.62 8.0 104.48 � 5.64 107.48 � 6.10 3.78 � 0.15 0.18 0.17 0.95 118.55%

Curcumin Pure Rats 1000 mg/kg 0.50 0.75 1.32 1.68 1.45 0.48 92.26 192.21 e [106]

Complex 1.20 1.50 5.90 8.73 1.96 0.35 22.33 63.82 125.80%

Hesperetin Pure Rats 100 mg/kg 6.1 � 0.30 4.0 30.47 � 2.34 31.24 � 2.54 1.78 � 0.09 0.380 0.490 1.310 e [116]

Complex 9.2 � 0.41 6.0 109.72 � 6.72 151.90 � 8.43 3.86 � 0.13 0.140 0.130 0.970 133.31%

Andrographolide Pure Rats 25 mg/kg 6.7 � 0.54 2.50 26.24 � 1.23 26.74 � 1.42 1.20 � 0.05 0.57 0.17 0.30 e [103]

Complex 9.6 � 0.72 4.0 85.50 � 2.77 87.30 � 2.35 4.01 � 0.12 0.21 0.055 0.26 104.24%

EA Pure Rats 80 mg/kg 0.21 0.5 0.72 0.89 6.11 0.11 89,640.03 789,766.58 e [59]

Complex 0.54 0.5 2.05 2.53 8.32 0.08 31,681.15 380,301.38 2.84 fold

Resveratrol Pure Rats 20 mg/kg 5.9 0.17 3.307 4.474 1.156 0.6 4.47 7.454 e [107]

Complex 7.2 0.17 4.693 10.0985 2.584 0.27 1.98 7.383 2.26 fold

Genistein Pure Rats 20 mg/kg 1680 12 36,740 40,284.61 9.10 0.08 0.5 6.52 e Unpublished
data

Complex 2405 12 57,066 62,049.10 11.63 0.06 0.32 5.41 1.54 fold

Ginkgolide A Extract Human 160 mg 0.0418 2 e e 2.63 � 0.45 e e e e [111]

Complex 0.108 4 e e 1.88 � 0.13 e e e e

Ginkgolide B Extract Human 160 mg 0.0056 2 e e 2.34 � 0.38 e e e e [111]

Complex 0.0134 3 e e 1.69 � 0.30 e e e e

Bilobalide Extract Human 160 mg 0.0376 2 e e 2.30 � 0.24 e e e e [111]

Complex 0.0603 3 e e 3.16 � 0.35 e e e e
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complex compared to free curcumin. Curcuminephos-
pholipid complex significantly protected the liver from
carbon-tetrachloride-induced acute liver damage in rats
by restoring enzyme levels of the liver glutathione system
and those of superoxide-dismutase-, catalase-, and
thiobarbituric-acid-reactive substances [106]. Marczylo
et al. (2007) explored whether the formulation with phos-
phatidylcholine increases the oral bioavailability or af-
fects the metabolite profile of curcumin in vivo. Male
Wistar rats received 340 mg/kg of either unformulated
curcumin or curcumin formulated with phosphatidyl-
choline by oral gavage. Curcumin, the accompanying
curcuminoids desmethoxycurcumin and bisdesmethoxy-
curcumin, and the metabolites tetrahydrocurcumin, hex-
ahydrocurcumin, curcumin glucuronide, and curcumin
sulfate were identified in plasma, intestinal mucosa,
and liver of rats that had received the phospholipid com-
plex. Peak plasma levels for parent curcumin after
administration of the complex were fivefold higher than
the equivalent values seen after unformulated curcumin
dosing. Similarly, in the liver, the levels of curcumin
were higher after administration as a complex as
compared to unformulated curcumin. In contrast, curcu-
min concentrations in the GI mucosa after ingestion of
Meriva were somewhat lower than those observed after
administration of unformulated curcumin [50].

The bioavailability and pharmacokinetic parameters
of APephospholipid complex were determined in the
male Wistar rats after oral administration of pure AP
25 mg/kg and APephospholipid complex equivalent
to 25 mg/kg. The pharmacokinetics was determined
in a noncompartmental model. Cmax and Tmax were
increased in the case of the complex. The elimination
half-life of AP was increased when it was in phospho-
lipid complex form, and eventually the clearance of
the molecule in this form was also lowered. The phos-
pholipid complex persisted for a longer period of time
in the rat body, with a higher relative bioavailability of
104.24% [103].

In another study, the effect on the phospholipid
complex on the pharmacokinetic parameters of hesper-
etin was determined in a noncompartmental model
[116]. Male albino Wistar rats were divided into two
groups, one group for oral administration of hesperetin
at a dose of 100 mg/kg and the other group for oral
administration of the complex at a dose equivalent to
100 mg/kg of hesperetin. The phospholipid complexa-
tion increased the oral absorption of hesperetin and
provided a sustained-release effect. Cmax as well as
Tmax increased in case of the complex. The AUC of hes-
peretin was increased from the complex compared to
the free form. The elimination half-life of hesperetin
was increased when it was in the complex form with
phospholipids, and eventually the clearance of the
molecule in complex form was also lowered. The

complex persisted for a longer period of time in the
body with a higher relative bioavailability of 133.31%.

The bioavailability and pharmacokinetics of EA, a
poorly water-soluble phytochemical were improved by
the use of phospholipid complex. EA at a dose of
80 mg/kg was administered orally to male albinoWistar
rats. The other group of rats was administered of
EAeposphatidylcholine complex at a dose equivalent
to 80 mg/kg of EA. Peak serum concentration
(0.21 mg/mL) was attained at 0.5 h when pure EA was
administered. Also, in the case of complex, the peak
concentration (0.54 mg/mL) appeared at 2 h, and con-
centration was maintained significantly for a longer
period of time. The pharmacokinetic parameters of the
EAephospholipid complex and pure EA were deter-
mined in a noncompartmental model. Cmax and Tmax

were increased in the case of the complex. The elimina-
tion half-life of EA was increased when it was in the
complex form with phospholipids, and eventually the
clearance of the molecule in complex form was also low-
ered. The AUC0-N for the EAephospholipid complex
was 2.53 units, whereas that of pure EA was 0.89 units.
Thus, the EAephospholipid complex has a relative
bioavailability of 2.84 compared to that of pure EA.
The results indicate that the relative bioavailability of
the EAephospholipid complex is 2.84-fold compared
to normal EA [59].

In a similar study conducted by Mukherjee et al.
(2011), the bioavailability and pharmacokinetics of
resveratroleHSPC complex were determined. Male
albino Wistar rats were orally administered resveratrol
at a dose of 20 mg/kg or resveratroleHSPC complex
at a dose equivalent to 20 mg/kg of resveratrol. Peak
plasma concentration (5.9 mg/mL) was attained at
10 min when pure resveratrol was administered,
whereas in case of complex, the peak concentration
(7.2 mg/mL) appeared at 10 min and the concentration
was maintained significantly for a longer period of
time. The pharmacokinetic parameters calculated
through a noncompartmental model showed that Cmax

and Tmax were increased in the case of the complex.
The elimination half-life of resveratrol was increased
when it was in the complex form with phospholipids,
and eventually the clearance of the molecule in
complex form was also lowered. The AUC0-N for
resveratroleHSPC complex was 605.91 units, while
that of pure resveratrol was 268.44 units. Thus, the com-
plex has a relative bioavailability of 2.26 compared to
pure resveratrol. The results indicate that the relative
bioavailability of the complex is 2.26-fold compared to
the normal resveratrol [107].

In an unpublished study, the effect of phospholipid
complextion on the pharmacokinetic parameters of genis-
tein was determined in our laboratory by a noncompart-
mental model. Male albino Wistar rats were divided into
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two groups, one group for oral administration of genistein
at a dose of 20 mg/kg and the other group for oral admin-
istration of the complex at a dose equivalent to 20 mg/kg
of genistein. The phospholipid complexation increased
the oral absorption of genistein and provided a
sustained-release effect. Cmax was increased in the case
of the complex, so did the Tmax. The elimination half-
life of genistein was increasedwhen it was in the complex
formwith phospholipids, and eventually the clearance of
the molecule in complex form was also lowered. The
AUC0-N for the genisteinephospholipid complex was
62,049.1 units, while that of pure genistein was
40,284.61 units. Thus, the complex has a relative bioavail-
ability of 1.54-fold compared to that of pure genistein.

10.7 CONCLUSION

Use of phytomedicines is limited because they are
poorly absorbed due to several physicochemical prob-
lems. The goal of novel delivery systems is to enhance
permeation and bioavailability of lipophilic plant sec-
ondary metabolites with low bioavailability by
improving its solubility using NDDS. The effectiveness
of any herbal medicine depends upon delivering an
effective level of therapeutically active compounds.
Lipid solubility and molecular size are the major rate-
limiting factors for molecules to cross the biological
membrane. The improvement of bioavailability of drugs
with such properties presents one of the greatest chal-
lenges in drug formulations. Oral lipid-based formula-
tions are attracting considerable attention due to their
capacity to increase the solubility, facilitate GI absorp-
tion, and reduce the effect of food on the absorption of
low-water-soluble, lipophilic drug and therefore in-
crease the bioavailability. Moreover, most of the poten-
tial molecules from the herbs have low bioavailability
and pharmacokinetic profile. The half-life of phytomole-
cules plays an important role in the therapeutic effect
and availability of drug concentration in blood/plasma.
This has resulted in greater dependence on herbal med-
icine. With the growth of novel delivery systems, newer
formulations of herbal medication can be produced with
the intent to change the physical attributes of the phyto-
chemicals, which is responsible for its reduced bioavail-
ability. Phospholipid-based delivery systems, i.e.
phytosome, liposome, niosome, transfersome, SLN,
and NE, are found to be very effective for the delivery
of herbal drugs in contrast to conventional delivery sys-
tems. This approach may be useful to accomplish the
desired therapeutic effect even at a lower dosage of the
same drug and hence with reduced side effects. So a
novel attempt in the area of herbal drug delivery system
can be successfully exploited to increase the bioavail-
ability as well as pharmacological activity.
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11.1 INTRODUCTION

11.1.1 Increasing Use of Traditional and
Complementary Medicines

According to the World Health Organization (WHO),
the term Traditional medicine (TM) is defined as “the
sum total of the knowledge, skills, and practices based

on the theories, beliefs, and experiences indigenous to
different cultures, whether explicable or not, used in
the maintenance of health, as well as in the prevention,
diagnosis, improvement, or treatment of physical and
mental illness” [1]. The WHO contends that TMs
including herbal medicines (HMs), where proven to be
of sufficient quality, safety, and efficacy can “contribute
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to the goal of ensuring healthcare for all people” [1].
WHO estimates that a large percentage of the global
population relies on TM as a normal part of healthcare
[1]. The interest in TMs and HMs has increased and
not decreased, as billions of people worldwide are using
HMs and other traditional (complementary and alterna-
tive) treatments such as acupuncture, massage therapy,
and traditional practitioners (healers), as part of their
daily healthcare services (Figures 11.1 and 11.2; adapted
from Refs [1,2]).

TMs are culturally acceptable and trusted by many
populations worldwide. HMs are often easily acces-
sible and more affordable than is Western medicine
[1,3]. It is the accessibility and affordability of most
HMs that make their use very practical in light of exces-
sive healthcare costs. HMs are also useful for the treat-
ment of conditions that are chronic noncommunicable
diseases, such as chronic back pain [1,3]. Thus, it is
not surprising that during 1994e2014, there has been
an increased interest in TMs and herbal medicinal
products (HMPs) worldwide. This interest is in
response to the healthcare needs of not only developing
countries but also of developed nations, where the use
of HMs and acupuncture is widely recognized as
complementary and alternative medicines (CAMs)
and are now readily accepted by large segments of
the population [4,5]. For example, a 2007 survey
by the National Center for Complementary and Alter-
native Medicine/National Institutes of Health sug-
gested that approximately 38% of the US population

(w100 M people) were using CAM therapies,
including HMs [5]. However, more recent data suggest
that as high as 68% (>200 M; Figure 11.2) of the US
population are using dietary supplements (DSs),
including HMs and spending approximately
$11.5 billion USD on these products, including the
$5.6 billion USD spent on herbal supplements [4,6].
In fact, while acupuncture is a well-recognized aspect
of traditional Chinese medicine, it is now used world-
wide in approximately 80% of 129 countries [1].

11.1.2 Global HMs Market

Although the diversity of regulations and regulatory
categories for TM products and services make it difficult
to accurately assess the size of the total market, available
data suggest that the TM market is substantial. For
example, the output of Chinese Materia Medica was
estimated to amount to $83.1 billion USD in 2012, an
increase of >20% from the previous year’s value [1]. In
addition, to facilitate the flow of traditional Chinese
medicines (TCMs) into the United States, the Chinese
Pharmacopoeia has begun an international collaboration
with the US Pharmacopoeia to monograph approxi-
mately 100 TCMs for inclusion as quality monographs
in the United States Pharmacopoeia’s (USP’s) Herbal
Compendium. These monographs will contain quality
information only, and do not serve to provide informa-
tion on the medical use of these products [7]. Another
good example is the Republic of Korea, whose annual
expenditures on TM were $4.4 billion USD in 2004
that had increased to $7.4 billion USD by 2009 [1].
Out-of-pocket spending for natural products in the
United States was estimated at $14.8 billion USD in
2008 [8]. As suggested by the Nigeria Natural Medicine
Development Agency (Nigeria), the global market for
HM is currently estimated at $160 billion USD [9],
compared with the estimated $19 billion USD in 2006
[10]. What is clear from these data is that the use of
TMs and HMs has not declined in popularity but in
fact has seen considerable growth despite the dismal
economic climate, which may in fact have contributed
to their popularity due to lower costs. With prevailing
current global financial constraints, the use of TM for
health promotion, self-healthcare, and disease preven-
tion where appropriate has the potential to reduce
some healthcare costs. One good example of this is St.
John’s wort (SJW; Hypericum perforatum L. Clusiaceae)
[11]. Indigenous to northern Africa, South Africa, South
America, Asia, Australia, Europe, and New Zealand,
SJW is naturalized in the United States [11]. Clinically,
SJW is used for the symptomatic treatment of mild to
moderate depressive episodes (classified as F32.0 and
F32.1, respectively, in the International statistical

FIGURE 11.1 Use of acupuncture by 129 WHO member states
2012.

FIGURE 11.2 Dietary supplement use in the United States in 2013.
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classification of diseases and related health problems
[11]). Reviews and meta-analyses of randomized
controlled trials (RCTs) have found SJW preparations
to be superior to that of placebo and similarly as effec-
tive as standard antidepressants in the acute treatment
of mild to moderate depression [11e15]. Several meta-
analyses and a clinical trial have shown that the rates
of adverse events are comparable to those of placebo
and are less than that of standard antidepressant treat-
ments [11e15]. Thus, a clear advantage of SJW over
antidepressants has been demonstrated by a reduced
frequency of adverse effects and lower treatment with-
drawal rates, low rates of side effects, and good compli-
ance, key variables affecting the cost effectiveness of a
given form of therapy [16]. The most important risk
associated with SJW is the possibility of drug interac-
tions that can be somewhat mitigated by using extracts
with lower hyperforin concentrations. Considering that
the indirect costs of depression are five times greater
than direct treatment costs, and given the increasing
cost of pharmaceutical antidepressants as compared
with the comparatively low cost of SJW extracts, it is
worthy of consideration as first line therapy of mild to
moderate depression [16]. Thus, SJW is a very good
example of how an HM may eventually be considered
as first-line therapy when proven safety and efficacy
have been established in clinical trials, along with
good quality assurance.

11.1.3 Role of HMs in Economic Development

While HMs are growing and expanding worldwide,
particularly with respect to products bought over the
Internet, the possibility that they can play a major role
in the economic development in all countries is signifi-
cant. However, major stumbling blocks still exist in
terms of quality, safety, and efficacy for herbal products
in most countries, including the United States. Several
factors hamper the full-scale application of traditional
HMs including lack of implementation of effective qual-
ity assurance/control in the manufacturing process; lack
of traceability in the supply chain and associated value
additions; and improper identification of botanical spe-
cies, as well as the lack of characterized chemical constit-
uents that can affect the therapeutic efficacy of the final
product [17,18]. Thus, improving the overall quality of
HMs worldwide will have a positive impact on both
the safety and efficacy of these products, and facilitate
their acceptance and thereby enhance commerce.

Quality, safety, and efficacy are still the primary
issues that need to be addressed before HMs can reach
their full potential of contributing to the goal of ensuring
healthcare for all people.

11.2 QUALITY ISSUES: LACK OF GMP
OR FAILURE TO COMPLY WITH CGMP

GUIDELINES

11.2.1 Issues with GMP of HMs in the United
States

The quality of any therapeutic product whether it is a
prescription drug or HMs is the foundation upon which
safety and efficacy of any treatment is based
(Figure 11.3). Good quality and batch-to-batch consis-
tency ensure the efficacy, safety, and clinical reproduc-
ibility of any medicine [18]. While the quality of many
medicinal herbs has been monographed in pharmaco-
poeias such as the US, Chinese, European, Japanese,
Indian, and African pharmacopoeias, these quality stan-
dards are often times voluntary and not mandatory for
manufacturers. In the United States, HMs are regulated
as botanical DSs under the Dietary Supplements Health
and Education Act (DSHEA) of 1994, and herbal quality
is not based on amonograph system. Under DSHEA, the
manufacturer alone is responsible for the quality and
safety of a DS before it goes on the market, but once
on the market, the US. Food and Drug Administration
(FDA) must prove that a supplement is unsafe for
general consumption before it can be removed from
the marketplace. Under DSHEA, the manufacturers are
not required to register DS products with the FDA or
obtain FDA approval, before producing or selling DSs
unless it is a New Dietary Ingredient, or to verify the
acceptability of structureefunction claims [17]. In 2007,
the FDA published current Good manufacturing guide-
lines (cGMP) for DSs in the US Federal Register [19]. The
new GMP rules require manufacturers to manufacture
all DSs under cGMP. The 815 page rule “establishes
the minimum cGMPs necessary for activities related to
manufacturing, packaging, labeling, or holding DSs
to ensure the quality of the dietary supplements,” and
documentation of the entire manufacturing process is
required [19]. The final rules for cGMP require that

FIGURE 11.3 Quality control and GMP are important for safety
and efficacy.
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proper controls are in place for the entire DS
manufacturing process so that DSs are processed consis-
tently, and meet quality standards [17,18]. These cGMP
regulations apply to all domestic and foreign companies
that manufacture, package, label, or hold DSs, and
include those involved with the activities of testing,
quality control, packaging and labeling, and distribution
in the United States [19]. The final rules contend that
cGMPs are necessary to ensure that DSs are manufac-
tured consistently to ensure identity, purity, strength,
and composition ([19]; extensively reviewed in Refs
[17,18]). However, even though cGMPs were instituted
by the US FDA and all DS manufacturers should have
come into compliance by 2010, four years later in 2014,
the quality of herbal products continues to be problem-
atic in the United States [20]. The Director of the Dietary
Supplements Program at the FDA has stated that many
companies are still not compliant even on basic compli-
ance issues and encourages all companies to come into
compliance or face consequences [20]. This is a serious
problem because a lack of quality compliance on the
part of the manufacturers can impact public perception
of HMs, as well as sales. Lack of quality control and
assurance can also affect both the efficacy and/or safety
of the herbal products being used. If the product is of
poor quality due to adulteration with prescription
drugs, contamination with heavy metals or microbes,
or prepared with misidentified plants, both safety and
efficacy are jeopardized. Thus, while public perception
of the quality of herbal supplements is high in the
United States, the truth is that herbal product quality
in the United States ranges from very high to very low,
despite the institution of cGMPs.

11.2.2 The Need for GMP in Developing
Countries

Rather than following the US example, where possible
all countries should develop, institute, and enforce their
own GMPs for HMs that would ensure good quality
products and facilitate clinical trials and safety studies.
By doing so, the acceptability of these herbal products
worldwide will increase dramatically. For countries
without current GMPs for herbal products and needing
guidance, the WHO’s Traditional Medicine Program
(TRM) has published two books “Quality control
methods for herbal materials” [21] and “WHO guide-
lines on Good agricultural and collection practices for
medicinal plants” [22] to establish internationally recog-
nized guidelines for assessing herbal quality and facili-
tate the production of HMs. WHO-TRM has published
these guidelines to promote the safety of HMs as many
of the adverse events associated with HMs have been
attributed to poor quality of the product [21]. However,

for any manufacturer or company wishing to enter their
products into the US market, the US cGMP guidelines
apply, and all companies must be compliant with these
regulations. To assist companies in complying with
cGMP for the United States, the USP also has a program
of independent testing to certify legally marketed DSs in
the United States. This is a voluntary program for DS
manufacturers and involves the review of
manufacturing and quality control processes and testing
of product samples, including off-the shelf-testing
follow-up. In addition to testing for contamination, adul-
teration, and good manufacturing processes, the USP
also examines products for pharmacologic properties,
dissolution, and breakdown in the stomach. Companies
that use this service obtain a USP verification mark for
products that meet the program’s rigorous standards
and a statement on the label saying “USP has tested
and verified ingredients, product, and manufacturing
process.” The USP sets official standards for DSs. See
www.uspverified.org. Postverification, off-the-shelf
testing tomonitor conformance to program requirements
is also performed to ensure postmarketing quality. The
results of the USP evaluations can be found free of charge
at www.uspverified.org to assist consumers in finding
good quality DS products. This program is highly
regarded by pharmacists, physicians, and other health-
care professionals in the United States.

11.3 SAFETY OF HMS IN THE UNITED
STATES, EUROPE, AND ASIA

11.3.1 Patient Safety and the Widespread Use
of HMs

As we have previously mentioned in the Introduc-
tion, the use of HMs has been increasing steadily in
the United States for several years. However, this is
true for many other countries in Europe and Asia as
well. One multinational study looked at the use of
HMs in 9459 pregnant women from 23 countries in
Europe, North America, South America, and Australia
[23]. Of the women surveyed, 28.9% reported the use
of HMs during pregnancy. Most HMs were used for
pregnancy-related ailments such as the common cold
or nausea and vomiting. The highest rate of using
HMs was reported in Russia at 69%. Women from
Eastern Europe (51.8%) and Australia (43.8%) were
twice as likely to use HMs as were those in other regions
[23]. Considering that there is a significant lack of
clinical trials demonstrating safety and efficacy of
many HMs in general, and almost no information on
their safety during pregnancy, these new statistics are
alarming. Beyond the use in pregnancy, the use of
HMs in pediatric populations is also rising worldwide.
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A recent study in Italy showed that the use of HMs for
the treatment of neurological conditions is increasing
[24]. In this study, CAMs (including HMs) were used
by 76% patients in a cohort of 124 children affected by
headaches. These treatments were being used preven-
tively in 80% cases because the parents were trying to
avoid the chronic use of drugs with their related side
effects, the reported inefficacy of prescription medicines,
and the wish for a more integrated approach to treat-
ment [24]. Interestingly, herbal remedies such as Valeri-
ana, Ginkgo biloba, Boswellia serrata, Vitex agnus-castus,
passion flower, and Linden tree made up 64% of these
CAM therapies, and showed that HMs from traditional
systems of medicine from Europe, China, and India are
all being used in this pediatric population [24]. Again
the significant issues here are that with the exception
of Valarian, most of these HMs have not been tested in
clinical trials in children, so we do not have data for
safety or efficacy in children. In another study from Italy,
the use of CAM in children with recurrent acute otitis
media (RAOM) was investigated [25]. Eight hundred
and forty Italian children with RAOM (�3 episodes in
six months) for the prevalence, determinants, reasons,
cost, and perceived safety and efficacy of CAM. About
one-half (46%) of the children used CAM therapies,
including HMs. The use was associated with CAM use
in the family, a fear of the adverse effects of conventional
medicines (40%) and to increase host defenses (20%).
CAMwas widely seen as safe (95%) and highly effective
(68%), and CAM prescribers were pediatricians in 50.7%
of cases [25]. A similar study in Germany looked at
CAM use in 500 children in outpatient clinics [26]. Of
the 405 respondents 229 (57%) reported lifetime CAM
use. Among CAM users, the most prevalent therapies
were homeopathy (25%), herbal remedies (8%), anthro-
posophic medicine (7%), vitamin preparations (6%),
and acupuncture (5%) [26]. Similar reports have been
published from the United States where CAM and HM
use in children is high and continuing to increase. There
is an absolute dearth of clinical information concerning
HM safety and efficacy in pediatric populations, and
thus, there is now an urgent need for these studies.

11.3.2 The Safety of TCMs

TCM, including TCM drugs, has played an important
role in health protection and disease control and preven-
tion in China for thousands of years [27,28]. Relying on
natural drug products, primarily herbal, that are used
either as raw materials for decoction, or prepared as
formulated TMs, are widely accepted by the Chinese,
especially for chronic disease treatment [27]. However,
because of the global rise in the use of TCMs and Chi-
nese Materia Medica (medicinal materials), there is a

great deal of concern about their evidence base,
safety/possible toxicity, questionable quality, and use
of endangered species of both animals and plants in
other countries [29]. The potential toxicity of many
TCMs is well recognized, and to reduce risks, the use
of some herbs is restricted while for others specific
processing methods have been developed to modify
the activities/toxicity of these plants [30]. However,
many adverse reactions and drug interactions have
been reported. Many of these problems have been asso-
ciated with the misuse or abuse of Chinese medicine;
however, there are also many cases where these prod-
ucts have been adulterated with pharmaceuticals for
weight loss or erectile dysfunction [30]. As the use of
TCM worldwide continues to grow, improved pharma-
covigilance and pharmacoepidemiology are needed
to contribute valuable safety information that will be
relevant to clinical use. The utility and risk factors asso-
ciated with these drugs require both a proper under-
standing and control of the risk by strengthening
standardization of clinical applications, basic science
research, quality control in manufacturing, exploration
of the active monitoringmethodology, and enhancement
of international communication and cooperation [27].

11.3.3 New Safety Measures in the United
States for DSs

In December 2006, the Dietary Supplement and
Nonprescription Drug Consumer Safety Act S.2546
was passed in the United States [31]. This act estab-
lishes a mandatory reporting system of serious adverse
events for nonprescription “over-the-counter” (OTC)
drugs and DSs that are sold for consumption in the
United States [17]. As part of the requirements of the
Act, all manufacturers, packers, or distributors of DSs
are required to submit serious adverse event reports
associated with use of their DS in the United States to
the FDA, through the adverse reaction reporting
program (MedWatch). The Act contains five major
provisions: (1) It requires manufacturers and distribu-
tors of DSs and OTC drugs to report all serious adverse
events to FDA. (2) The reporting requirements are
limited to the information FDA really needs: reports
of death; a life-threatening experience; hospitalization;
a persistent or significant disability or incapacity; a
congenital anomaly or birth defect. (3) The bill recog-
nizes the need for reports to be accurate and valid. It
does so in two waysdby prohibiting false reporting,
and by authorizing the FDA to issue guidance on the
information that is needed for a report to be deemed
complete [32]. The bill sets a 15-day timeframe for
responsible persons to submit the serious reports they
receive to the FDA and requires that manufacturers
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keep these for 6 years. Finally, the new Federal report-
ing requirement supersedes state reporting [33]. Thus,
all manufacturers and companies selling DS in the
United States must comply with this law. From 2008
to 2011, the FDA received 6307 reports of adverse
events reports (AERs) related to DSs ([34]; Figures 11.4
and 11.5). Approximately 70% of these reports came
from industry for serious adverse events, and most
were linked to DSs containing multiple ingredients.
The number of adverse events reported in the United
States has doubled from 2008 to 2011 mainly due to
the mandatory reporting by industry, while voluntary
reporting of adverse events remained stable [35]. The in-
crease in mandatory adverse event reporting has been
driven by stricter FDA enforcement efforts including
warning letters, and second by lawsuits against com-
panies that did not report this information and that
have publicized the consequences of adverse events
[34]. Despite the mandatory reporting, AERs for herbal
supplements in the United States remain very low.

While HMs have the perception of being relatively
safe as compared with prescription medications, it is

well known that some HMs have adverse events,
contraindications, drug interactions, and toxicities
[17,32,33,35e47]. While the percentage of HMs with
intrinsic toxicity is low, one good example of a toxic
plant is Aristolochia, which contains artistolochic acid,
a compound know to be toxic [44,47,48]. The toxicity
of Aristolochia came to light in 1992, when female con-
sumers ingesting a herbal weight-loss preparation sold
in Belgium developed a severe renal disease called aris-
tolochic acid nephropathy (ANN) [44,47,48]. The prob-
lem was attributed to the misidentification of Stephania
tetrandra S. Moore, Menispermaceae that should have
been present in the weight-loss preparation, which
was found to be an Aristolochia species. Batch testing
of the weight-loss product showed that it did not
contain S. tetrandra’s chemical constituent tetrandrine,
but it rather contained aristolochic acids instead
[17,44,48]. This mistake in plant identification led to
an outbreak of renal failure and resulting kidney trans-
plants, and the patients that developed ANN from
ingesting the product are at a higher risk for developing
bladder urothelial cancers [32]. This incident highlights

FIGURE 11.4 Adverse events reports (AERs) reported from2008 to 2011 after FDAmandatory reporting requirements. Adapted from GAO 2013.

FIGURE 11.5 Number of adverse events reports (AERs) associated with dietary supplements from 2008 to 2011. Adapted from GAO 2013.
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how important quality assurance and control for herbal
products impact the safety of these products.

Other potential causes of toxicity from HMs in addi-
tion to the plant itself include contamination with toxic
metals, adulteration with prescription drugs, misidenti-
fication of the plant materials, or substitution of herbal
ingredients, as well as improperly processed or pre-
pared products [33,35e39]. Herbedrug interactions are
more often being reported between prescription drugs
and herbs or as herbeherb interactions as well as
foodeherb interactions [38,40,45,46].

11.3.4 Protocols and Guidance Documents
for Safety and Toxicity of Herbals

Recently, there has been increasing concern that the
reporting of adverse events and drug interactions for
HMs is underestimated, and thus, safety assessments
of HMs are urgently needed [17]. Thus, during
2004e2014, a number of protocols and guidance docu-
ments outlining safety and toxicity testing of herbal
have been published by multiple groups [49e54],
including the International Life Sciences Institute, the
Institute of Medicine (IOM)/National Research Coun-
cil, the Union of Pure and Applied Chemistry, the Euro-
pean Medicines Agency, and the European Food Safety
Authority [50e54]. An excellent review of these docu-
ments, the impact of quality on the safety of HMs,
adverse reactions, and causality assessments can be
found in Ref. [17]. These various guidance documents
illustrate examples of the types of information that
are needed to adequately define the toxicity of a specific
herb or a finished herbal product [17]. Obviously,
global harmonization of the methods would be ideal;
however, because the international systems regulating
herbs varies considerably from country to country in
terms of safety requirements and toxicity testing,
harmonization of these practices is difficult and expen-
sive. In countries where extensive toxicity testing for
herbals is not required, such as the United States, there
is little in the way of premarketing testing. While in
European countries where herbals are regulated as
HMPs, they are assessed for quality, safety, and efficacy
prior to market authorization, and pharmacovigilance
is actively used to promote the postmarketing safety
of HMPs [17].

11.3.5 IOM Guidelines for the Safety of HMs

In light of the fact that the global use of HMs
continues to increase and not decrease, the identification
of safety signals becomes of increased importance [53].
The IOM at the National Academies of Sciences devel-
oped guidelines for the assessment of safety for herbals

[53]. Under this model, safety assessments should begin
with preexisting data, including historical and tradi-
tional use. Clinical assessment of adverse reaction re-
ports should be considered along with any available
toxicological and pharmacological information to fully
characterize potential safety concerns [53]. It is essential
that quality information of the product being assessed is
included, so that judgments made as to the hazard and
risk of herbal products can be made with increased cer-
tainty [53]. However, the identification and investigation
of safety signals for HMs are often hampered by defi-
ciencies in both the quantity of information (e.g., under-
reporting of adverse reactions, general lack of
toxicological information on herbs) and the quality of in-
formation (e.g., poor quality of adverse reaction case re-
ports or lack of an adequate description of the herbal
products that is associated with case reports submitted
to regulatory authorities or published in the scientific
literature [17,55]). Thus, quality standardized adverse
event reporting systems containing sufficient details to
properly identify the product and herbs associated
with the event are essential for postmarketing surveil-
lance. From a regulatory perspective, a well-performed
safety assessment can significantly impact if certain
herbal products should be restricted, removed from
the market, or have augmented safety information
placed on the label [17].

11.4 EFFICACY: THE IMPORTANCE
OF RANDOMIZED CONTROLLED

CLINICAL TRIALS

11.4.1 Clinical Data for HMs Need to be
Improved

Although HMs have played an integral role in medi-
cine and healing for thousands of years, and there is
much in the way of in vitro and in vivo experiential
data, as well as observational “evidence” for the more
common herbs, clinical data to support the use of HMs
remain poor. Since most countries now practice
evidence-based medicine (EBM), the lack of good qual-
ity clinical data for most herbal causes a great deal of
skepticism concerning their efficacy by many healthcare
professionals. Evidence concerning the efficacy of botan-
icals ranges from historical data, observational case
studies, uncontrolled clinical trials to randomized
double-blind, placebo controlled clinical trials, and
meta-analyses [56e61]. Randomized controlled clinical
trials provide the best evidence for efficacy, and are
well recognized as the gold standard for allopathic
research. HMs, while not recognized as an integrative
part of conventional care in most Western countries,
are still used by many patients in their healthcare
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management [56]. Thus, the evaluation of efficacy of
HMs using good clinical practice guidelines and the
principles of EBM is of paramount importance to having
these therapies accepted by mainstream medicine, and
integrated into medical practice. Historical, pharmaco-
logical, and observational studies can provide good
preclinical support, as well as mechanisms of action,
and chemical studies in combination with biological
and pharmacological studies can provide details of
active constituents, which are needed for pharmacoki-
netic and pharmacodynamic investigations [18,56,57].
Observational and uncontrolled studies are useful for
hypothesis generation and identification of potential
adverse events. However, they are not without bias
and confounding, and thus should be considered sup-
porting evidence rather than primary [18,56]. The
“gold standard” of evidence for treatment efficacy
within EBM is considered to be a systematic review or
meta-analysis of RCTs with double blinding and a
comparator group [56e58] that are used to determine
the efficacy or lack thereof of a specific treatment inter-
vention [56]. As the use of herbal products continues
to increase over 2014e2024, clinical investigation of
HMs becomes increasingly important, because once
efficacy is proven, treatments can be endorsed and inte-
grated into medical practice.

11.4.2 WHO Operational Guidelines
for Clinical Trials

While there are many issues involved with clinical
trial research as it relates to HMs, there are also many
guidelines that are available to assist with the product
quality and the clinical trial design. The WHO has
published an operational guideline regarding these
regulatory requirements needed to support clinical trials
of herbal products [60]. The evaluation of the quality of
clinical research in HM uses the same approach as that
of clinical trials of prescription drugs, with additional
components specifically needed for HMs. Determina-
tion of the quality of a clinical trial is complex; however,
the RCT study design provides the best level of protec-
tion against bias that is seen in other study designs.
The RCT design protocol should always include the
details of the product being tested (as much detail as
possible so that the study may be repeated): the baseline
subject details, how randomization was performed; how
the blinding was done; and accounting of all partici-
pants, even dropouts [56e61]. Randomization needs to
be explained in detail, as it is this process that assigns
similar subjects to receive or not receive the specific
intervention (treatment). Allocation of treatments may
be either computer generated, or achieved by the use
of a table of random numbers. The use of delineators,

such as date of birth, date of admission, or similar, is
not recommended. Every participant must have an
equal opportunity of receiving the intervention, and
the investigators must not be able to predict which treat-
ment the participant will receive [56]. Proper randomi-
zation significantly reduces bias when compared with
trials that do not.

For clinical trials involving HMs, blinding is critical
and maybe the most difficult problem to address. Blind-
ing helps to separate the placebo effect and the observer
bias in the trial. The most reliable RCT is double blind
meaning that neither the prescriber nor the patient
knows about the treatment allotment [56]. These precau-
tions will ensure that the clinical data are collected in an
unbiased method, and that neither the patient’s nor the
clinician’s responses will be influenced by their attitudes
or own biases.

HM trials are intrinsically difficult to blind, particu-
larly when the treatments are multifaceted, and involve
counseling, listening, explaining, lifestyle, and dietary
advice as well as prescribing HMs [56]. In addition,
blinding the product means that the placebo and the
test product are identical in appearance, feel, taste,
smell, and dosage form. For most HMs with a strong
taste, odor, or color, this is difficult as masking these
characteristics can require considerable work and is
sometimes expensive. Masking of the treatment received
by the subjects is acceptable only when the either the
participants or the investigators involved in the study
are able to identify which intervention is being assessed.
A properly blinded study must report a detailed
description of both the placebo and the treatment being
tested.

In the analysis of the finished study, all participants
who started the trial must be accounted for regardless
of whether they dropped out or were not included in
the final analysis [56e61]. The number and percent of
dropouts and the reasons for withdrawal must be
detailed. If participants in the active arm drop out due
to adverse events or because they perceive that the treat-
ment is not working, this information still needs to be
reported. Intention to treat (ITT) analysis should
be included in all RCTs, which is a strategy for analyzing
data in which all participants are included in the group
in which they were assigned, whether or not they
completed the intervention [56]. The ITT preserves the
randomization by fully accounting for all the partici-
pants in all arms of the study [56].

In addition to randomization, blinding, and account-
ing for all participants, RCTs must state the estimated
size effect of the intervention on the outcome measures
[56e61]. The treatment effect of the clinical trial is called
the point estimate and provides the best estimate of the
size effect. Sample size also needs to be calculated in
response to the size effect. Further more, there needs
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to be an adequate description of statistical methods used
to analyze the data generated by the study and how they
were applied [56e61]. In terms of the final effect, appro-
priate inclusion and exclusion criteria are important for
the overall outcomes of the study, and must be clearly
explained and relevant to the clinical condition being
studied. Outcomes and endpoints must be measured us-
ing validated and accepted methods, as using methods
that have not been validated or old assessment measures
that are no longer accepted will reduce the overall qual-
ity of the study. Outcome measures should be able to be
objectively measured and clinically relevant, and ones
that meet a diverse array of needs and values of patient
populations [56e61].

11.4.3 Herbal Product Descriptions in Clinical
Trials Must be Detailed

Botanical and product descriptions of the HM being
used in the clinical trial must be given clearly so that
they are sufficient for another investigator to reproduce
the study with the same or similar product. This is crit-
ical to determine the overall effect and safety of the HM
being tested. Latin binomials and authorities, plant part
used, type of preparation, identity of the solvent for
extracts and liquids, ratio of solvent to plant material,
and chemical standardization are all needed where
available. The details of the placebo are especially
important: how it was prepared and with what. If it is
a matching placebo, all critical details are needed not
only to ascertain the quality of the study and compare
it with other previously published studies but also in
order for researchers to be able to repeat the study
with the appropriate herbal product. It is relatively
impossible to compare the results of clinical trials for
HMs in terms of safety and efficacy if the products
used are not similar in strength and dose. There are
too many examples in the current literature to indicate
that one herbal formulation is effective as a given treat-
ment, and that another formulation of the same HMs is
not. The clinical trials for Echinacea are a very good
example of this problem, to show that efficacy in clinical
trials is linked to specific products.

11.4.4 Guidelines for Clinical Trials for TCM

Recently, as part of the GP-TCM project, a team of
experienced clinical researchers and Chinese medical
practitioners have developed clinical trial guidelines
for TCM that combines an appreciation for traditional
methods of practice with detailed and practical advice
on research methodology. These guidelines are pub-
lished and emphasize the importance of identifying
best practice, and then developing and applying

appropriate and rigorous research methodologies to
investigate TCM as a whole system [62]. While the
guidelines were developed to enhance the robustness
of medical and scientific investigation of TCM, and
clarify the contribution that TCM can make to our future
healthcare, similar approaches could also be used for
Ayurveda, Unani, or other traditional systems of medi-
cine. Innovative new approaches are urgently needed,
including the application of transcriptomic, metabolo-
mic, and proteomic technologies and systems biology
as a way of enhancing research and the understanding
of TM [62].

11.5 FUTURE OUTLOOK FOR HMS

The interest and use of HMs and botanical DSs
(United States) continues to increase, despite the
adverse economic circumstances worldwide. It is esti-
mated that in the United States, herbal supplement sales
will continue to rise during 2015e2019 [4,6]. The global
herbal market is roughly estimated at $160 billion USD
and will also continue to increase; however, it will be
HMs with proven quality, safety, and efficacy that will
lead the way in global markets. TCMs are now making
their way to the United States, and many are backed
by safety and efficacy clinical trials from China where
they are viewed as medicines to treat serious conditions
such as congestive heart failure, high blood pressure,
and many other diseases. How these products will fit
into the DSHEA and regulatory framework of the
United States is yet to be determined, as in China,
TCMs are medicines for the treatment and prevention
of disease, and DSHEA strictly prohibits this. The
output of Chinese Materia Medica was estimated to
amount to $83.1 billion USD in 2012, alone and con-
tinues to increase at double-digit rates [1]. India has
now moved into the second position after China, as
one of the leading exporters of herbal products, and it
will soon becomemandatory for all new TMs to undergo
clinical trials before entering the market [53]. However,
this includes only the newly patented TMs and not the
classical formulations from India’s ancient texts, some
of which are 5000 years old [53]. India will now start
to impose strict enforcement of quality and safety of
herbal drugs. This is a very strategic move by India as
the quality of India’s herbal drugs has always been in
question, especially in the Western countries. But, where
good quality and clinical data exist, the sky is the limit in
terms of sales of these products. The European Union’s
Traditional HMPs Directive has also stated that
companies making herbal products will have to provide
clinical data to demonstrate their safety through the use
of those products within the EU for a minimum of 30 or
15 years within the EU, and 30 years outside the
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Union. Thus, by implementing mandatory clinical
trials for HMs, India is moving forward toward making
these products available in both Europe and the United
States.

11.5.1 Clinical Trials are Essential for Market
Growth and Integration into Medical
Practice

It is estimated that there are thousands of HMs avail-
able on the market in the United States alone with little
or no scientific data available for these products. Thus,
with the influx of new products from China, India, and
other countries that are associated with good quality
standards and clinical trials supporting safety and
efficacy, herbal products with little or no scientific docu-
mentation of either their safety or efficacy will eventu-
ally be abandoned for products with proven safety and
efficacy and be integrated into Western medicine.
During 1994e2014, the efficacy of specific herbal prod-
ucts has been demonstrated including Andrographis
[Andrographis paniculata (Burm. f) Nees (Acanthaceae)]
for common cold, turmeric, or curcuma rhizome
[Curcuma longa L. (Zingiberaceae)], Echinacea herb
(Echinacea pupurea) for common cold, SJW (H. perforatum)
for mild to moderate depression, plantago seed and
husk (Plantago species) for reducing cholesterol and
cardiovascular risk, and B. serrata for use as an antiin-
flammatory drug, to name just a few. Many of these
HMs are used to treat conditions that Western medicine
cannot, such as the common cold, chronic pain, and
inflammation. Clinical validations of these products
represent a significant step forward in the scientific inte-
gration of herbal preparations into modern therapy.
However, these represent only a small number of HMs,
and while a positive step forward, there is a significant
amount of clinical data still needed.

11.5.2 The Need of Good Quality and Clinical
Practices for HMs

As in the case of any therapeutic agent, clinical trials
for safety, efficacy, and/or effectiveness are the ultimate
demonstration of therapeutic usefulness of herbal prod-
ucts [63,64]. The general accepted use of HMs will only
make take place when the tested herbal products are
authentic, standardized, and quality controlled. Only
when good practice guidelines of EBM are followed,
and relevant controls and outcome measures are scien-
tifically defined, will herbal products flourish. Overall,
the future of HM looks very bright as global consumer
interest for these products is strong and is predicted to
increase in the coming years. However, with this being
said, there is an absolute need for high-quality clinical

trials data to integrate HM into modern medical prac-
tices. The stumbling blocks that prevent this from occurring
are the interrelated issues of quality, safety, and efficacy, and
while some advances have been made in these areas, much
more work needs to be done. The present lack of uniform
quality in herbal products is an impediment to both
safety and efficacy, as the lack of consistency from prod-
uct to product and from batch to batch may lead to nega-
tive outcomes in clinical trials [64]. Since both Europe
and the United States now have mandatory GMPs in
place for all products coming onto the market, there is
significant recognition by the industry for the absolute
need for standardization of HMs to ensure batch-
to-batch consistency [64]. Fortunately, there are many
reference guidelines available from the EU, FDA, and
the WHO to assist manufacturers in complying with
GMPs. Also available are numerous research guidelines
for the chemical, biological, and clinical research on
HMs available from the WHO. Where the safety and
efficacy of herbal products have been validated in scien-
tific and clinical research, HMs will become accepted
and take their rightful place as fully integrated into
modern medical practices.
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12.1 INTRODUCTION

The drug discovery and development has undergone
several transitions during last twenty years. The ad-
vances in biomedical sciences, biotechnology, vaccinol-
ogy and in computer-aided drug design, genomics,
and molecular technologies have brought mind
boggling changes leading to a more powerful, broad
spectrum of chemical and biological drugs for many dis-
eases. Still today the rate at which new drugs are discov-
ered has decreased, andmany existing drugs continue to
be withdrawn by regulators for safety reasons. Chemical
drugs are rapidly getting replaced by biologicals. With
the advent of pharmacogenomics and systems biology
concepts, pharmaceutical medicine is becoming more
personalized. Industry leaders and pharmaceutical and
biomedical scientists are desperately looking for novel

approaches, new ideas, and innovations to disrupt this
discovery bottleneck. Undoubtedly, the pharmaceutical
sector is facing a severe innovation deficit.

The pharmaceutical sector seems to be going around
in circles doing more of the same but powerfully
hoping to disrupt the present impasse [1]. Several
strategies have been discussed and practiced
including open-innovations, industryeacademia and
industryeindustry collaborations, and many recent ini-
tiatives to expedite lead generation are only indicative
of desperation and aspirations [2]. The drug discovery
in 2014 is not limited to serendipity or availability of
technology. It is rightly indicated that the strategies of
the past may not guarantee success in the future [3].
The pharmaceutical industry has historically seen an
incredible growth primarily due to the discovery of a
blockbuster; however, recent trends indicate that this
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model may no longer be sustainable. The average cost
and time of discovering, developing, and launching a
new drug is consistently increasing without an ex-
pected corresponding increase in the number of newer,
safer, and better drugs. The situation is progressively
deteriorating, and analysts predict that the worst as pre-
dicted is yet to come.

The Galen era of the use of botanical crude extracts
for therapeutic purposes is long over. We now need to
evolve new technologies and strategies in the field of
drug discovery. The enormous indigenous knowledge
from Indian systems such as Ayurveda may serve as
rich sources of leads not only for drug and vaccine dis-
covery but also offer entirely new sets of multitarget for-
mulations and treatment regimes. The era of decoctions,
extractions, and attenuated vaccines can be trans-
formed through “innovations” in the development of
drugs and vaccines for affordable, accessible, safe, and
effective medicines. Therefore, herbal drugs, ethno-
pharmacology, and evidence-based traditional
medicine-inspired drug discovery seem to be a prom-
ising way ahead.

Traditional knowledge-inspired natural product
drug discovery is reemerging as an attractive option.
Traditional medicine, Ethnopharmacolgy, pharmacog-
nosy, herbal drugs, and natural product drug discov-
ery are considered as attractive options to revitalize
and fast forward the discovery process. Disciplines
such as ethnopharmacology and pharmacognosy are
no more restricted to crude drugs, microscopy, macro-
scopy, organoleptic studies, and animal pharma-
cology. Advances in pharmaceutical chemistry,
network pharmacology, genetics, molecular biology,
and biotechnology offer many opportunities in drug
discovery [4]. The knowledge available from tradi-
tional medicine and natural products libraries with sig-
nificant chemical diversity may bring a new hope in
depressed discovery scenario [5]. New drug discovery
requires the power of technology and benefits of
ancient wisdom to bring better safety and efficacy in
natural products [6].

Any drug whether chemical, botanical, or biological
will have inherent limitations if it is focused only on a
single target. The high specificity to specific target may
actually turn out to be a limitation. It is important to
address multiple targets from a syndrome-related meta-
bolic cascade so that a holistic management can be effec-
tively achieved. Therefore, it is necessary to move from a
single target new chemical entity such as a “drug” to
multiple target, synergistic “formulation” discovery
approach. In this chapter, we give few examples of
Ayurveda-inspired approaches to natural product drug
discovery.

12.2 AYURVEDA INSPIRATION

In the Indian subcontinent, documentation and use of
medicinal plants started during the Vedic period, when
over 100 medicinal plants are found. Charaka Samhita
and Sushruta Samhita remain the main classics of Ayur-
veda and contain detailed descriptions of >700 medici-
nal herbs and >8000 formulations. The Indian
traditional health system known as Ayurveda deals
with a healthy life style, health promotion and suste-
nance, disease prevention, diagnosis, and treatment.
The prolonged use of Ayurveda by people has also led
to the development and use of time-tested home
remedies for common ailments, which continue to be
local health traditions. Traditional systems of medicines
need more evidence-based studies on both crude drugs
and purified phytomolecules [7]. Researchers have
also proposed a way forward to address the changing
scenario in the development and promotion of
Ayurveda [8].

With strong philosophical foundations from Sankhya
and Vaishesika knowledge systems, Ayurveda diagnosis
and treatment involve combinations of variables such
as five mahabhootas (primordial elements), three doshas
(humors known as vata, pitta, and kapha), seven dhatus
(tissues), six rasa (tastes), 20 pairs of gunas (attributes),
and many dravayas (substances). Ayurveda has sophisti-
cated knowledge and its own concepts known as dravya
guna vigyan (pharmacology), rasashastra (study of metal
preparations), and bhaishaja kalpana (pharmaceutics).
The complex interrelationships between Ayurvedic con-
cepts and modern parameters, such as cellular and mo-
lecular biology, physiology, pathology, diagnostics, and
therapeutics, are schematically presented in Figure 12.1.
The ancient treatises of Ayurveda furnish the original
principles on which drugs were presumed, derived,
and understood. Charaka classifies drugs according to
their actions on body systems, their roles in health and
diseases, according to parts used, formulation types, di-
etary and therapeutic roles, methods of processing and
indications as internal, external therapies as well as
uses for palliative therapies and Panchakarmas (cleansing
processes including medical emesis, purgation, oleation,
steam, massage, and bloodletting).

The Ayurvedic drug delivery system is different and
special because it upholds the concept of a “target or-
gan” or “target therapeutic function,” rather than active
principles and single or a few biochemical reactions by a
given herb. Ayurveda believes that “drugs do not act
against diseases only because of their physical nature
or properties. They function only in a specific time and
after reaching their target tissue, when they make spe-
cific therapeutic action.” Such traditional wisdom may
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play an important role in guiding evidence-based scien-
tific research on herbal medicines.

Philosophical principles are wisely applied for health
promotion, disease prevention, and treatment by prac-
ticing physicians known as Vaidyas. However, it may
be admitted that today, clinical practice of classical Ay-
urveda is rare. Ayurvedic practitioners are reported to
exclusively adopt allopathic practices for better accep-
tance in an urban setting [9]. The practice of Ayurveda
draws significantly from the three classic books known
as Samhitas including Charaka, Sushruta, and Vagbhata;
however, significant variations in clinical practice exist
in different parts of India. Admittedly, huge knowledge
resource and wisdom are available from Ayurveda
classic books; however, systematic data on the actual
use and evidence of reproducible outcomes are not
available in the public domain. Standard treatment pro-
tocols for practitioners are not available.

Despite a considerably large infrastructure at the
disposal of the Department of Ayurveda, Yoga, Unani,
Siddha, Homoeopathy (AYUSH) consisting of 495 UG
and 106 PG Colleges; 3277 Hospitals; 62,649 Beds;

8644 Manufacturing units; and 785,185 registered Prac-
titioners; and an over Rs 1000 crore yearly budget,
hardly any systematic clinical data or analysis are avail-
able. Systematic documentation and reliable data on
pharmacoepidemiology and pharmacovigilance for
clinical practice, safety, and adverse drug reactions
are not available as open access, although a modest
beginning has been made [10]. The status of profes-
sional [11] and continuing education [12] and attitudes
of practitioners toward safety [13] are also worrying. As
per the regulations existing in 2014 in India, no scienti-
fic or clinical data are required for manufacture and
sale of classical Ayurvedic medicines. Technically
sound Pharmacopoeia, Good Manufacturing Practices,
quality control [14], and pharmaceutical technologies
for Ayurvedic medicine are still evolving [15,16]. Issues
related to appropriate research methodologies and
treatment protocols for Ayurveda have not been prop-
erly addressed [17]. Many critiques are demanding bet-
ter coordination between stakeholders, continuous
dialog with the scientific community [18] and total
overhaul of the curriculum and pedagogy along with

FIGURE 12.1 Complex relationships
between Ayurvedic and modern concepts
related to physiology, pharmacology, and
therapeutics. The colored circles show
modern terminology and the rectangles give
related Ayurvedic concepts. The arrows
show the circular flow consisting of various
steps from materials to medicine. Ref. [90]
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the need for crosstalks between different streams [19].
Thus, the evidence base to support good clinical prac-
tice, guidelines, and documentation in Ayurvedic med-
icine remains scant and grossly inadequate. It should
be made clear that scientific research and evidence of
clinical practice are not necessary for the purpose to
offer new ideas and leads to drug discovery, but it is
required more to justify the present form of clinical
practice of Ayurveda. Evidence-based Ayurveda is
actually in the interest of the sector, profession, and
science [20].

Therefore, scientific research on Ayurvedic medi-
cine is needed to bring its benefits to mainstream
drug discovery. The conventional drug discovery
pipelines follows the path from targets, leads to pre-
clinical and clinical phases. However, Ayurveda-
inspired discovery follows a reverse path since these
medicines are already prescribed by clinicians and
consumed by people for hundreds of years. These
observational data and clinical experiences may be
valuable to offer new resources and understanding
of target and lead relationships. A large number of
molecules have come out of the Ayurvedic clinical
base, including Rauwolfia alkaloids for hypertension,
Psoralens in Vitiligo, Holarrhena alkaloids in Amebi-
asis, Guggulsterones as hypolipidemic agents, Piperi-
dines as bioavailability enhancers, Baccosides in
mental retention, Picrosides in hepatic protection, Cur-
cumines in inflammation, Withanolides, and many
other steroidal lactones and glycosides as immuno-
modulators. Using this knowledge amounts to tradi-
tional knowledge-inspired or Ayurveda-inspired
drug discovery. This discovery path is also known as
reverse pharmacology approach.

12.3 REVERSE PHARMACOLOGY

A new strategy known as “reverse pharmacology”
has been proposed by senior clinical pharmacologist
Ashok Vaidya. Ayurveda knowledge allows drug
researchers to start from time tested and safe botanical
material. The conventional drug discovery path from
“Laboratory to Clinics” flows from “Clinics to
Laboratories”das a true “Reverse Pharmacology”
approach (Figure 12.2). In this process, safety remains
the most important starting point, and efficacy becomes
a matter of validation [21,22]. The best example of
reverse pharmacology-based bioprospecting using
traditional knowledge is Reserpine, the antihyperten-
sive alkaloid from Rauwolfia serpentine. Reserpine as a
modern medicine pharmaceutical product became
available as a result of work carried out by CIBA in India
in close collaboration with Ayurveda experts. Tradi-
tional medicine-inspired drug discovery and develop-
ment are therefore considered to be an efficient, faster,
and affordable strategy. In a process of scientific evi-
dence in support of herbal medicine, the discipline of
pharmacoepidemiology plays an important role
through systematic documentation and analysis [23].

Our research group has been experimenting on these
approaches for several years. In the following sections,
few examples and case studies are presented to indicate
the importance of these approaches.

12.4 SEMECARPUS ANACARDIUM CASE

Semecarpus anacardium popularly known as Bhalla-
taka, Bhilva, or Marking Nut is routinely used in Indian
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families as a home remedy. It has activities including
antimicrobial, analgesic, anabolic, etc. It can cause se-
vere allergy or anaphylactic reactions if one does not
take proper precautions. A series of studies on the phar-
macological activity of S. anacardium presents a good
case to understand issues related to evidence-based
herbal medicine [24,25]. During the early 1970s, B. G.
Vad, a renowned physician from Mumbai, developed a
product for the treatment of cancer from Bhallataka
named Anacarcin Forte. This was a gelatinous prepara-
tion made from chloroform extracts of nut and seed of S.
anacardium blended in peanut oil. Vad and colleagues
had reported the complete regression of acute myelo-
blastic leukemia by the administration of Anacarcin
forte without the use of any single or combined antileu-
kemic chemotherapeutic drugs [26]. Senior physician
scientists from the Tata Memorial Hospital had observed
the beneficial effects of Anacarcin among cancer pa-
tients. This led to a pioneering interdisciplinary, multiin-
stitutional collaborative network projects.

Traditionally, the nut shell oil of Bhallataka is sup-
posed to have analgesic, antiinflammatory, antimicro-
bial, and anticancer activities. Several experiments
involving animal pharmacology to study traditional
claims and mechanisms of action for the antiinflamma-
tory and antiarthritis properties were done to obtain
the evidence in support of traditional claims [27].
Bhallataka oil showed significant antitumor activities
in animal models of sarcoma and adenomas. There
was a statistically significant increase in life span in
treatment groups. Attempts were made to isolate the
active principle by using preparative high-
performance liquid chromatography coupled with anti-
cancer activity testing of pure fractions; however, none
of these were active. The researchers could not identify
any anticancer compound in a pure form even after
four years of intensive effort. The crude extracts and
nut shell oil had significant anticancer activity, which
was lost during the process of purification. These studies
indicate the possibility of synergistic activities and the
importance of processing and vehicles used in delivery
of drugs.

Ayurveda offers detailed instructions on how to take
a particular drug to enhance potency and reduce
toxicity. This is known as Anupana. Ayurveda suggests
vehicles such as honey, milk, and warm water, during
administration. For example, Bhallataka is considered
to be potentially toxic, and needs to be processed and
consumed along with a suitable oil. In acute and sub-
acute toxicity studies, fractions emulsified using Tween
80 saline produced considerable toxicity leading to
100% mortality at a dose of 25 mg/kg. Interestingly,
the same dose in the same experimental conditions
yielded no mortality in a group that received drug frac-
tions with peanut oil; on the contrary, signs of anabolic

activity were observed indicating a typical Rasayana ef-
fect. Researchers also showed that traditional use
involving peanut oil as a delivery vehicle was safe while
significant toxicity was observed at the same dose when
the test material was converted into an emulsion [28].
These results only strengthen an interesting relationship
of peanut oil and Bhallataka for better safety, which was
intelligently used by Vad while preparing Anacarcin
forte. These results make us think more about the value
of traditional knowledge and demonstrate how experi-
ential wisdom and experimental rigor can be comple-
mentary to each other.

Traditionally, Bhallataka is used as a first aid for deep
wounds caused by thorns or nails mainly to prevent
pain and infection. This observation prompted us to
study its activity on selected anaerobes responsible for
infections in cases involving a threat of tetanus or
gangrene. In systematic activity directed fractionation,
we were able to isolate three compounds known as
monoene, diene, and triene bhilawanols, which were
shown to be responsible for specific anaerobic antibacte-
rial activity against Clostridium Spp [29e31]. These ob-
servations offer unique learning and changed attitude
of involved researchers toward traditional knowledge-
inspired research. Systematic work on animal
pharmacology and possible mechanistic studies were
also performed involving toxicology, immunology, and
was exposed to the basics of pharmaceutical medicine
and drug development.

12.5 FORMULATION DISCOVERY

The Semecarpus case suggests that drug discovery
need not be always confined to the discovery of a single
molecule. Many analysts believe that the current
assumption of one drug can fit all will be unsustainable
in the future. Moreover, we are dealing with polygenic
syndromes and not just with isolated diseases. Multitar-
get approaches are in the mainstream with renewed in-
terest in multiingredient synergistic formulations [32].
Due to the diversity of structures, herbal extracts can
deal with multiple targets simultaneously and may
give a synergistic effect. Therefore, the development of
standardized, synergetic, safe, and effective herbal for-
mulations with sufficient robust scientific evidence sup-
port can also offer a faster and much economical
alternative.

For instance, Ayurvedic texts include a few thou-
sands of single or polyherbal formulations. These are
rationally designed and are in therapeutic use for
several years. Sufficient pharmacoepidemiological evi-
dence could be generated to support their safety and ef-
ficacy. Systematic data mining of the huge existing
formulations database can certainly expedite drug
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discovery processes where real effective and safe candi-
dates could be identified. One of the pioneering series of
clinical studies on Ayurvedic antiarthritis formulation
known as Rheumayog concluded confirmed the disease-
modifying activity, which was comparable with that of
modern drug Auranofin [33]. Many more examples
based on traditional medicines even for nutraceutical
[34] and veterinary [35] applications seem promising.
The US Food and Drug Administration (FDA) and few
other regulators do have very practical guidelines for
botanical “drug” development, and herbals are no
more restricted to nutraceuticals.

Presumably, any drug whether chemical, botanical, or
biological will have inherent limitations if it is focused
only on a single target. It is important to address multi-
ple targets from a syndrome-related metabolic cascade
so that a holistic management can be effectively
achieved. Therefore, it is necessary to move from a sin-
gle target new chemical entity such as a s“drug” to a
multiple target, synergistic “formulation” discovery
approach. It is possible that polybotanical complex for-
mulations from traditional medicines, such as Ayurveda
and Traditional Chinese Medicines, have a similar logic.
Such traditional knowledge-inspired discovery attempts
have shown a promising potential in several chronic dis-
eases, such as cancer, diabetes and arthritis, through the
modulation of multiple targets. Several single or multi-
botanical formulas are widely used globally; however,
their rational and scientific evidence for pharmacody-
namic actions remain insufficient [36].

12.6 PHYTOPHARMACEUTICALS
AS DRUGS

Recently, the Government of India has published a
draft amendment to Drugs and Cosmetics Act, and
Rules by defining phytopharmaceuticals as botanical-
based drugs. This amendment provides requirements
of scientific data on quality, safety, and efficacy to eval-
uate and marketing of plant-based substances as
drugs. This will create a new category on similar lines
to synthetic, chemical drugs presently covered under
Schedule Y of the D & C Act. This initiative is expected
to give a boost to scientific research-based drug devel-
opment from traditional medicine. Earlier, the
approval of Guggulu tablets developed by Indian sci-
entists took almost a decade. This was done as a spe-
cial case by the Drug Control General of India. The
new regulations for phytopharmaceuticals as a new
category are required because many provisions for
synthetic drugs are not relevant to botanical-based
products or phytopharmaceuticals. DBA Narayana,
former scientist from Unilever, played a significant
role in convincing and pursuing the government

authorities for creation of new category of phytophar-
maceuticals [37].

Experts feel that new amendments will not adversely
affect the AYUSH sector. In fact, they may be helpful in
facilitating traditional knowledge-inspired drug discov-
ery and extensive evaluation through biomedical sci-
ences. This may formally encourage the use of
scientifically studied herbal products by modern medi-
cal practitioners not only in India but also in the rest of
the world.

Traditional herbal formulations may also follow this
route to create a scientific evidence base with robust
chemistry, manufacturing, and controls. Department of
AYUSH has established a research center at the Univer-
sity of Mississippi Oxford to facilitate scientific investi-
gations on Indian herbal drugs. In such a process,
there may be exciting spin-offs where promising molec-
ular entities could be discovered.

Thus, if safe and effective herbal formulations are
developed in accordance with stringent regulatory re-
quirements on par with any modern drug, we hope
that the conventional skepticism against herbals may
slowly wane. However, issues related to the appropri-
ateness of conventional biomedical and clinical models
for evaluating the efficacy of traditional medicines
remain very critical. A holistic approach based on sys-
tems biology seems much more suited to study the ther-
apeutic efficacy and pharmacodynamics of traditional
medicine-based drug development [38]. It is also argued
that instead of randomized controlled trials normally
used as the gold standard in routine biomedical
research, strategies of pragmatic or management clinical
trials may be better suited for traditional medicine-
inspired reverse pharmacology approaches [39].

12.7 CLINICAL RESEARCH

Designing and implementing proper research on
traditional clinical practice is a major challenge. Several
initial hurdles in documentation, data retrieval, and stan-
dardization and analysis are presently faced. However, it
is important to initiate the process and start moving in
the right direction. The few exemplary efforts in this
direction include pioneering studies by Saravu Narahari
in the field of integrative dermatology. Other notable
pioneering efforts include a study on whole system
trials by Ram Manohar from Arya Vaidya Pharmacy,
Coimbatore in collaboration with Daniel Furst of Univer-
sity of California at Los Angeles and systematic drug
development effort through robust RCTs in rheuma-
tology by Arvind Chopra and colleagues from Pune.
Recent efforts to develop Consolidated Standards of
Reporting Trials-like reporting standards for Ayurveda
undertaken by renowned biostatisticianAshwiniMathur
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with the help of Prathap Tharyan, Director of the South
Asian Cochrane Network; efforts of Pratik Debnath to
establish Gananath Sen Institute of Ayurvidya and
Research in Kolkata. The efforts of Darshan Shankar
Vice Chancellor of new University known as “Institute
for Transdisciplinary Research in Health Science and
Technology” also need to be recognized for promoting
scientific research on traditional medicine. Few relevant
case studies where herbal formulations were success-
fully developed using these strategies in a much lesser
time and resources are discussed here as examples.

12.8 THE ARTREX STORY

The Ayurvedic formulary gives thousands of such
multiingredient preparations and an excellent rationale
for such formulations in the Ayurvedic classics. One
such attempt to design a multiingredient formulation
(Artrex) for the treatment of rheumatoid arthritis and
osteoarthritis (OA) has been successfully completed
and the formulation tested in a well-designed random-
ized, double-blind, placebo-controlled clinical trial.
This formulation provides therapeutic benefits in acute
conditions of pain and inflammation, and it also ad-
dresses immunopathological interventions required
for the long-term management of slow progressive
degenerative diseases such as rheumatoid arthritis
[40,41]. It has ingredients with analgesic and antiinflam-
matory activities similar to those of nonsteroidal antiin-
flammatory drugs (NSAIDs) and also includes
ingredients with immunomodulatory, anabolic,
disease-modifying, and free radical scavenging activ-
ities. Thus, the formulation as a whole acts as a combi-
nation of NSAIDs and disease-modifying antirheumatic
drugs. The product was codeveloped with BioVed Phar-
maceuticals, and has been patented in India and in
the United States. It is available in the market in a few
countries [42].

12.9 FORMULATIONS FOR ARTHRITIS

The Council for Scientific and Industrial Research
(CSIR) supported an Ayurveda-based herbal drug
development project under the New Millennium Indian
Technology Leadership Initiative (NMITLI) program of
the Government of India. This project was a teamwork
comprising six research institutes, five clinical centers,
and six industry collaborators. The clinical team devel-
oped integrative protocols and appropriate research
methodologies for evidence-based Ayurveda and botan-
ical drug development [43]. Two formulations, which

performed better than placebo and glucosamine in
exploratory trials, were then taken up for further mech-
anistic studies [44]. All the Formulations prepared for
clinical trials were manufactured and labeled generally
in accordance with US FDA Guidance to Industry for
botanical drugs. Most of the required tests were per-
formed during the entire process starting from passport
data of raw material, botanical identification, chemical
profile and DNA analysis, and stability of finished prod-
ucts [45e49]. In vitro studies using suitable Cell and Tis-
sue Culture models on these formulations revealed
significant chondroprotection, proteoglycan release, ni-
tric oxide release, aggrecan release, and hyaluronidase
inhibition as markers in an explant model of OA carti-
lage damage [50e53]. A patent describing innovative
process, formulation, and use has been filed by the
CSIR [54].

The OA herbal drug development NMITLI project
involved a network of 16 national research institutions,
modern medicine hospitals, and pharmaceutical indus-
tries from India (Figure 12.3). Following prior art [41]
and several rounds of national level consultations with
Ayurvedic scholars few botanicals were, short-listed.
These selected botanicals were subjected to animal
pharmacology and open label observational studies by
clinicians. The project used a traditional knowledge-
guided platform where the base formulation was
optimized with additional ingredients to obtain desired
therapeutic activities. All the formulations were manu-
factured under Good Manufacturing Practices in
accordance with US FDA guidance to industries for
botanical drugs. Preclinical evaluation was designed on
the basis of systems approach, wherein the assay battery
involved targets relevant to inflammation, pain, immu-
nomodulation, and chondroprotection (proteoglycan
release, nitric oxide release, aggrecan release, and hyal-
uronidase inhibition as markers) in a human explant
model of OA cartilage damage. This led to the design
of synergistic polyherbal formulations that were found
to be safe and devoid of any genotoxicity or mutagenic
activity. Short-listed formulations entered a series of ran-
domized clinical trials compared with the known drugs
glucosamine and celecoxib. Finally, one best formulation
was selected, which led to one Indian and one Patent
Cooperation Treaty application with a dossier of neces-
sary data required for possible regulatory submissions
[55]. Thus, this project was completed using reverse
pharmacology approach in five years with an expendi-
ture of about two million US dollars. This treatment
may cost just 25 US dollars a month for patients, with
much better therapeutic benefits including chondropro-
tection that no other modern drug offers. Currently,
the CSIR is in the process of identifying a suitable indus-
trial partner for further development, optimization,
manufacturing, registrations, and marketing.
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12.10 RASAYANA AND
IMMUNOADJUVANTS

Rasayanas are a group of medicinal plants described in
Ayurveda for rejuvenation, antiaging, and immunomod-
ulatory properties. Several studies on Rasayana have
made important contributions to ethnopharmacology
especially to inflammation and immunopharmacology,
and some interesting research projects and publications
on obesity [56], anxiety [57], arthritis [58,59], inflamma-
tion [60,61], immunomodulators [62], and natural prod-
uct drug discovery [63]. These studies clearly show the
importance of traditional knowledge systems and ethno-
pharmacology in bioprospecting safer and effective
medicines and treatments [64].

Reviews of the current literature available on Rasaya-
nas indicate that immunomodulation is the most studied
property/activity [65]. Researchers have studied a few
selected Rasayana plants, including Withania somnifera
(Ashwagandha), Asparagus racemosus (Shatavari), Tino-
spora cordifoloia (Guduchi), Phyllanthus embellica (Ama-
laki), and S. anacardium (Bhallataka), and reported
immunomodulatory activity for various standardized
extracts and formulations prepared from them. Re-
searchers also evaluated their potential as antistress
[66], anxiolytic [57], adaptogenic [67], immune [68],
and myeloprotectants [69]. In one particular study, it

has been reported that Ashwagandha is a better and
safer drug than Ginseng [70]. Work on antiaging activ-
ities of Ayurvedic medicines in topical application forms
has also been encouraging [71]. Such evidence base in-
vestigations are important to properly position Ayurve-
dic herbal medicine in the competitive international
market.

Researchers have studied the pharmacodynamics of
Ashwagandha, Shatavari, and Guduchi in experimen-
tally induced tumors and infection mouse models for
immunomodulation and Th1eTh2 balance [72]. Studies
on in vivo cytokine modulation using flow cytometry
showed that a100-mg/kg dose resulted in a significant
Th1 response (interleukin-2, interferon-g) in comparison
to that of Levamisole and Cyclosporin. In immunosup-
pressed animals, Ashwagandha exhibited a significant
dose-dependent potentiation of cellular and humoral
immune response comparable to that of Levamisole
and a faster recovery of CD4þ T cells percentages
compared to that in control and cyclosporine [73]. The
study indicated immunostasis activity and suggests its
use where Th1eTh2 modulation is required. This activ-
ity has also led to significant benefits as immunoadju-
vants when studied on mortality and morbidity
associated with diphtheria, pertussis, tetanus (DPT)
and potentiating protective effects of vaccines
(Figure 12.4).
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Newer vaccines such as subunits and DNA vaccines
are weakly immunogenic and require adjuvants. We hy-
pothesized that Ayurveda-based Rasayanas may offer
better and safer immunodrugs that can be used as adju-
vants in vaccines and cancer treatments [74]. Re-
searchers from our group used a modified Kendrick
test that involved a challenge of live Pertussis cells intra-
cerebrally, where a significant increase in the antibody
titer, reduced mortality, and improvement in overall
health was observed [75]. This observation has immense
importance in the vaccine industry to obtain more effi-
cient and sustained immunostimulation resulting in an
increased yield of immune sera and immunobiologicals
[76]. These studies indicate applications of Rasayanas to
be potential immunoadjuvants that also offer direct ther-
apeutic benefits and result in lower morbidity and mor-
tality [77]. A project to develop a vaccine adjuvant was
successfully completed in collaboration with the Pune
University and the Serum Institute of India and has
led to four Indian and one US Patents in the area of vac-
cine adjuvant [78e80]. Using the Ayurveda-inspired
reverse pharmacology approach, bioactive fractions
have been developed as potential vaccine adjuvants
(Figure 12.5).

Most cancer chemotherapeutic agents are immuno-
suppressants and cytotoxic. Researchers have used

cyclophosphamide-induced immunosuppression to
screen plant-derived drugs for anticancer and cytopro-
tective potential and to demonstrate myeloprotective
and immunoprotective activities in ascitic sarcoma-
bearing animals [81]. Researchers carried out
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activity-related extractions to identify best performing
candidate drugs. This work resulted in a US patent in
the area of cancer adjuvants. This product will have
importance in cancer therapeutics especially to counter
untoward effects of chemotherapy without compro-
mising their anticancer activity [81]. These examples to
attempt scientific evidence base for herbal medicines
remain important and exemplary.

12.11 DISCOVERY APPROACHES

The traditional medicine-inspired drug discovery
and development has two main approaches, and it is
important to differentiate them for bringing better
clarity. First, the traditional medicines as they are used
either in single, crude, or processed form of botanicals
or minerals can be standardized by using modern
methods. Here, their original nature is not changed.
This approach is relatively easier because these medi-
cines are used for many years in patients. Therefore,
safety and efficacy have been experienced. Here, the
role of modern science is to ensure quality and
reproducibility.

The second approach is to use the traditional knowl-
edge for bioprospecting and use natural product chem-
istry extensively. This may lead to isolation of single
chemical entities, which can be developed as new drugs
for use of modern medicine. This approach is very rele-
vant to the pharmaceutical industry, which is facing a se-
vere innovation deficit.

There may be a third approach that draws best from
both the approaches. This is termed as “formulation dis-
covery.” It is felt that drug discovery that targets one
target with one molecule is not sustainable. Instead a
multitarget multiingredient “formulations may be a
smarter approach.” Here, the formulation may follow
the same path as that of phytopharmaceuticals. Such
evidence-based formulation discovery seems to be a
rational approach for the future.

12.12 HERBeDRUG INTERACTIONS

Medical pluralism is a common phenomenon all over
the world. The concurrent use of prescription drugs and
herbal drugs especially in chronic diseases has been
recognized. Several diseases such as diabetes, hyperten-
sion, and cancer may incur situations where modern
drugs and botanical drugs are likely to be consumed
concurrently. In such cases, drugeherb interactions
become very important, yet very few studies are avail-
able in this field (Figure 12.6). Several such studies on
many commonly used synthetic drugs and botanical

extracts are needed, which may have the possibility of
concurrent consumption [82,83].

Many botanical drugs are frequently used as adju-
vants or as dietary supplements during cancer chemo-
therapy. Sufficient data are not available on possible
herbedrug interaction through CYP3A4 inhibition po-
tential. Ayurvedic botanicals, such as Ashwagandha,
Shatavari, and Guduchi, prepared as per traditional
procedures did not show significant CYP3A4 inhibition
after oral administration, even at a concentration equiv-
alent to the highest clinical dose. This suggests that
they may be safely used as adjuvants concurrently
with cancer chemotherapeutic agents linked to
CYP3A4 substrates. Interestingly, nonpolar fractions
containing berberine, palmatine, and jatrorrhizine
from Terminalia extract showed significant inhibition,
which needs to be monitored for safety when concur-
rently used with such substrates. More studies espe-
cially in vivo are necessary to confirm these
observations [84].

12.13 QUALITY CONTROL AND
STANDARDIZATION

Both the approaches based on traditional medicine-
inspired drug discovery use natural resources. It is
crucial to ensure the quality and standardization of
the entire cycle from raw materials to finished prod-
ucts. Botanical drugs are subjected to processes
involving harvesting, drying, and storage. Due to
environmental and seasonal variations quantities
and proportions of active ingredients can change.
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prescription drugs and botanical drugs are consumed together. These
interactions can be adverse, neutral, or beneficial. Therefore, detailed
pharmacokinetic studies are advocated.
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Therefore, a detailed knowledge of their quantity,
quality, and consistency is very important. Various as-
pects of quality assurance, stability, and regulatory is-
sues are relevant to botanical drugs from
preformulation stages and are a crucial part of botan-
ical drug development. Researchers have studied the
physicochemical stability and biological activity of
few extracts under real-time and accelerated storage
conditions [85,86]. Similar studies on the chemical
quality control of Ayurvedic botanicals may help in
understanding the stability of extracts and formula-
tions [87,88].

One of the major challenges faced by the herbal drug
industry is the quality assurance of raw materials.
Inconsistency in the quality of herbal raw material is
one of the common problems that the herbal industry
is facing. Few studies have reported the presence of
potentially harmful levels of lead, mercury, and arsenic
in some herbal medical products.

Standardization of herbal medicines is the process of
establishing quality and identity profiles as well as un-
shared, unique features that can be used for the purpose
of safety monitoring and overall quality assurance. Lack
of standardization has hindered the regulation and con-
trol of herbal medicine despite its existence over many
centuries and its expanding use in most countries.
Adequate control measures to ensure reproducibility
and repeatability in terms of quality, safety, dosing,
and toxicity at all stages of herbal medicine production
are necessary.

The process of collection, drying, extraction, formu-
lation, and packaging must be standardized so that
the materials in use may be classified, quantified,
and volumes estimated at any given time. We need
standardization to define precise directions for use
of medicinal plants. A set of such standards should
be compiled in the form of a monograph for each
herbal medicine. Provision of a monograph in a
Herbal Pharmacopoeia is evidence of standardization,
for that particular herbal medicine. Such standards
are helpful for quality assurance, safety, efficacy, and
reproducibility, which are essential parameters in
any dossier as drug regulatory requirements. Many
international authorities including the World Health
Organization have proposed new mechanisms to
introduce quality control and standardization for
herbal medicine. The US FDA guidance for botanical
drugs is useful in quality assurance. The Government
of India has separate regulations for AYUSH products
and has recently amended Drugs and Cosmetics Act,
and Rules to introduce phytopharmaceuticals as a
new category. Several issues related to Good
Manufacturing Practices, quality control, standardiza-
tion, and regulations are discussed in detail by many
experts [16,89].

12.14 EVIDENCE-BASED AYURVEDIC
MEDICINE

Especially, when drug discovery is facing innovation
deficit, it is important to study herbal drugs and ethno-
pharmacology, which offer rich sources of natural prod-
ucts [4]. Evidence-based traditional knowledge-inspired
herbal drug discovery may provide natural products
libraries with significant chemical diversity [5]. More sci-
entific research and evidence for herbal drugs and Ayur-
vedic medicines are undoubtedly needed. However, it is
important to undertake studies using proper models
suitable to the epistemological aspects of traditional sys-
tems [90]. The process to generate evidence requires the
power of technology and benefits of ancient wisdom to
bring better safety and efficacy in natural products. Bo-
tanicals and herbals or poly herbal formulations may
emerge as affordable and safer therapeutic options, pro-
vided the scientific evidence related to quality, standard-
ization, safety, and efficacy is supported by scientific
studies. In this process, the role of traditional knowledge
and wisdom from systems such as Ayurveda must be
seriously explored [6]. Few examples discussed in this
chapter may help to affirm the importance of adopting
suitable protocols and methods for traditional
knowledge-inspired evidence-based medicines.

12.15 CONCLUSION

In conclusion, traditional medicine-inspired evidence-
based approaches are very valuable in drug discovery
and development to overcome many bottlenecks. The
reverse pharmacology approach may offer effective,
safer, and affordable medicines in relatively less time in
an economical and ecofriendly manner. Effective quality
control and standardization of traditional medicines as
either traditional formulations or new medicines is
necessary. New emerging categories such as phytophar-
maceuticals may offer new opportunities to scientists,
practitioners, and industries to develop research-based
drugs from botanical sources, which can get global
acceptance from modern medicine. The present
approach of single drug-single target approach needs
to shift toward multitargetemultiingredient formula-
tions. Drug discovery should move toward formulation
discovery. It is hoped that scientific research-supported
evidence-based traditional medicine may be a good
strategy for new drugs and formulation discovery and
development.
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13.1 INTRODUCTION

From ancient times, plants have been widely used
in traditional medicine for improving cognitive func-
tion and age-related memory loss. Until now, phyto-
constituents such as huperzine (Chinese traditional
medicine) and galantamine (origin from European
herb) have been known for neuroprotective activity
against cognitive disorder. It indicates that plants
contain rich sources of active compounds and they
have become a notable alternative to synthetic drugs
in the treatment of cognitive and related disorders.
A variety of plant-derived formulations have long
been used for cholinesterase (ChE) inhibitory (ChI)
activity in the Indian system of medicine [1]. Ethno-
pharmacological knowledge plays an important role
in finding new lead compounds from plant sources.
Simultaneously, traditional knowledge and modern
scientific approach have provided templates of com-
pounds from plants. These chemical compounds
have emerged as promising candidates for the treat-
ment of cognitive and related disorders, such as
Alzheimer disease (AD), senile dementia, ataxia,
myasthenia gravis, and Parkinson disease. The prin-
cipal role of acetylcholinesterase (AChE) is to decrease
the amount of acetylcholine (ACh) in the cholinergic
neurons and to terminate the nerve impulse transmis-
sion. Inhibition of AChE and butyrylcholinesterase
(BChE) in the cholinergic system are intimately linked
with the treatment of cognitive-related disorders
including AD [2]. Targeting these enzymes could
mean success of the therapeutic approach to treat
not only AD but also other forms of dementia linked
with ACh deficiency. Many researchers are making
considerable efforts to find quality AChE inhibitors
derived from natural sources because several syn-
thetic medicines, e.g., tacrine and donepezil, have
been reported to have adverse effects. These medi-
cines are also available for the symptomatic treatment
of patients with mild to moderate AD. Certainly, syn-
thetic AChE/BChE (tacrine and donepezil) inhibitors
do not provide much benefit to the patient for

their symptomatic relief and they also have adverse
effects. Hence, naturally occurring AChE/BChE in-
hibitors from crude extracts of Physostigma venenosa
(physostigmine), Galanthus nivalis galanthamine, and
Huperzia serrata (huperzine) have been proven to be
effective in cognitive-related disorders. Several scien-
tific studies indicate that plant-derived chemical
compounds have cognitive enhancing properties.
The chemical compounds derived from sage (Salvia
cavandulaefolia/officinalis), lemon balm (Melissa offici-
nalis), and rosemary (Rosmarinus officinalis) are prom-
ising sources of AChE/BChE inhibitory activity [3].
Several plant secondary metabolites such as alkaloid,
terpenoid, flavonoid, and polyphenol compounds
have shown significant label of AChE/BChE inhibi-
tory activity [4]. In this context, we have made every
effort to demonstrate the importance of natural ChIs
in learning and memory disorders. This chapter high-
lights several aspects of ChIs from medicinal
plants, classes of bioactive compounds isolated from
them, and their potential. Simultaneously, several
comprehensive studies on plant’s family and their po-
tential phytoconstituents have been conducted for
exploration of their potential anti-ChE activity.

13.2 CHOLINERGIC PATHWAY

ACh, the naturally occurring cholinergic neurotrans-
mitter in the central nervous system, is considered to be
involved in the learning process and responsible for
intact memory. ACh is synthesized from choline and
acetyl coenzyme A in the presence of choline acetyl-
transferase. The vesicular acetylcholine transporters
(VAChTs) then transport ACh into synaptic vesicles.
The VAChT essentially “exchanges” ACh for protons,
where the pH gradient between the vesicle lumen and
the cytoplasm provides the driving force for ACh trans-
port. At the synaptic cleft, the released ACh binds with
nicotinic and muscarinic receptors. Nicotinic receptors
are ion channel receptors and muscarinic receptors
are G-protein-coupled receptors, usually located on
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postsynaptic cells. Normally, in the synaptic cleft, the
excess unboundACh, after activity, breaks down into ac-
etate and choline by direct enzymatic hydrolysis. The
enzyme that is found to be responsible for the hydrolysis
of ACh is called AChE. Choline is then transported back
into the presynaptic neuron by a high-affinity choline
transporter for further ACh synthesis [5].

13.2.1 AChE and BChE

AChE is called a true cholinesterase, and BChE is a
pseudocholinesterase; they share 65% amino acid
sequence homology and have similar molecular forms
and active center structures despite being products of
different genes on human chromosomes 7(specifically
7q22) and 3(specifically 3q26), respectively. In addition,
the AChE and BChE differ from each other by their sub-
strate specificity, behavior in excess substrate, and
susceptibility to inhibitors. AChE has more affinity
towards ACh and hydrolyzes it faster than BChE, but
it is less active on butyrylcholine (BCh). On the contrary,
BChE preferably acts on BCh; it also hydrolyzes ACh.
Excess of substrate inhibits AChE, whereas BChE
exhibits substrate activation in excess substrate [6].
Tissue-specific distribution is also different for AChE
and BChE; AChE is abundant in the brain, muscle, and
erythrocyte membrane, whereas occurrence of BChE is
higher in the liver, intestine, heart, kidney, and lungs.
The two forms of ChEs differ significantly in substrate
specificity, enzyme kinetics, expression, and activity in
different brain regions, and complexity of gene regula-
tion. BChE and AChE in the brain can cleave >10,000
molecules of ACh per second. AChE is one of the fastest
enzymes and pivotal in hydrolyzing ACh, while BChE
mainly works as a detoxification enzyme. Abnormality
of BChE in the body does not cause any significant phys-
iological abnormality; therefore, previously it did not
draw much attention.

13.3 CHOLINESTARASE INHIBITORS FOR
LEARNING AND MEMORY

That cognitive functions are highly dependent on
central cholinergic neurotransmission goes back to the
early 1960s, which was deduced from the experimen-
tally proven fact that the effects of cholinergic
antagonists and lesions of cholinergic nuclei are often
related to cognitive deficits similar to those observed
in aging and dementia (Figure 13.1). It was further
confirmed by the use of cholinergic muscarinic antago-
nist scopolamine for the induction of amnesia in exper-
imental subjects and the loss of cognitive abilities
appeared to be comparable to untreated subjects. This

scopolamine-induced cognitive deficits are directly
related to a decrease in central cholinergic functions.
Other cholinergic inhibitors like choline uptake inhibitor
(hemicholinium), the specific muscarinic type 1 receptor
antagonist (pirenzepine), and the nicotinic antagonist
(mecamylamine) also have a negative effect on learning
and memory performance. Furthermore, the AChE in-
hibitors increase the availability of ACh in the synaptic
cleft, which is capable of reversing the scopolamine-
induced cognitive deficit and impairment of learning
and memory.

Recently, interest in the pharmacological and toxico-
logical importance of BChE is growing, as some
studies revealed that it hydrolyzes ester-containing
drugs and scavenges ChIs including potent organo-
phosphorus nerve agents before they reach their syn-
aptic targets [7]. It was observed that selective BChE
inhibition augmented long-term potentiation in the
progression of AD. In AD, AChE is lost early by up to
85% in specific brain regions, whereas BChE levels
rise with disease progression. Both AChE and BChE
showed differentiated kinetic molecular properties
within amyloid plaques and tangles than normal
neuronal forms found in the brain. Histochemical
studies showed that some cholinergic neurons contain
BChE instead of AChE. Cytochemical studies have
revealed that BChE in the brain of patients with AD
regulates specific cholinergic pathways. BChE indepen-
dently regulates 10e15% of ChE-positive cells in hu-
man amygdala and hippocampus. AChE-positive
neurons project diffusely to the cortex, modulating
cortical processing and responses to new and relevant
stimuli. BChE-positive neurons project specifically to
the frontal cortex, and may have roles in attention, ex-
ecutive function, emotional memory, and behavior.
Furthermore, BChE activity progressively increases as
the severity of dementia advances, while AChE activity
declines. An important distinguishing feature of BChE
from AChE is that BChE loses its efficiency at lower
concentration of ACh, but the activity increases with
the increase in ACh concentration. In contrast, at
higher concentration of ACh, AChE becomes substrate
inhibited. BChE has peptidase activity besides esterase
activity [8]. Recent evidences also suggest that AChE
and BChE may have roles beyond “classical” coregula-
tory esterase functions in terminating ACh-mediated
neurotransmission. “Nonclassical” roles include
modulating the activity of other proteins, regional cere-
bral blood flow, tau phosphorylation, and the amyloid
cascade, which may affect rates of AD progression.
AChE and BChE are efficient in cleaving amyloid pre-
cursor protein to b-amyloid protein and constitute b-
amyloid plaques in AD. Thus, selective BChE inhibitors
also prevent the formation of new b-amyloid plaques
[9]. Researches showed that senile plaques contain
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AChE and BChE and the incorporation of these en-
zymes result in the formation of a stable complex and
may increase the neurotoxicity of amyloid beta fibrils
in AD. A specific form of BChE is found in cerebrospi-
nal fluid (CSF) of AD patients, and assay of this form in
CSF can be used in sensitive and specific detection of
AD; thus detection of BChE level is an essential for ac-
curate and early diagnosis of AD.

Recent studies showed that muscarinic neurotrans-
mission plays an important role in attention, learning,
memory, and cognition. It was observed that the
muscarinic binding sites remain unchanged in different
forms of dementia associated with cortical cholinergic
deficits, including AD, when widespread decline in
neuronal nicotinic receptors were reported in normal
brain aging, which may be responsible in the cognitive
process of the brain [10]. It was also found that the nico-
tinic receptors get severely affected in AD brain, which
is related to the severity of dementia. A number of
studies indicated that stimulation of the cholinergic
nervous system might interfere with AD progression
like nicotinic receptor agonists, which are reported to
attenuate Ab-induced toxicity and involved in

neuroprotection. On the other hand, inhibition of
muscarinic receptors are found to be beneficial in AD,
as they regulate the posttranslational modification of
two proteins PS1 and APP, which play a central role
in the pathophysiology of AD [11]. On the contrary,
the selective M1 agonists decrease tau phosphorylation
and promote the nonamyloidogenic amyloid precursor
protein processing pathways, which eventually im-
proves neuroprotection. However, reports suggest
that the specific M1 muscarinic or nicotinic agonists,
M2 muscarinic antagonists, and AChE inhibitors are
the novel leads for the management of cholinergic
deficit and memory disorders [6].

Some of the US Food and Drug Administration
(FDA) approved bioactive molecules should be named,
as these molecules ignited the hope for the search of
novel ChIs for the treatment of dementia. Tacrine (I)
was the first drug approved by the US FDA for the
treatment of AD in 1993. It reversibly inhibits both
AChE and BChE. The most common side effects of
tacrine are gastrointestinal symptoms such as nausea,
vomiting, anorexia, and diarrhea. Hepatotoxicity is
also a common side effect in a high percentage of

FIGURE 13.1 Role of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) in the progression of Alzheimer disease (AD).
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patients, necessitating frequent monitoring of liver
transaminase levels. Drug interactions with theophyl-
line are possible. Reversible ChI donepezil (II) was
approved by the US FDA in 1997. The most common
side effects of donepezil are diarrhea, anorexia, nausea,
vomiting, muscle cramps, and fatigue [8]. Rivastigmine
(III) (approved by US FDA in 2000) is a pseudo-
irreversible inhibitor; it gets inactivated by enzymatic
cleavage at the active site of the ChE rather than by
metabolism. Unlike tacrine and donepezil, it does not
go through the cytochrome P450 system. It inhibits
both AChE and BChE. The main side effects of rivastig-
mine are nausea, vomiting, and diarrhea. Galantamine
(IV) is the newest reversible ChI. It acquired USFDA
approval in February 2001. It also inhibits both AChE
and BChE. Galantamine also binds to nicotinic recep-
tors in presynaptic neurons, stimulating greater release
of ACh, which can simultaneously lead to improve-
ment of memory, concentration, and attention. Nausea,
vomiting, anorexia, diarrhea, and weight loss are
the most common side effects noticed in galantamine
therapy.

13.4 MEDICINAL PLANTS FOR THE
MANAGEMENT OF COGNITIVE

DISORDER

Nature is a rich source of biological and chemical di-
versity. The unique and complex chemical leads found
from natural sources are very difficult to obtain by
chemical synthesis. There are many synthetic drugs
originated from natural sources serving as plant-
based complementary medicine. A variety of plants
have been reported to exhibit AChE inhibitory activity

and so may be relevant to the treatment of neurodegen-
erative disorders such as AD and other cognitive disor-
ders. Recent findings reveal that over 350 plants
belonging to more than 100 botanical families have
been tested against AChE inhibition. In traditional
practice, numerous plants have been used to treat
cognitive disorders, including neurodegenerative dis-
eases. These medicinal plants represent a great deal of
untapped reservoir of drugs and the structural diver-
sity of their component molecules makes a valuable
source of novel lead compounds. According to ayur-
veda, AD-type of dementia is an imbalance of vata,
pitta, and kapha. Medhya (intellectual promoting)
herbs such as Convolvulus microphyllus, Centella asiatica,
Bacopa monnieri, Acorus calamus, and Celastrus panicula-
tus are beneficial in cognitive disorders. Ethnopharma-
cological approach and bioassay-guided isolation have
provided a lead in identifying potential AChE inhibi-
tors from plant sources, including those for memory
disorders.

Several food plants including fruits, vegetables, and
spices (most of the spices contain essential oil) show

potent AChE inhibitory activity that can improve
cognition and memory in AD patients. Recently, the
essential oils obtained from edible plants have become
of great interest, due to their availability, fewer side ef-
fects or toxicity, as well as their biodegradability.
Research on new bioactive compounds from medicinal
plants has led to the isolation and structure elucidation
of a number of new pharmacophores. Some of the
important medicinal plants have been discussed in
detail. Apart from that, a database of some of food
plants, some essential oil containing plants, and
some traditionally acclaimed plants that possess
AChE inhibitory activity has been made (Table
13.1e13.3).
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TABLE 13.1 List of Essential Oil Bearing Plants Having
Anticholinesterase Activity

Name of the plant,

family Part(s) used

Biological activity

(in % or mg/mL)

ReferencesAChE BChE

Alpinia galangal,
Zingiberaceae

Rhizome 83.9 e [12]

Anethum graveolens,
Apiaceae

Leaves 100.0 90.9 [13]

Artemisia dracunculus,
Asteraceae

Leaves 0.14 e [14]

Centella asiatica,
Apiaceae

Whole 75.0 >10 [12]

Cinnamomum bejolghota,
Lauraceae

Leaves >25.0 >50.0 [12]

Cistus creticus,
Cistaceae

Leaves 12.9 29.1 [15]

Cistus libanotis,
Cistaceae

Leaves 71.2 23.7 [15]

Cistus monspeliensis,
Cistaceae

Leaves e 180.4 [15]

Cistus salvifolius,
Cistaceae

Leaves 58.1 34.2 [15]

Cistus villosus, Cistaceae Leaves e 123.2 [15]

Citrus aurantifolia,
Rutaceae

Fruit peel 85.8 82.9 [12]

Fruit 139.3 235.5 [16]

Citrus aurantium,
Rutaceae

Fruit 147.5 266.6 [16]

Citrus bergamia,
Rutaceae

Fruit 161.6 243.6 [16]

Citrus hystrix, Rutaceae Leaves >20.0 >50.0 [12]

Citrus limon, Lamiaceae Fruit peel 0.84 e [17]

Citrus maxima, Rutaceae Leaves >50.0 >60.0 [12]

Citrus medica, Rutaceae Fruit 171.3 154.6 [17]

Citrus reticulata,
Rutaceae

Leaves >25.0 >30.0 [12]

Cupressussem pervirens,
Cupressaceae

Aerial 0.28 e [17]

Cymbopogon citratus,
Poaceae

Stem >25.0 >50.0 [12]

Eucalyptus globulus,
Myrtaceae

Aerial 0.12 e [17]

Eupatorium odoratum,
Asteraceae

Whole >30.0 >25.0 [12]

Ferula lutea, Apiaceae Flower 70.25 e [18]

Foeniculum vulgare,
Apiaceae

Aerial 1.18 e [17]

Foeniculum vulgare,
Umbelliferae

Leaves 80.8 65.4 [13]

TABLE 13.1 List of Essential Oil Bearing Plants Having
Anticholinesterase Activitydcont’d

Name of the plant,

family Part(s) used

Biological activity

(in % or mg/mL)

ReferencesAChE BChE

Hypericum undulatum,
Hypericaceae

Flowers 20.0 e [19]

Inula graveolens,
Asteraceae

Leaves 0.27 e [14]

Laurus nobilis,
Lauraceae

Leaves 51.3 e [19]

Lavandula angustifolia,
Lamiaceae

Flowers 33.7 e [19]

Lavandula officinalis,
Labiatae

Leaves 81.2 92.9 [13]

Lavandula pedunculata,
Lamiaceae

Flowers 56.5 e [19]

Malva silvestris,
Malvaceae

Flowers 28.1 e [19]

Melissa officinalis,
Lamiaceae

Leaves 82.5 96.1 [12]

Mentha piperita,
Lamiaceae

Leaves 81.5 93.5 [13]

Mentha suaveolens,
Lamiaceae

Aerial 46.2 e [19]

Ocimum basilicum,
Lamiaceae

Leaves 10.7 74.1 [13]

Ocimum canum,
Lamiaceae

Leaves >20.0 >60.0 [12]

Ocimum gratissimum,
Lamiaceae

Leaves e 78.9 [12]

Ocimum sanctum,
Lamiaceae

Leaves 1.6 e [14]

Origa majorana,
Lamiaceae

Leaves 94.6 94.4 [13]

Origa munitiflorum,
Lamiaceae

Leaves 100.0 94.7 [13]

Origa numonites,
Lamiaceae

Leaves 96.3 92.9 [13]

Origa vulgare,
Lamiaceae

Leaves 97.9 88.4 [13]

Paronychia argentea,
Caryophyllaceae

Aerial 44.6 e [19]

Piper sarmentosum,
Piperaceae

Leaves >40.0 >50.0 [12]

Polygonum odoratum,
Polygonaceae

Whole >20.0 >40.0 [12]

Polyscias fruticosa,
Araliaceae

Leaves >55.0 >60.0 [12]

Salvia officinalis,
Lamiaceae

Aerial 46.4 e [19]
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13.4.1 Essential Oil-Bearing Plants Having
Anticholinesterase Activity

Considering the plant-derived compounds in drug
discovery, a large number of medicinal plants have
been taken from various geographical sources with
proper ethnopharmacological claims. Various research
works have been executed on the essential oil compo-
sition and its effect on the AChE and BChE enzyme in-
hibition [12]. Some of the major plants containing
essential oils are discussed below and has been cited
in Table 13.1.

13.4.1.1 Acorus calamus (Acoraceae)

The ethanolic and hydroethanolic extracts of
Ac. calamus have been used for a long time as neuropro-
tective agents as well as in the treatment of cognitive dis-
orders. The major bioactive compound responsible for
the pharmacological activity is a-asarone [28,29], which
has been isolated from this plant.

13.4.1.2 Carom carvi (Umbelliferae)

The major phytoconstituents reported in C. carvi are
(R)-carvone, D-limonene, a-pinene, cis-carveol, and myr-
cene, of which R-carvone and D-limonene were found to
have potent inhibitory activity against AChE [30,31].

TABLE 13.1 List of Essential Oil Bearing Plants Having
Anticholinesterase Activitydcont’d

Name of the plant,

family Part(s) used

Biological activity

(in % or mg/mL)

ReferencesAChE BChE

Salvia sclarea,
Lamiaceae

Leaves 11.6 45.1 [13]

Sanguisorba minor,
Rosaceae

Aerial 38.8 e [19]

Satureja montana,
Lamiaceae

Aerial 53.0 34.0 [20]

Thymus lotocephalus,
Lamiaceae

Aerial 0.90 0.50 [21]

Thymus praecox,
Lamiaceae

Leaves 27.60 e [22]

Thymus vulgaris,
Lamiaceae

Aerial 0.21 e [17]

Zingiber cassumunar,
Zingiberaceae

Rhizome >25.0 >50.0 [12]

Zingiber officinale,
Zingiberaceae

Rhizome >50.0 >53.0 [12]

TABLE 13.2 List of Edible Plants Having Anticholinesterase Activity

Name of the plant, family Part(s) used Extract used

Biological activity (in % or mg/mL)

ReferencesAChE BChE

Anethum graveolens, Apiaceae Leaf Aqueous 6.10 8.57 [13]

Apium graveolens, Umbelliferae Root Dichloromethane e 59.91 [23]

Ethanol e 40.39

Water e 26.73

Ap. graveolens, Apiaceae Root Aqueous 6.10 1.82 [13]

Brassica oleracea, Cruciferae Leaves Dichloromethane 44.92 52.75 [23]

Ethanol 49.44 9.24

Water 44.06 6.55

Petroselinum crispum, Apiaceae Leaf Aqueous 6.10 0.47 [13]

Root 0.07 0.76

Prunus domestica, Rosaceae Fruit Aqueous 3.09 2.22 [13]

Punica granatum, Lythraceae Fruit Aqueous 1.53 1.38 [13]

Spinacia oleracea, Chenopodiaceae Aerial Dichloromethane e 30.60 [23]

Ethanol e 15.94

Water e 19.05
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13.4.1.3 Cinnamomum cassia (Lauraceae)

The bioactive compounds found in this plant are cin-
namaldehyde and cinnamic acid, as well as coumarins,
diterpenoids, and polyphenols. These compounds are
responsible for its pharmacological activity [32]. The
antioxidant property of this plant can be attributed to
its cholinergic activity in vitro [33].

13.4.1.4 Illicium verum (Illiciaceae)

Bioactivity-guided fraction of I. verum fruit extract
showed potent AChE/BChE inhibitory activity. The
standardized extract of the plant has shown more affin-
ity toward AChE (IC50: 58.67� 0.16 mg/mL) than BChE
(IC50: 91.84� 1.29 mg/mL). Anethole, an important phy-
toconstituent found in this extract, has been reported for
potent AChE/BChE inhibitory activity as compared to
standard galanthamine [34].

13.4.1.5 Mentha spicata (Lamiaceae)

Decoction of M. spicata L leaves are used as folk
medicine for the treatment of various neurological
disorders [35]. Aqueous and methanol extracts of
M. spicata leaves posses AChE inhibitory activity [36].
In another study, infusion of M. spicata leaves was
examined for AChE inhibitory activity. Eriocitrin and
eriodictyol are the main chemical constituents present
in this extract that are responsible for the biological
activities [37].

13.4.1.6 Myristica fragrans (Myristicaceae)

The n-hexane extract of M. fragrans seeds was evalu-
ated for AChE inhibition activity in memory-deficient
mice. Trimyristin and myristicin are the components of
M. fragrans seed that were examined for the AChE inhi-
bition activity by in vivo and in vitro studies [38]. The
results of the studies showed that trimyristin and

TABLE 13.3 List of Traditional Plants Having Anticholinesterase Activity

Name of the plant, family Part(s) used Extraction of the plant

Enzyme inhibition (in % or mg/mL)

ReferencesAChE BChE

Acacia nilotica, Mimosaceae Leaves Ethyl acetate 53.00 e [24]

Acacia sieberiana, Mimosaceae Root Ethyl acetate 60.00 e [24]

Acorus gramineus, Araceae Rhizome Methanol 7.2 e [13]

Albizia adianthifolia, Fabaceae Bark Ethyl acetate 61.00 e [24]

Arnica chamissonis, Asteraceae Flower Hexane 29.0 88.0 [19]

Methanol 43.0 e

Bacopa monniera, Scrophulariaceae Whole Ethanol 42.97 e [25]

Bupleurum falcatum, Umbelliferae Root Methanol 24.8 e [13]

Combretum kraussii, Combretaceae Leaves Ethyl acetate 96.00 e [24]

Dioscorea batatas, Dioscoreaceae Rhizome Methanol 7.6 e [13]

Epimedium koreanum,
Berberidaceae

Whole Methanol 47.5 e [13]

Ginkgo biloba, Coniferae Whole Ethanol >50 e [25]

Hypericum perforatum,
Hypericaceae

Whole Methanol 178 e [19]

Narcissus assoanus,
Amaryllidaceous

Bulbs Methanol 7.81 e [26]

Narcissus baeticus,
Amaryllidaceous

Bulbs Methanol 44.61 e [26]

Narcissus abcissus,
Amaryllidaceous

Bulbs Methanol 47.40 e [26]

Ruta graveolens, Rutaceae Whole Hexane 34.00 61.0 [19]

Salix mucronata, Salicaceae Bark Ethyl acetate 82.00 e [24]

Zizyphus jujuba, Rhamnaceae Fruit Methanol 2.4 e [13]

Reproduced with permission from Elsevier Science, from Ref. [27].
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myristicin significantly reduce the AChE activity in the
nervous tissue of Lymnaea acuminate while enzyme ki-
netic study indicates components of My. fragrans have
the mixed (competitiveenoncompetitive) type of inhibi-
tion toward AChE [39].

13.4.2 Edible Plants Having Anticholinesterase
Activity

During the last 50 years, many wonderful break-
throughs have improved our understanding of the role
of food in our lives. As alternative therapy, food plants
are of growing interest nowadays to address some major
illnesses [40]. Several food plants including fruits and
vegetables show potent AChE inhibitory activity that
can improve cognition and memory in AD patients
[41].A list of somemajor edible plants having ChE inhib-
itory activity is discussed below and has been shown in
Table 13.2.

13.4.2.1 Centella asiatica (Apiaceae)

AChE inhibitory effect of Ce. asiatica aqueous extract
was investigated in colchicine-induced memory-
deficient and oxidative stress suffering rats. Treatment
with 150 and 300 mg/kg p.o. of aqueous extract of Ce.
asiatica for a period of 25 days shows significant AChE
inhibitory activity in rats [42]. Asiatic acid, a triterpenoid
component of Ce. asiatica was found to have inhibitory
effect against AChE enzyme [43].

13.4.2.2 Eruca sativa (Brassicaceae)

It has been reported that E. sativa was found to
possess potent antioxidant and anti-ChE activity. How-
ever, dichloromethane extract of E. sativa produces the
highest inhibition against BChE [23].

13.4.2.3 Marsilea quadrifolia (Marsileaceae)

Ethnopharmacological evidence showed the uses of
this plant as a nerve stimulant [44]. AChE inhibitory ac-
tivity of the methanol extract of the species is observed
at IC50: 51.89� 0.24 mg/mL and found to have less af-
finity toward the BChE at IC50: 109.43� 2.82 mg/mL.
Anti-ChE activity of this species is reported due to
the presence of alkaloids, polyphenols, steroids, and
saponins [41].

13.4.2.4 Terminalia chebula (Combretaceae)

The hydroalcoholic extract of the plant showed
potent antioxidant activity thus justifying its use in
the management of oxidative stress [45]. Terminalia
chebula aqueous extract shows significant anxiolytic ef-
fect [46] as well as cognition improvement in experi-
mental rats [47].

13.4.3 Medicinal Plants Used in Traditional
Medicine Having Anticholinesterase
Activity

Traditional practices using medicinal plants are an
important part of the primary health care system nowa-
days. Since ancient times, plants have been used as med-
icine, foods, agrochemicals, and pharmaceuticals by a
large number of people. The ethnobotanical survey can
bring out various leads for the drug development pro-
cess to treat human diseases. A list of plants that have
been traditionally used as AChE inhibitors as well as
cognitive enhancers is shown below and summarized
in Table 13.3.

13.4.3.1 Aloe vera (Liliaceae)

The major phytoconstituents found in this plant,
sitosterol and stigmasterol, are found to possess potent
AChE inhibitory activity in a dose-dependent manner
(IC50: 5.26 mg/mL) in vitro [48].

13.4.3.2 Alpinia galanga (Zingiberaceae)

Research on this plant exhibits potent cognitive
improvement activity that promises its use in the treat-
ment of AD. Alteration of behavioral parameter has
been observed after treatment with Alpinia fractions,
which indicates cognition improvement by enhancing
cholinergic transmission [49].

13.4.3.3 Andrographis paniculata (Acanthaceae)

Andrographolide is a diterpene lactone obtained
from this plant, which is responsible for various phar-
macological activities. Psychopharmacological studies
on An. paniculata extract reveal its effect on the nervous
system that gives a significant alteration in behavior
pattern [50].

13.4.3.4 Arnica montana (Asteraceae)

It contains sesquiterpene lactones, volatile oils, and
thymol derivate, as well as phenolic compounds [51].
Wszelaki et al. (2010) described that a methanolic extract
of the flower part of this plant showed prominent AChE
and BChE inhibitory activity [52].

13.4.3.5 Bupleurum falcatum (Umbelliferae)

A strong AChE inhibitory activity of Bu. falcatum in
an in vitro model was reported by Oh et al. (2004) [53].
Bupleurum root contains a series of triterpene saponins
and sapogenins, which have been isolated with other
minor compounds. The methanolic extract of its root
shows significant inhibition that could play an impor-
tant role in the treatment of AD [54].
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13.4.3.6 Dioscorea bulbifera (Dioscoreaceae)

In 2013, Neha and her coworkers evaluated the AChE
inhibition and antioxidant activity of an aqueous
ethanol extract (50:50) of tubers of D. bulbifera in mice
fed a high-fat diet and with streptozotocin-induced dia-
betes. A dose of 250, 500, or 1000 mg/kg for 90 days
lowers the AChE activity in the brain of the mice and
the oxidative stress also subsided [55].

13.4.3.7 Fumaria asepala (Fumariaceae)

Thechloroform:methanol (1:1) extractsofvariousFuma-
ria species were investigated for their anti-ChE activity,
which exhibit potent AChE (IC50: 9.76� 0.89 mg/mL)
and BChE (IC50: 91.99� 0.70 mg/mL) inhibition [56]. Ten
Fumaria species including F. asepala were screened for
AChE/BChE inhibitory activity by spectrophotometric
method, which confirms its pharmacological relevance
in an acceptable range [57].

13.4.3.8 Hypericum perforatum (Hypericaceae)

Hypericum perforatum locally known as St. John’s wort
is one of the effective herbal medicine used in a number
of neurological disorders including anxiety, neuralgia,
and depression. Ethyl acetate, methanol, and water ex-
tracts of Hy. perforatum showed the maximum AChE
inhibitory activity. The promising AChE inhibition ac-
tivity of Hy. perforatum could be due to the content of
flavonoid compounds like hypericin, hyperforin, and
total flavonoids [58].

13.4.3.9 Lavandula angustifolia (Lamiaceae)

The extract of the L. angustifolia flowers were used as
folk medicine for the treatment of nerve related disor-
ders. The higher percentage of AChE inhibition activity
was found in lavender oil at a dose label of 1 mg/mL
(IC50: 39.5� 8.6 mg/mL) [19]. It is also reported that
linalool, a phytochemical component of the extract
may be involved in AChE inhibitory activity [30].

13.4.3.10 Nardostachys jatamansi (Valerianaceae)

The plant extract inhibits oxidative stress by changing
neurotransmitter level in different parts of brain in cold
restraint stress model, which confirms the potential of
Na. jatamansi as an effective anti-stress agent. Mukherjee
et al. (2007) reported the AChE inhibitory potential of
Na. jatamansi in an in vitro model based on Ellman’s
method [59]. The rhizome extract was also found to
have potent anti-amnesic effect when given to sleep-
deprived amnesic mice [60].

13.4.3.11 Nelumbo nucifera (Nymphaceae)

Flavonoids from Ne. nucifera have shown protective
effects against exhaustive swimming exercise-induced
oxidative stress, thus advocating its use as an

anti-stress agent [61,62]. The plant’s seedpod provides
a feasible therapy in the treatment of AD and other
forms of cognitive disorders. N-methylasimilobine,
nuciferine, and nornuciferine isolated from this plant
were found to have potent AChE inhibitory activity [63].

13.4.3.12 Origanum vulgare (Lamiaceae)

The strong AChE and BChE inhibitory activities of
the essential oil of O. vulgare was reported in 2008 by
Orhan and his coworkers [13]. Aqueous leaf extracts of
this plant improved the learning parameters in rats
[64]. It has been found that a novel phenolic glucoside,
origanoside, isolated from O. vulgare helps in reducing
oxidative damage [65] in the experimental model.

13.4.3.13 Pyrola japonica (Pyrolaceae)

Methanol extract of Py. japonica whole plant at a
dose label of 5 mg/mL has been shown to possess
AChE (IC50: 37.00� 2.00 mg/mL) and BChE (IC50:
36.00� 3.00 mg/mL) inhibitory activity [66].

13.4.3.14 Salix mucronata (Salicaceae)

Ethyl acetate extract of S. mucronata bark shows po-
tential AChE inhibitory activity in vitro [67].

13.4.3.15 Tinospora crispa (Menispermaceae)

The major bioactive compound, columbamine, a
quaternary alkaloid, isolated from Ti. crispa vine
extract exerts strong inhibitory effect against AChE.
Structureeactivity relationship (SAR) analysis of the
above compound suggests the quaternary nitrogen
group could be involved in the inhibitory effect on
AChE [68].

13.4.3.16 Withania somnifera (Solanaceae)

Withania somnifera is one of the most important medic-
inal plants whose aqueous extract improves psychomotor
and cognitive performance when compared to placebo
[69]. It gives a beneficial effect on cognitive deficit by
decreasing oxidative damage caused by streptozotocin
in a model of cognitive impairment [70]. It also reduces
ibotenic acid-induced cognitive impairment and the loss
of cholinergic markers after 2 weeks of treatment.

13.4.3.17 Ziziphus jujuba (Rhamnaceae)

The antioxidant activity of Z. jujuba fruit was re-
ported, which improves spatial memory loss caused
by ethanol. Study showed that the fruit extract contains
an antiamnesic constituent that can reduce scopolamine-
and b-amyloid peptide-induced amnesia [71]. Jujubo-
side A, extracted from the seed of Z. jujube, causes
inhibitory effect on glutamate-mediated excitatory
signal pathway in hippocampus [72,73].

Hemidesmus indicus is widely recognized in folk med-
icine against various diseases. The root of this plant has
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been reported for its memory-enhancing potential [74].
Nerve tonic prepared from Trapa bispinosa has been
used in folk medicine since ages, and it was scientifically
supported by a recent study that demonstrated that it
improves memory by reducing oxidative stress [11].
Bacopa monniera Ginkgo biloba is a well-known nootropic
plant evidenced in many ancient literatures and it is one
of themajor ingredients found in several commercial no-
otropic products [75]. Standardized extracts of B. mon-
niera and Gingko biloba both showed a dose-dependent
inhibitory effect on AChE activity [25]. Ocimum sanctum
was reported to improve scopolamine as well as aging-
induced memory deficit, which suggested possible
cholinergic modulation as the mechanism of its action
and thereby indicated possible utility in the manage-
ment of AD- and age-associated dementias. Vyawahare
et al. (2008) reported that the alcoholic extract of
the roots of Clitoria ternatea potentially repairs
scopolamine-induced memory disruption using radial
arm maze and condition avoidance response test and
thereby validated its traditional claim. Animals treated
with either ginseng extract or composite preparations
containing ginseng is claimed to improve learning and
memory. Aqueous extract of Coriandrum sativum has
been reported to provide protection of pyramidal cells
in cerebral cortex against neurodegenerative disorders
and AD. Among plants that have been investigated for
dementia therapy, Salvia is one of the most numerous
genera within the family Lamiaceae; it causes inhibition
of AChE as well as nicotinic activity. This type of ChIs is
found in abundance in natural products, which
encourages the researchers toward lead finding for a
cure for AD from natural products. It has been found
that plants belonging to the families Acanthaceae,
Apocynaceae, Amaryllidaceae, Angelicae, Araceae,
Asclepiadaceae, Berberidaceae, Buxaceae, Combreta-
ceae, Compositae, Coniferae, Cyperaceae, Ebenaceae,
Ericaceae, Euphorbiaceae, Fumariaceae, Gentianaceae,
Guttiferae, Lamiaceae, Leguminosae, Lilliaceae, Lycopo-
diaceae, Malvaceae, Magnoliaceae, Menispermaceae,
Molluginaceae, Moraceae, Musaceae, Nelumbonaceae,
Papaveraceae, Piperaceae, Rubiaceae, Rutaceae, Sapota-
ceae, Solanaceae, and Tamaricaceae have promising
AChE inhibitory potential [27,76].

13.5 PHYTOCONSTITUENTS FOR THE
MANAGEMENT OF COGNITIVE

DISORDER

The search for plant-derived inhibitors of AChE has
accelerated in the treatment of AD and other forms of
dementia, such as dementia with Lewy bodies, vascular
dementia and Down syndrome. The bioactive molecules
belonging to the classes of alkaloids, monoterpenes,

coumarins, triterpenes, flavonoids, benzenoids, diter-
penes, oxygen heterocycles, sesquiterpenes, stilbenes,
lignans, sulfur compounds, proteids, polycyclic,
quinoid, benzoxazinone, carotenoid, and alycyclic have
been identified as AChE inhibitors from plant origin.
Among the various classes of alkaloids, indole deriva-
tives (such as physostigmine and related compounds),
isoquinoline and related derivatives (such as galant-
amine and lycorine-type alkaloids), steroidal and terpe-
noid alkaloids, and many other derivatives possess
inhibitory effects on AChE. Plant families that have
been considered as potential sources of such alkaloids
are Amaryllidaceae, Buxaceae, Apocynaceae, Papavera-
ceae, Lycopodiaceae, and Leguminosae. This great
chemical diversity found in natural sources has been
enormously studied to explore various chemical scaf-
folds for the development of potential new drugs to
act on AChE enzymes for combating various cognitive
disorders with different pharmacological profiles [77].

The bioactive molecules leading from plant origin are
very much promising with high efficacy and lower side
effects when compared to the drugs from synthetic
origin. From Figure 13.1 it has been clearly understood
that alkaloids are the promising group of compounds
having potent AChE inhibitory properties. The plant
family Lamiaceae promises maximum inhibitory poten-
tial followed by Buxaceae, Rutaceae, and others. This
finding will help the researchers to screen the potent
class of compounds on the basis of their origin and
thus come up with some major bioactive pharmaco-
phores with natural biodiversity. As the plant secondary
metabolites readily depend on their species and genus
so the content of bioactive compounds also depend on
the plant taxonomy. Physostigmine, an indole alkaloid,
isolated from Physostigmina venenosum, has been found
to improve cognitive function in several in vivo studies
through reversible AChE inhibition [78]. The chemical
structure of physostigmine has provided a template
for the development of rivastigmine, an AChE inhibitor
that is licensed for use in the United Kingdom for the
symptomatic treatment of mild-to-moderately severe
AD. Galantamine is an amaryllidaceae alkaloid obtained
from Ga. nivalis, which was used traditionally in
Bulgaria and Turkey for neurological conditions
through reversible competitive AChE inhibition
that allosterically modulates nicotinic receptors [79].
Other Amaryllidaceae alkaloids such as assoanine,
epinorgalantamine, oxoassoanine, sanguinine, and
11-hydroxygalantamine have also been reported to
possess AChE inhibitory activity [80].The lycopodium
alkaloid huperzine A is a natural compound first iso-
lated from Hu. serrata (Thumb.) in 1986. It is a potent,
reversible, and selective inhibitor of AChE with rapid
absorption and penetration into the brain in animals,
with a longer duration of action and higher therapeutic
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index, and the peripheral cholinergic side effects are
minimal at therapeutic doses in comparison to other
available marketed ChIs [81]. It also attenuates memory
deficits and neuronal damage that occur after ischemia,
and therefore is beneficial in the treatment of
cerebrovascular-type dementia [82]. The other major
classes of compounds reported to have such activity
are the terpenoids, glycosides, and coumarins. The hy-
drophobic active site of AChE is reported to be suscep-
tible to hydrophobic interactions. SAR suggested that
the nitrogen substituents at C-3 and/or C-20 of steroidal
skeleton and the hydrophobic properties of the preg-
nane skeleton are the key structural features contrib-
uting to the inhibitory potency of pregnane-type
steroidal alkaloids against AChE [83]. Terpenoids are
relatively weak inhibitors of ChE. However, analogues
of active terpenoid-like stilbene oligomer viniferin iso-
lated from Caragana chamlague is a potential reversible
and noncompetitive inhibitor of AChE [80]. ChIs have
been chemically identified in several traditional Chinese
medicinal plants, including Angelica sinensis and Evodia
rutaecarpa. Another plant ChI, huperzine, derived from
the moss Huperzia, traditionally used to treat inflamma-
tion and fever, is also being used in AD therapy in China
[84]. It is a relatively selective inhibitor of cortical and
hippocampal ChE and of AChE compared with BChE.
In a placebo-controlled randomized trial, huperzine
was found significantly better than placebo in
improving memory, cognition, and behavioral function
[85]. Systemic administration of W. somnifera led to dif-
ferential inhibition of AChE and enhanced M1
-muscarinic receptor binding in rat brain [86]. Korean
Ginseng (Panax ginseng) is considered to improve mem-
ory through enhancing cholinergic activity in similar an-
imal models and also have neuroprotective activity
in vitro [87].

13.5.1 Alkaloids

Alkaloids constitute a group of family of compounds
that generally have in common the presence of nitrogen
atom(s) in a cyclic ring. This is probably the largest
group of metabolites with ChE inhibitory activity at
lower concentrations. The first known AChE inhibitor
was physostigmine, an alkaloid isolated for the first
time in 1864 from Ph. venenosum Balf, which was used
in therapy before the discovery of ACh as neurotrans-
mitter. However, physostigmine is quite polar, being
distributed throughout the body, and only a small
amount reaches the central nervous system. Neostig-
mine, pyridostigmine, rivastigmine, cymserine,
berberine, groenlandicine, tubocurarine, and galant-
amine are natural-derived alkaloids, having moderate
AChE inhibitory activity [78,88].

Essential oils from natural sources contain complex
mixtures of volatile compounds. Terpenoids and phe-
nylpropanoid chemical class are the major chemical
compounds found in essential oils. These chemicals
have been investigated for AChE/BChE inhibitory
activity and significant inhibitory effect on cognitive-
related disorder like AD has been reported. Monoter-
pene constituents from M. officinalis and R. officinalis
have been reported to inhibit erythrocyte AChE in in
vitro studies. Geraniol, 3-carene, a-caryophyllene and
limonene are other monoterpenes that are also reported
to inhibit AChE. Monoterpenes may be cyclic (e.g.,
1,8-cineole and a-pinene) or acyclic (e.g., geraniol and
linalool) and consist of a hydrocarbon skeleton, which
may be attributed to their anti-ChE activity. Some of
the selected secondary metabolites and isolated com-
pounds (Table 13.4) from natural sources have shown
promising anti-ChE activity.

13.5.2 Terpenoids

Terpenes, which are built up from isoprene subunits,
constitute the most numerous and structurally diverse
group of secondary metabolites produced by plants.
Several biological activities have been attributed to ter-
penes among which ChE inhibition predominates.
Most of the terpenes inhibit ChE at higher concentra-
tions than alkaloids. The essential oils from species
such as Thymus vulgaris L. and Eucalyptus globulus Labill
show ChE inhibitory activity. Monoterpenoids are the
main constituents of these essential oils. In the monoter-
pene subgroup, 1, 8-cineole and a-pinene are the most
effective compounds [118]. Arisugacin A, arisugacin B,
arisugacin C, arisugacin D, arisugacin E, arisugacin F,
arisugacin G, arisugacin H, a-nocerin, and territrem A
[119e121] are also found to be potent AChE inhibitors.
Other terpenes with potent AChE inhibition activity
have been discussed in Table 13.4.

13.5.3 Phenyl Propanoids

Eugenol, trans-anethole, a-asarone, and b-asarone are
found under this class of compounds. This type of com-
pound is mainly identified in the essential oil of medic-
inal plants [14]. The important members of this class that
show promising AChE inhibitory activity are shown in
Table 13.4.

13.5.4 Coumarins

Coumarins are benzo-a-pyrones (a benzene ring
joined to a pyrone ring) with important pharmacological
properties. Decursin, decursinol, isoimperatorin, mar-
mesin, nodakenin, xanthotoxin, xanthyletin, elagic
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activity

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

I. ALKALOIDS

1-O-Acetyllycorine Crinum moorei,
Amaryllidaceae

0.96 e [89]

Assoanine Narcissus assoanus,
Amaryllidaceae

3.87 e [90]

Buxahejramine Buxus papillosa, Buxaceae 162.0 e [91]

Buxakarachiamine Buxus papillosa, Buxaceae 143.0 e [91]

Buxakashmiramine Buxus papillosa, Buxaceae 25.4 0.74 [91]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

Buxamine-B Buxus papillosa, Buxaceae 74.0 e [83]

Buxamine-C Buxus hyrcana, Buxaceae 7.5 e [83]

Chonemorphine Refer the structure A Sarcococca hookeriana,
Buxaceae

28.0 0.5 [92]

Cocsuline Cocculus pendulus,
Menispermaceae

47.6 6.1 [93]

Colchamine Colchicum speciosum,
Colchicaceae

3.89 2.20 [92]

Colchicine Colchicum speciosum,
Colchicaceae

2.81 3.19 [92]
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Coronaridine

N
H

N

H3COOC

Tabernaemontana australis,
Apocynaceae

0.01 e [94]

Corynoline Corydalis incisa,
Papaveraceae

30.6 [95]

Cyclanoline Stephania venosa,
Menispermaceae

9.23 e [96]

Cyclomicrophylline-A Refer the structure B Buxus papillosa, Buxaceae 235.0 2.43 [91]

Cycloprotobuxine-C Refer the structure B Buxus papillosa, Buxaceae 38.8 2.73 [91]

Cyclovirobuxeine-A Refer the structure B Buxus papillosa, Buxaceae 105.7 2.05 [91]

Epipachysamine-E-5-en-
4-one)

Refer the structure A Sarcococca hookeriana,
Buxaceae

9.9 0.6 [97]

Galanthamine Leucojum aestivum,
Amaryllidaceae

1.82 e [11]

Hookerianamide J Refer the structure A Sarcococca Hookeriana,
Buxaceae

48.5 0.8 [97]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

Hookerianamide K Refer the structure A Sarcococcahoo keriana,
Buxaceae

24.2 4.0 [97]

Kesselridine Colchicum speciosum,
Colchicaceae

3.02 3.38 [92]

Kesselringine Colchicum speciosum

,Colchicaceae
3.47 4.26 [92]

Luteidine Colchicum speciosum,
Colchicaceae

4.21 3.85 [92]

Mahanimbine Murraya koenigii,
Rutaceae

0.03 e [98]

N-allylnorgalanthamine Leucojum aestivum,
Amaryllidaceae

0.18 e [11]
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Nepapakist amine A Sarcococca coriacea,
Buxaceae

50.1 25.0 [99]

N-methylpachys amine A Ref the structure A Sarcococcahoo hookeriana,
Buxaceae

22.1 1.6 [97]

Oxoassoanine Narcissus assoanus,
Amaryllidaceae

47.21 e [90]

Palmitine Corydalis speciosa,
Papaveraceae

16.1 e [100]

Physostigmine Physostigma venenosum,
Leguminosae

0.006 e [101]

Pseudolycorine Narcissus assoanus,
Amaryllidaceae

152.3 e [90]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

Regeline Colchicum speciosum,
Colchicaceae

2.78 4.94 [92]

Sanguinine Eucharis grandiflora,
Amaryllidaceae

0.10 e [90]

Sarcovagine C Refer the structure A Sarcococca hookeriana,
Buxaceae

8.0 0.3 [102]

Stepharanine Stephania venosa,
Menispermaceae

14.1 e [96]

Taspine Magnoliax soulangiana,
Magnoliaceae

0.33 [103]

1
3
.
E
V
A
L
U
A
T
IO

N
O
F
B
IO

A
C
T
IV

E
C
O
M
P
O
U
N
D
S
A
S
A
C
E
T
Y
L
C
H
O
L
IN

E
S
T
E
R
A
S
E
IN

H
IB
IT
O
R
S
F
R
O
M

M
E
D
IC

IN
A
L
P
L
A
N
T
S

2
9
0



Vaganine D Sarcococca coriacea,
Buxaceae

46.8 10.0 [99]

a-Solanine Solanum tuberosum,
Solanaceae

44.3 e [104]

II. TERPENOIDS

1,8-Cineole Melaleuca alternifolia,
Myrtaceae

49.0 e [105]

Auraptene Citrus paradise, Rutaceae >17 e [106]

Borneol
Thymus vulgaris,
Lamiaceae 0.13 e [107]

Camphor Salvia lavandulaefolia,
Lamiaceae

0.03 e [3]

Carvacrol Th. vulgaris, Lamiaceae 0.09 e [107]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

Caryophyllene oxide Thymus lotocephalus,
Lamiaceae

4.32 16.57 [21]

Dihydrotanshinone Salvia miltiorhiza,
Lamiaceae

1.0 e [108]

Limonene Citrus limon, Rutaceae 0.58 e [107]

Linalool Th. vulgaris, Lamiaceae 2.21 5.78 [21]

Nootkatone Citrus paradise, Rutaceae >24 e [105]

p-Cymene Melaleuca alternifolia,
Myrtaceae

38.3 e [105]

Terpinen-4-ol Melaleuca alternifolia,
Myrtaceae

32.0 e [105]
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Thymol Th. vulgaris, Lamiaceae 0.21 e [107]

a-pinene Salvia lavandulaefolia,
Lamiaceae

0.63 e [3]

a-Terpinene Melaleuca alternifolia,
Myrtaceae

31.7 e [105]

a-terpineol Inula graveolens,
Asteraceae

1.3 e [14]

g-Terpinene Melaleuca alternifolia,
Myrtaceae

34.0 e [105]

d-3-Carene Cupressus sempervirens,
Cupressaceae

0.03 e [107]

III. PHENYLPROPANOIDS

Eugenol Ocimum sanctum,
Lamiaceae

0.48 e [14]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

trans-Anethole Foeniculum vulgare,
Apiaceae

1.32 e [107]

a-asarone Acorus calamus, Araceae 46.38 e [109]

b-asarone Ac. calamus, Araceae 3.33 e [109]

IV. COUMARINS

Decursin Angelica gigas,
Umbelliferae

3.9 e [110]

Decursinol Angelica gigas,
Umbelliferae

2.8 e [110]

Isoimperatorin Angelica gigas,
Umbelliferae

6.9 e [110]
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Marmesin Angelica gigas,
Umbelliferae

6.7 e [110]

Nodakenin Angelica gigas,
Umbelliferae

6.8 e [110]

Umbelliferone Angelica gigas,
Umbelliferae

2.9 e [110]

Xanthotoxin Angelica gigas,
Umbelliferae

5.4 e [110]

Xanthyletin Angelica gigas,
Umbelliferae

1.5 e [110]

V. FLAVONOIDS

Gossypetin-7-O-
L-rhamnopyranoside

Rhodiola rosea,
Crassulaceae

58.0 e [111]

Irilone Iris pseudopumila,
Iridaceae

93.6 >100 [112]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

Isoorientin Iris pseudopumila,
Iridaceae

26.8 31.5 [112]

Isoorientin-6-O00-b-D-
glucopyranoside

Iris pseudopumila,
Iridaceae

60.8 98.9 [112]

Isovitexin Iris pseudopumila,
Iridaceae

36.4 54.8 [112]

Isovitexin-6-O00-b-D-
glucopyranoside

Iris pseudopumila,
Iridaceae

85.9 >100 [112]
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VI. QUINONES

Embelin Embelia ribes, Myrsinaceae 13.4 e [113]

VII. STILBENES

(þ)-a-viniferin Caragana chamlague,
Leguminosae

96.4 16.9 [80]

VIII. GLYCOSIDES

Acteoside Refer the structure C Harpagophytum

procumbens, Pedaliaceae
19.9 35.0 [114]

Decaffeoyl verbascoside Refer the structure C Harpagophytum

procumbens, Pedaliaceae
16.1 46.0 [114]

Isoacteoside Refer the structure C Harpagophytum

procumbens, Pedaliaceae
21.9 29.7 [114]

IX. XANTHONES

Bellidifolin Gentianella amarelle,
Gentianaceae

21.9 e [115]

Bellidin Gentianella amarelle,
Gentianaceae

17.5 e [115]
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TABLE 13.4 Some Phytoconstituents Having Anticholinesterase Activitydcont’d

Enzyme inhibition

(in % or mg/mL)

Name of the chemical

compound Chemical structure Plant name with family AChE BChE References

Triptexanthoside C Gentianella amarelle,
Gentianaceae

43.7 e [115]

X. LIGNANS

Gomisin A Schizandra chinensis,
Schisandraceae

13.28 e [116]

Schisandrol B Schizandra chinensis,
Schisandraceae

12.57 e [116]

XI. BENZONOIDS

Resveratrol HO Vitis vinifera, Vitaceae Not
significant

Not
significant

[13]

XII. CAROTENOID

Safranal C. sativus, Iridaceae 21.09 e [117]
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Crocetin C. sativus, Iridaceae 96.33 e [117]

Dimethylcrocetin C. sativus, Iridaceae 107.1 e [117]

Structure A

Structure B

Structure C

Part of this table is reproduced with permission from Elsevier Science, from Ref. [27].
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acid, and 3, 4-dimethyl herniarin [122] are some of the
newer molecules under this class of compounds. Certain
functionalized coumarin derivatives are considered as
AChE inhibitors and also being proposed for the treat-
ment of AD [123]. Studies showed that the benzylamine
substructure was found in potent AChE inhibitory activ-
ity [124]. On the basis of these considerations, several
coumarins and their derivatives were investigated as
ChE inhibitors.

13.5.5 Flavonoids

Flavonoids constitute a class of polyphenols character-
ized by a diphenylpropane (C6-C3-C6) skeleton, which
consists of two aromatic rings, each bearing at least one
aromatic hydroxyl, connected by a carbonbridge, forming
(or not) a third ring. Flavonoids are divided into sub-
classes, viz., flavanols, flavanones, anthocyanidins,
flavones, flavonols, isoflavones, flavan-3-ols, flavanonols,
aurones, and chalcones based on the connection of the two
aromatic rings,degreeofoxidation, andalso the functional
groups of the third ring. The majority of flavonoids natu-
rally occur as glycosides or other conjugates, which ex-
plains the great variety of compounds, and is considered
to be the most relevant class of phenolic compounds
[125]. A series of chalcones were synthesized and investi-
gated for their biological activity against AChE and
BChE enzyme where the activity against AChE predom-
inates [26].

13.5.6 Quinones

The quinonoid group seems to be important for
AChE inhibition, since dopamine autoxidation can inac-
tivate AChE, mainly by direct interaction of quinone or
semiquinone oxidation products with the enzyme. Sar-
gaquinoic acid is a natural benzoquinone extracted
from the brown algae Sargassum sagamianum Yendo
and exhibits AChE inhibitory activity [126]. Thespesia
populnea (L.) Sol. ex Correa is a plant containing quinine
group of compounds that have been reported to enhance
memory and reduce brain ChE activity in mice [127].
Embelin is another major compound found in this class
that potentially inhibits AChE [113].

13.5.7 Stilbenes

Stilbenes are a small family of secondary metabolites
derived from the phenylpropanoid pathway. (þ)-a-
Viniferin (a trimer of resveratrol) is major stilbene
compound that shows AChE inhibition in a dose-
dependent manner [80].

13.5.8 Xanthones

Some xanthones like bellidin and bellidifolin were
also reported to have potent AChE inhibition activity.
Triptexanthoside C was the only xanthone isolated
from Gentianella amarella (L.) with AChE inhibitory ac-
tivity [115]. Xanthones isolated from Gentiana campestris
(Gentianaceae) also promises AChE inhibitory activity
[128]. Bruhlmann and coworkers have found some
xanthones belonging to the families Gentianaceae,
Clusiaceae, and Polygalaceae having AChE inhibitory
activity [129].

13.5.9 Lignans

Several lignans have been isolated from Vitex negundo
(Verbenaceae), showing AChE inhibitory activity [130].
Syringaresinol isolated from the aerial part of Leptadenia
arborea (Asclepiadaceae) demonstrated inhibitory effect
against AChE. Ligningomisin A, a component found in
the fruits of Schizandra chinesis (Magnoliaceae), inhibited
AChE activity with an IC50 value of 15.5 mM [131].

Gomisin C, gomisin G, gomisin D, and schisandrol B
are other compounds isolated from the same species
that entirely inhibits AChE in a dose-dependent
manner [116].

13.5.10 Glycosides

Pregnaneglycosides were isolated from Cynanchum
atratum (Asclepiadaceae) and screened for AChE inhibi-
tory activity and it was found to be active due to
the presence of cynatroside B and cynascyroside D [132].

13.5.11 Benzonoids

Plant-derived benzonoids such as curcumin, resvera-
trol, and green tea catechins have potential health-
promoting properties as well as protective cellular
effects [133]. It has been reported that curcumin
(diferuloyl methane), resveratrol (trans-3, 5, 40-trihy-
droxystilbene), and epigallocatechin-3-gallate exhibit
antioxidant activity as well as AChE inhibition activity
[103,134].

13.5.12 Quinoids

Embelin is a p-quinone class of compound that is
found in fruits and seeds of Embelia ribes, reported to
have AChE inhibitory activity [113].
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FIGURE 13.2 Different classes of phytoconstituents and their affinity toward cholinesterase inhibition. AChE, acetylcholinesterase.

FIGURE 13.3 Different classes of plant family having potent cholinesterase inhibition. AChE, acetylcholinesterase; BChE,
butyrylcholinesterase.

13.5 PHYTOCONSTITUENTS FOR THE MANAGEMENT OF COGNITIVE DISORDER 301



13.5.13 Benzoxazinone

2, 4-Dihydroxy-7-methoxy-1, 4-benzoxazin-3-one is a
compound found in wheat extract that has been re-
ported for its AChE inhibitory activity. This compound
has shown potent inhibitory activity against AChE
enzyme that is released from insects like Epkestia kueh-
niella (Zeller), Musca domestica L., Sitophilus granarius
L., and Rhopalosiphum padi (L.) [89].

13.5.14 Carotenoids

Crocetin, dimethylcrocetin, and safranal are the main
carotenoid constituents found in C. sativus. These com-
pounds possess AChE inhibitory activity. In vitro study
showed that safranal from C. sativus exhibits highest
AChE inhibitory activity when compared to crocetin
and dimethylcrocetin. Enzyme kinetics study of
AChE exhibits mixed type of inhibition (competitivee
noncompetitive) of carotenoid compounds. In silico
study reveals that crocetin and and dimethylcrocetin
simultaneously bind to the catalytic and peripheral
anionic sites of AChE, while safranal fits with the
catalytic site [117].

Inhibition of AChE, the enzyme principally
involved in the catabolism of ACh, results in increased
levels of ACh in the central nervous system, thus
reversing the deficiency associated with AD.
Bioassay-guided isolation of phytochemicals from me-
dicinal plants of India and other parts of the globe
have led to the discovery of several AChE inhibitors
(Figure 13.2). They include furanocoumarins; isoimper-
atorin; imperatorin; oxypeucedanin (from Angelica
dahurica); corynoxidine; protopine; palmatine;
berberine (from Corydalis speciosa); buxamine B; N, N-
dimethylbuxapapine; sarsalignone; vaganine; coronari-
dine; voacangine; voacangine hydroxyindolenine;
rupicoline (from Tabernaemontana australis); and ursolic
acid (from Origanum majorana) [95]. Some evidence ex-
ists for the relevant bioactivity that supports substantial
scientific literature on relevant properties of the
gingkolides, the chemical constituents of Gi. biloba
considered to be responsible for the pharmacological
activity of the plant.

In Figure 13.3, comparative data of different plant
families have been presented where it can be seen that
Lamiaceae (Labiatae) is one of the most diverse and
widespread plant families in terms of AChE inhibition.
This is one of the largest families among the dicotyle-
dons. The plants belonging to the family secrete some
major metabolites (mainly volatile oil) through their
glandular trichomes present in leaves and flowers. The
various medicinal properties of this family are mainly
due to its essential oil content [135]. This study will
further direct the researchers to explore newer plants
having anti-ChE property. It can be concluded that me-
dicinal plants from various families are the richest

source of novel anti-ChIs, and there are several other
plants remaining to be explored for safe and efficacious
anti-ChE drugs for combating AD.

13.6 CONCLUSION

The discovery of AChE inhibitors has led to a new di-
rection to AD therapy. It is associated with the deficiency
of ACh in the brain, leading to cognitive impairment in
old-aged patients. As the AChE inhibitors play a pivotal
role in improving cognitive function, it remains a major
research area in AD therapy for the past decades. Tradi-
tional medicine-inspired drug development could give
some newer approach to the researchers to find out
effective bioactive compounds targeted to treat AD
[75]. Bioassay-guided isolation from botanicals is able
to deliver a large number of chemical entities as AChE
inhibitor. Among all the phytomolecules, alkaloids are
ound to possess maximum inhibitory potential against
AChE. Since most AChE inhibitors are known to contain
nitrogen, the higher activity of this extract may be due to
their rich alkaloid content. The content of various bioac-
tive compounds present in the plant depends on its
genera and species. Buxaceae, Amaryllidacea, Lycopo-
diaceae are the major families found to possess alkaloid
and related compounds. Though the strongest AChE
inhibitory activity is seen with alkaloid compounds, a
large number of nonnitrogenous compounds like terpe-
noids, glycosides, and coumarins from plant sources
have been discovered as AChE inhibitors [136]. It could
be concluded that medicinal plants are a rich source of a
newer chemical class of compounds for themanagement
of cognitive disorders. Moreover, in vivo activity needs
to be shown in animal and human models to confirm
their therapeutic efficacy in case of AD and other related
diseases. It is hoped that strong ethnobotanical evi-
dences along with high-throughput screening will
develop some novel compounds in drug development
process, thus offering a newer discovery in the treatment
of AD and other age-associated neurodegenerative
diseases.
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14.1 MALARIA

Malaria is in many cases a fatal disease caused by
infection with one of five protozoan parasites belonging
to the genus Plasmodium: P. vivax, P. malariae, P. falcipa-
rum, P. ovalis, or P. knowlesi [1]. Plasmodium knowlesi has
been known to be a parasite in long-tailed macaque
monkeys, but the ability to infect humans was observed
a decade ago by analyzing the DNA of parasites from
patients in Malaysian Borneo [2]. The majority of deaths
are caused by infections with P. falciparum.

14.1.1 The Burden of Malaria

World Malaria Report 2013 states that malaria is
endemic in 104 countries, mainly in the tropical world,

and that 3.4 billion people are at risk of malaria. It is esti-
mated that 207 million malaria cases occurred globally
and that the disease caused 627,000 deaths in 2012.
About 80% of the cases and 90% of the deaths occurred
in Africa. Most of the deaths (77%) were children
younger than 5 years [3]. Even though this figure is
alarming, earlier estimates suggested that between 1
and 2.5 million annual deaths were caused by malaria
before 2003 [1,4], indicating that the World Health Orga-
nization (WHO) global malaria program has an effect.
The goal of this program is to have reduced the global
mortality rate of malaria by 56% in all ages and 63% in
children younger than 5 years in 2015 [3]. Apparently,
the burden of malaria has followed humans for at least
10,000 years. Studies of the polymorphism of the
genome of the parasite principally responsible for the
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death caused by malaria P. falciparum do not give a clear
answer but indicate that a rapid increase in malaria
might have occurred after the last glaciation and the
spread of swidden agriculture [5].

The disease is transmitted by mosquitoes belonging
to the genus Anopheles. A mathematical model for the
transmission of the disease taking into account 31 pa-
rameters including weather conditions, rate of infection
of humans, and the proliferation of mosquitoes has been
suggested [6]. This model is continuously being refined
[7e9].

14.1.2 The Cycle of the Disease

During feeding of the female mosquito on a human,
on average 8e15 (but occasionally up to 100) plasmodial
parasites are injected in the form of sporozoites, which
either via the circulation or via lymph channels enter he-
patocytes (Figure 14.1). In the liver, the parasites un-
dergo asexual proliferation. After 5 days (in the case of
P. falciparum) or 15 days (in the case of P. malariae),
many thousand parasites are released from the liver as
merozoites. In the cases of P. vivax or P. ovale, some par-
asites may remain in the liver in the form of hypno-
zoites, which may rupture several months later. Since
only a few liver cells are infected, the patient does not
experience any symptoms in the hepatic phase of the
infection [1]. The merozoites liberated into circulation
quickly enter erythrocytes. Attachment of the parasites
to the erythrocytes is mediated via one or more erythro-
cyte receptors. For P. vivax, this receptor is Duffy blood
group antigens, explaining why some persons in West
Africa, who do not carry these antigens, are resistant to-
ward infections with these parasites. In the erythrocytes,
the parasites grow logarithmically and consume the pro-
teins present, most of which is hemoglobin. After
12e14 h, cells infected with P. falciparum express a
strain-specific antigen on the surface, enabling these
erythrocytes to adhere to the walls of the venules or cap-
illaries in vital organs and thereby disappear from circu-
lation. During the time in the erythrocyte, the parasite
goes through the stages of rings, trophozoites, and schiz-
onts. Finally, the schizonts proliferate into merozoites,
which rupture the cell after 48 h (for P. falciparum, P.
vivax, and P. ovales) or after 72 h (for P. malariae) and
liberate between 6 and 36 merozoites into the blood. If
the infection is untreated, the characteristic fever spikes
appear every 2 days (P. vivax and P. ovales, tertian ma-
laria) or every 3 days with P. malariae (quartan malaria),
when the erythrocytes rupture and release their content
into the circulation. P. falciparummay never regulate to a
tertian malaria [1].

After a series of asexual cycles of the parasites, a sub-
population develops into male and female gametocytes.

When ingested by a mosquito, the gametocytes become
activated and undergo a sexual proliferation. After hav-
ing undergone several transformation cycles in the mos-
quito, the parasites finally penetrate into the salivary
gland, from which they are injected into a human
when the mosquito takes a blood meal. The develop-
ment in the mosquito is known as sporogony and lasts
between 8 and 35 days depending on the ambient tem-
perature and the species of parasite. It is essential for
the vectorial capacity that the mosquitoes survive for a
period of time, which enables the parasites to undergo
these cycles to give the infectious sporozoites [1].

FIGURE 14.1 During feeding a mosquito injects approximately 10
parasites as sporozoites into the blood. The sporozoites infiltrate he-
patocytes, where they proliferate asexually. After between 5 and
15 days, during which time the patient feels no symptoms, the para-
sites again are liberated into the blood where they enter the erythro-
cytes where they grow logarithmically. After 2 or 3 days, depending on
the species of Plasmodium, the parasites rupture the cells, causing the
characteristic fever strikes. Some parasites are converted into game-
tocytes, which can survive the digestive channel of the mosquito and
perform a sexual proliferation.
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14.2 DRUG FOR TREATMENT
OF MALARIA

Development of a vaccine against malaria has proved
difficult, meaning that at present, only drugs developed
from small molecules can be used for the control of the
disease. In 1991, a review was entitled “Can ethnophar-
macology contribute to the development of antimalarial
drugs?” [10]. Considering the fact that a surprisingly
large fraction of drugs for treatment of malaria (about
50%) are either natural products or drugs derived from
natural products [11e13], ethnopharmacology no doubt
has contributed to the development of such drugs. It is
interesting to note that the percentage of antimalarial
drugs derived from natural products has not changed
during the last 40 years, but the few drugs registered
make it difficult to draw firm conclusions. No doubt
the European use of the bark of Cinchona species as an
antimalarial drug inspired Pelletier and Caventou to
isolate the active principle, which was named quinine.
It took more than a century before the configuration
was established [14,15]. Similar Chinese investigations
leading to artemisinin also were inspired by traditional

use [16]. Two drugs for the treatment of malaria have
been registered in the last 15 years as documented by in-
spection of the chapter ToMarket, ToMarket Annual Re-
ports in Medicinal Chemistry volume 33 to 47
(1998e2013). One of the drugs is arteether dissolved in
sesame oil for injection into children against severe
infection, which actually only is a new formulation of
a known drug. The trade name is Artemotil. The other
drug is bulaquine, a derivative of primaquine, effective
against relapse because it affects hypnozoites. The
drug is registered as Aablaquin [17].

14.2.1 Targets for Drugs Derived from
Natural Products

Natural products or drugs derived from natural
products primarily kill parasites by targeting processes
in the food vacuole, the mitochondria, or the apicoplasts
(Figure 14.2).

14.2.2 The Food Vacuole

The food vacuole is an organelle with a function
similar to the digestive tract of higher organisms. Via a
phagocytosis-like system, hemoglobin is transported
into the food vacuole where it is digested to small pep-
tides, which are released into the cytosol [18]. The
remaining hem, which is an iron(II) complex, is oxidized
into ferriprotoporphyrine, which spontaneously forms
dimers. The dimers precipitate as submicrometer- to
micrometer-sized crystals named hemozoin (Figure 14.3)
[19]. By precipitation the potential toxicity of the ferrio-
protoporphyrine caused by the oxidative properties is
avoided. The hemozoin formation is generally called
polymerization. The heavy color of hemozoin is easily
recognized by light microscopy of blood smears of ma-
laria patients and is used for diagnostic purposes [1,20].

FIGURE 14.2 The organelles influenced by malaria drugs derived
from natural products: food vacuole, mitochondria, apicoplasts.

FIGURE 14.3 In the food vacuole, the tetrameric hemoglobin (four ovalswith a porphyrin inside) is digested and the formed peptides (the helices)
are transportedout in the cytosol. The iron(II) ions (red circles) in the remaininghemewill beoxidized into iron(III) form(bluecircles),which is cytotoxic.
Spontaneous dimerization affords an insoluble product, which precipitates as hemozoin (string of porphyrins) and thereby becomes nontoxic.
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Alkaloids and other basic drugs will have an advan-
tage in controlling Plasmodium parasites since the acidic
pH of the food vacuole will make these compounds
accumulate in the protonated form [21].

14.2.2.1 Drugs Preventing Hemozoin Formation

A number of drugs target the hemozoin precipitation
by forming complexes with or covalently binding to the
formed ferriprotoporphyrin. The more famous among
these are quinine and artemisinin.

14.2.2.1.1 Quinine and 4-Aminoquinolines

Quinine, quinidine, cinchonine, and cinchonidine
(Figure 14.4) are the major quinidine alkaloids isolated
from the bark of trees belonging to the genera Cinchona
and Ramijia (Rutaceae). It might be considered the irony
of history that the first drug affecting malaria came from
a continent (South America) in which malaria was no
problem before the arrival of the Europeans. The Jesuits
after arriving to the remains of the Inca Empire noticed
that the Indians chewed the bark to prevent shivering of
cold. Assuming that the bark also could cure the shiv-
ering caused by malaria attack they brought the bark
back to Europe, a big part of which at that time was
suffering under the burden of malaria. Indeed, correct
dosing of the bark or extracts of the bark did cure several
cases of malaria [22,23]. However, a serious drawback of
this preparation was the problem of dosing correctly.
The content of quininoline alkaloids in the bark of
different species of Cinchona may vary between 4%
and 7%, in some selected hybrids up to 17%. The small

therapeutic window of quinine makes the variation in
the content a severe problem for correct dosing of the
drug. Too high doses might cause tinnitus, vomiting,
and stimulatory action of the pancreatic b-cell causing
hyperinsulinemic hypoglycemia [1]. Therefore, it was a
major step in the fight against malaria when Pelletier
and Caventou in 1820 isolated quinine sulfate in a
decent quality. A major illustration of the importance
of the possibility of administration of quinine in repro-
ducible doses was illustrated by the four expeditions
on the river Niger in the nineteenth century. During
the first two expeditions (1805 and 1833), 39 of 44 and
32 of 40, respectively, Europeans died from malaria. In
the third expedition, the crew consisted of 62 Europeans.
Of these, 55 were infected with malaria but 39 were suc-
cessfully treated with quinine. Finally, during the fourth
expedition (1854), all the Europeans were prophylacti-
cally treated with quinine. No European died from ma-
laria during this trip [14]. Also, the use of quinine
drastically reduced the military mortality in areas in
the tropics [22].

Quinine prevents the hemozoin crystals from
growing by intercalating the quinolone rings between
the aromatic groups of the ferriprotoporphyrine mole-
cules [19]. A similar mechanism of action explains the
antimalarial effect of a series of drugs derived using qui-
nine as scaffold such as mefloquine, amodiaquine, and
mepacrine (Figure 14.5) [19]. Other mechanisms of ac-
tions, however, have been suggested for mefloquine,
such as inhibition of vacuoleevesicle fusion [24] or bind-
ing to essential proteins in the parasite [25]. The ability
of mefloquine to affect hypnozoites is difficult to under-
stand should the mechanism of action solely be preven-
tion of hem formation.

14.2.2.1.2 Chloroquine

The most successful drug and without comparison,
chloroquine [20], was not developed using quinine as
a scaffold but methylene blue (Figure 14.6). Ehrlich
concluded that the ability of the Plasmodium parasite
to take up this dye so efficiently had to cause a toxic ef-
fect on the parasite. He succeeded in curing two pa-
tients with malaria, but the drug was not sufficient

FIGURE 14.4 The four major quinolone alkaloids in bark of trees
belonging to the genera Cinchona and Remijia.

FIGURE 14.5 Drugs containing a four-substituted quinolone nucleus. The mechanism of action of all of these is assumed to depend on their
ability to intercalate with heme.
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efficient for general use [22]. Attempts to optimize the
molecule led to chloroquine, the potential of which,
however, was first realized after the Second World
War [22]. Chloroquine became the drug of first choice
in malaria therapy for more than two decades until
resistance limited the use of the drug. The resistance
is correlated to point mutations in the gene pfcrt [26].
The gene codes for a transporter PfCRT. Mutations in
the gene like K76T has been assumed to remove a posi-
tively charged lysine from the transporter thereby
enabling it to remove the positively charged chloro-
quine from the food vacuole [20]. Other PfCRT muta-
tions, however, also induce resistance, suggesting a
more complex situation. Like quinine, chloroquine pre-
vents hemozoin formation [19]. An interesting feature
of chloroquine is that the racemic form of this drug is
used. The achirality of the hem molecule leads to the
expectation that the two isomers have the same affinity
toward the biological target, but obviously different dis-
tribution or metabolism of the two enantiomers cannot
be excluded.

14.2.2.1.3 Artemisinin

Artemisinin (Scheme 14.17) is a sesquiterpene lactone
isolated from Artemisia annua L. (Asteraceae) [16]. The
structure is unusual by possessing a endocyclic peroxy
bridge. Even more surprisingly the peroxy bridge resists
reduction with borohydride, affording only a reduction
of the lactone to give the corresponding semiacetal
[27,28]. This compound is used for making ethers (arte-
mether, arteether), which are soluble in oil, enabling in-
jection of the drug or rectal administration [29], or a semi
succinate ester (artesunate), which is soluble in water
and therefore may be injected intravenously. Rectal
administration might be advantageous for patients in
whom vomiting prevents oral administration. Arte-
mether, arteether, and artesunate are prodrugs of dihy-
droartemisinin, which is the active drug [30]. The
mechanism of action has been debated, but it is now
generally believed that artemisinin like quinine prevents
hemozoin formation. In contrast to quinine, however,
artemisinin is assumed to form a covalent binding to
the hem skeleton at either Ca or Cb19 (Figure 14.7). A
study using Mn(II) as radical inducer has revealed
how a reactive intermediate of artemisinin may be
formed (Scheme 14.18) [31]. Studies of mass spectra of
the reaction product also have confirmed suggested
structure [32].

Fast metabolism and excretion necessitates treatment
with artemisinin derivatives for at least 5 days, which is
inconvenient in large parts of the world. The drugs are
therefore preferentially used in combination with other
drugs with large half-life times like mefloquine, lume-
fantrine, amodiaquine, sulfadoxine, pyrimethamine,
piperaquine, chlorproguanil, and dapsone [18].

FIGURE 14.6 Methylene blue and chloroquine. Chloroquine is
used as a racemic mixture. The missing chirality of the target molecule
(the precipitating hem) must mean that the two enantiomers have the
same affinity for the target, but they may be differently metabolized or
distributed in the body.

SCHEME 14.17 Conversion of artemisinin into oil-soluble (arteether and artemether) or water-soluble drugs (artesunate).
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14.2.3 The Apicoplast

The apicoplast of the Plasmodium parasites is assumed
to be a reminiscence of cyanobacteria domesticated by
the eukaryotic cells. The organelle is an analog to the
chloroplasts performing the photosynthesis in plants
and algae. The ability to perform photosynthesis is lost
in the parasites [33,34]. However, the metabolic func-
tions including biosynthesis of fatty acids and terpe-
noids are essential for the survival of the organism
[35]. In plants and microorganisms, terpenoids are syn-
thesized by two pathways, the mevalonate pathway and
the deoxyxylulose pathway [36]. In both pathways the
final product is isopentenyl diphosphate. In the first
pathway, the final product is obtained from mevalonic

acid, whereas the later pathway includes a rearrange-
ment of 1-D-deoxyxylulose-5-phosphate into 2-C-
methyl-D-erythriol-4-phosphate followed by a reduction
of the aldehyde to the corresponding alcohol (Scheme
14.19) [36,37]. Absence of the deoxyxylulose pathway
in humans and animals makes it an obvious target for
treatment of infections with organisms like P. falciparum,
for which it is essential [34]. The apicoplasts possess a
35-kilobase circular genome that encodes for a prokary-
ote transcription and translation system, which makes
the organelle sensitive toward antibiotics targeting
such a system [30].

14.2.3.1 Fosmidomycins

A search for antibiotics in Streptomyces rubellomurinus
lead to the isolation of a phosphonic acid FR900098
(Figure 14.8) [38]. Extension of the studies to Strepto-
myces lavendulae and other strains of S. rubellomurinus
afforded three additional compounds [39] (Figure 14.8).
Comparison of the structures of FR31564, which has
been named fosmidomycin, and the substrate for 1-
deoxy-D-xylulose-reductoisomerase reveals a very
good overlay (Figure 14.9), indicating that it is likely
that fosmidomycin inhibits the enzyme by binding to
the active site. The amide function cannot be reduced
by the enzyme in contrast to the aldehyde group of the
natural substrate. Unfortunately, several clinical trials
with fosmidomycin or combination of fosmidomycin
with artemisinin or clindamycin have been performed
but the results were not convincing [40e43].

FIGURE 14.7 Reaction product of artemisinin and hem.

SCHEME 14.18 Manganese (II) provoked conversion of artemisinin into a reactive radical.

SCHEME 14.19 Formation of isopentenyldiphosphate by the deoxyxylose pathway. The compounds in the brackets are intermediates, which
are bound to the enzyme 1-deoxy-D-xylulose-reductoisomerase.
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14.2.3.2 Tetracyclines

The tetracyclines (Figure 14.10) are a group of orally
active broad-spectrum antibiotic originally isolated
from cultures of species of Streptomyces [44]. The mech-
anism of action is believed to be an inhibition of pro-
karyotic translation of proteins. This is achieved by
interfering with the binding of aminoacyl-tRNA to the
30S subunit of the prokaryotic ribosome. The tetracy-
clines show a much smaller affinity for eukaryotic ribo-
somes [44]. From this point of view it might be
surprising that the tetracyclines also effect protein
expression in Plasmodium parasites. Incubation of P. fal-
ciparum parasites with tetracyclines reveals that no
apparent changes of the mitochondria or apicoplasts
are visible after the first cell cycle. However, in daughter
cells, the incubation affords nonfunctional apicoplasts
and subsequent blockage of parasite development.

Based on these observations it is concluded that the
mechanism of action is a prevention of protein synthesis
in the apicoplasts [45e47]. Slow onset of the effects of
tetracyclines explains why WHO on the list with essen-
tial medicine only suggests doxycline to be used in com-
bination with quinine for treatment of malaria, whereas
it might be used alone for prophylaxis [48].

14.2.3.3 Lincosamide

Lincomycine (Figure 14.11) is an antibiotic isolated
from cultures of Streptomyces lincolnensis var. lincolnensis
[44]. The semisynthetic derivative clindamycin
(Figure 14.11) is used in combination with quinine or
artesunate for treatment of malaria [45]. Like the tetracy-
clines the lincosamides are assumed to affect the protein
synthesis.

14.2.4 The Mitochondria

In higher organisms, reduction of oxygen to generate
energy occurs in the mitochondria. In the erythrocyte
stage of P. falciparum, however, the mitochondria seem
to be of major importance for generating oxidized com-
plex III (cytochrome bc1). The parasite appears to miss
the enzymes necessary for generating ATP [49]. Besides
feeding the electron transport chain and thereby main-
taining the electron gradient over the membrane, the
oxidized plasmodium complex III enables reduction of
dihydroorotate dehydrogenase, which reduces dihy-
droorotate to orotate, a precursor for the pyrimidines
(Figure 14.12). Since parasites are unable to salvage py-
rimidines formed by catabolism of DNA, blockage of
the orotate synthesis will be fatal [50].

FIGURE 14.8 Structure of the four phosphonic acids isolated from species of Streptomyces (FR900098, FR31564, FR32863, FR33289) inhibiting 1-
deoxy-D-xylulose-reductoisomerase.

FIGURE 14.9 Overlay of the substrate for 1-deoxy-D-xylulose-
reductoisomerase (Scheme 14.19) and FR31564 (fosmidomycin). The
twomolecules were energyminimized in Chem3D and overlaid.White
spheres are hydrogen, red spheres are oxygen, gray spheres are carbon,
blue spheres are nitrogen, and magenta spheres are phosphorous
atoms.

FIGURE 14.10 Structure of tetracycline and doxycycline.
FIGURE 14.11 Structure of the lincosamides lincomycin and
clindamycin.
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14.2.4.1 Naphthoquinones

Lapachol (Figure 14.13) and other naphthoquinones
are widely distributed in plants belonging to the family
Bignoniaceae but they have also been found in other
families from the order Lamiales [51]. In an ethnophar-
macological approach to find potential antimalarial
drugs, a screening program was performed and lapa-
chol was found to possess some activity against Plasmo-
dium lophurae in ducks [52]. Based onmedicinal chemical
optimization of the drugability of the naphthoquinones
lapinone (Figure 14.13) was developed and clinical trials
revealed positive results by intravenous injections of
high doses (2 g per day for 4 days). Of nine patients
two had recrudescence 2 or 3 weeks after treatment,
one was free of recrudescence after 10 months and the
remaining six had no recrudescence after 13 months
[53]. The rather high doses, however, suggested that
the drug might be optimized. One problem was a low
half-life, which could be prolonged by changing the
side chain. Based on these studies, atovaquone was
designed and registered (Figure 14.13). The mechanism
of action of the naphthoquinone was understood when
studies revealed that the hydroxyquinones had three or-
ders of magnitude higher affinity for the complex III of
the parasites than for that of rats [54]. Atovaquone inter-
calates in cytochrome bc1 by forming hydrogen bonds
with His181, interacting with Thr122, and forming water
bridge with Glu272 (Figure 14.14) [55]. The complex
formation prevents the electron transfer in the mito-
chondria, which leads to depolarization of the mito-
chondria membrane potential. A further consequence
is a disruption of the pyrimidine synthesis [49].

To avoid resistance it is recommended to use ataova-
quone in combination with other drugs in particular
proguanil (Malarone). Proguanil, which is a prodrug of
cycloguanil (Scheme 14.20), is an inhibitor of dihydrofo-
late reductase [1]. Atovaquone and proguanil synergisti-
cally enforce the effect of each other.

14.3 MALARIA PREVENTION THROUGH
VECTOR CONTROL

In addition to treatment of infected patients
WHO also recommend prevention of malaria through
vector control such as indoor spraying and the use of
insecticide-treated mosquito nets [56]. The use of bed
nets reduces the contact time between humans and
mosquitoes and thereby minimizes the risk of transmis-
sion. Some of the recommended pesticides like cyper-
methrin and deltamethrin are derived from the
pyrethrins isolated from Chrysanthemum cinerarifolium
Vis. (Asteraceae) [44].

14.4 EVIDENCE-BASED USE
OF PHYTOMEDICINES

In spite of the advantages of the use of the active prin-
ciple isolated from plants and in particular the use of
active principle improved by optimization of the natural
products (e.g., lapachol into atovaquone, artemisinin
into artesunate), arguments for the use of phytomedi-
cines still are put forward. Synergistic interaction be-
tween the secondary metabolites in, e.g., A. annua and
quinine, quinidine, and cinchonine (Quinimax), have
been used as an argument for the use of the juice ob-
tained by wringing wetA. annua herb or to use a mixture
of the three alkaloids instead of quinine, respectively
[57]. Other constituents also might increase the effect
by increasing the bioavailability of the active principles
[57]. On the other hand, if different metabolites can in-
crease the pharmacological effects, it might also be
possible that secondary metabolites might counteract
each other.

In addition to possible positive interactions, advan-
tage of the use of locally produced phytomedicines
could be that this would empower poor communities
to become more self-reliant [58]. Furthermore, it is
argued that traditional use in several generations
without observation of side effects must ensure that
the traditional use is safe and efficient. Obviously this
argument must be supported with experiments
including clinical trials proving the effects of the drug
[59]. The performance of such trials, however, should
be done under strict ethical guidelines [60]. Even after
a successful outcome of such a trial, this gives no evi-
dence for chronic safety of the drug. In Africa, children
and pregnant women may be infected with malaria
several times a year meaning that continuous dosing
could cause unacceptable chronic toxicity [59]. An addi-
tional problem with locally produced phytomedicines is
proper dosing. A reproducible content of the active prin-
ciple in the medicine must be ensured to avoid either too

FIGURE 14.12 The electron path from complex III to
dihydroorotate.
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low dosing, which prevents curing the patent and facil-
itates development of resistance, or too high dosing
causing toxic side effects. The latter problem might be
overcome by production of standardized phytomedi-
cines, e.g., at a national level [58]. The control systems
needed for making standardized products after good
manufacturing practices standards, however, would
add considerable costs to the production, meaning that
the final product not necessarily needs to be cheaper
than conventional medicines produced in large scale in
the pharmaceutical industry [58], especially when pro-
duced after expiration of patent rights and in countries
with low production costs.

Complex mixtures of botanicals are typically used in
traditional Chinese and Indian medicine. Such mixtures
have also been recommended for treatment of malaria.
Examples are Ayush-64 [a mixture of Caesalpinia bondu-
cella L. (Fabaceae), Swetia chirata Buch (Gentianaceae),
Alstonia scholaris L. (Apocyanaceae), and Picrorhiza kur-
rooa Royle ex Benth (Plantaginaceae)], and Malarial-5

[a mixture of Cassia occidentalis L. (Caesalpinaceae), Lip-
pia chevalieriMold (Verbenaceae), and Spilanthes oleraceae
L. (Asteraceae)]. A clinical trial has revealed that Ayush-
64 clears the infection after treatment for 3 days,
although the risk of recrudescence was not investigated;
Malarial-5 appeared to have no effect [58].

A number of phytomedicines, some standardized for
treatment of malaria, are listed in two reviews [58,59].
Below are some of these listed in alphabetical order.

14.4.1 Argemone mexicana

Two studies on the effects of decoction of Argemone
mexicana L. (Papaveraceae) have revealed significant
reduction in parasitemia [58,59,61,62], although not
meeting the demands of WHO, which expects that
>95% of the patients should obtain an adequate clinical
and parsitological response at day 28. A preparation
named after the inventor Soumafoura Tiemoko Bengali

FIGURE 14.13 Antimalarial hydroxynaphthoquinones.

FIGURE 14.14 Binding of atovaquone in complex III (cytochrome bc1). Notice the postulated interaction between the phenolic group of Thr122
and the chlorine atom of atovaquone.
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has been prepared by the Department of Traditional
Medicine in Mali [58]. A problem with these studies,
however, is that standardized preparations have not
been used, making interpretation of the results difficult.
Protopine and berberine (Figure 14.15) have been iso-
lated from A. mexicana. Berberine very potently inhibits
proliferation of malaria parasites in vitro but has no ef-
fect in vivo [63], whereas protopine has been shown to
control malaria infections in mice [64].

14.4.2 Artemisia annua

Ethanolic extracts and decoction ofA. annua L. (Aster-
aceae) and are recommended for treatment of malaria
[58]. Clinical trials have been performed on an ethanolic
extract. A 100% clearance was observed; however, as is
feared with the use of single drug therapy with artemi-
sinin (Scheme 14.17), recrudescence was seen in 33% of
the patients. Synergistic effects of other flavonoids and
terpenoids in the extract are suggested to improve the

effect of the crude extract compared to the effect of the
purified artemisinin [57,58]. The flavone casticin is re-
ported to enhance the in vitro activity of artemisinin
by three- to five-fold [57].

14.4.3 Artobotrys uncinatus

Artobotrys uncinatus C. Agardh (Annonaceae) has
been used in traditional Chinese medicine for treatment
of malaria [59]. The active principle yingzhaosu A
(Figure 14.16) was isolated. The presence of the peroxide
yingzhaosu A led to the suggestion that the mechanism
of action might be similar to that of artemisinin. Drug
development based on yingzhaosu A was discontinued
because the compound showed no convincing advan-
tages over artemisinin [59].

14.4.4 Cinchona Bark

In the 1920s and 1930s, some clinical trials for the ef-
fects of crude preparations of Cinchona bark were per-
formed [58]. The drug was named totaquina. In spite
of some attempt to perform standardization, a wide
variation of the doses administered must be expected
and the exact species of Cinchona was not given. A total
clearance of parasites was reported but the possibility of
recrudescence was not investigated. Synergistic interac-
tion of the different alkaloids in the drug is suggested to
improve the effects of the drug [58]. A mixture of qui-
nine, quinidine, and cinchonine (Quinimax, Figure 14.4)
has been marketed as an antimalarial drug, which might

SCHEME 14.20 Metabolic conversion of proguanil into
cycloguanil.

FIGURE 14.15 Structure of strictosamide, berberine, and protopine.

FIGURE 14.16 Structure of yinzhaosu, cryptolepine, and curcumin.
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be efficient toward infections with quinine-resistant P.
falciparum [57].

14.4.5 Cryptolepis sanguinolenta

An extract of Cryptolepis sanguinolenta Lindl. (Apocya-
naceae) has cured 12 patients with parasitemia between
103 and 104/ml [59]. The assumed active ingredient cryp-
tolepine (Figure 14.16), however, could not cure mice
infected with Plasmodium berghei [65]. A standardized
decoction of the plant has been marketed as PHYTO-
LARIA by the Faculty of Pharmacy, Kwame Nkrumah
University of Science and Technology, Ghana.

14.4.6 Curcuma longa

A nanomilled preparation of Curcuma longa L. (Zingi-
beraceae) has been used for treatment of patients
infected with P. vivax or P. falciparum. The active princi-
ple is assumed to be curcumin (Figure 14.16). Unfortu-
nately, no clinical data are available for the use of
extracts of C. longa against malaria [59].

14.4.7 Nauclea pobeguinii

Stembark of Nauclea pobeguinii (Hua ex Pobég) Merr.
(Rubiaceae) was extracted with 80% ethanol and the
extract concentrated to give a residue standardized to
contain 5.6 % of strictosamide Figure 14.15. The residue
was put into capsules (500 mg in each). Patients with a
proven P. falciparum infection were treated three times
daily with 2 capsules followed by one capsule three times
daily for four days. This treatment was almost as efficient
as an artesunate-amodiaquine treatment and showed
fewer side effects [66,67]. The suspected active principle
strictosamide showed no activity in vivo, indicating a
metabolic conversion into an active compound [68].

14.5 CONCLUSION

Unfortunately, there is no simple answer to the
previously asked question “Can ethnopharmacology
contribute to the development of antimalarial agents?”
[10]. None of the promising compounds mentioned in
this contribution [10] has made their way into the market
and no new natural product or derivative of a natural
product has been marketed since then. However, it is still
evident that natural products have been the major source
for antimalarial drugs in the past [11e13]. In addition,
many lessons have been learned from natural products.
Thus, investigation of the target of quinine taught us
that the hemozoin formation might be a pharmacological
target and that inhibition of protein formation and

inhibition of the deoxyxylulose pathway could be fatal
for the parasite. No doubt natural products still will be
an important source of inspiration in the future.

A new strategy for discovery of lead compounds has
been suggested. Not only should the secondary metabo-
lites in the traditionally used medicine be investigated
but also interesting structures might be found by
including investigation of metabolites formed in the
body [59]. This suggestion is based on the observation
that clinical trials of extracts of N. pobeguinii have shown
antimalarial effects but no active principle could be
found in the extract [59]. In addition, valuable clues in
particular for developing combination therapies might
be found by reinvestigating the profile of secondary me-
tabolites in crude traditional medicines, which in clinical
trials have shown an effect far better than expected from
the known secondary metabolites [57,58].

New technologies have made marine organisms, mi-
croorganisms, and fungi more accessible. These sources
often offer very potent natural products [69,70]. Studies
of these organisms should also be included in searches
for new antimalarial drugs, even though ethnopharma-
cological clues only will be available for these sources in
very few cases [59].

The effect of fosmidomycin was realized by mining
the plasmodial genome and realizing the presence of
the deoxyxylulose pathway [71]. No doubt the knowl-
edge of this genome enables realization of new targets
for drugs.

Development of high-throughput screenings also has
facilitated fast screenings of big chemical libraries. A
screening of 309,474 compounds led to the identification
of 172 representative drug candidates. A reverse chemi-
cal genetic study identified 19 new inhibitors of four
validated drug targets and 15 possible new targets
[72]. Similarly, a screening of almost 2 million com-
pounds has led to 13,533 compounds with an IC80 (the
concetration in which the growth of the parasites is
inhibited 80%) below 2 mM. Analysis of the data sug-
gested that the compounds might target protein kinases
or hosteparasite interactions [73]. At present, no regis-
tered drug interferes with these targets. All of the found
lead structures are publicly available.

In conclusion, many newmethods for developing new
antimalarial drugs have been suggested, which is fortu-
nate since it is feared that resistance against the presently
used drug might develop. However, a major problem
is the poor possibility for a sufficient profit from such
drugs, which limits the interest of the pharmaceutical
industry. Hopefully, the academic society encouraged
by substantial funding, which might be obtained from
foundations like the Linda and Bill Gate Foundation,
can compensate. Even though theWHOmalaria program
has achieved noticeable results, there still is some way to
go before the malaria situation is acceptable.
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15.1 INTRODUCTION

Since the Golden Era of antibiotics, when the discov-
ery of sulfonamides and penicillins brought a revolution
in the world of medical science by bringing about a
drastic reduction in the mortality rates, the world has
gradually witnessed a slowdown in the antibiotic pipe-
line. The problem arising out of such paucity of new
molecules is further compounded by the rapid spread
of antibiotic resistance, a fact that has now triggered
the alarm bells, probably warning us of a “Post Antibi-
otic Era.”

From ancient days, microbial infections have always
contributed to various diseases in plants, animals and
humans. The advent of antibiotics brought hope and it
was felt that mankind would be able to overcome the

burden of infectious diseases. However, bacteria have
been able to evolve successfully to become resistant to
antibiotics. Bacteria are one of the earliest life forms to
appear on earth and are found in almost every habitat
on the planet. Today, the problem of antibiotic resistance
is a clinical reality and it poses a major threat to
mankind. Currently, much effort is being made for a bet-
ter understanding of antibiotic resistance and smarter
ways to overcome it [1].

Over the last 60 years, approximately several million
tons of antibiotics have been released into the biosphere
[2]. Moreover, the nonjudicious utilization of antibiotics
has been further compounded by their irrational applica-
tion in both veterinary medicine and agriculture, particu-
larly in economically advanced countries [3,4]. Such
indiscriminate use of antibiotics often leads to an increase
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in the selective pressure on the organism, compelling the
physician to write expensive broad-spectrum antibiotics,
thus increasing the treatment costs, duration of infection
[5,6], morbidity and mortality [7e10].

According to available reports, around 25,000 lives are
lost each year in Europe and such mortality has been
linked to infections caused by antibiotic-resistant bacte-
ria [11]. Similar trends have been recorded in the United
States, where around 19,000 deaths (during 2005) were
linked to methicillin-resistant Staphylococcus aureus infec-
tions [11]. As per the estimates of the US Center for
Disease Control and Prevention, antibiotic resistance
has been held responsible for about 2 million illnesses
and 23,000 deaths per year in the United States [12].
According to another survey, it was found that treatment
cost for ear infection has gone up by 20% between 1997

and 1998 [12], indicating a steep rise in antimicrobial
therapy.

Several mechanisms are held responsible for the
development of drug resistance, and these may be sum-
marized as follows: (i) mutations of the antibiotic target,
(ii) changes in cell permeability and multiple efflux
pumps and (iii) horizontal transfer of resistance genes
Figure 15.1 [14e17]. In hostile environments (stress con-
ditions), the organisms are known to form multicellular,
surface adherent communities, which are known to
form a protective environment, thereby providing a
safe house to the organism [18]. More precisely, bacteria
entrench themselves in a self-produced hydrated matrix
of polysaccharides and protein (a slimy layer), known as
a biofilm [19]. The biofilm matrix acts as an environ-
mental barrier, thereby diminishing the effectiveness of
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FIGURE 15.1 The main mechanisms of antibiotic resistance are shown. In Enterococcus faecium, resistance to ampicillin occurs through the
production of penicillin-binding protein 5 (PBP5), which has low affinity for b-lactams. Enterococci exhibit intrinsic low-level resistance to
aminoglycosides such as streptomycin or gentamicin owing to low uptake of these highly polar molecules. High-level resistance results from the
acquisition of aminoglycoside-modifying enzymes or, for streptomycin, can result from ribosomal mutations that result in altered target binding.
Resistance to the glycopeptide vancomycin occurs through a well-characterized mechanism of reduced vancomycin-binding affinity, involving
alterations in the peptidoglycan synthesis pathway. Resistance of Enterococcus spp. to streptogramin quinupristinedalfopristin (QeD) involves
several pathways, including drug modification (by virginiamycin acetyltransferase (Vat)), drug inactivation (through virginiamycin B lysase
(Vgb)), and drug efflux (via the adenosine triphosphate-binding cassette protein macrolideestreptogramin resistance protein (MsrC)). Resistance
to the oxazolidinone linezolid is rare, but the most common pathway involves mutation in the 23S ribosomal RNA ribosome-binding site.
Resistance of E. faecalis to the lipopetide daptomycin has been shown to involve altered interactions with the cell membrane and requires the
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terase family (GdpD) and cardiolipin synthase (Cls). Permission obtained from “Nature Publishing Group”© [13].

15. EVALUATION OF NATURAL PRODUCTS AGAINST BIOFILM-MEDIATED BACTERIAL RESISTANCE322



the various antibiotics [20]. Around 70e80% cases of
drug resistance has been linked to the biofilm entrapped
bacteria and is a major cause of concern, particularly
with reference to chronic infections [20].

The traditional medicinal systems (often containing
plant-derived products) have been popularly used by
different civilizations for healing purposes. Even today,
some of such products are still being used for a variety
of therapeutic purposes. Age old documents from India,
China, Egypt, Arab and Greek literature also provide
ample evidences of plant-based remedies. Despite
tremendous advances in the field of chemistry, biology
and medicine, natural products of plant origin still
continue to play a significant role in the management of
different diseases, even in this century. However, only a
fraction (around 6% of 300,000 species) of the terrestrial
plants (higher plants) of our globe have been evaluated
(systematic studies) in true scientific terms [21].

On survey of the literature, it is evident that a major
portion of bioactive compounds, with therapeutic po-
tential, are secondary plant metabolites, which are truly
not essential for either growth or development. Howev-
er, the vast array of these secondary metabolites, with
complex chemical structures (chemical diversity), has
been found to display a diverse range of pharmacolog-
ical properties. Today, scientists have started a reevalua-
tion of these products, which are not only utilized for
self defense by the plants (i.e., protection from microbes
and the herbivores) but also assist in pollination and
seed dispersal.

15.2 BIOFILM FORMATION

At the initial stage of biofilm formation, planktonic
cells are known to swim across the surface and scan
for the appropriate surface (inert or living, tissues or
artificial devices) for attachment [23]. Once bacteria

attach to the surface, the cells are known to shift to the
resting state. The cells then use twitching motility
instead of swimming motility for their movement,
which are otherwise 100-fold slower [24]. At the same
time, some bacterial genes related to the synthesis of
extracellular polymeric substances (EPS) and alginate
(algC) are found to be upregulated (three to fivefold in-
crease may occur) [25,26]. Micro colonies then differen-
tiate and form mature biofilm displaying tower or
mushroom shapes [27]. During maturation, surface-
attached bacteria create a protective environment
around themselves by secreting EPS, which prevents
the entry of the antibiotics into the biofilm. Water chan-
nels, found to be present in the biofilms, are known to
facilitate the exchange of nutrients and waste products
[27,28]. It has been observed that there is variable oxy-
gen concentration (high in the periphery and decrease
toward the core, thereby creating anaerobic condition)
inside the biofilm. Due to the gradual decrease in oxy-
gen and nutrition, the cells in the periphery grow at a
faster rate as compared to the cells present in the core
of the biofilm [27]. Thus, cells residing inside the bio-
films become tolerant and start expressing a range of
virulence factors during such entrapped conditions
[29]. Ultimately, on return of favorable conditions, cells
may detach from the biofilms (through enzymatic
disruption; alginate lyase), a phenomenon that has
been documented in Pseudomonas aeruginosa [29]
Figure 15.2.

Presence of nutrients, moisture and solid surface
(inert or living) are some of the most important factors
that are known to influence biofilm formation. Interest-
ingly, different species of biofilm-forming bacteria have
been found to be associated with a number of diseases
involving lungs, teeth, tissue, blood vessels, middle ear,
or artificial medical devices (catheters, prosthesis, cardiac
valves, contact lenses) [20]. Biofilms of polymicrobial
nature have also been observed in chronic wounds

1. Substratum 
pre-conditioning by 
ambient molecules

2. Cell 
deposition

3. Cell 
adsorption

4. Desorption

5. Cell-to-cell 
signaling 
and onset of 
exopolymer 
production

6. Convective 
and diffusive 
transport of O2 
and nutrients

7. Replication 
and growth

8. Secretion of 
polysaccharide 
matrix

9. Detachment, 
erosion and 
sloughing

Substratum

FIGURE 15.2 Processes governing biofilm formation. Permission obtained from Elsevier Ltd © [22].
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such as foot ulcer, pressure ulcers and venous leg ulcers
[30]. Microbes associated with the formation of dental
plaque are also known to form biofilm, which provide
a protective barrier to the cells. The slimy EPS protects
the bacteria from destruction and organic acids produced
by the biofilm-forming bacteria, may in turn cause teeth
erosion and decay. P. aeruginosa, a common environ-
mental bacterium and amajor cause of persistent lung in-
fections associated with cystic fibrosis (CF) [31], may
trigger the excess secretion of thick mucus, which even-
tually blocks the passage of air, thereby rendering clinical
management more critical [32].

Besides infecting living tissues, many bacterial spe-
cies are known to colonize indwelling catheters and
form biofilms, thereby inducing unnecessary complica-
tions in patient care Figure 15.3. This phenomenon is
considered as one of the most common causes of health
care-associated bloodstream infections (BSIs) [34].
Among the various catheter-borne infections, the
complication arising out of the crystalline biofilms of
Proteus mirabilis are considered to be the most problem-
atic, as they are known to initiate pyelonephritis and
septicemia [35]. According to recent estimates, there
may be around 8.5e19.8 (per 1000 catheter day) cases
of BSI (related to biofilm) that may be associated with
various catheter implants [33e35] Table 15.1.

15.3 MECHANISM FOR RESISTANCE DUE
TO BIOFILM

Bacteria residing inside the biofilm, display resis-
tance against a range of antimicrobial drugs [19].
Modifications of enzymes, target site mutation and
multiple efflux pumps are some of the important fac-
tors contributing to antibiotic resistance in biofilm-
forming bacteria [36]. However, only a few hypotheses
are currently available regarding the mechanism of
antibiotic resistance through biofilms [37].

The presence of EPS, which accounts for a majority
of the dry mass of the biofilm, is known to act as a
mechanical barrier, thereby diminishing the effective-
ness of various antibiotics [38]. Moreover, the nega-
tively charged polymers present on the surface of the
biofilm matrix are known to interact with positively
charged antibiotics (e.g., aminoglycoside), thereby
limiting/slowing the penetration of these drugs [39].
Additionally, some antibiotics are known to be
enzymatically inactivated inside the biofilms or in
other cases, may also be removed via efflux pumps
[40e44].

Altered environmental conditions may trigger differ-
ential oxygen concentration, i.e., the surface of the bio-
films may show higher oxygen levels, whereas a

FIGURE 15.3 Images of crystalline biofilms on blocked catheters taken from patients. (A) Catheter that had been indwelling suprapubically
for 6 months. It was removed surgically. Crystalline material completely covered the eyehole and balloon of the hydrogel-coated latex catheter.
(B) A cross-section of a silicone catheter that had been indwelling for 8 weeks. The image shows that the central lumen is occluded by crystalline
biofilm. (C) A longitudinal section of a silverehydrogel-coated latex catheter that blocked after 11 days in situ. Permission obtained from “Nature

Publishing Group”© [33].
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scarcity of oxygen may be observed toward the core of
the biofilms, thereby making the core less accessible to
the antibiotics, namely, aminoglycosides [45e49]. In
chronic lung infections (P. aeruginosa) associated with
CF, the organism residing in the core of the biofilm
may become nondividing due to scarcity of nutrients
and oxygen and such lowmetabolic state of nondividing
cell often acts as a barrier to the antibiotic activity
[20,50,51]. The altered osmotic environment within the
biofilms may trigger a stress response altering the rela-
tive proportion of porins (channels) and this may lead
to reduced permeability of antimicrobials Figure 15.4
[52]. In certain conditions, bacteria may differentiate
into a protected phenotype state, thereby enhancing
the tolerance of the cells [43].

15.4 BIOFILM AND QUORUM SENSING

Following an infection, the cells start displaying
an ability to express certain chemicals that are necessary
for development of virulence, which is normally achieved
in a well-regulated fashion. A well-coordinated

expression of virulence factors has been found tobeneces-
sary for survival of the bacterium as well as for the pur-
pose of invasion [53]. When the bacterial population
reaches a quorum, cell-to-cell communication is estab-
lished through certain chemical signaling molecules
(autoinducers), which at a minimum threshold concen-
tration, may influence the expression of certain genes.
As bacteria grow, they communicate (both intra and
interspecies) with each other by utilizing the chemical
signals (mentioned above) and the process is known as
quorum sensing (QS) [53e55]. Different microorganisms
are known to utilize QS for regulating antibiotic
production, virulence, bioluminescence, motility, symbi-
osis and biofilm formation [54,55]. In other words, as
the QS signaling molecules reach an optimum concentra-
tion, these chemicals diffuse back into the cell and regu-
late the expression of certain genes and also coordinate
their behavior in a group-based manner, assisting in
bacterial colonization [56e58]. Thus, QS is perceived to
provide evolutionary advantages to the bacterium,
which include improved access to environmental niches
and an enhanced ability to combat with its competitors
[59,60].

TABLE 15.1 The Incidence of Bacterial Species Isolated from 106 Catheter Biofilms [33]

Species

Number (%) of catheters colonized by each species

All catheter Mixed-species Single-species

Biofilms

Biofilms

(76 catheters)

biofilms

(30 catheters)

Pseudomonas aeruginosaa 38 (35.9) 31 (40.8) 7 (23.3)

Enterococcus faecalis 36 (34.0) 34 (44.7) 2 (6.7)

Escherichia coli 33 (31.1) 31 (40.8) 2 (6.7)

Proteus mirabilisa 32 (30.2) 26 (34.2) 6 (20.0)

Klebsiella pneumoniaea 19 (17.9) 18 (23.7) 1 (3.3)

Morganella morganiia 14 (13.2) 11 (14.5) 3 (10.0)

Providencia stuartii 11 (10.4) 9 (11.8) 2 (6.7)

Staphylococcus aureusa 11 (10.4) 10 (13.2) 1 (3.3)

Enterobacter cloacae 9 (8.5) 7 (9.2) 2 (6.7)

Klebsiella oxytocaa 9 (8.5) 8 (10.5) 1 (3.3)

Providencia rettgeria 5 (4.7) 4 (5.3) 1 (3.3)

Coagulase-negative
staphylococcia

5 (4.7) 4 (5.3) 1 (3.3)

Citrobacter species 4 (3.8) 4 (5.3) 0 (0.0)

Proteus vulgarisa 3 (2.8) 2 (2.6) 1 (3.3)

aIndicates species capable of producing urease.

Permission obtained from “Nature Publishing Group”© Stickler (2008).
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The QS was first described in Vibrio fischeri, a biolumi-
nescent marine bacterium, known to colonize the light
organ of the Euprymna scolopes [61]. In this microor-
ganism, the bioluminescent luciferase production is
known to be under the regulatory control of the QS
mechanism (LuxI is the autoinducer synthase respon-
sible for the production of N-acylhomoserine lactones
(AHLs); LuxR, the receptor for AHLs, can interact with
DNA, thus acting as a transcriptional activator), which
in turn modulate the expression of the luxICDABE (the
luciferase operon) [62].

AHL is one of the main QS signaling molecules found
in gram-negative bacteria, whereas oligopeptide-based
signaling is observed in gram-positive bacteria. More
than 70 species of gram-negative bacteria are known to
use AHL as a signaling molecule [63,64]. Apart from
the lactones, both gram-positive and gram-negative bac-
teria also utilize a common signaling molecule (furano-
syl borate), known as autoinducer-2 (AI-2) [65e67].
Besides these, an autoinducer AI-3 has also been re-
ported to be present in enterohemorrhagic Escherichia
coli (EHEC; O157:H7) and in several species of intestinal
bacteria [68].

15.4.1 AHL-Dependent Bacterial QS Systems

In case of P. aeruginosa, the LasR-I and RhlR-I systems
are involved in QS [28]. The lactone synthase gene (such
as luxI) is responsible for the synthesis of the AHLmole-
cule, which is secreted in the media [28]. As the cell den-
sity increases (reach the quorum), the AHLs present in
the media attain a critical concentration and during
this phase, the AHLs diffuse back into the cell and sub-
sequently interact with the transcriptional regulators.
P. aeruginosa produces two AHLs molecules, 3OC12--
HSL and C4-HSL, which bind to their respective tran-
scriptional regulators, LasR and RhlR [28,69,70]. The
AHL-regulator complex thus formed, may then activate
the transcription of a number of genes, including lasB,
toxA, rhlR and lasI [70,71]. It is also interesting to note
that different concentrations of AHLs may be necessary
for regulating a diverse range of target genes [72]
Figure 15.5.

15.4.2 Peptide-Based QS System

Gram-positive bacteria such as S. aureus utilize modi-
fied autoinducing oligopeptides (AIP) as signaling

Upregulation of LPS
modification and spermidine
production by eDNA

Stress responses (e.g.,
stringent response,
anaerobic stress)

High number of
persister cells Differentiation into

different growth states
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Physiological gradients in a biofilm

Cell growth
Metabolic activity

Slow growthActive growth

+ –

Accumulation of antibiotic-
degrading enzymes

Reduced penetration of
antibiotic molecules due to
extracellular polysaccharides

Differential expression of
biofilm-specific antibiotic-
resistance genes (e.g.,
PA 1874–1877 efflux pump,
ndvB, ttsC1)

FIGURE 15.4 Schematic representation of a Pseudomonas aeruginosa biofilm indicating various examples of adaptive resistance mechanisms
exhibited during the multicellular growth state. The box below shows the gradients of oxygen and nutrients formed within the biofilm structure
and how they relate to cell differentiation into different growth states. Abbreviations: QS, quorum sensing signal; eDNA, extracellular DNA.
Permission obtained from Elsevier Ltd © [18].
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molecules, that are known to recognize the membrane-
bound histidine kinases as receptors [62,73]. This AIP
peptide (IeIV) is encoded by agrD [62]. The membrane-
bound protein AgrB is known to modify AIP (as peptide
signals are not diffusible through membrane) through
the addition of a thiolactone ring and its subsequent
export to the extracellular media [74]. At a critical con-
centration, extracellular AIP (signify high population
density) binds to AgrC (membrane-bound sensor ki-
nase), ultimately leading to autophosphorylation of
AgrA [75,76]. The phosphorylated AgrA is responsible
for the expression of agrBDCA along with the other
secreted factors. It has been observed that the increase
in cell density leads to activation of the agr system,
which ultimately switches the bacterium from an adhe-
sive, colonizing commensal to an invasive as well as
aggressive pathogen by increasing the secretion of
toxins and proteases Figure 15.6 [77].

Every gram-positive bacterium uses a unique signal
for communication [62]. In S. aureus, the agr system is
known to exist in four polymorphic forms, categorized
as IeIV [76,78]. Interestingly, each group has a distinct
AIP, different from the other, with an ability to activate
its AgrC but inhibit the activation of the other receptor
from the same group [76,79]. It may also be important
to note that coinfection with two different groups of S.
aureus often lead to a competition and the group of cells
demonstrating faster expression of QS signals may cause
suppression of the others [80].

15.4.3 AI-2 System

AI-2, a furanosyl borate diester is another signaling
molecule, which is found in both gram-negative and

gram-positive bacteria. It can serve as an inter- and
intra-species signal molecule [54,62,81]. This signaling
system was first reported in Vibrio harveyi, but later on
it has been detected in a wide range of bacteria including
E. coli, Salmonella typhimurium, Porphyromonous gingivalis,
and Streptococcus gordonii [54,62]. It has also been
observed that some bacterial species are unable to pro-
duce their own AI-2 synthase but are capable of AI-2
signal transduction, and by this manner they can sense
as well asmonitor a variety of bacteria in their immediate
surroundings. In E. coli and S. typhimurium, the AI-2 sys-
tem is regulated by the luxS-regulated operon (lsr) [82].
AI-2 is synthesized by luxS (metalloenzyme) from the
precursor molecule S-adenosyl homocysteine (SAH).

Apart from the diffusion, AI-2 is known to be
exported by YdgG, a membrane-bound extracellular
spanning protein [83]. As observed with other signaling
molecules, AI-2 at a critical extracellular concentration
traverses into the cell using the Lsr transporter (consti-
tuted by LsrB, LsrC, and LsrA), where it undergoes
phosphorylation by Lsrk and this phosphorylated AI-2
is known to regulate the Lsr operon [84,85] Figure 15.7.

15.4.4 Other QS Systems

A natural variation in the QS system can also be
observed in bacteria that do not express the signaling
molecule but respond to those produced by others:
(i) E. coli, which possess SdiA, a homolog of LuxR [87]
and (ii) in CF, Burkholderia cepacia respond to QS signals
produced by P. aeruginosa [88]. The QS system in Candida
albicans, (fungal pathogen) is known to produce farne-
sol, which has been found to be necessary for its viru-
lence [89,90].

Las regulation

Regulates

Rhl regulation

Regulates

AHL

LasR

LasR

Lasl

lasl rhlR

AHL

Rhll

RhlR

RhlR

rhll

FIGURE 15.5 QS pathway showing the LasR-I and RhlR-I systems of Pseudomonas aeruginosa. The LasI autoinducer is represented by pink
circle and the RhlI autoinducer is shown as blue circle. When the cells attain the quorum, AHLs secreted into the media, attend a critical
concentration, and during this phase, the AHLs once again diffuse into the cell and subsequently interact with the transcriptional regulators
(LasR e blue; RhlR- green) and regulate the expression of lasB, toxA, rhlR, and lasI.
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encoded by AgrD) is modified by the membrane bound protein AgrB (through addition of a thiolactone ring) and then it is exported to the external
media. As the extracellular AIP reaches a critical concentration, it binds to AgrC, a membrane-bound sensor kinase (trans membrane receptor
histidine kinase) of S. aureus. This causes autophosphorylation of AgrA and this phosphorylated form of AgrA is responsible for the expression of
RNAIII (repress cell adhesion factors) alongwith agrBDCA (P2e promoter for agrBDCA and P3e for RNAIII) which in turn increases the AIP level.
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15.5 QUORUM SENSING AS A TARGET
FOR ANTIMICROBIAL THERAPY

The emergence of antibiotic resistance is an insur-
mountable problem, which necessitates the develop-
ment of novel therapeutic approaches to combat this
global issue [92]. According to researchers, targeting
the QS citadel, without necessarily inducing lethal ef-
fects may turn out to be a useful approach against the
emerging threat of escalating antibiotic resistance [93].
The new-generation QS-inhibitory compounds might
serve as a viable alternative to overcome the massive
challenge posed by the drug-resistant pathogens, at least
in part. Several strategies have been considered for inter-
rupting/disrupting the bacterial QS system, namely, (a)
inhibition of signal generation, (b) inhibition of signal
dissemination and (c) inhibition of signal reception
Figure 15.8.

15.5.1 Inhibition of Signal Generation

Bacteria communicate through small signaling mole-
cules, which enable them to express genes responsible

for their survival in the hostile environment. Thus, these
signaling molecules and the process involved in it might
prove to be sensitive clinical targets for overcoming the
problem of bacterial resistance.

According to reports, various analogs of
S-adenosylmethionine (SAM; S-adenosylhomocysteine,
butyryl-SAM, S-adenosylcysteine, including holo-ACP
and sinefungin) can potentially inhibit the synthesis of
AHLs by the P. aeruginosa RhlI protein [93e95].

The precursor molecule SAM gets converted to meth-
ylthioadenosine (MTA) or SAH by transfer of methyl
moiety [85]. Thereafter, it is further catalyzed by 50-
MTA/S-adenosylhomocysteine nucleosidase (MTAN/
Pfs) to produce AHLs and AI-2 [85]. Inhibiting this pro-
cess could potentially alter both AI-1 and AI-2 signaling
and this can be achieved by MTAN inhibitors [96]. Ana-
logs of MTA, with alkyl or aryl substitution, may act as
potent Pfs inhibitors [97]. The observation suggests that
inhibition of MTAN could be a possible strategy as it
targets both AHL and AI-2 of the QS system [85].

The scientific literature claims that the inhibition
of S-ribosylhomocysteinase (LuxS) might not affect
growth and survival but could play a major role in
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FIGURE 15.8 Potential targets and intervention strategies disrupting quorum sensing (QS) in bacteria. In principle, QS can be disrupted at two
levels: signal generation or signal perception. For the former, one target would be to directly inhibit synthesis ofN-acyl homoserine lactone (AHL)
by the LuxI homolog (for example, by the application of a cell-permeable specific inhibitor), although this has yet to be accomplished. However,
inhibitors that affect the synthesis of fatty acyl-acyl carrier protein (acyl-ACPs; one of the substrates for the AHL synthase) are known to reduce
AHL production in vitro, so this approach has promise. Other targets for drug development are the transport proteins required by the long-chain
AHLs to cross the cell envelope (in both directions). A different set of strategies has been developed to disrupt signal perception. These include
degradation of the AHLmolecule, sequestration of AHL, or competition for binding of the cognate signal molecule to its receptor by AHL-mimetic
compounds. Permission obtained from “Nature Publishing Group”© [91].
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QS inhibition. LuxS is responsible for the detoxifica-
tion of the SAH and synthesize of 4,5-dihydroxy-
2,3-pentanedione [85,98]. It will be important to
mention that several substrate analogs like S-anhydror-
ibosyl-L-homocysteine and S-homoribosyl-L-cysteine,
(2S)-2-amino-4-[(2R,3S)-2,3-dihydroxy-3-N-hydroxy-
carbamoylpropylmercapto] butyric acid, and (2S)-2-
amino-4-[(2R,3R)-2,3-dihydroxy-3-N-hydroxy carbamoyl
propyl mercapto] butyric acid are known to inhibit
LuxS and could be further explored to address the prob-
lem of biofilm formation [99,100].

Hence, it is necessary to explore the natural bio-
resources for SAM and SAH analogs, which could serve
as specific inhibitors of the QS signal generation,
without interfering with the eukaryotic enzymes that
may be utilizing a similar substrate [84,92].

15.5.2 Inhibition of AHL Signal Dissemination

Inactivation of cell-to-cell communication can also be
achieved through the inactivation or complete degrada-
tion of the generated signal molecules. This can be
achieved by different methods: chemical degradation,
enzymatic destruction or metabolism of the AHLs.
AHL signals are known to be inactivated by hydrolysis
at alkaline pH [101]. According to reports, alkalinity is
known to suppress the expression of QS-controlled
genes and virulence factors [95].

The AiiA enzyme found in Bacillus species are known
to behave as a catalyst, bringing about lactonolysis of
AHL molecules [102,103]. Such AHL lactonases (homo-
logs) are not limited to Bacillus species; they are also
known to be present in P. aeruginosa (PAI-A),Arthrobacter
sp, Klebsiella pneumoniae, Agrobacterium tumefaciens, and
Rhodococcus sp. It has been observed that expression of
AiiA in transgenic tobacco plants can make the plant
less susceptible to infection by Erwinia carotovora, as

compared to their wild-type counterparts, a phenome-
non attributed to reduced release of AHLs [103,104].
However, AiiA enzyme-induced lactonolysis (opening
of the ring structure) of AHL signal molecules are
known to be reversed in acidic conditions [105].

The acyl-amide bond between the acyl chain and the
lactone ring of AHLs gets hydrolyzed by AHL acylases,
which ultimately leads to the production of fatty acid
chain and a homoserine lactone moiety [106,107], and
this breakdown is known to be nonreversible Figure 15.9.
AHLs are also known to be inactivated by oxidoreduc-
tases, which are known to oxidize or reduce the acyl
side chains [108]. However, these oxidoreductases are
the least studied of all the AHL-targeting enzymes [109].

It has also been observed that the oxidized form of
AHLs (3-oxo-C12 HSL) are able to react with oxidized
halogen compounds, namely, hypobromous and hypo-
chlorous acids. This phenomenon has been observed
in Laminaria digitata (marine algae), which is known to
secrete oxidized halogen compounds that are able to
interfere with the QS signaling pathway of colonizing
bacteria, thereby interfering with QS-controlled gene
expression [110].

15.5.3 Inhibition of AHL Signal Reception

Inhibition of bacterial QS signaling may also be
achieved through blockade or destruction of the recep-
tor protein, i.e., LuxR homolog. Blockade of Lux-R re-
ceptor is a widely explored approach that has been
utilized for inhibition of QS [95]. Competitive inhibitors
(N-(phenyl sulfanyl acetyl)-L-HSL, N-(benzyl sulfanyl
acetyl)-L-HSL, N-(phenethyl sulfanyl acetyl)-L-HSL,
and N-(heptyl sulfanyl acetyl)-L-HSL) displaying struc-
tural similarity to the native AHL signals, are known
to bind to the AHL-binding site of LuxR-type receptor,
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thereby blocking downstream gene regulation [92,94].
Molecules with little or no structural similarity
((Z)-4-bromo-5-(bromomethylene)furan-2(5H)-one and
(Z)-5-(bromomethylene)furan-2(5H)-one) are known to
block the receptor in a noncompetitive fashion [111].

The designing of Lux-R blockers may be achieved by
(i) substitutions in the acyl side chain of the lactone ring,
(ii) substitutions or alterations in the lactone ring
without altering the acyl side chain and (iii) extensive
modifications in the acyl side chain and also in the
lactone ring [95]. The acyl side chain may be modified
in several ways, and it has been shown that the length
of the side chain may be crucial for the biological activ-
ity. AHL analogs with a longer side chain may display
higher inhibitory properties (Lux-R inhibition) as
compared to those with a shorter side chain [112]. It
has also been observed that the chirality of the homoser-
ine lactone may be an important factor responsible for
governing the biological activity.

According to available reports, certain macrolide an-
tibiotics (at sublethal concentrations) are known to
inhibit AHL-mediated signaling pathway as well as its
synthesis in P. aeruginosa [113e115]. It still remains un-
clear as to how these antibiotics interfere or modulate
the QS circuits since these compounds are known to
inhibit protein synthesis at the ribosomal level.

15.6 NATURAL PRODUCTS AS A QS
INHIBITOR

As bacteria have evolved, so did plants, in a manner
so as to safeguard themselves from predators (herbi-
vores) and pathogenic microbes. Thus, the antibacterial
agents derived from the natural source (plants) may
serve as an effective alternative, due to the presence of
secondary metabolites, which are known to enjoy selec-
tional advantages against the resistance organisms [116].
Since time immemorial, plant-derived compounds have
been in use for the management of a variety of microbial
infections [117]. Considering the therapeutic potential of
natural products, there has been a renewed interest for
evaluating the efficacy of natural products against the
QS system. Recently, phytochemicals (particularly the
secondary metabolites and natural peptides) have
attracted increased scientific attention as they may serve
as a useful source of anti-QS compounds [118e120].

According to the reports, spices such as garlic [121],
ginger, cinnamon [122], clove [123], cumin [124] and
turmeric [125] have been found to display QS-mediated
biofilm inhibitory properties.

Turmeric (Curcuma longa) is a common dietary phyto-
chemical that has been evaluated in QS-mediated biofilm
formation studies, performed in E. coli, P. aeruginosa
(PAO1), P. mirabilis, and Serratia marcescens. The findings

suggest that curcumin derived from C. longa significantly
inhibits the formation of biofilm by reducing exopolysac-
charide as well as alginate production. Curcumin is also
knownto interferewith swimmingandswarmingmotility
in uropathogens [125], probably by interfering with the
signal molecules of the QS system. Studies have also
shown that curcumin enhances the susceptibility of the
organism to conventional antibiotics [125].

Zingerone, one of the main chemical constituents of
ginger (Zingiber officinale), displays the ability to inhibit
as well as eradicate biofilms formed by P. aeruginosa. In
a study conducted with ginger extract, pretreatment
with the extract effectively reduced the production of
EPS [126]. Zingerone was also found to produce signifi-
cant reduction in swimming, swarming and twitching
motility. The compound also increased the susceptibility
of the organism to conventional antibiotics, when used
in combination with the standard antibiotics such as cip-
rofloxacin [127].

Garlic (Allium sativum) was found to block QS-
mediated biofilm formation and virulence development.
DNA microarray-based transcriptomic analysis indicated
the effective-ness of crude garlic extract on QS-regulated
gene expression in P. aeruginosa. It was also observed
that garlic extract displays the potential to inhibit QS
(inhibition of LuxR-type receptor) [52], thereby downre-
gulating QS-controlled gene expression. Moreover,
treatment with garlic extract may also increase the suscep-
tibility of biofilm toward tobramycin, probably by
reducing the tolerance of the organism [94,121].

Emodin (extracted from rhubarb) was found to
inhibit biofilms formed by P. aeruginosa and Stenotropho-
monas maltophilia. This pure compound was found to
decrease cell adherence and produce degradation of re-
combinant TraR (a transcriptional regulator similar to
LasR) expressed in E. coli (BL21DE3) [128].

A number of polyphenols (hydroxycinnamic acid,
rutin, epicatechin) have been found to block QS in Chro-
mobacterium violaceum [129]. Similarly, furocoumarins
from grapefruit and limonoids from orange seeds are
known to interfere with AI-1 and AI-2 activities inV. har-
veyi [129]. Flavanones (naringenin and taxifolin) are
known to inhibit QS (reduced AHL production) in P. aer-
uginosa, thereby reducing the expression of lasA, lasB,
phzA1, and rh1A [129].

Essential oils are aromatic oily liquids from plant
materials and are well known for their antibacterial
properties [130]. Essential oils of Piper bredemeyeri, Piper
brachypodom, Piper bogotence, Gaultheria procumbens L.,
Achillea millefolium (yarrow), Syzygium aromaticum
(clove), Coriandrum sativum (coriander), Cinnamomum
verum (cinnamon), thyme and Origanum vulgare
(oregano) showed inhibitory effects on biofilm forma-
tion at sublethal concentrations [118,123,131e134].
Clove oil significantly reduced las and rhl-regulated
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virulence factors (LasB, total protease, chitinase and
pyocyanin). Moreover, it reduced swimming motility,
exopolysaccharide production (sublethal concentra-
tion) and biofilm formation by P. aeruginosa (PAO1)
and Aeromonas hydrophila [135]. The methanolic extract
of marula (stem bark of Sclerocarya birrea) was found to
display antibiofilm properties (evidence from biochem-
ical and microscopic analysis). It was found to inhibit
various QS-dependent virulence factors in P. aeruginosa
(swarming motility protease and pyoverdin produc-
tion) [136]. The methanolic root extract of Buchanania
lanzan is known to reduce biofilm formation and also
display the ability to disruption of biofilms produced
by P. aeruginosa [137].

Traditional Chinese medicinal herbs have also been
screened for antibiofilm properties against microbes like
C. violaceum and P. aeruginosa [138]. According to reports,
traditional Chinese medicinal herbs (Prunus armeniaca,
Prunella vulgaris, Nelumbo nucifera, Panax notoginseng
(root and flower), Punica granatum, Areca catechu, and
Imperata cylindrical) were found to interfere with violacein
(purple pigment) production in C. violaceum and swarm-
ing in P. aeruginosa [138]. Alcoholic extracts of some orna-
mental and medicinal plants of Egypt were investigated
for anti-QS activity against C. violaceum [139]. Findings
also reveal information about the effectiveness of some
plants (leaves of Adhatoda vasica Nees, Bauhinia purpurea
L., Lantana camara L.,Myoporum laetumG. Forst., the fruits
of Piper longum L., and aerial parts of Taraxacum officinale
F.H. Wigg) against the QS system [139].

Themedicinal plants of southernFloridahavealsobeen
studied in detail for anti-QS properties. Aqueous extracts
of Conocarpus erectus, Callistemon viminalis, and Bucida
buceraswere found to display antibiofilm properties along
with significant inhibition of LasA protease, LasB elas-
tase, and pyoverdin production [92]. Moreover, both
B. buceras and C. erectus produced significant downregu-
lation of lasI, lasR, rhlI, rhlR and reduced the concentra-
tions of N-3-(oxododecanoyl)-L-homoserine lactone and
N-(butanoyl)-L-homoserine lactone [41,92]. Antibiofilm
activity of some South African medicinal plants has also
been evaluated against Listeria monocytogenes biofilms
[140]. The ethyl acetate extract of Acacia karroo and
Plectranthus ecklonii showed higher antibiofilm properties
as compared to the others [140]. Epicatechin, b-sitosterol
and epigallocatechin, which were isolated from the ethyl
acetate extract of A. karroo and P. ecklonii, exhibited higher
disruption of biofilms formed by L. monocytogenes [140].
Table 15.2 summarizes the effects of different plants/
plant products on QS-mediated biofilm formation.

A number of plants (legumes, pea, alfalfa) have been
found to produce lactonase activity (AHL-degrading
property). Plant-derived gamma aminobutyric acid
has been found to cause degradation of AHL in
A. tumefaciens [129,141].

15.7 SYNERGY WITH THE NATURAL
PRODUCTS AND CONVENTIONAL

ANTIBIOTICS

Many bacteria that are associated with plants or ani-
mals are known to utilize the QS system for intercellular
communication [153]. Such relationship in plants may be
beneficial (symbiotic; Pseudomonas aureofaciens) or detri-
mental (pathogenic; E. carotovora). The AHL-producing
P. aureofaciens has been found to produce some antibi-
otics (utilizing the PhzR/I QS system) that have been
found to be useful for the wheat plant [153].

Bacteria residing within a biofilm have been found to
withstand antibiotics (up to a 1000-fold concentration)
when compared to their planktonic counterparts [34]. As
antibiotics are unable to penetrate the biofilms, the bio-
film cover helps the cell to survive inside the biofilms
for considerable period of time. The susceptibility of the
bacteria to the antibiotics can be enhanced by altering
(breaking/disrupting) the biofilm structure and exposing
the cells to the antibiotic containing external medium. As
mentioned previously, a combination of zingerone and
ciprofloxacin demonstrated enhanced antibiofilm prop-
erties as compared to the individual molecules, display-
ing a synergistic role toward biofilm formation and
thus the combination was found to eradicate the biofilms
and reduce cell viability in a much efficient fashion [127].
Similarly, alpha-lipoyl andrographolide demonstrated
synergistic effects on biofilm, when it was combined
with azithromycin, ciprofloxacin, fosfomycin, strepto-
mycin and gentamicin probably through inhibition of
biofilm synthesis, as evident from the reduced produc-
tion of EPS and pyocyanin [154]. In another study,
terpenes (eugenol, menthol, and thymol) in combination
with fluconazole produced synergistic activity on
C. albicans biofilm [155]. Thymol with fluconazole
showed better synergy as compared to the others. Curcu-
min was found to enhance the susceptibility of
urinary tract pathogens (E. coli, PAO1, P. mirabilis, and
S. marcescens) toward less sensitive antibiotics, namely,
clindamycin, azithromycin, and erythromycin [125].
Therefore, synergistic combination could be useful,
considering the fact that the concentration used in the
combination is often found to be less than that of the
individual minimum inhibitory concentration values,
thus curbing the possibilities of resistant development
by interfering with the biofilm integrity [125,127,155].

15.8 CONCLUSIONS

The world today is plagued with the growing menace
of multidrug-resistant bacteria, a major concern for both
public health professionals and the state exchequer. As
evident from recent reports, hospital-acquired infections
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TABLE 15.2 The effects of different plants on QS-mediated biofilm

Source

Extract (parts used)/Active

ingredients Nature of activity Effective against (organism) Reference

Croton nepetaefolius

(Euphorbiaceae)
Casbane diterpene Inhibit biofilm formation Streptococcus mutans [142]

Acacia karroo

(Fabaceae)
Epigallocatechin,
b-sitosterol

Reduction in cell numbers
and no development of a
biofilm

Listeria monocytogenes [140]

Centratherum punctatum

(Asteraceae)
Sesquiterpene lactone Inhibit AHL production and

elastase activity
Pseudomonas aeruginosa [143]

Cuminum cyminum

(Apiaceae)
Methyl eugenol Reduce the AHL-dependent

production of violacein,
bioluminescence, and biofilm
formation

P. aeruginosa, Proteus mirabilis,
and Serratia marcescens

[124]

Garlic extract
(Amaryllidaceae)

p-coumaric acid Inhibit biofilm formation and
the expression of bacterial
virulence factor: Antagonized
the activity of LuxR, AhyR,
and TraR receptor

P. aeruginosa, Escherichia coli,
Agrobacterium tumefaciens,
Chromobacterium violaceum,
and Pseudomonas putida

[55,121,144]

Curcuma longa

(Zingiberaceae)
Curcumin Attenuate the QS-dependent

factors, such as
exopolysaccharide production,
alginate production, swimming
and swarming motility

E. coli, P. aeruginosa PAO1,
P. mirabilis, and S. marcescens

[125]

Zingiber officinale

(Zingiberaceae)
Zingerone Reduced swimming, swarming,

and twitching motility, Inhibit
biofilm formation

P. aeruginosa [126,127]

Quercus infectoria G. Olivier
(Fagaceae)

Tannic acid Effect on bacterial cell surface
hydrophobicity causes a
reduction in biofilm formation

Staphylococcus aureus [145]

Orange; Citrus sinensis
(Rutaceae)

O-glycosylated
flavanone, Naringin

Inhibit biofilm formation,
swimming and swarming
motility; induce the
transcription levels of yenR,
flhDC, and fliA gene

C. violaceum [146]

Piper bredemeyeri, Piper
Brachypodom, and Piper bogotence
(Piperaceae)

Essential oil Inhibit violacein production C. violaceum [131]

Coriandrum sativum

(Apiaceae)
Essential oils Affects biofilm formation Candida albicans [147]

Clove; Syzygium aromaticum

(Myrtaceae)
Essential oils Reduce las- and rhl-regulated

virulence factors such as
protease, chitinase, and
pyocyanin production,
swimming motility

P. aeruginosa and Aeromonas

hydrophila

[135,148]

Bauhinia acuruana

(Leguminosae)
Extract (branches, fruits) Biofilm inhibition Staphylococcus epidermidis [149]

Pityrocarpa moniliformis

(Leguminosae)
Extract (leaves) Inhibit biofilm formation S. epidermidis [149]

Commiphora leptophloeos

(Burseraceae)
Extract (stem bark) Inhibit biofilm formation S. epidermidis [149]

Cocos nucifera Linn.
(Arecaceae)

Husk fiber extract Inhibit biofilm formation
and EPS production

Pseudomonas sp., Alteromonas

sp., and Gallionella sp.
[150]

Terminalia catappa

(Combretaceae)
Methanolic extract (leaf) Inhibit QS controlled violacein

production; inhibit the
maturation of biofilms

C. violaceum, P. aeruginosa [151]

Continued
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pose a greater threat to human health, and the number of
mortality is higher as compared to other health disor-
ders [7,11]. Interestingly, a major proportion of infectious
diseases are currently being linked to bacterial biofilms,
particularly related to organisms like S. aureus, E. coli,
P. aeruginosa, and such other disease-causing organisms.
Even though the indiscriminate application of antibi-
otics coupled with slowing down of the discovery pro-
cess has caused an alarming shrinkage of the antibiotic
arsenal, however there has been a considerable develop-
ment in the field of antibiofilm (QS inhibitors) drug
discovery during the last couple of decades, as is evident
from the growing number of publications and patent
filings [109]. Furthermore, it is pertinent to suggest
that QS inhibition (i.e., strategy for disruption of cell-
to-cell communication) is likely to become a vital area
of antibiotic drug discovery, since it deviates from the
currently applied strategy, where cell destruction is
considered as the ultimate goal. Moreover, antibiofilm
agents, at the concentrations employed, demonstrate a
reduced selective pressure on the invading organisms
(reducing the possibility of resistance development)
and are more targeted toward minimizing the virulence
mechanism (virulence factor production), considered to
be more effective and a safer approach for infection
management.

Considering the immense untapped potential of the
terrestrial plants (including lower plants, marine organ-
isms, bacteria, and fungi), a well-orchestrated approach,
involving genomics, metabolomics, proteomics, and

bioinformatics, with a particular focus on the secondary
metabolites, may ultimately prove to be highly benefi-
cial to the scientific and medical community at large.

Finally, the injudicious application of antibacterials,
commercial greed, and poor tolerance level of modern-
day patients (through injudicious self-medication in
common ailments such as flu and diarrhea), a situation
conceived as the “Post Antibiotic Era,” could easily be
foreseen and this may well contribute towards the
endangerment of the human civilization. Thus, it is
time for clinicians, scientists, and policy makers to do
some serious introspection and come forward with a
concerted effort to formulate global strategies to save
the earth.
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16.1 INTRODUCTION

Health issues have become an indispensable aspect of
human life, and the importance of wellness and fitness
in modern and emerging societies around the world is
established. Global health has become a fundamental

element of foreign policy, and many governments now
emphasize community health, and encourage institu-
tions, researchers, and the media to develop, support,
and publicize research projects related to health promo-
tion andwellness [1]. This greater need for health aware-
ness among societies brings focus to those factors which
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influence, positively and negatively, both individual and
societal health. Controlled clinical trials, which can
assess the use of plant materials in the treatment and
prevention of various diseases and human conditions,
are also needed, particularly when the existing thera-
peutic modalities are not accessible due to cost or avail-
ability or present a clinical risk. The World Health
Organization (WHO) has recognized this for many years
[2] and has further encouraged countries to place the is-
sues of both safety and efficacy as a priority in countries
where traditional medicines and a variety of plant prod-
ucts are already present in the health care market place
[3]. One of the recent initiatives of the Western Pacific
Regional Office of WHO has been the development of
a revised Regional Strategy for Traditional Medicine in
the Western Pacific for the period 2011e2020 [4]. The
strategic directions describe a range of stratified ap-
proaches to improve the quality, safety, and efficacy of
traditional medicinal plants in health care in the. As
such, the strategic directions recognize that the 27 coun-
tries in the region embrace a wide swath of economic
development and research capacity. Cooperation within
and between countries to address issues of quality,
safety, and efficacy of botanical materials of known or
standardized content is therefore strongly encouraged
to enhance regional health care [3].

Another factor which has now emerged as being
crucial to medicinal plant research and development is
sustainability, and the term “sustainable medicine” has
been developed [5e10] to describe the importance of
considering the long-term use of both traditional medi-
cines and synthetic drugs from a perspective of reliable
and nondestructive sourcing for the future. This is of
particular importance where population use of tradi-
tional medicines is expanding, where the globalization
of products is increasing demand, or where climate
change may impact areas for growing traditional medi-
cines. In the research component of this scenario, prefer-
ence is given to studies on those plant materials which
are already established as sustainable commercial en-
tities, or which are easily grown agronomically in order
to derive an accessible (affordable and sustainable)
product [11]. A further aspect concerning the sustain-
ability of traditional medicine applies to the knowledge
of the use of medicinal plants, and how that information
is recorded, evaluated, and maintained from generation
to generation of practitioner.

One of the major global health problems that have
emerged as a result of improved economic status, the
globalization of certain eating practices, and personal
health awareness, is overweight and obesity. The terms
overweight and obesity refer to the accumulation of
excess fat in the body, and are clinically defined as a
body mass index (BMI) higher than 25 and 30, respec-
tively [12]. Since 1997, the WHO has warned that obesity

is rapidly becoming a global epidemic, although it was
not a noticeable health care concern during most of the
twentieth century [13,14]. The use of the word “Globe-
sity” in reports indicates the severity of the issue
worldwide [15]. Studies reveal that half of the adult pop-
ulations in the Organization for Economic Co-operation
and Development countries are overweight, and 1/6th
are obese. Based onWHO reports [16], in 2008, the global
prevalence of overweight and obesity had reached over
1.4 billion in adults, and obesity has become a common
disease existing in different social, economic, cultural,
regional, and age groups. Consequently, this hidden
health hazard is affecting communities and societies
multidimensionally [17].

The consequences of obesity to society in terms of
morbidity and mortality are enormous. Based on recent
research, obesity is implicated as one of the leading
causes of death worldwide, and is a well-established,
threatening element for human health [18,19]. Further-
more, excess body fat can lead to the development of
numerous, life-threatening, chronic diseases [20e22].
For example, being overweight significantly increases
the risk of death from hypertension, dyslipidemia,
type II diabetes, stroke, osteoarthritis, coronary heart
disease, gallbladder disease, sleep apnea, respiratory
problems, and endometrial, breast, prostate, and colon
cancers. In other words, obesity causes a decline in life
expectancy [23]. Accordingly, as a major risk factor for
human health [24], urgent strategies are required to pre-
vent further complications [25].

From an economic point of view, obesity and its
related health consequences such as physician visits,
hospitalization, and other related expenses, involve
enormous costs currently, and for future health care
[26e28]. As a result, the potential health and economic
benefits of reducing excess weight are of considerable
importance to public health systems [29]. In order to
combat obesity and its health consequences, govern-
ments have adopted different policies which are essen-
tially based on modifying lifestyle habits and
increasing the health awareness of individuals. These
programs mainly aim to promote healthy eating pat-
terns and increase physical activity among people, espe-
cially school children. However, despite great efforts to
fight this disease, “Globesity” remains a very chal-
lenging issue, and the management of obesity has
become one of the crucial components of global and na-
tional health policies [30].

Today, weight control, in one form or another, is
recognized as a common human concern. According to
Weiss and colleagues [31], 51% of American adults
above 20 years old had tried at some point to control
their weight. This subject has attracted the attention of
manufacturers, personal health advisors, physicians, pa-
tients, and especially governments, to find and develop

16. CLINICAL EFFECTS OF CARAWAY, A TRADITIONAL MEDICINE FOR WEIGHT LOSS340



new approaches and improved solutions for the treat-
ment and prevention of obesity. One attractive method
of losing weight is the consumption of natural and syn-
thetic antiobesity drugs, the long-term usage of these
products is typically not under any medical supervision
[32]. In addition, of the different weight loss pills avail-
able in the market, including Xenical (Orlistat), Phenter-
mine/Fentermine, Meridia (Sibutramine), Adipex,
Bontril, Didrex, Phentermine, and Tenuate, only two
are approved by the United States Food and Drug
Administration (USFDA): namely Orlistat and Sibutr-
amine [33,34]. The long-term consumption of the present
antiobesity products is not recommended, as they have
exhibited several side effects, including gastrointestinal,
psychiatric, and kidney problems which might be irre-
mediable. Such negative symptoms may be due to
changes in metabolic rate, and the metabolism of dietary
intake [35,36].

Another important issue in the application of such di-
etary products is their efficacy, short term and long term.
Some of these supplements might be effective only if
taken along with a suitably modified weight loss diet
and enhanced physical activity. Consequently, these
remedies may be useful only over a short period of
time, as the body usually adjusts quickly to most of these
dietary supplements. These negative trends may
misguide patients, wherein the products do not satisfac-
torily provide a long-term impact on weight loss, and
are not tolerated on a chronic basis [37]. In this regard,
the permitted promotional claims on dietary and slim-
ming products sold to enhance weight loss are relevant,
since they pertain to limiting patient expectations
without a clinical evidence base.

16.1.1 Weight Loss Claims Regarding Dietary
Supplements

The current methods being used for the treatment of
obesity, such as synthetic antiobesity drugs, various di-
etary supplements, or bariatric/gastric bypass surgery
are not satisfactory for addressing the issue of obesity
on a long term, global basis because of high consumer
cost, limitations of chronic usage, and unfavorable
side-effects [38]. Therefore, obesity remains a major
global health challenge, and accessible solutions for sus-
tainable weight loss and prevention of weight gain are
urgently needed [39]. There is a profound lack of scien-
tific information on the rationale for using the presently
available alternative therapies, such as dietary supple-
ments, antiobesity drugs, and other slimming products.
Hence, patients are confused in deciding between syn-
thetic weight loss pills and slimming aids on one
hand, and natural sources, such asmedicinal plant prod-
ucts, on the other hand. Patients are therefore challenged

in searching for a safe and effective method of long-term
weight management.

Despite a variety of different treatment modern ap-
proaches for obesity, including surgery, weight loss pills,
and dietary supplements, they do not satisfactorily
impact weight loss, or are not tolerated by the body
[40]. In addition, the high costs and the side-effects of
these methods, drive patients and researchers to seek
alternative approaches [41e45]. Can medicinal plants
serve as a sustainable resource for standardized agents
which can meet patient expectations for weight loss
and provide long-term, consistent health benefits?

Many scientists and patients believe that treatment
with medicinal plants may provide a safer, more reli-
able, and also cheaper, approach to addressing the issues
of overweight and obesity, than the prevalent contempo-
rary methods. However, despite the strong global mar-
ket influence, and patient desperation for alternative
antiobesity products and traditional medicinal plants,
the awareness of the usefulness of these products is
neither sufficient nor clearly perceived. In major part,
this is because there is still doubt about their quality,
standardization, safety, and efficacy for long-term hu-
man use [46,47]. In spite of several studies on the appli-
cation of traditional medicinal plants for managing body
weight, many challenging issues, including the safety
and efficacy of antiobesity plants, remain, and there
are continuing deficiencies in the deployment of natural
approaches for treating obesity [40,48]. Consequently,
seeking sustainable, natural product-based solutions,
and examining a variety of natural sources for methods
to safely and reliably treat obesity are important, albeit
neglected, research targets. Success in developing such
strategies will subsequently help to reduce the global
health implications of obesity, particularly where access
to alternative therapeutic approaches is limited. This
chapter describes an approach to establishing the safety
and efficacy of a plant-based material, caraway aqueous
extract (CAE), for treating obesity and overweight,
which might be considered as a natural alternative to
the currently available dietary supplements and com-
mercial products.

Caraway, particularly the fruit, is an ancient spice and
flavoring material used in many parts of Europe, the
Middle East, and Asia [49]. It is derived from the umbel-
liferous plant, Carum carvi L. (Apiaceae) [50], and is
sometimes referred to as meridian fennel, even though
another plant, Foeniculum vulgare Mill. (Apiaceae) has
also been ascribed the name fennel. In Arabic, C. carvi
is known as “Karawiya,” and is used world-wide as a
natural flavoring in various food products, including
rye bread, curries, to flavor rice, in sauerkraut, in
cheeses, and as a liquor. Previous studies have estab-
lished an association between the moderate consump-
tion of caraway oil/aqueous extract and other
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caraway-derived preparations with a lower incidence of
diabetes, dyslipidemia, hypertension, liver dysfunction,
reproductive hormone imbalance, osteoporosis, cancer,
and gastrointestinal and inflammatory diseases [51]. Ev-
idence also shows that there is a relationship between
the gut flora and obesity [52,53]. Consequently, plant
materials such as caraway, which have intestinal
relaxant and soothing effects [54] could also possess an-
tiobesity properties.

A number of the components present in caraway,
including the polyphenols and specific essential oil
components have been attributed to possess anti-
inflammatory, antihyperlipidemic, and antiobesity ef-
fects [55]. An association has been established between
the moderate consumption of caraway-derived metabo-
lites and a lower incidence of diabetes, dyslipidaemia,
and inflammatory diseases [51]. A multitargeted, anti-
obesity effect of carvacroldone of the major components
of carawaydon animals was demonstrated through
modifying the gene expressions associated with inflam-
mation and adipogenesis [55]. However, there is no clin-
ical scientific evidence which specifically focuses on
exploring the possible role of caraway on weight loss.
The aim was therefore to investigate the therapeutic po-
tential of CAE on clinically obese and overweight
human subjects.

The context of this study is that the use of natural
remedies for inducing weight loss has increased dramat-
ically over the last few decades, and typically involve
the inclusion of particular medicinal plants in the diet
on a regular basis to assist an individual to lose weight
gradually [40]. Most of the antiobesity medications stud-
ied presently are based on plants used in traditional
medicine, as they have been found to be more acceptable
than the synthetic medications [46]. One example is the
weight loss reported in animals and humans treated
with “WeighLevel,” a combination of four medicinal
plants used in traditional Arabic and Islamic medicine,
including the leaves of Alchemilla vulgaris L. (Rosaceae),
Olea europaea L. (Oleaceae), and Mentha longifolia L.
(Lamiaceae), the seed extract of Cuminum cyminum L.
(Apiacaeae), and other ingredients [56]. Caraway tends
to be more widely used for weight loss purposes, espe-
cially in the countries of the Middle-East region. One
of the reasons is historical. In Islamic traditional refer-
ences, such as Khorasani’s Makhzan al-Advieh, and Ibn
Sina’s Canon of Medicine (980e1037 AD), the consump-
tion of CAE is recommended specifically for weight
loss [57,58].

In traditional medicine resources, caraway is recom-
mended as a remedy for a variety of health problems,
especially digestive disorders [59]. Moreover, based on
a patented natural supplement formula, combinations
of carminative herbs, including caraway, have been
used to reduce the adverse effects of weight loss drugs,

such as orlistat and oral lipase inhibitors [60]. Caraway
seed acts as a carminative, and adding this herb to the
diet helps in preventing or relieving flatulence. The
carminative volatile oils present in caraway induce a
relaxant effect on the movements of the intestine muscle
[61e63]. Such an effect will synergistically aid in diges-
tion, which, in turn, has a direct effect on food absorp-
tion and calorie intake. In addition, using this spice
will provide healthful and therapeutic effects for the pa-
tient, and will improve the taste and flavor of the final
product [49]. Hence, adding caraway to the recipe of
food products, may lead food technologists towards
novel formulations in the production of functional
food preparations.

Despite a significant number of in vitro and in vivo
studies on the constituents of caraway and their reme-
dial effects (discussed in the next section), there are
limited clinical studies on the effects of this plant on
weight loss [64]. This study introduces an alternative,
natural product-based approach for weight loss which
is potentially cheaper and healthier to consume, and
with minimum human health risks. It is hoped that the
results of this research will lead to additional studies
which eventually will help patients shift from a tempo-
rary weight loss solution to a dietary practice that is
long-lasting and sustainable. The findings of this study
may be a useful indicator for patients who are not satis-
fied with the currently available slimming products, and
are still seeking a suitable, safe, and natural alternative.
Incorporating natural products with potent antiobesity
properties into a daily human dietary regimen would
be a safe, effective, consistent, and inexpensive method
for both the treatment and prevention of obesity.

16.1.2 Background Literature on Caraway

In this section, various aspects of the background of
caraway are described. Among the topics covered here
include the use, the definition and classification of
caraway, the botanical description and morphology,
the etymology, and the geographical distribution, culti-
vation, and regions of production. Attention is then
turned to the ethnopharmacological and therapeutic ap-
plications of caraway, the chemical compounds and the
biological activities, and the safety and toxicological
evaluations of caraway-based products. The Apiaceae
family is a collection of typically aromatic plants having
hollow stems comprised of more than 434 genera and
3780 species. Among the well-known members of the
family are anise, asafoetida, caraway, carrot, celery, cori-
ander, cumin, dill, fennel, parsley, parsnip, and sea holly
[65e67].

Caraway is defined as the dried ripe fruit of the bien-
nial, usually white-flowered, aromatic Old World herb

16. CLINICAL EFFECTS OF CARAWAY, A TRADITIONAL MEDICINE FOR WEIGHT LOSS342



(C. carvi L., Apiaceae), also known as Persian cumin or
meridian fennel, and is one of the ancient cultivated
plants of Asia, Africa, and Europe [68]. The fruits (also
known, erroneously, as “seeds”) are used extensively
as a mild spice and flavoring for culinary purposes in
many cuisines. Caraway seeds are also widely used in
various systems of traditional medicine, and the aro-
matic constituents have been studied for their health
beneficial effects [69,70]. The plant resembles a carrot
plant with feathery leaves and is slender, branched,
and hollow-stemmed, 30e80 cm in height. The dried,
brown fruits are hard, crescent-shaped achenes, around
2 mm long, with five pale ridges [71]. Caraway flowers,
and caraway ripened and dried fruits are shown in
Figures 16.1e16.3 [72] (http://www.discoverlife.org/
ap/copyright.html), and in sketched form in Figure 16.4.
The fruits have a pleasant odor, and an aromatic flavor
and sharp taste; they are similar to cumin, with which
they are sometimes confused [70]. In Middle East coun-
tries they are distinguished by their color; caraway is
known as black zeereh and cumin seeds known as green
zeereh [74].

Several other plants of family Apiaceae are often
mistaken for caraway (C. carvi) due to their similarity
in odor or appearance, including anise, fennel, cumin,
black cumin, and black caraway [75,76]. Table 16.1
shows the appearance and common name of some of
these aromatic plants.

There is little, incomplete, andyet complex information
known about the etymology of C. carvi. The carvi term is
initiated from the Arabic al-karwiya seeds, whereas the
word carum most likely originated from the Latin word
Caria, an ancient city in Asia Minor, where caraway
may have been used in early times. The usage of “carum
carvi” probably dates back to very ancient times based on
the finding of caraway seeds by archaeologists in the
artifacts of primitive civilizations in Europe [79,80]. The
English use of the word caraway was initiated over

FIGURE 16.1 Caraway plant in flower (© Copyright Mel Harte,
2010).

FIGURE 16.2 Caraway plants with ripening fruits (© Les
Mehrhoff, 2008e2010.

FIGURE 16.3 Dried caraway fruits (often termed caraway seeds)
(http://www.discoverlife.org/ap/copyright.html).

FIGURE 16.4 Carum carvi L. [73] (http://www.discoverlife.org/
ap/copyright.html).
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1400 years ago. The original term is cuminum (cumin) in
Latin, and karon in the Greek, which is transformed to
carum (which now means caraway). Some synonyms
for caraway in different parts of the world are indicated
in Table 16.2 [66,81].

The origin of caraway, as one of the oldest recognized
spice plants, is unknown. However, the names Persian
caraway and Roman cumin suggest that it was intro-
duced into global commerce and usage from Persia or
Europe. It has been cultivated since olden times, and is
found growing wild all over central Asia, especially in
Iran, the Himalayas, northern and central Europe, the
Balkans, and North Africa. By 1806 it was being culti-
vated in North America, where it was used as a
flavoring to season bread and cheese, and as a pickling
spice, to prepare the liquor Kummel, and to give flavor
to sausages. Presently, it is mainly cultivated in North
Africa, especially Egypt, and in Finland, the
Netherlands, Eastern and Northern Europe, and

Germany, the Mediterranean regions, Russia, Iran,
Indonesia, and North America [59,70,82,83].

Even though the plant is indigenous to Asia, Europe,
and Northern Africa, the plants are cultivated in several
different regions throughout the world, this plant is bet-
ter adapted to cooler climates than other Apiaceae spe-
cies. Caraway plants are grown widely as a winter
plant and as a summer crop in different regions, such
as in Northern France, and the north Himalayan region
in India [70,77]. In warmer regions, it is cultivated in the
winter months as an annual, and in temperate climates it
is cultivated as a summer annual or biennial plant. There
is still some domestic production of caraway in Europe,
including Germany and Scandinavia, even though it is
mostly imported from Egypt, and the cultivation of
caraway as a spice crop has been expanding in the
United States and Canada [83,84].

For thousands of years, caraway has been used,
particularly in China, Egypt, Roman Britain, the Sumer

TABLE 16.1 Other Aromatic Plants Mistaken for Carum carvi due to Their Resemblance in Name or Appearance [77,78]

Appearance Scientific name Common name Other names

Carum carvi L. Caraway seeds/Persian
cumin

Jiraa, zeera siyaah, kamoon,
kamoon-roomi

Cumin cyminum L.
Cumin Safed jeeraa, kamun

Foeniculum vulgare Mill. Fennel seeds/sweet
cumin

Perum jeerakam

Pimpinella anisum L.
Aniseed, anise Saumph, aneesun

Bunium persicum

(Boiss.) B. Fedtsch. Black caraway Jirak, jiraa siyah, kamoon-
armani, shahi jeera, kaala jeera
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area, and India, as a culinary seasoning [85], and may
have been in use in Europe longer than any other spice.
It was used by the Early Greeks in their recipes, and also
recommended and prescribed by Dioscorides for heal-
ing purposes [70]. It is one of the most important species
used as a wild food plant in the Eurasia regions and
Estonia [86], and is utilized in the cuisines of the Middle
East, India, Central Europe, and North Africa, especially
Tunisia and Yemen [87] for its pungent liquorice flavor
[88], which is derived from the essential oils, especially

carvone and limonene. This culinary flavoring is found
in sauerkraut, casseroles, curries, and other foods such
as specific cheeses, different liqueurs, breads, cakes, des-
serts, and salads [89], as well as a spicy marinade for
meats, dumplings, and goose [71]. In the Middle East,
caraway pudding is a popular dessert during Ramadan,
and the seeds are added as a spice in Persian cuisine to
foods such as bread, yogurt, pickles, sauces, and salads
[90]. Caraway seed oil is also used as a fragrance compo-
nent in soaps, lotions, and perfumes.

From a therapeutic perspective, caraway is known as
a traditional medicinal plant with a long history of heal-
ing [51,85,91]. It is believed to have many of the medic-
inal properties similar to dill, fennel, and anise, and is
reported to have potent antispasmodic, antiseptic, aro-
matic, carminative, digestive, and stimulant properties.
It has been used by chewing the raw dried fruits, and
also in the form of drink or tea through brewing, decoc-
tion, distillation, fermentation, or as a tisane [92e96].
Therapeutic use of caraway products has been widely
known in different ethnomedical systems from North-
ern Europe to the Mediterranean regions, Russia, Iran,
Indonesia, and North America, where the use continues
as a primary component of traditional treatments [59].
Traditionally, it was believed to warm and stimulate a
cold, languid stomach. In folklore, it is used for the treat-
ment of stomach complications, dysentery, uterine prob-
lems, internal wounds, and ulcers [97]. The fruits have
also been applied in the form of a condiment, and the
oil for the treatment of colds, coughs, sore throat, fever,
bronchitis, gingivitis, and gastrointestinal complaints
[98].

According to the ancient Persian-Islamic references in
the ninth and tenth century AD, such as Rhazes’ book
al-H�aw�ı f�ı al-Tibb (Comprehensive Book on Medicine),
Ibn Dawoud Dinawari’s book Kitab al Nibat (Book of
Plants), and Avicenna’s Al-Qanun fi’al-Tibb (The Rules of
Medicine), caraway is acclaimed to have healing proper-
ties. Greek physicians prescribed caraway oil or seeds
for “pale-faced girls.” Also, Romans consumed caraway
to relieve indigestion [91]. Caraway is well-known for its
carminative and stomach-calming properties, being
mostly used for alimentary problems [58,99,100]. In
Iranian traditional medicine, caraway has been recom-
mended as an antiseptic, antispasmodic, antiparasitic,
lactigenic, hypolipidemic, antiflatulence, carminative,
and for digestive complaints [101]. Also in Iran, caraway
is considered energizing, carminative and astringent,
and its healing properties have been applied to gastroin-
testinal, gynecological, and respiratory conditions, and
recommended for the treatment of toothache, diarrhea,
and epilepsy [74,90]. Today, in the Middle East region,
it is considered a medicinal plant commonly used for
losing weight due to its ability to soothe the stomach,
and improve digestion [100e103]. In Iranian-Islamic

TABLE 16.2 Synonyms of Caraway in Different Languages

Language Alternative expression

Albanian Qimnoni

Arabic Taghde, Roman kommon, Al-Karvia, Al-Karawya,
Kammun Armani, Karawiaa, Karawiya

Armenian Chaman

Azeri Adi Cirə

Belarusian Kmen

Brazil Alcarávia

Bulgarian Kim

Burmese Ziya

Catalan Comi de Prat

Chinese Fang Feng, Ge Lü Zi, Yuan Sui (Mandarin), Goht
Leuih Ji (Cantonese)

Czech Kmı́n, Kmı́n Ko�renný, Kmı́n Lu�cnı́

Danish Almindelig Kommen, Karve, Kommen,
Vild Kommen

Dutch Karwij, Karwijzaad, Wilde komijn

English Caraway, Persian cumin, Carum, Meridian fennel,
Wild cumin, Carvies, Carroway

Estonian Harilik Köömen

Finnish Kumina, Saksan Kumina, Tavallinen, Kumina

French Anis des pré, Carvi, Cumin des Prés, Kummel

German Gemeiner Kümmel, Wiesenkümmel

Hindi Vilayati jeera, foreign cumin

Italian Caro, Carvi, Cumino dei prati, Kümmel

Norwegian Karve

Persian (Farsi) Black zeereh, Kermani zireh, Roman cumin

Romanian Chimen

Russian Tnjo, Tmin

Spanish Alcarahueya, Alcarave, Alcaravia, Carvi, Comino
de prado

Swedish Kummin

Turkish Frenk kimyonu, Frankish cumin
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traditional references such as Makhzan Al-Advieh, regu-
lar consumption of caraway extract is prescribed for
losing weight [57], and today, it is sold as an antiobesity
product in Iran’s markets.

In the herbal remedies of India and Ayurveda, the
fruits of caraway are mostly prescribed as a carminative,
eupeptic, antispasmodic, and astringent, and applied for
the treatment of mild gastrointestinal ailments, such as
stomach-ache, bloating, indigestion, cramp, and flatu-
lence due to its stomach-strengthening properties
[77,104]. Caraway aqueous brewed extract is commonly
used for pediatric conditions, especially digestive com-
plaints. Also, in Ayurveda, it is claimed to improve the
absorption of other plants, and to promote the function
of vital organs, such as the liver. Extracts have also been
used in bronchopulmonary conditions, as a cough ther-
apy, and also as an analgesic. Vapors from caraway seeds
are known to provide relief in patients suffering from
back pain and rheumatism [69,105e107]. In Tibetan tradi-
tional medicine, caraway is considered to have a pungent
taste and a warming influence due to its hot nature [87].
In the Moroccan system of folk medicine, the fruits of
caraway are well-known as a stimulant, being consumed
as a galactagog to stimulate milk production in lactating
mothers, and to stimulate menstruation (emmenagog) in
women, as a digestive, also to increase sexual desire
(aphrodisiac), and urine flow (diuretic) [108]. It has
been prescribed for healing hyperglycemia, hyperten-
sion, also heart and renal diseases [109e113]. In addition,
it has been used to treat flatulent colic in infants, and for
relieving stomach complaints, being frequently applied
to flavor children’s medicines [88,114,115]. In Jordanian
traditional medicine therapies, caraway is used as a
home remedy to treat different gastrointestinal and respi-
ratory problems [116]. In the traditional medicine of
Poland, caraway is known as a therapy for alimentary
disorders, flatulence, and as a galactagog plant, while in
Russia, it is recommended as a cure for pneumonia. In
Great Britain and the United States, it is considered as a
stomachic and carminative. In the Malay Peninsula,
caraway is one of the important medicinal plants used
during confinement, and in Indonesia, it is regarded as
the therapy for inflamed eczema. Also, in India, it has
been commonly used traditionally as a female fertility
regulating agent [59,69,117].

A large number of experimental studies investigating
the chemical and biological properties of various
caraway preparations have been reported attempting
to correlate the chemistry and the biological activities
of this plant. From a chemical perspective, the aqueous
and oil extracts of the roots of caraway have afforded a
variety of phenolic and aromatic compounds, including
different flavonoids, iso-flavonoids, flavonoid glyco-
sides, monoterpenoids, such as carvone and its deriva-
tives, glucosides, lignins, and alkaloids, as well as

polyacetylenic compounds [118e123]. A number of phy-
tonutrients have been found in caraway seeds, including
different vitamins, amino acids, proteins, and minerals,
also starch, sugars and other carbohydrates, tannins,
phytic acid, and dietary fibers [124]. The other constitu-
ents present in this plant are fatty acids (saturated and
unsaturated), triacylglycerol, polysaccharides, and
lignin [125,126]. Carvone and limonene are usually re-
ported as the main phytochemicals present in caraway
seeds. The other important compounds extracted
usually from hydro/steam distillation include: carva-
crol, a-pinene, g-terpinene, linalool, carvenone, and
p-cymene [127e129]. Analysis of the caraway seed
essential oils showed they varied in different regions
and climates [130]. Detected phytochemicals are mostly
phenolic and aromatic compounds, including monoter-
penes (hydrocarbons/oxygenated), oxygenated sesqui-
terpenes, aldehydes, ketones, and esters [51].

As discussed earlier, since ancient times, caraway
and its derivatives have been widely and commonly
applied as traditional medicinal plants for treating
different health problems in different cultures. A vari-
ety of the therapeutic properties of caraway mentioned
in traditional medicine have been investigated and
confirmed experimentally. Recently, significant devel-
opments in the pharmacological assessments of
caraway have been reported resulting in several recom-
mended therapeutic activities for this plant. The main
reported pharmacological actions include antioxidant,
antimicrobial, anticarcinogenic/antimutagenic, antidi-
abetic/hypoglycemic, hypolipidemic/antihyperlipi-
demic, diuretic, estrogenic/antiosteoporotic, and
immunomodulatory. Caraway is also reported to have
other functional properties, including: larvicidal, anti-
bacterial, and antifungal activities, and health promot-
ing effects on the central nervous system with
adaptogenic property (antistress), as well as carmina-
tive and laxative for gastrointestinal conditions, antidy-
speptic, antiulcerogenic, anti-asthmatic, antitussive,
and antispasmodic activity. Furthermore, it is used
industrially, in cosmetics, and also as fumigant, mollus-
cicide, insecticidal, or pesticide [87].

The diversity of bioactivities expressed by caraway
preparations is attributed to the multiplicity of bioactive
constituents, hence its description as having a “hot” na-
ture in somemedical systems, attributed to the high con-
tent of essential oils, flavonoids, and phenolic
compounds present [59,62,77]. However, linking a
certain biological activity to a particular compound,
which is the classical Western reductionist approach,
has remained a challenging issue. It is more probable
that multiple targeting (network pharmacology) of indi-
vidual compounds and the synergy between and within
specific types of phytochemicals is responsible for the
diverse notable pharmacological properties.
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Nonetheless, the biological actions reported for caraway
compounds support the traditional medicinal properties
[51,68].

The safety of a traditional medicine is frequently
assumed based on historical use, and rarely scientifically
established through a well-constructed clinical trial.
This is especially an issue when different preparations
are made which do not follow traditional methods,
an aqueous extract, rather than an expressed, or steam-
distilled, essential oil for example. Possible therapy
constraints (dose, route of administration, etc.) must
therefore be deliberated as limiting aspects based on
clinical evidence. Presenting products of this plant as a
safe and harmless substitute therefore involves exami-
nation of the probable side-effects of consuming
caraway. Research shows that a combination of caraway
seed oil and peppermint oil (50 and 90 mg, respectively)
has shown skin allergy, burning sensation with eructa-
tion, and nausea in sensitive patients with functional
dyspepsia [131]. In addition, due to the blood glucose-
lowering activity of caraway, diabetics and patients
taking drugs, plant medicines, or supplements with hy-
poglycemic property should consume this plant with
caution. Such negative reports are rare, and no scientif-
ically valid clinical trial supports the claims regarding
the negative reactions of caraway essential oil in humans
[132]. On the other hand, several studies have described
the safety of caraway. In an animal study, the effects of
different doses of caraway seed powder (30, 60, and
90 mg/kg body weight) on the formation of aberrant
crypt foci in 1,2-dimethylhydrazine-induced colon can-
cer in rats were examined, with the result that no clinical
signs of toxicity were detected in the treated rats [133].

The potential hepatoprotective ability of caraway oil
extract was assessed through the carbon-tetrachloride-
induced hepatotoxicity test in mice. The findings
showed that this plant extract probably exhibits a hepa-
toprotective effect through maintaining the activity of
xenobiotic detoxifying enzymes, including glutathione
S-transferase, and glutathione peroxidase (GSH-Px),
lowering GSH, and inhibiting lipid peroxidation
[134,135]. While these findings support the safety and
tolerability of caraway extract, additional safety studies
are necessary to define the suitable dosage, guidelines,
cautions, and other recommendations for the usage of
various caraway preparations.

16.2 MATERIALS AND METHODS

16.2.1 Study Design and Study Outcomes

Taking a clinical trial approach, 110 overweight and
obese women aged 20e55 were enrolled at different
fitness centers in the city of Yazd, located in the centre

of Iran. CAE is consumed regularly in Iran, especially
in Yazd, for losing weight. Furthermore, as the rate of
obesity is mostly higher in females, and women are usu-
ally more interested to attend weight loss programs than
men [17], overweight and obese women were selected as
the study population. Among the recruited candidates,
only healthy women with BMI of more than 25 were
included and screened for the dietary intervention pro-
gram. Pregnant and lactating women, and individuals
who suffered from specific health problems, were specif-
ically excluded from this intervention. Also excluded
were individuals with hypo/hyperthyroidism, a signif-
icant history or current presence of type I or II diabetes
mellitus, or who were hypertensive (systolic BP 140
and/or diastolic BP 90), had clinically significant endo-
crine, hepatic, renal, or cardiovascular disease, such as
impaired liver function, chronic renal disease, primary
dyslipidemia, myopathy, or patients presently using
drugs affecting metabolism or appetite. Individuals
who have maintained a weight loss of 41 kg in the pre-
ceding 3 months, have the habit of not eating meals at
regular intervals, have participated in another investiga-
tional study within the past 30 days, have a history of
alcohol or drug abuse within the past year, have a his-
tory of sleep disorders, clinical depression, or other psy-
chiatric or psychological conditions, and who are
abnormally obese were also excluded. In general, indi-
viduals presenting with any medical condition or the
use of any medication that could interfere with the
conduct of the study, or which placed the prospective
subject at risk, or who had a known allergy or sensitivity
to any of the “active” or “placebo” product ingredients,
were excluded.

This study was carried out in Iran, as an example of
an emerging country with a high outbreak of obesity
and overweight. Importantly, the people in Iran are
familiar with the use of caraway seeds or its derivatives,
as a flavoring agent for culinary purposes, and also of its
remedial benefits, especially for decreasingweight in the
form of water extract. Furthermore, caraway products
are affordable and easily available in Iran, especially at
the Yazd market. For gathering the required data, three
methods were used: questionnaire, face-to-face inter-
view, and a physical examination of the prospective
study subjects. To evaluate the effects of caraway intake,
volunteers were randomized into test and control
groups, and they were asked to consume either the pre-
pared caraway product or the placebo preparation daily
for 12 weeks. The possible changes in body composition,
anthropometric indices, blood profile, and vital parame-
ters were investigated before and after intervention.
Moreover, food intake status and physical activity level
were measured during this period to ensure the har-
mony between the test and control groups. In order to
reduce the possibility of allergic reactions due to the
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consumption of caraway, only eligible females whowere
familiar with caraway were selected for the intervention
treatment.

16.2.2 Preparation of Herbal Extract and
Placebo

The caraway extract samples (0.1 w/v) obtained from
the Baharan Company, Yazd, Iran (Industrial Ministry
License no. 28/1232 and Health Ministry License no.
35/10500) were extracted from the seeds of caraway
through steam distillation. The placebo was prepared
by dissolving edible caraway essence (Givaudan Fla-
vours Co., Kemptthal, Switzerland) in drinking water
(1% g/L) which was identical with caraway extract in
appearance and flavor. Subjects were provided with
measured bottles and were asked to dissolve 30 mL of
the placebo or caraway extract with 30 mL of water.

16.2.3 Analysis of Phytochemicals Using Gas
ChromatographyeMass Spectrometry

The phytochemical constituents present in CAE
were identified using gas chromatographyemass chro-
matography (GCeMS) analysis with a flame ionization
detector, and extracted by Headspace solid phase micro-
extraction (HS-SPME) with subsequent hexane extrac-
tion. The capillary gas chromatographic profiles of the
CAE constituents were reported as their retention time
compared with the MS of standard compounds.

16.2.4 Statistical Analysis

Values for each participant were standardized for
each dependent variable to remove outliers using
Z-scores, and the normal distribution was tested using
the KolmogoroveSmirnov test. Student’s t-test, with a
99% confidence interval, was applied to identify the sig-
nificant differences in values between groups, and the
paired t-test was used to examine mean differences
within each group during the 3-month treatment period.
All statistical analyses were performed using SPSS soft-
ware version 18.0.0 (SPSS Inc., Chicago, IL, USA), and all
data are expressed as mean � standard deviation (SD);
p values less than 0.01 were considered to be significant
and equal variances were assumed.

16.3 RESULTS

16.3.1 Follow-up of Subjects Involved in the
Clinical Trial

Of the 110 overweight and obese females enrolled for
the study, 70 were eligible for enrolment in the clinical

trial. Sixty of the initially enrolled participants
completed the full 12-week treatment regimen, of
them, 10 subjects dropped out during the intervention
(Figure 16.5).

16.3.2 Demographic and Baseline
Characteristics of the Study Population

The demographic and baseline features of the partic-
ipants in the study are illustrated in Table 16.3. Approx-
imately 54% of the participants were overweight, and
46% were obese. All of the participants had abdominal
obesity (waist circumference, WC,>88 cm). The average
values (mean � SD) of age, body weight, and BMI of the
subjects were 37.1 � 8.6 years, 75.4 � 11.7 kg, and
29.8 � 4.1 kg/m2, respectively. The subjects had an
average (mean � SD) 44 � 2.6 (kcal/kg/day) of physical
activity level (PAL) and 7.9 � 1.4 h sleep during a 24 h
period.

There were no remarkable differences in any of the
demographic variables measured, including age, height,
weight, BMI, and bone mass between the study and con-
trol groups. Similarly, no significant differences were
observed in sleep hours, PAL, basic metabolic rate
(BMR), active metabolic rate (AMR), resting energy
expenditure (REE), and total daily energy expenditure
(TDEE) measurements between the CAE group and
the placebo group at baseline. Also, no significant differ-
ences were observed in the average levels of body
composition, anthropometric indices, and clinical and
para-clinical assessments between the two groups at
baseline.

16.3.3 Changes in Variables within and
between Groups after the 12-Week
Intervention Period

16.3.3.1 Effect of CAE on Body Composition

The changes in body composition variables over the
12 weeks of the trial for the CAE and placebo groups
are summarized in Table 16.4. Following the 12 weeks
of treatment, the mean body weight, BMI, and body
fat (BF) percentage, had significantly decreased
compared with placebo, whereas in the placebo group,
these values increased slightly, although significant
changes were not noticeable. Therefore, CAE possibly
had a positive effect on inducing weight and fat loss.

In the CAE group there was an average weight loss of
1.9 kg, while in the placebo group, an average weight
gain of 0.81 kg was observed. Also, the BMI showed a
significant drop of �0.8 in the CAE group, while in the
placebo group, the BMI increased slightly (þ0.2). The
BF percentage showed a significant reduction of �0.7%
in the CAE group, while in the placebo group BF was
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increased slightly (0.2%). In contrast, body muscle (BM)
percentage increased significantly in the CAE group af-
ter treatment (0.2%), while in the placebo group, no sig-
nificant changes were observed. Also, the difference in
growing BM after the 12-week intervention was

considerably higher in the subjects consuming CAE,
compared to the placebo group. The percentage of
body water (BW) reduced was slight in both the CAE
and placebo groups (�0.01% and �0.2%, respectively),
and was not remarkable, either within, or between,
groups.

16.3.3.2 Effect of CAE on Anthropometric Indices

The anthropometric indices which weremeasured are
also presented in Table 16.4. During the 12-week inter-
vention, the waist circumference (WC) and the waist to
hip ratio (WHR), were reduced significantly only in
the CAE group, while the average levels of thigh circum-
ference (TC) and mid-upper arm circumference
(MUAC) showed significant reduction in both treatment
groups. In addition, the level of reduction in all body
size measurements and anthropometric indices were
noticeable between the CAE group and the placebo
group. After the intervention period, the WC in the
CAE group showed a considerable drop of �6.2 cm,
while in the placebo group the reduction was not signif-
icant (�0.1 cm). Also, the WHR was reduced (�0.03 cm)
in the CAE group, while no noticeable changes were
observed in the placebo group. The reduction in TC
was noticeable in both the CAE and placebo groups
(�5.4 cm and �1.9 cm, respectively) after treatment,
and the difference in reduction between the two groups
was significant. Mid-upper arm circumference (MUAC)
showed a remarkable reduction of 2.2 cm in the CAE

TABLE 16.3 Demographics and Baseline Characteristics of the
Study Population Randomized to the Placebo or
Caraway Aqueous Extract (CAE) Groups (n ¼ 35)

Variables

Placebo group CAE group

p-valueMean ± SD Mean ± SD

Age (years) 37.0 � 7.9 37.2 � 9.3 0.91

Height (cm) 158.2 � 4.9 159.7 � 6.2 0.25

Weight (kg) 74.9 � 11.7 76.0 � 11.8 0.70

BMI (kg/m2) 30.4 � 4.7 29.2 � 3.4 0.24

Bone mass (kg) 7.8 � 1.1 8.1 � 1.1 0.35

Sleep (h/day) 7.9 � 1.6 7.9 � 1.3 0.97

PAL (kcal/kg/day) 43.7 � 2.5 44.4 � 2.8 0.26

BMR (kcal/m2/h) 1474.4 � 123.5 1488 � 154.4 0.69

AMR (kcal/m2/h) 2241.4 � 216.3 2176.6 � 260.5 0.30

REE (kcal) 1453.2 � 133.3 1503.1 � 127.4 0.15

TDEE (kcal) 2236.1 � 206.9 2308.3 � 193.2 0.17

Abbreviations: BMI, body mass index; PAL, physical activity level; BMR, basic

metabolic rate; AMR, active metabolic rate; REE, resting energy expenditure;

TDEE, total daily energy expenditure.

FIGURE 16.5 Flow chart of data collection and follow-up.
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group, while the drop in MUAC in the placebo group
was only 0.8 cm, and the decrease in MUAC during
the intervention was significantly higher in CAE group
compared to the placebo group. Accordingly, the CAE
showed greater efficacy than did placebo for each of
the primary outcome variables with respect to the
anthropometric indices and body composition measure-
ments, except for BW.

16.3.3.3 Effect of CAE on Clinical and Biochemical
Variables

The mean values (mean � SD) of blood markers,
including blood glucose, liver function and kidney func-
tion tests, lipid profile, and complete blood cell count
(CBC) tests in both groups measured at baseline and af-
ter 12 weeks treatment were calculated, and the results
are shown in Table 16.5. After 12 weeks of treatment,
all of the variables showed either slight or significant
changes in both groups. Overall, no statistically signifi-
cant differences were observed either within or between
groups in any of the variables, except for the CBC test.
After the 12-week treatment, the red blood cell (RBC)
level showed a clinically significant rise, whereas the
PDW showed a remarkable drop in the CAE group
compared to the placebo group.

16.3.3.4 Effect of CAE on Para-Clinical Variables

Para-clinical variables, including diastolic blood pres-
sure (DBP), systolic blood pressure (SBP), and heart rate
(HR), as markers of heart function, were measured at
baseline and after 12 weeks of treatment, and the mean
values are summarized in Table 16.5. In the CAE group,

the SBP showed a slight rise of 0.7 � 5.4 mmHg after the
treatment period, whereas no remarkable changes were
observed in the placebo group. Also, the DBP increased
slightly in the CAE group (0.4 � 4.7 mmHg), and in the
placebo group a minor decrease was observed
(�0.8 � 4.7 mmHg). However, the differences were not
noticeable either within or between treatment groups
during the 12-week intervention. The average HR
showed a minor decrease in both the CAE and placebo
groups (�0.6 � 4 bpm and �0.8 � 3.8 bpm, respec-
tively) after the 12-week treatment. No statistically sig-
nificant changes were observed in either of the
treatment groups. Hence, consumption of CAE did not
show any clinically significant effects on BP and HR as
markers of the heart function.

16.3.3.5 Safety Issues and Adverse Events

As mentioned above, no clinically significant changes
or adverse events were observed in any of the biochem-
ical variables and para-clinical measurements (HR, DBP,
and SBP) also, no remarkable and/or undesirable
changes were evidenced in the function of any of the vi-
tal organs, including heart, liver, and kidney functions,
as well as urine and blood profile parameters, during
the 12 weeks of treatment with CAE (Table 16.5). Also,
during the 12 weeks of CAE intervention, no clinically
significant opposing effects were reported by any of
the subjects. No clinically significant effects from base-
line were observed in the general health status between
the placebo and the CAE groups. In addition, of the 60
participants who completed the study, only the subjects
in the placebo group experienced mild skin allergy

TABLE 16.4 Body Composition and Anthropometric Indices Measured (Mean � SD) at Baseline and after
the 12-Week Treatment

Variables

Week 0 Week 12

Placebo group (n [ 29) CAE group (n [ 31) Placebo (n [ 29) CAE group (n [ 31)

BODY COMPOSITION

Weight (kg) 72.0 � 10.7 76.9 � 12.2 72.8 � 10.8 75.0 � 12.2a

BMI (Kg/m2) 28.3 � 2.6 30.7 � 4.7 28.5 � 2.8 29.9 � 4.7a

BF (%) 33.8 � 2.4 35.4 � 3.6 34.0 � 2.5 34.7 � 3.7a

BM (%) 31.8 � 1.3 31.4 � 1.6 31.8 � 1.3 31.6 � 1.6a

BW (%) 48.3 � 1.9 47.2 � 2.6 48.1 � 1.8 47.2 � 2.7

ANTHROPOMETRIC INDICES

WC (cm) 91.3 � 7.3 96.0 � 10.2 91.2 � 7.9 89.8 � 8.6a

WHR 0.9 � 0.0 0.9 � 0.1 0.9 � 0.1 0.8 � 0.1a

TC (cm) 59.7 � 4.5 61.7 � 5.8 57.9 � 4.6b 56.3 � 5.6b,a

MUAC (cm) 31.0 � 3.4 32.4 � 3.3 30.2 � 3.2b 30.2 � 2.7b,a

ap < 0.01 significantly different from baseline compared to placebo.
bp < 0.01 significantly different from baseline within group.
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TABLE 16.5 Differences (Mean � SD) of Clinical and Para-Clinical Parameters between and within Groups during Intervention [136]

Variables Week 0 Week 12

BLOOD SERUM

ASSESSMENTS Reference range

Placebo group

(n [ 29)

CAE group

(n [ 31)

Placebo group

(n [ 29)

CAE group

(n [ 31)

FBS 70e110 mg/dL 91.6 � 7.4 91.2 � 12.0 93.7 � 3.4 95.2 � 11.8

LIVER FUNCTION TEST

AST, SGOT 5e40 IU/L 16.9 � 4.5 16.8 � 4.4 16.6 � 1.6 17.6 � 7.8

ALT, SGPT 5e40 IU/L 16.1 � 4.8 16.6 � 4.7 16.3 � 5.9 16.3 � 4.9

ALP 64e306 IU/L 173.1 � 28.0 181.5 � 36.6 148.0 � 30.9 163.0 � 46.3

Bili, D <0.25 mg/dL 0.2 � 0.1 0.2 � 0.1 0.2 � 0.1 0.2 � 0.1

Bili, T 0.2e1.1 mg/dL 1.1 � 0.5 1.2 � 0.6 1.0 � 0.5 1.1 � 0.6

KIDNEY FUNCTION TEST

Creat 0.4e1.5 mg/dL 0.9 � 0.2 0.9 � 0.2 0.8 � 0.1 0.8 � 0.1

UA 3e6 mg/dL 4.1 � 1.1 4.2 � 1.0 4.2 � 0.7 4.2 � 0.5

Urea 10e50 mg/dL 28.9 � 7.0 29.6 � 7.7 28.4 � 3.3 28.9 � 8.3

LIPID PROFILE

TC <200 mg/dL 183.3 � 22.6 209.3 � 29.9 190.4 � 51.9 199.0 � 25.1

TG <150 mg/dL 121.9 � 41.5 112.8 � 35.1 145.0 � 50.4 124.4 � 42.6

HDL-Chol >46 mg/dL 53.0 � 9.9 55.9 � 9.6 51.7 � 7.7 56.7 � 10.1

LDL-Chol <130 mg/dL 106.7 � 17.7 123.9 � 28.7 110.8 � 41.9 125.8 � 25.9

LDL/HDL <2.8 2.1 � 0.5 2.3 � 0.8 2.2 � 0.9 2.3 � 0.6

Chol/HDL <4.3 3.5 � 0.6 3.9 � 1.1 3.8 � 1.2 3.7 � 1.0

CBC TEST

WBC 4e10 103/mL 6.8 � 1.6 6.4 � 1.4 6.9 � 1.4 6.9 � 1.8

RBC 3.6e6.1 106/mL 4.8 � 0.5 4.5 � 0.3 4.6 � 0.3 4.7 � 0.3a

HGB 11.5e18.8 (g/dL) 12.4 � 0.9 12.8 � 0.7 12.7 � 0.6 13.3 � 0.6b

HCT 34e54 (%) 38.7 � 3.0 39.0 � 2.9 38.7 � 2.4 40.8 � 1.5

MCV 80e100 fL 84.7 � 11.4 87.7 � 4.2 84.6 � 6.3 87.1 � 5.9

MCH 27e36 (pg) 28.3 � 2.1 28.8 � 1.5 27.8 � 1.8 28.5 � 1.6

MCHC 32e36 (g/dL) 32.8 � 1.1 32.6 � 1.1 32.9 � 0.3 32.8 � 1.1

PLT 150e450 103/mL 272.5 � 60.5 228.9 � 40.3 252.7 � 63.4 232.8 � 52.7

RDW 11.6e14.6 (%) 13.3 � 0.8 13.1 � 1.2 13.1 � 0.5 13.5 � 1.0

PDW 7e20 fL 14.0 � 3.3 13.8 � 2.9 15.9 � 0.9 12.0 � 2.7a

MPV 6e13 fL 9.5 � 1.1 8.7 � 1.2 9.5 � 1.2 9.7 � 1.41

URINE TEST

USG 10.015e1.025 g/mL 1.0 � 0.0 1.0 � 0.0 1.0 � 0.0 1.0 � 0.006

PARA-CLINICAL VARIABLES

DBP 60e90 mmHg 74.3 � 6.0 75.5 � 7.9 71.0 � 7.6 75.9 � 6.80

SBP 90e140 mmHg 111.3 � 10.3 112.7 � 10.4 111.3 � 9.5 113.4 � 11.21

HR 60e100 bpm 75.2 � 8.7 78.1 � 9.1 74.5 � 8.6 77.5 � 8.11

Abbreviations: FBS, Fasting blood sugar; AST, SGOT, Aspartate transaminase, glutamate oxaloacetate transaminase; ALT, SGPT, Alanine transaminase,

glutamate pyruvate transaminase; ALP, Alkaline phosphatase; Bili, D, Bilirubin Direct; Bili, D, Bilirubin total; Creat, Creatinine; UA, Uric Acid; TC, Total cholesterol;

TG, Triglyceride; HDL-Chol, High density lipoprotein cholesterol; LDL-Chol, Low density lipoprotein cholesterol; LDL/HDL, Low density lipoprotein to High

density lipoprotein cholesterol ratio; Chol/HDL, Cholesterol to HDL ratio; CBC, Complete blood cell count; WBC, White blood cell; RBC, Red blood cell;

HGB, Hemoglobin; HCT, Hematocrit; MCV, Mean corpuscular volume; MCH, Mean corpuscular hemoglobin; MCHC, Mean corpuscular hemoglobin concentration;

PLT, Platelets count; RDW, Red cell distribution width; PDW, Platelet distribution width; MPV, Mean platelet volume; USG, Urine-specific gravity; DBP, Diastolic

blood pressure; SBP, Systolic blood pressure; HR, Heart rate; mg/dL: Milligram/desi litre; g/dL, gram/desi litre; mL, microliter; IU/L, International unit per litre;

fL, femtoliters (10�15L); pg, picograms; Bpm, beats per minute; mmHg, millimeter of mercury.
aSignificant difference from baseline compared to placebo (p < 0.01), independent samples t-test.
bSignificant difference from baseline within group (p < 0.01), paired samples t-test.



reactions to the placebo product. However, no signifi-
cant adverse effects were reported during the physical
examinations. Also, there were no reported side-effects
or complaints regarding the tolerability of the intake of
CAE.

16.3.4 Detection of Phytochemicals Using
GCeMS

The analytical results of the phytochemicals extracted
into the CAE are shown in the gas chromatogram
(Figure 16.6). The predominant ingredients detected
from the GCeMS analysis were a range of volatile and
phenolic compounds, especially simple monoterpenes,
including limonene, g-terpinene, trans-carveol, carvone,
carvacrol, and thymol.

16.4 DISCUSSION

16.4.1 Analysis of CAE Phytochemicals

The initial objective of this study was to identify the
major phytochemical constituents present in the steam-
distilled caraway extract using GCeMS analysis. The re-
sults showed that most of the constituents detected from
the GCeMS analysis were a range of different volatile
and phenolic compounds, especially simple monoter-
penes, including limonene, g-terpinene, trans-carveol,
carvone, carvacrol, and thymol, and the phenylpropene
derivative, anethole. The structures of the isolated me-
tabolites are shown in Figure 16.7 (http://webbook.

nist.gov). With regard to the results of the GCeMS anal-
ysis in this study, these findings are consistent with the
major compounds characterized from the caraway
extract as reported in previous studies
[128e130,135,137e141].

16.4.2 Effect of CAE on Body Composition,
and Anthropometric Indices

The second objective of this study was to determine
the role of CAE on weight loss, and identify the impact
of CAE intake on body composition, and anthropo-
metric indices in overweight and obese women. Hence,
the weight-lowering activity of caraway as an estab-
lished traditional medicinal plant in Iran was studied
in a triple-blind, placebo-controlled, clinical trial in Ira-
nian overweight and obese females. As nutrition and ex-
ercise are the two major components of life-style in the
control of body weight, participants were enrolled who
were habitually performing aerobics during the whole
period of the intervention, without changing their die-
tary habits and lifestyle patterns.

This study showed that consumption of CAE may
result in reasonable antiobesity effects. Similar findings
were observed in a recent animal study reporting that
0.1% carvacrol, as one the major constituents of caraway,
can prevent obesity and induce weight and fat loss in
mice fed with high fat diet [55]. Also, several animal
studies in normal and diabetic rats have proved the
beneficial effects of CAE (20 mg/kg) on treating a num-
ber of health problems such as hyperglycemia [142], and

FIGURE 16.6 Chromatogram of caraway aqueous extract (CAE) infusion extracted byHS-SPME. CAE volatiles obtained by steam distillation,
followed by hexane extraction include: 1: limonene, 2: g-terpinene, 3: trans-carveol, 4: carvone, 5: thymol, 6: carvacrol.
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hyperlipidemia [143] which are recognized as common
health consequences of obesity. Together, this clinical
trial suggests a possible phytotherapeutic approach
and natural medication for the application of CAE in
the management of obesity.

In this study, changes in body composition, and
anthropometric indices in healthy, overweight, and
obese females after the 12-week consumption of CAE
or placebo were evaluated. Clinically significant
improvement in all the mentioned parameters after the
treatment period was observed. Among the body
composition variables, total body weight and fat per-
centage showed significant reduction in participants
consuming CAE. These findings support the study hy-
pothesis that consumption of caraway seed extract could
be of value in reducing weight and fat percentage in
humans. It is probable that body weight and fat loss
might be linked to anti-oxidant, anti-inflammatory, and
antibacterial properties of caraway phytochemicals,
especially phenolic compounds, such as carvacrol, and
the unsaturated fatty acids (UFA) [130]. The intake of
such bioactive ingredients with high antimicrobial activ-
ity, prevents the proliferation of pathogenic microorgan-
isms, and thus enhances the growth and multiplying of
beneficial gut bacteria [137,144]. These interactions will
possibly improve the balance of gut microbial ecology
and alter gastrointestinal (GI) microbiome towards
higher beneficial gut bacteria which could further
improve digestion and absorption of the ingested food
providing homeostasis in GI tract [145e147]. On the
other hand, gut microflora (GM) could affect the host

metabolism through regulating the expression of human
genes. Hence, the interplay between GM, gene expres-
sion, and the host metabolic activity may have an effect
on obesity and weight changes. This assumption is in
line with the recent findings demonstrating that GM
composition could have mutual interplay with the
host, programming and affecting metabolism in human
body altering body composition [148,149]. The sug-
gested mechanism of action is explained in Figure 16.8
[64].

In this procedure, the gut microflora, which were
altered following the antimicrobial actions of the present
bioactive compounds, may induce the expression of spe-
cific genes involved in fat metabolism, which conse-
quently leads to constraining inflammation in adipose
tissue, and preventing adipogenesis [55,150]. Previous
studies indicated that the balanced gut microbiota pre-
vents macrophage infiltration into adipose tissue
causing interruption in the transformation of preadipo-
cytes to mature adipocytes. This procedure will subse-
quently lead to constraint in adipogenesis and
differentiation of adipocytes [151]. These illustrations
reinforce the possible role of the anti-inflammatory
properties of the compounds present in CAE in weight
and fat loss. Also, this hypothesis is in line with the find-
ings of recent studies reporting that inflammation is
related to body fat [152]. Hence reducing the fat mass,
which occurred in this study, might also be linked
with anti-inflammatory reactions occurring in the
human body.

Furthermore, UFAs could induce fatty acid oxidation
resulting in lipolysis and fat loss [153,154]. In addition,
caraway essential oils and phenolic compounds could
inhibit lipid peroxidation and enhance apoptosis in pre-
adipocytes due to their antioxidant properties [135].
These compounds can diminish adipose tissue and
body fat mass through inhibiting adipogenesis,
inducing apoptosis in preadipocytes, and stimulating
lipolysis in adipocytes [155e157]. In addition, previous
studies have proposed that an aqueous extract of
caraway could display lipolytic activity due to reducing
intestinal lipid absorption, by binding with bile acids. A
similar mechanism might be appropriate to describe the
observed fat-lowering activity of CAE. Also, caraway
may facilitate weight and fat loss through inhibiting
lipid biosynthesis by altering lipid metabolism which
may contribute to the regulation of body fat [143].
Accordingly, the weight-lowering property of caraway
may be mediated by the improvement of digestion, ab-
sorption, and lipid metabolism. In conclusion, this trial
revealed that daily consumption of CAE for 12 weeks
evokes an advantageous effect on overweight and
obesity. This outcome supports its consumption by the
Iranian population for the treatment and management
of obesity. It also implies that intake of caraway could
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FIGURE 16.7 Structures of the extracted metabolites.
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be useful in decreasing the complications of obesity,
such as diabetes mellitus and cardiovascular diseases.

Altogether, the health benefits of CAE lay in the po-
tential contribution of this plant-based product to the
overall intake of potent phytochemicals, especially
phenolic and volatile compounds. However, supple-
mentary studies are required to examine the effects of
these constituents in treating obesity and overweight
at the molecular level. Also, the actual sites of this activ-
ity, the detailed mechanisms of action, and the specific
bioactive components of caraway involved should be
determined.

With regard to the body composition changes, body
weight and fat were decreased meaningfully, and are
consistent with a recent animal study demonstrating the
potent antiobesity activity of carvacrol in obese mice
[55]. In contrast, no significant alterations were observed
in the BW percentage in participants during the study.
These findings show that the intake of CAE should not
have any adverse effects on body health. Usually, the per-
centage of water will be changed during various disease
states, and assessing BW is essential in determining the
occurrence and progression of diseases [158].

However, two previous animal studies have reported
that administration of caraway oil (10 mg/kg body
weight) and the aqueous extract (1 g/kg body weight)
could increase weight and alleviate weight loss, along
with decreasing blood sugar in diabetic rats [159,160].
This finding can be justified in that weight loss is one

of the clinical issues of diabetes mellitus, which might
occur due to imbalances in body metabolism. In this
case, administration of caraway oil or aqueous extract
could regulate the body metabolism, normalize blood
sugar, and bring body weight to the normal level. Hence,
although this report is in contrast with these findings, it
reinforces the demonstration in the present study of the
beneficial effect of caraway intake on restoring body
weight to the normal level.

On the other hand, BM percentage showed a slight
development in the CAE group, whereas there were
no significant changes in muscle percentage in the pla-
cebo group during the course of the study. Thus physical
activity did not have an interfering effect on decreasing
body weight and fat percentage. Accordingly, these out-
comes suggest that the positive alterations in body
composition were probably related to the phytochemi-
cals present in CAE, and not essentially with the exer-
cise, even though it was expected that physical activity
would probably have a synergistic effect on lowering
body weight and body fat in those study participants
consuming CAE. Furthermore, the bioproducts that
have been formed during lipolysis were probably trans-
formed into muscle induced by exercise, synergistically,
and the loss in body fat and rise in muscle mass is most
likely due to physiological adaptations to physical activ-
ity [37,161,162].

With regard to the alterations in body size, as ex-
pected, all anthropometric indices showed a notable

FIGURE 16.8 The possible metabolic actions of caraway extract on the human body during weight loss [64].
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decrease in those study participants consuming CAE
compared to the placebo group. The findings show
that the WC, the waist to hip ratio, the thigh circumfer-
ence, and the MUAC decreased significantly after the
12-week consumption of CAE. As mentioned previ-
ously, demographic values showed that all of the partic-
ipants had WC greater than borderline, showing
abdominal obesity at baseline. The WHR and WC are
themajor determinants andmarkers of central adiposity,
and are recognized as the major risk factors for the
health related issues, such as cardiovascular problems,
ischemic stroke, cancer mortality, myocardial infarction,
diabetes, impaired fibrinolytic activity, etc. [163e168].
Consequently, reducing WHR and WC through con-
sumption of CAE may be of value in the prevention
and treatment of abdominal obesity and its complica-
tions. On the other hand, the body size values did not
show any significant reduction in the placebo group
during the course of the study, except for the thigh
circumference and the MUAC, which indicates that ex-
ercise did not have any interfering or synergistic effect
on the reduction of abdominal obesity and visceral fat.

Anthropometric indices are known as beneficial indi-
cators for evaluating the adiposity of an individual, and
worthy markers of the health and nutritional status of an
individual [169]. The results of the anthropometric as-
sessments are in line with the outcomes of body compo-
sition measures, indicating that there is a link between a
reduction in body size, body fat, andweight, as lowering
theWHR andWC reflect a reduction in visceral fat. Also,
these results show a possible contribution of CAE in
lowering abdominal fat. Overall, these findings indicate
that the balancing, improvement, and normalization in
body size and body composition have occurred simulta-
neously. Together, these results provide complementary
and supplementary data which support the study hy-
pothesis regarding the potential antiobesity activity of
caraway essential oil/aqueous extract ingredients for
human.

16.4.3 Effect of CAE on Clinical and Para-
Clinical Variables and Safety Issues

The third objective of this study was to examine the
safety and tolerability of CAE intake for humans. There
appears to be no triple-blind clinical study on the safety
and tolerability of any caraway preparations taken
alone. A few studies have examined the safety of
caraway oil and as a combination with other phyto-
chemicals, but not as a single aqueous extract prepara-
tion [170]; May et al. [171]. The study illustrates that
daily consumption of CAE induces weight loss with
no clinically significant adverse events or serious side ef-
fects. During this clinical trial, the intake of CAE did not

show any side effects on major vital organ functions,
including the heart, liver, and kidney. Also, no clinically
significant changes were observed on urine specific
gravity, serum blood glucose level, and lipid profile.
Overall, no remarkable adverse events were observed
in the clinical and para-clinical valuations with either
treatment during the 12-week intervention period, and
the CAE was well-tolerated by all of the participants.
These findings may support other opinions which
have recommended caraway as a safe natural product
with several therapeutic effects for humans (May et al.,
2000) [59,135,171].

Caraway and its byproducts have a long history of
folk usage, and are widely-used plant-based products
[88,172]. There are a number of in vitro and in vivo
studies which report different therapeutic potentials
and biological activities for caraway oil/aqueous extract
and its derivatives, for example antimicrobial, anti-
inflammatory, antioxidant, anticancer, and antispas-
modic effects [51,61,145]. However, studies on the safety
and tolerability of caraway seed and its extracts in
humans are few. In this research, the safety and tolera-
bility of CAE were studied in healthy, overweight and
obese women in a randomized, triple-blind, placebo-
controlled clinical trial during 3 months. After the treat-
ment period, no severe adverse events were observed in
any of the participants with respect to the cardiovascu-
lar, hepatic, renal, or hemopoietic systems. Also, the re-
sults revealed no significant changes in the clinical and
para-clinical variables. As a result, this CAE may be
regarded as being well-tolerated, and safe to consume
with no problematic effects for humans [136]. The find-
ings concerning the adverse effects of CAE intake were
as expected, and in agreement with those of the earlier
studies, indicating that there are no known and recog-
nized cautions, adverse events, or drug interactions
associated with the consumption of caraway [173,174].

The findings of the blood CBC test indicated that the
average level of RBC improved noticeably while the
mean values of PDW showed a remarkable reduction
in subjects consuming CAE as compared with the pla-
cebo group after the 12-week intervention. On the other
hand, HG levels showed a significant increase only in
the CAE group, which supports the findings related to
the remarkable rise observed in the RBC levels. These al-
terations display the potential valuable influence of CAE
as a phytotherapeutic agent for the treatment of anemia.
It is possible that treatment with CAEmay well compen-
sate for the low RBC level in patients suffering from ane-
mia. These judgments are in line with an earlier animal
study which suggested that CAE (2.5 g/100 mL) may
have protective properties against anemia through stim-
ulating the absorption of iron in the gastrointestinal tract
[175]. Also, the reduction in the PDW levels in patients
consuming CAE is in line with a previous study which
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reported the antiplatelet properties of carvacrol [145].
Prior studies revealed that hyperthyroidism is linked
to a rise in MPV (mean platelet volume) levels and a
decline in PDW levels [176]. In addition, administration
of a hydro-alcoholic extract of caraway (1600 mg/kg)
displayed a hyperthyroidism influence through escala-
tion in T3 and T4 levels, and a reduction in TSH levels
[177]. Also, the weight of rats in the caraway extract
group was remarkably lower than the control group,
which shows the weight lowering effect of caraway
extract.

Thyroid hormones are recognized as determining fac-
tors of the basal metabolic rate and energy expenditure.
Therefore, modifying thyroid hormone levels affects ther-
mogenesis in the body leading to major changes in body
composition, reducing body fat, and body weight
[178e180]. In line with these findings, the present out-
comes propose a moderate antihypothyroidism influence
of CAE in humans. This plant preparation may influence
hypothyroidism homeostasis, which could possibly give
rise to an enhanced metabolic rate and, in consequence,
a reduction of body weight and fat percentage [136].

This is in agreement with the body composition changes
observed in this study. The probablemechanism of action
and effect of consumption of CAE on biochemical vari-
ables are shown in Figure 16.9. Altogether, this study sug-
gests that CAE, as a potential antiobesity plant, can be
consumed in moderation and regularly as part of a
healthy, balanced diet for normalizing body composition
without any severe adverse effects.

This study is the first triple-blind clinical trial exam-
ining the effects of consumption of CAE on body compo-
sition and anthropometric indices, along with a physical
activity program, and investigating the antiobesity effect
of CAE in overweight and obese females during
12 weeks of treatment. Moreover, this study has three
additional strengths. Firstly, participants consuming
CAE showed noteworthy reductions in body weight,
body fat, and also body size, as compared with the pla-
cebo group, although they did not change their dietary
habits. Secondly, this interventional study was a ran-
domized, triple-blinded, placebo-controlled clinical trial
which improves the precision and accuracy of the out-
comes and decreases probable bias in the results.

↓PDW & ↑MPV

Improving Hypothyroidism

↑Metabolism

Induce Weight Loss

Compensating Low 
RBC & HG level

Enhancing Intestinal
Iron Absorption 

↑RBC & HG

Treatment of Anemia

↑Thyroid Hormones 
(T3 & T4)

Treatment of Obesity

FIGURE 16.9 Plausible CAE effects in the
treatment of anemia, hypothyroidism, and
obesity [136].
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Thirdly, this is the first evidence-based study demon-
strating the safety and tolerability of a caraway extract
in humans.

16.5 CONCLUSIONS

This research was carried out to examine the efficacy
and safety of a caraway extract, as an example of a tradi-
tional, antiobesity medicinal plant, on healthy obese and
overweight women in a randomized, triple blind, pla-
cebo controlled, clinical trial during a 12-week period.
The results showed that consumption of CAE could be
of practical value in the management of obesity. Accord-
ing to previous reports, antiobesity plants are able to
induce weight loss through different mechanisms,
including suppressing appetite, inducing lipolysis,
inhibiting lipogenesis, and enhancing metabolism [40].
In addition, some of the potent antiobesity plants can
induce weight loss through two or more mechanisms
[181,182]. From the findings of this study discussed pre-
viously, it is proposed that CAE can induce weight loss
through regulating multiple mechanisms including
lipolysis, lipogenesis, and metabolism. Also, it can be
concluded that the antiobesity properties of CAE are
due to the presence of the bioactive compounds present.
From the evidence presented in this study and in previ-
ous reports, it is hypothesized that the antiobesity
activity from the prebiotic effect of CAE in the gastroin-
testinal tract through modulating gut microflora [64].
The mechanism of action of these phytochemical constit-
uents needs to be defined at the molecular level. At the
same time, efforts to make available this evidence and
pursue the expanded human use of this traditional me-
dicinal plant, and develop the consumption of caraway
and its derivatives as a sustainable dietary practice,
together with exercise, as a part of a healthy lifestyle,
should be continued.

The outcomes of this study indicate that a daily, single
dose of CAE for 12 weeks did not show any remarkable
negative events in healthy, overweight and obese
women. Treatment with CAE was on the whole, well-
tolerated with no informed problematic effects. In addi-
tion, the noticeable rise in RBC and reduction in PDW
afforded by the 12-week administration of the caraway
extract suggests a potential use of this plant-derived
extract in the management of anemia and hypothyroid-
ism, respectively, which requires further investigation
[136]. However, additional studies, with different doses
and preparations of CAE in other national and ethnic
groups, with multiple genders, with larger population,
in wider age groups, with a variety of health problems,
and over a longer extended period of time, are recom-
mended to determine more accurate data about the
safety, tolerability, efficacy, and applicability of CAE,

and to further improve the importance and worth of
these primary clinical findings. It is hoped that the find-
ings of this study will be useful for the management and
fight against obesity and overweight using natural sour-
ces with potent antiobesity activity to improve the qual-
ity of life of the world’s population.

16.6 SUMMARY

The scientific examination of medicinal plants could
lead to new findings in the development of natural anti-
obesity therapies. By examining an extract of caraway as
a potent traditional plant for losing weight, this study
will contribute to the options for treatment using either
chemical or traditional medicinal plant approaches that
would help people with obesity to make the right deci-
sion. Moreover, analysis and identification of the bioac-
tive ingredients of this herb may lead to a natural
antiobesity product based on a novel formula. Con-
ducting this study improves and addresses important
health problems related to obesity by the application
of scientific methods to the study of traditional medici-
nal plants. This is the essence of the evidence-based
approach. In addition, this clinical methodology could
serve as a template for evaluating the currently available
weight loss products. This would prevent further harm-
ful, and even irremediable effects of overdosage or mis-
usage of such products. This study presents clinical
research-based data on the impact of caraway on the
management or treatment of obesity, and indicates that
this plant-based medicine may have a high market
potential.
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17.1 DESCRIPTION OF MEDICINAL USES
OF PLANTS

The studyofnatural sources, suchasplants orherbs [1],
for potential medicinal uses has been the foundation for
many contemporary treatments [2,3]. Perhaps the most
well-known example of a plant-based medicine (“phyto-
therapy”) is that of Willow bark (Salix spp.) used in the
5th century BC by Hippocrates to alleviate pain symp-
toms [4,5]. The active ingredient (salicin) for this phyto-
therapy was later isolated (in 1828) and gave rise to a
medicine to be known as “aspirin,” providing the foun-
dation for what are now known as nonsteroidal anti-
inflammatory drugs [4e7].

The establishment of the earliest academic botanical
gardens (in 1544 at the University of Pisa) was for the
study of medicinal plants [8e10]. In England, Nicholas
Culpeper collated one of the earliest systematic listing
of phytotherapies in his seminal work, the Complete
Herbal [11]. Subsequently, John Bartram, hailed as the

first American botanist, established the first botanical
garden (in 1728) in the United States with the intention
to collect and study the medicinal properties of plants
[10,12]. The importance of phytotherapies, which were
commonly prepared by apothecaries (considered to be
the precursor to modern-day pharmacists), formed the
nidus for the “Eclectic” branch of medicine in the United
States. As such, faculty of early American medical
schools with botanical medicine departments often
made use of botanical gardens (among the first being
the Elgin gardens that was established in 1801 by
Dr. David Hosack of Columbia University’s College of
Physicians and Surgeons [10,13e15]). By 1909, there
were eight Eclectic medical schools (those that primarily
focused on the teaching medicine that utilized botany-
based approaches) in the United States [16]. However,
the general under-resource of Eclectic medical schools
led to the ultimate recommendation of their closure
[16e18]. From 1939 (when the last Eclectic medical
school closed in the United States) onward, there was
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a decline in the use of phytotherapeutics in general med-
ical practice, which increasingly relied on the use of
synthetic drugs. Despite the general decline of the regu-
lar use of phytotherapies in Western medicine, much of
the world’s population relies on medical philosophies
that involve a strong phytotherapeutic component [19].

That much of the world’s population makes use of
phytotherapies for possible remedies suggests that there
may be botanical treatments that contemporary medi-
cine may not be aware of. Thus, while advances in phar-
macochemistry throughout the twentieth century have
led to a broad spectrum of pharmacopeia, which forms
the basis of pharmacology knowledge used in contem-
porary medicine [20], there still remains significant
opportunity to discover new therapeutics from natural
sources, such as plants [21e25]. There continues to be
general interest in identifying potential natural thera-
pies for many ailments, such as H1N1 Influenza [26].
More formally, the National Cancer Institute at the
United States National Institutes of Health has had a
natural product screening program (the Developmental
Therapeutics Program [27]), which includes plant-based
products, since 1955 [28e31]. However, the process of
identification, analysis, and validation of potential
phytotherapeutic candidates (e.g., Taxol [32,33] [isolated
from Taxus brevifolia]) across disjointed spheres of
knowledge remains a laborious and time-consuming
process [34e40]. In general, attempts to link previously
recorded phytotherapies from detailed legacy ethno-
botany reports have resorted to manual approaches
[41]. As highlighted in a 2012 review, there are signifi-
cant opportunities to develop informatics approaches
for identifying phytotherapies from available data [42].

Appreciating that there may be description of natu-
rally sourced therapies in archived sources, recent years
have seen the establishment of significant digitization
initiatives [43e45]. As such, the increased availability
of ethnobotanical and biomedical knowledge in digital
formats suggests that there may be the potential to
leverage automated techniques to facilitate the phyto-
therapy discovery process [46]. Specifically, the growing
digital corpus of plant knowledge might enable compu-
tational approaches to identify potential therapeutic
uses of candidate phytotherapies as well as possible
toxicity concerns that may need to be addressed before
considering therapeutic viability. Simply put, there are
three major corpora that one might consider as potential
sources of potential phytotherapeutic knowledge:
(1) biomedical literaturedthe peer-reviewed literature
is the primary source of expert knowledge about poten-
tial uses, clinical trials, and descriptions of adverse
events related to potential phytotherapies; (2) ethnobo-
tanical literaturedgenerally developed as an artifact of
in-depth ethnobotanical studies of particular popula-
tions that have leveraged plant-based therapies; and

(3) historical literaturedcatalogs of how plants were
used to treat specific ailments, often organized as
“herbals,” which date back to the earliest days of
recorded medicine. This chapter is specifically focused
on biomedical literature, but many of the methodologies
could potentially be applied to the other types of corpora.
The choice of biomedical literature is largely because of
the computational infrastructure that has been devel-
oped to support its use in support of modern medicine.

17.2 BIOMEDICAL LITERATURE

Biomedical literature represents the recorded wisdom
of biomedical practice, based on the interpretation
and study of data ranging from molecular to clinical to
public health. The largest publicly available citation
database is the MEDLINE database created and main-
tained by the United States National Library of Medicine
(NLM) at the United States National Institutes of Health.
With an annual growth of more than 500,000 entries [47],
primarily from peer-reviewed sources across 39
languages, MEDLINE represents a significant portion
of biomedical knowledge. It is important to acknowl-
edge that there are a number of other sources for
biomedical knowledge; however, MEDLINE is the
most cited and the most studied. Its popularity in
biomedical knowledge discovery research is largely
because the entire archive is electronically accessible,
either by Web services (called Entrez Utilities) or by
lease (free for most academic use).

MEDLINE is the latest incarnation of the NLM collec-
tion of gathered biomedical knowledge, which started as
Index Medicus in 1879 by John Shaw Billings, who was
the founding director of the precursor of the NLM (the
Library of the Surgeon General) [75e77]. The choice of
possible source journals is determined by a formal
NLM committee (the “Literature Selection Technical
Review Committee”). Alongside MEDLINE, the Medi-
cal Subject Headings (MeSH) taxonomy provides a
keyword set for indexing biomedical content [48].
Subject matter experts manually determine which
MeSH descriptors to assign to individual records within
MEDLINE. MEDLINE is commonly accessed on the
Web using PubMed [49], also provides a common inter-
face for other major biomedical literature sources,
including PubMedCentral (PMC).

As of this writing, MEDLINE contains more than
21 million citations (the latest count can be seen as the
number of results from: http://www.ncbi.nlm.nih.
gov/pubmed/?term¼“medline”[sb]). Of these citations,
more than 515,000 are indexed with the MeSH
descriptor for plants (PLANTS: http://www.ncbi.nlm.
nih.gov/pubmed/?term¼“plants”[mh]), suggesting
that theremay be a corpus of literature focused on plants
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that may warrant further investigation. It is important to
note that much of this literature may be focused on plant
diseases rather than plant-based therapies. A more
focused search using the MeSH descriptor “Phytother-
apy” reveals that there are more than 29,000 indexed
citations (PHYTOTHERAPY: http://www.ncbi.nlm.nih.
gov/pubmed/?term¼“phytotherapy”[mh]). An essen-
tial limitation of MEDLINE records that must be
acknowledged is that they only contain key metadata
that are made available from publishers (e.g., title, jour-
nal name, authors, abstract). Therefore, it may also be
valuable to consider free full-text sources, such as the
aforementioned PMC that is indexed in MEDLINE.
PMC has more than 62,000 and 1600 publications that
are, respectively, indexed with the MeSH descriptors
“Plants” and “Phytotherapy” (PLANTS: http://www.
ncbi.nlm.nih.gov/pmc/?term¼“plants”[mh]; PHYTO-
THERAPY: http://www.ncbi.nlm.nih.gov/pmc/?term¼
“phytotherapy”[mh]).

These cursory searches reveal that there may indeed
be sequestered knowledge about medicinal uses of
plants. However, they also reflect only those citations
that are primarily about potential phytotherapies as
determined by MEDLINE indexers. MeSH-based infer-
ences are potentially powerful and do offer a first step
toward navigating potential knowledge that may be
embedded within MEDLINE. Studies have shown that
MeSH-based inferences may also miss deeper relation-
ships that are contained within MEDLINE. The remain-
ing sections of this chapter describe the methodologies
used for extracting putative knowledge relationships,
with particular attention to phytotherapy discovery
relative to MEDLINE and PMC. For the rest of this chap-
ter, the term “biomedical literature” will primarily be
referencing that which is indexed or available from
MEDLINE or PMC. However, one should not restrict
oneself to this strict definition; the approaches described
here may be applied to any corpus of literature, biomed-
ical, or otherwise.

17.3 CONCEPT RECOGNITION

With the exception of MeSH descriptors, which reflect
an abstract view of the content of a given article indexed
in MEDLINE, putative knowledge is embedded in natu-
ral language, which may be deciphered using computa-
tional approaches. Natural Language Processing (NLP)
is the general term for describing machine-based
approaches for interacting with humans. Classically,
NLP is divided into two major types: (1) Natural
Language Generation (NLG)dwhich constitutes
approaches for conversion of machine-centric data into
interpretable language understandable by humans; and
(2) Natural Language Understanding (NLU)dwhich is

comprised of techniques to decipher human-generated
language into a systematic form that can be subjected
to subsequent computation. A detailed discourse on the
details of NLP techniques is outside the scope of the
present discussion, but there are a number of excellent
resources for the interested reader [50,51]. The subse-
quent discussion will focus on the use of NLU to extract
two types of entities from text: (1) taxonomic names and
(2) biomedical concepts. These represent two major
types of entities that can be used to form the basis for
phytotherapy knowledge discovery from narrative sour-
ces such as those in MEDLINE.

17.3.1 Taxonomic Name Recognition

Phytotherapeutic knowledge can collectively be
anchored around the principle that all therapeutic infor-
mation will be described in the context of a specified
plant species. The reference to plants may be singular
(i.e., using a single plant as the primary source of a
described therapy) or plural (i.e., using an amalgam of
plant materials that are sources from multiple plants).
For MEDLINE or PMC, there are approximately 1100
distinct plant-associated MeSH descriptors that a given
citation can be tagged with; this is far less than the total
possible number of therapeutic plants that may have
therapeutic potential. Therefore, there is a significant
opportunity to leverage computational approaches for
identifying plant-associated knowledge contained
within biomedical literature.

Setting aside the many biological challenges with
accurate name identification, such as due to nomencla-
tural changes, taxonomic revisions, and incorrect identi-
fication, the identification of organism names in text is
fraught with numerous challenges. The general form
of algorithms used for the identification of organism
names is termed Taxonomic Name Recognition (TNR)
systems [52]. TNR approaches are a type of Named
Entity Recognition (NER) algorithms, which are a
distinct type of NLU approaches to identify meaningful
concepts in text. TNR algorithms are of three major clas-
ses: (1) dictionary based; (2) rule based; and (3) model
based.

Dictionary-based approaches use lists of words that
consist of known organism names to identify possible
organism names (e.g., LINNAEUS [53] and SPECIES
[54]). Alternative dictionary approaches have been
used that make use of a dictionary of words that are
known not to be organism names (e.g., TaxonGrab
[55]). Rule-based systems rely on a set of systematic
rules to identify potential organism names. Rule-based
systems make use of structural rules about organism
names that may be derived using machine learning
approaches (e.g., FAT [56])dfor example, all organism

17.3 CONCEPT RECOGNITION 365

http://www.ncbi.nlm.nih.gov/pubmed/?term=&ldquo;phytotherapy&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pubmed/?term=&ldquo;phytotherapy&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pubmed/?term=&ldquo;phytotherapy&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pmc/?term=&ldquo;plants&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pmc/?term=&ldquo;plants&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pmc/?term=&ldquo;plants&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pmc/?term=&ldquo;phytotherapy&rdquo;[mh]
http://www.ncbi.nlm.nih.gov/pmc/?term=&ldquo;phytotherapy&rdquo;[mh]


species names begin with a genus name that is capital-
ized and a species name that is not (e.g., Arabidopsis
thaliana). There are major challenges with both dictio-
nary- and rule-based approaches. While there is
continued progress in collecting and cataloging organ-
ism names, dictionary approaches are hindered by the
lack of a comprehensive list of organism names (which
includes all possible variations of organism names)
that is publicly available. Structural rules make many
assumptions about how organism names are repre-
sented in textdfor example, some passages of text that
are machine-accessible may no longer have the styling
associated with them. To address these challenges,
language-based models have also been developed to
identify organism names. These model-based systems
first analyze a set of known organism names in context,
from which a set of learning rules are developed (e.g.,
NetiNeti [57]). These learned rules are then used to
develop a mathematical model that is able to identify
those phrases identified in text that are statistically likely
to be an organism name.

Recall and precision are the standard metrics used to
evaluate many NLU systems, including TNR systems.
Recall is defined as the ability of a system to identify
all possible candidates ((True Positives)/(True Positi-
vesþ False Negatives)). Precision is defined as the
correctness of identified candidates ((True Positives)/
((True Positives)þ (False Positives))).Typically, rule-
based systems perform with higher efficiency (which
can be an important considering when analyzing large
volumes of text) in computational performance
compared to model-based systems and are generally
more precise (i.e., the ability to accurately identify
known organism names) than model-based systems.
Model-based systems tend to have slightly higher
performance in terms of recall (i.e., the ability to reliably
identify all potential organism names) but may be less
efficient when processing very large collections of text.

Practically, the majority of TNR systems developed
to date have been reported to perform at greater than
95% recall and 95% precision. Therefore, the choice of
rule-based versus model-based approaches will depend
greatly on context and perhaps on individual research
preferences. TNR systems have also been developed
that combine a number of approaches and are opti-
mized for particular information retrieval tasks (e.g.,
identification of gene names associated with species
names, as done by the SR4GN system [58]). Most
TNR systems focus on the identification of scientific
names; there is less emphasis on vernacular names
[59]. To date, vernacular name identification has been
incorporated into TNR systems using lookup rules
[53]. While TNR systems have been shown to perform
well, there are still many opportunities for improvement
and future development [59].

There are many nuances of how organism names
appear in text. Many of the challenges are due to biolog-
ical reasons as well as being generated through artifacts
of the publication process. To date, TNR systems have
been developed for the purpose of identifying potential
taxonomic names. This is distinct from identifying a
taxonomic concept (e.g., distinguishing between the
intended conifer or wasp when encountering name
Agathis montana). Ideally, disambiguation of taxonomic
concepts would be possible if the full taxonomic names
are used in literature (e.g., with authorities: A. montana
de Laub for the conifer and A. montana Shest for the
wasp). However, the reality is thatdespecially in
biomedical literaturedthat most authors do not use
full taxonomic names with authorities. The disambigua-
tion of taxonomic concepts therefore remains an area of
significant opportunity in the development of TNR
systems.

TNR by no means is a perfect solution, but the high
levels of performance suggest that it can be used as a
powerful means for identifying a significant set of
plant-related knowledge without requiring manual
analysis of volumes of test. The reality of more than
500,000 articles indexed in MEDLINE per annum neces-
sitates the use of TNR systems, even without perfect
performance. If the plant of interest is a MeSH
descriptor, then MeSH indexed articles might still be
an appropriate place to start with the identification of
valid literature for the plant of interest. However, TNR
applications may facilitate the identification of other
articles that perhaps mention the plant but are not
salient enough to warrant MeSH indexing. Perhaps of
greater significance is the potential that TNR systems
offer in the identification of literature about plants that
are not indexed by a MeSH descriptor.

17.3.2 Biomedical Concept Recognition

In contrast to TNR algorithms, the identification of
canonical biomedical concepts (e.g., diseases, signs,
symptoms, and drugs) is a mature area of research.
Many of the early systems were designed with the inten-
tion to identify biomedical concepts of interest from
dictated clinical notes [60]. Other systems were specif-
ically designed to identify biomedical concepts from
within biomedical literature sources, such as those
indexed by MEDLINE [51,60].

Perhaps the most notable of NLU systems for
analyzing biomedical literature is the MetaMap applica-
tion, developed at the NLM at the National Institutes of
Health [61]. MetaMap aims to identify biomedical
concepts described in a passage of text that can be
mapped to the Unified Medical Language System
(UMLS) Metathesaurus [62]. The UMLS Metathesaurus
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is a collection of more than 100 controlled vocabularies
used across biomedicine, representing more than one
million concepts that span from molecules to popula-
tions. Technically, there are important distinctions that
one should make between a terminology (a list of terms),
controlled vocabulary (a set of terms with definitions),
and ontologies (a controlled vocabulary that is orga-
nized hierarchically). But it is increasingly common in
recent years to refer to all sets of terms, vocabularies,
or ontologies as just “ontologies.” Without delving into
too much detail, this can be an acceptable compromise
as terminologies and controlled vocabularies can be
considered flat hierarchies.

Considering the volume of biomedical literature that
requires systematic indexing within MEDLINE, the
MetaMap application was designed as an integral part
of the Medical Text Indexer (MTI) initiative at the
NLM [63]. Working in tandem with the NLM Index
Section, which is the primary group responsible for the
indexing of MEDLINE content, the MTI process is
designed to provide a set of candidate MeSH descriptors
for indexing. The general success of MetaMap has made
it one of the more popular tools for biomedical concept
identification. A major advantage of using MetaMap is
that, in addition to MeSH, it is capable of mapping
concepts found within a passage of text to any that are
in the UMLS. This means that it is potentially capable
of identifying over one million biomedical concepts
(which does include the concepts associated with
MeSH descriptors). The UMLS concepts can then be
filtered by a specified semantic type, which are orga-
nized into a taxonomy of high-level concepts that was
designed to facilitate the organization of UMLS
concepts. For example, if one is interested in only
disease or syndrome concepts, then MetaMap can be
instructed to only return results associated with the
appropriate semantic type (“Disease or Syndrome”).

A number of other systems have been developed in
recent years that represent a complement of approaches
and potential mapping target concepts. Of particular
note is the National Center for Biomedical Ontology
(NCBO) Annotator, which is a freely accessible Web
service that maps to concepts from over 370 source
ontologies (which includes many that are also part of
the UMLS) [64]. The details of how NCBO Annotator
and MetaMap differ are outside the scope of the present
discussion. However, it is important to note that the
mapping predicted by NCBO Annotator and MetaMap,
which are both freely accessible, are indeed complemen-
tary to one another [65]. Especially in the case where
searching for concepts that may be embedded in natural
language text is unclear, it is prudent to explore both
NCBO Annotator and MetaMap as a possible source of
mapping for biomedical concepts.

It is certainly true that contained within the set of
source ontologies will be a set of organisms, so the need
for the aforementioned TNR systemsmay seem unneces-
sary. However, with the exception of NCBI Taxonomy
[66], there are to date no complete sets of organism
names included in the collections used as the source
for NCBO Annotator or MetaMap. NCBI Taxonomy
only contains those organisms that are associated with
entries in GenBank, which is the public repository of mo-
lecular sequence data maintained at the National Center
for Biotechnology Information at the NLM (GenBank is
part of the International Nucleotide Sequence Database
Consortium that enables synchrony between the other
major molecular sequence repositories in the globe: the
DNA Data Bank of Japan and the European Nucleotide
Archive [67]). In total, NCBI Taxonomy consists of
approximately 150,000 organisms (represented about
10% of described organisms) [66]. There have been
some efforts for developing consolidated organism lists,
include those specific for plants (http://www.
theplantlist.org). Until a complete list of organism names
is regularly included in a biomedical ontology repository,
tools like MetaMap or NCBO Annotator will be signifi-
cantly limited in the identification of organism names
by biomedical concept identification NLU systems.
Furthermore, most TNR systems often leverage a set of
linguistic rules that differ from more traditional NLU
systems like MetaMap and NCBO Annotator (e.g., for
scientific names, TNR systems are specifically tuned to
identify Latin words, whereas NLU tools like MetaMap
and NCBOAnnotator are designed for English linguistic
patterns). Nonetheless, it can be expected that as
increased vernacular names are available in cataloged
biomedical ontology archives that English rules would
enable current biomedical NLU systems to identify
them. Indeed, dictionary-lookup TNR systems have
been shown to perform with high performance [54].

Researchers can rely on a continually improving and
mature NLU infrastructure for identification of biomed-
ical concepts from natural language text. In contrast to
TNR systems, which are still very much in early devel-
opment and demonstration, biomedical concept recog-
nition has been well tested in many contexts, with
particularly good performance with the identification
of biomedical concepts from biomedical knowledge
sources like MEDLINE. Nonetheless, it is still important
to underscore that NLU systems are not perfect and may
be prone to missing concepts or erroneously classifying
concepts. Because biomedical concept identification
tools like MetaMap and NCBO Annotator are built on
significant ontology cataloging infrastructure, they offer
a plausible solution for biomedical concept recognition
that can keep up with the growing volume of biomedical
literature.
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17.4 IDENTIFYING POTENTIAL
PLANTeTHERAPY RELATIONSHIPS

Once one has identified the array of taxonomic names
and biomedical concepts an essential next step is deter-
mining the relationship between them. In contrast to
traditional ethnobotanical surveys, where identification
of potential phytotherapies is determined from careful
ethnographic study of how botanicals are used for treat-
ment ailments, computational predictions are based
almost exclusively on previously reported data that are
available in published resources. Therefore, it is essen-
tial to underscore that computational prediction of
potential phytotherapies is only based on what has
already been reported; computational ethnobotanical
predictions are not designed to serve as a complete
proxy for in-depth ethnobotanical surveys. Despite this
potential limitation with computational approaches,
there is significant opportunity to leverage existing
archives of biomedical knowledge.

Within biomedicine, the potential to identify possible
new knowledge has been demonstrated through the
identification of correlations from within published
literature. The most famous example of identifying
new knowledge from studying literature is attributed
to Swanson. Swanson identified relationships between
cod liver oil and blood viscosity as one set of direct
inferences from published literature [68]. By studying
another set of biomedical literature, it was also observed
that there was a reported correlation between Raynaud’s
Syndrome and an increase in blood viscosity. Through
the transitive property, Swanson was able to suggest
that cod liver oil might have a positive therapeutic effect
on Raynaud’s Syndrome by reducing blood viscosity.
Subsequent clinical trials were able to validate this initial
hypothesis, which was based exclusively on a study of
biomedical literature.

The demonstration of the potential opportunity to
identify new therapies from studying biomedical litera-
ture by Swanson provides much inspiration and prom-
ise for the development of computational approaches.
The ARROWSMITH system, developed at the Univer-
sity of Illinois at Chicago embodies the systematic
process pioneered by Swanson [69]. Without going too
much into the detail of how such a system works, it is
useful to consider two types of relationships that are
described in literature: (1) directdthose relationships
that are embodied by a specific description of how two
entities are related (e.g., cod liver oil reduces blood
viscosity); and (2) indirectdthose relationships that
can be inferred based on combinations of direct relation-
ships (e.g., since code liver oil reduces blood viscosity and
Raynaud’s Syndrome would benefit from a reduction in
blood viscosity suggests that cod liver oil might be

used to treat Raynaud’s Syndrome). While the principle
of discovering new inferences is conceptually straight-
forward, the actual implementation can be difficult.
What is important about the inspiring Swanson example
is that the initial direct relationships were identified
through a manual process. Through a human (Swanson)
reading a set of articles, direct relationships were identi-
fied. The subsequent step of inferencing also required
some human judgment to ascertain what relationships
could be linked and thus lead to a new relationship.
Computational approximations of these two tasks
require natural language understanding and inferencing
capabilities that can be challenging.

The previous section on Concept Recognition focused
primarily on entity recognition, but it is important to
also consider an important next step in many NLU
systems: predication extraction. Predications are defined
a SubjectePredicateeObject triples [70]. Predications are
constructed in NLU systems through a combination of
lexical, syntactic, and semantic analysis. Lexical analysis
is focused on the identification of concepts (e.g., concept
recognition systems such as described before). Syntactic
analysis focused on the grammatical context of the iden-
tified concepts (e.g., noun, verb, adjective). Finally,
semantic analysis focuses on identifying the meaning
of concepts. The identification of triples from text can
be a challenging task largely because of the variety of
nuances associated with language. Nonetheless, there
has been significant progress in recent years with respect
to systems that are able to identify semantic predications
from text. Perhaps the most notable is the SemRep
system [71] from the NLM, which underpins Semantic
MEDLINE [72] (http://skr3.nlm.nih.gov/SemMed/
index.html). Currently, systems like Semantic
MEDLINE allow one to browse through the identified
predications from a set of literature (e.g., from a given
PubMed search).

Considering predications as the collection of direct
relationships, it is conceivable to search for indirect rela-
tionships such as those inspired by Swanson’s observa-
tion of the potential for use of t he transitive property to
infer possible new relationships (i.e., if A is related to B,
and if B is related to C, then A is indirectly related to C).
The mere identification of such possible inferences then
requires a filtering process to identify those that are
more likely to be putative inferences, versus those that
are only linked due to generally stochastic nature of
inferences based on reported knowledge relationships.
Two general approaches can be used for ranking new
inferences: (1) probabilistic and (2) model based. Proba-
bilistic approaches aim to determine the potential signif-
icance of two concepts being related based on a
statistical measure of correlation. One such statistical
test is the conditional probability test, where the
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probability of a concept A occurring with a concept C is
conditional on the combined occurrence with B. By
contrast, model-based approaches aim to develop a
mathematical representation of the possible relationship
between two concepts based on the relationships identi-
fied in a defined set. For example, the relationship
between a concept A and a concept C is modeled within
a set of documents relative to a concept B, but also
accounting for how often the concept B is associated
with other potentially related concepts.

It is important to point out that probabilistic versus
model-based approaches rank putative correlations
with different goals in mind. Probabilistic approaches
aim to address the question: “how statistically signifi-
cant is the relationship?”; model-based approaches are
focused on addressing a different question: “how impor-
tant is the relationship relative to the realm of possible
relationships?” For the purposes of identifying putative
relationships between identified plants and possible
therapeutic uses, it has been shown that a model-based
approach outperforms a probabilistic approach for iden-
tifying relationships of potential validity [73].

The validation of predicted findings is a difficult task,
especially in the area of phytotherapy discovery. This is
largely because there are limited “gold standard” data
sets on to which benchmarking can be done to deter-
mine the efficacy and reliability of a computational
method. Therefore, it must be emphasized that deter-
mining the merit of a given methodology (probabilistic
versus model-based) should really only be done in the
context of expert-verified gold standards. Arguably,
the lack of gold standard reference standards reflects
the biggest challenge in the development of phytother-
apy knowledge discovery systems [73,74].

The lack of robust gold-standard reference standards
that can be used for quantifying the quality of machine-
derived imputations poses two significant challenges for
phytotherapy knowledge discovery from biomedical
literature: (1) determining plant toxicities; (2) separating
therapeutic uses from folklore. The mere mention of a
plant co-occurring with a disease or symptom, even
with appropriate predicates that indicate treatment
potential (e.g., “treats” or “cures”) does not account for
the full range of potential toxic effects that a plant may
have. For this reason, phytotherapy recognition systems
must, in their core design, also include the potential to
identify possible toxic effects of plant therapies (e.g.,
associated with predicates like “kills” or “causes”).
The separation of true therapeutic uses of a plant from
folklore or traditional uses poses a more formidable
challenge. For example, it may very well be stated in
an article that an indigenous population uses a given
plant to treat a particular disease. However, the evidence
for this statement may not be further demonstrated or
described through clinical trials, in vivo, or in vitro

studies about the potential effect of the given plant.
The repeated mention of the given plant being used
for treatment of a particular disease may also provide
a false relationship that is ranked of high importance
by either probabilistic or model-based approaches.
There may be other textual clues that can be incorpo-
rated into a phytotherapy knowledge discovery system,
but these have not been described to date. Distinguish-
ing between folklore-based therapies and those that
may have real clinical utility is perhaps the single most
daunting challenge in leveraging automated approaches
for phytotherapy discovery.

17.5 CONCLUSION

Research on the potential of computational methods
for phytotherapy knowledge discovery from biomedical
literature is very much in its infancy. Recent advance-
ments in computational methods for the identification
of organisms and biomedical concepts, taken in combina-
tion with formal knowledge discovery processes, show
great promise to usher in a new cadre of knowledge
discovery systems. However, automated approaches
cannot replace the in-depth analysis required by expert
curators, and the lack of complete gold standards for
evaluation of automated methodologies does challenge
the development of robust systems. Nonetheless, there
is much opportunity to leverage the sequestered phyto-
therapeutic knowledge that may be contained within
the continually growing corpus of biomedical literature.
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18.1 INTRODUCTION

An excess deposition of body fat in adipose tissue
may result in overweight and/or obesity and the pro-
portionate increase in risks caused with increasing-
degrees of obesity. According to World Health

Organization (WHO) the definition of obesity is estab-
lished on the body mass index (BMI), which is
computed as weight in kilograms divided by height in
meters squared (kg/m2). Obesity is defined as a BMI
greater than 30 kg/m2, and overweight is determined
as a BMI from 25 to 30 kg/m2. The metabolic syndrome
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is a collective term that refers to obesity-associatedmeta-
bolic abnormalities/risk factors [1]. There are several
health risks associated with obesity and according to
WHO can be categorized into three groups: diseases
that are greatly increased due to obesity (type 2 diabetes,
gall bladder diseases, dyslipidemia); those which are
moderately increased (coronary heart disease, hyperten-
sion, osteoarthritis); and finally diseases that are mildly
increased (cancer especially breast cancer in postmeno-
pausal women, endometrial and colon cancer, reproduc-
tive hormone abnormalities, polycystic ovary
syndrome). On June 2013, the American Medical Associ-
ation officially recognized obesity as a disease [2].

Utilization of plant components and its derived prod-
ucts has a prospective future for controlling the preva-
lence of metabolic syndrome. Several evidences are
exploring to support the use of herbs as an alternative
way of obesity control and weight management [3].
The pathogenesis of obesity is very complex and re-
quires different intervention strategies to undertake
this problem. Despite going for lifestyle modification
or pharmacotherapy in terms of weight loss, there has
always been disappointing results which indicated the
need of other treatment modalities to produce better
and long-lasting results. Diet-based therapies and herbal
supplements are among the most common complemen-
tary and alternative medicine modalities for weight loss.
The great ratio of the population depends on traditional
practitioners and their prescription of medicinal plants
in society to assemble health care needs [4]. Hence, it
is really obvious that plants may offer an efficient option
for the treatment of obesity.

18.2 PATHOGENESIS OF OBESITY AND
MANAGEMENT STRATEGIES

18.2.1 Etiology

A hypothesis suggests that obesity is linked to genetic
predisposition and environmental factors which leads to
the accumulation of excess adipose tissue. Usually, both
the environmental factors and genetic factor(s) should
be present for the occurrence of obesity. This hypothesis
is indubitably true for majority of obese people world-
wide. There are two parts to the obesity equation:

(1) An excessive intake of food items with increased
amounts of fat, salt, and sugars, but lesser amounts of
minerals, vitamins, and other nutrients; and (2) decrease
in physical activity because of sedentary lifestyles,
comfortable modes of transportation, lack of mainte-
nance of daily routines, and increasing urbanization.
Thus, the energy discrepancy between calorie intake
and those expended is the fundamental cause of obesity
and overweight [5].

18.2.2 Pathophysiology

Although multiple candidate genes contribute to the
pathogenesis of obesity, these findings are not consis-
tent. The genes include the chromosome 10p, melano-
cortin-4 receptor gene, b3-adrenergic receptor gene,
peroxisome proliferators activated receptor gamma
two gene, and other genetic polymorphisms. Hormones
such as adipokines, gut-related hormones, and many
others are involved in the regulation and pathophysi-
ology of obesity. One of them is ghrelin, which is a circu-
lating peptide hormone derived from the stomach. It is
the only known peripherally acting orexigenic hormone
that is responsible for stimulating appetite. But the gut-
derived hormones act as anorectic agents that attenuate
food intake to attain optimal digestion and absorption
rather avoiding the cost of overconsumption, such as
insulin resistance and hyperinsulinemia [6].

Peptide YY (PYY) is present in the intestine at
increasingly higher levels, having maximum levels in
colon and rectum. It is mainly secreted by the L cells
of the distal small bowel and colon. PYY reduces
gastric secretion by modulating signals to the hypo-
thalamus, ensuing in delayed gastric emptying. Food
consumption is decreased if PYY is administered
before meal [7]. Cholecystokinin (CCK) is produced in
the pancreas, stomach, and gallbladder. Dietary fat is
responsible for the release of CCK and accumulated in
the small intestine. The major functions of CCK involve
pancreatic exocrine secretion, gastric emptying, gall-
bladder contraction, and gut motility. CCK increases
satiety and simultaneously decreases appetite by acting
centrally via subtype CCK-A receptors on the afferent
brain vagal fibers, causing inhibition of appetite. Oxy-
ntomodulin is released postprandially resulting in the
limitation of food intake. Secretion of this peptide
occurs from the intestinal cells that also are responsible
for the secretion of PYY. Oxyntomodulin suppresses
appetite and reduces food intake for a long period
that is also associated with a decline in fasting ghrelin
levels. Intravenous administration of glucagon-like
peptide-1 in humans enhances satiety and also reduces
food intake [6].

Adipokines are a group of hormones produced by
the adipocytes. Adipokines secretion is regulated by
tumor necrosis factor-alpha (TNF-a), interleukin-6
(IL-6), leptin, and adiponectin. The role of TNF-a in
obesity has been associated with insulin resistance via
the liberation of free fatty acids, decreased production
of adiponectin, and modulate insulin signaling. Inflam-
matory mediators are recruited in vascular tissue
through the activation of nuclear factor-kappa B(NF-kB)
by TNF-a. Immune, endothelial, fibroblasts, and
adipocytes cells are secreting one of the pleiotropic
circulating cytokine, intreleukin-6 (IL-6) which causes
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inflammation, impairment of host defenses, and tissue
injury. It acts by inhibiting insulin receptor signal trans-
duction in hepatocytes, increasing circulating free fatty
acids from adipose tissue, and reducing adiponectin
secretion [6]. Leptin is one type of adipokine that plays
a key role in regulating energy intake and expenditure,
including appetite and hunger, metabolism, and
behavior. Leptin can cross the bloodebrain barrier by
binding to specific receptors in the hypothalamus
resulting in the suppression of appetite. True leptin
deficiency in humans is rare; however, obese humans
are, in part, leptin-resistant [8]. Adiponectin is a 244
amino acid long polypeptide derived from plasma pro-
tein. The role of adiponectin is glucose regulation and
fatty acid oxidation [6].

The level of inflammatory mediators such as IL-6,
TNF-a, and CCK are increased by increasing the visceral
fat, as a result proinflammatory mediators like adipo-
nectin and interleukin-10 levels are decreased that leads
to increases in the chances of metabolic dysfunction
which is one of the prime causes of obesity. Neuroendo-
crine diseases are secondary causes of obesity.

18.2.3 Obesity Pharmacotherapy by
Phytocostituents

A huge number of plants, phytochemicals, and plant
derivatives possess antiobesity activity by their unique
mode of action. Broadly, phytocostituents generally act
through modulating physiological functions that may
restore balance between energy intake and expenditure.
Phytoconstituents encompass antiobesity activity and
their mechanism of action is discussed. Schematic repre-
sentation of major targets for antiobesity phytoconstitu-
ents is seen in Figure 18.1.

18.2.3.1 Pancreatic Lipase

A diet containing fat is neither digested nor absorbed
in the intestine until it has been possessed by the action
of pancreatic lipase enzyme. Hence, one of the most
promising strategies to inhibit fat absorption from intes-
tine can achieve by blocking the action of pancreatic
lipase through phytochemicals. Phytochemicals cova-
lently bond to the active serine site on pancreatic lipases
enzyme in the gut lumen. By forming the covalent bond,

FIGURE 18.1 Major targets for anti-obesity phyto-constituents. (Five major target for anti-obesity activity possess phyto-constituents: satiety
regulation; lipase inhibitory effect; stimulatory effect on energy expenditure; regulatory effect on lipid metabolism; inhibitory effect on adipocyte
differentiation).
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it inhibits lipases activity to hydrolysis of dietary fats
into absorbable monoglycerides and fatty acids. There-
fore, fats then tend to be excreted in feces rather than be-
ing absorbed to be used as a source of energy, in turn
leading to weight loss in individuals [9].

18.2.3.2 Adipocyte Differentiation and
Proliferation

Adipocytes, also known as lipocytes and fat cells, are
the cells that primarily compose of adipose tissue, play a
central role in the maintenance of lipid homeostasis and
energy balance by storing triglycerides and releasing
free fatty acids in response to changing energy demands.
There are two types of adipose tissue, white adipose tis-
sue and brown adipose tissue (BAT). Growth of the ad-
ipose tissue depends on hyperplasia and hypertrophy of
adipocytes. Therefore, several studies are performed to
focus on the processes of adipocyte proliferation and dif-
ferentiation. In research, uses of 3T3-L1 preadipocyte
cells are advantageous in vitro model for the study of
obesity, due to its triglycerides accumulation ability dur-
ing differentiation in cell culture [10]. This process is
accomplished by expression of adipocyte specific genes,
such as peroxisome proliferator-activated receptors-g
(PPARg) and CCAAT/enhancer-binding protein-a
(C/EBPa). Research is done to find the potential natural
product which shows a promising inhibitory activity on
adipogenesis, with regard to the potential treatment of
obesity. However, current studies in this area suggest
that inhibiting adipogenesis is unhealthy, leading to
type 2 diabetes and other metabolic diseases, such as
atherosclerosis [11]. Polyunsaturated fatty acids
(PUFAs) are integral molecules of phospholipids of cell
membrane and act as a signal transducer in adipocyte
differentiation via regulating adipocyte-specific gene
expression. Moreover, PUFA can withstand to the for-
mation of triglycerides then other saturated and mono-
unsaturated fatty acid. Therefore, PUFA plays an
essential role in limiting fatty acid synthesis and regu-
lating adipocyte differentiation through the suppression
of late-phase adipocyte differentiation [9].

18.2.3.3 Lipid Metabolism

The lipolysis of fats can be achieved in two different
ways. The first approach is stimulating triglyceride hy-
drolysis in order to diminish fat stores and another op-
tion is augmented fatty acid oxidation which is
released from triglyceride store, thereby combating
obesity. b3-Adrenergic agonists played a pivotal role in
this regard. However, excessive lipolysis causes high
circulating fatty acid levels in the blood stream leading
to dyslipidemia; a blockade of such a fatty acid release
may be of therapeutic interest [9].

18.2.3.4 Energy Intake and Energy Expenditure

Appetite control can suppress body weight gain
through a cascade of multifactorial events, which is typi-
cally interrelated with neurological and hormonal func-
tion of the body. Histamine, dopamine, and their closely
associated receptor activities are responsible for satiety
regulation. Appetite suppression can be achieved by
modifying various hypothalamic neuropeptides’ levels
and/or via decrease in the function of monoamine neu-
rotransmitters in the central nervous system (CNS). It
may be suitable targets for appetite suppressant drug
development [12]. Serotonin is a monoaminergic neuro-
transmitter of sensory and motor neurons that may
modulate behavioral processes by acting through
5-hydroxy tryptamine (5-HT) receptor subtypes. These
receptors played a crucial role in the energy intake
reduction and may be useful for antiobesity drug devel-
opment from natural product [13]. A potential appetite
suppressant should be considered in terms of: (1) the
psychological experience and behavioral expression of
appetite, (2) metabolism and peripheral physiology,
and (3) the CNS neural pathways’ functioning [12].

Hunger is a sensation experienced when one feels the
physiological need to eat food. In contrast, satiety is the
absence of hunger. It is the sensation of feeling full. How-
ever, ghrelin secretion from stomach may increase the
desire of food intake in animals and humans. Thus, ghre-
lin antagonismmay decrease or blunt the desire for food;
consequently decreased feeding, may be a possible
adjunctive treatment for obesity [14]. Melanin-concen-
trating hormone receptor antagonism may also prove
an important target for obesity treatment through appe-
tite regulation. Increased adipose tissue concentration
causes excessive food intake as a result of insufficient
energy expenditure. To regulate body weight and energy
expenditure, mammalian BAT plays an imperative role
in energy homeostasis, BAT dissipates energy in the
form of heat, a process called nonshivering thermogene-
sis. UCP-1 (mitochondrial uncoupling protein-1) is a key
player in this process, which discharges the proton
gradient generated in oxidative phosphorylation and
thereby dissipating energy as heat. Thus, phytoconstitu-
ents work on the upregulation of UCP-1 gene expression
may be considered as prospective agents for obesity
control through increasing energy expenditure. UCP-3
is an analog of UCP-1; UCP-3 is also regulating thermo-
genesis by the thyroid hormone, b3-adrenergic agonists
and leptin in some organs may be recognized as a potent
target for antiobesity drug development in future [9].

18.2.4 Antiobesity Drugs

The currently available antiobesity drugs can be
divided into two classes: central acting and peripheral
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acting. Orlistat is the sole representative of the group of
peripheral-acting drugs. Drugs that act on the CNS
(modulating monoamine levels in the synaptic cleft)
do so by means of three mechanisms, namely catechol-
aminergic (noradrenaline and dopamine), serotonin-
ergic (5-hydroxytriptamine), or both [15].

Orlistat is a Food and Drug Administration (FDA)-
approved weight-loss drug that is available without a
prescription. Orlistat inhibits gastrointestinal lipases,
reducing fat absorption. Its most common side effect is
steatorrhea [16]. Some cases of severe liver injury have
been reported. It is advisable to stop the drug immedi-
ately if there are any symptoms of liver problems which
may include dark urine, itching, light-colored stools,
loss of appetite, and sometimes yellow coloration of
eyes and skin [15]. Lorcaserin is another FDA-approved
antiobesity drug, for long-term use. Lorcaserin is a selec-
tive agonist of 5-HT2C receptors (subtype of 5-HTrecep-
tor). A rare but serious side effect of this drug is
serotonin syndrome (high fever, muscle rigidity, and
confusion), which most commonly occurs if the drug is
taken along with antidepressant drugs like selective se-
rotonin reuptake inhibitors or monoamino oxidase in-
hibitors. Other serious side effects are psychiatric
disorders with cognitive impairment, bradycardia, he-
matological changes, and prolactin elevation [16].

Numerous complex etiologies are involved in obesity
in human. So, monotherapy will not be sufficient to
reverse the disease condition. Therefore, combination
therapies have been evaluated clinically and it shows
promising results in the management of obesity. One
such combination therapy that has recently been
approved in the United States is phentermine/topira-
mate extended-release formulation for the treatment of
obesity [17]. The role of phentermine is the downregula-
tion of catecholamines concentration in the satiety cen-
ters of the hypothalamus; as a result appetite is
suppressed. Topiramate exerts its effects through partial
antagonism of a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate/kainite receptors, although induction of

g-aminobutyric acid receptor-mediated inhibitory cur-
rents and modification of voltage-gated calcium and so-
dium channels may also play a role [16]. It must not be
used during pregnancy because it may cause harm to
the baby. Rare side effects associated with topiramate
include kidney stones and acute glaucoma.

18.3 PHYTOCHEMICALS USEFUL
AGAINST METABOLIC DISORDER

Phytochemicals derived from vegetables, fruits,
herbs, and spices have beneficial health effects such as
antiobesity, lipid-lowering, and/or antidiabetic proper-
ties [18]. Considering the above-mentioned facts, several
phytochemicals possessing antiobesity activity have
been summarized in Table 18.1.

18.3.1 Phenolic Acids

Phenolic acids are composed of a basic phenol moiety
with one carboxylic acid group. Chlorogenic and cou-
maric acids caused significant inhibition of cell growth
as well as enhancing apoptosis on mouse preadipocytes.
Gallic acid was not affecting the adipocyte cell cycle, but
increased the number of apoptotic cells. A recent study
explored that ferulic acid can suppress the high fat
diet (HFD) induced weight gain by inhibiting fatty
acid biosynthesis on lipid metabolism of mice [24].

18.3.2 Flavonoids

The most common expression of phenolic com-
pounds is flavonoids abundantly present in plants,
fruits, seeds, and vegetables. Flavonoids have the basic
chemical structure of diphenylpropanes (C6eC3eC6),
and most often aglycones e.g., quercetin (3) or kaemp-
ferol (4), moieties are found attached to sugars
(glycosides).

Quercetin [3] Kaempferol [4]
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TABLE 18.1 Several Phytochemicals Possessing Antiobesity Potential

Name Structure Mode of action Role in antiobesity References

PHENOLIC ACID

Gallic acid

OHO

OH

OHHO

Y Triglyceride (TG), phospholipid, total
cholesterol, low density lipoprotein-
cholesterol (LDL-C), insulin and leptin
levels

Y Dyslipidemia,
hepatosteatosis, and
oxidative stress

[19]

Inhibiting pancreatic lipase activity,Y TG Y Weight gain [20]

Upregulation of Peroxisome proliferator-
activated receptors-g (PPARg)
expression and Akt activation

Improves glucose
tolerance and lipid
metabolism

Coumaric acid O-Cumaric acid 

O

HO HO
Y Serum lipid profiles, insulin, and leptin
Y TG and cholesterol levels
Y Oxidative stress and glutathione
disulfide(GSSG) content
[ Glutathione (GSH), GSH peroxidase
(GPx), GSH reductase (GRd), and GSH S-
transferase (GST)

Y Dyslipidemia,
hepatosteatosis, and
oxidative stress

[21]

P-Cumaric acid 

OHO

HO

Y Expression of CCAAT/enhancer-
binding protein a (C/EBPa), PPARg,
sterol regulatory element-binding
protein-1c (SREBP-1c), and aP2
Y Fatty acid synthase and adiponectin
mRNAs
[ adenosine monophosphate-activated
protein kinase (AMPK) and acetyl-CoA
carboxylase (ACC) phosphorylation

Inhibited adipogenesis [22]

Ferulic acid

O

HO

O

OH

Improved the hepatic steatosis Y Body weight gain
Y Hyperglycemia
Y Hypercholesterolemia

[23]

[ Fecal lipid excretion and antioxidant
[ Lipogenic enzymes activities

Hypolipidemic [24]

Chlorogenic acid

O

O

HO

HO
OH

OH

OH
O

OH

Inhibit fatty acid synthase, 3-hydroxy-3-
methylglutaryl CoA reductase and acyl-
CoA:cholesterol acyltransferase activities
[ Fatty acid beta-oxidation activity and
PPARa expression
Y TG, leptin, and insulin
[ Absorption and utilization of glucose

Y Body weight gain
improve lipid
metabolism
Y Body mass and body
fat

[25]
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FLAVONOIDS

Naringenin

OHO

OH O

OH

[ Fatty acid oxidation
Y Very-low-density lipoprotein (VLDL)
overproduction
Y Hepatic cholesterol and cholesterol
ester synthesis
Improved overall insulin sensitivity and
glucose tolerance

Y Hepatic steatosis
Y Dyslipidemia

[26]

Inhibits toll-like receptors expression
during adipocyte differentiation
Y Tumor necrosis factor-alpha (TNF-a)
and monocyte chemotactic protein-1

Antihyperglycemia
Anti-inflammatory

Inhibits adipogenesis and impairs
mature fat cell function
Y Insulin receptor substrate 1 tyrosine
phosphorylation
Inhibited adiponectin protein expression

Antihyperlipidemic [27]

Rutin

O

HO

OH

O

O

HO

HO

O

O

HO

OH

OH

O OH

OH

OH
In vivo Y body weight gain
Y PPARg and C/EBPa

Suppressing adipocyte
differentiation

[21]

Y Serum lipid profiles, insulin, and leptin
Y TG and cholesterol levels
Y Oxidative stress and GSSG content
[ GSH, GPx, GRd, and GST

Y Dyslipidemia,
hepatosteatosis and
oxidative stress

Y Endoplasmic reticulum (ER) stress and
production of reactive oxygen species
Protect fatty liver and insulin resistance
[ Energy expenditure

Blocking macrophage
mediated inflammation
and inflammation
induced obesity

[28]

Naringin

OO

OH O

OH

O

HO

O

HO

HO

O

OH

OH

HO

Y Cholesterol and TG concentrations
Y 3-Hydroxy-3-methylglutaryl-
coenzyme A reductase activity
Y Cholesterol acyltransferase activity

Hypolipidemic
Y Hepatic cholesterol
biosynthesis

[29]

Y Inflammatory cell infiltration,
oxidative stress, plasma lipid
concentrations
[ Liver mitochondrial function

Cardioprotective

Y Plasma acute-phase protein and
haptoglobin concentrationsdnaringin
(0.1%)

Improve the obesity-
related inflammatory
state

[30]

Continued

1
8
.3

P
H
Y
T
O
C
H
E
M
IC

A
L
S
U
S
E
F
U
L
A
G
A
IN

S
T
M
E
T
A
B
O
L
IC

D
IS
O
R
D
E
R

3
7
9



TABLE 18.1 Several Phytochemicals Possessing Antiobesity Potentialdcont’d

Name Structure Mode of action Role in antiobesity References

Myricetin

O OH

OHO

OH

HO

HO

HO

Y PPARa
Y Acyl-CoA oxidase and cytochrome
P450 isoform 4A1
[ Expressions of hepatic SREBPs

Y Body weight gain and
body fat accumulation

[31]

Daidzein
O OH

O
HO

Y Glucose-6-phosphatase and
phosphoenolpyruvate carboxykinase
activities
Y Fatty acid beta-oxidation and carnitine
palmitoyltransferase
[ Malic enzyme and glucose-6-
phosphate dehydrogenase

Insulin-dependent
diabetes mellitus

[32]

[ Leptin
Y Adiponectin
[ Uncoupling protein 1
Y Expression of stearoyl coenzyme A
desaturase

Hepatic steatosis
Y Weight gain and fat
content

Genistein O OH

OHO

HO

[ Methylation of six cytosineeguanine
sites in a retrotransposon upstream of the
transcription start site of the agouti gene
Permanently altering the epigenome

Alters susceptibility to
obesity in adulthood

[33]

Y PPARg and C/EBPa
Y Glycerol-3-phosphate dehydrogenase
Y Adipocyte fatty acid binding protein,
fatty acid synthase,
Y SREBP-1, leptin, lipoprotein lipase

Inhibited adipogenic
differentiation

[34]

Hesperetin Y PPARg2
Y TG and cholesterol levels
Y Body weight

Inhibited the adipocyte
differentiation

[35]

[ Release of cholecystokinin
[ Intracellular Ca(2+) concentrations
([Ca(2+)]i)

Suppression of appetite [36]
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Theaflavin Theaflavin digallate as potential
plasminogen activator inhibitor type one
inhibitor

Y Body weight [37]

Y Lipid accumulation, fatty acid
synthesis
Inhibited ACC activities

Prevention of fatty liver
and obesity

[38]

Y Total Cholesterol (TC), TG, and LDL-C
Y Atherogenic index,
[ Insulin sensitive index
Inhibited the hepatic lipase activity
Y Leptin
Y Serum alanine transaminase activity
[ Serum superoxide dismutase activity

Reduce the risk of type 2
diabetes and
cardiovascular disease
in obesity

[39]

TERPINOIDS

Gamma linolenic acid Y Body weight
Y Adipose fatty acids

Weight loss in humans [40]

[ Insulin-mediated glucose transport
activity
Reductions in the glucose-insulin index

Insulin-resistant obesity

Poly(ethylene glycol) + 1 conjugated
linoleic acid
Y PPARg
Y C/EBPa
Y aP2

Antiadipogenic [41]

Ginsenosides (Rh2, F2
and Rh3)

Ginsenoside Rh2 Y PPARg activity
[ AMPK signaling pathway

Antiadipogenesis [42]

Glucocorticoid receptor through
[ Adipogenesis

[ Lipogenesis in
adipose tissue
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TABLE 18.1 Several Phytochemicals Possessing Antiobesity Potentialdcont’d

Name Structure Mode of action Role in antiobesity References

Ginsenoside F2 PPARg and perilipin gene expression Antiadipogenesis

[43]

Ginsenoside Rg3 Y Blood glucose
[ Insulin secretion
[ Fatty acid oxidation

Hyperglycemia [44]

Y Fat accumulation
Y PPARg
AMPK inhibition

Antiadipogenesis [45]

Oleanolic acid Y PPARg
Y C/EBPa
Visfatin (a proinflammatory and visceral
fat-specific adipokine expressed in
adipocytes) inhibition

Suppress obesity-
associated inflammation

[46]

Y Body weights, visceral adiposity,
plasma lipids
[ Leptin
Y Ghrelin

[ Glucose tolerance
[ Carbohydrate and fat
metabolism

[47]
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Ursolic acid Translocating hormone-sensitive lipase
Y Perilipin A expression by the protein
kinase A pathway
[ Adipose triglyceride lipase

[ Lipolysis [48]

Ursolic acid stearoyl glucoside by
Y Lipid parameters, TG
Y Body weight, parametrial adipose
tissue weight

Inhibiting pancreatic
lipase activity

[49]

[ AMPK
[ Liver kinase B1

Inhibit preadipocyte
differentiation and
adipogenesis

OTHER GROUP OF PHYTO-CHEMICAL

Berberine [ AMPK e in peripheral tissues
Y Level of malonyl-CoA and stimulated
the expression of fatty acid oxidation
genes, centrally

Improve fatty liver [50]

Y Weight gain and food intake
Y Serum glucose, TG, and total
cholesterol levels
Y PPARg expression
[ GATA-binding protein 3 expression

Inhibited adipogenesis [51]

Modulation of the gut microbiota
[ Levels of serum lipopolysaccharide-
binding protein, monocyte
chemoattractant protein-1 (MCP1), and
leptin
Y Level of adiponectin

Obesity-mediated
insulin resistance

Curcumin Curcumin from Curcuma longa extract
(0.09%)
Y a1-acid glycoprotein

Improve the obesity-
related inflammatory
state

[30]

Resveratrol Y Body weight gain
Y Levels of TG, free fatty acid, total
cholesterol, glucose
Y TNF-a and monocyte chemoattractant
protein-1
Y Galanin-mediated adipogenesis
signaling cascade

Antiadipogenic, anti-
inflammatory

[52]

Resveratrol-enriched rice DJ-526 rice
Y Body weights and abdominal fat
Y Lipid and glucose levels

Antiobesity

[ Increase the effect, Y decrease the effect.
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18.3.2.1 Flavonols

Quercetin and kaempferol are a common dietary
flavonol found in plants and they have potential anti-
obesity effects. Quercetin has been shown to inhibit adi-
pogenesis and induce apoptosis in mouse preadipocytes
[19]. In a recent study, quercetin was seen to amplify the
adenosine monophosphate-activated protein kinase
(AMPK) signal pathway in 3T3-L1 preadipocytes cells
that may be responsible for antiadipogenesis activity
of the compound, while the quercetin-induced
apoptosis of mature adipocytes was mediated by modu-
lation of the extracellular signal-regulated kinases and c-
Jun N-terminal kinase pathways, which play a key role
during apoptosis [53]. Effect of quercetin with a combi-
nation of genistein and resveratrol was observed in hu-
man adipocytes (HAs). The combined treatments

caused an enhanced inhibition of lipid accumulation in
maturing HAs that was greater than the responses to in-
dividual compounds. Kaempferol has also possessed
antiobesity effect to a lesser extent [54].

18.3.2.2 Flavones

Natural flavones are mainly apigenin (5), luteolin (6),
chrysin (7), baicalein (8), scutellarein (9), wogonin (10),
and their glycosides. Luteolin inhibited intracellular tri-
glyceride (TG) accumulation of murine 3T3-L1 preadi-
pocytes in a dose-dependent manner without
producing cytotoxicity. Its antiadipogenic effects were
exerted through suppressing adipogenic transcription
factors and by inhibiting the trans-activation of PPARg.
An earlier study on apigenin suggests that it induced
lipolysis in rat adipocytes [53].

Apigenin [5] Luteolin [6]

Crysin [7] Baicalein [8]

Scutellarein [9] Wogonin [10]
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18.3.2.3 Anthocyanins

Anthocyanins are another class of flavonoids mostly
water-soluble pigments that may appear red, purple,
or blue depending on the pH and biosynthesized via
the phenylpropanoid pathway. It has conquered the
HFD-induced obesity in mice significantly. Cyanidins
(11) are considered as the most widely spread anthocy-
anin in the plant kingdom. Cyanidin can reduce blood
glucose levels as well as downregulating inflammatory
protein cytokines such as monocyte chemoattractant
protein-1 (MCP-1) in the adipose tissue of mice [53]. A
study was revealed that cyanidin 3-glucoside stimulated
in vitro insulin secretion from rodent pancreatic beta-
cells. Among cyaniding glycosides, cyanidin 3-rutino-
side and cyanidin 3-galactoside have been proposed as
new noncompetitive a-glucosidase inhibitors [55]. These
recent studies suggest that cyanidins have a unique ther-
apeutic advantage and important implications in the
prevention of obesity and diabetes.

18.3.3 Terpenoids

The terpenoids, sometimes called isoprenoids, were
derived from five-carbon isoprene units (CH2]
C(CH3)eCH]CH2) assembled and modified in
different ways. The daily eating of plant-derived terpe-
noids might be useful for the management for obesity
and obesity associated syndrome, such as type 2 dia-
betes, hyperlipidemia, insulin resistance, cardiovascular
disorder (CVD), and a lower prevalence of metabolic
syndrome. Astaxanthin (12) belongs to the xanthophyll
class of carotenoids was reduced the hepatic accumula-
tion of TG and hyperlipidemia in HFD-induced mice
[18]. Six closely related bicyclic diterpene was isolated
from Commiphora mukul Gum possess lipid peroxidation
and COX enzyme inhibitory activities. PPARs are die-
tary lipid sensors that control energy homeostasis. Re-
searchers have observed abiotic acid, geranylgeraniol,
bixin, geraniol, farnesol, phytol and auraptene are po-
tential terpinoids activate PPARs significantly [56].

18.3.4 Carotenoids

Carotenoids belong to the category of tetraterpenoids
(i.e., they contain 40 carbon atoms, being built from four
terpene units each containing 10 carbon atoms). Hydro-
carbons (carotenes) and their oxygenated derivatives
(xanthophylls) are two main categories of carotenoids.
b-carotene inhibits inflammatory gene expression in
lipopolysaccharide-stimulated macrophages and has
been suggested that its antioxidant activity contributes
to beneficial effect on obesity and CVD. Possible phar-
macological actions of a- and b-carotene have been
postulated based on the finding lower level of plasma
carotenoids among overweight and obese children
compared to healthy weight children [53]. A similar
result was also foundwhen investigated the relationship
between abdominal adiposity and serum levels of carot-
enoids in a healthy Japanese population [57].

18.3.5 Organosulphurs

Organosulfur are sulfur containing organic com-
pounds. Vegetables like garlic, onion, scallion, chive,
shallot, and leek are the major source of bioactive orga-
nosulfur compounds such as allicin (13), allixin (14), and
allyl sulfides. Allicin is the principal constituent of
allium vegetables, which has induced apoptosis of hu-
man tumor cells [53]. Elkayam and coauthors [58]
observed that pure allicin can lower blood pressure, in-
sulin, and triglycerides levels in fructose-fed rats. In the
same experiment, the control group was treated with
fructose enriched diet that’s shown continued to weight
gain, whereas the groups fed allicin did not. Thus, allicin
could be established as a useful therapeutic agent to
combat obesity. In another study, antiobesity potential
of ajoene was evaluated in 3T3-L1 adipocytes. The
ajoene induced apoptosis in 3T3-L1 adipocytes was
occurred mainly due to regulating fat cell numbers via
generation of hydrogen peroxide, which leads to activa-
tion of mitogen-activated protein kinases, degradation

Cyanidins [11] Astaxanthin [12]
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of PARP-1, translocation of apoptosis-inducing factor,
and fragmentation of DNA [59].

The glucosinolates (15) are sulfur containing natural
occurring organosulfurs of many pungent plants such
as mustard, cabbage and horseradish. Breakdown prod-
ucts of glucosinolate are biologically active most notably
the isothiocyanates and indoles, this byproduct has
received much attention for its apparent anticarcinogenic
activity and possible antiobesity effects. Sulforaphane
(SFN), a member of the aliphatic isothiocyanate family,
is a biologically active compound extracted from crucif-
erous vegetables such as broccoli, cauliflower, radishes
and cabbage [53]. In a recent study, Choi and coworkers
investigated the effect of sulforaphane on HFD induced
obesity in C57BL/6N mice. Experimental results suggest
that the role of antiadipogenesis activity of SFN possibly
through downregulation of PPARg and CCAAT/
enhancer-binding protein a (C/EBPa) and by suppress-
ing lipogenesis through activation of the AMPK pathway.
Perhaps clinical trials are required to confirm the antiobe-
sity effects of these phytochemicals [60].

18.3.6 Phytosterol

Phytosterols are natural compounds structurally
similar to mammalian cell-derived cholesterol. The
main sources of phytosterols are vegetable oils, nuts,

grains, and grain derived products. The sterols are abun-
dant in nature, they exist in both esterified and free
alcohol forms. Phytosterols with potential effects of
obesity are diosgenin (16), campesterol, brassicasterol,
b- and g-sitosterol (19, 20), stigmasterol, and guggulster-
one E (22). High intakes of these compounds can also
protect against atherosclerosis and decrease serum low
density lipoprotein-cholesterol (LDL-C) levels [61]. Die-
tary plant sterols are reducing intestinal cholesterol ab-
sorption by increase fecal excretion of cholesterol as
well as via regulating the expression of cholesterol ho-
meostasis genes in the liver [62]. In another study
explored that phytosterols can inhibit cholesterol ab-
sorption by competitive solubilization of mixed micelle
formation of cholesterol in the intestinal lumen [63].

A bioactive phytochemical, protodioscin, isolated
from the rhizomes of Dioscorea nipponica, was identified
for its antihyperlipidemic effect. In hyperlipidemic rats,
the administration of protodioscin significantly reduced
the blood levels of TG, cholesterol, LDL and high-den-
sity lipoproteins (HDL) [64]. Dioscin and diosgenin the

active components of D. nipponica are a potent porcine
pancreatic lipase inhibitor. Diosgenin (5 and 10 mmol/L)
inhibited the accumulation of TG and the expression of
lipogenic genes in HepG2 cells. It is also ameliorates

Allicin [13] Allixin [14]

Glucosinolates [15]
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dyslipidemia by decreasing the hepatic lipid content in
diabetic mice [65]. Furthermore, diosgenin is improving
the lipid profile of rats feed with a high-cholesterol diet
supplemented. Diosgenin showed significant therapeu-
tic and preventive effect on hypercholesterolemia in
mice. The serum total cholesterol level was decreased
when rats were pretreated with diosgenin [66].

Guggulsterone (GS) is an active agent of the guggul
plant (Commiphora mukul) which is used for treatment
of obesity, arthritis, cancer, and CVD. GS and its isomers
exert antiobesity effects by inhibiting differentiation of
preadipocytes, and by inducing apoptosis and promot-
ing lipolysis of mature adipocytes [67]. It is also potenti-
ates antiadipogenic and proapoptotic effects in
maturing 3T3-L1 preadipocytes considered as a poten-
tial antiobesity agent [68]. Researchers have discovered
that GS can selectively decrease the expression of bile
acid genes by act as an antagonist for farnesoid X recep-
tor. It is hypoglycemic and hypolipidemic activity was
tested on HFD induced rat [69]. Finally, studies indicate
that GS can significantly lower lipid, cholesterol and TG
and help in rising HDL in serum.

18.4 HERB AS FOOD USEFUL IN OBESITY
MANAGEMENT

The best and most useful option for overweight and
obese individual is calorie restriction and exercise.
Obesity prevention through diets may be accomplished
by bioactive constituents of herbal food supplements
that could modulate molecular pathways and gene/pro-
tein expressions of the obese individual along with diet
control and physical activity. Most recent researches on
food were shown its ability to modulate some specific
physiological functions in the organism through food
intake [70]. Body weight control by food supplements
requires knowledge of the process by which body gain-
ing weight. Serrano and Sánchez-González [71] reported
the main strategies for body weight control by the func-
tional food ingredients: inhibition of food intake (by
inhibiting orexigenic signals or enhancing anorexigenic
signals), limiting the bioavailability of nutrients (by sup-
pressing the digestive enzymes and/or interacting with
them to physically prevent their absorption), stimula-
tion of energy expenditure (thermogenesis), and

Diosgenin [16] β-Sitosterol [19]

γ-sitosterol [20] Guggulsterones E [22]
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modifying the composition of the gut microbiota. The
specific roles of gut microbiota are modulating meta-
bolic energy storage by increase the capacity to harvest
energy from the diet and modulate plasma lipopolysac-
charides levels, which activate the inflammatory tone
and the onset of obesity and type 2 diabetes [72]. This
section is discussed the role of herbal food as medicine
in alleviating obesity and associated complications.
Table 18.2 summarized some important antiobesity ac-
tivity possesses food plants.

18.4.1 Berries

The word berry is used for many dissimilar kinds of
small fruits that bear many seeds and can be used as
food. Some examples are raspberry, blueberry and

lingonberry. In that respect are different species of
berries which contains different types of ingredients
most frequently polyphenols. Acai berries (Euterpe olera-
ceaMart.) are known as “superfood” with antiaging and
weight loss properties. This fruit is small and reddish
purple in color. This fruit pulp is rich in antioxidant
component. It reduces fasting glucose, insulin levels, to-
tal cholesterol and LDL-cholesterol, in healthy over-
weight adults [112].

Blackberry is an edible fruit produced by many spe-
cies in the Rubus genus in the Rosaceae family. It con-
tains 87% cyanidin-3-O-b-d-glucoside (C3G). C3G is an
anthocyanin compound which is having powerful anti-
oxidative and anti-inflammatory activity. It has been
sorted from the literature review that consumption of
C3G-rich blackberries are effective in prevention of

TABLE 18.2 Food Plants Possessing Antiobesity Potential

Plants Parts used Active principle Mechanism of action References

Aegle marmelos Correa. (Rutaceae) Leaves Coumarines, umbelliferone, and
esculetin

[ Lipolysis [73]

Allium cepa L.(Amaryllidaceae) Peels Quercentin Suppression of preadipocyte
differentiation and inhibition of
adipogenesis.

[74]

Bulb Cycloalliin, S-methyl-L-cysteine,
S-propyl-L-cysteine sulfoxide and
dimethyl trisulfide

Y Serum TG and free fatty acid
(FFA) levels on diabetes rats
Inhibit formation of oil drop in the
cells-suppressing obesity

Brassica juncea L. Czern
(Brassicaceae)

Oil Crude extract Regulate body weight gain,
adipose tissue mass, lipid, and
glucose metabolism

[75]

Brassica oleracea L. (Brassicaceae) Sprouts Crude extract Cholesterol-lowering effect and
potentially reduce lipid storage

[76]

Carica papaya L. (Caricaceae) Fruit Crude extract Y Triglyceride (TG), Total
cholesterol (TC), low density level
(LDL), and Very-low-density
lipoprotein (VLDL) while high
density lipoprotein -cholesterol
(HDL-C) elevated

[77]

Cinnamomum zeylenicum Nees
(Lauraceae)

Fruit Crude extract Y TG, TC, and LDL-cholesterol [78]

Citrus sinensis L. Osbeck
(Rutaceae)

Peels Pectin, synephrine Pectin reduce blood cholesterol
levels by decreasing its
reabsorption in the colon and
synephrine, reduces the
production of cholesterol in the
liver

[79]

Coffea canephora robusta
(Rubiaceae)

Seeds and
leaves

Caffeine, chlorogenic acid,
Neochlorogenic acid,
Feruloyquinic acids

Decrease the body weight
Gain, Y hepatic TG level, and
inhibit the fact accumulation in
liver

[80]

Coriandrum sativum L. (Apiaceae) Seed Crude extract [ Hepatic bile acid synthesis and
the degradation of cholesterol to
fecal bile acids and neutral sterols

[81]
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TABLE 18.2 Food Plants Possessing Antiobesity Potentialdcont’d

Plants Parts used Active principle Mechanism of action References

Crocus sativus L. (Iridaceae) Stigma Crocin Inhibit the absorption of dietary
fat and cholesterol by hydrolysis
of fat, pancreatic lipase inhibitor

[82]

Cuminum cyminum L. (Apiaceae) Fruits Crude extract Reduction of macro vesicular
steatosis in hepatic tissues and a
significantly decreased number of
lipid droplets and size of
adipocytes

[83]

Curcuma longa L (Zingiberaceae) Rhizome Curcumin Fatty acid oxidation, adipocyte
apoptosis, AMPK activation,
decrease expression of
Peroxisome proliferator-activated
receptors-g (PPARg) and
CCAAT/enhancer-binding
protein a (C/EBPa)

[84]

Inhibited pancreatic lipase
activity

Anti-inflammatory and improved
metabolic conditions in obesity
and improves glycemic control of
type 2 diabetes in mouse models

Emblica officinalis Gaertn.
(Phyllanthaceae)

Fruit Crude extract Normalize adipose mRNA
expression of nuclear
transcription factor, peroxisome
and inhibit lipid accumulation in
mouse adipocytes

[85]

Ferula asafetida L. (Umbelliferae) Oleo gum
resin

Rhizome and root Y Body weights, abdominal fat,
and size of epididymal adipocyte,
serum leptin

[86]

Foeniculum vulgare Mill.
(Apiaceae)

Fruit Phenolics and flavonoids Restricts the increase in body
weight, fat pad weights, and
disturbance of Total cholesterol
(TC), HDL, LDL, and TGs

[87]

Garcinia cambogia Desr.
(Guttiferae)

Fruit Hydroxyl citric acid Lipogenesis inhibition, lower
body weight and reduce fat mass
in humans

[9]

Glycine max (L.) Merr (Fabaceae) Seeds Protein Pancreatic lipase inhibitor [88]

Gymnema sylvestre R. Br
(Asclepiadaceae)

Leaves Gymnemic acids [ Fecal cholesterol and cholic
acid-derived bile acid excretion

[89]

Y Serum leptin, insulin, LDH,
LDL-C, total cholesterol, TG, and
apolipoprotein-B levels

Lagenaria siceraria

(Molina) Standl (Cucurbitaceae)
Fruit Crude extract Fat amassment, Y TG and TC [90]

Litchi chinensis Sonn.
(Sapindaceae)

Litchi water
extract

Crude extract Y TG and FFA [91]

Malus domestica
Borkh. (Rosaceae)

Fruit Polyphenols Y Plasma and LDL cholesterol
and triglyceride accumulation in
heart and liver

[92]

Mangifera indica L.
(Anacardiaceae)

Seed kernel Crude extract Y The activity of glycerol 2-
phosphate dehydrogenase in 3T3-

[93]

Continued
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TABLE 18.2 Food Plants Possessing Antiobesity Potentialdcont’d

Plants Parts used Active principle Mechanism of action References

L1 adipocytes, and inhibit cellular
lipid accumulation through
downregulation of transcription
factors such as PPARg and
C/EBPa

Momordica charantia L.
(Cucurbitaceae)

Fruit juice Crude extract Reduced adiposity mass with
increased in lipid oxidative
enzyme activities and uncoupling
of protein expression

[94]

Anti-inflammation and reduced
oxidative stress, modulates
mitochondrial activity, suppresses
apoptosis activation, and inhibits
lipid accumulation in liver

Reduce insulin resistance
antidiabetic
Downregulation of expressions of
lipogenic genes inhibit visceral fat
accumulation and adipocyte
hypertrophy

[95]

Reduced adipose tissue
inflammation in diet-induced
obese mice.
Y Mast cell recruitment and
proinflammatory cytokine
monocyte chemotactic protein-1
(MCP-1) expression recruitments
in epididymal adipose tissues
(EAT), Y interleukin-6 (IL-6) and
TNF-a expression in EAT

Moringa oleifera Lam
(Moringaceae)

Leaves Polyphenolic, flavonoids Y TG, LDL, Very-low-density
lipoprotein (VLDL), Total
cholesterol (TC)

[96]

Murraya koenigii L. Spreng
(Rutaceae)

Leaves Carbazole alkaloids,
mahanimbine

Pancreatic lipase inhibitor [97]

Myristica fragrans Houtt.
(Myristicaceae)

2,5-Bis-aryl-3,
4-dimethyltetrahydrofuran
lignans, tetrahydrofuroguaiacin
B, saucernetindio, verrucosin,
nectandrin B, nectandrin A and
galbacin

Activators of AMP-activated
protein kinase

[98]

Phaleous vulgaris L. (Fabaceae) Whole a-amylase inhibitor, starch
blocker

a-Amylase inhibitor [99]

Psidium guajava L. (Myrtaceae) Fruit peel Crude extract Y TG, LDL, Very-low-density
lipoprotein (VLDL), Total
cholesterol (TC)

[100]

Spinacia oleracea (Amaranthaceae) Leaves Crude form Improve abnormal postprandial
hyperglycemic or hyperlipidemic
responses

[101]

Solanum tuberosum L. (Solanaceae) Tubers Crude extract Inhibition of lipid metabolism [102]

Syzygium aromaticum L. Merr. et
Perry. (Myrtaceae)

Dried flower
buds

Crude extract Regulation of genes related to
lipid metabolism in the liver and
white adipose tissue, Y lipid
accumulation

[103]

Tamarindus indica L. (Fabaceae) Pulp Crude extract Significant reduction in adipose
tissue weights, as well as lowers
the degree of hepatic steatosis

[104]
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weight gain and inflammation associated with ovariec-
tomy-induced menopause in a rat model. The study
was modeled for 100 days and after 100 days treatment
revealed that a diet containing 10% blackberry (w/w)
decreased hepatic NF-kB, and cyclooxygenase-2 expres-
sion levels in female SpragueeDawley rats [113].

Blackcurrant (Ribes nigrum) berries are a woody shrub
rich source of anthocyanin content. The concentration of
anthocyanin in this type of berries are fourfold greater
than those of other common fruits. 80% of the total
anthocyanin content contains four major anthocyanins
such as cyanidin-3-glucoside, cyanidin-3-rutinoside,
delphinidin-3-glucoside and delphinidin-3-rutinoside.
Maximum anthocyanins are found in fully ripe stage.
In vitro or in vivo evidence suggested that anthocyanins
are effective as natural antioxidants, anticarcinogenic,

anti-inflammatory, vasoprotective, and antiobese agent
[114]. Blueberries (vaccinium) are the perennial flower-
ing plants with indigo-colored berries containing
several bioactive compounds like anthocyanins (antho-
cyanidins, or phenolic aglycone conjugated with sugar),
chlorogenic acid, flavonoids, a-linolenic acid, pterostil-
bene, resveratrol, and vitamins. The mechanism behind
its obesity management involves the suppression of
adipocyte differentiation, adipogenesis, and cell prolif-
eration [115].

Bilberry is low-growing shrubs of the Ericaceae fam-
ily. The obesity management potential of bilberries has
been studied by Lehtonen, in 2011. It was found that bil-
berries decrease weight, waist limits, vascular cell adhe-
sion molecule and intercellular adhesion molecule of
obese women [116]. The extract of bilberry is enriched

TABLE 18.2 Food Plants Possessing Antiobesity Potentialdcont’d

Plants Parts used Active principle Mechanism of action References

Terminalia chebula Retz
(Combretaceae)

Fruit, leaves Myrobalan Prevent cholesterol absorption,
cholesterol excretion, enhanced
lecithin: Cholesterol acyl
transferase activity, lowers TG
and TC

[105]

Trichosanthes dioica Roxb.
(Cucurbitaceae)

Fruit Flavonoids, alkaloids,
glycosides, terpenes, sterols,
lectins

Y TG, LDL and Very-low-density
lipoprotein (VLDL)

[106]

Trigonella foenum-graecum L.,
(Fabaceae)

Seed Crude extract Y Very-low-density lipoprotein
(VLDL), TGs, lactate
dehydrogenase, and [ serum
HDL-C
Y Body weight gain

[107]

Vitis vinifera L. (Vitaceae) Seeds Cyanidol chloride (7%),
Monomer (30%)

Y Weight gain
Y Blood lipid concentration
[ Serum HDL-C concentration
[ mRNA levels of lipolytic genes
YmRNA levels of lipogenic genes

[108]

Grape skin Resveratrol Y Adipogenic transcription
factors
(PPAR, C/EBPa, and their target
genes (fatty acid synthase, aP2,
SCD-1, and lipoprotein lipase)

[109]

Seeds Phenolic content Inhibited lipid accumulation of
C3H10T1/2 and 3T3-L1 adipose
cells
Y Expression of PPARg

Zingiber officinale Roscoe.
(Zingiberaceae)

Rhizome Crude extract,
Gingerols and shogaol

Inhibition of dietary fat
absorption
Y Body weight, glucose, insulin,
and lipid levels
Inhibition of carbohydrate
metabolism enzymes, [ insulin
release
Y Lipid content

[110]

Ziziphus jujuba Mill.
(Rhamnaceae)

Fruit Crude extract Suppression of lipid
accumulation and glycerol-3-
phosphate dehydrogenase

[111]

[ Increase the effect, Y decrease the effect.
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with anthocyanidins which inhibited adipocyte differ-
entiation by affecting the genes expressions of the
insulin pathway; decreased PPAR, sterol regulatory
element-binding protein 1c and tyrosine residues of in-
sulin receptor substrate 1 phosphorylation [117]. Black
chokeberry (Aronia melanocarpa) is native to eastern
North America belonging to the family of Rosaceae
found to contain high concentrations of anthocyanins
and procyanidins. Chokeberry reduces weight gain
and modulates insulin, adipogenic and inflammatory
signaling pathways in epididymal adipose tissue of
rats on a fructose-rich diet [118].

Indian gooseberry (amla) has been traditionally used
in Ayurvedic herbal preparation or rejuvenating medi-
cine. In an HFD induced mice model it significantly
inhibited body weight gain as well as adipose tissue
weight. Amla normalized adipose mRNA expression
of nuclear transcription factor, PPARg. Its aqueous
extract was more effective in inhibiting lipid accumula-
tion in 3T3-L1 mouse adipocytes treated during differ-
entiation [85]. Mulberry is a long multiple fruit of
Moraceae family. Peng and coauthors have investigated
the potential of mulberry in obesity management. Mul-
berry water extracts (MWE) contain polyphenolic com-
ponents like gallic acid, chlorogenic acid, rutin, and
anthocyanins may responsible for hypolipidemic ac-
tion by reducing serum triacylglycerol, cholesterol,
free fatty acid, LDL/HDL ratio in 6-week-old male
hamsters. MWE protects livers from impairment by
decreasing hepatic lipids through regulating lipogen-
esis and lipolysis [119].

Rubus idaeus is a type of berries known to be effective
in obesity management. The major aromatic component
responsible for the obesity management is raspberry ke-
tone (RK), 4-(4-hydroxyphenyl) butan-2-one; which is
the main compound of red raspberry. It has structural
similarity with capsaicin and synephrine. RK decreases
the hepatic triacylglycerol content in HFD-induced
mice. It translocate hormone sensitive lipase from the
cytosol to lipid droplets in rat epididymal fat cells,
thereby significantly increases norepinephrine-induced
lipolysis. Specifically RK alters the lipid metabolism
and increases norepinephrine-induced lipolysis in white
adipocytes. In these ways RK prevented elevations in
HFD-induced body weight and the weights of the liver
and visceral adipose tissues [120].

The Solanum lycopersicum is the edible red fruit/berry.
It is commonly known as a tomato plant. In a recent
investigation the effect of red and green tomato extract
on has been studied in high-fat-diet-induced C57BL/6
mice. The investigation indicated that the green tomato
extract attenuates obesity, which may be associated
with activation of the AMPK pathway [60]. In another
investigation into the effect of tomato vinegar (TV) con-
taining phytochemicals has been evaluated in vitro and

in vivo. In HFD-induced rats TV inhibited adipocyte dif-
ferentiation of 3T3-L1 preadipocyte and lipid accumula-
tion during differentiation. TV supplementation
markedly decreased visceral fat weights, hepatic TG
and cholesterol level without changing the food and cal-
orie intakes. Furthermore, plasma LDL-cholesterol and
antherogenic index has been lowered. It also elevates
HDL-cholesterol to total cholesterol ratio. Thereby this
study suggested that TV can be used as an antiobesity
therapeutic agent [121].

18.4.2 Capsicum

Capsicum is the fruit of different species of capsicum
plants. Capsicum is also known as red pepper or chili
pepper or bell pepper, variety of names depending on
place and type. Capsaicin (8-methyl-N-vanillyl-6-none-
namide) (23) is the most common naturally occurring
capsaicinoids which is present all varieties of Capsicum
plants. Other capsaicinoids are capsaicin, dihydrocap-
saicin, nordihydrocapsaicin, homocapsaicin and homo-
dihydrocapsaicin. Antiobesity effects of water extracts
of Capsicum annuum L. were examined through the eval-
uation of lipoprotein lipase (LPL) mRNA expression
level in mouse preadipocytes. In another study of anti-
adipogenic effect of C. annuum L. seeds in 3T3-L1 adipo-
cytes cells were examined [122]. From the experimental
outcome, it has observed significant decrease in the
expression of LPL mRNA level, adipogenic transcrip-
tion factors C/EBPb, C/EBPa, and PPARg, may possible
mechanism of antiobesity activity of capsicum. Red chili
pepper consumption can be augmented satiety and
reduced energy and fat intake, the stronger reduction
with oral exposure suggests a sensory effect of capsaicin
[123]. In another possible mechanism of antiobesity ef-
fects of capsaicin may be thermogenesis caused by pri-
mary sensory neurons of the “pain” pathway to
stimulate the transient receptor potential vanilloid re-
ceptor 1 [124]. Capsaicin can also increase catecholamine
(epinephrine, norepinephrine (NE) and dopamine)
secretion from sympathetic nervous system and as a
result, increases blood pressure. The explored evidence
may be another postulate of thermogenesis [125].
Furthermore, prospective antiobesity effects of
capsicum were examined in diet-induced obese rats.
The result suggests that capsaicin may diminish body
weight and fat accumulation in obese rats significantly.
These effects may be arbitrated by the up regulation of
uncoupling protein 2 (UCP2) gene expressions and its
ability to inhibit glycerol-3-phosphate dehydrogenase
activity [126]. Clinical studies have shown that diet-
induced thermogenesis has amplified by capsaicin.
The most recent study reveals capsaicin to the diet has
been shown to increase energy expenditure by negative
energy balance and promotes fat oxidation [127]. In
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addition, nanoemulsion oleoresin capsicum was
explored as a potential antiobesity agent in HFD
induced rats. Very few studies have been executed to
measure safety issues of capsinoids. One of the study
indicate 6 mg/day capsinoids consumption is safe
which will improve the obesity condition by decrease
body weight (abdominal fat loss) and changes in meta-
bolism specially increase oxidation of fat [128]. Several
studies indicate Capsicum fruit may consider as a poten-
tial antiobesity food.

Capsaicin    [23] 

O

HO

NH

O

18.4.3 Citrus

Citrus is one of the most popular food stuff in the
world and is a rich source of nutrients and bioactive
compounds. Citrus fruits contain vitamins, minerals,
dietary fibers, and pectins along with abundant of
bioactive compounds, including coumarins, flavo-
noids, carotenoids, and limonoids. Antiobesity and car-
diovascular toxic effects of Citrus aurantium extracts in
the rat were observed by Calapai et al. [129]. In this
study citrus fruit extract was standardized by synephr-
ine. Repeat dose administration had shown signifi-
cantly reduced the food intake and body weight gain
in rats. The immature peel extract of Citrus sunki
Hort. was tested on HFD induced obese C57BL/6
mice and mature 3T3-L1 adipocytes. In vitro results
suggest that C. sunki extract (CSE) had an antiobesity
effect via elevated b-oxidation and lipolysis in adipose
tissue. In vivo study of animal was explored Citrus peel
extract causes decrease body weight gain, adipose tis-
sue weight, reduce serum total cholesterol, and TG in
the CSE-administered group significantly compared
to the HFD group [130]. In another study, nomilin
from citrus fruit and seeds causes lower body weight,
serum glucose, serum insulin, and enhanced glucose
tolerance in male HFD-induced C57BL/6J mice [131].
Limonin (Lim) is a white crystalline substance, usually
found in orange and lemon seeds. Halder et al. [35]
report the antiobesity effects of cyclodextrin (CD)-
treated Lim along with naringenin (Ng) and hesperetin
(Hes). The results were indicated that Lim, Ng, and Hes
decreased cell viability in 3T3-L1 preadipocyte cells.

Lim, Ng, and Hes inhibited the adipocyte differentia-
tion in response to adipogenic inducers. The evidence
for this inhibition included fewer Oil Red O positive
droplets and a decreased expression of the adipocyte-
specific gene PPARg2. In animal studies, Lim-, Hes-,
and combination-treated mice gained less body weight
than control mice without treatment. The plasma TG
and cholesterol levels were significantly reduced by
Lim and the other substances. Furthermore, Lim
increased the mRNA expression on lipid metabolism-
related genes, including Acox1, UCP2. and carnitine
palmitoyltransferase1 in the liver. In another experi-
ment on Lim and its glycoside isolated from Citrus retic-
ulate, was shown induction of mitochondria mediated
intrinsic apoptosis in colon adenocarcinoma (SW480)
cells [132]. In conclusion, we found that citrus fruits
can prevent the development of obesity induced by
an HF diet and lowers hyperlipidemia.

18.4.4 Garlic

Allium sativum (garlic) is a well known food plant
gaining popularity as hyperlipidemic as well as a hypo-
glycemic agent. It is the member of Liliacae family got
attractiveness both as food and medicine for many
years. It is reported to contain a variety of effective
compounds such as sulfur containing compounds,
trace minerals etc. [133]. The sulfur compounds found
in garlic cloves are mainly two types present in equal
amount S-alkylcysteine sulfoxides and the g-glu-
tamyl-S-alkylcysteines. The most abundant sulfur com-
pound is allicin (detail in Section 18.3.5). A thorough
literature study has revealed that it lowers cholesterol
level and decrease lipid peroxidation. In an in vitro
experimental evidence showing garlic components
suppress LDL oxidation and short-term supplementa-
tion of garlic in human has exhibited inhibition of
LDL oxidation [134]. Three hundred and sixty days
randomized, single-blind, placebo controlled study of
garlic supplementation was conducted on Type 2 dia-
betic patients. The results of the garlic treated group
significantly decrease total cholesterol, LDL-C and in-
crease HDL cholesterol compared to placebo treated
group. This study suggests garlic possess cardioprotec-
tive activity [135]. In addition, garlic can prevent the
aortic plaque formation on cholesterol-fed rabbits.
Moreover, vascular calcification is inhibited in human
patients with high blood cholesterol by supplementa-
tion with garlic extract [136]. Garlic is also used for its
hypoglycemic activity. The probable mechanism of gar-
lic’s hypoglycemic effects is increased insulin oozing
and sensitivity. Evidence suggests that garlic possess
antioxidative, anti-inflammatory, and antiglycative
properties [137]. Garlic supplementation has been
shown to boost testosterone levels and decrease plasma
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corticosterone, hormones associated with protein anab-
olism, in rats fed a high protein diet [138]. Thus, garlic
may emerge as an effective medicine for diabetic obese
patient.

18.4.5 Grains

Whole grain contains a number of bioactive constitu-
ents’ e.g., dietary fiber, polyphenolic compounds, carot-
enoids, tocotrienols, tocopherols, phytoestrogens, and
vitamins. Its consumption was declining body mass in-
dex in school children, even after taking high calorie
diet [139]. It also possesses protective action against
stroke and metabolic syndrome. Due to poor digestibil-
ity rice protein reduced mammals’ body weight and
lipid level by increasing lipolysis and decreasing lipo-
genesis [140]. Barley Flakes: of all the grains, ceryain
forms of barley have among the lowest glycemic in-
dexes. Pearled barley (glycemic index (GI) ¼ 36) and
cracked barley (GI ¼ 72) have lower GI than sweet
corn (GI ¼ 78), rolled barley (GI ¼ 94), and instant white
rice (GI ¼ 128). Barley is a low glycemic source of carbo-
hydrates and a great source of fiber (1.5%), both of which
are advantageous in maintaining good glucose levels
and weight control [141]. Nuts (tree nuts and peanuts)
are rich sources of nutrient such asminerals, protein, un-
saturated fats, fiber, phytosterols, phenolics, and other
bioactive compounds and they do not contribute to
weight gain rather its consumption showed reduced
coronary heart disease and gallstones incidences in
both genders and diabetes in women [142]. Early life
soya intake produces higher leptin and MCP-1 levels,
which contribute to the prevention of obesity. The poly-
phenol-rich black soybean seed coat extract containing
cyanidin 3-glucoside, catechins, and procyanidins, sup-
presses abdominal fat accumulation, plasma glucose
level and enhances insulin sensitivity, UCP-1 and
UCP-2 expression in HFDmice, to deter obesity and dia-
betes by enhancing energy expenditure and suppressing
inflammation [143].

18.4.6 Punica

Punica granatum L. (pomegranate) is a fruit bearing
plant is probably originated in Iran and now cultivated
throughout India. Till date several researches have
been performed for investigating of its antitumor, anti-
bacterial, astringent, antidiarrheal, and antiobesity activ-
ities. The presence of a wide range of bioactive
components in leaf, flower, seed, and juice of pome-
granate may attribute to its antiobesity effects [144].

The fruit of P. granatum could be considered as a func-
tional food because it has contained a number of bioac-
tive compounds that display functional and medicinal
effects. Gallic acid, ursolic acid, and oleanolic acid are

the major metabolites found in pomegranate fruit
extract (PFE) posses’ antihyperlipidemic properties.
Along with the secondary metabolites the peels are
also a rich in complex polysaccharides, and minerals,
including potassium, nitrogen, calcium, magnesium,
phosphorus, and sodium [144]. The antihyperlipidemic
potential of PFE has been investigated by many re-
searchers and it has been observed that PFE consump-
tion decrease hepatic triacylglycerol and fatty droplets
content without altering total cholesterol and it lowers
serum lipids and glucose levels by 18e25% [145]. In
another study, endothelial NO synthase expression by
pomegranate juice (PJ) and seed oil was studied in obese
Zucker rats, a model of metabolic syndrome. Results
indicated that PJ significantly decreased the expression
of vascular inflammation markers, thrombospondin
(TSP), and cytokine TGFb1, whereas prominent downre-
gulation of TSP-1 expression occurred by seed oil.
Plasma nitrate and nitrite (NO (x)) levels were signifi-
cantly increased by PJ [146]. These data emphasize
promising clinical applications of PJ in metabolic disor-
der. The pomegranate seeds represent about 3% of the
fruit weight. The oil constitutes 12e20% of the total
seed weight contains a high concentration of fatty acids
such as linoleic acid and linolenic acid, as well as other
lipids, including punicic, oleic, other than lipids, decent
amounts of proteins, fibers, vitamins andminerals, poly-
phenols, and isoflavones are present. Investigation on
seed hypolipidemic profile Vroegrijk and coworker
speculated that the administration of 1 g seed oil had
decreased body weight and fat mass in male C57Bl/J6
mice for 12 weeks [147]. Vroegrijk et al. also reported
that supplementation with pomegranate seed oil
improved insulin sensitivity in HFD-fed mice. Hontecil-
las, studied the effect of catalpic acid in C57Bl/67 obese
mice and observed the reduction in the white adipose
tissue accumulation, triacylglycerol content as well as
augmented HDL in plasma [148]. Numerous in vitro, an-
imal, and human experiments have demonstrated the
enormous potential benefits of pomegranate. Therefore,
it is necessary to establish the therapeutic profile of all
the constituents in the diet and commercialized forms
to understand about the potential benefits of the pome-
granate for the prevention of obesity and related
disorders.

18.4.7 Tea

Tea is the most widely consumed aromatic beverage
in worldwide. The variety of chemical compounds
within this plant plays an important role in management
of human health. The three categories of teas are black,
green, and oolong-tea. Among these three types, black
tea is mostly consumed. The antiobesity potential of
black tea (Camellia sinensis) is due to the presence of
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variety of polyphenolic compounds such as theaflavins,
theaflavin 3-O-gallate, theaflavin 30-O-gallate, theafla-
vin 3, 30-O-gallate, epigallocatechin gallate (24), epicate-
chin gallate, catechins (25), quercetin glycosides, quinic
acid, gallic acid and caffeine (26). These polyphenols in-
hibits pancreatic lipase thereby produces the antiobesity
effect [149].

Green tea is another category of tea produced by the
unfermented dried leaves of C. sinensis. Diverse mecha-
nisms are involved behind the antiobesity effect of this
tea. The main constituents of the green tea are the poly-
phenols like flavonols, flavones and flavon-3-ols, out of
which flavan-3-ols also known as the catechins are the
most widely found accounting to 60e80% of the poly-
phenols. This catechin helps in reducing metabolic syn-
drome and decrease the body weight of overweight/
obese men, without affecting blood pressure or meta-
bolic function biomarkers [150]. Catechin gallate is the
strongest inhibitor of fatty acid synthase found in green
tea. Green tea helps in increasing the energy utilization
by increasing the potency of NE which is responsible
for increasing energy utilization and fat oxidation.

It also increases the lipolytic pathway, reduces adipose
tissue and low-grade inflammation in HFD animal
model. The other health beneficial role of green tea
may be partly because of the caffeine present in it which
increases energy utilization [151].

White tea is the category of tea produced from the un-
fermented young shoots of C. sinensis. The catechins
level in this plant is more than green tea. It reduces
blood triacylglycerols by increasing fecal lipids and re-
duces oxidative stress in the liver and adipose tissue
without reducing food intake, body weight, visceral
adiposity, and cholesterol lipoprotein profile [152].

Oolong tea is partially fermented tea. It may have
some impact on increasing energy expenditure due to
its catechin content. It also treats obesity, diabetes,
atherosclerosis, high cholesterol, and skin allergies
such as eczema; and boosts the immune system which
is due to the presence of caffeine. Literature survey has
revealed that three days of oolong tea consumption at
five cups per day increases the resting metabolic rate
3e4%. This attributed to the increased fat oxidation,
thereby decreasing the body fat stores [141].

Epigallocatechin Gallate [24]

Catechin [25] Caffeine [26]

OH
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18.5 MEDICINAL PLANT FOR
TREATMENT OF OBESITY

Miscellaneous plant products such as plant protein,
dietary fiber, prebiotic having the highest diversity in
their properties which can reduce body weight and pre-
vent diet-induced obesity. Therefore, in this section, we
are discussing about antiobesity activity possesses
plants and plant-derived products.

18.5.1 Plant Extract and Herbal Supplement

Several evidences suggested that not only isolated
compounds from the plant, but crude plant extracts
also possess desired therapeutic effects. Occasionally
synergistic interaction of a plant’s different groups of
chemicals may improve the therapeutic activity in
testing animals and also in humans. In Unani and Ay-
urvedic system of medicine, Nigella sativa (NS) seed ex-
tracts are used in the treatment of metabolic disorders,
including dyslipidemia and obesity. The antiobesity ac-
tivity of NS was clinically studied, which showed that
the activity of different treatment group was not statis-
tically significant but produced better activity than the
control group. Results suggested that larger dose and
longer duration of NS consumption will give better re-
sults [153]. In another clinical study, antihypertensive
and hypolipidemic activity of Hibiscus sabdariffa extract
was explored [154]. Furthermore, an acute and chronic
effect of Opuntia ficus-indica extract was investigated on
obese prediabetic patients. The result shows acute
blood glucose lowering effects among the treatment
group [155]. Carum carvi L. (caraway), an effective
medicinal plant, is conventionally recommended for
treating obesity. A randomized, triple-blind, placebo-
controlled clinical trial on obese women suggests that
caraway can successfully be used for obesity control
in women without having any side effects [156]. Snack-
ing is an uncontrolled eating habit, resulting in weight
gain and obesity. Satiereal (Inoreal Ltd, Plerin, France)
is an oral dietary supplement containing Crocus sativus
L. (saffron) extract that may reduce snacking and
enhance satiety through its suggested mood-improving
effect. In addition, researchers are postulating that
antioxidant rich compounds of saffron, e.g., crocins,
picrocrocins, and safranal, may exert potential antiobe-
sity activity but sufficient research has not yet been
done [82].

Herbal supplements are nonfood substances
intended to supplement the diet, contain one or more di-
etary ingredients (including vitamins, minerals, herbs,
or other botanicals, amino acids, and certain other sub-
stances) or their constituents, and are generally available
in forms such as tablet, capsule, powder, softgel, gelcap,
or liquid. Herbal supplements and diet-based therapies

for weight loss are among the most common in comple-
mentary and alternative medicine modalities. Addition-
ally, traditional system of medicine used polyherbal
preparation (combination of two or more plants) for
the purpose of enhancement of effects. In this context,
researchers have been examining the synergistic interac-
tion of therapeutically active plant extracts in combina-
tions; positive results are obtained which shows
combination can increase or decrease the individual
therapeutic activity or toxicity. While the exact mecha-
nism of action of a combination of herbal preparation
is not yet explored, a number of published data indicate
that the herbal extract in combination being more effica-
cious than a single dose of one of its components alone.
A combination of Citrus pinnatifida fruit and Citrus
unshiu peel extracts shows superior antiobesity effects
of HFD-induced obese rats [157]. A randomized, double
blind, placebo-controlled clinical trial of herbal supple-
ment (combination of Asparagus officinalis (C. sinensis),
black tea, Guarana Paullinia cupana (guarana), Phaseolus
vulgaris (kidney bean), Garcinia cambogia and chromium
yeast) shows significant changes of the Body Composi-
tion Improvement Index and decrease in body fat in
herbal supplement subjects compared to placebo [158].
In a recent study, Chinese herbal supplement (RCM-
104) was examined for the management of simple
obesity. A double-blind, randomized, placebo-
controlled trial result studied RCM-104 and it was
seen to be well tolerated and beneficial in reducing
body weight and BMI in obese subjects [159].

18.5.2 Plant-derived Proteins

Some plants are good sources of protein, e.g., whole
grains, soy, legumes, nuts, fruits, and seeds. We can
get sufficient essential amino acids by eating a variety
of plant proteins. Dietary proteins are considered to in-
crease thermogenesis and satiety that may help in the
prevention of obesity. Stem bromelain is a proteolytic
enzyme obtained from Ananas comosus (pineapple) and
this showed inhibitory effects on 3T3-L1 adipocyte dif-
ferentiation. It may be attributed to antiobesity activity
by suppressing the PPARg-regulated adipogenesis
pathway and by augmenting TNF-a-induced lipolysis
and apoptosis in mature 3T3-L1 adipocytes [70]. Soy
protein (SP) is an important component of soybeans
and provides an abundant source of dietary protein.
The antiobesity activity of dietary SP has been investi-
gated in Wistar fatty rats. Results suggested that SP effi-
ciently reduced the body weight of fatty rats by
suppressing the lipogenic enzyme gene. In addition,
this effect of SP has been examined on genetically modi-
fied obese rodents by Aoyama and coauthors [160].
Experimental results indicate that SP significantly
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decreased body weight and plasma glucose level.
Consequent research on SP recognized that it is a suit-
able protein source in energy-restricted diets for the
treatment of obesity. Sixty days randomized single-blind
study compared the effects of soy protein and pork-meat
protein and carbohydrate diet on 24-h energy expendi-
ture. The 24-h energy expenditure was higher with the
pork followed by soy and then carbohydrate diet. The
result suggests that soy has a greater thermogenic effect,
than a carbohydrate diet which may be relevant for the
prevention and treatment of obesity. Allison and co-
workers [161] performed a 12-week randomized
controlled trial of a low calorie soy-based meal replace-
ment program in 100 obese subjects. Soy-based dietary
formula was effective in lowering body weight, fat
mass, and decreasing LDL cholesterol level in serum.
However, long-term effects of dietary soy protein on
obesity have not yet revealed. Further research is
required to identify bioactive protein from plant sources
that may play an important role against metabolic
disorders.

18.5.3 Dietary Fiber and Prebiotics

Regulation of energy intake can be controlled by
increased intake of dietary fiber (DF). DFs are nondiges-
tible and nonstarch polysaccharides derived from
plants. An increased intake of DF is useful in the man-
agement of obesity and diabetes. The obesity manage-
ment potential is related to its unique physical and
chemical properties, which aid in the early signals of
satiation and/or prolonged signals of satiety. Sufficient
amount of fiber in diet controls satiety via diverse mech-
anisms which includes cut-off in excessive food intake
and deposits of fat accumulation, lowering the energy
density of the diet, increasing sensory exposure time to
a food in the oral cavity, slowing down gastric emptying,
modifying the postprandial glucose response, promot-
ing intestinal satiety, and changing neural and humoral
signals in the gut [162]. Pectin, b-glucan, xylan, arabi-
noxylan, insulin, resistant starch, and guar gum are
some of the examples of DFs which are beneficial in
obesity. Guar gum slows down the gastric emptying
and highly viscous fibers like oat reduce fasting glucose
levels and elevated LDL-cholesterol level without
changing the HDL fraction [163]. Whole-grain cereals
significantly lower the risk of obesity, diabetes, coronary
heart disease, stroke, hypertension, gastrointestinal dis-
eases, and boosts the immune system and stimulates the
growth of beneficial microbes in the colon. High
amylose maize resistant starch (RS) is effective in treat-
ing obesity. RS supplementation (15e30 g/day)
improved insulin sensitivity in overweight and obese
subjects, thereby helping in the alleviation of complica-
tions associated with insulin resistance. Wheat

arabinoxylan supplementation decreased adiposity,
body weight gain, serum, and hepatic cholesterol and
insulin resistance to HFD-induced obese mice [70].

Prebiotics are nondigestible oligosaccharides that
pass undigested through the upper gastrointestinal tract
and stimulate the growth and/or activity of advanta-
geous bacteria. They are produced by enzymatic hydro-
lysis of polysaccharides or by transglycosylations. Gut
microbiota (namely prebiotics) plays a nutritional role
in the management of obesity by inducing a host
response, controlling the gut’s barrier, and endocrine
functions [164]. Prebiotics like fructooligosaccharides,
galactooligosaccharides, and lactulose have already
been approved by the European Union. The effective-
ness of some prebiotics is yet to be established. Supple-
mentation of inulin (a type of fructans found in onion,
banana, chicory, and artichokes) in the diet reduces liver
and abdominal fat weight, enhances satiety, decreases
energy intake, and regulates body weight in human
and animal studies [70]. Therefore, proper and careful
dietary manipulations can help in the prevention or
management of obesity and other degenerative
disorders.

18.6 PROSPECT OF PHYTOCHEMICALS,
FOODS AND BOTANICALS IN OBESITY

MANAGEMENT

Published data indicate that phytochemicals play a
promising role for the treatment of obesity and its asso-
ciated metabolic diseases. Several in vivo studies have
repeatedly indicated that the intake of some phytochem-
icals could inhibit HFD-induced obesity in mice, ham-
sters, rats, or even humans [53]. The adipose tissue
mass can be scaled down by inhibiting adipogenesis
and/or inducing apoptosis in adipocytes. The pathway
is important for the investigation of mode of action
that natural products exert on antiobesity activity as
well as for defining the strategies for future
investigation.

Ghrelin is the only known circulating orexigenic hor-
mone. Its effect on obesity is associated with increased
appetite and food intake while reducing energy expen-
diture. Blocking ghrelin’s action via a decrease in ghrelin
secretion in the stomach may provide a promising target
for antiobesity drug development programs [16]. A ran-
domized, double-blind, placebo-controlled clinical trial
on obese women was done and it was found that green
tea extract significantly reduced the obesity-related hor-
mone peptides such as adiponectin and ghrelin [165].

An effective weight-management product should
provide improvements in blood pressure, lipids, glyce-
mia, or other beneficial outcomes that are commensu-
rate with the degree of weight loss [166]. Body fat
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homeostasis typically balances body’s energy regula-
tion. Thus, drugs which are acting on either energy
intake or expenditure fail to make the desired outcome
after long-term treatment because compensatory mech-
anism balances the body weight. In the time to come, it
is possible that plant derivatives, herbal supplement,
and phytochemicals, combat the problem by their mul-
tiple mechanisms and emerge as effective antiobesity
drugs.

18.7 CONCLUSION

Herbal food and plant-derived phytoconstituents
along with regular exercise may provide efficient control
over weight gain. However, there remains a heavy heap
of research and understanding about the herbedrug
interaction, pharmacokinetic measures, toxicological
limitation, and beneficial effect of combination therapy.
Progressive research on the recognition of new phyto-
chemicals, functional food, or botanicals could be rele-
vant for future advanced therapies and preventive
steps to develop safe and effective therapeutics for
obesity.
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19.1 INTRODUCTION

High performance liquid chromatography (HPLC),
also known as high pressure liquid chromatography, is
one of the most popular, modern, powerful, and versa-
tile chromatographic separation techniques that have
been routinely used to separate the components in a
mixture (e.g., an herbal extract or product), to identify
each components (or at least as many components as
possible), to quantify separated components, and to
obtain the chemical profile or fingerprint of a crude
mixture. Any HPLC system fundamentally comprises
a pump (or pumps) to pass a pressurized (50e400 bar)
mobile phase (solvent) through a compact column (typi-
cally 2.1e4.6 mm diameter and 30e250mm length)
filled with a stationary phase, e.g., reversed-phase C18

silica (typically 2e5 mm particle size), a sample injection
system (manual or autosampler), at least one suitable
detector, e.g., photo-diode-array (PDA) detector, to
monitor the separation of any sample mixture, and
nowadays, a PC-based software to control the whole
operation and data processing (Figure 19.1). Depending
on the demand of any particular experiment, a fraction
collector, a column chamber (thermostat or column
oven), an online degasser, or a few other additional
modules can also be added to a standard HPLC system.
While this chapter is not really intended to provide the
details of the composition and function of any HPLC
system, it will certainly focus on the applications of

HPLC techniques in the analysis of various herbal prod-
ucts and will present several specific examples of proto-
cols of such analysis. However, a brief overview of
available HPLC techniques and methods will be
presented. The examples of analyses of herbal products
will primarily be limited to commercially available
formulated products, not necessarily any crude herbs
or herbal materials.

19.2 HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY (HPLC)

HPLC is the most widely used analytical separation
technique for qualitative and quantitative determination
of compounds in natural products extracts or fractions
as well as finished products. For any analysis of herbal
products, HPLC, coupled with various modern detec-
tion techniques, has now become the method of choice
and is often recommended by various regulatory
authorities working towards ensuring the quality, effi-
cacy, and safety of herbal products. However, an
HPLC operation requires careful consideration of a
number of important factors, starting from sample prep-
aration to the choice of appropriate detection technique
and data processing modes.

19.2.1 Sample Preparation Techniques

The fundamental steps in sample preparation for
HPLC analysis are complete dissolution of sample in
the eluent and filtration of the sample solution using
microfilters (usually 0.45 mm). The quality of the
outcome from any HPLC analysis often depends on
the sample preparation technique used [1e5].The choice
of a sample preparation technique for HPLC analysis
depends largely on the nature of samples to be analyzed,
and the HPLC mode to be employed. For example, if the
sample matrix is soluble in the mobile phase, a simple
preparation of sample solution is suitable for HPLC
analysis. However, if the sample is not readily soluble
in the mobile phase, for example, powder of an herb, a
suitable extraction protocol will have to be employed
before it can be analyzed by HPLC. The chosen extrac-
tion procedures should be rapid but efficient, and they
should include the total entity of the low molecular
constituents of an herbal product. This is usually
achieved, in most cases, using methanol (MeOH)
or ethanol (EtOH). Additional fingerprints can be
obtained by extraction with petroleum ether/n-hexane
or chloroform (for lipophilic compounds) or water/
water-acetone mixtures (for tannins, high polymeric
procyanidines, and amino acids) as solvents. Polysac-
charides and proteins can be characterized using their

Mobile phase reservoir

Pumps

Manual injector or
Autosampler

Column 
(With or without a guard column)

Detector
(UV-Vis, PDA or MS)Waste solvent

Ourput terminal
(PC or chart recorder)

FIGURE 19.1 HPLC schematic.
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sugar- or amino acid-fingerprints after enrichment and
acidic or enzymatic hydrolysis.

Depending on the nature of the active ingredient(s)
used in any formulations or products, e.g., tablets and
capsules, either a simple dissolution or an extraction
step followed by filtration must be introduced prior to
HPLC analysis. A suitable sample preparation step is
particularly important for the analysis of herbs and
herbal products, because it is necessary to extract the
desired chemical components from the herbal materials
for further separation and characterization. Modern and
classical sample preparation techniques [4e6] may
include one or more of the following:

1. Solvent immersion.
2. Solvent partitioning.
3. Refluxing.
4. Ultrasonic extraction.
5. Solid-phase microextraction.
6. Supercritical-fluid extraction.
7. Pressurized-liquid extraction.
8. Microwave-assisted extraction.
9. Solid-phase extraction.

10. Surfactant-mediated extraction.

An excellent overview on various modern sample
preparation methods for the extraction, cleanup, and
concentration of analytes from medicinal plants or herb-
al products for HPLC analysis has been presented by
Huie [7]. Generally, an ideal sample preparation tech-
nique should be safe, cost-effective, reproducible, not
too time-consuming, able to extract maximally the target
compounds without changing their structures, and able
to exclude other compounds to minimize any unwanted
interferences.

19.2.2 Modes of Separation: Stationary and
Mobile Phases

An HPLC analysis of any crude mixture (e.g., herbal
products) generally requires a normal-phase, reversed-
phase gel permeation (size exclusion) or an ion exchange
chromatographic mode [8,9]. The use of any particular
mode relies on the compatibility of the stationary phase
with the extract or mixture to be analyzed and also the
chemical nature of the crude mixture. Commonly used
stationary phases and their associated modes are
presented in Table 19.1.

19.2.2.1 Normal-Phase HPLC (NP-HPLC)

Normal-phase HPLC (NP-HPLC), which is not the
most popular form of HPLC nowadays, utilizes a polar
stationary phase (usually silica) and less polar
(nonaqueous) eluting solvents, e.g., n-hexane and ethyl
acetate (mobile phase). The separation is based on the
analyte’s ability to engage in polar interactions, e.g.,

hydrogen bonding or dipoleedipole type interactions,
with the sorbent surface. Generally, polar compounds
in the mixture being passed through the column will
be adsorbed more strongly to the polar silica than
nonpolar compounds, which will pass more quickly
through the column and will be eluted quicker than
the polar ones. Increasing the polarity of the eluting
solvent will decrease the elution time, i.e., shorter reten-
tion time.

NP-HPLC is suitable for separating lipophilic
compounds, long-chain alkanes, or compounds that
are sparingly soluble in aqueous conditions. As the
interaction of various compounds with the stationary
phase not only depends on the functional groups
present in the structure of the analyte molecule, but
also on stereochemical features, the effect of steric
hindrance on interaction strength allows NP-HPLC
methods to resolve geometric and positional isomers
[9]. Since the introduction of reversed-phase HPLC
(RP-HPLC) during 1970, NP-HPLC has been super-
seded by RP-HPLC. The NP-HPLC mobile phase
consists of a nonpolar solvent such as n-hexane or n-hep-
tane mixed with a slightly more polar solvent such as
isopropanol, chloroform, or ethyl acetate [10]. Table
19.2 presents a list of commonly used eluents in
NP-HPLC. There are four main factors, i.e., solvent
strength, localization, basicity, and UV cutoff, involved
in the choice of solvents for NP-HPLC.

19.2.2.2 Reversed-Phase HPLC (RP-HPLC)

Reversed-phase HPLC (RP-HPLC) is the most
commonly used mode of HPLC and, as the name
implies, this mode is just the reverse of NP-HPLC,
whereby the stationary phase is more nonpolar than
the eluting solvent. Generally, RP-HPLC has a nonpolar
stationary phase, e.g., C18 silica (Table 19.1), and a
moderately polar aqueous mobile phase [8,10]. One
common RP-HPLC stationary phase is surface-modified
silica, RMe2SiCl, where R is a straight chain alkyl group

TABLE 19.1 Commonly Used Stationary Phases and
Their Associated Modes in HPLC

Stationary phases Modes

C6 silica Reversed-phase

C8 silica Reversed-phase

C18 silica Reversed-phase

Silica Normal phase

Diol Normal and reversed-phase

Cyano (CN) Normal and reversed-phase

Benzene sulphonic acid Strong cation exchange

Polystyrene Size exclusion
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such as C18H37 or C8H17. Silica-based reversed-phase
sorbents are also known as “bonded-phase” materials
[8,11]. The eluent used in RP-HPLC is usually composed
of a mixture of water and miscible organic solvents,
usually acetonitrile (ACN), MeOH, or tetrahydrofuran
(THF) [9,10] (Table 19.3). Sometimes, buffers, acids, or
bases are also added to suppress compound ionization
or to control the degree of ionization of free unreacted
silanol groups to reduce peak tailing and improve chro-
matography [9].

In RP-HPLC there is strong attraction between the
polar solvent and polar molecules in the mixture being
passed through the column, but there is not much attrac-
tion between the hydrocarbon chains attached to the
silica (the stationary phase) and the polar molecules in
the solution. Therefore, polar molecules in the mixture
spend most of their time moving with the solvent.
Nonpolar compounds in themixture tend to form attrac-
tions with the hydrocarbon groups because of van der
Waals dispersion forces. They are less soluble in the
solvent because of the need to break hydrogen bonds
as they squeeze in between the water or methanol
molecules. They spend less time in solution in the

solvent, and this slows them down on their way through
the column, which means longer retention time. In
RP-HPLC the polar molecules travel through the
column more quickly.

RP-HPLC allows purification of most classes of com-
pounds, including compounds present in various herbal
products, and is often the most preferable choice when
analyzing and attempting to separate and identify
compounds from a complex mixture [12].

19.2.2.3 Other HPLC Modes

Gel permeation chromatographic HPLC mode (also
called size exclusion chromatography) is generally used
for separation of large molecules, e.g., proteins and oligo-
saccharides. The stationary phase is made of inherently
hydrophobic and chemically and physically inert poly-
styrene/divinylbenzene copolymers (Table 19.1). The
pore size in the particles is strictly controlled, and
compounds are separated by their ability to enter the
pores; the smaller molecules are “trapped” temporarily
in the pores, while larger molecules are not held up
and pass through the column relatively unhindered [9].

Ion exchange HPLC utilizes an anionic or cationic
stationary phase for the separation of acids and amines.
Compounds with a net charge bind reversibly to the
ionizable groups on the stationary phase and are eluted
through displacement of a stronger ionized species in
the eluent [9].

19.2.3 Isocratic versus Gradient Elution

Isocratic analysis is the analysis where the mobile
phase composition, as well as the flow rate, is kept
constant throughout the total HPLC run, and any re-equi-
libration of the column is not required. On the other
hand, in gradient elution, the mobile phase composition
changes over time, either gradually with a steady change
in composition (linear gradient), or a stepwise change in
composition (step gradient) [13e15]. While an isocratic
elution is suitable for separating a mixture of a few com-
pounds, a gradient elution can handle a mixture of
several compounds of wide-ranging polarities [15]. In a
gradient operation, the sample is injected onto the col-
umn in high aqueous conditions, and the organic propor-
tion is increased over time to elute all the compounds
off the column. For a typical analytical column (4.6mm
i.d.� 150mm), the typical flow rate is 1.0mL/min with
the gradient time taking 30min with a hold at the end
of the gradient to ensure all compounds have been
eluted [9]. However, the run time can be significantly
reduced (five minutes as opposed to 30min) in the
recently introduced ultra performance liquid chromatog-
raphy (UPLC), where the diameter of the column and the
particle size of the stationary phase are much smaller

TABLE 19.2 Commonly Used Mobile Phases in NP-HPLC

Mobile

phases

Strength

(ε0) Localization Basicity

UV-cut-

off (nm)

n-Hexane 0.0 No Not relevant 195

n-Heptane 0.0 No Not relevant 200

Chloroform 0.26 No Not relevant 245

Dichloromethane 0.30 No Not relevant 233

Diethylether 0.38 Yes Yes 218

Ethylacetate 0.48 Yes No 256

Tetrahydrofuran 0.53 Yes Yes 212

Isopropanol 0.60 Yes Proton
donor

210

Methanol 0.70 Yes Proton
donor

205

TABLE 19.3 Commonly Used Mobile Phases in
RP-HPLC

Mobile

phases

Polarity index

(Snyder)

UV-cutoff

(nm)

Acetonitrile 6.2 190

Isopropanol 4.3 210

Methanol 6.6 205

Tetrahydrofuran 4.2 212e230

Water 9.0 180
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than conventional analytical HPLC columns [16,17]. In
UPLC, the separation efficiency and resolution can be
improved because of the use of much-reduced particle
size in the UPLC columns [18,19].

19.2.4 Detectors

A suitable detection device (detector) is used with
an HPLC to detect or monitor compounds separating
out while eluting from a column. The most common
detector is an UltravioleteVisible (UVeVis) detector.
However, hyphenation between an HPLC and more
sophisticated detection techniques, e.g., mass spectrom-
eter (MS) or nuclear magnetic resonance (NMR) spec-
trometer, has increased the capability of separating
and solving structural problems of complex natural
products [20]. Sometimes, multiple detection techniques
are employed, e.g., LC-UV-Vis-MS, LC-MS-MS, and
LC-NMR-MS.

A UVeVis spectroscopic detector is a universal detec-
tor for any HPLC system. The photo-diode-array (PDA)
detector is another form of UVeVis detector that allows
analysis of compounds containing chromophores,
coumarins, flavonoids, isoflavonoids, etc. A PDA detec-
tor facilitates the analysis of individual HPLC peaks
after completion of a run and helps to obtain complete
UVeVis spectrum of individual compounds. Indepen-
dent chromatograms can also be constructed at various
wavelengths to enhance selectivity of the data. PDA is
one of the most popular detectors, but compounds
with no chromophores are not UVeVis sensitive, and
cannot be detected.

Nowadays, an MS detector, generally in combination
with a UVeVis or PDA detector, is probably the most
sought-after detection method employed for HPLC,
especially when analyzing complex mixtures of com-
pounds like natural product extracts or herbal products.
When an MS detector is used, separated compounds
emerging from the column can be identified on the basis
of their mass spectral data. The ionization techniques
used in HPLC-MS are generally soft ionization tech-
niques, e.g., electrospray ionization mass spectrometry
(ESI-MS) that display mainly the molecular ion species
with only a few fragment ions are generally used in
HPLC-MS. Sometimes, tandem mass spectrometry
(MSeMS), which provides fragments through colli-
sion-induced dissociation of the molecular ions, is also
employed [20].

An HPLC-MS system does not necessarily allow a
complete and unambiguous online identification of a
component, unless it is a well-known natural product
and complementary online spectroscopic information
is available in databases for comparison [20e22]. The
quality of MS response invariably depends on a number
of factors, e.g., nature of the compounds to be analyzed,

the solvent and buffer used as the mobile phase, the flow
rate, and, of course, the type of interface used, and thus,
it often creates difficulties in relation to reproducibility
of information [23].

NMR, albeit probably the least sensitive of all detec-
tion techniques, is also used as a detector for HPLC as
it offers the most useful structural information towards
the structure elucidation of natural products [20]. Often,
a UVeVis detector is also used as a primary detector
when an NMR detector is used. NMR has not quite
become a widely accepted detector for any HPLC oper-
ation, mainly because of its lower level of sensitivity,
need for deuterated solvents, and higher cost compared
to other available detectors.

Among the other types of detectors, an evaporative
light scattering detector (ELSD), an infrared (IR) detec-
tor, an electrochemical detector, and a fluorescent detec-
tor are also used in special cases. For example, saponins
with no chromophores may not be detected by conven-
tional UVeVis or PDA, but can be successfully detected
by the ELSD. As one-way separation, single detection
method, or data processing cannot fulfill the needs of
the comprehensive quality control of herbal products,
multidimensional information-based HPLC technolo-
gies (e.g., two dimensional HPLC), use of multidetectors,
and HPLC fingerprinting coupled with multicomponent
quantification can fulfill this demand [24].

19.2.5 Data Analysis

Most of the data analyses are now performed through
various PC-based software that normally come with
HPLC systems, e.g., Chromeleon for Dionex HPLC
systems. However, for any HPLC analysis, the retention
time, peak area, peak height, UVeVis absorption
maxima, MS data, and, in some cases, NMR data are
generally analyzed for identification and/or quantifica-
tion of separated components from a complex mixture.
Data obtained from HPLC runs can also be analyzed
for chemical fingerprinting analysis of various natural
product extracts, including herbal products, especially
in relation to quality control and authentication
purposes. With the tremendous progress in electronics
and computational techniques, the capabilities of avail-
able HPLC software have enhanced significantly in
recent years, and various types of data analysis can
now be easily performed.

19.2.6 Chemometrics and Principal Component
Analysis

Chemometrics is not a single tool but a range of
methods including basic statistics, signal processing,
factorial design, calibration, curve fitting, factor

19.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) 409



analysis, detection, pattern recognition, and neural
network. Chemometrics, first introduced by the Swedish
scientist Svante Wold in 1971, is simply the application
of mathematical and statistical techniques to retrieve
more information from the chromatographic data. This
term has been officially defined as the science of relating
measurements made on a chemical system or process to
the state of the system via application of mathematical or
statistical methods [25e30]. Various areas and principles
that contribute to chemometrics are shown in
Figure 19.2.

Chemometrics is the tool for extracting information
from multivariate chemical data using tools of statistics
and mathematics. With the advance of computational
techniques, chemometrics has become a leading tool
for faster analysis of results/data and shorter product
development time. It is generally applied for one or
more of three primary purposes to

1. Explore patterns of association in data.
2. Track properties of materials on a continuous basis.
3. Prepare and use multivariate classification models.

This tool has the capacity for analyzing and modeling
a wide variety of data types for an even more diverse set
of applications. Chemometrics are basically classified
into two main categories [26]:

1. Pattern recognition methods (unsupervised and
supervised) when a qualitative evaluation is
considered.

2. Multivariate calibration for quantitative purposes.

The design of the experiment, data preprocessing,
classification, and calibration are the main practical
steps involved in any chemometrics analysis. Experi-
mental design primarily screens factors that are impor-
tant for the success of a process. Selection and
implementation of the optimized conditions under
which the process will be carried out come next.

Principal component analysis (PCA) is an unsuper-
vised pattern recognition technique used for handling
multivariate data without prior knowledge about the
samples under investigation [31]. The supervised classi-
fication procedure using soft independent modeling of
class analogy (SIMCA), based on making a PCA model
to assign unknown samples into the predefined class
model, is also used in chemometrics analysis [30]. The
central idea of PCA is to reduce the dimensionality of
a data set consisting of large amounts of interrelated
variables, yet keeping maximum variation in the data
set. PCA is generally used to evaluate the discrimination
ability of common components using relative peak areas
of common peaks as input data instead of the full
fingerprint.

In the analysis of herbal products, especially by
HPLC, and chemometrics follow-up analysis,

pretreatment of data is required because of unknown
components, overlapped peaks, and drifted baselines
on the HPLC chromatogram. For herbal products data
analysis for quality control and standardization, in addi-
tion to PCA as mentioned above, a number of other che-
mometrics techniques may also be applied, such as
linear discriminate analysis (LDA), spectral correlative
chromatography (SCC), information theory (IT), local
least square (LLS), heuristic evolving latent projections
(HELP), and orthogonal projection analysis (OPA) [30].
The commonly used pretreatment of data obtained
from herbal products analysis are LLS and normaliza-
tion. Details on the chemometrics techniques for the
analysis of herbal products are available in a couple of
excellent review articles published recently [30,32].

19.3 HERBAL PRODUCTS

Herbal medicine refers to medicine that utilizes
various plant parts, e.g., seeds, berries, roots, leaves,
bark, flower buds, or flowers for treating human
ailments. It is also known as botanical medicine or
phytomedicine. Herbal products are commercially
available nutrition (dietary supplements), cosmetics,
health, or health-related products, including medicines
that contain one or more herbal components. An herbal
product may be simply dried total plant parts, dried and
ground plant parts, crude extracts of any plant parts, or
in a more contemporary form of medicinal formulation,
e.g., teas, tablets, capsules, solutions, or suspensions.

Chemometrics

Time series
analyses

Information
technology

Computation

Mulyivariate
statistics &

pattern
recognition

Decision theory

Operations 
research

Numerical
analysis

FIGURE 19.2 A flow diagram showing the generic steps involved
in the HPLC-based analysis of herbal products.
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The use of herbs for human consumptions, particu-
larly for medicinal purposes, goes back thousands of
years, as far as 60,000 years ago when the Neanderthal
men appeared to have used herbs for treating ailments.
Various forms of major healthcare systems, based on
the use of herbs and herbal constituents, were developed
several thousand years ago; for example, the Traditional
Chinese Medicine (TCM) and the Ayurvedic Medicine
systems both are about 5000 years old. It is obvious that
herbal medicine or herbal products have a long tradition
of use outside of conventional medicine, and they have
always enjoyed enviable popularity, especially in the
developing world. It is well-known that, according to
the estimation by the World Health Organization
(WHO), over 80% of people worldwide rely on herbal
medicines for some part of their primary health care.

Over the last few decades, the steady growth of the
herbal products market, especially in the developed
western countries, has been quite remarkable, and in
some cases, it has superseded the growth of the so-called
“modern medicine” market. In Germany, about 600e700
plant-based medicinal products are available and are
prescribed by a majority (over 70%) of German physi-
cians. In the past 20 years, in the USA, public dissatisfac-
tion with the cost of prescription medications, combined
with an interest in returning to natural or organic
remedies, has prompted an increase in demands for
herbal medicinal products. However, quality-related
problems (lack of consistency, safety, and efficacy)
seem to be overshadowing the potential genuine health
benefits of various herbal products; thus, the quality
herbal products can only be made effective and safe if
proper standardization methods are followed right
from the cultivation/collection of the herb to packaging
and storage of the finished product.

All herbal products can broadly be divided into two
classes: (1) monoherbal products and (2) polyherbal
products.

19.3.1 Monoherbal Products

Monoherbal products or preparations, as the name
indicates, contain only one herb or herbal component.
For example, ginseng tea contains the powder of only
ginseng roots, chamomile tea contains dried leaves of
Matricaria chamomilla, Curcuma capsules contain only
the powder of rhizomes of Curcuma longa, Milk Thistle
capsules contain standardized extract of only Milk
Thistle (Silybummarianum), and Ginkgo biloba standard-
ized extract contains the extract of only Ginkgo biloba.

19.3.2 Polyherbal Products

Again, as the name implies, a polyherbal product
or preparation, e.g., decoction, tincture, tablets, and

capsules, is composed of two or more herbs or herbals
components. Most of the TCM products or Ayurvedic
preparations often contain more than two herbal compo-
nents. For example, a polyherbal formulation based on
Euphorbia fusiformis (common name: Dhudmul) to in-
crease the flow of breast milk in women utilizes 500 g
of roots of E. fusiformis made into a paste and 20e25
grains of Piper nigrum in the form of conventional tablets
[33]. Further examples of some polyherbal formulations
are presented in Table 19.4.

19.4 TYPES OF ANALYSIS OF HERBAL
PRODUCTS

Most of the herbal products analysis can be catego-
rized into two major categories: (1) chemical profiling
or chemical fingerprinting and (2) authentication and
quality control of herbal products to ensure efficacy
and safety of the products. One of the characteristics of
herbal preparations or products is that, most often, herb-
al products, either presenting as a single herb (monoher-
bal) or as collections of herbs in composite formula
(polyherbal), are extracted with boiling water during
the decoction process, with the exception of more mod-
ern products (e.g., tablets or capsules of herbal medi-
cines). This sometimes poses the difficulties in quality
control or analysis of herbal products.

Despite the common perception that herbal products
are generally safe because of their long-standing use in
various cultures, several serious adverse effects result-
ing from uses of herbal products have been well-docu-
mented in the literature. Many of these adverse effects
can be implicated to the presence of toxic contaminants,
e.g., heavy metals, microorganisms, microbial toxins,
pesticides, and radioactive materials, and various adul-
terations. Some of the herbal components used in the
herbal products may also be toxic themselves, especially
when their presence in the product is well above the rec-
ommended safety levels. Therefore, appropriate anal-
ysis of herbal products to ensure quality, and thus
ensuring safety, is paramount. This may require compre-
hensive phytochemical analysis incorporating identifi-
cation and quantification of all or at least as many
compounds as possible present in any herbal products.

The major objective of any herbal product analysis is
generally aimed at overall standardization of the prod-
uct, which is the first step for the establishment of any
consistent biological activity, a consistent chemical pro-
file, or simply a quality assurance program for produc-
tion and manufacturing [45]. Standardization can be
defined as the means of adjusting the herbal products
to a defined content of a constituent or group of
substances with defined therapeutic activity. According
to the European Medicines Agency (EMEA), there is a
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TABLE 19.4 Examples of Some Polyherbal Products

Polyherbal products Compositions Uses References

Arjunarishta Fermented decoction of the bark of Terminalia arjuna
(2040 g), fruits of Vitis vinifera (1020 g), flowers of
Madhuca indica (408 g), and flowers of Woodfordia

fruticosa (408 g).

Cardioprotective [34]

Ayurved Siriraj Prasachandaeng Citrus aurantifolia, Bouea macrophylla, Knema globularia,
Dracaena loureiri, Myristica fragrans, Caesalpinia sappan,
Conioselinum univitatum, Kaempferia galanga, Mesua
ferrea, Jasminum sambac, Mammea siamensis, and
Nelumbo nucifera

Antipyretic drug [35]

Contudol� capsule (1) Boswella serrata (Shallaki) extract (standardized for
boswellic acid 60%), 200mg, (2) Curcuma longa (Haldi)
extract (standardized for curcumin 20%), 100mg, (3)
Moringa oleifera (Sahjan) extract (standardized for
tannins 1%, 50mg, and (4) Zingiber officinale (Sunthi or
Ada) extract (standardized for gingerol), 35mg

Improves mobility and reduces
pain in the case of arthritis and
other musculoskeletal disorders.

[36]

Hongdoushan capsule Panax ginseng,Glycyrrhiza uralensis, and Taxus Chinensis To treat ovarian and breast
cancers

[37]

Immunol Extracts of Asparagus racemosus (7.0mg), Boerhaavaia
diffusa (7.0mg), Tinospora cordifolia (14.5mg), Terminalia
chebula (3.5mg), Trigonella foebum-graecum (4.8mg),
Tylophora asthamatica (4.8mg), and Withania somnifera

(7.0mg)

To stimulate immune system [38]

Jessica Each 100mg contains Emblica offocinalis (7.6mg),
Nardostachys jatamansi (77.0 mg), and Rauwolfia
serpentine (15.4mg)

Anxiolytic property: to help with
sleep and relaxation

[39]

Maha Vartikawa Watee pills Composed of 29 herbal ingredients of equal quantities:
aerial parts ofMyristica fragrans, bulbs ofAllium satium,
exocarps of Acacia chundra and Ferula assa-foetida,
flower buds of Syzygium aromaticum, fruits of Carum
cavi, Cuminum cyminum, Piper nigrum, Piper longum,
and Trigonella foenum-graecum, heart-wood of Santalum
album, leaves of Piper betel, Trachyspermum ammi, and
Vitex nigundo, pollens of Fumaria parviflora, rhizomes of
Acorus calamus and Zingiber officinale, roots of Solanum
virginianum, seeds of Brassica jancea, Caesalpinia bonduc,
Embelica ribes, Myristica fragrans, Nigella sativa,
Seasamus indicum, stamen ofMesua ferrea, stem barks of
Cinnamomum verum, and total plant of Terminalia

chebula, Terminalia bellarica, and Phyllanthus emblica

To treat gastrointestinal disorders [40]

Rasayana churna (1) Powder of dried stem of Tinospora cordifolia
(Guduchi), (2) powder of dried fruits of Tribulus
terrestris (Gokshur), and (3) powder of dried pericarps
of Emblica officinalis (Amlaki) in equal proportion.

To enhance general body
resistance, promote longevity, and
relieve stress.

[41]

Shrishadi Albezzia lebbeck, Cyprus rotan, and Solanum
xanthocarpum

To treat infectious respiratory
disorders.

[42]

Tisane A Roots of Cocos nucifera and Coix lacryma-jobi, leaves of
Aphloia theiformis, Antidesma madagascariense, and
Bidens pilosa, and bark of Erythroxylum laurifolium

To treat rheumatoid arthritis [43]

Triphala powder or tablets Ground dried pericarps (in equal proportion) of (1)
Terminalia chebula (Haritaki), (2) Terminalia bellerica

(Bibhitaki), and (3) Emblica officinalis (Amlaki)

For internal cleansing, purgation,
rejuvenation, and detoxification

[44]
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clear distinction between constituents with known ther-
apeutic activity (which can be used to standardize any
biological effect) and marker compounds, which allow
standardization on a set amount of the chosen
compound.

Amarker compound can be defined as the chemically
defined constituent of an herbal product for quality
control purposes, irrespective of its direct link or not,
to overall therapeutic property of the product. Valerenic
acids in Valeriana officinalis, gingkolides and flavonoids
in G. biloba, and hypericin and hyperforin in Hypericum
perfoliatum are classic examples of some marker
compounds.

According to the EU definition, there are three
categories of herbal products: (1) those containing con-
stituents (single or group of compounds) with known
and experienced therapeutic activity that is solely
responsible for clinical efficacy; (2) those containing
chemically defined constituents possessing relevant
pharmacological properties, which are likely to
contribute to the clinical efficacy; and (3) those in which
no constituents have been identified as being respon-
sible for the therapeutic activity. All these three
categories need to be covered or considered when
analyzing any herbal product. A flow diagram to
show the generic HPLC-based analysis of herbal prod-
ucts is shown in Figure 19.3.

19.4.1 Marker-Based Authentication and
Quality Control of Herbal Products

Authentication of the herbal products is the first step
towards its quality control to ascertain efficacy and
safety [46]. An herbal product, whether it is a monoher-
bal or polyherbal, contains several chemicals, which
provide themwith specific chemical identities or charac-
teristics. So chemical constituents and their respective
quantities can be analyzed to authenticate, i.e., to
identify, an herbal product and differentiate the real
product from a fake one [32,47,48].

Generally, one or two markers or pharmacologically
active components in herbs or herbal products are
employed for evaluating the quality and authenticity
of herbal products, both in the identification and quanti-
fication of single herb and in multicomponent prepara-
tions [30,45]. According to the definition provided by
the EMEA, chemical markers are the chemically defined
constituents or groups of constituents of an herbal
medicinal product, which are of interest for quality
control purposes regardless whether they possess any
therapeutic activity.

The presence and the quantity of a chemicalmarker are
taken as primary indicators of the quality of any herbal
product. However, marker-based determination may not
necessarily offer a detailed picture of an herbal product,
as multiple constituents are usually responsible synergis-
tically for its therapeutic efficacy. Also, the chemical con-
stituents in components herbal products may vary
depending on harvest seasons, plant origins, drying pro-
cesses, and other factors. This is why, nowadays, finger-
printing analysis of herbal products has become popular
to ascertain authenticity and quality of an herbal product.

19.4.2 Chemical Profiling or Fingerprinting
of Herbal Products

One of the main modes of analysis of herbal products
is chemical profiling or chemical fingerprinting. Finger-
printing is a quality control tool that builds upon spec-
troscopic and chromatographic technology.
An HPLC-based chemical fingerprint refers to the com-
mon peaks of any HPLC chromatogram, which can be
used to characterize or authenticate any herbal product.
A fingerprint of herbal medicinal products is the profile,
which can illustrate the specific properties of the
finished product after appropriate processing and be
obtained by certain analytical techniques, e.g., HPLC.

A chemical fingerprint usually reflects the overall
nature or “complete information” of the product. It
elevates the quality control target from analysis of a
single component to analysis of all the material in
the product and thus may ensure consistency in
the therapeutic efficacy of the products. Simply,

Sample preparation
(Extraction or dissolution, and filtration)

Preparation of standard solutions
of marker compounds

Analytical HPLC analysis

Data processing and data analysis 
(Fingerprinting and chemometric analysis)

FIGURE 19.3 Areas and principles that contribute to
chemometrics.
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fingerprinting can be defined as a type of comprehen-
sive and quantifiable method for authentication; it is
one of the quality control models that is suitable for eval-
uating the authenticity and stability of herbal products.
It has now become a globally accepted quality evalua-
tion model for herbal medicinal products. Figure 19.4
presents an overview of the fingerprinting process of
herbal products using HPLC.

The idea of “phytoequivalence”was first introduced in
Germany in order to ensure consistency of herbal prod-
ucts [32]. As a result, a chemical profile, such as a chro-
matographic fingerprint, for an herbal product under
evaluation was constructed and compared with the pro-
file of a clinically proven reference product. A chemical
fingerprint can be defined as a characteristic chemical
profile of a sample, which reflects the unique complex
chemical composition of the sample. The characteristics
can be obtained by spectroscopic, chromatographic, elec-
trophoretic techniques, or a combination of all of them.
An HPLC coupled with a suitable detector can provide
the required characteristic data set, e.g., retention time,
peak area, spectral data, etc., to be used for fingerprinting
analysis or profiling. It is often expected that this profile is
featured by the fundamental attributions of “integrity or

comprehensiveness” and “fuzziness,” which are the two
basic traits of any fingerprinting approach.

It has been shown that chemical fingerprinting or
chemical profiling can help with authentication and
identification of herbal products [49]. In this, generally
an herbal product is viewed holistically, and the model
of using only one or two marker components may not
necessarily be the best means of evaluating the quality
of herbal products. It can be noted that any finger-
printing protocol must be practical, specific, reproduc-
ible, and fully validated for its use in the quality
assurance or authentication of any herbal products.

19.5 ANALYSIS OF HERBAL PRODUCTS
BY HIGH PERFORMANCE LIQUID

CHROMATOGRAPHY

Herbal products usually contain a large number of
compounds, many of which may be present at low con-
centrations, yet are quite significant in terms of the over-
all quality, safety, and efficacy of the product. To assess
the complete pattern of any herbal product, several
chromatographic techniques, particularly HPLC, offers
the desired separation of individual components and
thus constructs a characteristic profile of the sample,
which is generally known as “chemical fingerprinting.”
HPLC is undoubtedly the most popular separation tech-
nique used for the analysis of herbal products, especially
in relation to authentication, quantification, quality
control, fingerprinting, and standardization because of
its reliability, reproducibility, precision, resolution, selec-
tivity and sensitivity, and ease of hyphenation.

HPLC emerged as a powerful analytical tool during
the 1970s and, since then, it has advanced to be the
analytical separation method of choice for clinical,
forensic, and pharmaceutical fields including herbal
products. Increasingly, HPLC analytical techniques
have been included in many of the latest monographs
on the identification and determination of the plant con-
stituents as well as the adulterants in herbal products.
Applications of HPLC methods in the analysis of herbal
products have been reviewed by various authors
[19,21,50], and also, a good body of literature has
become available in recent years. In the following
sections, some specific examples with step-by-step
protocols of such analysis are presented.

19.5.1 Specific Examples of Step-by-step
Protocols: Single and Multiple
Components Analysis Using Markers

It is quite common to use a single or multiple marker
compounds (bioactive or nonbioactive) as an attempt

Sample preparation:
Dissolution or extraction

Development of fingerprint:
HPLC analysis

Peak alignment and warping:
Target peak alignment, 
dynamic time warping,

fuzzy warping, etc.

Normalisation:
Fingerprints are organised in

a data matrix

Classification and discrimination:
Similarity, PCA, clustering etc.

FIGURE 19.4 An overview of the fingerprinting process of herbal
products using HPLC.
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to assure quality of any herbal product using an
HPLC-based method [51,52]. Most often, especially for
a monoherbal preparation, a single marker compound
is used. However, for polyherbal preparations, because
of the complexity of the mixture, it is necessary to use
more than one marker compound to assess the quality.
For example, 13 marker compounds have been used to
assess the quality of a Chinese polyherbal product,
Gwakhyangjeonggi-san [53]. There are numerous
publications describing various HPLC-based validated
quality control protocols incorporating single or
multiple marker compounds [41,53e60]. The following
are just a few simple examples of protocols for
HPLC analysis of herbal products using marker
compounds.

19.5.1.1 Vidanga (Embelia ribes)

Vidanga (dried ripe fruits of E. ribes) is a popular
Ayurvedic herbal medicinal product used traditionally
in India as an anthelmintic, carminative, and stimulant.
An HPLC-based method using a single marker
compound, embelin, for the quality assurance of
Vidanga was proposed by Sudani et al. [61]. The proto-
col is summarized below.

1. Three commercial samples of Vidanga were obtained
from a local Indian market.

2. Samples were macerated with chloroform (CHCl3) at
room temperature for 48 h in the dark. The extracts
were filtered and concentrated over a water bath until
dry.

3. Embelin (1 mg/mL) in MeOH was used as the
reference sample (marker).

4. Dried CHCl3 extracts of test samples (10mg
equivalent of embelin) were resuspended in MeOH
and sonicated for 10min, filtered, and the volume
was made to 10mLwithMeOH, and filtered again for
HPLC analysis.

5. Each sample (20 mL) was analyzed by an optimized
and validated HPLC-PDA method using a reversed-
phase Chromatopak Peerless basic C18 column
(4.6� 250mm, 5 mm), setting the detection/
monitoring wavelength at 291 nm and column
temperature at 25 �C, employing solvent A: MeOH
and solvent B: phosphate buffer pH 3.0 (adjusted with
5% v/v acetic acid), using an isocratic elution with
10% B in A and at a flow rate of 1.4 mL/min. A
PerkineElmer Series 200 HPLC systemwith PDAwas
used.

6. Presence of embelin in commercial samples was
determined by direct comparison of the relative
retention time and the UVeVis absorption maxima of
corresponding peak. Relative peak area was used to
quantify embelin in the samples.

19.5.1.2 Liquorice (Glycyrrhiza glabra)

Liquorice (roots of G. glabra) is a popular herbal
medicinal product, where glycyrrhizin is the main active
component (2e15% w/w). It is also used as a natural
sweetener because of the presence of glycyrrhizin,
which is 200 times sweeter than sucrose. Dried roots of
liquorice are commercially sold as an herbal product
as well as a food additive. A semi-preparative HPLC-
PDA-based method using glycyrrhizin as the marker
compound has recently been published [62]. A sum-
mary of the protocol is presented below.

1. Nine samples of liquorice were obtained from various
global markets.

2. Ground samples (15 g each) were Soxhlet-extracted,
sequentially, with n-hexane and MeOH (400mL
each). The extracts were filtered and evaporated
under a vacuum to dryness. The residue from the
extracts of each sample was redissolved in
MeOH (6.05 mL) and filtered before HPLC analysis
(or TLC in the case of n-hexane extracts). As the
n-hexane extract did not contain any glycyrrhizin (as
checked by the TLC), the MeOH extracts of all nine
samples were subjected to HPLC analysis.

3. Glycyrrhizin (20mg/mL) in MeOH was used as the
reference marker, and further dilutions (15, 10, 5, and
1mg/mL) were made with MeOH. Each dilution of
stock was injected into HPLC in triplicates to
construct the calibration curve.

4. Each MeOH extract (100 mL) was analyzed by an
optimized and validated semi-preparative HPLC-
PDA method using a reversed-phase ACE 10C18-HL
(150� 10mm, 10 mm) with a C18 guard column
ACE3310110GD (10� 10mm, 10 mm), setting the
detection/monitoring wavelength at 254 nm and
column temperature at 25 �C, and using a binary
gradient solvent system (30e100% B in A over 30min)
with a flow rate of 3.00mL/min, where solvent A
consisted of 0.1% v/v TFA in water and solvent B was
0.1% v/v of TFA in MeOH. A Dionex 3000 LC System
coupled with Dionex 3000 semi-preparative pumps, a
Dionex 3000 autosampler, a Dionex 3000 column
chamber, and a Dionex PDA-3000 detector was used.
Data were analyzed using the Chromeleon�

Chromatography Data System.
5. While the retention time and the UV spectrawere used

to identify glycyrrhizin, peak areawasused to quantify
the amounts of glycyrrhizin present in each sample.
Theglycyrrhizinpercentage level in the sampleswas in
the range of 0.177e0.688% w/w of dry materials.

19.5.1.3 Valerian (Valeriana officinalis)

Valerian (V. officinalis) is a well-known herbal medic-
inal product, traditionally used to promote sleep and as
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an anxiolytic agent for nervous unrest, to treat neuralgia,
epilepsy, and to relieve digestive and other spasms of
smooth muscle [63]. An HPLC-based method using a
single bioactive marker compound, valerinic acid, for
qualitative and quantitative analysis of some commer-
cial brands of Valeriana products, including tablets,
caplets, capsules, and drops, aiming at their quality con-
trol was reported by Ghafari et al. [63]. The protocol is
summarized below.

1. Commercial samples (Neurogol tablets, Valerian
capsules, antimigraine herbal drops, etc.) of Valerian
products were obtained from local pharmacies in
Tehran, Iran.

2. Samples (solid dosage forms) were macerated with
80% aqueous MeOH (20e60mL) at room
temperature. For analysis, four to six tablets, two
caplets, and three capsules were used. The
supernatants were filtered through a 0.45 mm filter.
The extraction process was repeated twice. A portion
(5 mL) of each extract was diluted with 20mL of
MeOH and again filtered through a 0.45 mm filter.

3. Valerenic acid inMeOHwas used as the reference
sample, and a calibration curve of the standard was
made using various dilutions. Valerenic acid was
identifiedwithinthesamplesbycomparingitsretention
timewith the internal standard of valerenic acid.

4. Each sample (10 mL) was analyzed by an optimized
and validated HPLC-UV method using a reversed-
phase VP-ODS C18 column (4.6� 250mm, 5 mm),
setting the detection/monitoring wavelength at
220 nm and at a flow rate of 0.8 mL/min. A Shimadzu
LC-10ADVP HPLC system with UVeVis detector
was used.

19.5.1.4 Compound Hongdoushan Capsule

This is a classic example of usingHPLC for the analysis
of a polyherbal product utilizing multiple marker com-
pounds. Zhu et al. [37] used 10 bioactive markers, e.g.,
glycyrrhetinic acid, liquiritin, glycyrrhizin, baccatin III,
10-deacetylbaccatin III, cephalomannine, taxol, ginseno-
side Rg1, ginsenoside Re, and ginsenoside Rb1, to
analyze the compound Hongdoushan capsule, a widely
known compound herbal preparation, which is often
used for the treatment of ovarian and breast cancers
and to stimulate the body immunity. A Hongdoushan
capsule contains more than one herbal ingredient (Panax
ginseng, Glycyrrhiza uralensis, and Taxus Chinensis) and
thus can be quite difficult to control or assure the quality
of the product. A summary of the protocol is presented
below.

1. All samples were obtained from local markets in
China.

2. Stock solutions of the marker compounds were
prepared in MeOH at concentrations of 362.36 mg/mL

for ginsenoside Rg1, 488.92 mg/mL for ginsenoside
Re, 429.74 mg/mL for ginsenoside Rb1, 556.93 mg/mL
for glycyrrhizin, 340.47 mg/mL for liquiritin,
100.52 mg/mL for glycyrrhetinic acid, 149.30 mg/mL
for 10-DAB III, 120.51 mg/mL for baccatin III,
1314.02 mg/mL for taxol, and 122.80 mg/mL for
cephalomannine.

3. These stock solutions were mixed to obtain the
combined solutions and then were diluted to yield a
series of standard working solutions with different
concentrations for linear validation.

4. Sample preparation of raw herbs: Three component
herbs of this preparation, Hongdoushan, RenShen,
and GanCao (10 g each), were dried, ground, and
extracted to obtain extracts as outlined for the
formula of Hongdoushan capsules. The extracts were
dissolved in MeOH to prepare sample solutions.

5. Sample preparation of Hongdoushan capsules: A
sample (0.3 g) was placed into a centrifuge tube and
extracted ultrasonically (2� 30min) with MeOH
(10mL) at room temperature. The pooled extract was
centrifuged for five minutes at 9000 g, the supernatant
was removed into a 25mL volumetric flask, and the
constant volume was obtained with MeOH. All the
solutions were filtered through a 0.45 mm membrane
filter for HPLC analyses.

6. Each sample (5 mL) was analyzed by an optimized
and validated HPLC-PDA method using a reversed-
phase SHIMADZU C18 column (4.6� 250mm, 5 mm),
coupled with a Phenomenex guard column
(4.0� 3.0 mm), setting the temperature at 25 �C and at
a flow rate of 0.8 mL/min and utilizing a gradient
mobile phase comprising acetonitrile (component A)
and water (component B). The elution program was
set as follows: 0e35min kept at 19%A, 35e50min
linear increased from 19% to 55% A, 50e70min kept
at 55% A, 70e85min linear decreased from 55% to
19% A. An HP1200 Agilent HPLC system equipped
with a dual pump, an autosampler, and a PDA
detector were used. Detection wave lengths were at
0e30min (276 nm), 30e50min (203 nm), 50e85min
(227 nm), and PDA spectra were recorded from 200 to
600 nm.

7. Retention times and associated UVeVis spectral
characteristics of the marker compoundswere used to
identify the presence of these compounds in the
samples (six batches of Hongdoushan capsule).

19.5.1.5 Menoprogen Capsules

The Menoprogen capsule is a well-known traditional
Chinese medicine formula generally prescribed for the
management of menopause. Wang et al. [64] reported
an HPLC-PDA-based quality control method for this
formula, utilizing more than one marker compound
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and incorporating a fingerprinting approach. A sum-
mary of this method is presented below.

1. Ten batches of Menoprogen capsules were obtained
from Nanjing Moresoft Manufacturing Company,
Nanjing, China.

2. The content of the capsules of each batch (1 g each)
was extracted withMeOH (10mL) with sonication for
60 min at room temperature, filtered through a
0.45 mm membrane filter before HPLC analysis.

3. Chlorogenic acid, rutin, hyperoside, quercetin, and
kaempferol were used as marker compounds.

4. Each sample (5 mL) was analyzed by an optimized
and validated HPLC-PDA method using a reversed-
phase Kromasil ODS C18 column (4.6� 250mm,
5 mm), setting the temperature at 25 �C and at a flow
rate of 1.0 mL/min and utilizing a step-gradient
mobile phase comprising 0.1% phosphoric acid
(solvent A) and acetonitrile (solvent B) over 135min:
0e50min 10e20% B, 50e86min 20e48% B,
86e135min 48e100% B. An HP1100 Agilent HPLC
system consisting of a vacuum degasser,
thermostated column compartment, and a photo-
diode-array detector was used. Detection wave
length was 205 nm.

5. While the marker compounds were identified by the
retention times and respective UVeVis spectra and
quantified by peak area, the fingerprinting approach
identified 21 “common peaks” representing the
characteristic chemicals of this herbal product.

This multiple marker-based HPLC-PDA finger-
printing approach demonstrated a comprehensive qual-
ity evaluation method for Menoprogen capsules and for
the chemical standardization and batch-to-batch consis-
tency of this product.

19.5.1.6 Arjunarishta

Arjunarishta is an Ayurvedic cardioprotective poly-
herbal formulation. It is prepared by fermenting the
decoction of the bark of Terminalia arjuna, fruits of Vitis
vinifera, and flowers of Madhuca indica using flowers of
Woodfordia fruticosa. Lal et al. [34] reported an HPLC-
PDA-based standardization method for this formula-
tion, utilizing more than one marker compound. A
protocol of this method is outlined below.

1. The formulation (fermented decoction, 1 mL) was
dried under vacuum, suspended in MeOH (5mL),
sonicated for 10min, centrifuged at 3000 rpm, and the
supernatant (1 mL) was filtered (0.45 mm).

2. Gallic acid, ethyl gallate, ellagic acid, quercetin, and
kaempferol were used as marker compounds.

3. Sample (20 mL) was analyzed by an optimized and
validated HPLC-PDA method using a reversed-phase
Phenomenex C18 column (4.6� 250mm, 5 mm), setting

the temperature at 25 �C and at a flow rate of 1.5mL/
min, and utilizing a binary step-gradient mobile phase
consisting of 0.5% aqueous acetic acid (solvent A) and
acetonitrile with 20% A (solvent B) over 50min:
0e10min 10% B, 10e20min 10e20% B, 20e30min
20e40% B, 30e40min 40e60% B, 40e45min 60e70%
B, and 45e50min 70e10% B. A Shimadzu HPLC
system comprising LC-10AT pump, automated
gradient controller, Shimadzu SPD-M10 A (Class VP-
series, version 6.10) and Rheodyne 7725 I manual
injector was used. Detection wave length was 210 nm.

4. While the marker compounds were identified by the
retention times and respective UVeVis spectra, peak
area was used for quantification.

19.5.2 Specific Examples of Step-by-step
Protocols: Chemical Fingerprinting

There are several examples available in the literature
[21,65e76] that describe HPLC-based fingerprinting of
various herbal products, both mono- and polyherbals.
While probably because of low cost and simplicity, the
use of HPLC-PDA seems to be the most common of all,
many other sophisticated hyphenated techniques, e.g.,
LC-PDA-MS [21,67e69,74,76,77], are also used. For
example, HPLC and LC-DAD-MS/MS were applied for
the qualitative and quantitative analyses of Compound
Kushen Injection, a well-known Chinese herbal product
[74,78]. In that study, a simple fingerprinting approach
was used; eight peaks were selected as the characteristic
peaks in theHPLC chromatograms of 27 different batches
of this herbal product. Peak identification was carried out
by HPLC and LC-MS/MS analyses. A total of 21 chro-
matographic peaks were identified by comparison of
retention time andUV spectrawith authentic compounds
as well as by summarized MS fragmentation rules. Some
variations in the total amounts of marker compounds
were observed in different batches of this product.

1.5.2 Some simple examples of step-by-step protocols
of chemical fingerprinting of herbal products are pre-
sented below.

19.5.2.1 Curculiginis Rhizoma (Curculigo
orchioides)

Curculiginis Rhizoma, the dry rhizome of C. orchi-
oides, is a well-known Chinese herbal medicinal product
and also an important Ayurvedic product used for the
treatment of pain, inflammation, immune and hepatic
disorders, and as an aphrodisiac [79]. Curculigoside, a
phenolic glycoside, is considered to be themajor contrib-
utor to the medicinal properties of this herbal product.
However, as it is a well accepted fact that the overall
therapeutic activity (and/or toxicity) of any herbal prod-
uct is not necessarily owing to just one compound, but
most often a result of synergistic effect of a number of
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compounds present in the product, an HPLC-based
chemical fingerprinting method aiming at the quality
evaluation of this herbal product has recently been re-
ported by Bian et al. [79]. A summary of the protocol
is presented below.

1. Ten different samples of Curculiginis Rhizoma were
collected from China.

2. Each sample (2 g) was refluxed with MeOH (45mL)
for 60min, and the resulting mass was centrifuged at
3000 rpm for 15min.

3. The supernatant was transferred to a 50mL
volumetric flask, MeOH was added to bring it to the
50mL mark, and finally it was filtered through a
cellulose acetate membrane (0.45 mm) for HPLC
analysis.

4. Each sample (10 mL) was analyzed by an optimized
and validated HPLC-PDA method using an Altima
C18 ODS column (4.6� 250mm, 5 mm), setting the
detection/monitoring wavelength at 220 nm and
temperature at 30 �C, employing solvent A:
acetonitrile with 0.02% TFA and solvent B: water with
0.5% TFA in a step-wise gradient (7e30% A in B over
35min) and a flow rate of 1.0 mL/min. An Agilent
1100 liquid chromatography system, equipped with
the G1311A Quatpump solvent delivery system,
UVeVis photodiode array detector G1315B, and
degasser G1322A was used.

5. Similarity analysis to establish similarities of different
chromatograms was carried out by Similarity
Evaluation System for Chromatographic Fingerprint
of Traditional Chinese Medicine (Version 2004A), as
recommended by the State Food and Drug
Administration of China (SFDA). Correlation
coefficient was used as a measure for similarity
analysis.

6. Out of 20 separated peaks, 11 peaks were found in all
samples and were termed as “common peaks.”

It can be noted that for any HPLC-based finger-
printing analysis, all HPLC conditions have to be opti-
mized prior to any sample run, and all chromatograms
must be standardized. The process of standardization
generally involves the selection of “common peaks” in
chromatograms and the normalization of retention times
of all the common peaks. Relative retention time and
relative peak area of each characteristic peak related to
the reference peak are usually calculated for the quanti-
tative parameters of chemical properties in the chro-
matographic pattern and for similarity analysis of
herbal products.

19.5.2.2 Qianghuo (Notopterygium forbesii
or N. Incium)

Qianghuo is a popular Tibetan and Chinese herbal
medicinal product used as a diaphoretic, an antifebrile,

and an anodyne. The roots and rhizomes of Notoptery-
gium forbesii and N. incium, both from the Apiaceae
family, are included in the Chinese Pharmacopoeia
under the same name (Qianghuo in Chinese). An
HPLC-PDA based fingerprinting quality control method
was reported by Jiang et al. [80]. Evaluation System for
Chromatographic Fingerprint of Traditional Chinese
Medicine (Version 2004 A), as in the above example
(see Section 5.2.1), was employed to normalize the
chromatographic peaks, to calculate the correlation
coefficients between entire chromatographic profiles,
and to perform quantitative standard fingerprint/chro-
matogram for a group of chromatograms. Besides, the
relative retention time and relative peak area of each
characteristic peak related to the reference peak were
calculated for quantification of the chemical properties
in the chromatographic pattern of the product. A step-
by-step protocol of this method is summarized below.

1. Eighteen different samples of Qianghuo, 15
containing N. forbesii and three containing N. incium,
were collected from China.

2. Each sample (2 g) was extracted with distilled water
(25 mL) using an ultrasonic water bath for 15 min. The
extraction was repeated twice, and extracts were
mixed and filtered.

3. The filtered extract was precipitated by addition of
ethanol (final concentration was 50% v/v) at 4 �C for
12 h and filtered again, and diluted by water to the
final volume of 100mL. The final extract solution
was filtered again (0.45 mm filter) prior to HPLC
analysis.

4. Each sample (10 mL) was analyzed by an optimized
and validated HPLC-PDA method using a reversed-
phase Thermo C18 column (4.6� 250mm, 5 mm),
setting the detection/monitoring wavelength at
310 nm and column temperature at 30 �C, employing
solvent A: water with 0.1% phosphoric acid (H3PO4)
and solvent B: acetonitrile in a step-linear gradient
(10e30% B in A over 12 min; 30e100% B in A in
12e25min) and at a flow rate of 1.0 mL/min. An
Agilent HP 1100 series HPLC-DAD system consisting
of a vacuum degasser, thermostated column chamber,
and a DAD was used. Ferulic acid, imperatorin, and
isoimperatorin were used as standards.

5. Similarities of different chromatograms by
calculating the correlative coefficient and/or cosine
value of vectorial angle was determined by Similarity
Evaluation System for Chromatographic Fingerprint
of Traditional Chinese Medicine (Version 2004A), as
recommended by the State Food and Drug
Administration of China (SFDA).

6. A total of 10 peaks were separated, and the highest
peak (ferulic acid) in the chromatogram was assigned
as the reference peak.
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The selection of detection wavelength (310 nm) was
one of the key factors that contributed to the reliability
and reproducibility of Qianghuo. The relative retention
time and relative peak area for all common peaks were
determined in comparison with the ferulic acid peak
(reference peak).

19.5.2.3 Ayurved Siriraj PrasachandaengdAn
Antipyretic Product

For the quality control of the Thai traditional medici-
nal polyherbal product, Ayurved Siriraj Prasachan-
daeng, HPTLC and HPLC-based fingerprinting
approaches were adopted [35]. This product, sold as a
powder form, contains 12 medicinal herbs. The exam-
ples shown in Sections 5.2.1 and 5.2.2 are monoherbal
products and are certainly much easier to deal with,
especially in relation to fingerprinting, than a polyherbal
product like this one. Relative retention time and
applied information content were evaluated in the
HPLC fingerprints. Gallic, caffeic, and vanillic acids
were used as qualitative and quantitative markers in
HPLC. Similarity of the chromatographic pattern among
batches was determined by the presence of mathemat-
ical parameters in the range of 80e125% of the average.
Twelve medicinal herbal components and three batches
of the product were analyzed. The chromatograms from
three batches were regarded as the original fingerprint
of this product. A summary of steps involved in the
fingerprinting of this product is presented below.

1. Three batches of Ayurved Siriraj Prasachandaeng and
its 12 components (see Table 19.4), a total of 15
samples, were obtained from the Herbal Medicines
and Products Manufacturing Unit, Ayurved Siriraj,
Faculty of Medicine, Siriraj Hospital, Mahidol,
Thailand.

2. All 15 samples were extracted separately in 80%
ethanol and lyophilized to dry powder.

3. Each powder was dissolved separately in 50%
aqueous MeOH for HPLC and then filtered through a
0.2 mm membrane filter.

4. Reference markers, gallic acid, caffeic acid, and
vanillic acid (1 mg each) were dissolved separately in
50% aqueous MeOH. Each solution was vortexed for
two minutes and filtered through a 0.2 mmmembrane
filter.

5. Each sample (10 mL) was analyzed by an optimized
and validated HPLC-PDA method using a reversed-
phase C18 column (4.6� 250mm, 5 mm), setting the
column temperature at 30 �C, employing solvent A:
o-phosphoric acid (0.1% v/v) and solvent B:
acetonitrile in an isocratic condition of 95% A and 5%
B for the first four minutes, a step-gradient elution of
95-85% A at 4e8 min; 85e0% A at 8e13min and
0e95% A at 13e16min and at a flow rate of

1.0 mL/min. The UV spectra were recorded over the
range of 200e400 nm.

6. Similarity of the chromatographic pattern among
batches was determined by the presence of
mathematical parameters in the range of 80e125% of
the average.

19.5.2.4 Radix Aconiti (Roots of Aconitum
carmichaeli)

A fingerprinting approach was introduced by means
of UPLC-ESI/MSn (ultra performance liquid chroma-
tography-electrospray ionization/mass spectrometry)
for the quality control of the Chinese herbal product
Radix Aconiti, a widely used toxic traditional herbal
medicine [76]. This approach was founded on two pro-
cessing methods as recorded in the Chinese Pharmaco-
poeia for the purpose of reducing the toxicity and
ensuring the therapeutic efficacy. Various data process-
ing approaches, e.g., similarity evaluation, hierarchical
cluster analysis, and principal component analysis
(PCA), were carried out to assess the similarity and vari-
ation among the samples. A summary of the protocol of
this fingerprinting method is presented below.

1. Sample processing and extraction: all samples were
processed according to the Chinese Pharmacopoeia
2010. Briefly, Radix Aconiti was cleaned and soaked
with water until it was wet thoroughly, water was
drained and replaced with fresh water, and the water
was exchanged with fresh water and boiled for one to
six hours or steamed for one to eight hours. The
samples boiled for four, five, and six hours and those
steamed for six, seven, and eight hours were
designated as the qualified Radix Aconiti. The other
Radix Aconiti samples were unqualified ones. Each of
the boiled or steamed samples was sliced, dried
(50 �C), ground, and sieved (0.45 mm). Ground sample
(1.0 g) was placed in a sealed vessel by adding 0.5 mL
of 10% aqueous ammonia solution, and diethyl ether
(50mL) was added and extracted using an ultrasonic
bath for 30min at 25 �C. The extraction was repeated
three times, pooled together, dried at 50 �C, and the
dried extract was stored at �80 �C. For HPLC
analyses, the extracts were dissolved in MeOH-water
(1:1, 5 mL) and 0.02 mg/mL of reserpine was added
as an internal standard. All solutions were filtered
through a membrane (0.22 mm).

2. Standard solutions: stock solutions of aconitine-type
alkaloids (aconitine, hypaconitine, mesaconitine,
benzoylmesaconine, benzoylhypacoitine, and
benzoylaconine) were prepared in dichloromethane
and kept at �80 �C. An internal standard solution
comprising 0.02 mg/mL reserpine in 1:1 MeOH-
water was used for further dilution of all standards.
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3. HPLC-PDA analysis: each sample (5 mL) was
analyzed by an optimized and validated HPLC-PDA
as well as a UPLC-ESI/MS method using a reversed-
phase Waters ACQUITY UPLC BEH C18 column
(2.1� 50mm, 1.7 mm), setting the column
temperature at 30 �C, employing solvent A: water
containing 5mM ammonium bicarbonate and
adjusted to pH 10.5 with ammonia, and solvent B:
MeOH in a gradient elution mode: 0e5min from 65%
A to 57% A, 5e10min 57% A to 55% A, 10e30min
from 55% A to 40% A, 30e55min from 40% A to 10%
A, and 55e75min from 10% A to 5% A, and at a flow
rate of 0.3 mL/min. The UVeVis spectra were
recorded over the range of 200e600 nm, but the
chromatogram was monitored at 235 nm, which was
suitable for aconitine-type alkaloids. An Accela UPLC
system equipped with an Accela 1250 pump,
autosampler, DAD, and an LTQ ion trap mass
spectrometer was used.

4. UPLC-MS analysis: The ESI source of the mass
spectrometer was connected to the UPLC system via a
capillary to the UV cell outlet. Spray voltage was set
at 4.5 kV in the positive ionmode, sheath gas flow rate
at 40.5 L/h, and aux gas flow rate at 90 L/h. The
capillary temperature was maintained at 250 �C. The
scan range was m/z 300e1000 Da. Collision energies
for the MS2 analyses ranged from 25e40 eV,
depending on the mass of the precursor ion. Helium
(He) was used as the collision gas for the MSn.

5. For chemometric analysis of thedata obtained from the
HPLC runs, similarity evaluation (to assess the
consistency) [81,82], hierarchical clustering analysis
(to classify samples based on the similarities of their
chemical properties) [19,24], and principal component
analysis (to feature extraction and dimensionality
reduction aiming at reduction of data dimensionality
and provision of an overview of class separation,
clustering, and outliers) were carried out [83].

In this UPLC-UV and UPLC-ESI/MSn fingerprint
study, 39 characteristic MS peaks and 34 UV chromato-
gram peaks in the common pattern were identified to
further characterize the chromatographic fingerprint
and contribute to the quality control of this Radix
Aconite herbal product through successful application
of chemometrics.

19.5.2.5 Folium Turpiniae

Folium Turpiniae, a well-known traditional Chinese
medicine derived from Turpinia arguta (Staphyleaceae),
is used for the treatment of abscesses, fevers, gastric
ulcers, and inflammations [84]. A strategy incorporating
HPLC-PDA and quadrupole TOF-MS detection, as
well as phytochemical and chemometrics analysis
(and fingerprinting) for the characterization, isolation,

and simultaneous quantification of the chemical constit-
uents of Folium Turpiniae has recently been reported
[84]. Nine marker compounds were quantified simulta-
neously in 10 batches of Folium Turpiniae collected
from different regions. Hierarchical clustering analysis
(HCA), which is a useful multivariate statistical
technique to assign a data set into groups by creating a
cluster tree or dendrogram, and principal component
analysis (PCA, based on area of common peaks in
chromatograms) revealed notable similarities (or differ-
ences) among various samples. A summarized protocol
is outlined below.

1. Ten batches of samples of Folium Turpiniae were
obtained from different parts of China.

2. Nine compounds, ellagic acid-3-O-a-L-
rhamnopyranoside, apigenin-7-O-(20-rhamnosyl)-
gentiobioside, luteolin-7-O-b-D-neohesperidoside,
ligustroflavone, apigenin-7-O-b-D-(60-rhamnosyl)
glucoside, 40-O-methylellagic acid-3-O-a-L-
rhamnopyranoside, rhoifolin, neobudofficide, and
apigenin-7-O-b-D-(20-O-a-rhamnosyl)glucuronide, all
with >98% purity, were used as marker compounds.

3. Each sample powder (0.5 g) was transferred to a
100mL round-bottom flask and mixed with 50%
MeOH (50mL), refluxed for 15 min, and cooled to
room temperature. MeOH was added to top it up to
50mL and filtered through a 0.45 mm membrane
before injection into the HPLC.

4. Each sample (10 mL) was analyzed by an optimized
and validated HPLC method using a reversed-phase
Hanbon Phecda C18 column (4.6� 250mm, 5 mm)
with a standard guard column, setting the column
temperature at 35 �C, employing solvent A: 1% formic
acid (containing 2mmol/L ammonium acetate) and
solvent B: acetonitrile, in a gradient elution mode:
3e9% B at 0e10min, 9e12% B at 10e26min, 12e14%
B at 26e32min, 14e17% B at 32e40min, 17% B at
40e48min, 17e22% B at 48e58min, 22e38% B at
58e70min, and 38e60% B at 70e74min, and at a flow
rate of 1.0 mL/min. The UVeVis spectra were
recorded over the range of 200e600 nm, but the
chromatogram was monitored at 262 nm. A
Shimadzu LC2010 HPLC system coupled with a
quaternary pump, online vacuum degasser,
autosampler, thermostat column chamber, PDA
detector, and LC solution software was used.

5. The HPLC-PDA system was interfaced to an Agilent
6520 Q-TOF time-of-flight (TOF) mass spectrometer
equipped with an electrospray interface operating
under the chromatographic conditions mentioned
above. The optimized MS operating conditions were
negative and positive ion mode, scan spectra fromm/
z 100e1000, drying gas (N2) with a flow rate of 8.0 L/
min, drying gas temperature of 325 �C, nebulizer
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pressure of 40 psi, capillary voltage of 3500 V,
skimmer of 65 V, and fragmentor voltage of 120 V. The
sample collision energy was set at 35 V. Data were
processed using MassHunter Workstation Data
Acquisition Software Ver. A.01.00.

6. Samples were analyzed by HCA and PCA using SPSS
software (SPSS 11.5, SPSS) and the areas of 31
“common peaks” in chromatograms were selected as
the variables.

Using the hyphenated technique HPLC-DAD-Q-
TOF-MS (where multiple detectors were used) and
phytochemical and chemometrics analyses, it was
possible to develop qualitative and quantitative analyt-
ical methods for Folium Turpiniae herbal Medicinal
products from different regions.

19.5.2.6 Dioscorea zingiberensis

Dioscorea zingiberensis is a Chinese medicinal plant,
which is the major component of a traditional Chinese
medicinal product. Steroidal saponins have already
been shown to be the major bioactive compounds
responsible for the therapeutic efficacy of this product
[85]. HPLC-based quality control involving saponins
as the markers is not an easy task, but Zhang et al. [86]
have managed to establish a quality control method
for D. zingiberensis utilizing a fingerprint approach
involving HPLC coupled with evaporative light scat-
tering detector (HPLC-ELSD) and the simultaneous
characterization of the steroid saponins by HPLC
coupled with electrospray ionization-mass spectrometry
and quadrupole tandem time-of-fight mass analyzers
detection (HPLC-ESI-Q/TOF). A summarized protocol
is outlined below.

1. Twenty batches of samples of D. zingiberensis were
obtained from different parts of China.

2. Twelve saponins (purity >98%), 10 previously
isolated and identified by the authors [86] and two
purchased from a commercial supplier, were used as
marker compounds.

3. Stock solution (5 mg/mL) of each of these markers
was prepared in MeOH, several dilutions were
carried out in MeOH, and the resulting solutions
were kept at 4 �C for subsequent use.

4. Each sample powder (5 g) was refluxed three times
with 50mL of 70% ethanol at 80 �C. Pooled extracts
were evaporated to dryness under a vacuum, and the
residue was redissolved in water (30 mL) and
centrifuged.

5. The supernatant obtained after centrifugation was
passed through aD-101 macroporous resin column
(2� 15 cm) eluting first with water, then with 20%
ethanol until the effluent was colorless, and finally
with 70% ethanol (80 mL), which was concentrated
and transferred to a 25mL volumetric flask. MeOH

was added to top it up to the 25mL mark and it was
filtered through a 0.22 mm membrane before injection
into the HPLC.

6. A fully validated HPLC fingerprinting analysis [86] of
each sample (10 mL) was performed on a Waters
Alliance 2695 HPLC equippedwith an online vacuum
degasser, a high-pressure quaternary pump, an
autosampler, and an Alltech 2000 evaporative light
scattering detector (ELSD), utilizing a Welchrom C18

column (250� 4.6 mm, 5 mm) with a binary gradient
elution as follows: acetonitrile as solvent A and water
as solvent B, initial 25% A, 0e5min linear gradient
25e30% A, 5e20min at 30% A, 20e35min from 30 to
35% A, 35e45min 35e47% A, 45e47min 47e70% A,
47e60min at 70% with a flow rate of 1mL/min. The
effluent was introduced into the Alltech 2000 ELSD,
in which the drift tube temperature was 90 �C and the
gas flow rate at 2.8 L/min. Data analyses were carried
out on an Empower Workstation.

7. AVarian 212-LC equipped with a Q-TOF Premier, a
quadrupole, and orthogonal acceleration time-of-
flight tandem mass spectrometer, linked to an
electrospray ionization interface, was used for the
HPLC-ESI-Q/TOF analyses of the samples. MS data
were recorded by a Varian MS Workstation software.
High purity N2 gas was used as the nebulizer and
auxiliary gas and argon as the collision gas. The same
HPLC conditions, including the column, elution
program, and flow rate as outlined above were
applied. A portion of the column effluent (0.2 mL/
min) was delivered into the ion source of the mass
spectrometer after a micro split. The conditions of the
ESI source were drying gas (N2) flow rate 9.0 L/min,
drying gas temperature 350 �C, nebulizer 35 psig,
capillary voltage 5000 V, and spectral scanning range
from m/z 100 to 1500.

8. Data processing for the fingerprinting analysis was
achieved by using the software named the Similarity
Evaluation System for Chromatographic Fingerprint
of Traditional Chinese Medicine (Version 2004A)
according to the recommendation made from the
State Food and Drug Administration (SFDA) of
China, which is mainly applied in the similarity study
of chromatographic and spectral patterns. This
software helped to synchronize the chromatographic
peaks and to calculate the correlation coefficients
between entire chromatographic profiles, as well as to
compute and generate the mean chromatogram as a
representative standard fingerprint chromatogram
from a group of chromatograms. The similarities of
different chromatographic patterns were evaluated
among samples.

The chromatographic patterns obtained from the
HPLC-ELSD analyses of 20 different samples were
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generally consistent and similar in terms of the presence
of similar chemical compounds (saponins), albeit the
intensity of the peaks was variable. Out of 12 marker
saponins, 10 could be easily determined by the ESI-MS
analyses. Among the samples, a total of 68 “common
characteristic” peaks, including 22 new steroid saponins
with eight aglycone skeletons in the fingerprint, were
detected. Zhang et al. [86] demonstrated that trivial
HPLC-based fingerprinting, when combined with the
online HPLC-MS method, could become a powerful
tool in the quality control of herbal products and in
the analysis of their chemical constituents. However, a
similar approach was previously reported by Man
et al. [87].

19.5.2.7 Yuanhu Zhitong Tablet

The Yuanhu Zhitong tablet is a Chinese polyherbal
product consisting of Angelica dahurica (223 g) and
Rhizoma Corydalis (445 g) processed with vinegar,
and it has been used to treat gastralgia, costalgia, head-
ache, and dysmenorrhea in China [88]. Tang et al. [78]
have recently reported a quality control strategy for
quantitative and qualitative analysis of “common
peaks” in the chemical fingerprint of Yuanhu Zhitong
tablets, using photo-diode-array detector and tandem
mass spectrometry (HPLC-DADeMS/MS). A brief
outline of this approach is presented below.

1. Twelve batches of Yuanhu Zhitong tablets were
obtained from various pharmaceutical companies in
China [78].

2. Ten marker compounds (purity >98%) [78] were
purchased from the National Institute for the Control
of Pharmaceutical and Biological Products (Beijing,
China).

3. Coatings of the tablet samples were removed, and the
content was ground into fine powder. Each ground
sample (1.0 g) was extracted with MeOH (35mL)
ultrasonically for 30min, volume was made to 50mL
with MeOH, filtered, and evaporated to dryness on a
water bath (70 �C). The residue was redissolved in
MeOH (5mL) and centrifuged (15,000 rpm) for
10min. The supernatant was filtered (0.45 mm filter)
and transferred to an autosampler vial for HPLC-
DAD-ESI-MS/MS analysis.

4. According to the prescription and preparation
protocol of Yuanhu Zhitong tablets recorded in China
Pharmacopoeia, two negative control samples
without Radix, Angelica dahurica or Rhizoma
Corydalis, were prepared to validate the specificity of
the method.

5. Stock solution of each of the 10 markers was prepared
in MeOH, or MeOH-water (1:1). Several dilutions
were carried out in MeOH, and the resulting
solutions were kept at 4 �C for subsequent use.

6. A fully validated HPLC quantification and
fingerprinting analysis [78] of each sample (5 mL) was
performed on an Agilent 1260 series HPLC, utilizing
an Agilent Eclipse plus C18 column (250� 4.6mm,
5 mm) with a binary gradient elution as follows: 0.4%
ammonium acetate aqueous solution (pH adjusted to
6.0 with glacial acetic acid) as solvent A and
acetonitrile as solvent B, initial 17% B, 0e25min linear
gradient 17e19% B, 25e55min at 19% B, 55e70min
from 19 to 25% B, 70e80min 25e28% B, 80e95min
28e34% B, 95e120min 34e35% B, 120e140min
35e42% B and 140e160min 42e50% B; flow rate
1mL/min; column temperature at 30 �C; quantitative
detection wavelength at 254 nm (xanthotoxin,
bergapten, imperatorin and isoimperatorin), 270 nm
(berberine), 280 nm (protopine and
tetrahydropalmatine) or 345 nm (jatrorrhizine,
coptisine, and palmatine), while the wavelength of
fingerprinting analysis was set at 280 nm.

7. The above Agilent HPLC system was interfaced
with an Agilent 6460 Triple Quadrupole mass
spectrometer in a post-column splitting ratio of 4:1.
The conditions of ESI source were source voltage
3000 V; drying gas (N2) flow rate10.0 L/min; drying
gas temperature 320 �C; and nebulizer 25 psi.
The MS data were acquired from m/z 100 to1000
in positive ion modes. LC-ESI-MS/MS was used
to identify “common peaks” in each sample. In the
full scan mass spectra, most of the constituents
exhibited their pseudomolecular ions [MþH]þ in
positive ion mode under the soft electrospray
ionization mode. Precursor ions were subjected to
collision-induced dissociation to generate the
fragment ions, and the fragmentation patterns were
proposed for the structural identification of
constituents.

8. Data analysis was carried out by the software,
Similarity Evaluation System for Chromatographic
Fingerprint of TCM (Version 2004A). The relative
retention time and relative peak area of each
“common peak” related to the marker peaks were
calculated for quantitative expression of the chemical
properties in the chromatographic pattern of the
tablet samples. Based on this, the correlation
coefficients of entire chromatographic profiles of
samples were calculated, while the simulative mean
chromatogram was generated.

A total of 40 peaks were assigned as the “common
peaks.” For quantification of “common peaks,” the
detection wavelength was set at 254, 270, 280, or
345 nm [78]. Ten analytes, e.g., protopine, jatrorrhizine,
coptisine, palmatine, berberine, xanthotoxin, bergapten,
tetrahydropalmatine, imperatorin, and isoimperatorin,
were simultaneously determined. For qualification
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of “common peaks,” 33 compounds including 10 quan-
titative analytes were identified or tentatively character-
ized using LC-MS/MS.

19.6 CONCLUSIONS

Hyphenated techniques, originating from the
coupling between HPLC and various detection tech-
niques, e.g., UVeVis, PDA, MS, and NMR, have become
indispensable tools for analyzing various complex
matrices, including herbal products. Much of the appli-
cations of HPLC-based analyses of herbal products are
associated with authentication, standardization, and
quality assurance/control of various herbal products
and often provide better outcome than other conven-
tional techniques. Quality control of herbal products
aims to ensure its quality, safety, and efficacy. HPLC
analyses involving chemical markers, as well as finger-
printing with chemometrics, are pivotal in the current
practice of quality control of such products. Nowadays,
to obtain a comprehensive understanding of the charac-
teristic components of an herbal product, chemical
fingerprints from hyphenated techniques, especially
involving HPLC, are strongly recommended for the
purpose of quality control, since they might represent
appropriately the “chemical integrities” of the herbal
products and therefore be used for authentication and
identification. With the continuing progress in computa-
tional technology, hyphenation efficiency, and afford-
ability, it is envisaged that HPLC-based analysis of
herbal products will become even more attractive to
the analysts dealing with efficacy and safety of herbal
products in the years to come.
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20.1 AYURVEDA THE SCIENCE OF LIFE

“Om Sarve Bhavantu Sukhinah
Sarve Santu Nir-Aamayaah
Sarve Bhadraanni Pashyantu
Maa Kashcid-Duhkha-Bhaag-Bhavet
Om Shaantih Shaantih Shaantih”

[May all remain happy, May all remain disease free,
May all see what is Auspicious, May no one Suffer, Let
Peace prevail. Ayurveda the science of life or living is
accepted as one of the ancient documented comprehen-
sive medical system known. The Vedic literature (here
Brihadaranyaka Upanishad), the most ancient written
document of India presents before us the perception of
health of that time. It enumerates that Nirmaya (dis-
ease-free healthy living) can only be attained through
happiness (Sarve Sukhina Bhavantu) and peace
(Shaantih).]

Brihadaaranyaka Upanisad 1.4.14.
Ayurveda developed through communication, the

method of transmitting information from one generation
to other verbally or nonverbally from one entity to
another. Contemporary issues that India confronts are
the most daunting challenges to exploring newer alter-
natives in all socially acceptable norms including health
sciences. Ayurveda is one such alternative catering
heath care in continuity since Indus Valley Civilization
(2300e1750 BC). Despite many reports, there is tremen-
dous upsurge in public interest for Ayurveda. Cutting
across the rural to hilly terrain of forests where even
today health facility has not reached the distant places
that natural medicine has, Ayurveda remains in its pur-
est form and sustainable. Health is an international
problem, so cure of diseases is also under the same
domain. There are no proprietary rights; we must try
to find out this knowledge and bring it within the pur-
view of people globally because they ate the ones who

are suffering from handling of adverse market forces.
Even to these suffers, Ayurveda must be amenable, the
natural, economically, and socially viable and acceptable
health care. We must consider human being as a whole
with body, mind and soul to be healthy; healthy life is
ensured by the harmony of these three entities. In life
we must have satisfaction of mind and tranquility of
spirit. In our traditional health care system Ayurveda
regime all recipes are provided; one has to find out the
right things in the right directions. Ayurveda considers
individual as a whole, the object of treatment, and not
merely a particular expression of that system. Health is
considered as the basis of all other development, which
is essential for economic, artistic, innovative, and spiri-
tual life, here say “Arogyam Mulam Uttam” one must
practice for the sake of humanity, treat the individual
as a whole and not piece meal like automobiles, obeying
the fundamental principles. Health is a major concern
which need rationalistic outlook. In order to develop
Ayurveda, the science of Life, we need scientific
thinking which in turn will answer various problems
of healthcare.

20.1.1 Ayurveda Siddhantas: Strength
of Fundamentals in Ayurveda

The roots of Ayurveda can be traced to the beginning
of cosmic creation. In the universe, everything is
composed of matter, and according to Ayurveda, all
matter consists of five basic elements (Panchamahabhutas)
[1]: the first element is space (Akasha), and the remaining
four elements air (Vayu), water (Jala), fire (Agni), and
earth (Prithivi) exist within the space [2].

Both the systems, human (microcosm) and universe
(macrocosm), are linked permanently, since both are
built from the same elements. Thus humans are
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miniatures of the universe, a replica of nature, and every-
thing that affects human beings also influences the
macrocosm. Hence, the evolution of life and the creation
of the universe can be concerned with Ayurveda [3].
Along with these Panchamahabhutas, functional aspects
like movement, transformation, and growth are gov-
erned by three biological humors, viz. Vata (space and
air), Pitta (fire and water), and Kapha (water and earth),
respectively [2]. These three bodily humors usually
known as Tridhatus regulate every physiological and psy-
chological process in the living organism. Additionally,
Ojas or Jeevaniya Shakti (vital force) developed from tis-
sue metabolism is also essential for healthy functioning
of the body [4]. It is believed that after intake of food/
diet, it undergoes a process of digestion and ultimately
forms two types of productsdPrasadas (nutritional prod-
ucts) and Malas (excretory products). The Prasada builds
the seven Dhatus (tissue) of the body, whereas Malas
become waste products to be expelled out. Body pro-
duces three types of waste products: feces (solid), urine,
and sweat (liquid). Both Prasada andMala are important,

and their presence in the right proportion in the body is
indispensable for health and well-being. Health is
considered as the balance between body, mind, and con-
sciousness along with three humors Vata, Pitta, and
Kapha [5]. They work together to bring the balance
(Figure 20.1)

It is an accumulated knowledge base of antiquity;
concerned biomedical scientists need to explore it
with evidence-based “bedside to bench approach.”
Ayurveda needs novel methodology for its develop-
ment in the realm of existing science and technology
including updated in silico approach. Recent research
on antitubercular adjunct therapy in tuberculosis
patients with validation of the molecular mechanism
of action of the immunomodulator herb by in silico
approach elucidated novel mechanism of action
shaping unexplored dimension of Ayurvedic pharma-
cology [6,7]. The knowledge base of Ayurveda includes
Ayurvedic medicine, Ayurvedic principles, therapeutic
modalities Panchakarma, and preventive aspect through
Rasayana and veterinary use.

Charaka says “The mind , soul and the

body form the three pillars, on which

not only the human beings existence

rests, but also that of the world”

� Rasa (Plasma)
� Jatharagni (Digestion of food)

� Vata
� Pitta
� Kapha

� Dhatvagni (Tissue metabolism)
� Dhatvagni (Molecular metabolism)

� Rakta (Blood)
� Mamsa (Muscle)

� Asthi (Bone)
� Majja (Marrow)
� Shukra (Reproductive tissues)

Prithvi
(Earth)

Jala
(Water)Vayu

(Air)

Agni
(Fire)

Akasha
(Ether)

� Male (Excretory products)Excretory system

Basic elements of Body

Humoral components

Metabolism

Mind

Body Soul

Agni

Dhatu

MalaDosa

Tissues

� Meda (Adipose)

FIGURE 20.1 Ayurvedic principle on the basic elements of human physiology. Reproduced with permission from P.K. Mukherjee et al., Journal of
Ethnopharmacology, 143, (2012) 424e434.
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20.1.1.1 Panchamahabhuta Siddhanta

The “Panchamahabhutas” (the five primordial
elements) are considered the building blocks of all phys-
ical matter that exist on our planet (organic and inor-
ganic, animate and inanimate, the living and the
nonliving). These five elements are the Prithvi (the earth
element), Ap (the water element), Tejas or Agni (the fire
element), Vayu (the air element), and Akasha (the space
or ether element). The Panchamahabhutas are the origin
of the physicochemical basis of all matter. For a proper
grasp of the “five element theory,” it is important to
desist from interpreting the elements on the basis of a
literal translation of the Sanskrit terms, but to take
them as symbolizing a unique, subtle analogy to explain
the “material” component of the planet, as we perceive it
[8,9]. The authors have derived this semantic relation-
ship between Panchamahabhutas and Tridosha to symbol-
ize Vata, Pitta, and Kapha (See Figure 20.2).

20.1.1.2 Tridosha Siddhanta

The Ayurvedic concept of health and diseases is dis-
cussed considering the Tridosha theory as conscientious

for biological entity in balance state. The structural,
functional, and behavioral dimensions of the living
organism are being conceptualized with Doshas (humor-
al component), which are of two types, viz., Sharirika
(somatic)dVata, Pitta, and Kapha, and Manasika
(psychic)dSatva, Rajas, and Tamas. Sharirika and
Manasika Doshas for continuance of physiological ho-
meostasis are interrelated to each other on psychoso-
matic dimensions. The three “Doshas” (Vata, Pitta,
Kapha), in Ayurveda, give a rationalization for all the
psychobiological functions of living beings. They are
called “Doshas” (i.e., “defective” or “deranged” ele-
ments) because they are well-organized elements that
are imbalanced and highly susceptible to derangement,
although in contradiction, they need to subsist and func-
tion in a state of “balance” or “equilibrium” to preserve
perfect health (and prevent disease conditions). Diverse
qualities and functions have been attributed to each
Dosha. The kinetic machinery of a system has been
attributed to Vata, the metabolic mechanism to Pitta,
and the structural and stability machinery to Kapha.
For instance, Vata contributes to expression of shape,
cell division, signaling, movement, excretion of wastes,

FIGURE 20.2 Relationship between Panchamahabhutas (the five primary elements) and Tridosha with its seasonal variation.
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and cognition and also regulates the activities of Kapha
and Pitta. Kapha is accountable for growth and mainte-
nance of structure, storage, and stability. Pitta is chiefly
responsible for metabolism, thermoregulation, energy
homeostasis, pigmentation, vision, and host surveil-
lance. Hence the differences in Tridoshic proportions
right from the time of fertilization are manifested as
diverse phenotypes that can be in accordance with
external appearances, body physiology, and response
to external environment like seasonal variations (see
Figure 20.2). Thus a continuum of relative proportions
of Doshas results in seven possible constitutional Prakriti
types, namely, Vata, Pitta, Kapha, Vata-Pitta, Pitta-Kapha,
Vata-Kapha, and Vata-Pitta-Kapha [8,10,11].

20.1.1.3 Swasthavritta: Preventive Health Science

The basic objective of Ayurveda as mentioned by
Charaka is dual in nature. In the ancient manuscript
Charaka Samhita (Sutra Sthana 30/26) (see Figure 20.3) it
is enumerated that the principle objective of Ayurveda
is to protect the health of the healthy and to alleviate
the disorders in the diseased. This explains the impor-
tance of Swasthavritta or preventive medicine in
Ayurveda. Ayurveda provides a guiding principle for
attainment and preservation of perfect health in its Swas-
thavritta (Ayurvedic preventive health), Dinacharya
(daily regimens), and Ritucharya (seasonal regimens).
In prevention and management of chronic diseases
such as cardiovascular disorders, diabetes, hyperten-
sion, arthritic disorders, stress, and cancers, nondrug
measures as supplements to medications and surgical
principles found in Ayurveda are being advocated
routinely in the present era by health care providers in
developed nations [1].

20.1.1.4 Roga Vigyan and Chikitsa Siddhanta:
Disease and Treatment Aspect

Prior to written systemic development of Ayurveda,
four superspecialities such as Bhutavidya (demonology),
Sarpavidya (dealing with poisons and venoms), Rasayana
(rejuvenation), and Vajikarana (dealing with

aphrodisiacs) existed in Vedic literature [10]. After estab-
lishment of Atreya Sampradaya (school of physician) and
Dhanwantari Sampradaya (school of surgeons) four more
disciplines were included on the development of reason-
based Ayurveda like Kayachikitsa (internal medicine),
Shalya Tantra (surgical sciences), Shalakya Tantra (eye
and ear nose, and throat (ENT)), and Kaumarabhritya
(maternal and child health). Sarpavidyawas restructured
and renamed as Agada Tantra (toxicology and forensic
medicine) [12].

This change may be attributed to the influence of a
new philosophy in Ayurveda with eight major disci-
plines known as Ashtanga Ayurveda. Presently, there are
17 specialties in Ayurveda, viz. Ayurveda Siddhanta
(fundamental principles of Ayurveda), Ayurveda Samhita
(dealing with Ayurvedic classics), Rachna Sharira (anat-
omy), Kriya Sharira (physiology), Dravya Guna Vigyan
(MateriaMedica and pharmacology),Rasa Shastra (metal
and minerals processing), Bhaishajya Kalpana (pharma-
ceuticals), Kaumarabhritya (pediatrics), Prasuti Tantra
(obstetrics and gynecology), Swasthavritta (social and
preventive medicine), Kayachikitsa (internal medicines),
Roga Nidana (etiopathology), Shalya Tantra (surgery),
Shalkya Tantra (eye and ENT), Manasa Roga (psychiatry),
Agada Tantra (toxicology and forensic medicine), Sanga-
harana (anesthesia), and Panchakarma (cleansing for reju-
venation therapy) [13].

Science of Roga Vigyan and Vikriti Vigyan (disease
process) and Chikitsa Vigyan (therapeutic modalities)
are guided by different principles. The pathological pro-
cesses are described as Panchanidana (five etiological
factors): these are Nidana (cause), Purvarupa (premodial
symptoms), Rupa (symptomatology),Upasaya (therapeu-
tic measures), and Samprapti (pathogenesis) [14e18].
The main aim of Chikitsa (therapeutic management/
treatment) is to convert unhappiness to happiness basi-
cally guided by Samanya (general) and Visesha (specific)
principle [15,16,19].

20.1.2 Symptoms of Life and Its Language

Ayurveda considered that human body has an
inherent intelligence or radar system that reciprocates
health protection and maintenance of homeostasis at
the cellular level. This is known as Pragna (inner in-
stinct), which warns us to do certain things that are
congenial to our body and to avoid certain things.
With time due to external factors this self-guided
signaling system has got feeble or underexpressed,
which invites disturbed ease (disease). Susruta Samhita
[4] described “Swa Yoni Vardana Anna Prakankshate,”
i.e., the Jivatma (minute cell) expresses what to take
and what to avoid. All the desires are produced at
the cellular level. Similar confirmation is available inFIGURE 20.3 The object of Ayurveda in Charaka Samhita.
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Ashtanga Hridaya [12] in support of this theory, “Kurva-
tehi Ruchim Dosha, Viparita Samanyoh”dDosha produced
in the organ’s minute living cell with consciousness ex-
presses what is congenial to take and what should be to
avoid. This Pragna or perception is either lost or sub-
dued by the environment over time and are ignored
inviting many lifestyle disorders. Recent literature again
renewed the importance of this area [16,20]. Desires
are generated at the cellular level not in the mind. Hab-
itats and condition reflexes are the guiding force for
misunderstanding these desires, and the mind fulfils
these desires. For example, certain tastes like sweet,
sour, and salty are good for person with Vata Prakriti,
for example, ice cream is good, but for a person with
Kapha Prakriti it may lead to ease disturbance. A person
with Kapha knows well to avoid ice cream, but in certain
situations his or her Pragna (inner instinct) fails to
control this phenomenon, which is known as
Pragnaparadha. The etiopathogenesis section describes
in detail how disease occurs [5].

20.1.3 Nadi Vigyan: A Lost Art of
Observational Diagnosis

Importance of Nadi (pulse) to determine health and
disease was a highly esteemed diagnostic procedure
exclusive to Ayurveda since Samhita Kala, but during
the thirteenth century AD Sarangadhara Samhita first
described the method in detail. Acharya Kanada dilated
it to a systematic approach. In our body there are more
than 70,000 Nadi (pulsating vessels); among them the
pulse in eight areas could be felt to know the personal-
ized physical status whether in health or in disease.
Further, this intuitive science requires experience and
practice [21,22]. Nadi is determined by the balance of
the Tridosha in one’s body; for beginners’ learning pur-
pose different animal movements like snake, frog, and
pigeon were used to understand the correlation of
Vata, Pitta, and Kapha. It is described that in the early
morning the physician will read the pulse for men in
the right radial area and for females on the left hand.
By pulse reading experienced physicians could predict
the forthcoming disease and place of occurrence, that
is, the affected organs like lungs for Kapha, brain for
Vayu, and stomach for Pitta [20].

20.2 KNOWLEDGE BASE OF ANCIENT
INDIA

20.2.1 History of Knowledge Base

Indian Hindu mythology proclaims Vedic literature
to be the most authentic and ancient one, which was
documented by the Aryans. It comprises Samhita (Rig

Veda, Sama Veda, Yajur Veda, andAtharva Veda), Brahmana,
Aranyaka, and Upanishad and in the later period Puranas
and Shastras [23]. References to diseases, herbs, and
herbal cures can be distinguished in all the four Vedas
especially in the Rig Veda; this oldest documented repos-
itory of human knowledge represents the first mention
of medicinal herb in Ousadhi Sukta (RV.10:47,1e23)
[24]. Ayurveda is said to be an Upaveda of Atharva
Veda, which contains 114 hymns related to formulations
including plant- and animal-derived products, minerals,
and metals for the treatment of different diseases [25,26].
In Rig Veda 67 plants and Sama Veda 67 plants each are
included, while in Yajur Veda 81 plants and in Atharva
Veda 293 plants are included. In Brahmana 129 and in
Upanishad 31 plants are the foundation of informatics
on the ancient use of medicinal plants that are still in
use (See Tables 20.1e20.3).

The concepts and practice, fully devoted to Ayurveda
were first described in text form by Agnivesha in his
treatise the “Agniveshtantra,” which was later amended
by Charaka and became known as the Charaka Samhita,
which primarily focuses on therapeutics of enlisted 526
plants and plant products for medicinal use [27]. Char-
aka represents the Atreya Sampradaya (school of physi-
cians) founded by the great scholar-sage Punarvasu
Atreya who defined Ayurveda uniquely “Wherein the
beneficial and adverse influences leading, respectively,

TABLE 20.1 Identified Plants from Different Vedic Literature

Vedic literature Number of plants

Scientifically

identified plants

Rig Veda 67

120

Sama Veda 67

Yajur Veda 100

Atharva Veda 293

Brahmana 129

Upanishad 31

TABLE 20.2 Plants Identified From Puranas

Purana literature Number of plants Total identified

Vamana Purana (200 AD) 4

256

Vayu Purana (200e1400 AD) 4

Kurma Purana (700e800 AD) 7

Matsya Purana (800 AD 11

Brahma Vaivarta Purana (700 AD) 10

Brahma Purana (1200e1600 AD) 200

Agni Purana (800e900 AD) 19
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to happiness and misery and to life healthy or ill are
described, besides the respective helpful and harmful
measures are described and quantified that system is
called Ayurveda” [28]. The next landmark in Ayurvedic
literature was the Sushruta Samhita compiled by Sus-
hruta known as the “Father of Surgery” (600 BC), which
places special emphasis on surgery and surgical tech-
niques. It described 573 medicinal plants, 57 drugs of
animal origin, and 64 minerals andmetals as therapeutic
agents. The next important authority in Ayurveda after
Charaka and Sushruta is Vagbhata of Sindh, who flour-
ished in about the seventh century AD and described
902 plant species. His treatise called the Ashtanga
Hridaya is considered unrivaled for the principles and
practice of medicine. These three important books are
known as the senior triad “‘Brihatrayees” (big or major
three). These books contain basic concepts of health
and disease, disease management, anatomy and physi-
ology, hygiene, Materia Medica, pharmacology and
therapeutics, herbal formulations, pharmacy, and syn-
thesis of herbomineral formulas. The Ayurvedic texts
are much respected in neighboring countries and have
been translated into Greek (300 BC), Tibetan and Chi-
nese (300 AD), Persian and Arabic (700 AD), as well as
several other Asian languages. Indian Materia Medica
provides lots of information on the ethnic folklore prac-
tices and traditional aspects of therapeutically important
natural products. This includes about 2000 drugs of nat-
ural origin; of these 400 are of mineral and animal origin,
while the rest are of vegetable origin [29].

20.2.2 VrikshayurvedaeStudy of Plant Science
in Ancient India

Vrikshayurveda is a special subject of Ayurveda that
deals with the cultivation, nourishment, management,
etc., of medicinal and other edible plants. The study of
plant life or science of Vrikshyayurveda drew consider-
able attention of ancient Indians as specialty. Nowadays,

transgenic plants are developed with advanced technol-
ogy. In Vrikshyayurveda similar plant character changing
procedures are described in detail. By application of
some plants products, white-cotton-yarn-producing
plants started yielding different color yarn like red, in-
digo, and blue. These plants seize production of flower
and fruits by special treatment, old plants are rejuve-
nated and start flowering, and creeper plants can be
changed to erect plants.

In Vrikshyaurveda, we find information’s on the
advantages and disadvantages of growing trees, selec-
tion and location of trees, auspicious and inauspicious
plants, and importance of tree planting including land
description and suitability of tree planting and green
manure application during cultivation. The diagnosis
and treatment of diseased plants was done on the basis
of Vata, Pitta, and Kapha of Ayurvedic principle. The
meteorological forecasts like undergroundwater current
(Siranveshana) and indications of onset of rains (Silabhe-
danam) were also known at that time.

In the Vrihat Samhita written by Varahamihira and in
Agnipurana, Arthashastra described the art of collection
and selection of seeds, selection of soil, sowing proce-
dure, successful germination of seeds, and various
means of propagation of plants on grafting and cutting.
Besides this, treatment of cow’s (GavaAyurveda), horses
(Aswa Ayurveda), elephants (Gaja Ayurveda), and
poultry and birds (Paksha Ayurveda) has also been
described.

20.2.3 The Evolution of Written Knowledge
and History of Preservation

This knowledge has been passed from one generation
to the next through written medium Sanskrit, frequently
in palm leaf parchments (Taalpatra) in the form of Shlokas
(Sanskrit verses). Many of them have been enshrined in
the form of medical literature, like “Ayurveda Shastra,”
but a vast number of them are still being passed to the
next generation verbally just like the pre-Vedic period
when there was no process of documentation and expe-
rience and knowledge were percolated to the next gener-
ation through Shruti (hearing) and Smriti (memory).
In Vedic medicine, it was noticed that magicoreligious
elements and empirical-rational elements were running
separately, while Atharva Vedic medicine is an amalgam
of religion, magic, and empiric-rational elements. It
would appear that at the time of Atharva Veda there
were designated physicians and elaborate pharmaco-
poeia treating diseases with herbs. In Vedic literature,
Gopatha Brahman, Sarpa Veda, Pisacha Veda, and Asura
Veda were mentioned as specialty. In 800 BC and
600 BC in Satapatha Brahmana subjects of study were
mentioned as Atharva Veda, Sarpa Vidya, Pitriya Vidya,
and Bhuta Vidya [30].

TABLE 20.3 Plants in Ayurvedic Literature

Ayurvedic samhita Number of plants Scientifically identified

Charaka Samhita 526 526

Sushruta Samhita 573 573

Astanga Hridaya 902 902

Sarangadhara Samhita 689 673

Bhavprakash Nighantu 1203 834

Madanpal Nighantu 480 Not known

Kaiyadeb Nighantu 450 Not known

Sodhala Nighantu 499 Not known
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20.2.4 None Codified Tribal health
and AYUSH Initiative

Forests dwellers in three states West Bengal, Bihar,
and Orissa were selected for exploratory evaluation
study through questionnaires and intensive dialogue
with people and traditional tribal practitioners. In the
absence of scientific methods for studying this complex
and unique system, an appropriate methodology
was devised. The inhospitable terrain often makes
researchers face problem with communication. To over-
come the constrains, it was decided that the tribal doc-
tors would be entrusted with not only the diagnosis of
the ailments but also treatment of the patients with the
available plants and other products collected from the
forests, the ways and means to which they are accus-
tomed. Patients were examined by both the tribal and al-
lopathic doctors. After arriving at independent
diagnoses, the patients were treated by the tribal doctors
with their medicine. The determining factors were
health care study, health status, disease treatment,
culture, and rituals related to health. A total of 13 com-
munities of tribal practitioners were studied group
from three adjoining states [31].

20.2.5 Documentation of Tribal Health
Culture

Attempts are made at present by AYUSHDepartment
of Ayurveda, Yoga, Unani, Siddha, Homeopathy.
National policy on Indian System of Medicine and
Homeopathy (ISM&H) (2002) was included to enlist
folk practices for scientific evidence. As such the North
Eastern Institute of Folk Medicine has already started
laying importance to documentation and to make it ev-
idence based following the reverse pharmacology
approach, i.e., bedside to bench [32]. The age old system
of health care still exists in pure form in remote tribal
areas only, available to protect from health hazards.
The system depends entirely on the environment. Rapid
deforestation abuses the natural resources and equilib-
rium is grossly disturbed.

20.3 DRAVYAGUNA:
PHARMACODYNAMIC CLASSIFICATION

OF HERBS IN AYURVEDA

In order to understand Ayurvedic method of treat-
ment with regard to diet or herbs, a fewAyurvedic terms
like Rasa, Guna, Virya, Vipaka, Karma, and Prabhava need
to be understood. These terms/concepts, in fact, encom-
pass the entire gamut of Ayurvedic pharmacology (Dra-
vyaguna Vigyan). Ayurveda does not differentiate
between food and drugs, in terms of the ultimate

“fate” of any substance (Dravya) that is ingested by (or
orally administered to) a living being. Ayurvedic phar-
macology thus deals with “substances” (Dravyas) and
not necessarily only with “drugs.” In fact, Charaka
emphatically states that there is no “substance” in this
world that cannot be used as a “drug”! Rasa, Guna, Virya,
Vipaka, Karma, and Prabhava of food items (and drugs)
are the most important properties: Rasa in this context
is quite different from the Rasa Dhatu (nutrient fluid)
and refers to the primary taste of the substance orally
ingested. Ayurveda describes six (potency) of the food
items and drugs that, in turn, result in specific (often pre-
dictable)Karma (actions) on the human bodyemind unit.
Ayurveda also refers to Anurasas (secondary tastes).

20.3.1 Pharmacodynamic Classification and
Medicinal Plants in Ayurveda

Ayurvedic classification of herbs according to the
pharmacological properties of the plants considering
their physicochemical and biological characteristics has
been the most basic substanceeactivity relationship in
the history of science. A medicinal plant Dravya (sub-
stance or drug) is characterized by its qualities (Gunas)
and the effect (Karma). Quality and effect cannot exist
apart from a substance, in which they coexist in an
inseparable concomitance (Samavaya). They work either
on the principle of sameness (Samanya) or on the princi-
ple of antagonism (Visesa). A substance with the prop-
erty of Ushna accelerates metabolism, it strengthens
Pitta by the principle of Samanya and reduces Kapha by
the principle of antagonism. The taste perception is
known as Rasa; there are six types through which drug
action was identified in the past, when “taste was the
test laboratory.” The sense of taste has been designated
as the most important tool possessed by Ayurveda for
perceiving the healing quality of a substance or botan-
ical (See Table 20.4).

20.3.2 Importance of Plant Identification
According to Ayurvedic Nomenclature

Identification of the Ayurvedic medicinal plants ac-
cording to their traditional description in authorititative
texts is quite delicate. The authors share some of their
personal experiences. Let us take the example of Jivanti,
which is classified under Jivaniya Varga (life pounding)
acclaimed for its tonic effects in the Ayurvedic texts. It
has been generally denoted as Desmodium fimbriatum.
When preliminary pharmacological screening was
done we thought that the plant is Desmodium only due
to the claim of our supplier whom we trusted. Later,
when botanical identification was done we found that
the plant was substituted with a Himalayan orchid for
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which no systematic botany has been reported or
regarding whose pharmacology very little is known.
We found that Leptadenia reticulata is also used as Jivanti.
This experience emphasizes the concept of biological
standard in case of plants rather than just its morpholog-
ical similarity.

Here it may be stressed that concepts of chemotax-
onomy and biological quality assurance are very impor-
tant in case of Ayurvedic medicinal plants. We should
also point out that recent transcriptomics research
shows that transcriptome associated with the biomarker
compounds or secondary metabolite biosynthetic
pathway is very important to conserve and effectively
harness the medicinally active natural sources. The
time has come to study plant genomics and transcrip-
tomics in a serious note to maintain genetic standards
like complementary deoxyribonucleic acid (cDNA)
library to conserve the genotypes and chemotypes of
the plants that might become extinct or mutated due
to evolutionary reasons and changing climate. These
genetic aberrations may cause change in their chemical
or metabolite profiles, leading to loss of their therapeutic
relevance.

20.4 NIDANA SAMPRAPTI: DISEASE
PATHOGENESIS IN AYURVEDA

Ayurveda relies on the inter-relationship of body
(Sharira), mind (Manas), organs (Avayava), senses
(Indriya Visaya), and soul (Atman) for the physical,
mental, social, and spiritual welfare of human beings.
Therefore, Ayurveda describes development of disease

as a psychosomatic phenomenon. The general well-
being of health (Swastha) can only be achieved when a
poise of mind, body, and soul is maintained. This coor-
dination is governed by consciousness (Chetana) or
some kind of intelligence in totality, correlated from
the subcellular level right up to the body (Sharira) where
cell is just a basic functional unit. The etiopathology
(Nidana Samprapti) of a disease has been projected as
phenotypes expressed at mental as well as systems
level. The disease components cannot not cause any-
thing until they comes in contact (Samyoga) with the
body (Sharira) through the five sense organs (Indriya)
and cause upregulation of signaling (Atiyoga) downre-
gulation of signaling (Hinayoga), or distorted signaling
(Mithyayoga) in a system to manifest a phenotypic
change (i.e., disease). The above process has been
termed as “Asatmya Indriyartha Samyoga Pragnaparadha
Parinam.” The stage that follows is Pragnaparadhawhere
due to this aversion in signaling or processing of the
body the intelligence or knowledge (Pragna) that gov-
erns this steady state of functioning is distorted (Apar-
adha) at the systems level or even at the mental level
of processing. It is interesting to observe that ancient sci-
ences show such level of understanding that well-being
is connected to the symmetry of mental and physiolog-
ical processing. When the signal or consciousness (Che-
tana) is distorted its facultative control over willpower
(Dhriti), intellect (Buddhi), memory (Smriti), and ego
(Ahamkara) is lost causing negative instincts like greed
(Lobha), anger (Krodha), and confusion (Moha) to
develop. These are directly connected to dynamic bal-
ance of Vata, Pitta, and Kapha, as summarized in Table
20.5. The concept of Vata, Pitta, and Kapha has been

TABLE 20.4 Chemical Biology Relationship of “Taste” and its Therapeutic activity

Sl. no Taste perception Chemical nature

Therapeutic phenotype described

Promotive (Positive) Antagonistic(Negative)

1 Madhura (sweet) Carbohydrate, sugar,
fats, amino acids

Promotes weight gain, vitalizer Obesity, respiratory disorder,
swelling, goiter, diabetes, lymph
nodes

2 Amla (sour) Organic acids Stimulate appetite, promote
digestion

Blood disorders, swelling,
inflammations, flushing, anemia,
hemorrhage, visual disorder

3 Lavana (salty) Salts Moisten, promote digestion,
expectorant, laxative

Impotence, graying and falling
hair, bleeding stomach, skin
disorder

4 Katu (pungent) Volatile oils Promote weight loss, vermifuge,
stimulate appetite

Impotence, unconsciousness, hot
feeling, thrust

5 Tikta (Bitter) Bitter principles,
alkaloids, glycosides

Antitoxic, vermifuge, febrifuge Mental weakness, nausea, dry
mouth, nerve disorder

6 Kasaya (astringent) Tannins Astringents, antiinflammatories
that help in absorption

Heart trouble, contraction and
blockade of channels
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now perceived to be correlated with genomic expres-
sion of Prakriti in Parinama. According to the Ayurveda
system an individual’s basic constitution to a large
extent determines predisposition and prognosis to dis-
ease as well as therapy and lifestyle regimen. Ayurveda
describes seven broad constitution types (Prakriti) each
with a varying degree of predisposition to different dis-
eases. In the realm of predictive medicine, efforts are
being directed toward capturing disease phenotypes
with greater precision for successful identification of
markers for prospective disease conditions. Biochemical
estimations of the deoxyribonucleic acid (DNA) isola-
tion, genotyping, and validation of genetic homogenei-
ty, ribonucleic acid (RNA) isolation, and cDNA
microarray experiments were conducted with statistical
analysis of microarray along with quantitative polymer-
ase chain reaction analysis ultimately to determine
functional annotation of differentially expressed genes.
On clinical phenotyping, individuals of different Prakri-
tis exhibit differences at the biochemical level [33]. Iden-
tification of genetic variations that underlie differential
expression of genes and biochemical end points are
much correlated with Prakriti phenotype. The deter-
mining factors responsible for health and diseases are
the Prakriti of individual; identification of risk issue,
course, and complication; prognosis of the disease;
and drugebody interaction. In the disease pathogenesis
how the physiology ends and pathology starts is a
unique proposition of Ayurveda. There are diurnal
and seasonal variations of Vata, Pitta, and Kapha; once
it goes up and again comes to a balance state [34,35].
The phenomena are subdivided into six stages known
as Shatkriyakala. At every moment, there are dynamic
processes that increase and eventually come to a bal-
ance state. This is known as Sanchaya (accumulation),
Prokopa (aggravation), and Prasama (alleviation); if Pra-
sama does not take place, the pathology sets in (Prasara),
leading to Sthanasamsraya (localization) in any organ. In
this state, the prodisease phenomenon develops but no
clear-cut disease symptoms could be identified. After a
few days or weeks the disease symptoms develop
known as Vyakti. In this state, diagnosis is possible,
but if not treated, it leads to chronicity known as Bheda.
In Ayurveda, treatment may be initiated from Prasara
stage, which could be determined by symptoms
(Rupa) and Nadi Pariksha.

20.4.1 Vyadhikshamatva: Concept of Immunity
in Ayurveda

Disease prevention is an ancient concept prevailing
since the Vedic period (Atharva Veda 6.13.1-2; 2.17.1-4).
The modalities later on percolated to Ayurveda where
it was developed as a full-fledged subject of study appli-
cation and research. The quintessence of all Dhatus
(tissues) is Ojas. The expression of Ojas is through Bala
(resistance power), which is in turn responsible for
immunity or resistance against disease. Ojas is consid-
ered to be an immune material. Ojas is of two types
Para Ojas and Apara Ojas. Para Ojas has only eight drops
(Ashtabindu); deficiency or loss results in death. Being an
immune material, its optimum quality and quantity
maintains homeostasis and regulates immunity (Charaka
Samhita Su 26/81).

This fundamental concepts of immunity in Ayurveda
are expressed as Vyadhikshamatva, which means defense
mechanism to resist disease (Vyadhi ¼ disease; Kshamat-
va ¼ capacity to adapt). The changeover from health to
disease was related to the capacity of Vyadhikshamatva;
this adaptation power is individualized, not general,
and thus relates to the general concept of immunity.
This concept of Vyadhikshamatva is further extended to
the terms Vyadhi Utpadani Bandhakatva (inherent capac-
ity to oppose the disease) and Vyadhi Balavirodhita Shakti
(defense toward ongoing disease process). However,
this capacity to avert disease is due to some Bala
(inherent power or strength), which could be assessed
clinically. This power or Bala is classified into Sahaja (ge-
netic), Kalaja (environmental or time dependent), and
Yuktikrita Bala (external factors or artificial). This Yuktik-
rita Bala can be compare to the concept of vaccines.

20.4.2 Concept of Stress in Ayurveda

Hans Seyle (1907e82), celebrated as the pioneer of
theory of stress, an Austrian-Canadian endocrinologist
of Hungarian origin who conducted much important
scientific work on general adaptation syndrome, was
amazed by the concept of stress in Ayurveda. In the
1950s, Selye discovered and documented that stress dif-
fers from other physical responses in that stress is stress-
ful whether one receives good or bad news, and whether
the impulse is positive or negative. He called negative
stress “distress” and positive stress “eustress.” The sys-
tem whereby the body copes with stress, the
hypothalamic-pituitary-adrenal axis system, was also
first described by Selye. He also pointed to an “alarm
state,” a “resistance state,” and an “exhaustion state,”
largely referring to glandular states. Later he developed
the idea of two “reservoirs” of stress resistance, or alter-
natively stress energy [36]. Hans mentions “It is certainly
remarkable to what extent Ayurveda foresaw the general

TABLE 20.5 Manifestation of Vata, Pitta, and Kapha

Vata Utsaha (initiativeness)

Pitta Probha (lusture), Prasada (passion),
Medha (intelligence)

Kapha Kshama (tolerance), Dhriti (will
power), Alobha (desire)
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adaptation syndrome and thereby intricate aspects of the stress
problem. I always had the greatest respect for the ancient
Indian medicinal School but I find it almost impossible to
understand how they could have arrived to this degree of pro-
phetic forethought at a time when nothing was known about
hormones which is really an appreciable dynamicity of
Ayurveda and its concept of stress.”

In Ayurveda, stress is described as a stimulus (phys-
ical, chemical, or biological) that can be corroborated at
the mental, cellular, and systems level. If we think in cor-
relation with Ayurveda, it has been described as a conse-
quence (Parinama) associated with Pragyaparadha
entailed above. This is caused at both the systems
(metabolome, proteome, immunome) and the neuropsy-
chiatric level. As it can be seen in Figure 20.4, indiscrim-
inate accumulation (Kama) of any substance (may be
biological or chemical) leads to loss of the critical buff-
ering capacity (Kshamahani) up to which a system can
resists an anomaly in it (may be aberration in signaling
or accumulation of certain toxic metabolite). This causes
the biological system or unit to take evasive action
(Krodha) which leads to loss of judgment (Sammohana
or Medhahani). This in turn creates an irritated state
(Smritihani), which finally causes a degenerative change
(Prayatnahani) due to loss of functionality or redun-
dancy. The pathophysiological model can be explained
in terms of stress-mediated loss of immunity, preferably
in a clinical model that connects the body to mind. The
pathophysiological model can only be rationalized if

perceived at the systems or metabolomic level. In Ayur-
veda it has been stated that accumulation of unassimi-
lated food or toxic metabolites (Ama) causes blocking
or derangement of the major channels (Srota Dusti),
which is important for immune signaling or immunity
(Ojas). This causes the body to lose its normal func-
tioning manifested as loss in body luster (Prabhahani)
at the physical level and the loss of happiness (Prasad-
hani) at the mental level. This ultimately causes loss of
initiative (Utsahahani) of the body and mind. This may
lead to derangement of Tridosha manifesting a disease
in Parinama at the physiological, mental, or systems level
[5,37].

20.4.3 Prodisease Concept (Rogi Chikitsa):
Prevention and Treatment

Diagnosis was envisaged a great importance in the
treatment module of Ayurveda. Madhava Nidana among
the classics was entirely devoted to it. But diagnosis was
focused on identifying the specific disturbances of Dos-
has in a given patient and not so much on affixing the
label of a disease. Treatment had to start early before
the disease struck roots and progressed through the
six stages (Shatkriyakala) to its full-blown manifestation.
Before this full-blown manifestation some features
develop; these are known as prodisease (Purva Rupa),
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which have been developed as a unique concept in
Ayurveda [15,16].

The concept of preventive medicine is a common
practice where a person has been advised to follow a
dietary regimen (Ahara) and healthy lifestyle and dietary
habit has been fine-tuned according to one’s constitution
(Vataja, Pittaja, or Kaphaja evenly mixed, i.e., Tridoshaja)
and seasonal changes (Kala) encompassing the concept
of Ritucharya (seasonal regimen).Due to various physio-
logical perturbations caused by seasonal changes and
imbalances in the Vata, Pitta, and Kapha level, which
spread to get localized to a particular system or organ,
disease develops (see Table 20.6). Clinically these symp-
toms and disease development can be differentiated
according to basic genetic or physiological conditions
of a person, that is, one’s Prakriti. Some common exam-
ples are given in Table 20.7.

20.5 PANCHAKARMA THERAPY:
PERSONALIZED DETOXIFICATION AND

REJUVENATION THERAPY

Panchakarma is a specialty of Ayurveda having diver-
sified defensive, healing, and support actions indicated
in wide range of diseases and health conditions. It is a
personalized medicine concept where a therapeutic
regimen is designed according to Prakriti (individual
characteristics governed by Ayurgenomics) and other
factors. These therapeutic procedures are employed to
get rid of impurities of various systems of the human
body and force out the toxic metabolites from the body
by maintaining normal functions of systems. This is
fundamentally a biocleansing regimen that facilitates
the body system for better bioavailability of the pharma-
cological therapies and for achieving homeostasis of
inherent factors. It also enhances the acceptability of
the body to various dietary regimens and use of rejuve-
nation therapy for promoting health as well as for
specific therapeutics.

There are three major steps: Purvakarma (preopera-
tive), Pradhanakarma (main operation of the five
variants), and Paschatkarma (postoperative) (see
Figure 20.5). The group of five major detoxification mea-
sures composed of Vamana (therapeutic emesis), Vire-
chana (therapeutic purgation), Anuvasana Basti
(induced enema with medicated oil), Niruha Basti
(induced enema with decoction of plants), and Nasya
(nasal administration of medicaments) are technically
termed Panchakarma, which stands on the basic princi-
ples and practices of Ayurveda. These major procedures
require preoperative and postoperative measures to
achieve the goal. The preoperative measures areDeepana
Pachana (enhancement of enzyme activities), Snehana
(oleation), Swedana (fomentation), etc., which are
mandatory to perform in sequence before the major pro-
cedure targeting the subject as a whole followed by the
disease specifically. Snehana or oleation is lubricating
the system by using unctuous substances like oil or
ghee externally and internally. Swedana is performed
by applying heat over the body to stimulate the action
of sweat glands, to secrete sweat, as well as to increase
body temperature and circulation. There are so many
procedures to perform according to the conditions.

Vamana Karma (see Figure 20.5) is one of the Pancha-
karma procedure indicated for Kapha disorders as
mentioned in the Ayurvedic pathology. It is done by
oral administration of emetic drugs in a particular
dosage form with large amounts of liquids like milk or
decoction of Madhuka (Glycyrhizza glabra) where the
body toxins are expelled through the mouth. Strict diet
regimen is followed for 7 days to enhance the Agni
(enzymes activity) after Vamana Karma, which is known

TABLE 20.6 Factors Causing Development of Disease

1. Stress and strain 2. Contaminated fooddraw
material (chemical pesticides),
cooking materials frozen for long
period of time

3. Overactivity or less activity 4. Movement on high-speed
vehicle

5. Diet antagonistic to personal
health

6. Over use or faulty use of sense
organs

7. Habitual toxicityd
consumption of alcohol, coffee,
tea, cold drinks, chewing, and
smoking tobacco

8. Injudicious use of medicine or
self medication

9. Faculty sex health
management

TABLE 20.7 Prodisease Alarming Signals

Sanskrit term Manifestation

1. Gouraba Feeling of heaviness

2. Arochak Loss of appetite and anorexia

3. Daha Burning sensation, internal or
external

4. Twaka Chhaya Vikriti Skin changes

5. Krodha Getting irritated with small
reasons

6. Vedana Malaise or pain all over the body

7. Dourbalya Feeling of weakness

8. Nidranasa Disturbed sleep
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as Samsarjan Krama. This procedure is effective in bron-
chial asthma, psoriasis, and other chronic skin diseases.
Virechana Karma (therapeutic purgation) is done by the
oral administration of specific purgative drugs in a
specific dosage form. It is highly effective in Pitta- and
Vata-predominant diseases like skin diseases, urinary
disorders, diabetes, anorectal diseases, arthritis, and
hemiplegia. Anuvasana (induced enema with medicated
oil) and Niruha Basti (induced enema with decoction of
plants) are indicated in Vata-predominant diseases,
such as arthritis, constipation, sciatica, hemiplegia, and
amenorrhea. Nasya Karma (nasal application of drugs)
is especially employed in specific disease conditions
targeting the head and neck. Delivering of medicaments
in the form of oils, powders, juices, etc., into the nostrils
is performed. It is indicated in chronic nonspecific head-
ache, brachial neuralgia, ear ache, chronic sinusitis,
facial palsy, etc.

Postoperative regimen is the major step in Pancha-
karma after completion of the principle therapy. This is
done to revitalize the Agni (metabolic enzyme system),
which gets imbalanced due to the operative processes.
This regimen should be strictly followed. Commonly,
Peyadi Samsarjana Krama (postoperative medicated drink
therapy) is widely practiced in all cases of Pradhan Karma
causing the enhancement of enzyme activities of the pa-
tient. In this procedure, no oral medicine targeting the
disease is administered. However, the diet schedule
from liquid, semisolids, to solid is followed in that order.
The schedule is to be designed by the physician accord-
ing to the subject and disease. Peya (medicated drink),
Vilepi, Manda, Krita Yusha, Mamsa Rasa, etc., are the
different types of diet incorporated in the schedule.

The period of treatment varies from 7 days to 3 months
in different conditions.

20.5.1 Panchakarma Therapy in Psoriasis
Treatment

Psoriasis is an autoimmune noninfectious, chronic
inflammatory skin disorder in which altered keratiniza-
tion of epidermal cell takes place with well-defined
erythematous lesions and silvery plaque with a predic-
tion for the extensor surface and scalp. In psoriasis,
Panchakarma therapy is highly beneficial (see Figure 20.6)
for its immunoprotection mechanism. In plaque psoria-
sis,Vamana Karma (therapeutic emesis) is generally prac-
ticed using some herbal emetic drugs. Deepana, Pachana,
Snehana, and Swedana Karma are carried out before
Vamana Karma. Recent study has shown that Pancha-
karma treatment can control psoriasis cases without
any adverse drug reactions [38].

FIGURE 20.5 The conceptualization of Panchakarma (the five processes).

FIGURE 20.6 Panchakarma therapy in psoriasis withVamana Karma.
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20.5.2 Jalaukavacharana (Leech Therapy):
Management of Vicharchika (Eczema)

In Ayurveda, the various skin disorders are detailed
under the nomenclature of Kushta. Vicharchika is specially
mentioned under the heading Kshudra Kushta (minor
skin diseases) in Ayurvedic classics, and it is similar to
the disease eczema of modern medical science [39,40].
The Ayurveda classics advocate several lines of conser-
vative treatment for Kushta disease specially Vicharchika
[41]. As per Ayurvedic understanding, diseases that do
not respond to various medical treatments are definitely
disorders in which blood is contaminated [42]. Among
the Shodhana Karmas (purificatory treatments), bloodlet-
ting is considered as the best treatment for skin diseases
(see Figure 20.7). According to Sushruta, if a person regu-
larly undergoes bloodletting, he can develop resistance
against all types of skin diseases [43]. Bloodletting is
one of the ancient and important parasurgical proce-
dures described in Ayurveda for treatment of various
diseases. Various methods are employed for bloodletting
such as the use of Shringa (horn), Jalauka (leech), Alabu
(gourd), Prachhana (scarification), and Siravyadha (vein
puncture). Among them, leech therapy (bloodletting us-
ing leech) has gained greater attention globally, because
of the medicinal values it possesses. Being a disease
caused due to vitiated blood, the bloodletting therapy
using leeches can be advocated in case of eczema also.
Keeping this view in mind, we have started and evalu-
ated the efficacy of leech therapy in the patients with
eczema.

20.5.3 Sarpavisha Chikitsa: Bioprospecting
Snake Venom as Drugs

Poisonous substances (Visha) have been traditionally
used in therapy since the time of Charaka Samhita

(1000 BC) [44]. According to Sushruta it is profoundly
used in Ayurvedic toxicology (Agada Tantra) for the
treatment of other toxins [45]. In Ayurveda toxins
are classified into two major sources: plant source
(Sthavaradthe immobile) and animal source (Jangamad
the mobiles); another artificial source has been
termed as Gara visha [46]. According to Indian mythol-
ogy, it is believed thatVisha originated when theDevatas
(deities or demigods) and Asuras or Rakshasas (evil
demons) were deeply engaged to Samudra Manthana
or Ksheera Sagara Mathanam (event referring to “Churn-
ing of the Ocean of Milk”) for the quest of Amrita (nectar
of immortality) [47]. Both Charaka (Ch. Chi. 23/24) and
Sushruta (Su. Kal 2/19-20) and later Vagbhata (Ash. Utt
35/7) explained various aspects of toxins and their
pharmacological prospects. Toxins of various sources
and their phenotypical symptomatic treatment have
been extensively detailed by Charaka (Ch. Chi. 23).
This commentary indicates that the use of a poison
cures poisoning due to its Prabhava or specific action
(Ch. Su. 26/69). Sir Jagadish Chandra Bose’s Research
on Suchikavaran Rasa reflected on the use of cobra
venom as drug [48].

In Indian Science Congress 13th session (1927) at
Lahore, Sir J.C. Bose in his Presidential Address said
“Cobra venom acts on the animal as a deadly poison even in
minute quantities. I found the effect on the plants was iden-
tical. I was greatly interested to find that a preparation of co-
bra venom known as Suchikavaran Rasa,the principal
constituent of which is minute quantities of cobra venom,
has been employed as a cardiac stimulant in the Hindu System
of Medicine for nearly thousand and years. I found that min-
ute doses of prepared cobra venom a great stimulation of the
pulsating activity of the plants. Similarly injections of Suchi-
kavaran Rasa in the blood stream of the animals in a state of
depression, was found to produce a marked improvement in
the frequency and amplitude of the pulsation of its heart beat.”

In Ayurveda snake venom is being used in Dusyadaro
(a type of Udararoga i.e. diseases of abdomen). Different
formulations that were prepared using snake venom are
mentioned, among them Suchikavaran Rasa is advised to
be used in collapse stage. Dr. J.C. Bose carried out an
experiment with crude cobra venom (CV) and observed
that crude-venom-administered plant died, while pro-
cessed drug formulation did not showed any change.
Further, in animal experiments, he observed that crude
venom caused a decrease in tissue response, while after
treatment with processed snake venom drug, it regained
response and further stimulation was observed. Usually,
CV is used after processing it with different plants prod-
ucts, which is known as Shodhana. The purification was
done following the Debnath method and the Shodhita
venom (SV) was used for pharmacological and toxico-
logical studies [49,50]. Acute toxicity study reveals that
the LD100 dose of crude CV was 0.7 mcg/kg, while all

FIGURE 20.7 Nonpoisonous leech sucking the toxic blood in
eczema patient.
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the animals survived after treatment of with the same
dose of SV. The calculated LD50 dose of CV and SV
were found to be 0.62 and 5.4 mcg/kg i.p. intra-
peritoneal, respectively. SV showed antiinflammatory,
analgesic, anticonversant, and positive ionotropic effect
on perfused heart preparation, while CV produced stop-
page of heart in systole (100 mcg/ml) but SV up to
250 mcg/ml did not produce any toxic effect on the
heart. In frog rectus muscle, CV and SV antagonized
acetylcholine response. The calculated ED50 was
45 mcg/ml for CVand 138 mcg/ml for SV. It is apparent
that after Shodhana toxicity is reduced keeping intact the
therapeutic effect. A traditional herbomineral prepara-
tion “Mahammadsha” was used for the treatment of
osteoarthritis or Sandhivata [49,50].

20.5.4 Rasayana Chikitsa: Rejuvenation
and Immunomodulation Therapy

Rasayana therapy is a comprehensive regimen that en-
compasses the concept of “rejuvenation” of mental and
physical health. In Ayurveda Rasayana refers to acquisi-
tion, movement, or circulation of nutrition needed to the
body tissue (known as Dhatus in Ayurveda). The
Rasayana therapy is one among eight branches that are
primarily of promotive value and are essentially meant
to rejuvenate the body and mind to impart longevity
aging and immunity against disease. The herbs and
foods mentioned under this are perceived as immuno-
modulators, adaptogenic, antiaging, antistress, and
memory enhancers.

It has been mentioned in Charaka Samhita in the very
first chapter Chikitsa Sthana. However, other texts like
Sushruta Samhita and Ashtanga Hridaya by Vagbhata
mentioned it briefly with few additions or changes.
Acharya Dalhana in his commentary on Sushruta Sam-
hita (Su. Chi. 27/1-2) mentions a very rational classifica-
tion, namely, Ajasrika (nutrition), Kamya (vigor and
vitality), Naimittika (disease specific).

Rasayana is attained through direct enrichment of the
nutritional flow (referred as Poshaka Rasa). Foods like
Shatavari (Asparagus racemosa), milk, ghee etc., help in
this process. The second approach is to improve the
metabolic process (referred as Agnivyapara), which
increases the anabolic effect thereby improving the over-
all health of the human body. Bhallataka (Semicarpus
anacardium) is an example that acts at the metabolomic
level to promote health. Another way of attaining rejuve-
nation is to boost the circulation by promoting compe-
tent flow of nutrients through the channels (known as
Srotas) of the body. This may help in better bioavailability
of the nutrients all over the body by improving health
and desired benefits. Herbs and foods like Guggulu
(Commiphora mukul) work in a similar way exhibiting
hypolipidemic and antiatherosclerotic activity.

There is general idea thatRasayana is geriatrics, but it is
actually science of nutrition that encompasses application
for all ages to augment our vitality. Charaka Samhita
clearly mentioned that nutrition is the primary aim of
Rasayana and other effects such as antiaging, adapto-
genic, and memory enhancer are secondary functions
or attributes associated with the main aim. It is important
to emphasize that Rasayana is not just a drug therapy that
encompasses nutrition (Ajasrika) and good conduct
(Achara Rasayana). Medicated ghee, milk, and foods
have been mentioned under this Ajasrika Rasayana.
Different Rasayana herbs and food supplements are
used nowadays. Classical food supplements such as
Chyawanprasha and Brahmi Rasayana are quite effective
for all age groups. However, Sharangadhara Samhita has
augmented further personalization or specificity of the
Rasayana herbs according to the age group of a person.
At present, we observe that many herbal preparations
alter immune function and display an array of immuno-
modulatory effects [51]. In various in vitro and in vivo
studies, herbal medicines have been reported to modu-
late cytokine secretion, histamine release, immunoglob-
ulin secretion, class switching, cellular coreceptor
expression, lymphocyte expression, phagocytosis, and
so on [52,53]. Ayurveda lists a separate class of immuno-
modulatory botanicals named Rasayanas. Several botani-
cals from these texts have been studied for their
immunomodulatory properties and have the potential
to provide new scaffolds for safer, synergistic, cocktail
immunodrugs [54]. Due to their favorable pharmacoki-
netic properties they are considered as adjuvants and
are also therapeutically superior to other drugs; although
an Ayurvedic Rasayana drug shows less CYP450 inhibi-
tion, yet it is highly recommended in Kapha disorders
(i.e., asthma, respiratory problems) [55,56].

20.5.5 Parpati Chikitsa: The Last Option
for Complex Disorders

“Vidya Vitarko VijnangSmriti Stattparata Kriya
Yasyate Sadagunmstattsaya Nang Sadyomutivartate”

(Learning, reasoning, proficiency, memory, devotion
and experience, one credited with the six merits never
fails in healing a curable disease)

(Charaka Samhita, Chikitsa Sthana 13)
In Ayurveda, therapeutic management is categorized

into curable (Sadhya), palliative (Yapya), and incurable
(Asadhya). Udara Roga (abdominal diseases), Rajyakshma
(tuberculosis), and some others are considered to be
incurable. Among the Udara Roga, Jalodara (ascites) was
first described in Atharva Veda. Later, eight types ofUdara
Roga have been described in Charaka Samhita (Ch. Chi. 13)
and Sushruta Samhita (Su. Chi. 14). Jalodara is still consid-
ered as an incurable disease devoid of any medicine to
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cure it. Some specialized treatments are provided to
improve life expectancy and quality of life, where accu-
mulation of peritoneal fluid and scanty urine affecting
liver and spleen are common. Ascites may develop due
to many causes; among them cirrhosis of liver, tubercu-
losis, and cancer are very common. To these patients, Par-
pati Chikitsa is provided by experienced physicians.
Parpati prepared with mercury and sulfur is known as
Rasa Parpati, while on addition of gold to it Swarna Parpati
is prepared. The process of preparation is very crucial as
directed in Rasashastra (see section 20.7). During this
treatment regime water and salt are restricted; only herb-
al extract withmilk is provided as food and drink. Parpati
is given at a daily dose of 1 Rati (120 mg) once daily for
21 days; if patients can sustain this therapy, then Vardha-
man Parpati Chikitsa (ascending dose therapy from 1 to 10
Rati then back to the smallest therapy in a stepwise
manner) is prescribed. Similarly Vardhaman Pippali (Piper
longum) can be prescribed with increasing dose from 1 to
10 pieces. Clinical trial on the treatment of Jalodara (asci-
tes) following the herbomineral preparation Arogyavard-
hani Rasa was done in 1962 at the IMS-BHU (Institute of
Medical Sciences, Benaras Hindu University) (then col-
lege ofmedicine) for 5 years time; 390 patients were regis-
tered and 191 could complete the study. It was observed
that 67.1% recovered from ascites and the remaining
12.5%were declared to be cured. A total 24 patients could
be followed up for 4 years. The condition relapsed in
some patients after 3 years and in some after 2 years. Pa-
tients discharged with no ascites may have chances of
relapse if they do not follow proper diet and dietetics
or discontinue the drugs [57].

20.6 AYURVEDA: REDISCOVERING
NOVEL THERAPIES

20.6.1 Ayurveda Systems Biology

Ayurveda presents before us a bounty of clinically
proven alternatives toward drug discovery as a function
of evidence-based medicine [58]. Ayurvedic principles
are developed on the basis of innumerable clinical obser-
vations (time tested). The scientific rationality of these
principles is based not merely on ancient texts but
because they can demonstrate results as can be found
in Ashtanga Hridaya Uttaratantra in verse 40:81 [59].
The concepts of Ayurvedic biology deal with how the
biological world has evolved to develop different strati-
fications of variability from the basic chemical level to
the complex organism and beyond (see Figure 20.8).
The Ayurvedic fundamentals have substantiated the
view at different levels of associations and variable
interactions giving rise to complexity. Ayurveda deals
with this complexity taking a didactic modeling

approach with overall view of system following the uni-
fying interpretation of the Advaitic philosophy rather
than a dualistic Cartesian approach.

Understanding the systems biology of a disease or a
disease complex gives us the strategic advantage to iden-
tify target and also related challenge to find out ways that
may help us to mitigate, treat, or manage the disease. The
Ayurvedic internal medicine known as Kayachikitsa
mainly consists of this etiopathogenesis, diagnosis, and
treatment of the diseases. The novel effort like
“Genome-wide association studies” are focused to deter-
mine where variations in its entirety for many diseased
and healthy subjects could be compared to identify re-
gions in the genome that had sufficiently different fre-
quency and could be associated with a disease [60]. We
find that Ayurvedic drugs and diseases have been classi-
fied according to phenotypic classifications (symptomatic
complex) correlated with the genomic concept of Prakriti
(Vata, Pitta, Kapha) [61]. In rational drug discovery pro-
cess, we find that understanding themolecular pathogen-
esis is important for target validation and drug discovery
process. It should be incorporated in Ayurveda as well.
The diseases or phenotypes should be properly classified,
and research should be initiated to know the molecular
pathways or network associated with the diseases. This
will help us to know the pharmacology of the herbs
that interfere with the disease complex, which positively
modulates the system (body and mind) against the dis-
ease. This translation of disease and treatment philoso-
phy in terms of recent findings of “omics” level of
research may discover novel targets or strategy to
develop drugs or combinations of drugs against diseases
[62,63]. Mechanism of action of the herbs may be demys-
tified by combining Ayurvedic principles and functional
genomics with systems biology approach [64,65].

20.6.2 Ayurgenomics and Personalized
Medicine

Ayurveda has a personalized approach in predictive,
preventive, and curative aspects of medicine, which in-
tersects the mind and body [66]. Ayurgenomics deals
with interindividual variability in assessing susceptibility
and establishing diagnosis and prognosis mainly on the
basis of constitution type of the individual (Prakriti)
[33,61]. Selection of a suitable dietary, therapeutic, and
lifestyle regime is made on the basis of clinical assess-
ment of the individual keeping one’s Prakriti in mind
[33,67,68]. Prakriti is a consequence of the relative propor-
tion of Tridoshas (three entities), Vata, Pitta, and Kapha,
which are not only Shukra Shonita (genetically deter-
mined) but also influenced byMahabhuta Vikara (environ-
ment), especially maternal diet and lifestyle (Matura
Ahara Vihara) and age of the transmitting parents (Kala
Garbhashaya). The ethnicity, familial characteristics, as
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well as place of origin of an individual are also described
to influence development of Prakriti besides the afore-
mentioned individual-specific factors. Several multiscale
dimensions and stratification have been stressed by
workers to increase the resolution of understanding
about the disease mechanism to that of the genetic vari-
ome and related factors [61]. Metabolic variability corre-
lated with CYP2C19 genetic variability and HLA gene
polymorphism to elucidate the concept of pharmacoge-
nomics with the Prakriti types is interesting [67,69]. How-
ever, understanding of population-wide variability
across Indian populations (IGV Indian Genome Variation
Consortium) provided a major thrust to further our quest
for understanding the variability in healthy individuals.
Transcriptional profiles of pooled RNA from Vata, Pitta,
and Kapha revealed differences in core biological pro-
cesses between the Prakriti groups, which overlapped
with the biochemical pathways and biochemical profiles
to signify the existence of genetic variation and their
cellular manifestation as mentioned in Ayurvedic text.
We find a glimpse where such genetic association may

be connected with cardiovascular function [70], systemic
inflammation [71,72], gut microbiota axis [73,74], anthro-
pometry [75] and related diseases, which opens up a new
age of Ayurgenomics-guided therapy based on Ayurve-
dic herbal products. Very simply it can solve the variation
of the disease pattern and treatment efficacy variations
among the populations seen from personal clinical expe-
riences. As stressed by the authors in the above section
integration of the knowledge of Nidan Samprapti (prog-
nosis) with phenotypic ensembles and the upcoming ge-
netic association can elucidate disease pathways, hence
drug discovery will be accentuated in the lines of Ayur-
veda systems biology.

20.6.3 Reverse Pharmacology: Toward
Integration from Clinics to Laboratory

Novel drug discovery from natural sources is contrib-
uting a huge share to the modern trends [76,77]. The ter-
minology reverse pharmacology in natural product
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drug discovery has been common to us for more than a
decade. Its successful example can be traced back to the
1930s in India. Sir Ram Nath Chopra and Gananath Sen
started the underpinning of reverse pharmacology of
medicinal plants by following the clinically documented
effects of Ayurvedic drugs [78]. Sarpagandha (Rauwolfia
serpentina) was a major breakthrough where Sen and
Bose were able to persuasively demonstrate the antihy-
pertensive effects of the plant. They also noticed its
side effects such as depression, extrapyramidal syn-
dromes, and gynecomastia among others [79].This effort
helped in the evolution of a new antidepressant, anti-
Parkinson drug and prolactin-reducing drugs [80].
Reserpine is an example of an antihypertensive alkaloid
from Rauwolfia that was marketed successfully. Most
convincingly we find Gananath Sen and Kartick Bose
as one of the oldest Indians to get cited in the celebrated
pharmacology textbook Goodman and Gillman.

Later onDr.Vaidyadefined it as a reverse discipline that
goes from “clinic to laboratories” [32] apart from the
concept where it has beenmentioned in relation to orphan
G-protein coupled receptor (GPCR’s) (Angelique and
Ralph, 2008). Most lucidly it can be defined as an interdis-
ciplinary scientific approach that integrates clinical and
experimental knowledge toward safe and effective drug
development [81]. Here it can bementioned that the recent
trend of translational research in Ayurveda from “bedside
to bench” is also talking of the same direction [82].

This bedside-to-bench effort can be extended to the
field of Ayurveda also where clinical observations are
the main model to test the safety and efficacy because
in ancient literature humans were treated as the only
subjects. It can be strategic to develop clinical candi-
dates, modify bioactivity of existing herbal drugs, and
also develop vaccine adjuvants [83].

20.6.3.1 Reverse Pharmacognosy: From Molecule
to Target

Recently, a concept called reverse pharmacognosy
[84] just like reverse pharmacology has emerged, which
utilizes natural molecules from a natural source, prefer-
ably plant, to find their biological activities, that is, their
binding to specific target protein using cheminformatics
or traditional knowledge (like Ayurveda) about the
plant. In order to find the target the process uses in silico
(like docking, molecular dynamics, pharmacophore
matching) or in vitro methods. Together with chemoge-
nomics and Ayurgenomics it can find application in
drug repositioning, i.e., exploiting existing knowledge
for innovation [64,85]. These are exclusively important
when US Food and Drug Administration is advocating
a Critical Path Initiative to modernize drug develop-
ment by incorporating recent scientific advances to
enhance innovative opportunities in public/private

partnership model. The reason behind such policy
may be postmarketing withdrawal in spite of stringent
regulatory mechanism, thus safety is a major problem
nowadays [86]. Pharmacogenomics is now a significant
factor influencing drug discovery, which has been con-
nected to the Prakriti concept, thus advocating personal-
ized medicine [87].

20.6.3.2 Ayurvedic Pharmacology: Toward Safety
and Personalized Efficacy

Ayurvedic drugs presume to work on multiple tar-
gets in a disease network. Ayurvedic pharmacology
has the primary goal of ensuring safety and maintain ef-
ficacy by rationalizing the mode of action of drugs. A
recent review shows various strategies of phenotypic
screening like biochemical methods; genetic interactions
together with computational inference have important
roles in target identification and decipheringmode of ac-
tion [88]. A successful example may be observed in the
case of inflammation and cancer where Ayurvedic
knowledge-based approach toward target identification
strategy has been appreciated [89,90]. Mechanism of
action is being elucidated in the most critical cases of
herbomineral drugs, where studies encompassing
immunomodulation and Rasayana (rejuvenation) using
phenotypic disease screening method in Drosophila
model has opened a novel dimension of Ayurvedic
pharmacology [91].

Ayurveda has a huge knowledge base in pharma-
cology that needs rediscovery and rational interpreta-
tion. We eagerly need to consider research tools that
provide extensive data including the “omics” tools,
such as genomics, proteomics, and specially metabolo-
mics, which have lots of role to play in natural product
drug discovery [92e96]. Chronic diseases such as dia-
betes and obesity are caused by defects in multiple genes
and pathways [97]. Thus, it is not surprising that the cur-
rent one-target-one-compound approach in drug dis-
covery and development has failed to deliver, and rise
of polypharmacology and network pharmacology is
observed as expected in the postgenomic era [98,99].
Network pharmacology and systems approach are gain-
ing pace in deciphering traditional herbal therapies in
complex diseases [100e102]. Furthermore, network-
based approaches have been applied to understanding
disease mechanisms [103].

It has been shown experimentally and accepted tradi-
tionally that the combination of certain drugs could be
more potent than the simple sum expected from the
action of two individual drugs [104]. Moreover, there
should be unique treatment that fits best the molecular
profile (Prakriti) of a person’s disease and lifestyle habits
(Satmya). Recently, an Ayurgenomics study on rheuma-
toid arthritis revealed that persons with different Prakriti
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showed different pathways involved in causing the
same disease. Thus it is logical that drugs should be
personalized. Targeting individual mechanism of action
is observed to be more efficacious ensuring safety [105].

Considering such scenario we should also find suit-
able translational technologies that can help us to inter-
pret these traditional concepts of medicine with
advanced level of scientific rationality. Translational sys-
tems biology approach may accelerate Ayurvedic medi-
cine research as it can be found in Traditional Chinese
Medicine in recent literature [106e108]. Understanding
the mechanism of action and interactions at the level
of molecular networks of complex diseases or systems
level is very useful to bridge gaps in natural product
drug discovery and has huge potential of research in
drug discovery and development [109e111]. Diseases
of pathogenic origin with complex pathogenesis can
also be treated with Ayurvedic adjunct therapy.
Recently, “bedside-to-bench” initiatives pertaining to
use of Ashwagandha inmultidrug-resistant tuberculosis
patients have shown success [6]. Clinical trials followed
by in silico target fishing effort have established a
possible mode of action about the herbal adjunct ther-
apy. Adjunct therapy of herbal drugs with conventional
Anti-tubercular Drug (ATD) therapy also opened up a
novel strategy of immunoprotection that may lead to
new direction in chemotherapy.

Considering the various knowledge-based resources
available and the presence of technological platforms
in the field of pharmacology, systems biology, and geno-
mics, we find the need to integrate various disciplines
and ideas following the essence of reverse pharma-
cology. We propose a conceptual workflow (see
Figure 20.9) considering a continuous relationship
between the scientist, physician, and patient. The in sil-
ico pathway pertaining to Ayur-chemogenomics, a
concept embracing Ayurvedic Pharmacology and che-
mogenomics, can be readily used to predict mode of
action of Ayurvedic drugs as seen in the recent literature
[112,113]. We find that Ayurveda reverse pharmacology
research should start from traditional knowledge fol-
lowed by clinical study (bedside) following Ayurgenom-
ics and Ayur-pharmacoepidemiology (see section). Then
on the basis of clinical data laboratory studies may be
undertaken. The laboratory study may be in silico or it
may follow an experimental pathway where phenotypic
assays may reveal molecular-level interactions. This
information can then be processed using computational
inference technologies for developing association model
to understand the network-level interaction of the drugs
and reveal the network or systems pharmacology. As
herbs and herbominerals are multicomponent drugs,
their polypharmacological network will provide a clear
picture.

FIGURE 20.9 Conceptual Workflow of Integrated Reverse Pharmacology approach in Ayurveda.
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20.7 RASASHASTRA: THE MYSTERY OF
ANCIENT CHEMISTRY

In the evolution of nature, inorganic matter is
observed prior to organic matter, after which creation
of life has occurred. Therefore it can be easily verified
that inorganic materials are the primary constituents of
life processes [114]. The main source of foods and med-
icine are therefore the principal support of life on earth;
Plants derive their micronutrients from minerals and
metals [115,116]. Plants convert these inorganic sub-
stances into bioassimilable forms. However, little is
known about inorganic materials and about how they
provide such an important resource to life forms and
thus a growing interest in science. In this section, we
will try to decipher and appreciate how ancient medical
science like Ayurveda was able to successfully use these
metals and minerals in safe and effective therapies by
developing specialized technologies to tap their thera-
peutic power.

Rasashastra developed during eighth century AD,
Rasashastra (Rasadmercury, Shastradknowledge) is
one of the specialized, almost secretive branch of Ayur-
veda that deals with herbomineral/metal/nonmetal
preparations [117]. Rasashastra is centrally based on the
medical use of Shodhita Parada (pharmaceutically pro-
cessed mercury). Mercury is termed as “Rasa” or “Rasen-
dra” and “Parada.” It is called “Rasa” because it has the
power to transform or associate with other metals to
from amalgams. Rasayana (immunomodulation and
antiaging quality) and Yogavahi (ability to target drugs
to the site) are characteristics of a properly prepared
herbomineral/metal/nonmetal preparation (see
Figure 20.10), which is also nontoxic, biologically accept-
able, and assimilable by the patient’s body [118,119]. It is
regarded as the most powerful form of Ayurvedic drugs,

which are known for their rapid and prompt action at
low dose due to their nanoparticle level [120,121]. How-
ever, it needs the highest form of expertise to prepare
and use these drugs, where adherence to strict code of
practices and adequate expertise has been mandated.
It has been mentioned about drug preparation that
“Mardanam Guna Vardhanam.” It means that the more a
drug is processed to reduce its particle size, the more
enhanced id its efficacy; nowadays concepts of nanome-
dicine highly focus on this. It is very much true, as from
practical experience while manufacturing drugs it has
been found that after prescribed Marana regimen, the
“Rasa” drugs achieve nanoparticular size range, which
helps its easy absorption and elimination, thus showing
better effect. The drugs are administered in small dose as
they have high efficacy compared to herbs, but if not
prepared properly, they may be detrimental as the min-
erals and metals are toxic themselves. It is regarded as
the complex branch of Ayurvedic pharmaceutics that
has described the preparation of most powerful drugs
in Ayurveda encompassing medicinal uses of around
70 different metals and minerals along with herbs
[122e124].

20.7.1 Traditional Bioinorganic Medicinal
Chemistry

Metals have been used in treatments since ancient
times. The Ebers Papyrus from 1500 BC is the first written
account of the use of metals for treatment and describes
the use of copper to reduce inflammation and the use of
iron to treat anemia. Recently, metals have been used to
treat cancer, by specifically attacking cancer cells and
interacting directly with DNA. Metals, minerals, and
their use in Ayurveda as therapeutic modalities are be-
ing much celebrated and practiced due to their small
dose requirement and rapid onset of action contrary to
the herbal drugs [125,126]. Bioinorganic chemistry fo-
cuses on the function of inorganic substances in living
systems, including the transport, speciation eventually
leading to mineralization of inorganic materials, and
the use of “inorganics” in medicinal therapy and diag-
nosis [127,128]. Therefore traditional use of “inorganics”
as drugs may be referred to as traditional bioinorganic
chemistry while dealing with the ancient science like
Rasashastra.

The traditional knowledge about chemistry flour-
ished in ancient India since Indus Valley Civilization
(2500e1500 BC). During the Vedic period
(1500e600 BC) we find mentions of the use of metal
and medicinal plants for curing diseases in Atharva
Veda (eleventh century BC). Atharva Veda mentions use
of gold, Harita (yellow); silver, Rajata (white); and cop-
per, Lohita (red). The hymns of Atharva Veda for cure of

FIGURE 20.10 Facets of Rasasashtra: Bhasmas, Kuppipakwa,
Makaradhwaja, Marana, Rasausadhis.
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diseases are referred to as Bhaishajyani, while those that
have as their object the prolongation of life and preserva-
tion of youth and health are known as Ayushyani, a term
that later gave place to Rasayani, the Sanskrit equivalent
of alchemy. Gold is mentioned to provide longevity,
strength, or as Rasayana. Thus it can be observed that
the origin of alchemical notions gathered around gold,
lead, and other medicinal plants. However, medicinal
use of chemistry evolved to a great height during the
Ayurvedic period (600 BCe800 AD). Although, mercury
was not used until the Transition period (800e1100 AD).
Then we find the rise of Tantric cults during the Tantric
period (700e1300 AD) and use of mercury got domi-
nance. Several books on Rasashastra developed the bio-
inorganic chemistry knowledge during this time (see
Table 20.8). This was followed by Iatrochemical period
(1300e1550 AD) during which there was further devel-
opment of different aspects of use of minerals and
metals as medicine [129]. These significant develop-
ments of Traditional Bioinorganic Medicinal Chemistry
can be observed in several ancient literature over a
period of time (see Table 20.9) Drug preparations from
metals andminerals are included in the Ayurvedic phar-
macopoeia. The quality control, standardization starting
from procurement of raw material and their processing
to finished product, is well enumerated. The standard
operational procedure is maintained on the aegis of
Ayurvedic literature. The following metallic drugs are
safe and nontoxic as they are backed by scientific evi-
dences for standards based on observation and hands-
on experiences [130].

20.7.1.1 Pharmacology of Metals and Minerals
in Ayurveda

The most commonly used metals in Ayurveda prepa-
rations are gold, silver, iron, copper, tin, lead, zinc, mer-
cury, and arsenicals. A combination of metals such as
Sarva Louha (containing tin, lead, iron, copper, and sil-
ver) finely pulverized in myrobalan juice (Phyllanthus
emblica, Terminalia chebula, and Terminalia bellirica sepa-
rately or in combination) was known to be a very good
tonic [131]. Usually, sulfur preparation is used externally
for the treatment of skin diseases. Antimony sulfide,

iron sulfate, and copper sulfate preparations were
used extensively for external application. Alchemy
was transformed in Ayurveda as Rasashastra (Hindu
chemistry). It may be noted that in Rasashastra, mineral
drugs especially those of mercury and sulfur, were
used after processing (Samasakara), as it was recognized
that those drugs are toxic. In order to reduce or remove
their toxicity, a number of Shodhana or purification pro-
cess were performed. These include grinding with plant
extract and with other acidic and alkaline liquids, heat-
ing and dipping in various liquids, or by boiling, fusion,
sublimation, etc. Through this purification process, all
washable and volatile impurities of minerals were
removed. Sometimes organic or inorganic materials are
added either in traces or in large quantities for detoxifi-
cation or potentiating the efficacy. The drugs for mineral
origin are subjected to Bhavana (grinding with plant
extracts and acidic liquids) and then the material is
ready for Putapaka [132,133].

Bhasma is the ultimate therapeutic state of minerals or
metals that are administered to the patients. It may be
defined as the alkaline ash, which is prepared by

TABLE 20.8 Eminent Books and Contributors of Rasasashtra

Contributors Book name

Nagarjuna Rasaratnakara

Shankaracharya Rasahridayatantra

Govinda Bhagabat Rasahridaya

Rasaratnasamuchaya Yasodhara

Rasachintamani Madantadeva

TABLE 20.9 Significant Mention of Metals and Minerals for
Medical Purpose in Different Ancient Literatures

Ancient literature

Significance in traditional

bioinorganic medicinal chemistry

Atharva Veda

(eleventh BC)
Mentions use of gold, silver, copper in
medicine with some other medicinal plant juice

Charaka Samhita

(1000 BCefourth
century)

Mentions six metals.
Chemical methods of preparation of copper
sulfate, iron sulfate orpiment in combination
with herbs
Rust of iron and pyrite has been mentioned as
ingredient of pills. Processing of metals
involving roasting with sulfur before being
used for medical purpose referred to asMarana

(killing of metals)

Sushruta Samhita

(1000 BCefifth
century)

Mentions six metals, viz. tin, lead, copper,
silver, krishna loha (iron), and gold. Sulfates of
iron and copper, alum, red ocher, realgar, etc.,
were meant for external use. Roasting of metals
was mandated before internal use
Compound of arsenic such as white arsenic
(Phenasma Bhasma) and orpiments were
recognized as poisons
Practical methods like preparation of metallic
salts have been referred to as Ayaskriti

Astanga Hridaya

(800e850 AD)
Minerals and natural salts along with herbs
have been prescribed
In one instance, roasting of metals in closed
crucible (Ardhamusha) i.e., a mixture of 64 parts
of stilbium (Srotanjana) and one part each of
copper, iron, silver, and gold, is mentioned
Equal parts of mercury and lead are mixed to
make them into a cillyrium with equal
proportions of stilbium and camphor

20.7 RASASHASTRA: THE MYSTERY OF ANCIENT CHEMISTRY 447



calcination or incineration of minerals drugs along with
herbs and/or their extracts [118,134]. The process by
which a Bhasma is prepared is called Marana and Jarana
and the method used is known as “Putas.” Different
types and numbers of Putas and were described for
different metals and minerals. The outcome of Putas on
the minerals and metals are anaerobic oxidation or calci-
nation. Calcined minerals and metals are compressed
into very minute form, so that they may be absorbed
easily. After intake of the minerals in the Bhasma state
it is converted into colloidal form and can pass through
the minutest capillaries due to nanoparticular size
[119e121].

20.7.1.2 Makaradhwaja: A Panacea?

Mercury is known to mankind for a long time; mer-
cury amalgamation for gold recovery has been
employed for the past 2000 years. Mercury was one of
the first metals known to mankind. Aristotle and Theo-
phrastus in 300 BC mentioned that liquid silver also
known as quick silver is obtained by rubbing cinnabar
with vinegar in a copper mortar and pestle. Diseriodes
in first century AD stated that mercury could be
obtained by heating cinnabar with charcoal in an iron
pot. It is one of the most toxic metals; it is toxic in every
form, but depending on the compound the degree of
toxicity depends on the actions on the critical target
organ [135]. The natural mercury compound is cinnabar.
It is an amalgam of mercury and sulfur. In Ayurveda,
Unani and Siddha sublimates of mercury (HgSO4) are
used.

Makaradhawaja is a well-known Ayurvedic mineral
preparation containing mercury, sulfur and gold, which
have been used in continuity through the ages. The in-
clusion in the therapeutic modalities relates with the
evolution of life. On the basis of philosophical back-
ground and scientific reasoning, its uses were intricate
with Ayurveda. The term Makaradhwaja bears a close
resemblance and symbolizes the power of vitality and
rejuvenation.

The Makaradhwaja a product, crystalline in texture; it
looks like cinnabar and signifies the emblem of Makara.
Makara is a fabulous creature, its anterior half resembles
a crocodile, while its posterior half looks like a fish.
Water is the universal life essence, and the primordial
element is the greatest creative power. Crocodile lives
mostly in large rivers of the world and became the sym-
bol of water and thus symbolizes the life-protecting
power with both fertility and fecundity. The drug that
carries the flag of Makara symbolizing the activity is
known as Makaradhawaja. Naturally occurring cinnabar
or mercuric sulfide symbolize virtues of fish and croco-
dile, representing reproductive cum creative power. In
Indian mythology Lord Shiva is the symbol of creation
and mercury is the agent that he employed. As such

for creation, God Shiva and Goddess Parvati’s fusion
is essential. Mercury symbolizes semen of Shiva and sul-
fur is the Rajah (generative material) of Parvati. With
Shiva eParvati’s fusion starts are created. Surprisingly,
this correlation could be interlinked with the prepara-
tion of Makaradhwaja. The drug is actually prepared by
Ayurvedic physicians using 1 part gold, 8 parts mercury,
and 16 parts sulfur added and triturated in stone mortar
and pestle; the product is a black mixture ready for sub-
limation on sand bath.

While on drug preparation, mercury is extracted from
cinnabar. Naturally occurring cinnabar is an amalgam of
sulfur with other trace elements. Moreover, mercury has
got natural affinity for gold. And since ancient times, in
gold extraction mercury is being used. The ratio of mer-
cury and gold is always 8:1 by weight. The amalgam-
ation depends on the coordination number with ratio.
It is surprising how the ancient scientists without
knowing the coordination number fixed this ratio of
mercury and gold for the preparation of Makaradhawaja
[136].

When these crystals were pulverized they became
like red vermilion (See Figure 20.10). When the fine
powder is made fine enough nanoparticles are formed
known as Anu Makaradhawaja [129]. It is thought that
the atomized form turns to a living form like soul and
is the best drug to save life from death and decay. In
the early 1930s it was marketed by Merck (Germany)
and The Bengal Chemical, India. Recent pharmacolog-
ical studies show that these traditionally processed mer-
curic substances are not toxic and are almost 1000 times
safer than methyl mercury [137].

Traditional medicines (TM) are widely used by one-
third of the world’s population [138] due to affordability
and because they tally with patient’s beliefs. In fact, clin-
ical and animal studies also render them to be nontoxic
and safe [139,140].

20.8 AYUR-PHARMACOEPIDEMIOLOGY

20.8.1 Background

Almost 50% of poorest Asian and African population
does not have regular access to essential drug [141], and
evidence of increased cost of allopathic medication, pol-
ypharmacy, and chronic diseases also supports this
trend [142e144]. Plant materials are used throughout
developed and developing countries as home remedies,
over-the-counter drug products, and raw materials for
the pharmaceutical industry, and represent a substantial
proportion of the global drugmarket [145]. Thus, clients,
policy makers, pharmaceutical establishments, govern-
ment organizations, clinicians, and patients are all
putting interest in drugs with cost-effectiveness and
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comparative effectiveness research, cheering evidence-
based medicine to make sure patients get quality care,
and focusing on helping patients use medications prop-
erly [142e144].

In the Indian context, TM is used by approximately
70% of the population for primary health care [146].
The World Health Organization emphasizes that the
quality, safety, and efficacy of medicinal plants should
be evaluated, ensuring rational use of plant-based prod-
ucts in an integrated approach [147]. As a matter of fact
Ayurveda with its unique fundamental principles and
systematic approach documents a diversity of health
care practices [148]. Agreed upon the needs to study
the use of drugs in the factual domain, continuous sur-
veillance of drug use and ways to evaluate how patient
characteristics influence drug utilization and clinical
outcomes in large populations can be met through the
use of pharmacoepidemiologic research designs [149].

20.8.2 Concept of Ayur-
Pharmacoepidemiology

There is a widespread misconception that all drugs of
“natural” origin are “safe” and long-term use of a med-
icine based on tradition assures both safety and efficacy.
Currently, the majority of adverse events related to the
use of herbal/traditional products that are reported
are attributed either to poor product quality or to
improper use [150]. Ayurvedic products and therapies
are recognized and endorsed globally. So, it is important
to ensure that the health care provided by Ayurveda is
safe and reliable maintaining standards for the safety,
efficacy, and quality control. Ayurvedic pharmaco-
therapy may offer many challenges to clinicians as
they are not aware of the potential benefits, efficacy,
and risks of Ayurvedic drugs to individual and
population-based patient care. It is not realistic to
believe that large, prospective clinical trials can be
conducted to understand all issues of Ayurvedic medi-
cation due to financial and time constraint.
Ayur-pharmacoepidemiology research is one such tech-
nique that can be implemented to acquire facts about
Ayurvedic medication practice and safety.

Ayur-pharmacoepidemiology studies can usually be
less expensive and provide some evidence as to the
use and safety of Ayurvedic medications in populations.
By combining the interest of Ayurveda, pharmacology,
and epidemiology, an Ayur-pharmacoepidemiologist
will apply epidemiological principles to study the
effects of Ayurvedic medications/medicinal herbs in
human populations. Ayur-pharmacoepidemiology
studies will quantify Ayurvedic drug use patterns and
adverse Ayurvedic drug effects including common pre-
dictable adverse drug reactions as well as the

uncommon and unpredictable ones. In this context the
term Ayur-pharmacoepidemiology is defined as “The
study of the use of and the effects of Ayurvedic herbs/drugs
in large numbers of people with the purpose of supporting a
rational and thereby cost-effective use of safe and effective Ay-
urvedic herbs/drugs in the population.” The field of Ayur-
pharmacoepidemiology will use the effects of Ayurvedic
medicinal products on large populations in order to
describe and analyze the practices and conditions of
use, evaluate the safety and efficacy as an alternative
to a clinical trial (including pharmacovigilance surveil-
lance), evaluate the effectiveness in a routine situation
(comparative effectiveness research), and carry out
economic and medicoeconomic evaluations.

20.8.3 Good Pharmacoepidemiology Practices
in Ayurveda

Pharmacoepidemiology is being used progressively
to appraise health care systems, interventions, and
health-related behaviors. It is the scientific mainstay of
assessing a drug’s benefits and risks, and developing,
executing, and assessing strategies to enhance the over-
all balance of such benefits and risks. The International
Society of Pharmacoepidemiology (ISPE) identified
that pharmacoepidemiologic research designates the
study area in which uses and effects of health care prod-
ucts expanding to clinical, economic, and other health
outcomes are measured. The ISPE Guidelines for Good
Pharmacoepidemiology Practices (GPP) are intended
to assist investigators with issues pertaining to the plan-
ning, conduct, and evaluation of pharmacoepidemio-
logic research. The adopted GPP guideline addresses
areas such as protocol development; responsibilities,
personnel, facilities, resource commitment, and contrac-
tors; study conduct; communication; adverse event
reporting; and archiving [151]. In perspective of this,
Ayur-pharmacoepidemiologic studies may be able to
provide valuable evidence about the health effects of
Ayurvedic herbs/drugs (Anonymous, 2008).

GPP in Ayurveda will assist researchers in following
good Ayur-pharmacoepidemiologic research principles,
including the use of Ayur-pharmacoepidemiologic
studies for risk management events of Ayurvedic
herb/drugs; promote comprehensive Ayur-
pharmacoepidemiologic research by encouraging
arduous data collection, analysis, and reporting; provide
a framework for conducting and evaluating Ayur-
pharmacoepidemiologic studies; and facilitate suitable
use of technical resources by inspiring vigilant study
design and planning of study conduct. This in turn
will help to understand the usage of Ayurvedic medi-
cines (generic \proprietary), their safety and novel bene-
ficial effects, as well as adverse events/effects. Also, new
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indications for a given plant/drug are captured and
they serve as the major resource for reverse
pharmacology.

20.8.4 Pharmacovigilance in Ayurveda

Inclusion of Ayurveda in pharmacovigilance systems
has become increasingly important given the growing
use of Ayurvedic products andmedicines globally. Phar-
macovigilance of Ayurvedic herbs/drugs can be stated
as “the detection, assessment and prevention of adverse
drug reactions from Ayurvedic origin in humans.” The pro-
cess monitors Ayurvedic medicines as used in everyday
practice to identify previously unrecognized adverse ef-
fects or changes in the patterns of their adverse effects;
assessing the risks and benefits of Ayurvedic medicines
in order to determine the obligatory actions to expand
their safe use; providing information to users to opti-
mize safe and effective use of Ayurvedic medicines;
and monitoring the impact of actions taken [150].

Ayurveda advocates the personalized methodology
in treating patients. Furthermore, instead of using single
therapeutics, Ayurveda uses combinatorial therapy,
which is more complex in nature. Systematically deter-
mined seasonal and daily regimes including lifestyle
modification and Ayurvedic dietetics based on Ayurve-
dic Prakriti (phenotype) are the unique features of Ayur-
vedic management. It is reasonable to arbiter the success
of Ayurvedic treatments in terms of Ayurvedic end
points and not be restricted to endpoints designated
by the biomedicine approach. The Ayurvedic system
of medicine has endured and flourished over an exten-
sive period of time, which is a signal that it works. Better
record keeping tracking the effectiveness and safety of
the therapeutic regimen sustained by a vigorous phar-
macovigilance program is already taking place. The
Ayurvedic pharmacovigilance program should focus
more on effectiveness rather than on safety, as is the
case with conventional medicine databases. The concep-
tual framework for new models of Ayurvedic clinical
studies and guidelines for AYUSH Good Clinical
Practices (GCP) have stemmed from the principles and
practices of Ayurveda [152]. If practiced properly, the
global scientific community should also benefit.

20.8.5 Future of Ayur-Pharmacoepidemiology:
A New Beginning

Progress in pharmacoepidemiology arises from
increased use of computerized data. The major draw-
back of Ayurveda is the paucity of well-documented
clinical records. Poor quality of data management needs
to be rectified with more attention to the special
needs of the Ayurvedic sector. Reverse pharmacology

or observational therapeutics, metaanalyses, case
studies and case series, and an effective pharmacovigi-
lance program are much appreciated rather than per-
forming randomized controlled trials of Ayurveda
managements. Hence, Ayur-pharmacoepidemiology
should be initiated from the Primary Health Care
(PHC) level. Major emphasis should be on Ayurvedic
drug utilization, prevalence of disease, and safety of
drugs with provision of special training to Ayurvedic
doctors. Thus, future research efforts must focus on
Ayur-pharmacoepidemiological research, which will
take into account full-bodied documentation and accept-
ing their contrivances thus promising a epidemiologi-
cally safe and effective health care system.

20.9 CONCLUSION

Present is formed admitting the past, without the knowledge
of ancient past, present and future remains incomprehensible

[It will be appropriate to divulge the issue on health, health-
care and its management in the realm of past. India has a rich
heritage of traditional medicine and traditional health care
system. In realm of science it is realized that the ancient med-
icine Ayurveda emphasized that the science as the father of
knowledge and experiences as the mother of science.] [153]

Sir Jagadish Chandra Bose.
Ayurveda is a contemporary science. It is a misnomer

to state that Ayurveda is an ancient science. On the con-
trary, Ayurveda has survived throughout the country
and is still very much alive in India today, like some
other ancient systems of medicine. Existing concepts
of Ayurveda are to be revaluated in the modern concept
strategies. This is required to make Ayurveda more
scientifically validated and acceptable to the world
community. As we start the millennium, it is imperative
that the rich heritage of Ayurveda be rationalized and
revamped for its use for the suffering million all over
the world. With the perpetuated traditional knowledge
many events of life remained unanswered. Amidst the
enormous growth of science and the available plethora
of knowledge base, we are still unable to solve ques-
tions [154] like how we are alive, how disease sets in,
and what govern life and death. In Ayurveda cure,
and healing are distinctly different. Cure basically re-
flects the physical reality, which is the body is free
from specific symptoms and one is returned to a
familiar state of function. Healing occurs at different
levels of human existence. One can be healed without
physically being cured of specific symptoms or disease
[155]. The holistic therapeutic model of Ayurveda
needs moderation with cutting-edge technology being
ecofriendly for connecting people. The Government of
India Department of AYUSH had made a positive
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stride, and the initiatives had attained hike in this
millennium.

The following needs to be done: identify gaps in dis-
ease and drugs, brainstorming session on each disease
condition to identify formulations. research and devel-
opment in identified formulations and drugs, evalua-
tion of safety and efficacy data, preparation of
dossiers of effective formulations, interaction with
industry for manufacturing of selected formulations,
operational research, publicity and awareness. In edu-
cation sector, the All India Institute of Ayurvedic
Medical Sciences is already under the process of con-
struction. Through the Central Council for Indian
Medicine (CCIM) (1970), minimum standard of educa-
tion in undergraduate and postgraduate (PG) teaching,
specialties in PG course, awareness on Ayurveda in
foreign countries, cultivation of medicinal plant, and
revival of traditional health care are being focused. In
the area of research, reverse pharmacology approach,
Ayur-pharmacoepidemiology, and Golden Triangle
Project (GTP) initiatives must be prioritized with spe-
cial interests on research related to metals and minerals.
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21.1 INTRODUCTION

Computer-aided drug design has gained enormous
momentum in drug discovery and its contributions to
drug discovery are increasing. Computational (also
referred to as in silico) techniques play important roles
in the various stages of lead discovery and develop-
ment. In silico methods applied to drug discovery can
be roughly classified into two major approaches:
structure-based and ligand-based. This classification
depends on the level of target structural information

available to support the computational calculations.
Structure-based methods use the available three-
dimensional (3D) information on the molecular target
of interest, which is typically obtained, for example,
from X-ray crystallography, nuclear magnetic reso-
nance, or homology modeling. Ligand-based ap-
proaches use the available information on a series of
active ligands (and inactive compounds, when avail-
able) in a given assay or set of assays. Despite the fact
that substantial progress has been made in a number
of computational methodologies, there is still significant
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room for improvement, not only in the development of
the techniques themselves but also in the rational and
adequate application of such approaches by experts
and nonexperts [1]. Cases are exemplified by reviews
of the progress in molecular docking [2,3], quantitative
structureeactivity relationships (QSARs) [4,5], virtual
screening [6,7], molecular dynamics [8], pharmaco-
phore modeling [9], and chemoinformatics [10], to
name a few.

Natural products (NPs), from either terrestrial or
aquatic organisms, have a long tradition as sources of
active compounds for health-related benefits. It is well
acknowledged that over millions of years, Nature has
optimized and selected chemical structures to generate
chemical scaffolds and compounds enriched with bio-
logical function. Drawbacks of NPs that frequently
diminish the enthusiasm to pursue active compounds
from natural origin include challenges in the isolation
and purification procedures, very small available
amounts of lead compounds, the difficulty in synthesiz-
ing NPs with high structural complexity, and the associ-
ated synthesis scale-up issues. Also, in a drug discovery
context, caution should be taken with natural com-
pounds that have been designed by Nature for defense
and are toxic. As such, one can expect that not all NPs
have a beneficial effect on health. However, the large
success of using NPs to produce bioactive compounds
or bioactive mixtures has inspired the preparation of
synthetic molecules that have become drugs. In addi-
tion, as reviewed later in this chapter, the unique struc-
tural features of NPs represent a promising opportunity
to identify active compounds for emerging targets and
for “tough targets” difficult to address with classical
organic small molecules.

NP research is increasingly being combined with
computer-aided drug design techniques to accelerate
the identification of novel and improved drug candi-
dates from natural origin and to further understand
and quantify the coverage of NPs in chemical space. In
this chapter, we discuss the progress on the synergy be-
tween NP-based drug discovery and chemoinformatic
and molecular modeling methods. Representative appli-
cations are schematically outlined in Figure 21.1. This
chapter represents an update of previous reviews of
such synergistic combination [11e13]. The chapter is
divided into eight major sections. After this general
introduction, we briefly discuss an overview of the
role of NPs in drug discovery. This section is not
intended to be a comprehensive analysis of the status
of NP research because this point is extensively dis-
cussed in other chapters of this book. Instead, the pur-
pose of this section is to put the reader into the context
of the challenges faced by the NP drug discovery that
are being addressed by the use of computational
methods. The third section discusses major structural

classes of NPs and emphasizes the computational ap-
proaches used to characterize their structural diversity
and coverage in chemical space. We also discuss mea-
sures of structural complexity, which is a distinct feature
of NPs. Section 4 focuses on NP databases including col-
lections available in the public domain. In the same sec-
tion we present examples of chemoinformatic analysis
of various NP collections and discuss the pharmacolog-
ical profiling of such collections, which, in light of the
increasing importance of chemogenomics, is a current
trend inmodern drug discovery. In the next section, enti-
tled “Virtual Screening and Target Fishing,” we discuss
the application of computational techniques to help
identify bioactive compounds of natural origin for a
given molecular target (virtual screening). We also pre-
sent the complementary approach, that is, identifying
possible molecular targets for NPs (target fishing).
Thus, this section shows how virtual screening and
target fishing are used to filter out compounds or molec-
ular targets, respectively, to focus the experimental
screening efforts (which usually are time consuming
and expensive) on smaller sets of ligands or targets
with increased probability of having the desired biolog-
ical effect. Section 6 discusses the critical role of NPs in
addressing molecular targets not easily tackled with
typical small molecules, such as proteineprotein inter-
actions (PPIs). In this section we also discuss the use of
NPs against emerging targets, such as epigenetic targets.
The next section is dedicated to presenting the applica-
tion of computational methods to uncover bioactivities

FIGURE 21.1 Examples of the many roles of computational
approaches applied to NP-based drug discovery. NP, natural product.
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of NPs of dietary origin. It also shows the intersection of
NPs and food chemicals to systematically identify com-
pounds with health-related benefits. Finally, in the last
section we present a summary and conclusions.

21.2 NPs IN DRUG DISCOVERY

From ancient times to the modern era, NPs have been
extensively used as medicines, dietary products, and
nutritional supplements [14]. For example, for a number
of years, 80% of drugs were either NPs or their deriva-
tives. Even after the widespread use of techniques
such as high-throughput screening (HTS) of synthetic li-
braries, 50% of the new drugs approved from 1981 to
2010 were NPs, derivatives, or structural analogues
[15,16]. It has been estimated that more than 100 NP
compounds are currently in clinical trials. NPs are valu-
able not only as potential therapeutic agents but also as
molecular probes to identify targets of pharmaceutical
interest and facilitate the characterization of biological
processes underlying a disease [17]. As reviewed below,
NPs have the advantage of uncovering distinct struc-
tural classes [18,19] because of their better coverage of
chemical space relative to large synthetic compounds
[20]. Therefore, the chemical diversity of NPs can be
used to access bioactive compounds with novel scaf-
folds [20e22]. Some combinatorial libraries are inspired
by NP frameworks [23,24].

The reader is referred to extensive and excellent re-
views of the role of NPs in modern drug discovery
[14,16,20]. The rationale that botanicals may exert their
activity owing to the interaction of the bioactive mix-
tures with multiple biological endpoints in a synergistic
manner is contributing to the shift of the current para-
digm of drug discovery from single-target to multitarget
drug discovery [25]. Authors of that work also envision
that a next paradigm in NP-based drug discovery is the
synergistic combination of traditional NP research with
other drug discovery strategies. The next sections of this
chapter are focused on the productive combination of
NP-based drug discovery with computational
approaches.

21.3 CHEMOINFORMATIC ANALYSIS
OF NATURAL PRODUCTS

NPs can be classified in several different manners, for
example, by the source, e.g., terrestrial or marine; by
kingdom, e.g., plants, bacteria, fungi; or by chemical
class, e.g., small molecules, macrocycles, peptides. Of
note, although peptides and macrocycles (among which
NPs make an important contribution) are less attractive

than small molecules in typical drug discovery cam-
paigns, the development of chemical libraries focused
on these chemical classes has gained interest [26].
Computational approaches, in particular using chemo-
informatics methods (vide infra), have enabled the
methodical structural analysis and classification of NPs.

Structural diversity and complexity are distinct fea-
tures of the chemical structures of NPs that have partic-
ular significance in lead discovery and development.
Despite the fact that noncomputational experts can
easily recognize the distinct structural features of NPs
by eye, systematic and quantitative studies are required
to derive metrics of such features. A number of well-
validated chemoinformatic methodologies are available
to characterize the structures of NPs and compound col-
lections of various origins commonly used in screening
campaigns [27,28].

Briefly, chemoinformatics, also referred as “chemin-
formatics” or “chemical information science,” can be un-
derstood as “the application of informatics methods to
solve chemical problems” [29]. Willet further adds that
chemoinformatics is focused on “the manipulation of in-
formation about chemical structures, either in the form
of planar two-dimensional (2D) structure diagrams or
(increasingly) in the form of 3D atomic coordinates,
with the manipulations encompassing a range of search-
ing, modeling, and statistical approaches” [30].

Chemical libraries are frequently compared using one
or more or the following major criteria:

1. Whole molecule properties such as physicochemical
properties,

2. Molecular scaffolds and substructural features,
3. Molecular fingerprints.

As discussed below, because each of this criteria
has its own advantages and disadvantages, it has
been proposed that several of these criteria should be
considered for a comprehensive analysis of compound
collections [31].

Using one or more of the general criteria above, com-
pound databases are usually compared in terms of the
concept of chemical space [32]. Chemical space has
several definitions [32], e.g., one formulated by Virshup
et al.: “an M-dimensional Cartesian space in which com-
pounds are located by a set of M physicochemical and/
or chemoinformatic descriptors” [33]. In simpler terms,
the concept of chemical space is intuitive if one makes
an analogy with the cosmic universe in which chemical
compounds would be represented by the stars [34,35].
However, in contrast to the cosmic universe, the chemi-
cal space is relative and depends strongly on the repre-
sentations used to define the space [36]. A number of
chemoinformatic techniques have been developed to
characterize and generate visual representations of the
chemical space [32,37e39].
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Here we review a representative chemoinformatic
analysis of NPs that has been published [40]. For the
sake of discussion, we divide this section of the chapter
based on the major type of criteria, although more than
one molecular representation has been used across
several studies.

21.3.1 Physicochemical Properties

Physicochemical properties are intuitive and straight-
forward to interpret. These types of properties are
frequently used to define metric-based or empirical
rules that attempt to predict “drug-likeness” or to clas-
sify compounds as drug-like/non-drug-like [41,42].
A prominent example is Lipinski’s Rule of Five [43] to
predict passive oral absorption based on molecular
weight (MW), octanol/water partition coefficient (Slog
P), hydrogen bond acceptors (HBAs), and hydrogen
bond donors (HBDs). Over the years other rules have
been proposed that also highlight the importance of
the number of rotatable bonds (RBs) and the polar sur-
face area for drug development [44,45].

Shultz has presented a critical discussion of metric-
based rules frequently used in drug discovery [41]. Of
note, these rules are commonly formulated based on
existing data and may exclude novel compounds that
are outside of the traditional relevant chemical space,
e.g., chemical space relevant to emerging molecular tar-
gets. One needs to have in mind that existing data are
highly influenced by the “relevant” molecular targets
heavily investigated by the scientific community. In
many instances, the relevance of the molecular targets
is guided (and biased) by market/profit interests or
the likelihood of receiving funding [26]. Therefore, it
has been pointed out that metric-based rules should
be used only as a guide to design libraries or select
compounds from existing libraries for further develop-
ment [26].

Numerous studies have been reported comparing the
physicochemical properties of NPs with other types of
compounds relevant in drug discovery [40,46e48].
Indeed, the unique properties of NPs represent an excel-
lent exception to Lipinski’s Rule of Five. It is not uncom-
mon to findNPs that have anMWwell over 1000 Da and
break many of the other “rules” that define the struc-
tures of so-called “drug-like” molecules, and yet are
orally bioavailable and have acceptable pharmaceutical
properties [49].

Ganesan analyzed the drug-like properties of 24
distinct NPs that were discovered and led to an
approved drug in the period 1970e2006. He identified
two major types of NPs, those that comply with the
Rule of Five and those that are outside of the so-called
“Lipinski universe.” However, despite the fact that

several NPs that have reached the market are very large
and flexible, they do comply with the number of HBDs
and, more importantly with log P values. Indeed, Gane-
san concludes that “the single most important lesson
from NP lies in their ability to maintain low log P values
regardless of other characteristics” [50].

Singh et al. compared NPs contained in the ZINC
database [51] with drugs, combinatorial libraries, and
the Molecular Libraries Small Molecule Repository
(MLSMR) [31]. In that study, three important molecular
properties of size, flexibility, and molecular polarity
were described by MW, RB, and Slog P; topological
polar surface area (TPSA); and HBA and HBD, respec-
tively. In the same work other criteria such as molecular
scaffolds and fingerprint-based diversity (vide infra)
were included. Concerning the molecular properties it
was concluded that NPs from the ZINC database have
similar distributions of HBAs, HBDs, and RBs compared
to drugs. The distribution of Slog P values showed that
NPs are slightly more hydrophobic than drugs and over-
all have a slightly larger MW, as previously observed for
other NP data sets [46,52].

A total number of 28,000 compounds from the Tradi-
tional Chinese Medicine (TCM) database [53] (vide
infra) were compared to a database of a commercial
vendor library and a collection of small molecules ob-
tained with combinatorial chemistry and containing 30
different core scaffolds. The same set of six drug-like
physicochemical properties was used: MW, RB, HBA,
HBD, TPSA, and Slog P. Results of that study showed
that, overall, TCM has the largest values of HBD,
HBA, Slog P, and TPSA compared to the other collec-
tions. Concerning the size, in general, TCM had the
largest molecules as measured by MW [54].

In a separate study, the chemical space of 2477 NPs
from a commercial vendor was compared to that of
5963 synthetic compounds from academic sources using
diversity-oriented synthesis (DOS) [55] and 6152 syn-
thetic compounds from a commercial vendor typically
employed in screening campaigns. Six drug-like proper-
ties (MW, RB, HBA, HBD, TPSA, and Slog P) were used
in the comparison. It was concluded that DOS com-
pounds considered in that study are heavier and more
lipophilic than the NPs or the synthetic commercial
compounds [56].

Manallack et al. conducted an analysis of the distribu-
tion of ionization constants of 89,425 NPs from ZINC
[57]. The profile was compared to drugs, a chemoge-
nomics data set, and other compound databases from
ZINC. Results indicated that NPs have a distinct distri-
bution of ionization constants, e.g., higher proportions
of complex ionizable compounds and a greater number
of zwitterionic molecules. However, NPs from ZINC
have some overlap with approved drugs. The distribu-
tion of pKa values of single acids and single bases in
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NPs was more similar to that of drugs than that of
screening compounds [57]. In a subsequent study, Man-
allack et al. performed a similar characterization of the
acid/base profile and physicochemical properties of
25,566 NPs obtained from ChEMBL [58]. In this second
work, the profile was compared with that of human
small-molecule metabolites and drugs.

A visual representation of 24 ADME (absorption,
distribution, metabolism, and elimination)-related
properties for the TCM database and NPs from ZINC
was obtained with principal component analysis. The
so-called “ADME space” of the NP libraries was
compared to a collection of approved drugs, commer-
cial vendor compounds, a general diverse collection ob-
tained from the National Cancer Institute database, and
combinatorial libraries. It was concluded that TCM
covers a vast region of this property space, including
areas uncharted by drugs. NPs from ZINC occupy the
same area as drugs [27]. Of note, physicochemical prop-
erties along with substructural features, e.g., functional
groups, are also used as criteria to filter out compounds
with potential toxicity issues early in the drug discov-
ery process [59].

Figure 21.2 shows a visual representation of the
property-based chemical space of 1200 approved drugs,
2000 natural products for screening from the commercial
vendor AnalytiCon, and 13,387 (synthetic) molecules for
screening. The visual representation was obtained using
the Web-based public tool ChemGPS-NPWeb [60,61].
ChemGPS-NP [60,62] is a principal components
analysis-based global chemical positioning system [63]
that utilizes principal components analysis to assist

with navigation through biologically relevant chemical
space [61]. The first four dimensions of the ChemGPS--
NP map capture 77% of data variance. The first dimen-
sion (principal component 1, PS1) represents size,
shape, and polarizability (main contribution is size);
PS2 is associated with aromatic and conjugation-
related properties (main influence is aromaticity); PS3
describes lipophilicity, polarity, and hydrogen bond
capacity (major contribution is lipophilicity); and PS4
expresses flexibility and rigidity. Small molecules can
be positioned onto this map using interpolation in terms
of principal component analysis score prediction. De-
tails of ChemGPS are provided elsewhere [61].
Figure 21.2 clearly shows that NPs (green spheres)
occupy regions of the chemical space that are different
from the regions explored by the synthetic compounds
(blue spheres) and also cover regions sparsely popu-
lated by drugs (orange spheres). The synthetic com-
pounds show a large overlap with the property space
of drugs. ChemGPS-NPWeb has been used to compare
the chemical space of approved drugs with TCM
and compounds derived from combinatorial libraries
available in PubChem [64].

21.3.2 Molecular Scaffolds and Substructural
Features

Although physicochemical properties are broadly
used by the scientific community to compare compound
data sets, a disadvantage is that they do not provide
direct information on the structural features such as
chemical connectivity, structural novelty, or complexity.
Indeed, different chemical structures can have the same
or similar physicochemical properties. A complemen-
tary approach is to use molecular scaffolds or frame-
works [65]. These terms are used to describe the core
structure of a molecule [66]. Similar to physicochemical
descriptors, molecular scaffolds (also called chemo-
types) are straightforward to interpret and enable easy
communication with medicinal chemists and biologists.
For example, molecular scaffolds are strongly associated
with the concepts of “scaffold hopping” [67] and “priv-
ileged structures” [68,69].

There are a number of ways to represent the molecu-
lar scaffold in a consistent and systematic manner [65].
One definition is the “cyclic systems” that result from
iteratively removing the side chains of the molecule. Cy-
clic systems are part of the chemotype methodology
relying on the molecular equivalence indices developed
by Johnson and Xu [70,71] and are similar to the “atomic
frameworks” of Bemis and Murcko [72]. A remarkable
feature of the scaffolds of Johnson and Xu used to
compare compound collections is that molecules
classified in a scaffold do not lie in any other chemotypic

FIGURE 21.2 Visual representation of the chemical space of a
collection of 2000 NPs (green), 1200 drugs approved for clinical use
(orange), and a general screening collection with 13,387 synthetic
compounds (blue). The plot was generated using the ChemGPS-NP
prediction scores calculated using the online tool ChemGPS-NPWeb.
NP, natural product.
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class [73]. This approach has been extensively used to
classify compound collections [31,73e75].

One of the disadvantages of the scaffold analysis is
the lack of information regarding the side chains around
the molecular framework and the structural relation-
ship between the scaffolds themselves. A straightfor-
ward solution is the analysis not only of the molecular
scaffolds but also of the side chains and functional
groups and other substructural analysis strategies [76].
Scaffold analysis is used to compare compound data
sets, to assess the performance of virtual screening
methodologies, to retrieve novel scaffolds, and to
analyze the SAR of a set of molecules with measured
activity. For instance, we reported a chemotype-based
hierarchical classification of the NCI AIDS database to
systematically identify the scaffolds associated with
anti-AIDS activity [73].

Measuring and comparing the scaffold diversity of
compound collections depend on several factors,
including the specific approach to describe the scaffolds,
the size of the database, and the distribution of the mol-
ecules in those scaffold classes [77]. Often, scaffold di-
versity is measured based on frequency counts.
Although these measures are correct in the way they
are defined, they do not provide sufficient information
concerning the specific distribution of the molecules
across the different scaffolds, particularly the most
populated ones. Medina-Franco et al. [77] proposed
the use of an entropy-based metric to measure the distri-
bution of the molecules across different scaffolds, partic-
ularly the most populated ones, as a complementary
metric for the comprehensive scaffold diversity analysis
of compound data sets. Using this metric, Yongye et al.
measured the scaffold diversity of five NP databases
available in the public domain (see Section 21.4 of this
chapter).The NP libraries were compared with a general
screening collection and libraries frequently used in in
vivo screening. They found that the general screening li-
brary had the largest scaffold diversity. In addition to
benzene and acyclic molecules, flavones, coumarins,
and flavanones were identified as the most frequent
scaffolds across the NP collections analyzed in that
work [78].

Koch et al. reported a structural classification of NPs
(SCONP) [79]. The SCONP was based on scaffold anal-
ysis of the comprehensive (although not publicly avail-
able) CRC Dictionary of Natural Products (Table 21.1).
The scaffold classification can be visualized in a tree-
like fashion that resembles the approach previously
published by Medina-Franco et al. [73]. Koch et al.
employed that structural classification to develop a
novel class of selective and potent inhibitors of 11b-
hydroxysteroid dehydrogenase type 1 [79].

Feher and Schmidt compared NPs, molecules from
combinatorial synthesis, and drug molecules. They used

a number of physicochemical properties, atom counts,
and other substructural features. They concluded that
NPs are different from compounds derived from combina-
torial synthesis based on the number of chiral centers,
the prevalence of aromatic rings, the introduction of com-
plex ring systems, and the degree of the saturation of the
molecule, as well as the number and ratios of different het-
eroatoms [46].

As part of an effort to compute a natural product-
likeness score, P. Ertl et al. showed that natural products
consisted of fewer aromatic rings and were less flexible
relative to drugs and an in-house set of synthetic com-
pounds [80].

Chen et al. compared the molecular topologies of nat-
ural products with those of drugs, human metabolites,
clinical candidates, and general bioactive compounds
[81]. Chen et al. showed that biologically relevant NPs
and human metabolites had the highest ratios of single
ring system compounds, among other measures.

21.3.3 Structural Fingerprints

Typical molecular and structural fingerprints encode
the information of the entire compound structure, i.e.,
not only molecular scaffolds, and they have been
applied to a number of computer-aided and chemoinfor-
matic applications. The reader is referred to detailed de-
scriptions of the various types of molecular fingerprints
commonly used [82].

A disadvantage of some fingerprints is that they are
more difficult to interpret. Also, it is well known that
chemical space will depend on the type of fingerprints
used [83]. To reduce the dependence of chemical space
on the structure representation, it has been proposed
that multiple methods be used, for example, multiple
fingerprint representations, and common or consensus
conclusions be obtained [84]. Indeed, the aggregation
or combination of methods is a common practice in sim-
ilarity searching (called “data fusion”) [85], in molecular
docking (“consensus scoring”) [86], in activity landscape
modeling (e.g., “consensus activity cliffs”) [87,88], and in
clustering [89].

Molecular fingerprints are frequently used as a mo-
lecular representation for diversity analysis. Singh
et al. analyzed the structural diversity of NPs from
ZINC using three types of molecular fingerprints from
different design, namely Molecular Access System
(MACCS) keys, graph-based three-point pharmaco-
phores (GpiDAPH3), and typed graph distance (TGD)
[31]. As discussed above, fingerprints with different de-
signs were used to reduce the dependence of chemical
space on structure representation. The diversity was
compared with approved drugs, MLSMR, and four
combinatorial libraries. Results showed that the
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magnitude of the similarity values computed with
different fingerprints strongly depends on the design
and resolution of the fingerprints, which has been
observed in other studies [84,87,90]. Overall, it was
concluded that drugs are the most structurally diverse
(showing the lowest mean and median similarities for
the three fingerprints). The NP collection was the second
most diverse database. In that study, fingerprint-based
characterization of the NPs complemented the analysis
conducted with physicochemical properties and molec-
ular scaffolds [31].

The interlibrary similarity of TCM with drugs and a
commercial vendor library was assessed using MACCS
keys, GpiDAPH3, and TGD fingerprints by means of
nearest-neighbor curves (distribution of the maximum
similarity values to the reference collections). It was
observed that TCM has compounds with chemical struc-
tures different from those of drugs and the diverse
collection of commercial compounds. In the same study,
the intralibrary similarity of TCM was compared to the
other reference compound databases using MACCS
keys by means of pairwise similarity values with the

TABLE 21.1 Examples of Databases of Natural Products Commercially or Publicly Available

Database Description and size URL

Dictionary of natural
products

Comprehensive and fully edited
database of NPs. It contains more than
259,859 compounds in over 68,000
entries. The database is frequently
updated.

www.crcpress.com/;
dnp.chemnetbase.com/
intro/

SEARCHABLE ONLINE

HIMdHerbal
Ingredients In vivo
Metabolism database

Collects in vivo metabolism information
for active herbal ingredients, as well as
their corresponding bioactivity, organ
and/or tissue distribution, toxicity,
ADME, and clinical research profile.
Information for 361 ingredients and 1104
metabolites from 673 herbs.

58.40.126.120/him/

NuBBE database Approximately 640 compounds collected
from publications of the NuBBE group in
Brazil.

nubbe.iq.unesp.br/
nubbeDB.html

Super Natural II 352,811 purchasable compounds. It
includes information on the 2D
structures, physicochemical properties,
and vendors.

Bioinf-applied.charite.
de/supernatural_new/
index.php

Traditional Chinese
Medicine (TCM)
database @ Taiwan

Database with 37,170 (32,364
nonduplicate) TCM compounds from
352 TCM ingredients.

tcm.cmu.edu.tw

Universal Natural
Products Database
(UNPD)

Repository of 197,201 compounds
obtained from other NP databases.

pkuxxj.pku.edu.cn/
UNPD

UNIIQUIM database More than 3000 NPs collected from
publications of the Chemistry Institute,
UNAM in Mexico.

uniiquim.iquimica.
unam.mx

COMPOUNDS FOR IN SILICO AND/OR EXPERIMENTAL SCREENING

AfroDb Representative subset of 954 compounds
from African medicinal plants.

zinc.docking.org/
catalogs/afronp

AnalyticondMEGx Pure natural compounds from plants
and 1300 pure natural compounds from
microorganisms.

www.ac-discovery.com

MicroSource pure
natural products
collection

800 compounds fully characterized with
95% purity or more.

www.msdiscovery.
com/natprod.html

NPs, natural products; TCM, Traditional Chinese Medicine; 2D, two-dimensional.
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Tanimoto coefficient [91,92]. It was concluded that, in
general, NPs in TCM have lower structural diversity
compared to drugs and commercial compounds as
captured by MACCS keys/Tanimoto coefficient [54].

The intralibrary similarity of five NP collections
whose chemical structures are in the public domain
has also been measured using pairwise similarity values
computed with MACCS keys and the Tanimoto coeffi-
cient. Results showed that the intralibrary similarity
strongly depends on the type of NP database analyzed
[78]. The fingerprint-based characterization of the five
collections was part of a chemoinformatic characteriza-
tion of the databases that also included a comprehensive
scaffold analysis (vide supra) [78].

To illustrate the comparison of compound databases
using molecular fingerprints, Figure 21.3 shows the dis-
tribution of the maximum MACCS keys/Tanimoto sim-
ilarities of 13,388 compounds from a general screening
collection (blue curve) and 2000 compounds in an NP
database from a commercial vendor, AnalytiCon (green
curve) with a set of 1200 approved drugs for clinical use
(not represented in the plot). Compounds in the general
screening collection have a median similarity of 0.71,
whereas the NPs have a median similarity of 0.77. These
statistics and the curves of the distribution indicate that,
in general, the chemical structures of NPs are slightly
more similar to those of drugs than the general screening
collection (considering the MACCS keys structural rep-
resentation). Similar conclusions were obtained
comparing different general screening and NP data-
bases with a set of drugs [54].

21.3.4 Molecular Complexity

Molecular complexity is a concept of growing interest
to select compounds from existing collections for
screening or designing chemical databases [26]. Lover-
ing et al. showed that structurally complex molecules,
as measured by the fraction of saturated carbons, have
higher success rates in the drug discovery pipeline
[93]. The authors of that work also hypothesized that
compounds with increased complexity may increase
selectivity. This hypothesis is supported by the study
of Clemons et al. that screened three types of compound
collections across 100 diverse proteins [94]. This study
showed that increasing the content of sp3-hybridized
and stereogenic atoms relative to compounds from com-
mercial sources improves selectivity and frequency of
binding. Evidently, increasing molecular complexity is
not the only criterion to consider when screening exist-
ing collections or designing new libraries. As the authors
discussed, other properties have to be balanced [26].

Quantifying molecular complexity is not a trivial task,
and several metrics have been suggested, includingMW
[95e98]. One metric commonly used is the carbon bond
saturation defined by fraction sp3 (Fsp3) where
Fsp3 ¼ (number of sp3 hybridized carbons/total carbon
count) [93]. Using this metric, López-Vallejo et al.
compared the molecular complexity of NPs in the
TCM database with the structural complexity of 30
small-molecule synthetic combinatorial libraries [54].
Results of this study demonstrated the high structural
complexity of NPs, suggesting the possibility of using
these collections to interrogate novel regions in the
currently neglected chemical space [54].

21.4 MOLECULAR DATABASES FOCUSED
ON NPs AND NP DERIVATIVES

The advancement of synthetic chemistry and HTS has
largely contributed to the growth of the number of mol-
ecules available. Large numbers of compounds can be
conveniently stored in chemical databases, which play
a key role in modern drug discovery [99].

Compound databases may contain existing or virtual
compounds. The second type usually comprises hypo-
thetical molecules that could be synthesized later.
A comprehensive collection of virtual compounds in
the public domain is the Generated Database of Chemi-
cal Space (GDB) [37,100]. GDB has been used in virtual
screening followed by chemical synthesis and biological
testing [101,102]. Libraries of existing compounds may
be proprietary, also called in-house libraries; commer-
cial; or public. Sources of screening libraries have been
reviewed [103e105].

FIGURE 21.3 Nearest-neighbor curves comparing a natural
products collection from a commercial vendor and a general screening
collection with a collection of approved drugs for clinical use. The
curves represent the cumulative distribution function of the maximum
similarity of each compound in the screening and natural products
collection to all the drugs as measured with MACCS keys and the
Tanimoto coefficient. MACCS, Molecular Access System.

21. DISCOVERY AND DEVELOPMENT OF LEAD COMPOUNDS FROM NATURAL SOURCES USING COMPUTATIONAL APPROACHES462



Depending on the goals of the project or the screening
campaign, distinct types of compound libraries can be
developed and screened [50]. Examples include DOS
[55], focused libraries, diverse libraries, combinatorial li-
braries, Libraries from Libraries [106], and NPs or syn-
thetic analogues of NPs [107].

Recently Medina-Franco et al. [26] reviewed different
approaches to designing focused libraries with confined
chemical spaces. In that work, the authors discussed two
broad types of confinement: (1) library design focused
on a relevant therapeutic target or disease and (2) library
design focused on chemistry or a desired molecular
function [26]. NP databases are important sources of
molecules from which to select compounds or inspire
the synthesis of molecules for a target of therapeutic in-
terest or with a desired molecular function [108,109]. In
this regard, Over et al. analyzed and validated the role of
NP-derived fragments for fragment-based ligand dis-
covery [110].

Table 21.1 summarizes examples of NP databases
either commercially available or in the public domain
[111e115]. Some databases are designed to conduct
structure and properties searches online, whereas others
are collections of compounds for purchase intended for
virtual and experimental screening. Amore complete set
of NP catalogs for screening is collected in the ZINC
database [51]. Of note, by July 2014, ZINC contained
over 35 million molecules and 13 NP catalogs (available
at http://zinc.docking.org/browse/catalogs/natural-
products).

In 2012, Yongye and Medina-Franco compiled one
of the first lists of NP databases whose structures are
readily accessible on the Web [78]. At the time of that
study such databases contained between 560 and 89,000
compounds. Subsequently, the number of NP databases
with structure in the public domain doubled.

The TCM database is one of the major sources of
natural products freely available online [53]. TCM has
been extensively characterized using physicochemical
properties and structural fingerprints (vide supra)
[54]. Based on this database, the cloud computing sys-
tem iScreen (available at http://iScreen.cmu.edu.tw/)
was developed, which is a Web server for docking
TCM followed by customized de novo drug design
[116]. TCM has been used successfully to identify
pancreatic triacylglycerol lipase inhibitors using in
silico approaches [117].

Another important source of NPs freely available
online is the Universal Natural Products Database
(UNPD) [118]. UNPD is a collection of 197,201 chemical
structures obtained from plants, animals, and microor-
ganisms. The physicochemical profile of this database
has been analyzed. The physicochemical properties
were employed as a basis to generate a visual compari-
son of the chemical space covered by UNPD and

approved drugs for clinical use, concluding that there
is a large overlap [118].

Ntie-Kang et al. published the ConMedNP library
[119], an extension of the previously published database
CamMedNP, which contains 1859 NPs and derivatives
obtained in Cameroon [120]. The augmented library
ConMedNP represents a recollection of 3177 com-
pounds, not only from Cameroon but also from the Cen-
tral African flora. Ntie-Kang et al. published a
physicochemical characterization of ConMedNP using
typical drug-like properties and ADME-related descrip-
tors. In addition, that group made publicly available the
3D structures for other computational applications such
as virtual screening (vide infra) [119]. Ntie-Kang et al.
also published AfroDb [111], which is a relatively small
but representative subset of African medicinal plants
containing around 1000 3D structures. AfroDb is avail-
able in ZINC.

Esquivel and colleagues at the Informatics Unit of the
Chemistry Institute of the National Autonomous Uni-
versity of Mexico is assembling a database of NPs that
have been published by the Chemistry Institute of the
same university. It is estimated that the database will
have information for more than 3000 chemical sub-
stances isolated and characterized. Other representative
databases of NPs are summarized in Table 21.1 and
others are reviewed elsewhere [20,107].

21.4.1 Pharmacological Profiling of NP
Databases

Chemogenomics is evolving as a multidisciplinary
research field that uses in vitro and in silico methods
to better understand a ligandetarget SAR matrix or che-
mogenomics knowledge space [121,122]. The relation-
ship between chemogenomics and related topics of
major interest in current drug discovery, such as poly-
pharmacology, drug repurposing, phenotypic screening,
and high-throughput in vivo testing, has been discussed
in an integrated manner [25]. In two independent publi-
cations, Bajorath and Rognan, respectively, reflected on
the perspectives of computational chemogenomics
[123,124].

Along this line of thinking, there is increased aware-
ness that drugs exert their clinical effects through inter-
actions with multiple targets. This is illustrated by the
drugs dabrafenib and trametinib, approved in 2013 by
the Federal Drug Administration (FDA) of the United
States for the treatment of “unresectable or metastatic
melanoma with BRAFV600E mutation as detected by an
FDA-approved test” [125]. Both drugs target multiple
kinases [125]. This awareness has increased the rele-
vance of and interest in systematically screening chemi-
cal compounds, including NPs, across different
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biological endpoints, for example, against multiple mo-
lecular targets. This is a common practice after isolating
and characterizing novel NPs.

An example of a large-scale NP profiling was re-
ported by Clemons et al., who tested the binding speci-
ficity of 15,000 compounds, including 2477 NPs, with
100 sequence-unrelated proteins. The results of the
screening were made freely accessible to the scientific
community and the reader has access to the chemical
structures and the corresponding biological profiles
[94]. This data set has been subjected to a series of
computational studies aimed at elucidating the SAR
and identifying structural patterns associated with the
selectivity or promiscuity of the molecules using finger-
print or substructure representations [126e128]. For
example, this data set was the basis for developing ap-
proaches for identifying structural changes that have a
significant impact on the number of proteins to which
a compound binds. For instance, Yongye and Medina-
Franco [126] proposed the structureepromiscuity index
difference (SPID) metric. SPID encodes the relationship
between structure similarity and the number of different
proteins to which each pair of compounds binds [126].
In a separate study, Dimova et al. analyzed the same
large microarray data set, using the concept of matched
molecular pairs [129]. Dimova et al. identified single-site
substitutions that lead to large differences in compound
promiscuity [127].

21.5 VIRTUAL SCREENINGANDTARGET
FISHING

21.5.1 Virtual Screening

Because experimental testing of molecules is expen-
sive and time consuming, virtual screening, also called
in silico or computational screening, represents a valu-
able tool to guide and focus experimental efforts on
smaller, filtered sets of compounds with increased prob-
ability of showing the desired biological activity
[6,130,131]. This is particularly attractive for filtering
NPs for experimental testing because, in many in-
stances, NPs are available in small quantities. Ideally,
virtual screening is included in an iterative cycle of pre-
diction and experimental validation followed by rounds
of refinement. If the final goal of virtual screening is to
identify potent compounds, one of the main objectives
of the first iteration cycle is to identify novel molecular
scaffolds [132]. Similar to experimental screenings,
virtual screening work flows are project-specific,
tailored to the need of a particular target or biological
context [133].

Virtual screening approaches can be classified into
two major groups: structure-based and ligand-based

methods. Structure-based approaches use the 3D struc-
ture of the target and ligand-based approaches utilize
ligand information in light of structureeactivity data
derived from a set of known actives. Successful applica-
tions of virtual screening to identify bioactive com-
pounds have been reviewed [3,7].

Traditionally, bioactive NPs with a promising thera-
peutic indication have been identified through random
or fortuitous approaches. Thus, computational screening
of NPs represents a valuable synergy for identifying
bioactive NPs in a systematic manner. Indeed, virtual
screening has been applied to screen small sets and large
databases of NPs, giving rise to the identification of
bioactive molecules [134e138]. Table 21.2 summarizes
representative examples of virtual screening approaches
applied to NPs. Figure 21.4 shows the corresponding
chemical structures of the NPs uncovered by virtual
screening summarized in Table 21.2. The reader is
referred to a number of reviews that show the progress
in the virtual screening of NPs [13,20,140e144].

Notably, a unique collection of NPs can be used in vir-
tual screening through the Drug Discovery Portal (DDP;
available at www.ddp.strath.ac.uk) [145]. The DDP
developed a database that contains purified NPs ob-
tained from plant, soil, or marine sources, synthetic com-
pounds of some of which were inspired by NPs.
Molecules stored in this database are available in
research groups from various countries including Scot-
land (where DDP is based), Australia, France, and the
United States. The DDP also collects biological targets
that are being screened in academic laboratories. The
goal of this initiative is to match a chemist’s compound
to a biological assay using computational techniques
and then validate the computational predictions in the
biological assay that is available [20].

Virtual screenings of NP databases for later experi-
mental validation have been reported. For example,
197,201 compounds in the UNPD (vide supra) were
docked with 332 target proteins relevant to approved
drugs. Based on a docking-score-weighted prediction
model, the most promising NPs with potential bioac-
tivity were identified [118]. Virtual screenings of NPs
for emerging and challenging targets are discussed
below.

21.5.2 Target Fishing and Reverse
Pharmacognosy

As discussed above, the goal of virtual screening is to
identify new ligands for known targets. The inverse
approach, i.e., identifying new targets for known li-
gands, is called “target fishing” [122] or inverse
screening. Thus, in the context of chemogenomics, vir-
tual screening is associated with ligand screening and
target fishing is related to ligand profiling [121]. Similar
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TABLE 21.2 Examples of Recent Applications of Virtual Screening to Identify Bioactive NPsa

Computational approach(es) Key findings References

Docking-based virtual screening
of an in-house collection with
4000 NPs with matrix
metalloproteinases (MMPs).

19 NPs with diverse structures are identified as
MMP inhibitors. The most potent inhibitor
(compound 5) also represses MMP-2 and active
MMP-9 expression in MDA-MB-231 cancer cells
and suppresses the migration of MDA-MB-231
in a wound healing assay.

[135]

QSAR based on molecular
topology and virtual screening.

Calcein, a natural dye, showed potent
inhibitory activity against interleukin-6 and
therefore is potentially effective in ulcerative
colitis.

[137]

Inverse virtual screening of a
small library of phenolic NPs with
a panel of 163 targets involved in
the genesis and progression of
cancer.

Xanthohumol and isoxanthohumol showed
inhibitory activity on PDK1 and PKC protein
kinases in in vitro assays.

[139]

Structure-based virtual screening
of an in-house library of 1430 NPs
and their derivatives with a novel
target for anti-HIV therapy.

18 hits were identified that bind at the interface
of HIV-1 integrase and human LEDGF/p75. The
two most potent inhibitors had IC50 values at
0.32 and 0.26 mM, respectively. NPD170 had the
highest antiviral activity with an EC50 of
1.81 mM.

[134]

Structure-based virtual screening
of an in-house database withmore
than 4000 NPs with two estrogen
receptor (ER) modulators.

Eleven compounds were identified as ER
modulators: 3 agonists and 8 antagonists. The
most potent antagonist (compound 4) had an
EC50 value of 2.55 and 4.68 mM for ERa and ERb,
respectively.

[138]

Docking-based virtual screening
of 216 diverse NPs with
acetylcholinesterase as potential
leads for Alzheimer disease.

One of the top-ranked compounds, NDGA had
an IC50 of 46.2 mM. In silico studies of NDGA
were conducted to design compounds with
improved CNS activity.

[136]

QSAR, quantitative structureeactivity relationships.
aChemical structures of selected hit compounds are in Figure 21.4.

FIGURE 21.4 Chemical structures of exemplary NPs identified from virtual screening followed by experimental validation. See Table 21.2
for details. NPs, natural products.
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to virtual screening, depending on the experimental in-
formation available, target fishing can be performed us-
ing structure-based methods, e.g., inverse docking, or
ligand-based methods, e.g., similarity searching [146].
Ideally the combination of both approaches can be
used if enough structural and SAR data are available.
This point is emphasized by Yue et al., who have dis-
cussed progress on the target profiling of NPs using
experimental (genomics and proteomics) and computa-
tional approaches [147]. In that review, Yue et al. point
out the convenience of integrating various methods
such as inverse docking (docking compounds across
different targets), mapping ligandetarget profiling
space, and network analysis.

A notable example of a ligand-based method that
can greatly benefit target fishing of NPs is the similarity
ensemble approach (SEA) [20,148]. SEA is a statistical
ligand-based design approach in which the structures
of a series of ligands with known targets are used
to train a model capable of predicting the poly
pharmacological profile of other molecules. This
approach was employed to predict the binding profiles
of 3600 known drugs or compounds developed as
potential drugs based on hundreds of thousands of
bioactive molecules and their known targets. Two of
three high-confidence predictions were retrospectively
shown to be accurate [149].

A second remarkable example of a ligand-based
method that can benefit NP research is prediction of ac-
tivity spectra for substances (PASS) [150]. PASS predicts
simultaneously more than 500 biological activities,
including pharmacological main and side effects, mech-
anisms of action, mutagenicity, carcinogenicity, teratoge-
nicity, and embryotoxicity. PASS is based on a regression
approach applied to noncongeneric chemical series. The
developers of this approach have expanded the capabil-
ities of the PASS algorithm to predict the sites of metab-
olites for xenobiotics [151]. Lagunin et al. have discussed
in detail the application of PASS to evaluate the multitar-
get profile of selected NPs [152].

Target fishing using computational approaches is
increasingly being used to uncover biological activities
of NPs. An example has been published by Gianluigi
et al., who conducted inverse docking of 10 antioxidant
phenolic NPs with 163 molecular targets involved in
cancer progression. Xanthohumol and isoxanthohumol
showed activity with the protein kinases PDK1 and
PKC [139]. In a separate work, Carregal et al. developed
a protocol combining molecular docking, refinement by
molecular dynamics simulations, and quantum me-
chanics/molecular mechanics to determine the pharma-
cological receptors for NPs isolated from Cerrado
species in Brazil [153]. Other applications of target fish-
ing for NPs are reviewed elsewhere [13]. More recently,
Wolber and Rollinger discussed the application of

virtual screening and target fishing for NPs using 3D
pharmacophores [154].

As part of the FoodInformatics symposia held at the
245th American Chemical Society National Meeting in
2013 [155] (vide infra), Quoc-Tuan Do explained the
principles of reverse pharmacognosy [156], empha-
sizing the many roles of chemoinformatic approaches,
including inverse screening, to accelerate the identifica-
tion of the bioactive compounds of an organism. Quoc-
Tuan discussed two successful and published examples
of reverse pharmacognosy using Selnergy�, a platform
developed in Greenpharma to predict, based on dock-
ing, interaction energies of a ligand with a target protein
[157,158].

21.6 NPs AS LEADS FOR CHALLENGING
AND EMERGING TARGETS

The overall unique structural diversity, structural
features, and molecular complexity of NPs make them
attractive for interrogating molecular targets that repre-
sent significant challenges using traditional small mol-
ecules typically used for common targets. Similarly,
NPs represent a very attractive approach to address
emerging molecular targets for which the “relevant”
chemical space is not clearly defined yet. This section il-
lustrates these points by focusing on the role of NPs in
the pursuit of modulators of PPIs and of the emerging
epigenetic targets.

21.6.1 NPs as Compounds for Modulating
ProteineProtein Interactions

Several cellular functions are regulated by multipro-
tein complexes that are controlled by PPIs between pro-
tein subunits. It is also well known that human diseases
can be caused by abnormal PPIs. Therefore PPI modula-
tors, either inhibitors or stabilizing agents, are attractive
in drug discovery [159]. Despite significant progress
made toward the modulation of PPIs, these are still diffi-
cult to target with small molecules because of the struc-
tural characteristics of the proteineprotein interfaces.
For example: (1) in several cases, the contact surfaces
involved in PPIs are large (w1500e3000 Å2) compared
with those involved in proteinesmall-molecule interac-
tions (w300e1000 Å2); (2) in general, the contact sur-
faces between proteins are flat as opposed to the types
of pockets and grooves found in typical surfaces of pro-
teins bound to small molecules; (3) in contrast to typical
proteins of pharmaceutical relevance, PPIs lack endoge-
nous small molecules that can be used as a reference or
starting point to design modulators [160]. Despite these
challenges, several strategies are being followed that
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have succeeded in bringing compounds to clinical trials.
Sperandio et al. have reviewed general strategies to
design libraries focused on PPIs [161].

In an insightful review, Wells and McClendon reflect
that the fact that many HTS efforts have yielded PPI hits
with moderate potency is heavily influenced by histori-
cal reasons: common screening libraries of small mole-
cules contain chemotypes dominated by past drug
discovery focused on classical targets, e.g., G-protein-
coupled receptors and protein kinases. Moreover, the
authors of that review point out that PPI inhibitors
reaching clinical trials have MW between 500 and
900 Da, with Ki values less than 1 mM [160], being clear
exceptions to the traditional medicinally relevant chem-
ical space (which contains molecules with MW less than
500 Da). Taking all these considerations together, it was
then proposed that the structural features of NPs repre-
sent excellent candidates for PPI modulation [161,162]. It
has been hypothesized that, in general, the rigidity of
PPI inhibitors is required for good binding affinity and
target selectivity. Some NPs have the desired profile of
having a rigid molecular framework [159].

Several NPs have pharmacological activity as PPI
blockers. Examples include FK506, rapamycin, and
ascomycin, a family of closely related polyketide natural
products derived from soil actinomycetes that have
large different cellular effects via binding of the FK506-
binding protein immunophilin and modulation of the
PPIs involved in the signal transduction pathways of T
cell activation and growth. Other examples are pacli-
taxel, epothilone A, and discodermolide, which affect
mitosis by modulating the PPIs implicated in tubulin
polymerization [162]. Rolitetracycline is an inhibitor of
the hypoxia-inducible factor-1 (HIF-1) pathway, which
is a key regulator of angiogenic and glucose metabolic
processes and is used by tumor cells for both survival
and growth. Most of the HIF-1 inhibitors are either
NPs or synthetic compounds based on NPs. Chetomin
is an NP that also interferes with the HIF-1 signaling
pathway. Although further development of rolitetracy-
cline and chetomin was hampered by a lack of activity
in cell-based assays and toxicity in animal models,
respectively, the chemical scaffolds of both compounds
represent a unique architecture to develop distinct scaf-
folds [159].

To accelerate the identification of lead molecules that
modulate PPIs, computational approaches are being
developed to predict modes of PPIs as well as hot spots
at the protein interface. Progress in the development of
these computational methods is presented in an excel-
lent review by Bienstock [163]. These techniques can
be conveniently applied to NPs. For example, once hot
spots have been identified for a given proteineprotein
interface, pharmacophore filtering can be applied using
NP databases discussed earlier in this chapter.

21.6.2 NPs as Lead Compounds for DNA
Methyltransferase Inhibitors

Emerging molecular targets such as DNA methyl-
transferases (DNMTs) and other epigenetic enzymes
[164] are becoming attractive targets for the treatment
of cancer and several other diseases. Among the epige-
netic targets, DNMTs are a family of enzymes that
catalyze the transfer of a methyl group from S-adeno-
syl-L-methionine to the carbon-5 position of cytosine
residues leading to an epigenetic modification [165].
The human genome encodes four distinct DNMTs:
DNMT1, DNMT2, DNMT3A, and DNMT3B. Of these,
DNMT1 and DNMT3B constitute the major activities.
It has been demonstrated that inhibition of DNMT ac-
tivity can lead to demethylation and reactivation of
epigenetically silenced tumor suppressor genes [166].
Thus, DNA methylation represents a central mecha-
nism for mediating epigenetic gene regulation, and
the development of DNMT inhibitors provides novel
opportunities for cancer therapy [167]. Inhibition of
DNA methylation has also emerged as a promising
strategy for the treatment of immunodeficiency and
brain disorders [168,169]. However, DNMT inhibitors
currently in clinical use, 5-azacytidine and 5-aza-20-
deoxycytidine, are nonselective cytosine analogues
with significant cytotoxic side effects. Different
approaches are being followed to identify distinct non-
nucleoside DNMT inhibitors; these methods include
chemical synthesis of lead compounds [170,171],
docking-based virtual screening of chemical databases
from various sources, and similarity searching of data-
bases of approved drugs. Similarity searching, which is
a ligand-based approach, led to the identification of
olsalazine, an anti-inflammatory drug approved for
the treatment of ulcerative colitis, as a novel DNA
hypomethylating agent [172]. This case represents an
example of a synergy by which computational
approaches accelerate drug repurposing.

Because environmental exposures are usually
assumed to have a major impact on the onset of
abnormal DNA methylation patterns, a frequent uptake
of DNA demethylating agents is believed to have a che-
mopreventive effect [173]. This could be achieved
through the dietary uptake of natural product DNMT in-
hibitors [173]. Several examples of NPs with
DNMT-inhibitory and/or hypomethylating activity
have been reported. A classic example is (-)-epigalloca-
techin-3-gallate (EGCG), the main polyphenol com-
pound from green tea. EGCG has been proposed to
inhibit DNMT1 by blocking the active site of the enzyme
and reactivating methylation-silenced genes in cancer
cells [174]. Catechin and epicatechin, and the bio-
flavonoids quercetin, fisetin, and myricetin, are other
tea polyphenols that have also been associated with
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the inhibition of DNAmethylation. Curcumin, the major
component of the Indian curry spice turmeric, and par-
thenolide, the principal sesquiterpene lactone of
feverfew, have also been reported to inhibit DNMT1
[175]. Psammaplin A and several other disulfide bromo-
tyrosine derivatives isolated from the marine sponge
Pseudoceratina purpurea have been described as potent in-
hibitors of DNMT1 [176,177]. Kuck et al. have reported
nanaomycin A as a selective inhibitor of human
DNMT3B [178]. Several other NPs reported as DNMT
inhibitors or hypomethylating agents are reviewed else-
where [173,179e181].

Nanaomycin A (Figure 21.5) is a quinone antibiotic
isolated from a culture of Streptomyces that has been
described as the first non-S-adenosyl-L-homocysteine
(SAH) analogue acting as a DNMT3B-selective inhibitor
that induces genomic demethylation. Nanaomycin A
treatment reduced the global methylation levels in three
cell lines and reactivated transcription of the RASSF1A
tumor suppressor gene [178]. To explain at the molecular
level the activity of this NP, nanaomycin A was docked
with a homology model of the catalytic site of DNMT3B
that was built based on the crystal structure of DNMT3A
as a template [182]. Results of the docking study showed
that the carboxylic acid, hydroxyl group, and adjacent
carbonyl oxygen atoms are predicted to form an exten-
sive hydrogen bond network with the side chains of
arginine amino acids. The study also suggested that
the hydroxyl group of nanaomycin A makes a hydrogen
bond with the side chain of a glutamic acid residue
(Figure 21.5). Similar hydrogen bond interactions with
the equivalent glutamic acid and arginine residues that
participate in the mechanism of methylation were not
observed in the docking models obtained with DNMT1.
These results provided a possible structural explanation
for the enzyme selectivity of nanaomycinA forDNMT3B.
Based on the binding model of nanaomycin A with

DNMT3B, along with the experimental and theoretical
evidence of the reaction between quinones and
cysteine-rich proteins, the catalytic cysteines were hy-
pothesized to perform a nucleophilic Michael 1,4
addition to the a,b-unsaturated carbonyl system of
nanaomycin A. A similar plausible reaction was not
observed in the bindingmodel with DNMT1, which sup-
ported the experimental selectivity toward DNMT3B
[178].

The occurrence of DNMT inhibitors in dietary prod-
ucts highlights the relevance of identifying additional
inhibitors of natural origin [173]. The systematic search
for active compounds in NP databases can thus be the
basis for further support of the use of complementary
and alternative medicine products for inhibition of
DNA methylation. The systematic search can be greatly
facilitated by the application of computational ap-
proaches. Indeed, in silico methods have been broadly
used to propose the mechanism of action of DNMT
inhibitors at the molecular level, to screen compound
libraries to identify novel inhibitors, and to guide the
lead optimization efforts using structure-based tech-
niques [183,184]. For example, Yoo et al. reported dock-
ing models of a number of NPs with DNMT1. The
docking models of the NPs, along with the predicted
binding models of small-molecule DNMT inhibitors of
different origins were the basis for developing a phar-
macophore model [185,186]. Such model was subse-
quently used to help explain, at the molecular level,
the activity of trimethylaurintricarboxylic acid [187].

The chemical spaces of two NP collections, including
compounds from the TCM database, were compared to
the property space of a DNMT-focused library,
approved drugs, and synthetic commercial compounds.
It was concluded that the DNMT-focused library and the
two NP databases have molecules with properties
similar to those of approved drugs [188].

FIGURE 21.5 Docking model of the NP nanaomycin A with the catalytic site of human DNMT3B. NP, natural product.
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As reviewed above, several bioactive compounds of
natural origin have been discovered fortuitously. How-
ever, these findings have spurred follow-up studies to
systematically uncover bioactive compounds with the
aid of computational approaches. As part of an effort
to identify novel inhibitors of DNMT of natural origin,
the authors reported the virtual screening of a large
collection of NPs from the ZINC database. Starting
from 89,000 compounds, a subset of approximately
14,000 molecules was selected that was subjected to a
multistep docking approach using three docking algo-
rithms. Fifty-eight compound consensus hits with a
docking score that was similar to or better than that of
the reference molecule were selected and moved for-
ward to experimental validation, which is ongoing at
the time of writing. Notably, one of the consensus hits
has reported DNMT1 inhibitory activity [173]. It is antic-
ipated that computational approaches will continue to
be used to develop DNMT inhibitors as promising
epigenetic drugs.

21.7 UNCOVERING BIOACTIVITIES
OF NPs OF DIETARY ORIGIN

For centuries, people from various cultures have used
herbal remedies to try tomaintain or improve their health
(www.nlm.nih.gov/medlineplus/herbalmedicine.html).
Despite the fact that plant extracts in the form of teas,
decoctions, or tinctures may contain complex mixtures
of compounds, they are broadly used in a safe and effec-
tive manner. In fact, plant-based extracts with defined
composition, e.g., botanicals or phytopharmaceuticals,
are registered for clinical use as dietary supplements or
drugs, depending on the regulations of the country in
which they are used. However, as commented above,
one of the reasons pharmaceutical companies are reluc-
tant to make large-scale use of NPs is because of the
complexity of the mixtures of compounds in NP extracts
[20]. Therefore, for many years it has been of interest to
isolate, identify, and purify the bioactive components of
plant extracts.

Chemoinformatics and molecular modeling ap-
proaches have been used to systematically identify
bioactive components. In this context, foodinformatics is
an emerging research field that is focused on uncovering
health-related benefits of food components using che-
moinformatic and other computational approaches
[155,189]. Geldenhuys et al. have published an insightful
review of the role of NPs from dietary sources as lead
compounds for virtual screening and structure-based
drug design. These authors put particular emphasis on
compounds such as resveratrol, curcumin, caffeine,
and genistein [144].

As part of a program to characterize natural extracts
and identify their active compounds and their mode of
action, Guasch et al. identified, from 11 extracts with
known antidiabetic activity, 12 molecules as potential
partial agonists of peroxisome proliferator-activated re-
ceptor g. To that end, the authors used a validated vir-
tual screening protocol based on a combination of
pharmacophore modeling, docking, and shape-based
similarity searching [190].

More recently Medina-Franco et al. [189] compared
the physicochemical properties of NP databases with
chemical structures in the public domain with more
than 2000 foodmaterials in the FEMA “Generally Recog-
nized as Safe” (GRAS) list [189]. The authors concluded
that NP databases from different sources have distinct
distributions of physicochemical properties and struc-
tural diversity in support of previous conclusions
derived from the scaffold analysis of the same databases
[78]. The study also concluded that the GRAS chemicals
analyzed in that work (discrete chemical entities only)
have a high structural diversity, comparable to the
high structural diversity of NPs and other reference li-
braries [189].

To identify potential bioactivity among the food
flavoring components in the FEMA GRAS list,
Martinez-Mayorga et al. carried out ligand-based virtual
screening for compounds with structures similar to
those of approved antidepressant drugs [191]. The vir-
tual screening was performed by means of fingerprint-
based similarity searching using the MACCS keys and
the Tanimoto coefficient. Hit compounds in the FEMA
GRAS list were selected as the compounds most similar
(ranked with the highest similarity values) to any of 32
approved antidepressant drugs. Selected compounds
represented the “nearest neighbors” of the approved an-
tidepressants. Results indicated that valproic acid was
the antidepressant most similar to GRAS compounds.
Following the rationale that the inhibition of histone
deacetylase-1 (HDAC1) could be associated with the ef-
ficacy of valproic acid in the treatment of bipolar disor-
der, Martinez-Mayorga et al. screened the GRAS
compounds most similar to valproic acid for HDAC1 in-
hibition. The GRAS chemicals nonanoic acid and
2-decenoic acid inhibited HDAC1 at the micromolar
level, with a potency comparable to that of valproic
acid. It was pointed out that GRAS compounds are not
expected to exhibit strong enzymatic inhibitory effects
at the concentrations typically employed in flavor for-
mulations designed for use in foods and beverages.
However, as shown in that work, GRAS chemicals
were able to bind to a relevant therapeutic target. Addi-
tional studies on bioavailability, toxicity at higher con-
centrations, and off-target effects are warranted. That
study also exemplified the feasibility of exploring the
FEMA GRAS flavoring list using computational
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methods as a potential source of biologically active mol-
ecules. In addition, the study demonstrated that similar-
ity searching followed by experimental evaluation can
be used for rapid identification of GRAS chemicals
with potential bioactivity [191].

21.8 CONCLUDING REMARKS

Historically, NPs have made outstanding contribu-
tions to drug discovery, providing bioactive molecules
that have reached patients for clinical applications or
that have inspired and stimulated the development of
a significant portion of today’s pharmaceuticals. More-
over, since ancient times NPs have been broadly
employed as medicines, dietary products, and nutri-
tional supplements. The development of compounds
that can be used safely to deliver the desirable clinical
effect(s) is a complex problem that demands the syner-
gistic combination of major and complementary ap-
proaches. As such, the discovery and development of
NPs as lead compounds for drug discovery can be accel-
erated by the rational application of computational
methods. As reviewed in this chapter, computational
methods play many roles in NP-based drug discovery.
A broad set of computational strategies that are tailored
to the specific project needs and information on the sys-
tem available are increasingly making contributions to
drug discovery campaigns based on NPs. Of note, the
computational methods themselves are far from perfect
and are constantly subject to improvement and refine-
ment. It is also important to stress that by no means
are computational strategies intended to erase tradi-
tional NP research. Instead, computational methods
are meant to further improve common practices that
have been successful over the years. On the other
hand, there is a false expectation that computational
methods alone are capable of designing by themselves
molecules that will reach the market, i.e., the false
notions of “computer-to-bedside” or “hit-one-button
drug discovery.” In this chapter we intended to make
clear that computational approaches are part of a multi-
disciplinary and collective effort in which experimental
strategies play a fundamental role.

Computational methods have clear applications in
NP-based drug discovery that include but are not
limited to:

• Filtering compound databases to select subsets of
compounds for experimental screening;

• Systematic screening of compound data sets with few
or many NPs;

• Measuring the physicochemical profile of NPs so that
they can be compared in a consistent manner with
compound collections from different sources (e.g.,

synthetic libraries) or performing interlibrary
comparisons of various types of NP databases;

• Organizing and mining molecular databases;
• Quantifying the structural diversity and complexity

of NP collections;
• Characterizing the coverage of the chemical space;
• Characterizing SARs systematically;
• Designing synthetic analogues of NPs using

structure- or ligand-based approaches or both;
• Identifying and optimizing leads for “difficult” and

emerging molecular targets;
• Deconvoluting bioactive mixtures;
• Uncovering possible therapeutic and health-related

applications of NPs of dietary origin.

Over the years, around the world, diverse research
groups have investigated and developed NPs and syn-
thetic compounds inspired by NPs. Thousands of NPs
and NP-like compounds are available and many com-
pounds are assembled in compound databases. The mo-
lecular complexity, physicochemical profile, and
structural diversity of such compound collections (com-
mercial, public, or in-house data sets) can be readily
assessed using chemoinformatic approaches.

The distinct structural characteristics of NPs offer a
great promise for identifying compounds for use against
molecular targets that are difficult to tackle using typical
small-molecule combinatorial libraries or emerging mo-
lecular targets. Indeed, it has been acknowledged that
“new classes of molecular targets may need new chem-
ical scaffolds.” In this context, molecular modeling and
chemoinformatics provide relevant information to char-
acterize the structures of the difficult and emerging tar-
gets and help find the NPs that satisfy the requirements
for binding.

It is anticipated that the synergistic combination of
two well-established approaches, NP-based drug dis-
covery and computer-aided drug design, will continue
evolving and delivering therapeutic compounds or mol-
ecules with health-related benefits to the best interest of
the patients.
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[74] López-Vallejo F, Peppard TL, Medina-Franco JL, Martı́nez-
Mayorga K. Computational methods for the discovery of
mood disorder therapies. Expert Opin Drug Discovery 2011;6:
1227e45.

[75] López-Vallejo F, Castillo R, Yépez-Mulia L, Medina-Franco JL.
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22.1 INTRODUCTION

Herbal medicine is the oldest and most widely used
form of medical treatment in the world, and enjoys
increasing popularity due to its health-promoting
properties [1]. Medicinal and herbal plant properties
are related to individual ingredients usually found in
the parts-per-million (ppm) and/or parts-per-
billion (ppb) range [1]. During the recent decade, the
pharmaceutical industry has initiated sophisticated
plant screening programs, applying biochemical

high-throughput techniques to find new drugs with
distinct properties (e.g., anticancer, antibacterial, and/
or antiviral properties) [2].

Traditionally, separation techniques including thin-
layer chromatography (TLC), liquid chromatography
(LC), gas chromatography (GC), and capillary electro-
phoresis (CE) hyphenated to mass spectrometry (MS)
were employed for the identification, quantification,
and structural elucidation of selected compounds being
present or deriving from different plant matrices [1,2].
These analytical techniques have been found useful in
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phytochemical and physiological studies, enabling
recording a fingerprint and/or identifying single active
compounds [3].

Spectroscopic analytical techniques using the near-
infrared (NIR) wavelength region of the electromagnetic
spectrum have been used in the food industry to
monitor and evaluate on one side the composition and
on the other side the quality of foods [4]. Even though
the NIR region was the first known nonvisible part of
the electromagnetic spectrum and was discovered in
1800 by Herschel, it was not until the 1950s that the first
applications of NIR spectroscopy for analytical chemis-
try were developed. Since the 1960s, there has been a
steady increase in the use of NIR spectroscopy, with
the most dramatic growth in the last 25 years.

NIR spectroscopy is characterized by low molar ab-
sorptivity and scattering. In the beginning, the NIR re-
gion was regarded as having little potential for
analytical work. In recent times, it has become one of
the most promising techniques for molecular spectros-
copy. Affordable and powerful computers have further
supported the implementation of applications in several
fields, including medical, textile, polymer, and pharma-
ceutical applications [5].

Vibrational spectroscopic imaging has become an essen-
tial tool for tissue analyses in life science, and can sup-
port NIR spectroscopic studies in a synergistic manner,
because it allows depiction of the spatial distribution
of potent ingredients. It is a modern analytical technique
enabling the detection and characterization of molecular
components of plant tissue samples down to a resolu-
tion of approximately 1.2 mm, applying NIR and
mid-infrared (MIR) spectroscopy [6]. It is based on the
absorption of Infrared (IR) radiation by vibrational tran-
sitions in covalent bonds, and enables global analysis of
samples, with resolution close to the cellular level.

An advantage of vibrational spectroscopic imaging is
that it can acquire local molecular expression profiles
while maintaining the topographic integrity of the tissue
by avoiding time-consuming extraction, purification,
and/or separation steps, respectively. With this nonde-
structive analytical method, it is possible to obtain, on
one hand, qualitative and quantitative information on
heterogeneous samples, and on the other hand, unique
chemimorphological information about the tissue status
on the other hand. This characteristic of vibrational spec-
troscopic imaging represents an extremely important
benefit for further interpretation of the present current
tissue status.

This contribution highlights the fundamental princi-
ples of NIR and imaging spectroscopy, its applicability,
regulatory issues, advantages, synergistic combination,
and limitations in herbal medicine research.

22.2 TECHNICAL PRINCIPLES

22.2.1 NIR Spectroscopy

IR radiation is the region of the electromagnetic spec-
trum between the visible (VIS) and the microwave
wavelength [7]. In NIR spectroscopy, excitation of mole-
cules is accomplished in a wavelength range between
750 and 2500 nm (Figure 22.1), corresponding to a wave-
number range between 4.000 and 13.000/cm [8]. CeH,
CeO, C]O, NeH, and OeH functional groups are
excited to perform stretching-, deformation- and scis-
sor-vibrations. In comparison to the MIR region, where
only fundamental vibrations (“signatures”) can be
observed, overtones and combinations can be found in
the NIR region containing a manifold of information
compared to MIR [9]. The result is often a crowded
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spectrum with overlapping peaks. Although NIR-inten-
sities are 10 to1000 times lower than for MIR, highly sen-
sitive spectrometers can be built through several means
including the use of efficient detectors. The light
recorded by the detector contains compositional infor-
mation, which can be unraveled by a computer to report
multiple analyses almost instantaneously. NIR spectros-
copy can provide simultaneous, rapid, and nondestruc-
tive qualitative and quantitative analysis of major
components in many organic substances [10].

22.2.2 Model of the Harmonic and
An-Harmonic Oscillator

The physical principle describing the observed effects
in both the MIR and NIR regions is the model of the har-
monic and an-harmonic oscillator. According to the inset
in Figure 22.2, the reduced mass m performs vibrations
with the frequency nosc. In MIR, this vibration follows
the equation for the harmonic oscillator, whereas in
NIR, the equation for the an-harmonic oscillator is valid,
describing the excitation into higher energy states. Che-
mometrics, a mathematical, statistical, multivariate
analytical (MVA) tool, is applied for further treatment
of recorded spectra.

22.2.3 Instrumentation and Sample Preparation

An NIR spectrophotometer consists of a light
source (e.g., tungsten halogen lamp), sample presenta-
tion accessories, monochromator, detector, and optical
components including lenses, collimators, beam
splitters, integrating spheres, and optical fibers
(Figure 22.3) [11].

One of the most frequently cited benefits of analysis
by NIR spectroscopy is that little or no sample prepara-
tion prior to analysis is required. In principle, trans-
parent materials such as liquid extracts can be
analyzed by transmission or transflection, solid mate-
rials like tissue by diffusive reflection and/or interac-
tance mode (Figure 22.4) [11]. Spectrophotometers are
conveniently classified into dispersive and nondisper-
sive instruments. For example, in a dispersive filter in-
strument, the monochromator is a wheel holding a
number of absorption or interference filters, with the
disadvantage of limited resolution [11]. In a scanning
monochromator instrument, a grating or a prism is
used to separate the individual frequencies of the radia-
tion. In Fourier transform (FT) spectrophotometers, in-
terferometers are used to generate modulated light,
and time domain signal of the light reflected or trans-
mitted by the sample can be converted into a spectrum

FIGURE 22.2 Model of the harmonic and an-harmonic oscillator.
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via a fast transformation [12]. In most cases, a Michelson
or polarization interferometer is used.

Photodiode array (PDA) spectrophotometers consist-
ing of a fixed grating that focuses the dispersed radia-
tion onto an array of silicon (Si, 350e1100 nm) or
indium gallium arsenide (InGaAs, 1100e2500 nm) offer
the advantage of high acquisition speed (between
50 ms and a few milliseconds). As alternatives, laser-
based systems that do not require a monochromator or
acousto-optic tuneable filter instruments using a diffrac-
tion-based optical band-pass filter can be used [13].

22.3 IR IMAGING SPECTROSCOPY

The first IR microscopes were built during the 1940s
and 1950s, but these microscopes were slow. It was in
the 1990s that the subsequent development of micropro-
cessor-controlled motorized stages made raster scan
mapping convenient. Enhanced spatial resolution,
which is enabled by the substitution of synchrotron

radiation for a thermal source, was a significant instru-
mental advance. The introduction of focal plane array
(FPA) systems, initially uncooled InGaAs, for near-IR
by Mascott and Lewis [14] occurred in 1994, while the
subsequent development for mid-IR, using a mercury
cadmium telluride (MCT) array by Lewis and Levine
[15] resulted in a very rapid image generation. These de-
velopments allowed simultaneous measurements and
significantly increased data acquisition rates.

22.3.1 Imaging Microscopy

Fourier transform IR (FTIR) spectroscopic microscopy
can be considered as the coupling of a microscope to an
IR spectrometer. From the physical point of view, diffrac-
tion, refraction, reflection, and absorption effects are
playing a considerable role. In principle, an FTIR micro-
scope is similar to its optical analog, and consists of four
main parts: (1) light source (single polychromatic thermal
source), (2) splitter ((FT), tunable filter and diffraction
grating), (3) detector (photon detectors, lead sulfide
(PbS) detectors, indium antimonide (InSb) detectors, un-
cooled InGaAs and HgCdTeor MCT detectors), and (4)
optics (fitted to a microscope) [16] (Figure 22.5). Advan-
tages of FTIR spectroscopic microscopes are microspatial
chemical mapping or imaging of complex heterogeneous
samples with a resolution down to approximately
1.2 mm, high sensitivity, high selectivity, rapid data
acquisition, simple sample preparation, fully automated
examination, and computer-enhanced visualization.

22.3.2 Measurement Techniques

During the last couple of years, hyperspectral imag-
ing systems have become popular [16]. A multispectral

FIGURE 22.3 Measurement set-up in near-infrared spectroscopy.

FIGURE 22.4 Measurement modes.
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(a few wavelengths) or hyperspectral (a continuous
range of wavelengths) cube is recorded, consisting of
spectra recorded at every 2-D spatial position
(Figure 22.6). The cube is recorded by stepwise moving
of the object of interest under the camera by means of
an actuator, while at each step a line is scanned. In latest
developments, FPA detectors are employed (MCT). In
combination with attenuated total reflection (ATR) spec-
troscopy, the maximal resolution of 1.2 mm can be
reached [10,16].

In quantitative analysis, the amount of absorbed radi-
ation is dependent upon the LamberteBeer law of the
concentration c of the sample, the thickness d of the sam-
ple, and its molar extinction coefficient ε.

E ¼ log
I0
I
¼ ε � d � c (22.1)

I intensity of the transmitted light I0 intensity of the
incident light c concentration of the absorbing substance
(unit: mol/dm3 or mol/L) ε decimal extinction coeffi-
cient (unit: mol�1$dm2) d thickness of the irradiated
body (unit: cm)

22.3.3 Data Recording

There are two possible experimental measurement
set-ups in FTIR microscopy: FTIR mapping and FTIR
imaging. In FTIR mapping, the IR spectra of the sample

FIGURE 22.5 Schematic view of a mid-infrared reflective microscope, which can operate in either reflectance or transmission mode. MCT,
mercury cadmium telluride.
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are collected sequentially at predefined spatial coordi-
nates. This sampling technique offers a convenient,
fast, and inexpensive route for analysis of static samples.
It allows information about the spatial distribution of
the chemical species within the sample to be obtained.
The operator can choose between three different types
of FTIR mapping techniques:

1. Point mapping provides several different areas of a
sample to be analyzed consecutively

2. Line mapping defines a series of spectra obtained along
one dimension, where chemical changes that occur
along this dimension are investigated

3. Area mapping defines a series of spectra to be collected
in two dimensions

In FTIR imaging, the whole area of interest is
sampled simultaneously and allows a large number
of spectra to be acquired with fine spatial detail
over an area [17]. However, obtained imaging data
are challenging, and a key issue is how to extract
relevant information from the huge amount of data.
In FTIR microscopy, one can choose between two
different sampling techniques: transmission (IR beam
passes through the sample) and reflection (IR beam
reflects from the sample surface). In transmission
measurements, the IR beam passes through the sample
and the transmitted light is recorded by a detector,
which is placed behind the sample following the law
of LamberteBeer. Transmission analysis requires the
sample to be partly transparent. Samples can be placed
on substrates transparent to the wavelength range of
the probing radiation (e.g., MIR) such as calcium fluo-
ride (CaF2), barium fluoride (BaF2) or zinc selenide
(ZnSe) [18].

In reflection measurements, the IR beam reflects from
the sample surface and the reflected light is recorded by
a detector. This sampling technique allows rapid exam-
ination of the distribution of organic compounds on a
complex surface of solid samples. There are two reflec-
tion measurement sampling techniques in FTIR
microscopy:

1. Diffuse Reflection (DR) and
2. ATR

In diffuse refection measurements, the incoming
radiation interacts with the sample and is scattered by
interaction with the particles. A fraction of this light is re-
flected by the sample and recorded by the detector. In the
NIR range, DR is widely used for the image analysis of
thick nontransparent samples in various noninvasive ap-
plications (e.g., food industry and pharmaceuticals) [19].

In ATRmeasurements, the IR radiation enters a prism
made of a high refractive index IR transmitting material,
and is totally internally reflected. This reflectance creates
an evanescent wave. The wave extends beyond the sur-
face of the crystal into the sample held in intimate con-
tact with the crystal and in regions of the IR spectrum
where the sample absorbs energy. With this sampling
technique, the IR beam typically penetrates from 0.5 to
2.0 mm into the sample. Main advantages of ATR imag-
ing measurements are minimal or no sample prepara-
tion. Additionally, samples with high water contents
can be analysed more efficiently than in conventional
transmission mode. For detailed information about de-
tector theory, technology, and current developments,
the interested reader is referred to the cited literature.

Data processing techniques for imaging data will be
discussed in the next chapter.

FIGURE 22.6 Hyperspectral cube. IR, infrared.
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22.4 CHEMOMETRICS INCLUDING DATA
PREPROCESSING

22.4.1 Chemometrics in NIR Spectroscopy

The NIR spectrum is represented by a huge number of
partially overlapping overtones and combination vibra-
tions, therefore appears to be much more complicated
than the MIR spectrum. Additionally, scattering effects,
instrumental noise, and/or sample inhomogeneities can
occur. Therefore, it is in many cases impossible to
correctly assign the corresponding vibration bands. For
this reason, multivariate statistical analysis (MVA) is a
powerful mathematical tool enabling the extraction of
the required information from the spectrum [20].

The most frequently applied chemometrical proce-
dures include principal component analysis (PCA) for
reducing the number of variables facilitating both qual-
itative and quantitative analysis. Data pretreatment
minimizes inhomogeneities originating from the
recording of the spectra, and enables elimination of
baseline shifts. Normalization algorithms can eliminate
differences in intensity caused by different sample
positioning. Diffusion and/or unexpected particle
size effects can be compensated by multiplicative scat-
ter correction (MSC). Performing the first or second de-
rivative of the original spectrum can reduce spectral
noise. Calibration development can mathematically
describe the covariation between certain variables or
find a mathematical function (regression model) by
which the values of the dependent variables are calcu-
lated from values of the measured variables [21]. The
calibration procedure of the NIR spectrometer can be
summarized in five steps: (1) choice of a representative
sample set; (2) recording of the NIR spectra; (3) mea-
surement of the reference values; (4) multivariate
modelling to generate a relationship between the
recorded spectra and the reference values; and (5) vali-
dation of the system. The most frequently used regres-
sion methods comprise principal component regression
(PCR) and partial least squares regression (PLSR),
discriminant analysis (DA) and artificial neural
networks (ANN) [6].

The choice of the highest suitable regression model is
based on the calculation of the following values:

1. BIAS, i.e., the average deviation between the
predicted values (yn) and the actual values (xn), in the
calibration set, should be close to zero.

BIAS ¼ 1

N

X�
xn � yn

�
(22.2)

2. PRESS (predicted residual error sum square) is the
sum of the square of the deviation between predicted
and reference values. The PRESS value of the

validation set should be as small as possible and
similar to that of the calibration set.

PRESS ¼
X�

xn � yn
�2

(22.3)

3. Standard error of estimation (SEE), i.e., the standard
deviation of the differences between reference values
and NIRS results in the calibration set.

SEE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X�
xn � yn � BIAS

�2r
(22.4)

4. Standard error of prediction (SEP), i.e., the
counterpart for the test set samples. SEE and SEP
should be as small as possible.

SEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X�
xn � yn � BIAS

�2r
(22.5)

5. The correlation coefficient (R2) should approach 1.

The analysis of IR imaging data sets includes denois-
ing, baseline correction, normalization, suppression of
anomalous pixels, image compression, and univariate
and multivariate analysis [16]. Available software pro-
grams improve the quality of information extracted
from the large data sets, reduce the dimensionality to
more practical levels, allow different imaging data sets
to be aligned and compared, and address data manage-
ment, including determination of statistical significance
and relative abundance between particular chemical
species. It has been reported that data analysis of IR
imaging results consists of several steps:

• Demonstration of a constituent by taking a slice of the
image on a particular relevant wavenumber, which
gives selective information for the particular
compound. Resulting distribution images can be
easily interpreted with minimal computation effort
and allow the observation of certain spatial features
in the image. This simple method (known as
univariate analysis) can only provide partial
representation of the obtained imaging data and
likely makes comparisons of several data sets
impossible [18].

• Reduction of the complexity of IR imaging datasets
with PCA, which transforms the original coordinate
system defined by peak intensities to a coordinate
system that better explains the variance in the dataset.

• Unsupervised classification such as hierarchical
clustering, k-means (KM) clustering, and fuzzy C-
means (FCM) clustering use all of the information
contained in the hyperspectral image, where
unlabeled IR spectral data can be separated into
different clusters based on their characteristics in an
unsupervised way.
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22.4.2 Chemometrics in Imaging Spectroscopy

To analyze the spectral and spatial information con-
tained in an image, various techniques also known as
multivariate image analysis (MIA) have been intro-
duced. In contrast to univariate image analysis, MIA
uses all of the information contained in the hyperspec-
tral image. Unlabeled IR spectral data can be separated
into different clusters based on their characteristics in
an unsupervised way. Clustering, also called unsuper-
vised classification of FTIR microscopic data, can be per-
formed such that spectra within the same cluster are as
similar as possible and spectra in different clusters are as
dissimilar as possible where different types of cells may
be separated within biological tissue. There are many
clustering techniques that have been applied for hyper-
spectral images, such as hierarchical clustering, KM
clustering, and FCM clustering, which increase the in-
formation content of FTIR imaging data dramatically
[18]. For detailed information about statistical classifica-
tion, the interested reader is referred to the cited
literature.

22.5 AD- AND DISADVANTAGES OF NIR
AND IMAGING SPECTROSCOPY

The ad- and disadvantages of NIR spectroscopy are
summarized in the following.

Advantages:
• Noninvasive measurement (sample can be used

for other purposes after the measurement)
• Simultaneous determination of several

parameters (the information is all packed within
the spectrum)

• Chemical and physical properties can be
determined in parallel (e.g., ingredients and
solvent composition)

Disadvantages:
• Calibration takes a long time, requiring the

consultancy of a reference method
• The lower limit of detection (LOD) can normally be

found in the lower percentage range

The advantages and disadvantages of imaging spec-
troscopy are summarized in the following.

Advantages:
• Noninvasive measurement
• Huge potential for spectral interpretation
• Sensitive
Disadvantages:
• Time consuming (measurement takes several

hours)
• Complicated sample preparation before

measurement

22.6 QUANTITATIVE ANALYSIS OF
SECONDARY METABOLITES

In this chapter, we discuss the potential of NIR spec-
troscopy for the quantitative characterization of herbal
medicine and its constituents, including secondary
metabolites and leading compounds. The following
section summarizes the potential of NIR spectroscopy
for the classification of the origin of natural products
and verification of authenticity.

22.6.1 Phenolic Compounds

NIR spectroscopy has been applied to determine the
content of total polyphenols, catechins, and others [22],
[23]. Furthermore, attempts to analyze the antioxidative
[24], antimicrobial [25], antiviral [26], anti-inflammatory,
analgesic, antipyretic, and vasodilatory effects have
been described [27].

Green tea: The quantitative analysis of the epigalloca-
techin (EGC) gallate, epicatechin (EC), and trolox equiv-
alent antioxidant capacity (TEAC) in green tea (Camelia
sinensis L.) leaves was described. As a reference for the
control of the total phenolic content in green tea, Folin-
Ciocalteu (FC) was used, resulting in an RMSECV of
0.75 g/g for a calibration range of 15.84e24.39 g/g
[28]. For the quantitation of total polyphenol content
high-performance liquid chromatography (HPLC) was
applied. Chen and coworkers compared the three algo-
rithms partial least square (PLS), interval PLS (iPLS),
and synergy interval PLS (siPLS) to predict the total
polyphenol content [29]. The siPLS model performed
best, with an RMSEP of 0.7327 (range: 15.84e24.39%)
using five PLS factors. The same work group reported
PLS calibrations to determine the contents of the main
catechins. Using 75 samples, EGC (0.14%, range:
2.4e5.4%), EC (0.017%, range: 0.1e0.4%), epigallocate-
chingallate (EGCG) (0.38%, range: 7.7e14.1%), and epi-
catechingallate (ECG) (0.12%, range: 1.8e3.7%) were
calibrated using 10e14 PLS factors. Luypaert et al. [30]
reported on a NIR spectroscopy method in combination
with PLS algorithms to predict caffeine, EGCG, EC, and
total antioxidant capacity. Zhang and coworkers [31]
predict the total antioxidant capacity in green tea using
PCR regression with test set validation, with 100 sam-
ples in the calibration set and 23 in the validation set.

Grape skins: Phenolic compounds in grape skins and
intact grapes during ripening were analyzed by Ferrer-
Gellego et al. [32]. Anthocyanins, phenolic acids, flavo-
nols, flavanols, and total phenolic compoundswere quan-
tified with standard ratio of performance to deviations
(RPDs) ranging from 4.4e13.6 applying partial least
square (PLS) (sample set of 56). The same workgroup
also worked on calibration models to determine flavanols
in grape seeds [33].
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Blueberries: Total phenols, total flavonoids, total an-
thocyanins, and ascorbatein blueberries (Vaccinium cor-
ymbosum) were investigated using a system to
determine total soluble solid (TSS), applying NIR and
MIR spectroscopy comparing cross validation and test
set validation, respectively [34].

Kava: In the South Pacific, kava (Piper methysticum)
has been traditionally used for thousands of years for
relaxation without the loss of mental alertness. Kava
has become a part of the herbal pharmacopoeia
throughout the United States and Europe because of
its anxiolytic properties [35]. A PLS calibration model
for kavalactones (desmethoxyangonin, dihydrokavain,
yangonin, kavain, dihydromethysticin, methysticin
and total kalvalactones) using a maximum of 7 PLS fac-
tors was developed by Gautz and coworkers [35]. The
SEPs were 0.20% (range: 0.08e2.35%) for desmethoxyan-
gonin, 0.31% (range: 0.10e3.33%) for dihydrokavain,
0.47% (range: 0.08e3.02%) for yangonin, 0.21% (range:
0.11e3.02%) for kavain, 0.15% (range: 0.08e2.58%) for
dihydromethysticin, 0.19% (range: 0.09e2.70%) for
methysticin and 1.05% (range: 0.54e14.68%) for total
kalvalactones.

Honeybush: Mangiferin and hesperidin in dried green
honeybush (Cyclopia genistoides) were analyzed by Jou-
bert et al. [36]. PLS calibrations were calculated using
160 samples with four and six PLS factors, resulting in
SEPs of 0.46% (range: 0.70e7.21%) for mangiferin and
0.38% (range: 0.64e4.80%) for hesperidin. RPDs were
1.96 (mangiferin) and 1.90 (hesperidin).

Rooibos: An NIR spectroscopy method in combina-
tion with PLS to predict total polyphenols, aspalathin,
nothofagin, and dihydrochaclone in dried green

rooibos (Aspalathus linearis) and aspalathin in water ex-
tracts was reported by Manley et al. [37]. The addition
of dried rooibos extract powder to some of the samples
helped to increase the aspalathin and nothofagin
content.

Magnolia officinalis: An NIR spectroscopy method for
quantification of phenolic compounds in M. officinalis
was reported by Yu and coworkers [38]. PLS, mPLS,
and PCR algorithms were compared, with mPLS per-
forming best, with reaching correlation coefficients of
0.97 for the calibration and 0.95 for validation.

Primula: A method for controlling the flavonoid con-
tent in Primulae veris flos was developed by Huck et al.
This herbal medicine is used as an expectorant related
to its anti-inflammatory properties for the treatment of
sinusitis. For the control of the Primulae veris flos content,
the leading compound 30,40,50-trimethoxyflavone was
determined by reversed-phase liquid chromatography
(RP-LC) as a reference method. The ethanol/water ratio
was controlled simultaneously with the same system
with a correlation coefficient of 0.99,530 for water (refer-
ence method: Karl-Fischer titration), and a coefficient of
0.99,701 for ethanol (reference method: GC). Validation
and results of real samples showed that the robustness
and reproducibility of the NIR spectroscopy model for
the determination of the 30,40,50-trimethoxyflavone, wa-
ter, and ethanol content is high (Figure 22.7) [39]. For
the identification of Primulae veris flos and quantitation
of the leading compound, NIR spectroscopy was
applied as a detector in TLC [39].

Schoenbichler et al. described a study using NIR and
attenuated total-reflectance IR (ATR-IR) spectroscopy in
hyphenation with PLSR to determine the antioxidant

Charge Area Primula Conc. LC NIR-MW Water EtOH
(µV*sec) (g/100g) (ng/µl) (ng/µl) (%) (%) 

91102064  28.10.91 70490 0,493 0,219 0,219 80,38 15,7

91112182  05.11.91 71740 0,500 0,222 0,210 80,83 15,2

91112191  08.11.91 61346 0,442 0,197 0,230 80,25 15,7

91112302  22.11.91 66799 0,472 0,210 0,186 81,33 14,5

91112311  28.11.91 81551 0,555 0,245 0,193 79,69 15,7
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FIGURE 22.7 Quantitative analysis of 30,40,50-trimethoxyflavone, water, and ethanol content in a liquid plant extract. SEE, standard error of
estimation; SEP, standard error of prediction.
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capacity of Primulae flos cum calycibus samples [39].
FC, ferric ion reducing antioxidant power (FRAP),
2,2-diphenyl-picrylhydrazyl (DPPH), 2,20-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), and cupric reducing antioxidant capacity
(CUPRAC) assays were performed as reference
methods. Different spectra pretreatments such as stan-
dard normal variate (SNV), first or second derivative
were applied to remove scattering effects. The ability
of the two spectroscopic techniques to replace the five
assays was evaluated and compared. In general, NIR
demonstrated advantages over ATR-IR spectroscopy,
and had the best results for the ABTS assay (R2: 0.94,
RPDcorr: 4.66; test set validation). Also, ATR-IR spectros-
copy revealed the best prediction power for the ABTS
assay (R2: 0.94, RPDcorr: 4.10; test set validation). The
feasibility of vibrational spectroscopy as a fast and sim-
ple tool to replace wet chemistry assays for the measure-
ment of the antioxidant capacity of Primulae flos cum
calycibus samples was demonstrated [39].

St. John’s wort: St. John’s wort extract is used for
treatment of skin injuries, burns, neuralgia, for its
bacteriostatic and bactericide activity, and as a treat-
ment for mild to moderate depression. The pharmaco-
logical mechanism by which this extract works as an
antidepressant is still not discovered. Both hypericin
and hyperforin play an important role as standards
in the phytopharmaceutical industry. For the investi-
gation of St. John’s Wort and its ingredients, different
analytical procedures have been established,
including IR imaging spectroscopy, UV spectroscopy,
fluorescence microscopy, TLC, LC, LC coupled with
mass spectrometry (LC-MS), and CE. Prior to spectro-
scopic analysis via NIR spectroscopy, a reference
method based on LC, LC-MS, and CE was established
[40]. In the following, 320 spectra of 80 extracts were
recorded in transflection mode using light fiber optics
over a wavelength range from 4008 to 9996/cm with a
resolution of 12/cm at 23 �C and an optical pathway
of 1 mm. The most intensive band in the first derivative
spectrum belonged to the vibration of the second over-
tone of the carbonyl group (5352/cm), followed by
CeH stretch and CeH deformation vibration, the
eOH vibration (4440/cm) and the eCH2 overtone
(5742/cm). Five primary factors were necessary to
reach the best calibration equation. The robustness of
the established NIR spectroscopy model is high, which
is demonstrated in the similarity of results for SEE and
SEP: 0.52 and 0.50 mg m/L and 0.64 and 0.71 mg m/L
for hypericin and hyperforin, respectively (Table 22.1).

Rice grain: Total phenolic and flavonoid contents as
well as antioxidant capacity of rice grain was discussed
by Zhang et al. applying NIR spectroscopy in combina-
tion with multivariate data analysis [41]. The PLS and
mPLS algorithms were compared, delivering similar

low SEP and correlation coefficients above 0.84 for total
phenolics and antioxidant capacity.

Honghua oil: Wu and coworkers [42] reported
about MIR and NIR spectroscopic methods for quantita-
tive analysis of the three marker components, a-pinene,
methyl salicylate, and eugenol, to assess the quality
of honghua oil, a traditional Chinese medicine
(TCM) oil preparation, consisting of several plant essen-
tial oils.

Bamboo leaves: Flavonoids and phenolic acids in ex-
tracts of bamboo leaves were found by Lu et al. [43].
NIR spectroscopy was combined with PLS and least-
squares support vector machine (SVM) to establish the
corresponding models.

Snow lotus: Chen and coworkers [44] applied NIR
spectroscopy to measure the total flavone content in
snow lotus (Saussurea involucrata) using iPLS with
genetic algorithm (iPLS-GA).

Alfalfa: Gonzalez-Martin [45] applied NIR spectros-
copy to determine tocopherols in alfalfa. Using mPLS
calibration models for 60 fresh and dehydrated samples,
SECVs of 0.37 mg/100 g for a-tocopherol (range:
0.55e5.16) and 0.027 for (b þ g)-tocopherol (range:
0.07e0.48) were achieved.

Radix puerariae: Lau et al. [46] determined the puer-
arin, daidzin, and total flavonoids in R. puerariae by
calculating PLS regression models. Correlation coeffi-
cients in the range 0.939e0.970 were reached using a
maximum of five PLS factors.

Ginkgo biloba: Zhou and coworkers [47] reported
about NIR spectroscopy in combination with iPLS to
determine quercetin in extracts of G. biloba.

Cannabis: An NIR spectroscopy method to discrimi-
nate between tetrahydrocannabinol (THC)-rich and
hemp forms of cannabis was reported by Wilson
et al. [48].

Scutellariae radix: This plant, also known as huang-
qin, is of high pharmacological interest due to the con-
tained flavonoids. About 30 flavonoids were identified
and quantified in Radix scutellariae, using different
analytical techniques such as CE [49], gas chromatog-
raphy, TLC, ion-pair HPLC, HPLC with UV spectros-
copy, high-speed counter-current chromatography
(HSCCC), HPLC, and HPLC coupled with MS [50].
The main flavonoids contained in the plant are: wogonin
and baicalin; the latter was found in higher amount.
Various scientific publications investigated several phar-
macological effects of baicalin and its aglycone baicalin
as an antitumor agent [51] that can inhibit cancer cell
growth or induce apoptosis in breast, prostatic cell lines,
and act as anti-inflammatory, antioxidant, and free
radical scavenger, as well as an antiviral (HIV), anti-
SARS coronavirus agent [52]. Huang and coworkers
[53] determined baicalin and total flavonoids in Radix
scutellariae measuring 61 samples in DR mode with
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TABLE 22.1 Summarized Quality Parameters of the Performed PLSR Calibrations for the Determination of St. John’s Wort Ingredients by
NIR Compared to MIR-ATR Spectroscopy [61]

Pretreatments

MIR-ATR NIR

Hyperforin Hypericin Rutoside Hyperoside Hypertorin Hypericin Rutoside Hyperoside

SEP [%] SEP [%] SEP [%] SEP [%] SEP [%] SEP [%] SEP [%] SEP [%]

PCs PCs PCs PCs PCs PCs PCs PCs

r2(val.) r2(val.) r2(val.) r2(val.) r2(val.) r2(val.) r2(val.) r2(val.)

RPD RPD RPD RPD RPD RPD RPD RPD

Normalization 1.29 0.00655 1.58 0.249 1.41 0.00418 0.976 0.141

6 5 3 5 5 7 4 6

0.914 0.679 0.61 0.757 0.895 0.7 0.856 0.912

2.75 1.58 1.57 1.96 2.52 2.47 2.54 3.46

SNV 1.24 0.00624 1.54 0.253 1.4 0.0035 0.935 0.133

7 6 3 4 6 5 4 9

0.923 0.67 0.631 0.749 0.893 0.82 0.863 0.901

2.87 1.66 1.61 1.93 2.54 2.95 2.66 3.67

MSG 1.25 0.00629 1.558 0.252 1.53 0.00343 0.976 0.186

7 6 3 4 4 5 4 6

0.921 0.667 0.624 0.751 0.856 0.8 0.851 0.829

2.84 1.64 1.59 1.94 2.32 3.01 2.54 2.62

1st derivative 1.12 0.00794 1.46 0.173 1.39 0.00328 1.55 0.145

7 6 3 5 3 6 3 4

0.921 0.454 0.729 0.86 0.874 0.881 0.675 0.915

3.17 1.30 1.70 2.82 2.56 3.15 1.60 3.37

2nd derivative 1.27 0.00695 1.29 0.169 1.51 0.00565 1.37 0.139

6 3 7 3 6 6 7 5

0.91 0.692 0.771 0.887 0.87 0.754 0.706 0.926

2.80 1.49 1.92 2.89 2.35 1.83 1.81 3.51

3rd derivative 1.50 0.00678 1.34 0.211 1.43 0.00506 1.38 0.115

3 4 6 3 5 4 6 5

0.861 0.702 0.729 0.81 0.898 0.788 0.703 0.947

2.37 1.52 1.85 2.31 2.49 2.04 1.80 4.25

Norm. þ 1st der. 1.30 0.00764 1.35 0.17 1.36 0.00402 1.47 0.164

4 5 3 5 4 4 3 3

0.915 0.684 0.779 0.846 0.879 0.827 0.711 0.895

2.73 1.35 1.84 2.87 2.61 2.57 1.69 2.98

SNV þ 1st der. 1.19 0.00762 1.35 1.51 1.50 0.0041 1.33 0.186

5 5 3 4 7 4 7 4

0.917 0.676 0.779 0.866 0.857 0.763 0.718 0.865

2.99 1.36 1.84 0.32 2.37 2.52 1.87 2.62

MSG þ 1st der. 1.19 0.00754 1.36 0.15 1.51 0.00411 1.32 0.185

Continued
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TABLE 22.1 Summarized Quality Parameters of the Performed PLSR Calibrations for the Determination of St. John’s Wort Ingredients by
NIR Compared to MIR-ATR Spectroscopy [61]dcont’d

Pretreatments

MIR-ATR NIR

Hyperforin Hypericin Rutoside Hyperoside Hypertorin Hypericin Rutoside Hyperoside

SEP [%] SEP [%] SEP [%] SEP [%] SEP [%] SEP [%] SEP [%] SEP [%]

PCs PCs PCs PCs PCs PCs PCs PCs

r2(val.) r2(val.) r2(val.) r2(val.) r2(val.) r2(val.) r2(val.) r2(val.)

RPD RPD RPD RPD RPD RPD RPD RPD

5 5 3 4 7 4 6 4

0.917 0.678 0.777 0.866 0.856 0.757 0.724 0.867

2.99 1.37 1.83 3.25 2.35 2.51 1.88 2.64

Norm. þ 2nd der. 1.36 0.00689 1.02 0.17 1.45 0.00765 1.33 0.168

6 4 6 4 4 2 6 3

0.921 0.708 0.925 0.879 0.865 0.528 0.718 0.898

2.61 1.50 2.43 2.87 2.45 1.35 1.87 2.91

SNV þ 2nd der. 1.36 0.00692 0.979 0.159 1.58 0.00309 1.25 0.177

6 4 6 4 6 6 7 3

0.915 0.707 0.859 0.894 0.87 0.895 0.751 0.895

2.61 1.49 2.54 3.07 2.25 3.35 1.99 2.76

MSG þ 2nd der. 1.35 0.00689 0.983 0.158 1.59 0.00299 1.25 0.18

6 4 6 4 6 6 7 3

0.915 0.71 0.858 0.895 0.868 0.901 0.753 0.892

2.63 1.50 2.53 3.09 2.24 3.46 1.99 2.71

Norm. þ 3rd der. 1.24 0.00602 1.16 0.157 1.46 0.00594 1.37 0.202

7 5 6 4 5 2 5 2

0.909 0.753 0.816 0.885 0.901 0.623 0.698 0.882

2.87 1.72 2.14 3.11 2.43 1.74 1.81 2.42

SNV þ 3rd der. 1.21 0.00589 1.13 0.153 1.445 0.00411 1.33 0.122

7 5 6 4 5 6 6 4

0.909 0.763 0.815 0.892 0.902 0.813 0.722 0.947

2.94 1.75 2.20 3.19 2.46 2.51 1.87 4.00

MSG þ 3rd der. 1.21 0.00585 1.14 0.151 1.45 0.00411 1.33 0.12

7 5 6 4 5 6 6 4

0.909 0.764 0.815 0.895 0.902 0.813 0.72 0.948

2.94 1.77 2.18 3.23 2.45 2.51 1.87 4.07

SEP, standard error of prediction; SNV standard normal variate; NIR, near-infrared; MIR, mid-infrared; ATR, attenuated total reflection.
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baicalin contents ranging from 12.24% to 21.34% and to-
tal flavonoid contents ranging from 16.08% to 26.52%.
PLS calibration showed correlation coefficients of 0.902
for baicalin and 0.952 for total flavonoids.

22.6.2 Glycoside Compounds

Buckwheat: Tartary buckwheat (Fagopyrum tartaricum)
was analyzed by Yang and coworkers [54]. They estab-
lished PLS regression models to quantify the rutin and
D-chiro-inositol (DCI) content.

Verbena officinalis: ATR-IR and NIR diffuse reflec-
tance spectroscopy (NIR) in hyphenation with multi-
variate analysis was used to quantify verbenalin and
verbascoside in V. officinalis by Schoenbichler et al.
[55]. A new HPLC method as a reference was estab-
lished and validated, being highly suitable as a refer-
ence method for calibrating the IR models. For both,
vibrational spectroscopic methods test set and cross
validation were performed. Different data pretreat-
ments like SNV, first and second derivative were
applied to remove systematic errors and were evalu-
ated. Quality parameters obtained for the test set vali-
dation revealed that ATR-IR (verbenalin: R2 ¼ 0.94,
RPD ¼ 4.23; verbascoside: R2 ¼ 0.93, RPD ¼ 3.63) has
advantages over NIR (verbenalin: R2 ¼ 0.91,
RPD ¼ 3.75; verbascoside: R2 ¼ 0.80, RPD ¼ 2.35) in
the given application.

22.6.3 Ginsenosides

Yap et al. performed simultaneous quantification
of ginsenosides Rb1, Rb2, Rc, Re, Rd, Rg1, Ro m-Rb1-
m-Rb2, m-Rd, and m-Rc in American ginseng. Among
the calibration equations for the 11 individual ginseno-
sides, those of RB1, Re, and m-Rb1 showed the lowest
relative standard deviation using HPLC as a reference
method [56].

22.6.3.1 Glucosinolates

Indian mustard: 2700 winter Indian mustard seeds
were analyzed using MPLS as regression method with
reported SEP values of 15.65 for glucosinolates [57].

Brassica: The determination of glucosinolates in
Brassica species [22], including Brassica napus L. [58],
pabularia, oleracea, and juncea was reported.

22.6.3.2 Essential Oils

Honghua oil: Honghua oil, a TCM oil preparation, is a
mixture of several plant essential oils. Gas chromato-
graphic (GC) investigation of 48 commercially available
oils was carried out to establish PLS calibrations for the
three marker components a-pinene, methyl salicylate,
and eugenol with SEP values of 1.55, 0.957, and
0.389%, respectively [42].

22.7 QUALITATIVE ANALYSIS:
CLASSIFICATION, DISCRIMINATION

AND/OR AUTHENTICATION

NIR spectroscopy shows great potential to use
the generated fingerprint spectrum for classification,
discrimination, and/or authentication queries [59].
Furthermore, it shows high potential for classifying the
origin of natural products and detecting adulteration.

Tea plant: 293 samples from field experiments were
analyzed by Xiaoli and Yong [60] and in the following
wavelet transformation (WT), PCA and ANN were
used to classify the tea samples. The ANNmodels devel-
oped gave good classification accuracy up to 77.3% for
the varieties analyzed.

For the fast analytical judgment of green, black, and
oolong tea, the combination of NIR spectroscopy with
SVMwas reported [29]. In this attempt, spectral features
of each category can be used to differentiate in the NIR
region the three tea varieties. The best classification rates
were up to 90, 100, and 93.33%, using the calibration set
and 90, 100, and 95% using the validation set,
respectively.

St. John’s wort: Huck-Pezzei et al. [61] established a
procedure to discriminate between pharmaceutical for-
mulations containing either Hypericum perforatum or
Hypericum hirsutum originating from China.

Scutellariae radix: The suitability of NIR to distinguish
between 27 cultivated and 22 wild samples collected
from nine different regions in China was investigated.
Spectral differences between wild and cultivated plants
were enhanced after second derivative preprocessing.
The most intense band in each spectrum could be
assigned to the second overtone of the carbonyl group
(5352/cm), followed by the CH stretch and CH deforma-
tion vibration (7212/cm), the OH vibration (4440/cm),
the CH2 (5742/cm), and the CH3 overtone (5808/cm).
Furthermore, PCAwas used to develop a cluster model
for qualitative analysis of wild and cultivated Radix scu-
tellariae (not shown). The total variance explained by
the first principal component was 81%. In this study,
the best results were obtained when models were based
on the 4200e7716/cm spectral region. Second derivative
is obviously superior to other pretreatments.

Tanreqing: Tanreqing injection is a widely used patent
drug in China. It is made from five kinds of TCM ex-
tracts, namely: Radix Scutellariae, Forsythia suspense,
Flos lonicerae, bear gall powder, and Cornu gorais. It
was used chiefly in treating infection of the upper
respiratory tract and serious influenza, and also has
satisfactory efficacy in treating severe acute
respiratory syndrome (SARS) and A/H1N1 flu. In its
manufacturing process, several kinds of intermediates
need to be analyzed to ensure that the operation runs
steadily. A qualitative model to monitor the quality of
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produced batches according to process analytical tech-
nology (PAT) guidelines recommended by the United
States Food and Drug Administration (FDA) was estab-
lished by Wenlong et al. [62].

Saffron: An NIR spectroscopy method to determine
the chemical composition and geographical origin of
111 samples from the main producing countries,
Iran, Greece, and Spain was reported by Zalacain
[63]. Compared to UV-VIS and HPLC as reference
methods, NIR spectroscopy was found to be superior,
following the ISO 3632 Technical Specification
Normative.

22.8 IR IMAGING SPECTROSCOPY
STUDIES

The goals of plant IR spectroscopic imaging are to
determine the severity of plant diseases, detect defects
and contaminations, and determine the distribution of
certain chemical components such as cellulose, hemi-
celluloses, lignin, lipids, proteins, and DNA [64]. An
approach to understanding the function and the
biochemical composition of plant tissue is one aim of
imaging studies. IR spectroscopic imaging and map-
ping technologies have proven to be powerful options
for generating new information on plant tissue compo-
sitions and alterations. The use of FTIR imaging to eval-
uate differences in the chemical composition of the
Urtica dioica root tissue was described by Pallua et al.
[64]. Tissue specimens were cut on a microtome at

5-mm thickness and mounted onto CaF2-slides. FTIR
microscopic measurements were performed on an
FTIR microscope equipped with a liquid nitrogen-
cooled MCT 16-element linear array detector at
atmospheric conditions. The samples were measured
in MIR transmission mode with a nominal lateral
resolution of 25 � 25 mm per pixel for each spot. Absor-
bance spectra were recorded in the range from 4.000/
cm to 750/cm with a spectral resolution of 4/cm with
two co-added scans at 1.0 cm/s step size. After mea-
surement, the samples were analyzed by spectra, uni-
variate, and cluster analyses. The analyses were
performed using Spectrum software (PerkinElmer, En-
gland), Spectrum IMAGE software (PerkinElmer, En-
gland) and CytoSpec software package (http://www.
cytospec.com, Germany). For the interpretation and
calibration of the system, the FTIR-images were corre-
lated with the histomorphological information. With
this method, it was shown that it is possible to image
different types of ingredients in the root applying a
resolution of 25 � 25 mm.

Results presented in Figure 22.8 clearly illustrate the
capability of spectroscopic imaging to accurately repro-
duce tissue histology of U. dioica root tissue. The optical
image shows different tissue types: plerom tissue,
periblem tissue, and rhizoderm tissue. The chemical
map of the absorption at 1662e1645/cm, which is
commonly attributed to amid-I proteins, represents a
homogeneous distribution in all tissue types. This
FTIR imaging result clearly demonstrated a very high
absorption of this band in the periblem and rhizodermis

FIGURE 22.8 IR imaging results of Urtica dioica samples. IR, infrared.
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region, and indicates that these tissue types produce a
high amount of amid-II proteins. A chemical map was
generated by integrating the area under the band absorp-
tion at 1138e988/cm, which is commonly attributed to
carbohydrates, nucleic acids, and phospholipids. The
chemical map of the absorption at 1160e1140/cm corre-
lated well with the morphology of the plerom region,
and indicates that this tissue type produces a high
amount of thementioned ingredients. These observations
led to the fact that the plerom tissue produces a high
amount of carbohydrates, nucleic acids, and phospho-
lipids compared to periblem or rhizoderm tissue. How-
ever, this form of processing cannot do specific
correlations with morphological and histological fea-
tures. Therefore, different cluster analyses are performed
to fully characterize the range of spectral variations
through the tissue section. Therefore, FCM and KM clus-
tering are the most appropriate methods of choice.

22.9 REGULATORY ISSUES

In 2012, the European Medicine Agency published
guidelines on the use of NIR spectroscopy by the
pharmaceutical industry and the data requirements
for new submissions and variations (EMEA/CHMP/
CVMP/QWP/17,760/2009 Rev2; http://www.ema.
europa.eu/docs/en_GB/document_library/Scientific_
guideline/2012/02/WC500122769.pdf). This guideline
describes the regulatory requirements for marketing
authorization applications and variation applications
submitted for medicinal products for human or veteri-
nary use, which include the use of NIR spectroscopy.
NIR spectroscopy is described in the European Phar-
macopoeia; however, a single reference to the Ph.Eur.
general chapter on NIR spectroscopy (Ph.Eur. 2.2.40)
as a sole description for the NIR spectroscopic proce-
dure is insufficient to support the use of such a proce-
dure in marketing authorization applications or
variation submissions.

This guideline outlines the requirements for appli-
cations in which NIR spectroscopy is used for qualita-
tive and quantitative analysis or where it is used as a
PAT for monitoring and controlling drug substance
synthesis and finished product manufacturing
processes.
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23.1 INTRODUCTION

The concept of antibiotics originates from “antibi-
osis,” which is considered as an association of two or
more organisms with at least one being detrimental to
the other(s). Thus, antibiosis reflects on the presence of

the organism that is capable of producing harmful ef-
fects to the other organism(s). Although antibiotics are
literally used to describe chemical compounds that are
responsible for the inhibition of the growth of or the
killing of bacteria with minimum or no harm to the
host, a broader term “antimicrobial agents” is used to
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include antibacterial, antifungal, antiprotozoal, and
antiviral agents. Whatever the terms are used for a
proper definition, the ultimate aim is to get rid of any
kind of infections caused by microorganisms. Moreover,
another term “antiinfective agent” is also used world-
wide in antimicrobial drug discovery research. Antiin-
fective drug discovery research emphasizes on
systematic approaches for the isolation and identifica-
tion of lead compounds that might have the capability
of inhibiting the growth of (static) or killing (cidal) a
microorganism responsible for a particular type of infec-
tion. Bioassay-directed search for secondary metabolites
from natural sources covering plants, microbes, marine
organisms, and animals as well as synthesis of lead nat-
ural product analogs are the main focus of antiinfective
drug discovery research.

Although the antibiotic era started with the accidental
discovery of penicillin by Alexander Fleming in 1928,
there has been evidence of using indigenous herbs for
centuries for the treatment of infections without the ne-
cessity of having any scientific knowledge. Some of the
obvious examples of herbs used for the treatment of in-
fectious diseases are moldy soybean curd and honey.
The ancient Chinese used moldy soybean curd for the
treatment of boils and controlled foot infections by wear-
ing sandals that were furry with mold [1]. In the middle
ages, honey was used for the treatment of infections
associated with postarrow wounds [2].

In 1877, Pasteur and Joubert noticed that Anthrax
bacilli were killed when the culture became contami-
nated with other bacteria. In 1901, rabbits were pro-
tected from anthrax when a liquid culture of
Pseudomonas aeruginosa was injected. Such activities
were due to the production of metabolites by one organ-
ism that inhibited the growth of other organisms [1]. In
the early 1900s, Paul Ehrlich, a Nobel Prize winner, for
his contribution to immunology, further explored the
concept of antibiosis [2]. This idea was well known as
the magic bullet. In 1910, Ehrlich synthesized an
arsenic-containing chemical compound known as
salvarsan (Figure 23.1). This became the choice of med-
icine for the treatment of infectious diseases including
syphilis and trypanosomiasis [2] until it was replaced
by penicillin in 1945. In 1934, proflavine (Figure 23.1)
was introduced, which was capable of fighting infec-
tions associated with deep surface wounds during
World War II [2]. Because of their high toxicity, there
was an urgent need for new antibiotics to combat infec-
tion during World War II. The discovery of prontosil in
1935 was a real breakthrough for the treatment of
systematic infections [2]. Prontosil (Figure 23.1), a
sulfur-containing prodrug, was used effectively until
the availability of penicillin in early 1940s. Fleming
grew the mold in a pure culture and noticed that it pro-
duced a substance that was beneficial against a number

of diseases that were caused by bacteria. He identified
the mold as Penicillium notatum and named the metabo-
lite as “penicillin,” which inhibited the growth of bacte-
ria [3]. Penicillin (Figure 23.2), a fungal metabolite,
became the choice of drug to fight bacterial infections
during that period.

The outcome of such research led to the discovery of a
number of natural antibiotics, such as streptomycin
(Figure 23.2), from an actinomycete, Streptomyces griseus
[4]. Chloramphenicol (Figure 23.2), an orally active
broad spectrum antibiotic, was discovered in 1947
from Streptomyces venezuelae, another actinomycete
from soil sample [5]. A golden actinomycete, Strepto-
myces aureofaciens, produced chlortetracycline [6], which
was revealed to be a broad spectrum antibiotic with a
therapeutic efficiency similar to that of chloramphenicol
(Figure 23.2) but with no activity against tuberculosis.
Erythromycin (Figure 23.2) [7], the first macrolide
antibiotic, was isolated from a strain of Streptomyces
erythreus in 1952, which was mainly used in the
treatment of Gram-positive infections of the skin and
respiratory tract. Vancomycin, a cyclic peptide
antibiotic, with effectiveness against both aerobic and
nonaerobic Gram-positive bacteria, was isolated from
Streptomyces orientalis in 1955 [8], but its chemical
structure was confirmed in 1981 [9]. The search for
new antibiotics continued and led to the discovery of
different classes of antibiotics including natural,
semisynthetic, and synthetic compounds.

Salvarsan

Proflavine

Prontosil

FIGURE 23.1 Structures of salvarsan, proflavine, and prontosild
antimicrobial agents used before the discovery of penicillin.
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23.2 EXTRACTION AND ISOLATION OF
METABOLITES FOR ANTIMICROBIAL

POTENTIALS

The main natural source of antimicrobial agents is
microbes. However, plants, marine organisms, and
some animals are also important natural sources for
producing antimicrobial secondary metabolites. Extrac-
tion is the one of the earlier stages for any kind of
drug discovery programs from natural resources
including plants, microbes, marine organisms, and ani-
mal toxins. A general term “biomass” is used to describe
plants, microbes, marine organisms, and animal toxins.
Extraction depends on the nature of biomass. When
we focus on the antimicrobial agents from microbial
source, the microorganism of interest is normally grown

in large vessels containing an appropriate growth me-
dium followed by incubation with continuous shaking
at an appropriate temperature for a certain period of
time. After completion of fermentation, the microbial
cells are normally freeze dried and kept in appropriate
containers and stored in the freezer until extraction. In
the case of plants, we rely on the local knowledge for
any type of drug discovery research. Traditional healers
provide information about medicinal plants that are
used or prescribed by them for the treatment of
infectious diseases. Once such plant has been selected
for a drug discovery research project, the first step is to
get the plant identified by a field taxonomist followed
by collection of a voucher specimen in a well-
recognized herbarium. The next step is to grind the plant
material into powder using a suitable blender or miller
followed by extraction. The choice of the solvent is an
important factor in the extraction, which depends on
the nature of the chemicals present in the biomass. For
example, nonpolar solvents, such as hexane or petro-
leum ether, can easily extract volatile components such
as monoterpenes or sesquiterpenes, whereas polar sol-
vents, such as water or methanol, favor the extraction
of polar components such as glycosides. Several

Penicillin (Penicillin G, R=C6H5-CH2; Penicillin V, R=C6H5-O-CH2)

Streptomycin

Chloramphenicol

FIGURE 23.2 Structures of some antibioticsdpenicillin, strepto-
mycin, chloramphenicol, tetracycline, and erythromycin.

Tetracyclin, R=H; Chlortetracyclin, R=Cl

Erythromycin

FIGURE 23.2 cont’d.
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methods have been developed for the extraction of
biomass in drug discovery approaches from natural re-
sources. Among these methods, cold extraction is
preferred for biomass which might contain volatile com-
ponents or heat-sensitive substances, whereas hot
extraction using a Soxhlet apparatus offers the advan-
tage of being a more efficient method but suffers from
the drawback of its unsuitability for thermolabile
substances. Supercritical fluid extraction, a relatively
newer extraction method, applies the principle that
some gases near the critical point behave like liquids
and have solvating properties [10]. The most widely
used supercritical fluid is carbon dioxide (CO2), which
replaces the use of nonpolar organic solvents, such as
hexane and dichloromethane, for the extraction of
lipophilic components. Addition of a modifier such as
methanol to CO2 enables the extraction of hydrophilic
components from the biomass.

In bioassay-directed approaches, crude extracts are
subjected to an initial screening for bioactivity (e.g., anti-
bacterial and antifungal) followed by fractionation of
active extracts by flash chromatography or vacuum
liquid chromatography (VLC) [11,12], and further purifi-
cation by suitable chromatographic techniques. Analyt-
ical thin layer chromatography (TLC) [13,14] is widely
used for the initial screening of extracts and/or fractions
and also to ensure the purity of compounds. To isolate
and purify secondary metabolites from crude extracts,
there are numerous chromatographic methods available
that are used widely in both academic and industrial
research in drug discovery [11e14]. Among these, gel
filtration or size exclusion chromatography is very useful
for the removal of pigments (i.e., chlorophyll) and the
separation of components of crude extracts or VLC
fractions based on molecular size, and Sephadex LH20
is used as the stationary phase in size exclusion chroma-
tography. Although traditional column chromatography
(CC) is also in use, solid phase extraction (SPE) using
either normal or reversed phase silica (C-18) is
well accepted for both fractionation and purification.
High-performance liquid chromatography (HPLC) is a
modern, sophisticated, and very powerful separation
technique for the analysis and final purification of com-
pounds. HPLC is used as the final chromatographic
method for the purification of polar compounds from
bioactive fractions that have been obtained by VLC,
SPE, gel filtration, or CC.

23.3 IDENTIFICATION OF COMPOUNDS

Once the compounds have been isolated and purified
by a combination of chromatographic techniques, a num-
ber of spectroscopic methods are employed for the confir-
mation of the structures of the isolated compounds.

Although mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy are key spectroscopic
methods for the confirmation of structures, infrared (IR)
and ultravioletevisible (UVeVis) spectra support the
structural features by identifying the presence of certain
functional groups (IR) and the degree of conjugation
(UV) in the molecules, respectively.

23.3.1 UVeVis Spectroscopy

UVeVis spectra of the samples are recorded on a
UVeVis spectrophotometer. The samples are normally
dissolved in methanol and are then scanned to know
the lmax and absorption coefficient in a particular con-
centration. Although UV spectroscopy is a very useful
tool for the quantitative estimation of analytes or active
pharmaceutical ingredients in the formulation, it has a
very limited role in the structural elucidation of natural
products. It only provides the indication of the degree of
conjugation (chromophore) in the molecule.

23.3.2 IR Spectroscopy

IR spectra are usually recorded on a Fourier trans-
form IR spectrophotometer using KBr discs or dry films.
IR spectroscopy helps in structural elucidation by
revealing the presence of certain functional groups
(e.g., -OH, CO, -COOH, -NH2, -CONH2, and arenes)
present in the molecules.

23.3.3 Mass Spectrometry

MS is an analytical technique that allows the mea-
surement of the molecular weight of the compound.
There are several ionization techniques available in MS
including atmospheric pressure chemical ionization,
chemical ionization, electron impact, electrospray ioni-
zation, fast atom bombardment, field desorption/field
ionization, and matrix-assisted laser desorption ioniza-
tion. In the case of small bioactive “organic molecules,”
it is possible to measure the molecular mass within an
accuracy of �5 ppm by high-resolution electron impact
mass spectra. The fragmentation patterns as exhibited
in the mass spectra are useful in building the structure
of an organic compound. Hyphenated techniques,
such as liquid chromatography mass spectrometry and
gas chromatography mass spectrometry, are widely
used for the identification of known compounds.

23.3.4 Nuclear Magnetic Resonance
Spectroscopy

NMR spectroscopy is extensively used to characterize
isolated compounds. NMR is one of the most powerful
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tools for structural assignments of organic compounds.
The Pulse-Fourier-transform technique has greatly
increased the efficiency and sensitivity of NMR spectra
and has made it possible to obtain the spectra of low-
abundance nuclei, particularly those of 13C.

The 2DNMR techniques have facilitated the unambig-
uous assignment of the structures of organic compounds.
The simplest method for obtaining an NMR spectrum by
the Pulse-Fourier-transform technique involves the irra-
diation of sample with a single radiofrequency pulse of
a fewmicrosecond duration [15], which is normally short
enough to excite all nuclei of a given magnetic isotope to
result in an emission of signal from the excited nuclei.
This signal is called free induction decay (FID), which
is converted into an NMR spectrum by Fourier transfor-
mation. The key NMR techniques that are widely used
for the structural elucidation of natural products have
been outlined briefly in this section.

23.3.4.1 1H NMR Spectroscopy

This is the first and fundamental NMR experiment for
the structural elucidation of organic compounds.
The development of a highly sensitive instrument
(400e800 MHz) allows the measurement of the 1H
NMR spectrum of a smaller amount of samples within
a few minutes. Such a spectrum provides the following
information:

1. the number of signals, that is, how many different
types of protons are present in a molecule;

2. the chemical shifts, that is, the electronic environment
of each set of protons;

3. the intensities of signals, that is, how many protons
exist in each signal;

4. the splitting pattern of a signal, that is, the
environment of a proton with respect to its neighbors.

23.3.4.2 Broad Band Decoupled 13C NMR
Spectroscopy

This is a quick method utilizing a very short relaxa-
tion time (<1 s). This technique is particularly useful
for smaller amounts of samples and is the method of
choice when any quaternary carbon peaks are missed
in the J-modulated spectrum. But, all carbons (C, CH,
CH2, and CH3) appear on the same side, which makes
it difficult to differentiate among different carbon types
present in the molecule.

23.3.4.3 J-Modulated 13C NMR Spectroscopy

This technique (also known as the attached proton
test) is also used for the study for 13C NMR. In this
experiment, resonances from 13C nuclei of CH3 and
CH appear to be inverted with respect to those from
CH2 and quaternary carbons. This is achieved by simul-
taneously applying a proton 180� pulse with the carbon

180� pulse, by using a delay time of 1
2 J seconds and by

utilizing broad band decoupling while acquiring the
FID [16]. The main advantage of this technique over
the conventional Broad Band Decoupling 13C spectrum
is its simplicity to differentiate between C/CH2 and
CH/CH3 carbons. However, it suffers from the
disadvantage of having less sensitivity over broad
band-decoupled 13C NMR spectroscopy, and in some
cases, quaternary carbons may disappear. However,
quaternary carbons can be seen by increasing the
relaxation delay to 6e10 s.

23.3.4.4 Distortionless Enhancement by
Polarization Transfer-135

Distortionless enhancement by polarization transfer-
135 spectra [17] differentiate methylene peaks from
methyl and methine peaks. Quaternary carbons do not
appear in this spectrum, and thus, they help to separate
C and CH2 peaks in a J-modulated experiment. This is
therefore very useful in the structural elucidation of ter-
penoids [18] in confirming CH2 peaks. As the carbon in a
solvent is quaternary, it also disappears; it is thus essen-
tial to calibrate the spectrum by using the same solvent
reference value or a carbon chemical shift from another
13C (e.g., J-modulated) experiment.

23.3.4.5 Homonuclear Correlation Spectroscopy

Experiments in homonuclear correlation spectros-
copy tell us how the different components of the same
nuclei (1H) are related to one another through scalar or
spatial coupling. 1H-1H correlation spectroscopy
(COSY), total correlation spectroscopy (TOCSY), and
Nuclear Overhauser Enhancement Spectroscopy
(NOESY) are the most commonly used homonuclear
correlation spectroscopic experiments.

23.3.4.5.1 1He1H Correlation Spectroscopy

Among the 2D NMR experiments, the 1H-1H COSY
experiment provides information about protons that
are coupled to each other. Basically, the COSY experi-
ment is the process of coherence transfer in which
magnetization is transferred between coupled spins
[19]. It consists of two 90� pulses separated by a time
delay. After the second pulse, an exchange of magnetiza-
tion owing to scalar coupling (coherence transfer) be-
tween spins may occur. Fourier transformation of the
FID presents a COSY spectrum showing crosspeaks
that connect the coupled nuclei.

The COSY-45 experiment consists of a 45� pulse in
place of the second 90� pulse. Thus, a simplified spec-
trum is obtained by reduction of the crosspeaks within
multiplets such as CH2. Thus, it is useful in a complex
spectrum in identifying the correlations that would
otherwise be hidden in the clutter of peaks close to the
diagonal [20]. The COSY-lr is another homonuclear 2D
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NMR experiment using a relatively long delay and
thereby enhances the relative intensity of crosspeaks
from long range coupling [21]. Usually, the delay time
is set at 0.3 s. The COSY experiment gives rise to
coupling information among the protons that are
directly coupled to other protons. Such coupling can
be through two, three, and sometimes four bonds. The
diagonal gives the correlations (couplings) of signals
among themselves, while identical information is shown
on either side of the diagonal. So, one side of the diago-
nal is required to be taken into consideration for
interpretation.

23.3.4.5.2 1He1H Total Correlation Spectroscopy

Although TOCSY [22] is very similar to COSY in its
basic principle, it provides information on the cross-
peaks for all protons that are part of the same spin sys-
tem. For example, the COSY spectra in the case of an
ABCD system of four protons reveal crosspeaks for “A
to B,” “B to C,” and “C to D,” whereas the TOCSY
spectra show an additional crosspeaks for “A to C,”
“A to D,” and “B to D.” This means that the TOCSY spec-
trum reveals a total correlation among the 1H values
within the same spin system. So TOCSY is very useful
for the identification of natural peptide products as it re-
veals strong interactions among the spin systems of each
amino acid.

23.3.4.5.3 1He1H Nuclear Overhauser Enhancement
Spectroscopy

This is useful for nuclei that are close in spatial prox-
imity within the molecule. It looks like a COSY spec-
trum, but the crosspeaks are now evidence of a
through spatial dipolar interaction instead of a scalar
coupling through bonds. In a 2D NOE (NOESY) experi-
ment, the nuclei are excited at the same time and
nonselective pulses are labeled by their precessional fre-
quencies. This frequency labeling is equivalent to selec-
tively exciting each of the nuclei and separately
measures each pairwise interaction [23]. The NOESY
experiment consists of three 90� pulses and requires
one to incorporate a delay time known as mixing time
before the third 90� pulse. The mixing time is very
important in the NOESY experiment and depends
upon the properties of the molecules under investiga-
tion. It is assumed that small molecules require a long
mixing time (1e5 s), and large molecules require a
shorter time (0.1e0.5 s). However, this is not true in all
cases. In this study, a mixing time of 0.5 or 1 s was nor-
mally used. Sometimes, it was changed further depend-
ing upon the spectra desired.

23.3.4.6 Heteronuclear Correlation Spectroscopy

These 2D NMR experiments show how different spe-
cies of nuclei, most commonly, 1H and 13C, are related

through scalar coupling. The heteronuclear multiple
quantum coherence, heteronuclear single quantum cor-
relation, and HC-COBIDEC [24] experiments show 1J
or direct 1He13C couplings, whereas long range (2J, 3J,
etc.) heteronuclear (1HeXe13Ce13C) couplings are
observed from heteronuclear multiple bond coherence
(HMBC) experiments [25].

23.3.4.6.1 Heteronuclear Multiple Quantum
Coherence

Heteronuclear multiple quantum coherence (HMQC)
is also known as heteronuclear single quantum correla-
tion (HSQC). This heteronuclear 2D experiment shows
crosspeaks that reveal the direct (1J) correlation between
1H and 13C nuclei. In this experiment, the 1H spectrum is
plotted on the x-axis, and 13C spectrum is plotted on the
y-axis, whereas there is no spectrum on the diagonal. As
the 1H NMR spectrum can directly be correlated to 13C
NMR in the HMQC, this experiment is very useful in
assigning both 1H and 13C values and in thereby facili-
tating structural elucidation. Both HMQC and HSQC
allow the correlation to be made between 1H and 13C
nuclei by using a pulse sequence with a delay time set
to 1

2 J seconds. These experiments suffer from a draw-
back of noise artifacts arising from intense protons peaks
such as methyl groups.

23.3.4.6.2 Heteronuclear Multiple Bond Coherence

HMBC spectroscopy correlates 1H and 13C nuclei
through two, three, or sometimes four bonds. Normally,
a variable delay time

�
1
2 J
�
is set for 70 msec, which opti-

mizes 3J crosspeaks that are more prominent than those
for 2J. However, it is possible to make 2J crosspeaks more
prominent and even 4J peaks visible by changing the
value of delay time. Sometimes, in HMBC experiments,
direct C-H couplings appear with amagnitude of JCH be-
ing the equal distance between crosspeaks (the so-called
13C satellite). The HMBC experiment provides a wealth
of structural information that is particularly helpful in
the structural elucidation of complex compounds. It
plays a key role by connecting various fragments of a
big molecule through their carboneproton coupling
via two, three, or more bonds and thereby confirms
the structure of the molecule. As in HMQC, HMBC
spectra exhibit 1H spectra on the x-axis and 13C on the
y-axis, and there are no spectra on the diagonal.

23.4 BIOASSAY: METHODS COMMONLY
USED FOR THE SCREENING OF
ANTIMICROBIAL ACTIVITY

Among the commonly used techniques for the
screening of extracts, fractions, and compounds for anti-
microbial properties are disc diffusion, bioautography,
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and broth dilution (also known microdilution titer)
assay. These methods have been used for many years
in research to find antimicrobial compounds from both
natural and synthetic sources. However, recent drug dis-
covery approaches utilize high-throughput screening
(HTS) to find lead compounds by screening hundreds
of samples in several in vitro testing methods within a
short time.

23.4.1 Disc Diffusion Method

The disc diffusionmethod [26] involves pouring a ster-
ile nutrient broth medium into a petridish in a laminar
flow cabinet. Once the medium has settled down into a
completely flat surface, the test organism is seeded over
the solidified medium. The material to be tested is dis-
solved in small amounts of organic solvent and applied
to a paper disc. The solvent is allowed to evaporate in
the laminar flow cabinet. The disc is then placed on the
petridish and allowed to incubate overnight at 37 �C.
The antimicrobial activity is noted by measuring the
diameter of zones of inhibition in millimeters. This tech-
nique is easy to perform and relatively inexpensive. No
special equipment is needed. However, it suffers from
the disadvantage of the inability of nonpolar compounds
to diffuse from the disc to the broth.

23.4.2 Bioautography

Bioautography [27] is particularly useful to find out
active compounds in a crude extract or fractions. The
extract or fraction is spotted on a TLC plate and allowed
to run using a suitable mobile phase that offers a reason-
able resolution of the compounds. Once the TLC has
been developed, the compounds on the TLC plate are
marked. The TLC plate is then placed in contact with
an agar plate seeded with an organism followed by
incubation overnight at 37 �C. The activity is expressed
in terms of the zone of inhibition. This method requires
using special microbiological equipment. It also requires
overnight incubation to get the results.

23.4.3 Broth Dilution or Microdilution Titer
Assay

Broth dilution or microdilution titer assay is a quanti-
tative method that is widely used in antimicrobial
research as it offers the measurement of minimum inhib-
itory concentrations (MICs) of test compounds. This
method requires 96 (12X8) well plates. In this method,
an adequate amount (say 100 mL) of Muller Hinton broth
is dispensed into wells of columns 1e11 using a multi-
channel pipette. The samples are prepared by dissolving
extracts or compounds in water or in dimethyl sulfoxide

(DMSO) depending on their solubility. The samples are
further diluted with Muller Hinton broth to ensure a
lower content (<4%) of DMSO. The antibiotic is
prepared in a similar way. Samples and antibiotic (say
100 mL) are then dispensed into the wells of column 1,
which are mixed thoroughly by using a multichannel
pipette filler followed by transferring its half of its
content (100 mL) to the second column and so on up to
column 10 and then column 12 leaving column 11 as
the growth control. Bacterial suspensions (100 mL) con-
taining standard numbers of bacteria are added into
the columns 1e11 of 96-well plates and allowed to
incubate overnight at 37 �C. The MIC is recorded as
the lowest concentration where no viability is observed
in the wells of 96-microwell plates after incubation. A
color indicator such as resazurin [28] or methyl
thiazolyldiphenyl-tetrazolium bromide (MTT) [29]
when added reacts with bacteria and changes the color
from pink (resazurin) or yellow (MTT) to dark blue.
Thus, such color changes in the 96-well plates confirm
the measurement of MIC of compounds. This technique
is cheap, very easy to set up, and rapid and it requires
small amounts of samples. So it is suitable for the testing
of phytochemicals.

23.4.4 High-Throughput Screening

HTS, a recent method of in vitro testing using robotics
and miniaturization, allows one to test thousands of
samples of a very small volume in order to identify po-
tential lead compounds in drug discovery. In general,
this involves the screening of a large number (up to
several thousands) of compounds against several targets
using an automatic system. Typically, several thousands
of compounds with tiny amounts can be tested at a time
against 30e50 biochemical tests.

Along with other in vitro tests, HTS for antimicrobial
testing has been well adapted to find lead compounds
with potential antibacterial activity. Although many of
the current in vitro assays for drug testing againstMyco-
bacterium tuberculosis are not well adapted for HTS [30],
Ananthan and coworkers [31] have recently described
HTS for antituberculosis testing. They have used the
Alamar blue assay [32] for the 384-well plate format
screening of a 100,997 compound library for antituber-
cular activity againstM. tuberculosis on a BSL3-contained
HTS platform. Recently, Schmitt and coauthors [33] have
outlined HTS using nL-reactor to search for antimicro-
bial peptides. During the experiment, they have used
nL-sized reaction vessels for both peptide production
and antimicrobial screening in a single step at a rate of
105 variants per day. This method involves the use of
large particle flow cytometry and fluorescently labeled
cells to find out potential lead antimicrobial agents.
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Although HTS offers the advantages of finding hits
with activity even in the range of 30 to 1 nM, it suffers
the drawback of generating many false positive hits.
So there is a high failure rate between the number of
hits and the number of authentic lead compounds.

23.5 ANTIMICROBIAL SECONDARY
METABOLITES

23.5.1 Plant-Derived Antimicrobial Secondary
Metabolites

Plants have been well reported for the production of
lead biologically active secondary metabolites including
anticancer agents such as taxol [34]; antimalarial drugs,
such as artemisinin [35]; narcotic analgesic drug, such as
morphine [2]; and cardioactive agents, such as digoxin
[36]. This natural resource has been underexploited for
the search of lead antimicrobial metabolites although
there are numerous reports of plants being used as anti-
microbial agents in traditional Ayurvedic medicine [37],
Chinese medicine [38], and even in western Herbal med-
icine [39] as plants are capable of acting against bacteria
and fungi because of their self-protection strategy in
their environment [40]. To find out lead compounds
responsible for antiinfective activities, there are a large
number of research studies going on worldwide on
traditional medicinal plants. This research area has
drawn more attention of both academic institutes and
pharmaceutical industries in recent years because of
the development of resistance to existing antibiotics.
Research focused on various medicinal plants has led
to the isolation and identification of a wide range of
compounds with structural diversity. This section covers
some plant-derived compounds with potential antimi-
crobial activity.

St John’s Wort (Hypericum perforatum), a medicinal
plant being used widely as an antidepressant in herbal
medicine, has been reported to produce a major antibac-
terial metabolite called hypericin (Figure 23.3) with MIC
values of 0.1 mg/mL against methicillin-resistant Staphy-
lococcus aureus (MRSA) and penicillin-resistant variants
[41]. Professor Simon Gibbons [42] has done extensive
work on the genus Hypericum, by exploring this genus
as a lead source of antibacterial secondary metabolites
with potential activity against S. aureus. Bioassay-
guided research on some Hypericum species led to the
isolation of new acylphloroglucinols [29,43,44], nor-
lignans [45], and xanthone [45] with potential activity
against S. aureus. An acylphologlucinol, (S)-
4,6-dihydroxy-2-O-(300,700-dimethyl-200,600-octadienyl)-1-
(2’-methylbutanoyl)benzene (trivial name olympicin A;
Figure 23.3), reported from Hypericum olympicum,
revealed very potent (MICs of 1 mg/mL) activity against

some clinical isolates of multidrug-resistant (MDR) and
MRSA [43]. Hyperenone A (Figure 23.3), a constituent of
Hypericum acmosepalum [44], revealed antibacterial activ-
ity against Staphylococcus aureus and M. tuberculosis and
also inhibited the adenosine triphosphate-dependent
MurE ligase of M. tuberculosis, a crucial enzyme for
peptidoglycan biosynthesis.

Aromatic medicinal plants, such as cinnamon,
clove, cilantro, coriander, fennel, oregano, peppermint,
rosemary, sage, thyme, and lavender, have been well
documented for producing essential oils. Essential oils
are well known to inhibit the growth of microorganisms
[46]. Cinnamon oil and clove oil are considered as natu-
ral preservatives and flavoring substances that are not
harmful when consumed in food products. The essential
oil constituents present in cinnamon, Cinnamomum

Hypericin

Hyperinone A

Olympicin A

FIGURE 23.3 Hypericin, hyperinone A, and olympicin
Adantibacterial compounds from Hypericum.
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zeylandicum, and clove, Syzgium aromaticum, have been
reported to inhibit the growth of molds, yeasts, and bac-
teria. Both cinnamon oil and clove oil added at 2% in po-
tato dextrose agar (PDA) were reported to completely
inhibit the growth of mycotoxigenic molds including
Aspergillus flavus, Aspergillus parasiticus, Aspergillus
ochraceus, Penicillium sp. M46, Penicillium roqueforti, Peni-
cillium patulum, and Penicillium Citrinum for a period of
up to 21 days [47]. Both oils have also been documented
for the inhibition of the growth of yeasts [48]. Another
report by Suksrikarm [49] demonstrated that cinnamon
oil and clove oil could separately have the capability
of inhibiting many microorganisms including Lactoba-
cillus sp., Bacillus thermoacidurans, Salmonella sp., Coryne-
bacterium michiganense, Pseudomonas striafaciens,
Clostridium botulinum, Alternaria sp., Aspergillus sp., Can-
ninghamella sp., Fusarium sp., Mucor sp., and Penicillium
sp. According to Soliman and Badeaa [50], 500 ppm of
cinnamon oil was capable of inhibiting the growth of
A. flavus, A. parasiticus, A. ochraceus, and Fusarium moni-
liforme on PDA. Another report by August [51] stated
that high concentrations of cinnamon oil and clove oil
could also be capable of inhibiting the asexual spores
of fungi. Eugenol (75e85%; Figure 23.4), eugenol acetate
(8e15%), and b-carryophyllene are the main compo-
nents of clove oil [52], whereas cinnamon oil’s key
component is trans-cinnamaldehyde (Figure 23.4).
Eugenol has been used widely in perfumeries as
flavoring agents, and also as its analgesic, local anes-
thetic, antiinflammatory, and antibacterial agents
[53,54]. It is used in the form of a paste or mixture as
dental cement, filler, and restorative material local anti-
septic and anesthetic in dentistry. Clove has also been
reported to have strong antibacterial activity against S.
aureus (MIC ¼ 0.4e2.5 mL/mL), Escherichia coli
(MIC ¼ 0.4e2.5 mL/mL), and Listeria monocytogenes
(MIC ¼ 0.3 mL/mL) [55].

The antibacterial activity of sage, Salvia officinalis, has
been reported against S. aureus (MIC ¼ 0.75e10 mL/
mL), E. coli (MIC ¼ 3.5e5 mL/mL), and Salmonella typhi-
murium (MIC ¼ 10e20 mL/mL) [55,56], which have been
accounted for the presence of monoterpenes such as
camphor (6e15%), a-pinene (4e5%), b-pinene
(2e10%), 1,8-cineole (6e14%), and a-tujone (20e42%)
([57]; Figure 23.4). The main chemical constituents of
thyme are thymol (10e64%) [58], carvacrol (2e11%)
[59], and terpinene (2e31%) [57]; (Figure 23.4).
The antibacterial activity of these essential oils in
thyme, Thymus vulgaris, was reported against S.
aureus (MIC ¼ 0.2e2.5 mL/mL) [55], E. coli
(MIC ¼ 0.45e1.25 mL/mL) [55], and S. typhimurium
(MIC ¼ 0.45e20 mLmL) [56]. Rosemary is well known
for its essential oil components such as a-pinene
(2e25%), bornyl acetate (0e17%), camphor (2e14%),
and 1,8-cineole (3e89%) ([60]; Figure 23.4). The

antibacterial activity of Rosemary has been reported
against S. aureus (MIC ¼ 0.4e10 mL/mL), E. coli
(MIC ¼ 4.5e10 mL/mL), and S. typhimurium
(MIC > 20 mL/mL) [56]. Carvacrol (up to 80%), thymol
(up to 64%), terpinene (2e52%), and cymene (up to
52%) (Figure 23.4) are major essential oil components
of oregano, Origanum vulgare, which have been reported
to exhibit antibacterial activities against E. coli
(MIC ¼ 0.5e1.2 mL/mL), S. aureus (MIC ¼ 0.5e1.2 mL/
mL), and S. typhimurium (MIC ¼ 1.2 mL/mL) [62].

Octanordammaranes, mansumbinone, and 3,4-seco-
mansumbinoic acid, together with sesquiterpenes, b-
elemene and T-cadinol (Figure 23.5), have been isolated
from the oleo resin of myrrh Commiphora molmol (Engl.).
The MICs of the above compounds were reported to be
in the range of 4e256 mg/mL against a number of S.
aureus strains (SA1199B, ATCC25923, XU212, RN4220,
and EMRSA15) [61]. The highest activity was observed
by the seco-A-ring octanordammarane with an MIC of
4 mg/mL (norfloxacin with an MIC of 32 mg/mL) against
SA1199B, an MDR strain that overexpresses the NorA
efflux transporter. The crude extract of the oleo resin of
C. molmol displayed a weak response to potentiate the ac-
tivity of ciprofloxacin and tetracycline against a variety of
Salmonella enterica serovar Typhimurium strains, one S.
aureus isolate and two Klebsiella pneumoniae strains. Addi-
tionally, 3,4-seco-mansumbinoic acid 3,4-seco-mansumbi-
noic acid displayed weak potentiation of ciprofloxacin
and tetracycline activity against strains of S. enterica sero-
var Typhimurium SL1344 and L10 [61]. A mixture of fur-
anodiene-6-one and methoxyfuranoguaia-9-ene-8-one
reported frommyrrh showed antibacterial and antifungal
activities against standard pathogenic strains of E. coli, S.
aureus, P. aeruginosa, and Candida albicans, with an MIC of
0.18e2.8 mg/mL [62]. The abietane diterpenes, hormi-
none, and 7-acetylhorminone, isolated from Salvia ble-
pharochlaena, were reported to exhibit antistaphylococcal
activity with MICs of 1.5e10 mg/mL [63].

Phenolic compounds are well known for antimicrobial
activities. Nor-lignan isolated from a wound-healing Bra-
zilian plant, Styrax ferrugineus, has potential activity
against S. aureus with an MIC of 10 mg/mL compared
to that of chloramphenicol (5 mg/mL) [64]. Simple fla-
vones [65] such as apigenin and luteolin (Figure 23.6)
showed good antibacterial activity against S. aureus
including some MRSA strains with MICs of
3.9e62.5 mg/mL. Rahman and Gray [66] reported a new
flavanone, (�)-(2S)-5,3’-dihydroxy-4’-methoxy-600,600-
dimethylchromeno-(7,8,200,300)-flavanone (Figure 23.6),
and known compounds including alkaloids, coumarins,
flavanones, lignans, and triterpenes from the stem
bark of Feronia limonia, a rutaceous plant used in Ayur-
veda for the treatment of indigestion and minor
bowel infection in children [67]. The antimicrobial
activities against bacteria (Gram-positive and
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Gram-negative) and fungi were found in MICs in the
range 25e100 mg/mL [66].

Uraria picta Desv. (Syn. Doodia picta Roxb; Fam. Papil-
ionaceae), a suffruticose sparingly branched perennial
herb, has been traditionally used as an antidote to the
venom of a dangerous Indian snake, Echis carinata [67].
Rahman and coworkers [68] reported the isolation a
number of isoflavanones including 5,7-dihydroxy-20-
methoxy-30,40-methylenedioxyisoflavanone and 40,
5-dihydroxy-20,30-dimethoxy-7-(5-hydroxyoxychromen-
7yl)-isoflavanone (Figure 23.6) from this plant with anti-
microbial activity against bacteria and fungi with MICs
in the range of 12.5e100 mg/mL [68].

A simple salicylic acid derivative, 2-carboxy-3-(2-
hydroxypropanyl)phenol,3-hydroxy-4-methoxycinnam-

aldehyde (Figure 23.7) and isoflavones including
5,7,40-trihydroxy-8-(1,1-dimethyl-prop-2-enyl)-isoflavone,
5,7,20,40-tetrahydroxy-8-(1,1-dimethyl-prop-2-enyl)-iso-
flavone, and 5,20,40-trihydroxy-400,400,500(x)-trimethyl-
400,500-dihydrofurano-(7,6,200,300)-isoflavone (Figure 23.6)
isolated from the stem bark of Flemingia paniculata [69]
revealed significant activities against the test organisms
with MIC values in the range of 1.57e200 mg/mL
against bacteria (both Gram-positive and Gram-
negative) and fungi. The highest potency
(MIC ¼ 1.57 mg/mL; 0.005 mmol) was exhibited by a
new isoflavone, 5,7,40-trihydroxy-8-(1,1-dimethyl-
prop-2-enyl)-isoflavone (Figure 23.6), against S. aureus
[70]. Its activity was counted as half of that of amoxy-
cillin (MIC ¼ 0.89 mg/mL; 0.0024 mmol). Polygosumic

trans-Cinnamaldehyde Eugenol -Pinene 

β-Pinene -Thujone Thymol 

1,8-Cineole Carvacrol -Terpinene

Bornyl acetate Camphor Cymene

α

α

α

FIGURE 23.4 Common antimicrobial monoterpenes from essential oils.

23. ANTIMICROBIAL SECONDARY METABOLITESdEXTRACTION, ISOLATION, IDENTIFICATION, AND BIOASSAY504



acid (Figure 23.7), a cadinane sesquiterpene, has been
reported from Polygonum viscosum, which revealed
good inhibition of the growth of drug-resistant Escher-
ichia coli and MRSA [71]. Phenyl ethanoidglycosides
(72; Figure 23.7) isolated from Phlomis lanceolata
revealed antibacterial activity against MDR strains of
S. aureus [72]. Alkaloids are another class of secondary
metabolites with potential bioactivity. For example,
vinca alkaloids (vincristine and vinblastine) isolated
from Catharanthus roseus are now in use as anticancer
drugs. There are overflowing reports of different types
of alkaloids with antibacterial activities. Carbazole
alkaloid, clausenal ([73]; Figure 23.8), isolated from
Clausena heptaphylla (Fam. Rutaceae) was reported to
show strong antibacterial activity with MICs of 3, 6,
and 20 against S. aureus, E. coli, and P. aeruginosa,
respectively.

Rahman and Gray [74] reported isolation of benzoiso-
furanone and several carbazole alkaloids including a
dimericcarbazole, 3,30-[oxybis(methylene)]bis(9-methoxy-
9H-carbazole) (Figure 23.8), from Murraya koengii (Fam.
Rutaceae). These compounds showed activity against
four bacteria and two fungi with MICs of
3.13e100 mg/mL. Among these compounds, girinim-
bine (Figure 23.8), a carbazole alkaloid, exhibited the
highest activity with MICs of 3.1 mLand 12.5 mg/mL
against S. aureus and Proteus vulgaris, respectively [74].
In West and Central Africa, Cryptolepis sanguinolenta is

Apigenin, R= H; luteolin R= OH

(-)-(2S)-5,3′-Dihydroxy-4′-methoxy-6″,6″-dimethylchromeno-(7,8,2″,3″)-flavanone

5,7-Dihydroxy-2′-methoxy-3′,4′-methylenedioxyisoflavanone

4′,5-Dihydroxy-2′,3′-dimethoxy-7-(5-hydroxyoxychromen-7yl)-isoflavanone

5,7,4′-Trihydroxy-8-(1,1-dimethylprop-2-enyl)-isoflavone (R= H)

5,7,2′,4′-Tetrahydroxy-8-(1,1-dimethylprop-2-enyl)-isoflavone(R= OH)

5,2′,4′-Trihydroxy-4″,4″,5″(ξ)-trimethyl-4″,5″-dihydrofurano-(7,6,2″,3″)-isoflavone

FIGURE 23.6 Some plant-derived antimicrobial flavonoids and
isoflavonoids.

Mansumbinone

3,4-seco-Mansumbinoic acid

-Elemene
T-Cadinol
β

FIGURE 23.5 Antibacterial terpenes from Commiphora molmol.
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widely used traditionally for the treatment of infectious
diseases. Cryptolepine (Figure 23.8), an alkaloid,
revealed antimicrobial activities against an extensive
panel of Gram-positive, Gram-negative bacteria, and
yeast [75]. Its MICs against S. aureus were found to be
7.8 mg/mL and 60 mg/mL, as free base and as
hydrochloride salt, respectively. An unusual azaanthra-
quinone alkaloid, benz[g]isoquinoline-5,10-dione
(Figure 23.8), isolated from Mitracarpus scaber, another
member of the family Rutacae, revealed an MIC of
6.25 mg/mL against S. aureus [76]. Quaternary alkaloids
have been isolated from the Southern prickly ash, Zan-
thoxylum clava-herculis, another plant belonging to the
family Rutacae. Chelerythrine (Figure 23.8), a quater-
nary alkaloid, exhibited promising antibacterial activity
against S. aureus (MIC ¼ 4 mg/mL) [77]. Rahman and co-
workers [78] reported the isolation of lignans and alka-
loids from Zanthoxylum budrunga (Fam. Rutaceae) with
antimicrobial activity. The MICs of the alkaloids against
the test bacteria (S. aureus, E. coli, P. vulgaris, and Klebsi-
ella aerogenes) were found to be 0.114e1.568 mmol. Can-
thine-6-one (Figure 23.8) revealed the highest activity
among the alkaloids.

2-Carboxy-3-(2-hydroxypropanyl)phenol 3ξ-(1ξ-hydroxyethyl)-7-hydroxy-1-isobenzofuranone

Polygosumic acid 3-Hydroxy-4-methoxycinnamaldehyde

Forsythoside B (R= Apiosyl, R’= H), Phlinoside C, (R= H, R’= Rhamnosyl) and verbascoside 
(R=R’=H)

FIGURE 23.7 Some plant-derived antibacterial phenolic
compounds.

Girinimbine Clausenal

3,3′-[oxybis(methylene)]bis(9-methoxy-9H-carbazole) Cryptolepine

Benz[g]isoquinoline-5,10-dione

Chelerythrine

Canthine-6-one

N
N

O

FIGURE 23.8 Some plant-derived antimicrobial alkaloids.
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23.5.2 Antimicrobial Agents from Microbes

Microbes are considered as main natural sources for
the development of new antibiotics since the accidental
discovery of penicillin from the mold, P. notatum. Scien-
tists worldwide are still focusing on various microbes,
including bacteria and fungi, for the discovery of lead
antibacterial agents. This section outlines some antimi-
crobial compounds from microbial sources. Nisin, a
polycyclic antibacterial peptide composed of 34 amino
acid residues, has been produced by Lactococcus lactis
and used as a food preservative because of its bacteri-
cidal activities against Gram-positive and spore-
forming food-borne bacteria including S. aureus and
Listeria monocytogenes [79].

Reuterinis (Figure 23.9), b-hydroxypropionaldehyde,
produced by Lactobacillus reuteri, is a broad spectrum
antimicrobial agent with activity against food-borne
pathogens and spoilage organisms. In combination
with nisin, it demonstrates synergistic activity. It is re-
ported to significantly reduce the growth of Gram-
positive S. aureus, Lactobacillus monocytogenes, and
Gram-negative E. coli and S. Typhimorium [80].

Three simple amides have been reported from an
ethyl acetate extract of the cultural broth of Streptomyces
hygroscopicus and exhibited antimicrobial activity
against a wide range of bacteria and fungi [81].

Indoles and dithiolopyrrolones, isolated and identi-
fied from Xenorhabdus bovienii A2, showed a significant
to strong activity against Cryptococcus neoformans,
Botrytis cinerea, and Phytophthora infestants [82].

Dialkyl resorcinols (Figure 23.9), 2-butyl-5-propylre-
sorcinol, 2-hexyl-5-methylresorcinol, 2-hexyl-5-propyl-
resorcinol, and 2-hexyl-5-pentylresorcinol, isolated
from the cultural broth of Pseudomonas sp. Ki19 have
been reported to exhibit the inhibition of the growth of
Gram-positive bacteria, such as S. aureus, at concentra-
tions of �10 mg/mL and two fungi, namely, Aspergillus
fumigatus and Fusarium culmorum, at a concentration of
50 mg/mL [83].

Khamthong and coworkers [84] reported the isolation
of anthraquinoneecitrinin derivatives (Penicillanthra-
nin A; Figure 23.9) from the sea fan-derived fungus Peni-
cillium citrinum PSU-F51, which displayed moderate
antibacterial activity against both Staphylococcus
aureus andMRSAwith equal MICs of 16 mg/mL. Diketo-
piperazine (Figure 23.9), (3,1’-didehydro-3[200(3000,
3000-dimethyl-prop-2-enyl)-300-indolylmethylene]-6-methyl
piperazine-2,5-dione), obtained from the culture
medium of Penicillium chrysogenum [85], revealed anti-
bacterial activity comparable to standard antibiotic,
streptomycin.

Klaiklay and coworkers [86] reported the isolation
of tetrahydroanthraquinone derivative (2R,3S)-

7-ethyl-1,2,3,4-tetrahydro-2,3,8-trihydroxy-6-methoxy-
3-methyl-9,10-anthracene-dione (Figure 23.9) from the
mangrove-derived fungus Phomopsis species, which
exhibited weak cytotoxicity against breast cancer
(MCF-7) cell lines as well as weak antibacterial activity
against S. aureus ATCC25923 including an MRSA
strain SK1. A diphenyl ether, butenolide pestalolide
(Figure 23.9), isolated from the mangrove-
derived fungus Pestalotiopsis sp. PSU-MA69 displayed
weak antifungal activity against C. albicans and C. neo-
formans [87].

Reuterinis

2-Butyl-5-propylresorcinol (R1= butyl, R2= propyl) Penicillanthranin A

2-Hexyl-5-methylresorcinol (R1= hexyl, R2= methyl)

2-Hexyl-5-propylresorcinol (R1= hexyl, R2= propyl)

2-Hexyl-5-pentylresorcinol (R1= hexyl, R2= pentyl)

3,1′-Didehydro-3[2″ 3‴,3‴-dimethyl-prop-2-enyl)-3″-indolylmethylene]-6-methyl pipera-zine-
2,5-dione

(

(2R,3S)-7-ethyl-1,2,3,4-tetrahydro-2,3,8-trihydroxy-6-methoxy-3-methyl-9,10-anthracenedione

Butenolidepestalolide

FIGURE 23.9 Some microbial secondary metabolites with anti-
bacterial activity.
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23.5.3 Antimicrobial Agents from Marine
Sources

Recently, there have been enormous research ef-
forts focusing on marine organisms and phyto-
plankton for the discovery of lead bioactive
compounds. Naturally occurring diterpenes with un-
precedented tetracyclic skeletons, ioniols I and II
[88], tetracyclic brominated diterpenes [89,90], were
isolated from the organic extract of Sphaerococcus coro-
nopifolius collected from the rocky coasts of Corfu is-
land in the Ionian Sea. These metabolites were
evaluated for their antibacterial activity against a panel
of MDR S. aureus and MRSA with MICs in the range
0.5e128 mg/mL. Kladi and coworkers [91] reported
the isolation of some new C15 eight-membered cyclic
ethers with a characteristic terminal cis eneeynemoiety
from the organic extract of the red alga, Laurencia glan-
dulifera, collected at the Crete island in South Greece
and found MICs in the range of 8e256 mg/mL when
tested against a panel of MDR S. aureus and MRSA.
Ioannou and coworkers [92] reported the isolation of
17 diterpenes featuring the dolabellane skeleton from
the organic extracts of the brown alga Dilophus spiralis.
Some of these revealed good antibacterial activity
against six strains of S. aureus, including multidrug-
resistant and methicillin-resistant variants.

Neomaclafungins A-I [93], 26-membered macrolides
of the oligomycin subfamily, have been isolated from
the fermentation broth of Actinoalloteichus sp. NPS702,
marine sediment collected from USA Bay, Kochi Prefec-
ture, Japan. Neomaclafungins A-I exhibited significant
antifungal activity in vitro against Trichophyton mentagro-
phytes (ATCC 9533) with MICs of 1e3 mg/mL.

Tareq and coworkers [94] reported the isolation of
glycolipopeptides (Figure 23.10), Ieodoglucomides A
and B, from a Marine-derived bacterium Bacillus lichen-
iformis, which revealed moderate in vitro antimicrobial
activity while Ieodoglucomides B showed cytotoxic ac-
tivity against lung cancer and stomach cancer cell lines.
Lipopeptides, peptidolipins B-F [95], have been isolated
from amarineNocardia sp., which was obtained from the
ascidian Trididemnum orbiculatum. Peptidolipins B and E
demonstrated moderate antibacterial activity against
MRSA and methicillin-sensitive S. aureus.

Eeudesmene-type sesquiterpenes, kandenols AeE
(Figure 23.10), isolated from Streptomyces sp. HKI0595,
showedweak tomoderate antimicrobial activities against
Bacillus subtilisATCC 6633 andMycobacterium vaccae [96].

Polycyclic secondary metabolites, citreamicin A, cit-
reamicin B, citreaglycon A, and dehydrocitreaglycon A
(Figure 23.10), isolated from marine-derived Strepto-
myces caelestis exhibited antibacterial activity against
Staphylococcus haemolyticus, S. aureus, and B. subtillis. Cit-
reamicin A, citreamicin B, and citreaglycon A revealed

strong activities against MRSA ATCC 43300 with MIC
values of 0.25, 0.25, and 8.0 mg/mL, respectively [97].
Adimericdiketopiperazine,brevianamideS(Figure 23.10),
isolated from Aspergillus versicolor (collected from the
Bohai Sea, China), exhibited selective antibacterial activity
[98] against Bacille Calmette-Guérin, suggesting a new
mechanism of action that could be considered as a new
lead for antitubercular drugs. Isorhodoptilometrin
-1-methyl ether, emodin, 1-methyl emodin, siderin, arugo-
sin C, and variculanol obtained from themarine fungusA.
versicolor were reported to exhibit antimicrobial activity,
anticancer activity, and inhibition of Hepatitis C virus pro-
tease [99]. Yang and coworkers [100] reported the isolation
of anthraquinone derivative, 3-acetoxy-4-deoxybostrycin
(Figure 23.10), from a marine-derived fungus Nigrospora,
which exhibited promising activity against B. cereus with
an MIC value of 48.8 nM, which was stronger than that

Eodoglucomide A (R= Me), Eodoglucomide B (R= H)

Kandenol A (R1= OH, R2= H); Kandenol B (R1= R2=OH) Kandenol E

Kandenol C (R1= OH, R2=OOH);Kandenol D (R1= H, R2=OOH)

Citreamicin A, R=                      

Citreamicin B R=        

FIGURE 23.10 Some marine-derived secondary metabolites with
antimicrobial activity.
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of the positive control ciprofloxacin (MIC ¼ 1250 nM).
C-glycosylated benz[a]anthraquinone derivatives
[101], urdamycinone E, urdamycinone G, dehydroxya-
quayamycin (Figure 23.10), isolated from the marine
Streptomycetes sp. exhibited potent activity against M.
tuberculosis MICs of 3.13e12.50 mg/mL. Trichoderma-
quinone and trichodermaxanthone (Figure 23.10)
were isolated from the marine-derived fungus Tricho-
derma aureoviride PSU-F95 [102], which displayed
strong antibacterial activity against MRSA with MIC
values of 8 and 4 mg/mL, respectively.

23.5.4 Antimicrobial Agents from Animal
Sources

There are reports of isolation of antibacterial agents
from animal sources as well. For example, European
fire-bellied toad, Bombina sps., produces skin secretions
with peptides, such as bombinins and bombinins H,
with activity against Gram-positive and Gram-negative
bacteria and also fungi [103].

Lactoferrin, an iron-binding glycoprotein present in
the milk of human and mammals, is reported to have
significant antimicrobial activity against a wide range
of bacteria and viruses [104]. Chitosan, a polycationic
biopolymer, produced from the exoskeletons of crusta-
ceans and anthropods, has been reported to suppress
fungal colony growth and inhibited fungal spore germi-
nation at a 0.01% (w/v) concentration [105].

23.6 CONCLUSION

A huge number of antibiotics are available for the
treatment of infectious diseases. Most of them are either
natural or modified from natural ones (semisynthetics).
Although there are an enormous number of antibiotics
available, infectious disease is still considered as the sec-
ond leading cause of death worldwide amounting to

Citreaglycon A (R=OH), dehydrocitreaglycon A (R=H)  

Brevianamide S  

3-Acetoxy-4-deoxybostrycin  

Urdamycinone E  

FIGURE 23.10 cont’d.

Urdamycinone G

Dehydroxyaquayamycin

Trichodermaquinone Trichodermaxanthone

FIGURE 23.10 cont’d.
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approximately 17 million people, particularly children
and the elderly, per year. Microorganisms are slowly
but surely developing resistance to antibiotics. MRSA
and multiMDR Gram-negative bacteria are big concerns
in recent years. The number of death certificates of
MRSA victims issued in the United Kingdom has
recently been decreased due to public carefulness about
health hygiene. However, it is necessary to discover new
antibiotics that are required to tackle such a fatal disease.
So, research will continue to focus on the natural re-
sources in order to find lead compounds for the devel-
opment of safe but highly effective antibiotics.
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24.1 INTRODUCTION

Cardiovascular diseases (CVD) refer to any disease
that affects the cardiovascular system, principally car-
diac disease, vascular diseases of the brain and kidney,
and peripheral arterial disease. Major CVD include cor-
onary artery disease, hypertension, heart failure, cardiac
arrhythmias, and cerebrovascular diseases such as
stroke, peripheral arterial disease, congenital heart dis-
ease, and rheumatic heart disease. The causes of CVD
are diverse, but atherosclerosis and/or hypertension
are the most common. In addition, a number of physio-
logical and morphological changes alter cardiovascular
function with age and lead to increased risk of CVD.

CVD is the leading cause of deaths worldwide and is
increasing at a fast rate in low- and middle-income

countries [1]. Evidence suggests there are a number of
major risk factors for heart diseases: age, gender, high
blood pressure, hyperlipidemias, diabetes mellitus,
obesity, smoking, excessive alcohol consumption, sugar
consumption, family history, lack of physical activity,
psychosocial factors, and environmental pollution [2].
While the individual contribution of each risk factor
varies between different communities or ethnic groups,
the consistency of the overall contribution of these risk
factors to epidemiological studies is remarkably strong
[3]. Some of these risk factors, such as age, gender, or
family history, are immutable; however, many impor-
tant cardiovascular risk factors can be modified by life-
style change, social change, drug treatment, and
prevention of Serrano’s Cardiac Triad: hypertension,
hyperlipidemia, and diabetes.
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24.2 EPIDEMIOLOGY OF CVD

By 2030, it is projected that noncommunicable dis-
eases will account for more than three-quarters of
deaths worldwide. CVD alone will be responsible for
more deaths in developing and low-income countries
[4]. By 2005, the total number of deaths due to CVD
(mainly coronary heart disease, stroke, and rheumatic
heart disease) had increased globally to 17.5 million
from 14.4 million in 1990. Of these, 7.6 million and
5.7 million were attributed to coronary heart disease
and stroke, respectively. Among all deaths due to
CVD, more than 80% of the deaths occurred in low-
and middle-income countries [5]. The World Health
Organization (WHO) estimates that cardiovascular
deaths will account for 30% of all deaths worldwide
[6]. Therefore, CVD is the largest single contributor to
global mortality and will continue to dominate in
future [5].

The Prevention of Occurrences of Myocardial Infarc-
tion and Stroke (PREMISE) study, led by WHO,
included developing countries from the Middle East,
Asia, and Latin America [7] and suggested several
gaps for patients with CVD. The relative lack of imple-
mented use of pharmacological interventions as shown
in the PREMISE study is illustrative of the potential
link between rising trends in risk factors, lack of avail-
ability of and access to medicines, and inadequate deliv-
ery of health care services in developing countries. To
prevent the growing trend of CVD, herbal medicine,
which has good efficacy with multiple effects, can offer
a better therapeutic option.

24.3 HERBAL DRUG VERSUS MODERN
MEDICINE

Although most of the cardiovascular disorders usu-
ally affect older adults, the process begins in early life.
Hence, primary prevention should be initiated right
from childhood. Most of the cardiovascular disorders,
i.e., hypertension, heart failure, coronary artery disease
and hyperlipidemias, are chronic progressive disorders
and lead to cellular injury, inflammation, oxidative
stress, endoplasmic reticulum (ER) stress, and alteration
of cellular metabolism that ultimately result in organ
dysfunction. An interaction and cross talk among all of
these injurious parameters is very important, and this
cross talk is highlighted by an aberration in the critical
feedback loop. Thus, application of pharmacological
agents with multiple roles against all kinds of patholog-
ical stress as stated above would be essential to return
this feedback loop to healthy communication. The herb
or its different combinations may inhibit the critical

feedback loop to restore the functional integrity of
different organs.

Modern medicines used for the treatment of different
cardiovascular disorders mostly offer symptomatic re-
lief or, at most, may slow down the progression of the
disease. Evenmedical practitioners may not recommend
the drugs as a preventive measure in the early stage of
the disease due to the chances of adverse effects out-
weighing the benefits. In fact, in some cardiac diseases
such as heart failure, frustrations arising out of thera-
peutic inadequacies have prompted scientists to look
for some extreme alternatives like gene therapy and
stem cell therapy. In the treatment of uncontrolled sys-
temic hypertension, nonpharmacological therapies, like
renal sympathetic denervation, are being tried with
limited success.

Under such circumstances, considering the high risk
of morbidities and mortality of CVD coupled with the
limitations of modern medicines, there is an urgent
need to explore herbs for the prevention and, if
possible, “cure” of CVD. In the present chapter, the
uses of herbal medicines against CVD in India and
other countries is discussed. At the same time, we
examine whether the current scientific data obtained
from different scientific studies are enough to integrate
the herbal medicine into evidence-based medical
therapy.

24.4 VALIDATION OF INDIAN
MEDICINAL PLANTS FOR
CARDIOPROTECTION

Several Indian medicinal plants have been explored
in animals and humans for their usefulness against
different CVDs. Herbal products or plant extracts are
tested in different animal models and looked at for their
molecular mechanisms. Some of the products are also
evaluated for finding the chemical constituents for
bioactivity.

The mechanisms of action of most of the herbal
medicines, whether single herbal or multiple herbal
formulations, have not been elucidated due to the
lack of knowledge about their active compounds and
phytochemical constituents. The same problem is
applicable to their pharmacokinetics and bioavail-
ability studies. In the case of single-molecule pharma-
ceuticals, there is no uncertainty as to which chemical
compound is to be used for pharmacokinetic and
bioavailability studies, but that is not always the case
with herbals. Herbal medicines are constrained by their
unknown and/or unidentifiable active chemical con-
stituents. Nevertheless, some investigators have
attempted to conduct such studies.
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24.5 EXPERIMENTAL DATA OBTAINED
FROM INDIAN MEDICINAL PLANTS FOR

CARDIOVASCULAR ACTIVITY

There are several Indian medicinal plants and their
single components which have been shown to have
beneficial effects against cardiovascular disorders (Table
24.1)[8e51]. Out of all Indianmedicinal plants, Terminalia
arjuna showed a great potential to be developed as an
herbal medicine for cardiac disorders. Terminalia arjuna
is commonly known as arjuna or arjun tree in the Indian
subcontinent, which includes India, Pakistan, and
Bangladesh. The stem bark of arjuna was introduced
into Ayurveda as a treatment for heart disease (termed
as Hridroga). The Arjuna bark has been extensively
studied over the last century in different animal models
to demonstrate its cardioprotective properties, like posi-
tive inotropic, hypolipidemic, coronary vasodilatory,
antioxidant effects and the induction of stress protein
in the heart. Stem bark of T. arjuna has been reported to
attenuate myocardial fibrosis and oxidative stress
induced by chronic beta-adrenoceptor stimulation.
Terminalia arjuna treatment significantly attenuated car-
diac dysfunction and myocardial injury in rats with
chronic heart failure. This cardioprotective action of
T. arjuna was comparable to fluvastatin, a synthetic
drug [8]. A study suggested that the protection might
be throughmaintaining endogenous antioxidant enzyme
activities, inhibiting lipid peroxidation and cytokine
levels. Chronic oral administration of T. arjuna in rabbits
caused augmentation of myocardial antioxidants, i.e.,
superoxide dismutase, catalase, and glutathione along
with induction of heat shock protein72 (HSP72) [9]. In
vivo ischemic-reperfusion injury oxidative stress, tissue
injury of the heart, and hemodynamic effects were pre-
vented in the T. arjuna-treated rat and rabbit hearts
[9,10]. These studies are significant in view of the fact
that oxidative stress plays an important role in the
pathogenesis of coronary artery disease and its associ-
ated effects on cardiac functions. Terminalia arjuna
bark extract also attenuated myocardial fibrosis and
oxidative stress induced by chronic beta-adrenoceptor
stimulation [52]. A beneficial cardioprotective effect of
T. chebula against isoproterenol-induced myocardial
necrosis was reported through stabilization of the lysozo-
mal membrane [23].

Several studies provide a scientific basis for the puta-
tive therapeutic effect of Arjuna in ischemic heart dis-
ease. Terminalia arjuna bark extract has significant
prophylactic and therapeutic effects on protection of
the heart against heart failure. The bark has been re-
ported to contain several bioactive compounds that
alone or in combination may have beneficial effects
against cardiac disorder. Terminalia chebula is another

Ayurvedic drug recommended for the treatment of heart
diseases.

Garlic (Allium sativum) is another potential herb for
use in cardiovascular disorder. Garlic has been shown
to protect against myocardial infarction, doxorubicin-
induced cardiotoxicity, cardiac arrhythmias, cardiac
hypertrophy, and ischemia-reperfusion injury [11]. The
induction of cardiac endogenous antioxidants and the
reduction of lipid peroxidation by garlic have been
reported previously. Other mechanisms, such as regu-
lating ion channels, modulating Akt signaling pathways,
histone deacetylase inhibition, and cytochrome P450
inhibition, may also be responsible for the cardioprotec-
tive effect of garlic [12].

Tinospora cordifolia has been investigated for its antiar-
rhythmic activity in rats. The PQRST waves were
normalized, and atrial, as well as ventricular, fibrillation
was controlled in rats treated with T. cordifolia [14]. This
study indicated that T. cordifolia can be used in antiar-
rhythmic clinical settings and beneficial in atrial and
ventricular fibrillation and flutter, and may be useful
in ventricular tachyarrhythmias. Rao et al. [15] also re-
ported the dose-dependent reduction in infarct size
and lipid peroxide levels in infarct heart tissue with
the prior treatment of T. cordifolia. However, properly
designed clinical trials are absolute prerequisites for
their use in patients.

Emblica officinalis, commonly known as amla in India,
is an important medicinal plant reputed for its dietary
and therapeutic uses in traditional systems of medicine.
A study demonstrated the cardioprotective potential of
E. officinalis by improvement in hemodynamic, contrac-
tile function, and tissue antioxidant status [53]. Rajak
et al. [16] reported that amla has a property to adapt tis-
sues against cardiac ischemic injury by enhancing
endogenous antioxidants. The cardioprotective effects
of Glycyrrhiza glabra, another important herb, were also
reported against ischemia-reperfusion injury induced
by ligation of the left anterior descending coronary ar-
tery in rats [17]. Saussurea lappa is commonly known as
kushta. In Ayurveda, it is mentioned that the aqueous
extract of the root S. lappa is used for treatment of angina
pectoris [18]. The cardioprotective effect of S. lappa
against isoproterenol-induced myocardial injury was
also observed in rats.

Withania somnifera, commonly known as ashwagandha,
is a potent medicinal plant and has been used for thou-
sands of years as an important medicine in the Ayurve-
dic system. Chronic administration of W. somnifera in
rats remarkably augmented endogenous antioxidants
and significantly reduced myocardial injury after
ischemia and reperfusion [20]. Eclipta prostrata has
been used as a traditional medicinal plant to prevent
dyslipidemia and atherosclerosis in some Asian coun-
tries. Experimental data in rats showed that E. prostrata
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TABLE 24.1 List of Indian Medicinal Plants and Their Application against Cardiovascular Diseases
in Animals

Name of plants

Pharmacological

actions Proposed mechanisms References

Arjun (Terminalia

Arjuna)
Cardioprotective,
cardiac failure,
cardiotoxicity

Increased cardiac
contractibility,
increased endogenous
antioxidant, lipid-
lowering effect.

[8e10]

Garlic (Allium sativum) Myocardial infarction,
cardiotoxicity,
arrhythmia, cardiac
hypertrophy, and
ischemia-reperfusion
injury

Regulating ion
channels, modulating
Akt signaling
pathways, histone
deacetylase inhibition,
antioxidant

[11e13]

Giloy or guduchi
(Tinospora cordifolia)

Arrhythmias, ischemia-
reperfusion einduced
myocardial necrosis.

Decreased calcium and
sodium levels and
increased potassium
levels in blood, reduced
lipid peroxide levels

[14,15]

Amla (Emblica

officinalis)
Isoproterenol-induced
cardiotoxicity

Reducing lipid
peroxidation,
antioxidant

[16]

Mulethi (Glycyrrhiza
glabra)

Dyslipidemia and
ischemic injury

Antioxidant effect [17]

Kustha (Saussurea lappa) Myocardial injury Antioxidant effect [18]

Jatamanshi
(Nordostachys
jatamanshi)

Lipidemia Hypolipidemic effect [19]

Ashwagandha
(Withania somnifera)

Cardioprotection and
attenuation of ischemic
cardiac injury

Antioxidant [20]

Bach (Acorus calamus) Cardiomyopathy Attenuation of
calcineurin activity,
antioxidant

[21]

Badranj boya (Nepeta

hindostana)
Myocardial infarction Antioxidant [22]

Haritaki (Terminalia
chebula)

Myocardial infarction Antioxidant [23]

Bhringaraja (Eclipta alba
Syn. E. prostrata)

Atherosclerosis Lipid-lowering action [24]

Shatavari (Asparagus
racemosus)

Cardioprotection Lipid-lowering action [25]

Punarnava (Boerhaavia
diffusa)

Cardiac injury Improves
mitochondrial function

[26]

Guggulu
(Balsamodendron mukul

Syn. Commiphora
wightii)

Antihypertensive Lipid-lowering action
and lowering blood
pressure

[27]

Mandukaparni
(Centella asiatica)

Cardioprotection Antioxidant [28e30]

Shankhapushpi
(Convolvulus pluricaulis)

Cardioprotection Antioxidant [31]
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significantly increased high-density lipoprotein-
cholesterol levels. Atherogenic indices were decreased
by 10e30% in animals fed diets supplemented with E.
prostrata. The protective effect of E. prostrata is due to
its beneficial effect on serum lipid and oxidative meta-
bolism [24]. The health-promoting effects of E. prostrata
may have implications for atherosclerosis and hypercho-
lesterolemia in humans too.

Centella asiatica has beneficial effects on the tissue
antioxidant defense system and has a beneficial effect
against adriamycin-induced cardiac damage in rats.
Experimental data also strongly suggests the cardiopro-
tective activity of Hydrocotyle asiatica in limiting
ischemia-reperfusioneinduced myocardial injury. Simi-
larly, the cardioprotective effect of Curcuma longa has
also been reported in the ischemia-reperfusion injury

TABLE 24.1 List of Indian Medicinal Plants and Their Application against Cardiovascular Diseases
in Animalsdcont’d

Name of plants

Pharmacological

actions Proposed mechanisms References

Vishnu priya (Ocimum

sanctum Syn. O.

tenuiflorum)

Cardioprotection Anti-apoptotic [32e34]

Jatamansi (Nardostachys

jatamansi)
Antihyperlipidemia
and cardioprotection

Antioxidant and lipid-
lowering

[19]

Pippali (Piper longum) Cardioprotection Antioxidant [35]

Sunthi (Zingiber
officinale)

Cardioprotection Antioxidant [36]

Musta (Cyperus
rotundus)

Cardioprotection Antioxidant [37]

Vacha (Acorus calamus) Cardioprotection Attenuating calcineurin
activity and antioxidant

[21]

Vidanga (Embelia ribes) Cardioprotection Antioxidant [38]

Lavanga (Syzygium
aromaticum)

Cardioprotection Antioxidant [39]

Jyotishmati (Celastrus
paniculatus)

Antihyperlipidemic Lipid-lowering action [40]

Chandana (Santalum
album)

Antihyperlipidemic Lipid-lowering action [41]

Ela (Elettaria
cardamomum)

Antihypertensive and
antihyperlipidemic

Lowers blood pressure
and lipid levels

[42]

Shatapushpa
(Foeniculum vulgare)

Antithrombotic Vasorelaxant and clot
dissolution

[43]

Satapatrika (Rosa
damascena Syn. R.
centifolia)

Cardiac failure Inotropic effect [44]

Tvak patra
(Cinnamomum cassia)

Ischemic heart injury Increased NO, anti-
inflammatory and
antioxidant

[45]

Kumkuma (Crocus
sativus)

Cardioprotective Antioxidant [46]

Terminalia bellirica Cardiotonic Cardiotonic [47]

Pomegranate (Punica
granatum)

Antihypertensive Inhibit angiotensin
converting enzymes
(ACE)

[48]

Curcumin (Curcuma

longa)
Antihyperlipidemic,
cardioprotective

Antioxidant, PTP1B
inhibition, SIRT-1
activation,

[49e51]
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of rat hearts. Curcuma longa attenuated cell death due to
apoptosis and prevented the impairment of cardiac per-
formance [32].

The cardioprotective effect of the fruit of Embelia ribes
was reported in acute myocardial infarction, induced by
isoproterenol in rats [38]. Acorus calamus has been used
as a traditional remedy since ancient days. Recently,
experimental data showed that A. calamus was effective
in attenuating isoproterenol-induced cardiomyopathy
by virtue of its calcineurin-attenuating activity and anti-
oxidant effects [21].

Nardostachys jatamansi is commonly used as a folk
medicine in India for its hypolipidemic activity, which
has a direct relationship with cardioprotection. Experi-
mental data with rats showed that N. jatamansi exhibits
a fair amount of antioxidant and hypolipidemic activities
[19]. Crocus sativus L. (saffron) attenuated isoproterenol-
induced myocardial injury by strengthening the antioxi-
dant defense system and, thus, preserved cardiac
functions [46]. The protection was also attributable to
an anti-inflammatory effect as well as increasedNO level.
Cinnamomum cassia is a well-known traditional herb that
is widely used for the treatment of ischemic heart disease.
It is one of several species of Cinnamomum that are used
primarily for their aromatic bark, which is used as a spice
in India and China. The effects of cinnamic aldehyde and
cinnamic acid isolated from C. cassia also offered protec-
tion against isoproterenol-induced myocardial ischemia
in rats [45].

Besides medicinal purposes, Foeniculum vulgare
(fennel) seed is also used by different cultures in India,
Pakistan, Afghanistan, Iran, and the Middle East in their
cookery. Essential oil from F. vulgare provided significant
protection against thrombosis. Data demonstrated that
anethole, a component of F. vulgare, showed antithrom-
botic activity that appeared to be due to the broad-
spectrum antiplatelet activity, clot destabilizing effect,
and vasorelaxant action [43].

24.6 MEDICINAL PLANTS USED FOR
CARDIOVASCULAR DISEASES OTHER
THAN INDIAN MEDICINAL PLANTS

In the last few decades, many scientific efforts have
been made into investigating local plants from different
countries for their potential beneficial effects in cardio-
vascular disorders. Some of these have been validated
in properly designed experimental studies. Table 24.2
[54e84] shows a list of plants that are used in China, Af-
rica, and other countries that have so far been scientifi-
cally validated and reported to have a protective effect
against cardiovascular disorders.

Among several medicinal plants, danshen (Salvia mil-
tiorrhiza), jiao gu lan (Gynostemma pentaphyllum) and

Monascus purpureus have shown a lipid-lowering effect.
Besides lipid-lowering and antiatherosclerotic effects,
danshen is also effective in different other cardiovascu-
lar disorders, such as blood clotting abnormalities,
ischemic heart disease, angina pectoris, LDL oxidation,
myocardial infarction, and congestive heart failure.
Dong quai (Angelicae sinensis), Chinese hawthorn (Cra-
taegus pinnatifida), and danshen (S. miltiorrhiza) have
shown an antithrombic effect through inhibition of
platelet aggregation.

The number of medicinal plants have been explored
and have shown good activity against hypertension.
These include Camellia sinensis, G. pentaphyllum (jiao
gu lan), Helianthus annuus, Trachycarpus fortunei
(hook.), Viscum album (mistletoe), Capparis cartilaginea
(lasaf), Hibiscus sabdariffa (roselle), Panax ginseng
(ginseng), Coleus forskohlii (forskolin), Cardiospermum
halicacabum, Aristolochia manshuriensis (guan mu tong),
Desmodium styracifolium (osbeck), Lepidium latifolium
(rompepiedra or stone breaker), Bassla axillaris, and
Musanga cecropiodes (umbrella tree or cork wood).

Cardiotonic activity was also reported fromC. forskoh-
lii (forskolin), Cocculus hirsutus, and Nerium oleander.
However, the mechanism(s) behind this effect need to
be explored properly. Polygonum cuspidatum and Rho-
diola rosea (hong jing tian) have shown to have a cardio-
protective effect that needs to be translated into humans.
Promising beneficial effects of S. miltiorrhiza (danshen)
and P. ginseng also need to be investigated in more detail
to prove their reported effects regarding congestive
heart failure.

24.7 DATA OBTAINED FROM HUMAN
STUDIES WITH MEDICINAL PLANTS FOR

CARDIOVASCULAR EFFECTS

Several medicinal plants that showed promising data
in experimental studies were also explored in various
clinical trials for their efficacy and safety in cardiovas-
cular disorders (Table 24.3)[85e106]. Most of the animal
studies with T. arjuna have reported antioxidant,
anti-ischemic, antihypertensive, and antihypertrophic
effects, which have relevance to its therapeutic potential
in CVDs in humans. The stem bark of T. arjuna is used in
India by the Ayurvedic physicians for the treatment of
various CVDs. Several clinical studies have reported
its efficacy, mostly in patients with ischemic heart dis-
ease, hypertension, and heart failure, and have been
reviewed elsewhere [107]. A number of clinical studies
have also reported its beneficial effects in patients of
chronic stable angina, endothelial dysfunction, heart
failure, and even ischemic mitral regurgitation [108].
There was a 50% reduction in anginal episodes in stable
angina patients after the treatment of T. arjuna. It has
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TABLE 24.2 List of Medicinal Plants from Countries Other than India and Their Application against Cardiovascular Diseases in Animals

Name of plants Pharmacological actions Proposed mechanisms References

Danshen (Salvia miltiorrhiza) Cardiovascular disorders such as
atherosclerosis or blood clotting
abnormalities; ischemic heart disease,
angina pectoris, myocardial infarction
and congestive heart failure.

Relax coronary arteries, elicit an
antioxidant salvage effect upon
the myocardium, reduce intimal
thickness in air-injured carotid
arteries, inhibit platelet
aggregation, and prevent low-
density lipoprotein (LDL)
oxidation

[54]

Dong quai (Angelicae sinensis) Antiarrhythmic, antithrombotic Ferulic acid may cause platelet
dysfunction by inhibiting
production of thromboxane
A2,improve the blood circulation
of the injured nerve.

[55]

Ginseng (Panax ginseng) For angina pectoris, myocardial
infarction, congestive heart failure, and
hypertension

Improved diastolic
relaxation,hypotensive effects
through enhanced synthesis of
nitric oxide

[55]

Monascus purpureus Lower cholesterol levels, improved
blood circulation

Blocking the action of HMG-CoA
reductase

[56]

Polygonum cuspidatum Cardioprotective activity Due to presence of resveratrol [57]

Hong jing tian (Rhodiola rosea) Cardioprotective _ [58]

Tetrandrine (Stephania tetrandra) Its cardiovascular effects may
particularly be related to its blockage on
L-type calcium channels.

Block multiple ion channels, such
as L-type, T-type calcium
channels, and Ca2þ release-
activated Ca2þ channels

[59]

Jiao gu lan (Gynostemma

pentaphyllum)
Antihypertension,antihyperlipidemic Stimulates the release of nitric

oxide, causing blood vessels to
relax.Lowers serum
cholesterol,triglycerides and LDL
while raising HDL levels

[60]

Monodora myristica Antihypertensive Presence of high level of
unsaturated fatty acid, reduces
coronary heart disease

[61]

Bassla axillaris Reduced systolic and diastolic blood
pressure

_ [62]

Starchytarpheta jamaicensis Cardiovascular effects The acute hypotensive effect may
be partly due to the negative
chronotropic effect or to a direct
effect on vascular smooth muscle.

[62]

Camellia sinensis Hypertension,hematemesis Activation of vascular endothelial
layer to release vasorelaxant

[63]

Helianthus annuus Hypertensive _ [63]

Trachycarpus fortunei (Hook.) Hypertensive _ [63]

Forskolin (Coleus forskohlii) Hypotensive, cardiotonic Positive inotropic action on
cardiac tissue via increased cAMP
levels

[64]

Cardiospermum halicacabum Hypotensive _ [47]

Cocculus hirsutus Cardiotonic _ [47]

Nerium oleander Cardiotonic An increase in heart rate, cardiac
flow, and force of contraction

[47]

Continued
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TABLE 24.2 List of Medicinal Plants from Countries Other than India and Their Application against Cardiovascular Diseases
in Animalsdcont’d

Name of plants Pharmacological actions Proposed mechanisms References

Custard apple (Annona muricata) Antihypertensive Decreasing the peripheral
vascular resistance

[65]

Celery (Apium graveolens) Reduce systolic and diastolic blood
pressure

Might block voltage-dependent
and receptor-operated Ca2þ

channels

[66]

Guan mu tong (Aristolochia
manshuriensis)

Hypotensive Inhibited lipid accumulation in
blood vessels

[67]

Breadfruit (Artocarpus altilis) Decreased the tension of phenylephrine-
stimulated isolated guinea pig aorta
rings by 15e35%

Exerted weak negative
chronotropic effect to reduce left
ventricular pulse pressure and
negative inotropic effect on right
ventricular myocardial strips

[65]

Lasaf (Capparis cartilaginea) Produces a dose-dependent decrease in
blood pressure and slight bradycardia in
anesthetized rats

Caused inhibition of
norepinephrine or Kþ-induced
contractions

[66]

Virginia day flower (Commelina

virginica)
Decrease the tension of phenylephrine-
stimulated isolated guinea pig aorta
rings

_ [65]

Chinese hawthorn (Crataegus
pinnatifida)

Lowers blood pressure, inhibits platelet
aggregation and thrombosis, prevents
strokes and reduces the risk of heart
attack by lowering blood pressure,
increasing circulation, and inhibiting
both the formation of plaque on arterial
walls and formation of blood clots in the
brain, heart, and arteries

Vasorelaxation resulting from
nitric oxide
stimulation,significant
antioxidant activity, and a tonic
action on cardiac myocytes.

[67e69]

River lily, swamp lily (Crinum
glaucum) Western Nigeria

Decrease in systolic and diastolic
pressures

Decrease the frequency of cardiac
contractions, cause bradycardia or
atrioventricular conduction
disturbance

[70]

Osbeck (Desmodium styracifolium) Hypotensive Produces two successive
hypotensive actions: the first one
mediated through cholinergic
receptor stimulation, whereas the
second was potentiated by
blockades of autonomic ganglion
and alpha-adrenoceptor

[57]

Hardy fuchsia, chiko, tilco
(Fuchsia magellanica) Southern
Argentina and Chile

Lowers blood pressure, strong reduction
in the mean arterial pressure

Diuretic effect may be responsible
for reducing blood pressure.

[71]

Roselle (Hibiscus sabdariffa) West
African,Nigeria

Antihypertensive Reduces free radical due to
presence of vitamin C and
anthocyanins

[72]

French lavender (Lavandula
stoechas)

Produces a fall in blood pressure and
heart rate

_ [73]

Rompepiedra or stone breaker
(Lepidium latifolium)

Hypotensive effect Hypotensive effect due to its
diuretic action in rats

[74]

Murungai (Moringa oleifera) Reduces systolic, diastolic, and mean
blood pressure, acts as a hypolipidimic

_ [75]

Umbrella tree, cork wood
(Musanga cecropiodes) West Africa

Vasorelaxant, hypotensive agent _ [76]
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been reported that T. arjuna reduced left ventricular
mass (cardiac hypertrophy) along with improvement
in LV ejection fraction in patients of angina. Similarly,
a hydroalcoholic extract of T. arjuna demonstrated
some beneficial effects in 12 patients of severe refractory
heart failure (NYHA class IV). Patients treated with T.
arjuna have shown a significant decrease in total choles-
terol and LDL cholesterol. Terminalia arjuna reversed
smoking-related endothelial dysfunction very much
similar to the reported reversal of endothelial dysfunc-
tion in smokers with the use of vitamins C and E [108].
However, major shortcomings in all these human
studies are the absence of phytochemical standardiza-
tion of the extracts, preclinical toxicity studies along
with pharmacological interactions with other drugs,
and large multicenter randomized clinical trials.

Similar to T. Arjuna, garlic (A. sativum) has been
widely recognized for prevention and treatment of
CVDs like atherosclerosis, hyperlipidemia, thrombosis,
hypertension, myocardial necrosis, and cardiomyopathy,
which has been reviewed [11]. Effectiveness of garlic in
CVDs was more encouraging in different animal studies,
which prompted many clinical trials, many of which
showed its positive effect on almost all cardiovascular

conditions like hyperlipidemias, thrombosis, platelet ag-
gregation, and hypertension [11]. However, several is-
sues regarding the proper use of garlic, i.e., use of
different preparations available, dose, duration, and
interaction with generic drugs, should be optimized
before its recommended use along with modern
medicines.

Apium graveolens showed effectiveness in two
different human studies against hypertension [66,91].
Achllea Wilhelmsi showed antihyperlipidemic and
antihypertensive effects in a clinical study. A significant
decrease in triglycerides and total cholesterol and
LDL-C were evidenced after four months of interven-
tion, whereas HDL-C levels were increased after six
months of treatment. Appreciable decreases in diastolic
and systolic blood pressures were also observed after
two and six months of A. wilhelmsii treatment [92].
Zingiber officinale (ginger) administration in humans
for 45 days reduced triglycerides and LDL-C and
increased HDL-C levels [96]. Two studies in India
and the United Kingdom with artichoke (Cynara
cardunculus var. scolymus) showed the reduction of
total cholesterol and LDL-C in the artichoke-treated
group [97,98].

TABLE 24.2 List of Medicinal Plants from Countries Other than India and Their Application against Cardiovascular Diseases
in Animalsdcont’d

Name of plants Pharmacological actions Proposed mechanisms References

Basil (Ocimum basilicum Reduces systolic, diastolic, and mean
blood pressure

Eugenol, one of the components
of the plant, exerts its effect by
blocking the calcium channels

[77]

Nela nelli (Phyllanthus amarus) Produces cardiotonic and a fall in mean
diastolic, systolic, and mean arterial
pressure

The cardiotonic activity was
exhibited due to positive
ionotropic and chronotropic
effect.

[78]

Kudzu (Pueraria lobata) China Decrease in blood catecholamine levels,
blood pressure, and heart rate.

Improve vascular function due to
their lipid-lowering, antioxidant
and nitric oxide production, as
well as their phytoestrogenic
properties

[79]

Radish (Raphanus sativus) Reduces blood pressure and heart rate
mediated through an atropine-sensitive
pathway

Effects are mediated through
activation of muscarinic receptors

[80]

Coriaceum oliver Reduces blood pressure Reduce blood pressure through
calcium channel blockade activity

[81]

Sesame (Sesamum indicum) Antihypertensive Presence of acetylcholine-like
substance in the seeds might be
responsible.

[82]

Cat’s claw herb (Uncaria

rhynchophylla)
Reduces blood pressure and relieves
various neurological symptoms

Inhibits Ca2þ influx mainly
through a voltage-dependent
Ca2þchannel.

[83]

Mistletoe (Viscum album) Antihypertensive Possible inhibition of sympathetic
stimulation

[84]
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TABLE 24.3 List of Medicinal Plants and Their Application aagainst Cardiovascular Diseases in Humans

Name of plant/

herbal product

Country

of study Diseases indication Efficacy

No of

patients References

Terminalia arjuna India Post myocardial
infarctionIschemic
cardiomyopathy

Y Symptoms of angina, left
ventricular ejection fraction,
and left ventricular mass
Terminalia group, severity of
cardiomyopathy also
improved fromNYHA class III
to Class I in two patients
during the study

N ¼ 10 (myocardial
infarction)
N ¼ 2 (ischemic
cardiomyopathy)

[85]

Terminalia arjuna India Congestive heart failure with
severe refractory heart failure
(NYHA class IV).

Improvement of edema,
fatigue and dyspnea along
with walking tolerance, stroke
volume, left ventricular
ejection fraction, with
decreases in end-diastolic and
end-systolic left ventricular
volume

N ¼ 12 [86]

Terminalia arjuna India Patients with coronary artery
disease (CAD)

Y Total cholesterol, Y LDL
cholesterol, Y lipid peroxide
levels after 30-day follow-up.

N ¼ 105 [87]

Allium sativam Australia Progression of carotid
atherosclerosis

Anti-atherosclerotic effect on
carotid atherosclerosis

N ¼ 196 [88]

Allium sativam India Hypertension, Oxidative
stress

Y 8-hydroxy-
2-deoxyguanosine, Y nitric
oxide level, Y lipid
peroxidation, [ vitamins C, [
vitamin E

N ¼ 20 [89]

Allium sativam India Effect of garlic powder
(Kwai) on plasma lipids
and lipoproteins in mild
hypercholesterolemia

No change in blood lipids and
lipoproteins levels

N ¼ 28 [90]

Apium graveolens China Hypertension Y Blood pressurea

Y Blood pressureb
N ¼ 14a

N ¼ 16b
[66,91]

Achllea Wilhelmsi Iran Antihyperlipidemic and
antihypertensive effects

Y Triglyceride after 2 months,
Y total cholesterol and LDL-C
after 4 months [HDL-C levels
after 6 months of treatment, Y
diastolic and systolic blood
pressure after 2 and 6 months,
respectively

N ¼ 120 [92]

Fenugreek
Trigonella foenum

India Coronary artery disease
(CAD) patients and patients
with type 2 diabetes with
or without CAD

Y Total cholesterol
Y triglycerides

N ¼ 30 [93]

Curcumin India Lipid level in patients with
acute coronary syndrome

Moderate-dose curcumin
showed the minimal effect of
increase, followed by the low-
dose curcumin and finally, the
high-dose curcumin that
showed the highest effect of
increase.

N ¼ 75 [94]

Curcumin India Overweight hyperlipidemia Reduction in lipid profiles
such as serum total
cholesterol, triglyceride and

N ¼ 53 [95]
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While most of the human studies were smaller,
Tauchert et al. carried out a relatively bigger study
after recruiting 1011 patients with cardiac insufficiency
of stage NYHA II, treated with standardized hawthorn

(crataegus) extract WS 1442 (Crataegutt novo� 450, one
tablet b.i.d.) over a period of 24 weeks. A significant
improvement in clinical symptoms (reduced perfor-
mance in the exercise tolerance test, fatigue, palpitation,

TABLE 24.3 List of Medicinal Plants and Their Application aagainst Cardiovascular Diseases in Humansdcont’d

Name of plant/

herbal product

Country

of study Diseases indication Efficacy

No of

patients References

LDL-cholesterol and
VLDL-cholesterol

(Ginger) Zingiber
officinale

Saudi Lipid levels in patients with
hyperlipidemia after 45 days.

YTriglyceride, Y LDL-C, [
HDL-C

N ¼ 45 [96]

Artichoke
(Cynara
cardunculus var.

scolymus)

India Hyperlipoproteinemia Y Total cholesterol, Y LDL-C N ¼ 143 [97]

Artichoke
(Cynara
cardunculus var.

scolymus)

UK Hypercholesterolemia Y Total cholesterol N ¼ 75 [98]

Rhubarb (Rheum
rhapontiam)

USA Cholesterol-lowering
effect in hypercholesterolemic
men

Y Total cholesterol (8%) and
LDL-C (9%), while HDL-C
concentrations remained
unchanged. The depressed
total and LDL-C levels
returned to baseline after the
fiber supplementation was
withdrawn for 1 month.

N ¼ 10 [99]

Hibiscus

sabdariffa
L. tea

Bosten Pre- and mildly
hypertensive adults

Y Blood pressure in pre- and
mildly hypertensive adults

N ¼ 65 [100]

Combination
of Commiphora

mukul

and Inula

racemosa
(1:1 ratio)

India Ischemic heart disease Y Total cholesterol
Y Triglycerides Y Total blood
lipids
An improvement in the ECG
was observed in 59% of the
patients at the end of six-
month study period.

N ¼ 200 [101]

Inula racemosa India Ischemic heart disease All nine subjects showed
improvement in ST-segment
depression on ECG.

N ¼ 9 [102]

Crataegus China Cardiac insufficiency stage
NYHA II heart failure

Reduced performance in the
exercise tolerance test, fatigue,
palpitation, and exercise
dyspnea.

N ¼ 1011 [103]

C. mukul Guggul USA Hypercholesteromia No improvement of
cholesterol level

N ¼ 103 [104]

C. mukul

(Guggul) in
combination
with Inula

racemosa

India Ischemic heart disease Improved electrocardiogram
readings and decreased
episodes of dyspnea and chest
pain

N ¼ 200 [105]

Crataegus

monogyna

(Hawthorn)

USA Heart failure Provides no symptomatic or
functional benefit when given
with standardmedical therapy
to patients with heart failure

N ¼ 120 [106]
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and exercise dyspnea, ankle edema, and nocturia) was
observed at the end of the study. An improved ejection
fraction was also observed. Almost two-thirds of the pa-
tients felt better or much better following the 24 weeks of
treatment, while more than three-fourths of the partici-
pating physicians recorded a good or a very good effi-
cacy, and 98.7% noted a good or a very good tolerance.
This study concluded that high-dose hawthorn therapy
is an efficient, well-tolerated, and easily regulated thera-
peutic alternative for patients suffering from cardiac
insufficiency stage NYHAII [103].This study showed a
good example for exploring plant or herbal products
in humans. Basic scientists and clinicians should look
experimental data carefully and translate that knowl-
edge in humans.

24.8 INDIAN INITIATIVES

Safety is a major concern for the use of herbals in
humans. In many countries like India, traditional sys-
tems of medicines have been using these plants for hun-
dreds of years and enjoy both governmental and
cultural patronage. Therefore, they are widely believed
to be “safe.” However, that is not always true. Various
factors, like major changes in ecosystems, geographical
variations, faulty botanical identifications, etc., can
render toxicities to plants. So it is recommended that
screening for any potential toxic effects should be car-
ried out. In this respect, Indian Council of Medical
Research (ICMR), an apex governmental organization
has come out with some guidelines which are available
at http://icmr.nic.in/ethical_guidelines.pdf.

The process of toxicity studies is lengthy and expen-
sive. In the absence of any major industrial participa-
tion in the field of development of herbals, it is
rather difficult, if not impossible, to carry out the bat-
tery of toxicity studies, as required for new chemical
entities (NCE), which could have been ideal. There-
fore, ICMR recommends limited toxicity studies for
those plants which are mentioned in Indian traditional
medicine (Ayurveda and Unani) and for those plants
for which a different part of the plant or a different
extract other than that mentioned in the traditional
text is used.

The standardization of phytoconstituents of the
medicinal plants used in Indian traditional medicine
has been recently described in detail in Ayurvedic Phar-
macopoeia of India and quality standard monographs of
ICMR. The best way of instilling evidence into the claims
of medicinal values of herbs is a properly designed
clinical trial, like a randomized clinical trial. In India,
AYUSH, agovernmental organization looking after tradi-
tional systems of medicine, has taken a big step forward
bypromoting clinical trials of herbalmedicines.We expect

aparadigmshift inourknowledgeabout their efficacyand
safety in coming years that will help in the integration of
the traditional system with the mainstream.

24.9 CONCLUSION

There are several ways by which we can integrate
herbal and traditional medicine with modern medicine:
(1) incorporating it as an integral part of a country’s
health care system, (2) practicing it along with modern
medicine by individual health care practitioners, (3)
incorporating elements of both traditional and modern
practices to form a new branch to solve complex health
problems, (4) modern medicine practitioners imparting
training in traditional medicine, and (5) documenting
successful integration between traditional and modern
medicine in clinical practice. During the last two to three
decades, developed countries, such as the United States,
Canada, Australia, and members of the European
Union, have judiciously promoted the use of herbal
medicine in the form of complementary and alternative
medicine. However, efficacy or safety of the majority of
herbal medicines in CVDs has not been fully established
through an evidence-based approach. Further, other
issues, such as scientific, cultural, educational, econom-
ical, and legal, need to be addressed.
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LIST OF ABBREVIATIONS

ACE Angiotensin converting enzymes
CAD Coronary artery disease
cAMP Cyclic adenosine monophosphate
CVD Cardiovascular diseases
ECG Electrocardiogram
ER Endoplasmic reticulum
HDL High density lipoprotein
HDL-C High density lipoprotein-cholesterol
HMG-CoA reductase 3-Hydroxy-3-methyl-glutaryl-CoA reductase
HSP72 Heat shock protein 72
LDL Low density lipoprotein
LDL-C Low density lipoprotein-cholesterol
LV Left ventricle
NCE New chemical entities
NO Nitric oxide
NYHA New York Heart Association
PTP1B Protein-tyrosine phosphatase 1B
VLDL Very low density lipoprotein
WHO World Health Organization
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326e327
Ayurveda
ayur-pharmacoepidemiology, 448e450
background, 448e449
concept of, 449
good pharmacoepidemiology
practices, 449e450

pharmacovigilance in, 450
ayurveda siddhantas, strength of

fundamentals in, 428e431
Dravyaguna, 434e435
pharmacodynamic classification and
medicinal plants, 434

plant identification, importance of,
434e435

inspiration, 260e262, 261f
knowledge base
AYUSH initiative, 434
evolution of, 433
history of, 432e433
tribal health culture, documentation
of, 434

Vrikshayurveda, 433
Nadi vigyan, 432
Nidana samprapti

concept of stress in, 436e437, 437f
plant identification, importance of,
435e438

prodisease concept, 437e438
Vyadhikshamatva, 436

Panchakarma therapy, 438e442
Jalaukavacharana, 440
Parpati Chikitsa, 441e442
in psoriasis treatment, 439, 439f
Rasayana Chikitsa, 441
Sarpavisha Chikitsa, 440e441

panchamahabhuta siddhanta, 430
Rasashastra, 446e448, 446f
traditional bioinorganic medicinal
chemistry, 446e448

rediscovering novel therapies, 442e445
ayurgenomics and personalized
medicine, 442e443

ayurveda systems biology, 442
reverse pharmacology, 443e445

roga vigyan and chikitsa siddhanta, 431
science of life, 428e432
swasthavritta, 431
symptoms of life and language, 431e432
tridosha siddhanta, 430e431

Ayurveda/Yoga/Unani/Siddha and
Homoeopathy (AYUSH), 261e262

Ayurvedic drug delivery system, 260
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B
Benzonoids, 285te299t, 300
Benzoxazinone, 285te299t, 302
Berberine, 315e316, 316f
Berries, 388e392
Betulinic acid, 230
Bioassay-directed approaches,

498
Bioavailability
developing herbal formulation,

230e231
drug delivery systems, 231, 233f
half-life of drugs, modification for,
230e231

novel drug delivery technology,
231e237

dendrimer, 234
ethosome, 234
liposome, 231e232, 233f
micelles, 236, 236f
microemulsion and NE, 235e236,
236f

microsphere, 234e235
nanoparticle, 235
niosome, 232e234, 234f
phytosome, 237, 237f
solid lipid nanoparticles and NLCs,
235, 235f

transfersome, 232
pharmacokinetics of herbal products,

218e224
GI Lumen, phytochemicals from,
220e222

phytochemicals, metabolism of,
222e224

phytoconstituents, 224e230
phospholipid complex, 237e241
phytosome formulation impact,
238e241

phytosomes, physical and chemical
properties of, 237e238

Biofilm
formation, 323e324, 323f
mechanism for resistance, 324e325
natural products and conventional

antibiotics, synergy with, 332
quorum sensing, 325e327
AHL-dependent bacterial QS
systems, 326

AI-2 system, 327
for antimicrobial therapy, 329e331
natural products, 331e332
other QS systems, 327
peptide-based QS system, 326e327

Biomass, 497e498
Biomedical literature
concept recognition, 365e367
biomedical concept recognition,
366e367

taxonomic name recognition,
365e366

definition, 364e365
identifying potential plant-therapy

relationships, 368e369
Bonded-phase materials, 407e408

Botanical research
Integrated approaches in, 3f
thrust areas for, 6, 6f

Butyrylcholinesterase (BChE), 274, 276f

C
Capsicum, 392e393
Caraway
background literature on, 342e347
CAE effect on
anthropometric indices, 349e350,
351t

clinical and biochemical variables,
350, 351t

on para-clinical variables, 350, 351t
clinical trial, subjects involved in, 348
dietary supplements, weight loss

claims, 341e342
materials and methods, 347e348
gas chromatographyemass
spectrometry, phytochemicals
using, 348

preparation of herbal extract and
placebo, 348

statistical analysis, 348
study design and study outcomes,
347e348

safety issues and adverse events,
350e352

study population, demographic and
baseline characteristics of, 348

variables, changes in, 348e352
Caraway aqueous extract (CAE),

349e350, 351t, 352f
body composition and anthropometric

indices, 352e355
clinical/para-clinical variables and

safety issues, 355e357
phytochemicals analysis of, 352

Cardiovascular diseases (CVD)
cardioprotection, indian medicinal

plants validation for, 516
epidemiology of, 516
experimental data obtained from indian

medicinal plants, 517e520,
518te519t

herbal drug versus modern medicine,
516

indian initiatives, 526
medicinal plants, data obtained from

human studies with, 520e526
medicinal plants used for, 520

Carotenoids, 285te299t, 302
Carum carvi L., 342e343, 343f
Carvone, 346
Catharanthusroseus, 41
Cerebrospinal fluid (CSF), 275e276
cGMP. See Current Good manufacturing

guidelines (cGMP)
Charaka, 261
Chemical fingerprinting, 414
Ayurved Siriraj Prasachandaeng, 419
curculiginis rhizoma, 417e418
Dioscorea zingiberensis, 421e422
Folium Turpiniae, 420e421

qianghuo, 418e419
Radix Aconiti, 419e420
Yuanhu Zhitong tablet, 422e423

Chemical markers, 9e10
Chemoinformatics, 457
Chemometrics, 409e410
Chloramphenicol, 496, 497f
Chlorogenic acid, 230
Chloroquine, 310e311, 311f
Cholinergic pathway, 274e275
Chromatographic techniques, 7
Chromobacterium violaceum, 331
Chrysin, 230
Cinchona Bark, 316
Cinchona calisaya, 96
Citrus, 393
Cognitive disorder
medicinal plants for, edible plants

having anticholinesterase activity
Centella asiatica, 281
Eruca sativa, 281
Marsilea quadrifolia, 281
Terminalia chebula, 281

medicinal plants for, oil-bearing plants
having anticholinesterase activity,
279e281

Acorus calamus, 279
Carom carvi, 279
Cinnamomum cassia, 280
Illicium verum, 280
Mentha spicata, 280
Myristica fragrans, 280e281

medicinal plants for, traditional
medicine anticholinesterase
activity, 281e283

Aloe vera, 281
Alpinia galanga, 281
Andrographis paniculata, 281
Arnica montana, 281
Bupleurum falcatum, 281
Dioscorea bulbifera, 282
Fumaria asepala, 282
Hypericum perforatum, 282
Lavandula angustifolia, 282
Nardostachys jatamansi, 282
Nelumbo nucifera, 282
Origanum vulgare, 282
Pyrola japonica, 282
Salix mucronata, 282
Tinospora crispa, 282
Withania somnifera, 282
Ziziphus jujuba, 282e283

phytoconstituents for, 283e302
alkaloids, 284, 285te299t
benzonoids, 285te299t, 300
benzoxazinone, 285te299t, 302
carotenoids, 285te299t, 302
coumarins, 284e300, 285te299t
flavonoids, 285te299t, 300
glycosides, 285te299t, 300
lignans, 285te299t, 300
phenyl propanoids, 284, 285te299t
quinoids, 285te299t, 300
quinones, 285te299t, 300
stilbenes, 285te299t, 300
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terpenoids, 284, 285te299t
xanthones, 285te299t, 300

Column chromatography (CC), 498
Committee on Herbal Medicinal Products

(HMPC), 201e202
establishment and working structure,

202e203, 202t
establish monographs, procedure to,

205e206
herbal substances evaluated by, 206,

207te212t
herbal substances under evaluation by,

206, 211t
monographs and list entries, 204e205
sections of, 204e205
traditional use, 205
well-established use, 205

quality/efficacy and safety, guidance
on, 213

traditional and herbal medicinal
products

multidisciplinary guidance, 213, 215t
nonclinical issues of, 213, 215t
quality, guidance documents on, 213,
214t

usage and acceptance of monographs,
206e212

Complementary and alternative
medicines (CAMs), 248

Complete blood cell count (CBC), 350
Compound hongdoushan capsule, 416
Concept recognition, 365e367
biomedical concept recognition,

366e367
taxonomic name recognition, 365e366

Contact hypersensitivity (CHS), 127
Convection system, 94
Coumarins, 284e300, 285te299t
Council for Scientific and Industrial

Research (CSIR), 265
Cryptolepine, 316, 316f
Cryptolepis sanguinolenta, 317
CSIR. See Council for Scientific and

Industrial Research (CSIR)
Cuminum, 343
Curcuma longa, 317, 331
Curcumin, 228, 316, 316f
Current Good manufacturing guidelines

(cGMP), 249e250
Cyclobutane pyrimidine dimers (CPDs),

126e127
Cycloguanil, 316f
CYP3A4 inhibition, 268
Cytochrome P450 (CYP450) enzymes,

13e21
Boswellia serrata, 14
Cimicifuga racemosa, 14
Echinacea purpurea, 17
Evodia rutaecarpa, 17
Gardenia jasminoids, 16
Ginkgo biloba, 17
Glycyrrhiza glabra, 21
Hydrastis canadensis, 17e18
Matricaria recutita, 16e17
Murraya koenigii, 21

Phyllanthus amarus, 20
Piper methysticum, 18
Radix pueraria, 19
trikatu, 20
triphala, 20
Valeriana officinalis, 20

Cytoplasm, 122

D
Data mining algorithms, 170
Decentralized procedure (DCP), 204
Dendrimer, 234
Deoxyribonucleic acid (DNA), 172
Dermis, 122
Dietary supplements (DSs), 251e253
Dietary Supplements Health and

Education Act (DSHEA),
249e250

Dimethyl sulfoxide (DMSO), 501
Dioscorea nipponica, 54e55
Diphtheria, pertussis, tetanus (DPT), 266,

267f
Direct to consumer (DTC), 58e59
Disc diffusion method, 501
DNA methyl-transferases (DNMTs), 467
Donepezil (II), 276e277, 277f
Doxycycline, 313f
Drug development based, 5, 5f
Drying systems, 94

E
Ellagic acid, 229
Endosulfan�, 36
Epidermis, 122
(-)-Epigallocatechin-3-gallate (EGCG),

467e468
Erythromycin, 496, 497f
Ethanol (EtOH), 406e407
Ethosome, 234
Eurocentric approach, 40
European Medicines Agency (EMA),

201e202
scientific committees at, 202, 202t

Evaporative light scattering detector
(ELSD), 409

Evidence-based ayurvedic medicine, 269
Evidence-based medicine (EBM), 253e254
Evidence-based medicine research, 7
Extracellular matrix-bound cytokines, 152
Extrinsic aging, 123e124
ambient conditions, 124
habitats, 124
IR radiation, 123e124
tobacco smoking, 124
UV radiations, 123

F
Fairtrade� schemes, 35e36
Field-cultivated ginseng, 37
Field pressing, 88
Finished herbal products, 62
Flavonoids, 285te299t, 300
anthocyanins, 385
flavones, 384
flavonols, 384

Focal adhesion kinase (FAK), 159
Fosmidomycins, 312
Fosmidomycins, 312
Fragile material, 88

G
Galantamine (IV), 276e277, 277f
Gallic acid, 229
Garlic, 393e394
Gas chromatography-mass

chromatography (GC-MS) analysis,
348

Generally Recognized as Safe (GRAS),
469e470

Generated Database of Chemical Space
(GDB), 462

Genistein, 229
Genome-wide ribonucleic acid (RNA),

172
Germ theory, 65
Gingko biloba, 224
Ginseng values, 37
Ginsenosides
essential oils, 489
glucosinolates, 489

Globalization, 5
Globesity, 340
Glycosides, 285te299t, 300
GMPs. See Good manufacturing

practices (GMPs)
Good Agriculture and Collection

Practices (GACP), 77
Good manufacturing practices (GMP), 12,

32
clinical trials
herbal product descriptions in, 255
for HMs, 253e254
market growth and integration, 256
quality and, 256
TCM, guidelines for, 255
WHO operational guidelines for,
254e255

economic development, HMs in, 249
global HMs market, 248e249
HMs
DSs, new safety measures in,
251e253

in economic development, 249
IOM guidelines for, 253
patient safety and widespread use,
250e251

protocols and guidance documents,
253

safety of, 250e253
TCMs, safety of, 251
in United States, 249e250

quality issues
in developing countries, 250
United States, HMs in, 249e250, 249f

traditional and complementary
medicines, 247e248

Grains, 394
Guidelines on good agricultural and

collection practices (GACP), 8
Gut microflora (GM), 353
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H
Hemostasis phases, 151
Herbal adverse effects, 167e168
Herbal materials, 62
Herbal medicinal products (HMPs),

248
Herbal preparations, 62
Herbaria, 95
Herb-drug interactions, 268, 268f
Herbs, 62, 387e395
berries, 388e392
capsicum, 392e393
citrus, 393
garlic, 393e394
grains, 394
punica, 394
tea, 394e395

Herbs of Commerce, 97
Herpes simplex virus, 192e195
cutaneous lesion assay, 192
guinea pigs, vaginal inoculation of HSV

in, 194
mice/cotton rats, viral vaginitis

reduction in, 192e194
mouse eye/trigeminal ganglia model,

195
ocular herpes virus model, 194e195
rabbits, latency and reactivation in, 195
skin irritation test, 192

Heteronuclear correlation spectroscopy
heteronuclear multiple bond coherence,

500
heteronuclear multiple quantum

coherence, 500
High performance liquid

chromatography (HPLC)
chemometrics and principal component

analysis, 409e410
data analysis, 409
definition, 406e410
detectors, 409
herbal products, 410e411
analysis of, 414e423
chemical profiling/fingerprinting of,
413e414, 414f

marker-based authentication and
quality control of, 413

monoherbal products, 411
polyherbal products, 411, 412t
types of, 411e414

isocratic vs. gradient elution, 408e409
sample preparation techniques,

406e407
stationary and mobile phases, modes of

separation, 407e408, 407t
NP-HPLC, 407
other modes, 408
RP-HPLC, 407e408

High-performance liquid
chromatography (HPLC), 498

High-performance thin layer
chromatography (HPTLC), 37e38,
73, 73f

High-throughput screening (HTS), 457,
501e502

Histology, and immunohistology,
195e196

HMP. See Herbal medicinal products
(HMP)

Holistic approach, 5
Homonuclear correlation spectroscopy

1H-1H correlation spectroscopy,
499e500

1H-1H nuclear overhauser enhancement
spectroscopy, 500

1H-1H total correlation spectroscopy,
500

HPTLC. See High-performance thin layer
chromatography (HPTLC)

Human homologs, 171e172
Hyperenone A, 502
Hypericin, 502, 502f
Hypericum perforatum, 166, 224e227
Hypoxia-inducible factor-1 (HIF-1)

pathway, 467

I
Immunoadjuvants, 266e268
Index herbariorum, 95
Inflammatory phase, 151
Infrared spectroscopic technologies
data preprocessing, chemometrics

including
in imaging spectroscopy, 484
in NIR spectroscopy, 483

IR imaging spectroscopy, 480e482
data recording, 481e482
imaging microscopy, 480, 481f
measurement techniques, 480e481

IR imaging spectroscopy studies,
490e491, 490f

NIR and imaging spectroscopy, ad and
disadvantages of, 484

qualitative analysis, 489e490
regulatory issues, 491
secondary metabolites, quantitative

analysis of, 484e489
ginsenosides, 489
glycoside compounds, 489
phenolic compounds, 484e489

technical principles, 478e480
harmonic and an-harmonic oscillator
model, 479, 479f

instrumentation and sample
preparation, 479e480, 480f

NIR spectroscopy, 478e479, 478f
Inhibiting factors, 152
Intention to treat (ITT) analysis, 254
Interdisciplinary approach, 5
International Classification of Diseases

(ICD), 168
International merchandising regulation,

166
International of Pure and Applied

Chemistry (IUPAC), 4e5
Intrinsic aging
anatomic variations, 123
ethical background, 123

IUPAC. See International of Pure and
Applied Chemistry (IUPAC)

K
Kadzura chinensis, 96
Karawiya, 341e342

L
Laminaria digitata, 330
LEDCs. See Less economically developed

countries (LEDCs)
Leptadenia reticulata, 434e435
Less economically developed countries

(LEDCs), 30
Lignans, 285te299t, 300
Limonene, 346
Lincosamide, 313, 313f
Liposome, 231e232, 233f
Liquid chromatography (LC), 9
Liquorice, 415
Lux-R blockers, 331

M
Malaria, 307e308
burden of, 307e308
disease cycle, 308, 308f
drug for treatment of, 309e314
apicoplast, 309f, 312e313
food vacuole, 309e311, 309f
mitochondria, 309f, 313e314
from natural products, 309

phytomedicines, evidence-based use of,
314e317

Argemone mexicana, 315e316
Artemisia annua, 316
Artobotrys uncinatus, 316
Cinchona Bark, 316
Cryptolepis sanguinolenta, 317
Curcuma longa, 317
Nauclea pobeguinii, 317

prevention through vector control, 314
Manganese (II), 312f
Mangiferin, 228e229
Marker analysis, 11
Mass spectrometry (MS), 38
Matricaria chamomilla, 97
Matrix metalloproteinases (MMPs), 152
Maturation phase, 151
Medical diagnostic technology, 56
Medical pluralism, 268
Medical terminology for drug regulatory

authorities (MedDRA), 168
Medical Text Indexer (MTI), 367
Medicinal plant, 396e397
dietary fiber and prebiotics, 397
plant-derived proteins, 396e397
plant extract and herbal supplement,

396
Medicinal plant value chains (MPVCs), 30
MEDLINE, 364e365
Menoprogen Capsules, 416e417
Menthol, 70
Metabolic disorder, phytochemicals

useful against, 377e387
carotenoids, 385
flavonoids, 377e385
organosulphurs, 385e386
phenolic acids, 377
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phytosterol, 386e387
terpenoids, 385

Metabolic profiling, 7
Metabolomics, 38, 40e41
analyses, 22e24

Methanol (MeOH), 406e407
Micelles, 236, 236f
Microemulsion and NE, 235e236, 236f
Microsphere, 234e235
Mid-upper arm circumference (MUAC),

349e350
Modern medicine, 55e59
over diagnosis-over treatment-

iatrogenesis, 56e57
pharmaceutical medications, 57e59
safety of herbal vs. pharmaceutical

medications, 59
Molecular Access System (MACCS),

460e461
Monoherbal products, 411
Morphine, 57
Mouse monitoring, 195
MPVCs. See Medicinal plant value chains

(MPVCs)
Multiple components analysis, 414e417
Multivariate analysis techniques, 38
Mutual Recognition Procedure (MRP),

204

N
Named Entity Recognition (NER), 365
Nanaomycin A, 468
Nanoparticle, 235
Naphtoquinones, 314, 315f
National Center for Biomedical Ontology

(NCBO) Annotator, 367
National Library of Medicine (NLM), 364
National procedure, 204
Natural bioactive molecules, 128,

129te138t
Natural Language Generation (NLG), 365
Natural Language Processing (NLP), 365
Natural products (NPs)
challenging and emerging targets, leads

for, 466e469
DNA methyltransferase inhibitors,
467e469

modulating protein-protein
interactions, compounds for,
466e467

chemoinformatic analysis of, 457e462
molecular complexity, 462
molecular scaffolds and substructural
features, 459e460

physicochemical properties, 458e459
structural fingerprints, 460e462

in drug discovery, 457
molecular databases focused on,

462e464
pharmacological profiling of,

463e464
target fishing and reverse

pharmacognosy, 464e466
uncovering bioactivities, 469e470
virtual screening, 464

Nauclea pobeguinii, 317
NCBO Annotator. See National Center for

Biomedical Ontology (NCBO)
Annotator

New Millennium Indian Technology
Leadership Initiative (NMITLI)
program, 265

Nicotinic acetylcholine receptors
(nAChRs), 158

Niosome, 232e234, 234f
NMITLI program. See New Millennium

Indian Technology Leadership
Initiative (NMITLI) program

Nonclassical roles, 275e276
Nongovernmental organizations (NGOs),

31
Normal-Phase HPLC (NP-HPLC),

407
NP-HPLC. See Normal-Phase HPLC

(NP-HPLC)
Nuclear magnetic resonance

spectroscopy, 498e500
broad band decoupled 13C NMR

spectroscopy, 499
heteronuclear correlation spectroscopy,

500
1H NMR Spectroscopy, 499
homonuclear correlation spectroscopy,

499e500
J-Modulated 13C NMR spectroscopy,

499
polarization transfer-135, distortionless

enhancement by, 499
1H-Nuclear magnetic resonance (NMR)

spectroscopy, 37e38
and HPTLC, 39, 39t

O
Obesity
herb as food useful in, 387e395
berries, 388e392
capsicum, 392e393
citrus, 393
garlic, 393e394
grains, 394
punica, 394
tea, 394e395

and management strategies,
pathogenesis of, 374e377

antiobesity drugs, 376e377
etiology, 374
pathophysiology, 374e375
pharmacotherapy by
phytocostituents, 375e376

medicinal plant for, 396e397
dietary fiber and prebiotics, 397
plant-derived proteins, 396e397
plant extract and herbal supplement,
396

metabolic disorder, phytochemicals
useful against, 377e387

carotenoids, 385
flavonoids, 377e385
organosulphurs, 385e386
phenolic acids, 377

phytosterol, 386e387
terpenoids, 385

pharmacotherapy
adipocyte differentiation and
proliferation, 376

energy intake and energy
expenditure, 376

lipid metabolism, 376
pancreatic lipase, 375e376, 375f

phytochemicals, foods and botanicals
in, 397e398

Olympicin A, 502, 502f
ORGAM DG. See Organizational Matters

Drafting Group (ORGAM DG)
Organizational Matters Drafting Group

(ORGAM DG), 203
Organoleptic assessment, 69
Outcome reporting bias, 170

P
Penicillin, 496, 497f
Pharmaceutical medications, 57
Pharmacopoeial monographs, 9
Pharmacopoeias, 66e76
chromatographic technologies, 73e74
definition, 68
factors not consideration, 76e79
botanical identification, 76
daodi, 76e77
medicinal plants, environmental
sustainability of, 77e78

molecular identification, 77
spiritual well-being, 78e79

histology and identification, 72e73
identity/purity/quality and testing,

67e68
macroscopic and sensory (organoleptic)

evaluation, 69e71
pharmacopoeial standards, 68
quantitative assays, 74e76
traditional knowledge and modern

science integration, 71e72
Pharmacovigilance
definition, 167
herbal pharmacovigilance, 168e170
methodological problems, 169e170
pathways, 169
toxicologicologist’s toolkits, 170e172

Phenyl propanoids, 284, 285te299t
Philosophical principles, 261
Photo-diode-array (PDA) detector, 409
Photoprotective mechanism
cyclooxygenase-2, 128
DNA damage and mutation, 126e127
hyaluronidase and elastase, 126
IL, regulation of, 127
matrix metalloproteinases, 125
mitogen-activated protein kinase,

127e128
modulating cell signaling pathways,

127
nuclear factor kappa B, 127
protein kinase c, 128
ROS regulation, 124e125
skin, nucleotide excision repair in, 127
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Phyllanthus, 96e97
Phyllaries, 91e92
Phytoequivalence, 414
Phytosome, 237, 237f
Piper methysticum, 63, 64f
Plant identification
names and nomenclature, 95e97
author names and synonyms, 96
classification systems, 96e97
historic perspective, 95e96

Plant packages, wrapped for storage, 92,
92f

Plasmodium parasites, 310, 312
Polyherbal products, 411
Population statistics, 170
Potato dextrose agar (PDA), 502e503
Prediction of activity spectra for

substances (PASS), 466
Predictive toxicology, 171e172
Prickly chaff flower, 152
Principal component analysis (PCA),

38e39, 410
Proangiogenic activity, 153te154t
Proangiogenic compounds, 155f
Probabilistic approaches, 170
Proflavine, 496, 496f
Proguanil, 316f
Proliferative phase, 151
Prontosil, 496, 496f
Propane, 94
Protopine, 315e316, 316f
Pseudomonas aeruginosa, 324, 326,

326fe327f
Pulse-Fourier-transform technique,

498e499
Punica, 394

Q
QS-controlled gene expression,

330, 330f
Quality Drafting Group (Q DG), 203
Quality-related safety issue
botanical marker analysis and

standardization, 9e11
herbal medicine
CYP450 enzymes, 13e21, 15te16t
health care through, 2
integrated approaches for
development of, 2e4

pharmacovigilance of, 11e13
herb-drug interactions, 21e22
synergistic effects of herbs,
21e22

international harmonization, 24
quality control and quality assurance

of, 7e9
adulteration, 8
contamination, 8
herbal products evaluation,
pharmacopoeial standards for, 9

misidentification, 8e9
nonuniform chemical
constituents, 9

system biology and metabolomics,
22e24, 22f

TM
globalization of, 4e6
inspired drug discovery and drug
development, 6e7

use of herbs in, 4
Quinine, 310, 310f
Quinoids, 285te299t, 300
Quinones, 285te299t, 300

R
Randomized clinical trials (RCTs), 166
Randomized controlled trials (RCTs),

248e249
RAOM. See Recurrent acute otitis media

(RAOM)
Rasayanas, 266e268
Rauwolfia serpentine, 262
Recurrent acute otitis media (RAOM),

250e251
Resveratrol, 228
Reversed-Phase HPLC (RP-HPLC),

407e408
Reverse pharmacognosy, 464e466
Reverse pharmacology, 262, 262f
from molecule to target, 444
toward safety and personalized

efficacy, 444e445
Rivastigmine (III), 276e277, 277f
RNA. See Genome-wide ribonucleic acid

(RNA)
RP-HPLC. See Reversed-Phase HPLC

(RP-HPLC)
Rutin, 227e228

S
S-adenosylmethionine (SAM), 329
Salix alba, 227
Salvarsan, 496, 496f
Samhitas, 261
Scopolamine-induced cognitive deficits,

275
Secondary metabolites, 9e10
Senecio scandens, 169
Silybum marianum, 227
Single components analysis, 414e417
Skin aging
Aloe vera, 139
Astragalus membranaceus, 140
Berberis aristata, 139
Boswellia serrata, 141
Calendula officinalis, 140
Camellia sinensis, 140
Centella asiatica, 139
Citrus sinensis, 128e139
Concept of photoaging, 121e122
Curculigo orchioides, 140
Curcuma longa, 139
Emblica officinalis, 140
etiology of, 122
dermis, 122
epidermis, 122

factors associated with, 122e124
extrinsic aging (See Extrinsic aging)
intrinsic aging (See Intrinsic aging)

Glycine max, 139

Glycyrrhiza glabra, 141
Hibiscus rosa sinensis, 141
management of, 141e143, 142f
cosmetological care, 142
invasive procedures, 143
systemic agents, 142e143
topical medicinal agents, 143

Mangifera indica, 141
Matricaria recutita, 140e141
Myristica fragrans, 141
natural bioactive molecules against, 128
Panax ginseng, 139e140
Piper betel, 140
Punica granatum, 141
Rosmarinus officinalis, 141
Silybum marianum, 140
Solanum lycopersicum, 141
Tagetes erecta, 128
Terminalia chebula, 139
Theobroma cacao, 139e140
UV index and sun protection factor, 122
Vitis vinifera, 140
Zingiber officinale, 139

Smilarity ensemble approach (SEA), 466
Soft independent modeling of class

analogy (SIMCA), 410
Solid lipidnanoparticlesandNLCs, 235, 235f
Soluble growth factors, 152
Sorted high-altitude vouchers, 90f
Spectroscopic techniques, 7
SPF. See Sun protection factor (SPF)
Standardized bioactive compounds, 6
Staphylococcus aureus, 327, 328f
Stilbenes, 285te299t, 300
Stockholm Convention, 36
Streptomyces rubellomurinus, 312
Streptomycin, 496, 497f
Strictosamide, 315e316, 316f
Structureepromiscuity index difference

(SPID) metric, 464
Sun protection factor (SPF), 121
Sushruta, 261
Sustainable medicine, 340
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