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Preface

Considerable progress has been made in our healthcare system, in particular with
respect to sensitive diagnostic tools, reagents and very effective and precise drugs.
On the other hand, high-throughput screening technology can screen vast numbers
of compounds against an array of targets in a very short time, and leads thus ob-
tained can be further explored. In developing countries, the exploding population
exerts pressure not only on natural resources but also on the human population it-
self, whose members strive to become successful and advance in society. This leads
to increased blood pressure, anxiety, obesity-associated lipid disorders, cardiovas-
cular diseases and diabetes. Most of these diseases result in disturbed family life,
including sexual behaviour.

Despite technological developments, herbal drugs still occupy a preferential
place in a majority of the population in the Third World and terminal patients in the
West. Herbal drugs, in addition to being cost effective and easily accessible, have
been used since time immemorial and have passed the test of time without having
any side effects. The multitarget effects of herbs (holistic approaches) are the funda-
mental basis of their utilization. This approach is already used in traditional systems
of medicine like Ayurveda, which has become more popular in the West in recent
years. However, the integration of modern science with traditional uses of herbal
drugs is of the utmost importance if ones wishes to use ancient knowledge for the
betterment of humanity. This book will try to bridge this gap and will be a valuable
source for herbalists, traditional and modern medical practitioners, and researchers
in botany, ethnobotany, pharmacy, phytochemistry and agriculture. Contributions
on herbs used for beneficial effects on memory, sexual behaviour, neurodegener-
ation, erectile dysfunction, inflammation, cardiovascular diseases, cancer preven-
tion, stroke and central nervous system disorders will provide vital information to
readers.

Finally, I would like to acknowledge my contributors, who have gone to great
lengths to ensure the high scientific quality of the book. I would also like to thank
my colleagues at Springer.

July 2008 K.G. Ramawat
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ment of Medical Biochemistry, Malá Hora 4, 037 54 Martin, Slovak Republic

K.G. Ramawat Laboratory of Biomolecular Technology, Department of
Botany, M.L. Sukhadia University, Udaipur-313001, India, e-mail: kg ramawat@
yahoo.com

Reinhard Saller Institute of Complementary Medicine, Department of Internal
Medicine, University Hospital Zurich, Raemistr. 100, 8091 Zurich, Switzerland

Beata Saniova Clinic of Anesthesiology and Intensive Medicine, Kollarova 2,
SK-03601 Martin, Slovak Republic

Gautam Sethi Cytokine Research Laboratory, Departments of Experimental Thera-
peutics, University of Texas, M.D. Anderson Cancer Center, 1515 Holcombe Blvd.,
Houston, TX 77030, USA

Jyoti Shah Department of Urology, St. George’s Hospital, Blackshaw Road,
London SW17 OQT, UK, e-mail: jyoti.shah@imperial.ac.uk



xxii List of Contributors

Chen Shuangyan Key Laboratory of Photosynthesis and Environmental Molecu-
lar Physiology, Institute of Botany, Chinese Academy of Sciences, 20 Nanxincun,
Xiangshan, Haidian District, 100093 Beijing, P.R. China

Rana P. Singh Cancer Biology Laboratory, School of Life Sciences, Jawaharlal
Nehru University, New Delhi, India, e-mail: rana singh@mail.jnu.ac.in

Bokyung Sung Cytokine Research Laboratory, Departments of Experimental Ther-
apeutics, University of Texas, M.D. Anderson Cancer Center, 1515 Holcombe Blvd.,
Houston, TX 77030, USA

Peter Urban Comenius University, Jessenius Faculty of Medicine, Department of
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Chapter 1
Medicinal Plants: A Renewable Resource
for Novel Leads and Drugs

R. Verpoorte

Abstract Present-day drug development is strongly focused on finding active
compounds on well-defined targets using high throughput screening approaches.
Unfortunately it seems that this approach is becoming less and less successful, as
in most cases already good compounds are on the market, and the rapidly rising
costs of drug development will make it increasingly difficult to make an economi-
cally competitive novel drug for any major disease. In other words, the reductionist
approach presently used is becoming less successful. The time has come to rethink
drug development. Many Western medicines are based on traditional knowledge
from Europe and the Mediteranean region. This is why interest is rapidly increas-
ing in Indian and Chinese medicine, both of which represent a very long tradition
of apparently safe use. However, these healthcare systems are different from West-
ern medicine, so novel methods are required to verify the efficacy and safety of the
therapies. As it often concerns personalized medication with complex mixtures, a
reductionist approach of screening for a single active compound on a known target
will in many cases not be successful, as more than one target may be involved; in
addition, and complicating the situation even more, synergism and prodrugs may be
involved. Systems biology as a novel holistic way of dealing with biological prob-
lems seems here an interesting option. Systems biology means proceeding without
a hypothesis, just observing, measuring as many parameters as possible in a biolog-
ical system and afterwards using chemometrics to reveal any meaning in the data.
This approach has already proven successful in studying medicinal plants and, in
combination with the classical natural-product-based drug lead finding, is expected
to be a major issue in the coming years. As present-day patent laws require inno-
vative and unexpected findings, the development of old knowledge does not fit this
requirement. Therefore, to support the development of evidence-based traditional
medicines, it would be of great interest if some sort of protection could be obtained
for companies developing such medicines so that they could earn back their huge
R&D investments.
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K.G. Ramawat (ed.), Herbal Drugs: Ethnomedicine to Modern Medicine, 1
DOI 10.1007/978-3-540-79116-4 1, c© Springer-Verlag Berlin Heidelberg 2009



2 R. Verpoorte

Keywords Herbal medicines · Traditional medicine · Systems biology

1.1 Introduction

Since ancient times humans have explored their environment for plants that could
be used to cover all their basic needs: food, shelter, fuel and health. This has resulted
in the use of a large number of plants; in particular, food plants’ extensive breeding
has resulted in high-yield crops. In the case of medicinal plants, such breeding has
largely not yet taken place as nature could provide a sufficient supply. The number
of medicinal plants has been estimated to be on the order of 40,000 to 70,000 [1],
which means that almost 25% of all plant species have some sort of medicinal use
somewhere in the world. This heritage from our ancestors has continued to develop
in Western medicine and has resulted in the isolation and production of pure active
compounds (e.g. morphine, atropine and digoxin) and later in the development of
novel synthetic compounds based on this knowledge (e.g. local anaesthetics based
on cocaine, analgesics based on morphine). Some of these synthetics based on nat-
ural products have been very successful, e.g. acetylsalicylate, which development
was based on the use of Salix bark as analgesic. In other cases the result has not
been so successful, e.g. the acetyl derivative of morphine (heroin). This illustrates
that many medicines in the West have originated in phytotherapy, as occurred in
European/Mediterranean region.

In addition, the statistics on novel drugs developed in recent decades show that
natural products are a major source of inspiration for drug development [2], with
only 30% of all novel molecules (of the 1184 so-called novel chemical entities or
NCEs) introduced into the market in the period 1981–2006 being pure synthetic
and all others being natural products or natural product related. These statistics also
show that the number of novel chemical compounds reaching the market is decreas-
ing every year. The high costs (approx. 1000 million euros) and long duration (more
than 10 years), as well as the fact that for most major ailments good medicines that
are already available hampers the development of novel drugs by the pharmaceuti-
cal industry. Recently problems with serious side effects caused that several novel
medicines had to be taken of the market shortly after their introduction. This does
not also help to increase efforts at novel drug development.

At the same time the strong emerging economies of countries like India and
China have led to greater interest in local healthcare systems, which are even consid-
ered an important (cheap) alternative to expensive treatments using Western drugs
(see Chapters written by Pandey et al., Melzer and Saller, and McGregor (this
volume)). Moreover, after thousands of years of extensive and widespread use of
traditional medicines, the question arises as to why we should not consider these
medicines again using all the tools of modern science [3, 4]. Further studies may
lead to the discovery of novel modes of action, novel biologically active compounds,
confirmation of traditional use, or, in the worst case, the fact that no activity is
present and even that a given medicine’s use can carry risks of toxicity (see Chap-
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ters written by Cuzzolin and Benoni, and Benoni and Cuzzolin (this volume)). With
80% of the world’s population using such traditional medicine, it makes sense to
devote much more resources to such studies. The discovery of the antimalarial com-
pound artemisinin in traditional Chinese medicine some 30 years ago has led to
an efficient novel medicine used to treat malaria. But it has also led to totally new
potential applications, e.g. in treating cancer (see Chapter written by Efferth (this
volume)). Many more hidden gems may be found through studies of traditional
medicine (Please specify the title and author you are referring to.).

One of the problems in studying traditional medicines is the totally different
healthcare systems they are embedded in, e.g. different ways of classifying diseases,
personalized medicines, and the complex mixtures of ingredients in traditional
medicines. Current approaches to drug development may pick up some interesting
compounds with high activity, but high throughput screening (HTS) will only detect
compounds with strong affinity to a target enzyme or receptor; it will miss prodrugs
(such as salicin the compound in Salix bark that in the human body is converted
via glucolysis and oxidation into salicylate). Also, the synergy between compounds
will not be observed in HTS, as one may, for example, envisage that artemisinin
may have synergy with other antitumor compounds in a plant. The study by Ster-
mitz et al. [5] showing the synergy between berberine and 5′-methoxyhydnocarpin
is now a classical example of synergy between two compounds from one plant. The
way traditional Chinese medicines are made and the different roles that each plant
traditionally was thought to play in fact point to the possible importance of synergy
between ingredients [6]. A recent study on the effects of ginkgo on peripheral blood
flow is a beautiful example of the totally different concept of activity of such a tradi-
tional medicine and present-day Western pharmacology. Boelsma et al. [7] showed
in a placebo-controlled, double-blind clinical trial that a standardized ginkgo prepa-
ration caused different effects in different subjects, which would be unacceptable
to the Western way of thinking. However, their systems-biology-type of approach
showed that in fact the preparation lowered peripheral blood flow in those people
who had an above-average peripheral blood flow level, increased it in those who
had a below average level, and in the case of the average level did not produce any
effect. In other words ginkgo normalizes peripheral blood flow, a concept that does
not match the reductionist approach of drug development, using the single-target,
single-compound paradigm.

On the other hand, HTS may pick up well-known compounds such as adenosine
and GABA in their respective receptor binding assays, thus masking possible other
active compounds, but it would confirm the rationale behind the traditional use of a
traditional medicine used to treat hypertension [8].

In fact the holistic ideas of traditional healthcare systems demand a holis-
tic approach to studying their activity [4]. First, instead of trying to find an ac-
tive compound, clinical trials could be considered as a way to confirm activ-
ity before trying to understand the activity. In well-established ancient healthcare
systems such as in Asia, such experiments could be done in relation to current
treatments. The fact that these medicines have been used for several thousand
years and are still used extensively means that acute toxicity is unlikely to occur,
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though long-term toxicity might be a point for some further research (see also
Chapters written by Cuzzolin and Benoni, and Benoni and Cuzzolin (this volume)).

In an approach using clinical studies, systems biology enters the picture. Systems
biology aims at studying an organism under different conditions without a working
hypothesis. Instead one tries to measure as many parameters as possible and use
multivariate analysis or other related statistical tools to asses all the data and draw
conclusions from this, i.e. the hypothesis comes afterwards. These data may include
physiological parameters (e.g. blood pressure, pulse), chemical parameters (using
metabolomics to measure e.g. metabolites in body fluids, metabolites in a medicinal
plant), the proteome and the transcriptome. Using such a holistic approach prodrugs
and synergy may be found. Also new modes of action can be revealed in this way. In
any case I think that the different medical systems could learn from each other and
in that way make some major steps forwards and become the source of novel ideas
and concepts. Combining the best of all approaches would be to the great benefit of
all people’s healthcare the world over.

That said, one may also wonder why the pharmaceutical industry shows such
little interest in traditional medicine. Besides the fact that the above-described prob-
lems of prodrugs and synergism do not fit their present expertise for drug devel-
opment, the major reason might be that of patents. It is not impossible that the
activity of a traditional medicine is due to a well-known compound, e.g. GABA or
adenosine, which would thus not lead to a novel active and patentable compound.
Moreover, patenting of a traditional medicine might be difficult, as a patent requires
some sort of innovation, something unexpected [9]. Finding antidiabetic activity in
a traditional antidiabetes medicine would thus not be accepted as an innovation, and
even a compound isolated for such a plant might be difficult to patent. It would be
of great value to all of humanity if any industry developing a traditional medicine
with a view towards an evidence-based medicine would also be given some years
of protection to be able to earn back the enormous investment needed to develop an
evidence-based traditional medicine.

Ginkgo may again serve as an example. There is one ginkgo preparation (see
also Chapters written by Howes and Houghton, Bhatnagar, Shah, Lehotsky et al.,
Melzer and Seller (this volume)) that has been studied extensively in clinical tri-
als and shown to be active. An analysis of six different preparations for sale as an
over-the-counter drug on the Dutch market, one of them being an evidence-based
preparation, showed that the other five had lower, and some even very low, levels
of the compounds thought to be involved in the activity, but the health claims were
the same as for the proven one [10, 11]. One problem facing a country such as
the Netherlands that has no clear legislation regarding phytotherapy, as the govern-
ment is in general unfavourably disposed towards phytomedicines, is that a de facto
laissez-faire policy is established that leads to the suboptimal use of herbal medicine.

1.2 Conclusion

There is an urgent need to convince Western pharmacologists that traditional
medicines can be a major source of novel medicines, as well as novel concepts,
but that a different approach to studying these medicines is required.
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Chapter 2
The Chemical Diversity of Bioactive Molecules
and Therapeutic Potential of Medicinal Plants

K.G. Ramawat, S. Dass and Meeta Mathur

Abstract The therapeutic use of herbs is as old as human civilization and has
evolved along with it. The vast majority of people on this planet still rely on their
indigenous system of medicine and use herbal drugs. The Indian and Chinese sys-
tems of medicine are well established with written records going back around 3000
years. Medicinal plant drug discovery continues to provide new and important leads
against various pharmacological targets including cancer, malaria, cardiovascular
diseases and neurological disorders. Interest in herbal drugs and natural medicine is
undergoing a renaissance at the present time. The medicinal properties of plants are
due to the presence of active principles. These bioactive secondary metabolites are
synthesized by two principal pathways: shikimic acid or aromatic amino acid, and
mevalonic acid. Alkaloids, phenolics and terpenoids constitute many pharmacolog-
ically active compounds. Several natural-product drugs of plant origin have either
recently been approved by the US Food and Drug Administration (FDA), including
arteether, galanthamine and triotopium, or are in clinical trials. Although drug dis-
covery from medicinal plants continues to provide an important source of new drug
leads, this work is constrained by the unavailability of sufficient plant material, se-
lection and implementation of appropriate high-throughput screening bioassay and
the production of bioactive compounds in large quantities. This article reviews the
use of herbs in traditional systems and bioactive therapeutic molecules responsible
for this activity.

Keywords Herbal drugs · Traditional medicine · Secondary metabolites ·
Alkaloids · Terpenes · Polyphenolics

2.1 Introduction

The world’s population will be more than 7.5 billion in the next 10 to 15 years. This
increase in population will occur mostly in the southern hemisphere, where 80%
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of the population still relies on a traditional system of medicine based on herbal
drugs [1]. As civilizations grew from 3000 BCE onwards in Egypt, the Middle
East, India and China, the uses of herbs became more sophisticated and written
records were prepared. The specific plants to be used and the methods of applica-
tion for particular ailments were passed down through oral history. Later on, infor-
mation regarding medicinal plants was recorded in herbals [2]. Historically, herbal
drugs were used as tinctures, poultices, powders and teas followed by formulations,
and lastly as pure compounds. Medicinal plants or their extracts have been used
by humans since time immemorial for different ailments and have provided valu-
able drugs such as analgesics (morphine), antitussives (codeine), antihypertensives
(reserpine), cardiotonics (digoxin), antineoplastics (vinblastine and taxol) and anti-
malarials (quinine and artemisinin). Some of the plants which continue to be used
from Mesopotamian civilization to this day are Cedrus spp., Cupressus semper-
virens, Glycirrhiza glabra, Commiphora wightii and Papaver somniferum [1, 3, 4].
About two dozen new drugs derived from natural sources were approved by the
FDA and introduced to the market during the period 2000–2005 and include drugs
for cancer, neurological, cardiovascular, metabolic and immunological diseases, and
genetic disorders [5]. Seven plant-derived drugs currently used clinically for vari-
ous types of cancers are taxol from Taxus species, vinblastine and vincristine from
Catharanthus roseus, topotecan and irinotecan from Camptotheca accuminata, and
etoposide and teniposide from Podophyllum peltatum [6]. It is estimated that the
worldwide market potential for herbal drugs is around US$40 billion [6]. A simi-
lar situation also exists for plant-based food additives, fragrances and biopesticides.
Mostly, herbal drugs are collected from the wild, and relatively few species are
cultivated. Overexploitation of plants, particularly when roots, tubers and bark are
used for commercial purposes, has endangered 4,000 to 10,000 species of medici-
nal plants [7]. To counter overexploitation of natural resources and the consequent
threats to biodiversity, alternative biotechnological methods and sustainable prac-
tices have been recommended. Several world organizations and governments have
established guidelines for the collection and utilization of medicinal plants [8, 9].

2.2 Traditional Use of Medicinal Plants

Traditional medicine is the sum total of the knowledge, skills and practices based
on the theories, beliefs and experiences indigenous to different cultures used in the
maintenance of health, prevention of diseases and improvement of physical and
mental illness. In practice, traditional medicine refers to the following components:
acupuncture (China), Ayurveda (India), Unani (Arabic countries), traditional birth
attendant’s medicine, mental healer’s medicine, herbal medicine, and various forms
of indigenous medicine. Complementary or alternative medicine refers to a broad
set of healthcare practices that are not part of a country’s own tradition and are not
integrated into the dominant healthcare system. Traditional medicine has maintained
its popularity in all regions of the developing world, and its use is rapidly spread-
ing in industrialized countries [1]. Knowledge of plants and of healing have been
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closely linked from the time of human beings’ earliest social and cultural group-
ings. The medicine man was usually an accomplished botanist. Even in historical
times, botany and medicine continued to be virtually one and the same discipline
until about 1500 CE, when they began to separate from their close association, to
the advantage of both sciences.

Knowledge of the medicinal plants used in the drugs of traditional systems of
medicine (TSM) has been of great significance, especially as a lead for the discov-
ery of new single-molecule medicines for modern system of medicine. To determine
the chemical nature of such compounds, isolation of a substance in pure form using
various separation techniques, chemical properties and spectral characteristics are
a prerequisite for establishing its correct structure. Thus, medicinal plants are used
in crude or purified form in the preparation of drugs in different systems. In coun-
tries like India, China and others with well-founded traditional systems of medicine,
plant-based formulations occupy an important place in health management [1–10].
However, the recent broadening of the horizons of drug discovery, due to advances
in instrumentation and bioinformatics (computational methods), has opened up new
avenues for use of this knowledge in drug development research [2–5]. Structural
novelty and new modes of action are common features of plant drugs. This has been
shown by anticancer agents like vinblastine, vincristine and paclitaxel, cardiovas-
cular agents like forskolin, anti-HIV agents like calanoid, and antihyperlipidemic
agents like guggulsterones.

2.3 Ancient Systems of Medicine

2.3.1 Traditional Indian Medicine

The word Ayurveda is derived from ‘Ayur’, meaning life, and ‘veda’, meaning
knowledge. Ayurveda means the science of life. It is an ancient system of health
care and longevity. Ayurveda takes a holistic view of human beings, their health
and illness. It aims at positive health, which has been defined as a well-balanced
metabolism coupled with a healthy state of being. Disease, according to Ayurveda,
can arise from the body and/or mind due to external factors or intrinsic causes.
Ayurvedic treatment is aimed at the patient as an organic whole and treatment con-
sists of the salubrious use of drugs, diet and certain practices. This doctrine was
conceived when science was not developed enough to understand even the human
body, let alone drug molecules [6–11].

Ayurveda, perhaps the most ancient of all medicine traditions, is probably older
than traditional Chinese medicine. The origin of Ayurveda is lost in prehistoric an-
tiquity, but its characteristic concepts appear to have matured between 2500 and 500
BCE in ancient India. The earliest references to drugs and diseases can be found in
the Rigveda and Atharvaveda, dating back to 2000 BCE. Atharvaveda, comprised
of 6599 hymns and 700 prose lines, is considered as the forerunner of Ayurveda.
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The ‘Samhitas,’ or encyclopedia of medicine, were written during the postvedic
era, and include ‘Charak Samhita’ (900 BCE), ‘Sushruta Samhita’ (600 BCE) and
‘Ashtang Hridaya’(1000 CE). Later on, many more treatises were prepared and the
use of medicinal plants is described in ‘Nighantu Granthas’ between the 7th and
16th centuries. The most basic concept of Ayurveda is that all living beings derive
their subsistence from three essential factors (three doshas), namely vaata, pitta and
kapha, which operate in unison. It believes that the human body is composed of liv-
ing and non-living environments including earth, water, fire, air and space. Illness
is the consequence of imbalance between the various elements, and it is the goal of
treatment to restore this balance [11, 12].

Ayurvedic drugs are also attracting much attention for diseases for which there
are no or inadequate drugs for treatment in modern medicine, such as metabolic and
degenerative disorders. Most of these diseases have multifactorial causation, and
there is a growing realization that in such conditions, a combination of drugs, acting
at a number of targets simultaneously, is likely to be more effective than drugs acting
at one target. Ayurvedic drugs, which are often multicomponent, have a special rel-
evance for such conditions [12]. For various reasons, Ayurveda has not incorporated
much of modern science/scientific tools. Investigation of the biological activity of
multicomponent Ayurvedic drugs will bring Ayurveda into the mainstream of scien-
tific investigations.

2.3.2 Traditional Chinese Medicine

Traditional Chinese medicine (TCM) has been in practice for more than 200 years
and includes acupuncture, massage (tuina), breathing exercise (qi gong) and dietary
therapy. TCM has been an integral part of China’s healthcare system along with con-
ventional Western medicine. TCM products were safe and effective for the treatment
of many human diseases before Western medicine was introduced in China. Famous
texts in TCM include the Yellow Emperor’s Inner Classic (Hung Di Nei Jing; ∼200
BCE to 100 CE), Divine Husband-man’s Classic of Materia Medica (Shen Nong
Ben Cao Jing; 25-220 AD) and cold-induced disorders (Shang han Lun; 220 AD).
The most complete reference to Chinese herbal prescriptions is Chinese Materia
Medica, published in 1977. It lists nearly 6000 drugs, of which 480 are of plant
origin. This ancient system of medicine, believed to be more than 5000 years old,
is based on two separate theories about the natural laws that govern good health
and longevity, namely ‘Yin and Yang’, which are in opposition to each other, and
the five elements (wu xing). The five-element theory is similar to the four humours
and elements of the Greeks or the three humours of Ayurveda. The five elements
are earth, metal, water, wood and fire, each of which is linked to the main organ
systems of the body—spleen, lungs, kidney, liver and heart, respectively. It consid-
ers that an unbalanced diet, lifestyle or environment will disrupt the body balance,
which in turn manifests as symptoms of diseases. The aim of the practitioner of
TCM is to restore health by removing the cause, correcting abnormal functioning,
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opposing the imbalance and normalizing the flow of energy. Angelica polymorpha
var. sinensis, Artemesia annua, Ephedra sinica, Paeonia lactiflora, Panax ginseng,
Rheum palmatum and Peuraria lobata constitute the important medicinal plants of
TCM [3, 13, 14].

2.3.3 Traditional Egyptian Medicine

Although Egyptian medicine dates from at least 3000 BCE, the last known and most
important pharmaceutical record is the Papyrus Ebers (1500 BCE). Use of Ricinus
communis seeds, Citrilus colocynthes, Senna alexandrina and Prunica granatum
roots in large quantities is mentioned in the ancient Egyptian literature. These uses
were later documented by the Greek physician Dioscorides (100 CE). Writings of
the Greeks, such as Hippocrates (460–377 BCE) and Galen (130–200 CE), also used
parts of the Papyrus Ebers. Therefore Greek, and ultimately modern, medicine has
its origin in Egyptian or Nile Valley civilization [15].

2.3.4 Traditional Arabic Medicine

The Babylonians, Assyrians and Sumerians comprise one of the oldest civilizations,
and several plants were domesticated during this early period. Several medicinal
plants are mentioned in civil laws carved on stone and commissioned by the King
of Babylon (1700 BCE). The Arabs established drugstores in the eighth century,
and the Persian pharmacist Avicenna described all Greco-Roman medicine in his
book Canon of Medicine. This text forms the basis of distinct Islamic healing sys-
tem known today as Unani-Tibb. Papaver somniferum was known to the Sumerians
in 4000 BCE as hul gil (joy plant). The most frequently used medicinal plants in
the Middle East are: Allium cepa, Astracantha gummifera, Carthamus tinctorius,
Carum carvi, Ferula asafoetida, Lawsonia inermis, Papaver somniferum, Peganum
harmala, Prunus dulcis, Prunica granatum, Salvadora persica, Senna alexandrina,
Sesamum indicum, Trachyspermum ammi, Trigonella foenum-graecum and Vitis
vinifera [3, 16].

2.3.5 African, European and Other Traditional Systems
of Medicine

Africa is considered the cradle of Homo sapiens’ emergence. Though traditional
African medicine is the oldest and perhaps the most diverse of all healthcare sys-
tems [3], detailed documentation on the use of medicinal plants in Africa is lacking.
With rapid urbanization, traditional oral knowledge is dwindling fast, e.g. knowl-
edge of traditional oral knowledge of the Khoisan, the Nguni and the Sotho-speaking
peoples [17]. Traditional African medicine is holistic, involving both body and
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mind. Famous African medicinal plants include Acaccia senegal (source of gum
Arabic), Aloe ferox, Aloe vera, Artemisia afra, Asplanthus linearis, Boswellia sacra,
Catha edulis, Commiphora myrrha, Harpagophytum procumbens, Catharanthus
roseus, etc.

Like Africa, South American countries are also rich in biodiversity and di-
verse healing cultures, but information on the use of medicinal plants is sparse.
The famous medicinal plants from this region are Cinchona pubescens, Erythrox-
ylum coca, Ilex paraguariensis, Paullinia cupana, Spilanthes acmella and Uncar-
ina tomentosa. The European healing system is believed to have originated with
Hippocrates (460–377 BCE) and Aristotle (384–322 BCE). Subsequent naturalists
like Theophrastus (∼300 BCE), Dioscorides (100 CE) and the pharmacist Galen
(130–200 CE) recorded the use of medicinal plants. The philosophy was based on
the belief that the body is composed of earth, wind, fire and water, similar to the
Indian system [14]. The famous book De Materia Medica by the Greek physician
Dioscorides was the standard reference in Europe for more than 1000 years. The
use of herbal teas and decoctions is still very popular in Europe, e.g. teas prepared
from Humulus lupulus, Rosmarinum officinalis, Hypericum perforum and Valeriana
officinalis [14].

Though traditional and alternative medicine and its practitioners exist in Europe,
it is not officially recognized and is punishable under the law in France, Italy, Spain
and other countries, while it is unregulated in UK. This requires provisions in phar-
macopoeias to include herbal drugs. Allopathic medicine is practiced predominantly
in developed countries, and herbal drugs are categorized as food supplements and
are not reimbursed by the social security system.

2.4 Exploration of Medicinal Plants

Plants are a great source of therapeutic molecules. In the early 20th century, taxo-
nomic surveys established the identity of plants, followed by ethnomedical surveys
documenting the use of plants as medicine and other uses. The identification of ac-
tive principles of medicinal plants leads to the use, misuse and abuse of substances of
vegetal origin. The use may be curative (e.g. vincristine and vinblastine, reserpine,
ephedrine, aspirin, morphine, digoxin) or narcotic abuse (cocaine, morphine and
cannabis), and misuse has made several plants endangered species, e.g. Podophyl-
lum hexandrum, Taxus baccata, Coptis teeta, Picrorhiza kurroa and Nardostachys
jatamansi [18]. This overexploitation has resulted in depletion in germplasm re-
sources, particularly in Third World countries, and urgently warrants the develop-
ment of alternative biotechnological methods for micropropagation, the study of
seed and reproductive biology, and, last but not least, social awareness [11]. It is es-
timated that approximately 1500 plant species in India are threatened including 124
endangered species [19]. About 250,000 species of higher plants are yet to be inves-
tigated for pharmacological activity. Plants can be a source of effective remedies for
Alzheimer’s, Parkinson’s, epilepsy, migraine, arthritis and schizophrenia. Increased
demand for natural drugs has led to the domestication of several plants such as
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Catharanthus roseus and Taxus baccata, and several others (Psoralea corylifolia,
Carthamus tinctorius) are being evaluated for agronomic traits [9, 11, 20].

Secondary metabolites have evolved in nature in response to needs and chal-
lenges of the plant environment. Nature has been carrying out its own combinato-
rial chemistry for over three billion years [21]. The total number of natural products
produced by plants has been estimated at over 500,000 [22]. Ethnobotanical and tra-
ditional usage of medicinal plants serves as a source of information for the isolation
of active compounds, e.g. as direct therapeutic agents (D-tubocurarine from Chon-
drodendron tomentosum), as the starting drug for semisynthesis (diosgenin from
Dioscorea floribunda), the model drug for new synthetic drugs (cocaine from Ery-
throxylum coca), for the synthesis of local anaesthetics and, lastly, as taxonomic
markers for identification [2, 3, 23]. Drug discovery from plants requires the com-
bined efforts of botanists, pharmacognosists, phytochemists and other scientists to
screen the products. Improvements in isolation techniques to meet the demand for
pharmacology, the generation of large numbers of samples from correctly identified
plants from the tropics for high-throughput screening, elaborate arrangements for
preclinical (pharmacology, toxicology, pharmacokinectics and drug delivery) and,
lastly, for clinical trials are required for drug development. This process may take
more than 10 years [24].

2.5 Approaches to Drug Discovery

Isolation of compounds in their pure form and evaluating them for their pharmaco-
logical properties leading to drug discovery is a long, tedious, time-consuming and
expensive path. Drug discovery from natural sources has become very expensive
(currently estimated at US$500 million) and time consuming (5 to 6 years in the
1980s to 15 to 22 years in the 21st century). Two-thirds of the cost goes to leads
that fail during the clinical trials [25]. Fifty percent of all potential drugs fail be-
cause of adsorption, distribution, metabolism, excretion or toxicity problems [26].
Due to the long periods involved in discovery and preclinical and clinical trials,
which require large numbers of volunteers (1000 to 5000 for long-term effects),
many companies have abandoned the search for natural products and turned their at-
tention towards combinatorial chemistry and modification/analogue synthesis of ex-
isting drugs. Therefore, the new approaches like metabolomics and high-throughput
screening (HTS) are used to screen and evaluate several metabolites in a short time.

In the postgenomic era, pharmaceutical researchers are evaluating vast numbers
of protein sequences to formulate novel strategies for identifying valid targets and
discovering leads against them [27]. Modern drug discovery often involves screen-
ing small molecules for their ability to bind to a preselected protein target. Drug
discovery can also involve screening small molecules for their ability to modulate
biological pathways in cells or organisms, without regard to any particular protein
target. Thus, the establishment of various techniques of the genomic sciences, such
as rapid DNA sequencing, together with combinatorial chemistry, cell-based assays
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and automated HTS, has led to a new concept of drug discovery [28]. In this concept,
interaction between biologists and chemists, as well as scientific reasoning, has been
replaced by a very high number of samples processed. With rapid industrialization,
an HTS system has been developed to screen not just a few hundred but hundreds of
thousands of chemical compounds in a short amount of time. HTS was created in the
early 1990s for the rapid screening of large numbers of extracts/compounds. This re-
quires the identification of disease-specific targets by basic research or by a genomic
approach, which is used to design/develop a bioassay used in the HTS system [29].
Under an HTS setup, large numbers of hypothetical targets are incorporated into
cell-based assays and exposed to large numbers of compounds representing numer-
ous variations on a few chemical themes. It is assumed that this experimental design
would be suitable to identify many substances, which can modify the target in ques-
tion. Such molecules are then isolated in greater quantity and evaluated on more
complex models (cells, animals) to a certain efficacy. About 50 million screening
tests have been conducted so far using different molecules, different concentrations
and different bioassays [28]. These technologies generated vast amounts of infor-
mation on natural products obtained from plants and microorganisms and have had
a historic impact on modern medicine.

New bioactive molecules are desirable to pharmaceutical companies for their
growth and economic viability. Previously, the search for new bioactive molecules
was carried out either by activity-based separation and purification or by pure com-
pounds obtained through slow and tedious chemical methods. These methods were
time consuming, yielded a small number of products, and resulted in the failure of
the product/process using critical evaluation parameters at various stages of clini-
cal/toxicological tests. The history of gene expression analysis began when labora-
tory methods were developed to examine the expression of individual known genes.
The northern blot technique, developed in the late 1970s, hybridizes labelled DNA
or RNA probes of known genes to RNA blots. The resulting expression patterns of
mRNA transcripts can then be read [30]. Now technology has reached its pinnacle
where large numbers of genes can be sequenced or gene products can be analyzed.
The ability to rapidly survey and compare gene expression levels between refer-
ence and test samples using new technology such as differential display, READS
(improved differential display), expressed sequence tag (EST), serial analysis of
gene expression (SAGE), and DNA microarray has made drug discovery genome
oriented. By comparing gene products of two samples it is possible to identify
gene products or disease targets. To find new drugs in the postgenomic era, phar-
maceutical researchers must evaluate vast numbers of protein sequences and for-
mulate novel intelligent strategies to identify valid targets and discover promising
molecules against them. This is helpful in the identification of small molecules that
selectively target proteins. By identifying protein function first, efficacy is gained
that makes it possible later on to focus resources on protein families of interest [27].
Although the sequencing of the human and other genomes is a result of the synergy
between innovations in automation and bioinformatics, it is in principle a break-
through in synchronous use and process management. New technologies offer rapid
and simultaneous analysis of the sequence and function of all genes in the genome.
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Mass sequencing is done today in factory-like setups, with many to several hundred
sequencers running 24 h, 7 d a week [31]. The companies involved in such work
are Incyte Pharmaceuticals, Human Genome Sciences, Millennium, and PE Celara.
These known sequences will be useful in the rapid drug discovery for target diseases
and in the identification of lead molecules [29].

2.6 Bioactive Molecules of Medicinal Plants

Plant cells produce two types of metabolites. Primary metabolites are involved di-
rectly in growth and metabolism, viz. carbohydrates, lipids and proteins. Primary
metabolites are produced as a result of photosynthesis and are additionally involved
in cell component synthesis. Most natural products are compounds derived from
primary metabolites such as amino acids, carbohydrates and fatty acids and are gen-
erally categorized as secondary metabolites. Secondary metabolites are considered
products of primary metabolism and are generally not involved in metabolic activ-
ity viz. alkaloids, phenolics, essential oils and terpenes, sterols, flavonoids, lignins,
tannins, etc. These secondary metabolites are the major source of pharmaceuticals,
food additives, fragrances and pesticides [4, 6, 32, 33].

In general, primary metabolites obtained from higher plants for commercial use
are high-volume, low-value bulk chemicals. They are primarily used as industrial
raw materials, foods or food additives such as vegetable oils, carbohydrates (su-
crose, starch, pectin and cellulose) and proteins. It is the medicinal plants that are
rich in secondary plant products, and it is because of these compounds that these
are termed ‘medicinal’ or ‘officinal’ plants. These secondary metabolites exert a
profound physiological effect on mammalian systems; thus they are known as the
active principle of plants. With the discovery of the physiological effect of a partic-
ular plant, efforts are being made to know the exact chemical nature of these drugs
(called active principle) and, subsequently, to obtain these compounds by chemical
synthesis [4].

Here we present a brief account of physiologically active primary and secondary
metabolites, and more prominent compounds belonging to the alkaloid, terpenoid
and phenolic groups. This will provide readers an overview of the biosynthesis,
diversity and distribution of such compounds.

Besides secondary plant products, several primary metabolites exert strong phys-
iological effects. In this category, proteins are the principal compounds having such
diverse functions as blood agglutinants from Fabaceae, hormones (e.g. insulin), vari-
ous snake venom poisons, ricin from Ricinus communis, and abrine and precatorine
from Abrus precatorius. Other examples of primary metabolites exerting a strong
physiological effect include certain antibiotics, vaccines and several polysaccha-
rides acting as hormones or elicitors [34, 35].

The carbon skeleton of all the compounds are derived from carbohydrates synthe-
sized by photosynthesis. The synthesis of various classes of secondary metabolites
from primary metabolites is presented in schematic form in Fig. 2.1. The majority
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Fig. 2.1 Principal biosynthetic pathways leading to synthesis of secondary metabolites

of secondary metabolites are synthesized via two principal biosynthetic pathways:
(1) shikimic acid pathway producing a pool of aromatic amino acids, which in turn
are converted into diverse compounds such as phenolics (lignins, tannins, quinones)
and alkaloids [36], and (2) acetyl-CoA mevalonic acid pathway, leading to a vast
array of terpenoids [37].

2.6.1 Alkaloids

Around 12,000 alkaloids of various types have been known to occur in all land
plants, including more than 150 families. The important families are Apocynaceae,
Papaveraceae, Fabaceae, Ranunculaceae, Rubiaceae, Rutaceae, Solanaceae, and less
common lower plants and fungi (ergot alkaloids). In plants, alkaloids generally exist
as salts of organic acids like acetic, oxalic, citric, malic, lactic, tartaric, tannic and
other acids. Some weak basic alkaloids (such as nicotine) occur freely in nature.
A few alkaloids also occur as glycosides of sugar such as glucose, rhamnose and
galactose, e.g. alkaloids of the solanum group (solanine), as amides (piperine), and
as esters (atropine, cocaine) of organic acids [4, 38].

In plants, alkaloids may be present systematically in whole plants, or they may
be accumulated in large amounts in specific organs like roots (aconite, belladonna),
stem bark (cinchona, pomegranate) and seeds (nux vomica, Areca). In angiosperms,
alkaloids are more common in dicots than in monocots.
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Alkaloids have known to humans for several centuries. They are a diverse group
of low-molecular-weight, nitrogen-containing compounds found in about 20% of
plant species (Fig. 2.2). Morphine, an alkaloid from latex of the opium poppy, was
isolated by F.W. Serturner in 1806, whose structure could be confirmed in 1952 due
to the stereochemical complexity of the molecule [39]. Later on, other alkali-like
active principles were isolated and identified, e.g. narcotine in 1817 by Robiquet,
emetine in 1817 by Pelletier and Magendie, and so on. The term ‘alkaloid’ was
coined by W. Meibner, a German pharmacist, meaning ‘alkali like’. Later it was
demonstrated that the alkalinity was due to the presence of a basic nitrogen atom.
The first alkaloid synthesized was coniine in 1886 by Ladenburg, which had already
been isolated in 1827 [4].

According to Pelletier [40] “an alkaloid is a cyclic organic compound containing
nitrogen in a negative oxidation state which is of limited distribution among living
organisms”. Sometimes it is not possible to draw a clear line between true alkaloids
and certain plant bases. Simple bases, such as methylamine, trimethylamine and
other straight-chain alkylamines, are not considered alkaloids. Other compounds
such as betaines, choline and muscarine (present in fig agaric, Amanita muscarea)
are also excluded from alkaloids by some experts. These compounds are synthesized
from amino acids and categorized as biological amines or protoalkaloids because
their nitrogen is not involved in a heterocycle system. Similarly, polyamines (pu-
trescine, spermine, spermidine) are also excluded. Some authorities even exclude
the phenylalkylamines, such as β-phenylethylamine (mistletoe, Viscum album; bar-
ley, Hordeum vulgare), dopamine (banana, Musa sapientum), ephedrine (Ma huang,
Ephedra sinica), mescaline (peyote, Lophora williamsii) and tryptamine (Acacia
species). Widely distributed vitamin B1 (thiamine) is not categorized as an alka-
loid even though it contains a nitrogen in heterocycle and has physiological activity.
Similarly, purine-based compounds (caffeine, theophilline, theobromine) are also
excluded by some workers, as they are not derived from amino acids [4]. However,
a neutral compound such as colchicine from autumn crocus (Colchicum autumnale),
in which the nitrogen is present in an amide group, is an alkaloid because of other
traits like medicinal properties and restricted distribution in plants. Other examples
of neutral compounds such as alkaloids are piperine from black pepper (Piper ni-
grum), indicine-n-oxide (Heliotropium indicum), di-n-oxide trilupine (Lupinus bar-
biger, L. laxus), betaines e.g. stachydrine (Medicago sativa) and trigonelline (in
fenugreek, garden peas, oats, potatoes, coffee, hemp) [4].

The potent physiological activity of many alkaloids has also led to their use as
pharmaceuticals, stimulants, narcotics and poisons. Alkaloids currently in clinical
use include the analgesics morphine and codeine, the anticancer agent vinblastine,
the gout suppressant colchicine, the muscle relaxant (+) tubocurarine, the antiar-
rythemic ajmalicine, the antibiotic sanguinarine and the sedative scopolamine. The
plant alkaloids like caffeine in tea and coffee and nicotine in all preparations (smok-
ing, chewing) of tobacco are widely consumed daily [4].

Piperidine alkaloids such as coniceine, coniine and N-methyl coniine are present
in Conium maculatum. Apart from tobacco alkaloids, nicotinic acid and its deriva-
tives are a major pyridine alkaloid present in plants. The most commonly occurring
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compound is trigonelline (N-methyl-nicotinic acid), which is present in Trigonella
foenum-graecum. Anticholinergic alkaloids hyoscyamine, atropine and hyoscine
(scopolamine) are found principally in plants of the family Solanaceae. Datura
species contain more than 30 alkaloids. D. stramonium and D. innoxia are the
main sources of hyoscyamine and scopolamine respectively. Other species known
to contain tropane alkaloids are Atropa belladonna (Deadly nightshade), Hyoscya-
mus niger (Henbane), H. muticus, Dubosia hybrids, D. myoporoides and D. leich-
hardtii [41]. Nicotine and tropane alkaloids are formed in the roots and transported
to the aerial parts of the plant [42]. The tropane alkaloids possess an 8-azabicyclo
octane nucleus and are found in plants of three families, Solanaceae, Erythroxy-
laceae and Convolvulaceae.The attractive berries of these plants contain these al-
kaloids, which are toxic. Fewer than three berries of Henbane (Hyoscyamus niger)
or deadly nightshade (Atropa belladonna), both of which contain scopolamine and
hyoscyamine, can cause death in infants. Both the tropane ring moiety of the tropane
alkaloids and the pyrrolidine ring of nicotine are derived from putrescine by way
of N-methyl putrescine (Fig. 2.3). Because putrescine is metabolized to polyamines
such as spermidiene and spermine, the N-methylation of putrescine catalysed by pu-
trescine N-methyltransferase is the first committed step in the biosynthesis of these
alkaloids [43, 44].

Galanthamine hydrobromide is an Amaryllidaceae alkaloid obtained from Galan-
thus and Crinum species that has been used traditionally in Russia, Bulgaria and
Turkey for neurological conditions. It is currently obtained by synthesis and used as
an acetyl cholinesterase inhibitor in the treatment of Alzheimer’s disease [45].

Cocaine in Coca (Erythroxylum coca) was the first local anaesthetic to be dis-
covered. Leaves of a few species of Erythroxylum, indigenous to Peru and Bolivia,
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Fig. 2.3 Biosynthesis of tropane alkaloids from N-methyl putrescine

contain 0.6 to 1.8% cocaine. The leaves of the plant have been used for centuries
by natives to increase endurance and to promote a sense of well-being. Cocaine was
isolated in 1859 by A. Niemann for its central-nervous-system-stimulating activity,
which can lead to dependence liability; cocaine has been a drug of abuse. These al-
kaloids are synthesized from tropic acid. Outside the Solanaceae, tropane alkaloids
occur in two other plant families. Within the Erythroxylaceae, the genus Erythrox-
ylon comprises about 200 widely distributed, tropical species found mainly in S.
America and Madagascar. E. coca is the only plant currently cultivated for cocaine
production.

About 2500 benzyl isoquinoline alkaloids have been isolated from diverse taxa,
including well-established drugs like morphine, sanguinarine, berberine and pal-
matine. The biosynthesis of these alkaloids begins with the conversion of tyro-
sine into dopamine and 4-hydroxyacetaldehyde [39]. Isoquinoline-type alkaloids
show strong pharmacological activities like those of morphinan-, protoberberine-
and benzophenenthridine-type alkaloids, and they are widely distributed in the plant
kingdom, mainly in Papaveraceae, Berbidaceae, Ranunculaceae and Menisperma-
ceae.

The opium poppy (Papaver somniferum) is one of the oldest cultivated plants.
The therapeutic use of latex obtained from unripe capsules of poppy was recorded
by Theophrastus in the third century BCE. Dioscorides (100 CE) described the cu-
rative properties of the opium poppy and presented the different uses for both latex
and extracts of whole plants. Laticifers are found associated with the vascular bun-
dle in plant parts. The morphinan alkaloids, morphine, codeine and thebaine, are
found both in roots and in aerial plant parts and specifically accumulate in vesicles
within laticifers. Details of opium alkaloid biosynthesis, the enzymes involved and
localization are given elsewhere [39], [46–48]. These alkaloids are used in modern
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medicine for the treatment of pain, cough and diarrhoea. Two new semisynthetic
derivatives of age-old drugs, morphine and atropine, have been developed and are
being used clinically for Parkinson’s disease and for chronic obstructive pulmonary
disease, respectively. Apomorphine hydrochloride [49] is a dopamine receptor ago-
nist, while triotropium bromide is derived from atropine [50].

The antimalarial activity of the alkaloid quinine obtained from the bark of Cin-
chona species (C. ledgeriana, C. pubescens and C. officinalis) has been known for
many centuries. Besides their pharmaceutical use, Cinchona alkaloids are also used
in the food and soft drink industry because of their bitter taste [4].

Terpenoid indole alkaloids comprise a group of about 3000 compounds with
well-known compounds such as antineoplastic agents vinblastine and camptothecin,
the antimalarial drug quinine and the rat poison strychinine. Terpenoid indole alka-
loids consist of an indole component provided by tryptamine and a terpenoid moiety
derived from secologanin. Tryptophan, a shikimic acid biosynthetic pathway prod-
uct, is converted to tryptamine by tryptophan decarboxylase (TDC). The biosyn-
thesis of these alkaloids is discussed elsewhere in detail [39, 42], [51–53]. New
derivatives of vinblastine and camptothecin are currently in clinical trials for their
anticancer properties, such as vinflunine and exatecan, respectively [2]. Besides
vincristine and vinblastine, Catharanthus roseus is famous for its more than 100
secologanin-derived monoterpene indole alkaloids (MIAs). The monomeric MIA aj-
malicine is used in the treatment of circulatory disorders, whereas the heterodimeric
MIAs vinblastine and vincristine are powerful antitumour drugs [54].

Purine alkaloids are widely distributed within the plant kingdom (Fig. 2.2) and
have been detected in at least 90 species belonging to 30 genera. Caffeine and thre-
obromine, methylated derivatives of xanthine, are generally the main purine alka-
loids and are regularly accompanied in low concentrations by the two methylxan-
thines theophylline and paraxanthine, as well as by methylated uric acids such as
theacrine, methylliberine and liberine. Purine alkaloids, being present in tea and
coffee, are widely consumed in the human diet across the continents. Plant species
from different families are made into a pleasant stimulant, e.g. coffee (Coffea ara-
bica, C. robusta), tea (Camellia sinenesis), cocoa (Theobroma cacao), mate (Ilex
pguariensis) and cola (Cola nitida) [55].

2.6.2 Phenolics

Simple phenolics are termed compounds and have at least one hydroxyl group at-
tached to an aromatic ring, e.g. catechol. Most compounds having a C6C1 carbon
skeleton, usually with a carbonyl group attached to the aromatic ring, are phenolic
compounds [56].

Simple phenylpropanoids are defined as secondary metabolites derived from
phenylalanine, having a C6C3 carbon skeleton, and most of them are phenolic
acids, e.g. cinnamic acid, o-coumaric acid, p-coumaric acid, caffeic acid and fer-
ulic acid [57]. A simple phenylpropanoid can conjugate with an intermediate from
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the shikimic acid pathway, such as quinic acid, to form compounds like chlorogenic
acid. Phenolic compounds having a C6C3C6 carbon skeleton include flavonoids (in-
cluding anthocyanins) and isoflavonoids.

Phenolic compounds are generally synthesized via the shikimate pathway
(Fig. 2.4), but the polyketide pathway can also provide some phenolics, such as
orcinols and quinones. Phenolic compounds derived from both pathways are quite
common, e.g. flavonoids, stilbenes, pyrones and xanthones [58].

The shikimate pathway, a major biosynthetic route for both primary and sec-
ondary metabolism, starts with phosphoenol pyruvate and erythrose-4-phosphate
and ends with chorismate [59]. Chorismate is an important branching point since it is
the substrate for all subsequent products (Fig. 2.4) [60]. A great diversity of phenolic
compounds are synthesized through these intermediate products, e.g. phenylalanine
is a common precursor for C6C3 and C6C3C6 compounds, and their polymers such
as tannins and lignins [38].

Resveratrol (3, 5, 4′-trihydroxystilbene) is an oligomeric polyphenol found as
dimer, trimer and tetramer in the families Vitaceae, Dipterocarpaceae, Cyperaceae,
Gnetaceae and Leguminosae. Resveratrol is synthesized from phenylalanine, me-
diated by the enzyme stilbenes synthase, while chalcone synthase converts pheny-
lalanine into flavonoids. Resveratrol is implicated in the prevention of cancer and
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Fig. 2.4 Biosynthesis of diverse phenolic compounds from pool of amino acids formed by shikimic
acid pathway
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cardiovascular diseases in vasoprotection and neuroprotection [61–63]. The de-
tails about the mode of action of resveratrol are discussed in reviews on resvera-
trol [62–64].

The phenolic group includes metabolites derived from the condensation of ac-
etate units (e.g. terpenoids), those produced by the modification of aromatic amino
acids (e.g. phenylpropanoids, cinnamic acids, lignin precursors, hydroxybenzoic
acids, catechols and coumarins), flavonoids, isoflavonoids and tannins. The phe-
nolics derived from aromatic amino acids, and their precursors, are just some of the
very wide range of compounds (Fig. 2.5) derived from shikimic acid [57]. A phenyl
group having three carbon side chains is known as a phenylpropanoid, such as hy-
droxycoumarins, phenylpropenes and lignans. The phenylpropenes are important
components of many essential oils, e.g. eugenol in clove oil (Syzygium aromaticum)
and anethole and myristicin in nutmeg (Myristica fragrans) [65].
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Dihydroflavonol
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Fig. 2.5 Biosynthetic pathway of major flavonoids and anthocyanins

Flavonoids have two benzene rings attached by a propane unit and are derived
from flavones. They are found throughout the plant kingdom, whereas isoflavonoids
are more restricted in distribution, and are present in the family Fabaceae, in which
they are widely distributed and function as antimicrobial, anti-insect compounds,
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as an inducer of nodulation genes of symbiotic Rhizobium bacteria, or as allelo-
pathic agents [66]. Flavonoids are brightly coloured compounds generally present
in plants as their glycosides. Different classes within this group differ by additional
oxygen-containing heterocyclic rings and hydroxyl groups and include the chal-
cones, flavones, flavonols, flavanones, anthocyanins and isoflavones. Anthocyanins
impart red and blue pigment to flowers and fruits and can make up as much as 30%
of the dry weight of some flowers. Flavanones, flavonols and anthocyanins normally
exist as their glycosides. The isoflavonoids are rearranged flavonoids, in which this
rearrangement is brought about by a cytochrome P-450-dependent enzyme which
transforms the flavanones’ liquiritigenin or naringenin into the isoflavones daidzein
or genistein, respectively. Simple isoflavones such as daidzein, and coumestans such
as coumestrol, have sufficient estrogenic activity to seriously affect the reproduction
of grazing animals and are known as phytoestrogens [56]. Isoflavones exhibit estro-
genic, antiangeogenic, antioxidant and anticancer properties [66, 67].

Major sources of isoflavones for humans are pulses, particularly soybeans and
chick peas [68]. Epidemiological studies suggest a link between consumption of soy
isoflavones and reduced risks of breast and prostate cancers [66–68]. Isoflavones
also possess other health-promoting activities, such as chemoprevention of osteo-
porosis, and prevention of postmenopausal disorders and cardiovascular diseases
[69, 70]. Phenoxodiol, a synthetic analogue of diadzein, is being developed as a
therapy for cervical, ovarian, prostate, renal and vaginal cancers and induces apop-
tosis through inhibition of antiapoptopic proteins [71]. The other important com-
pounds (Fig. 2.6) in this group include quercitin (flavonoid), silybin (flavonolignan)
and genistein (isoflavone).

2.6.3 Terpenes

The functional diversity of chemicals within plants is best demonstrated by ter-
penoids. More than 30,000 terpenoids [72] have been identified. The terpenes have
a simple unifying feature by which they are defined and by which they may be eas-
ily classified. This generality, referred to as the isoprene rule, was postulated by
Otto Wallach in 1887. This rule describes all terpenes as having fundamental re-
peating 5-carbon isoprene units [73]. Thus, terpenes are defined as a unique group
of hydrocarbon-based natural products that possess a structure that may be hypo-
thetically derived from isoprene, giving rise to structures that may be divided into
isopentane (2-methylbutane) units.

The actual biosynthesis route to terpenes is not so simple. Two different biosyn-
thetic pathways produce the main terpene building block, isopentenyl diphosphate
(IPP). The first classical biosynthetic route is known as the MVA (mevalonic acid)
pathway. This takes place in the cytosol, producing sesquiterpenes [54, 76]. It is now
known that the actual 5-carbon building blocks in vivo are the interconvertible iso-
mers isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP).
These two building blocks are condensed together in a sequential fashion by the
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action of enzymes called prenyltransferases. The products include geranyl, farnesyl
and geranyl geranyl pyrophosphate, squalene and phytoene, which are the direct pre-
cursors of the major families of terpenes. The key intermediate in the process was
mevalonic acid (MVA), a 6-carbon compound. MVA is formed by the enzymatic
reduction of the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA), which in
turn is formed by the head-to-tail condensation of three molecules of acetate. MVA
is enzymatically converted to IPP with the loss of carbon dioxide, and subsequently
IPP and DMAPP are incorporated directly into cholesterol.

The second biosynthesis route to terpenes is referred to as either the MEP
(methylerythriol-4-phosphate) or DOX (1-deoxy-D-xylulose) pathway [74]. When
first discovered, this new plastid-bound pathway was distinct biochemically and
was identical to that found in bacteria and probably is a legacy of prokaryotic
endosymbiotic ancestors [75]. In this case, IPP is derived, not from MVA, but
from 1-deoxyxylulose 5-phosphate (1-DXP), formed from the glycolytic interme-
diates glyceraldehyde 3-phosphate and pyruvate. The key step in the biosynthesis
is the skeletal rearrangement and reduction of 1-DXP to form 2C-methylerythritol
4-phosphate (MEP) using the biological reducing agent NADPH as cofactor. MEP is
converted to IPP via a chemical sequence involving the removal of three molecules
of water. Thus, in higher plants, there are two pathways for generating terpenes.
Here, IPP is formed in the chloroplast, mainly for the synthesis of more volatile
mono- and diterpenes (Fig. 2.7). The evidence indicates that there may be sharing
of intermediates across these pathways, a sort of biosynthetic crosstalk [77]. Various
classes of terpenes classified by the number of 5-carbon units are given in Fig. 2.8. In
plants, the MEP pathway leads to monoterpenes, diterpenes, the prenyl side chains
of chlorophylls and carotenoids as well as to the phytohormones such as abscisic
acid, gibberellins and trans-cytokinins. The first of the seven enzymatic steps of
the MEP pathway is catalysed by the enzyme 1-deoxy-D-xylulose 5-phosphate syn-
thase [54]. The monoterpenoids are major components of many essential oils and are
economically important as fragrances and perfumes. Common acyclic compounds
include myrcene, geraniol and linalool. Cyclic structures include menthol, camphor,
pinene and limonene (Fig. 2.8).

Sesquiterpenes, C15 or compounds having 3-isoprene units, exist in aliphatic
bicyclic and tricyclic frameworks. A member of this series, farnesol, is a key
intermediate in terpenoid biosynthesis. Arteether is derived from artemisinin, a
sesquiterpene lactone isolated from Artemisia annua, and currently used as an an-
timalarial drug (Fig. 2.8). Several derivatives of artemisinin are in various stages of
clinical trials as antimalarial drugs in Europe [78] and as antineoplastic agents (see
Chap.11).

The diterpenes are not considered essential oils and constitute a component of
plant resins because of their higher boiling point. These are composed of four iso-
prene units. Gibberellic acid, a plant growth regulator, and taxol are diterpenes.

Triterpenes, C30 compounds, are composed of six isoprene units and are biosyn-
thetically derived from squalene. These are high-melting-point colourless solids
and constitute a component of resins, cork and cutin. Triterpenoids produce several
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pharmacologically active groups such as steroids, saponins and cardiac glycosides.
Azadirachtin, a powerful insect antifeedent, is obtained from seeds of Azadirachta
indica. Other triterpenes include the limonins and the cucurbitacins, which are po-
tent insect steroid hormone antagonists [79].

All plant steroids hydroxylated at C3 are sterols. Steroids are modified triter-
penes and have profound importance as hormones (androgens such as testos-
terone and estrogens such as progesterone), coenzymes and provitamins in animals.
Many progesterones are derived semisynthetically from diosgenin. Saponins are
C27 steroids widely distributed in monocot families like Liliaceae, Amaryllidaceae
and Dioscoreaceae, and in dicot families, e.g. Scrophulariaceace and Solanaceace.
Saponins are composed of two parts: the glycone (sugar) and the aglycone or
genin (triterpene). Commercially important preparations based on saponins include
sarsaparilla root (Sarsaparilla), licorice (Glycerrhiza glabra), ivy leaves (Hedera),
primula root (Primula) and ginseng (Panax ginseng). The ammonium and calcium
salt of glycyrrhizic acid are referred to as glycyrrhizins. They are 50 to 100 times
sweeter than sucrose [80].
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2.7 Conclusion

The therapeutic potential of herbs has been well recognized by various indigenous
systems of medicine. Besides their therapeutic use, herbs are disease preventors and
also used as cosmetics, dietary supplements and for reducing obesity. The priority
of developed countries is different from that of developing countries in relation to
medicinal plants. Developed countries are looking for leads to develop drugs from
medicinal plants, while developing countries would like to have cheap herbal formu-
lations as these countries cannot afford the long path of drug discovery using pure
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compounds. The indigenous system of medicine is officially recognised in India.
The government funds education on this system, reimburses the cost of treatment
by this system, and approves drugs based on Ayurvedic formulations.

About one-fourth of the drugs approved during the period 1981–2002 was either
natural products or based on natural products [81]. Despite the ups and downs in
funding for drug discovery from medicinal plants, new drugs that are in the pipeline
for approval by the US FDA include morphine-6-glucoronide (a derivative of mor-
phine with fewer side effects than morphine), vinflunine (a modification of vinblas-
tine for cancer), exatecan (an analogue of camptothecin for cancer) and calanolide A
(a dipyranocoumarin from Calophyllum lanigerarum var anstrocoriaceum, an anti-
HIV drug).

Drug discovery from medicinal plants has traditionally been lengthier and more
complicated than other drug discovery methods. As a result, many pharmaceuti-
cal companies have reduced their efforts and funding for natural-product research.
Overexploitation of medicinal plants in developing countries needs proper attention
to conserve biodiversity while at the same time catering to the needs of herbal drugs
by sustainable utilization and production. Current research in drug discovery from
medicinal plants involves a multidisciplinary approach combining botanical, phy-
tochemical, biological and molecular techniques. There is a need to improve tech-
nology for the rapid isolation of active compounds in large quantities for evaluation
with the scientific collection of plant material and maintenance of biodiversity. It
is also desirable to have collaborative work with profit-sharing agreements between
leading institutes, pharmaceutical companies of developed countries, and organiza-
tions in developing countries where most medicinal plants are still unexplored.
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Chapter 3
Indigenous People and Forests: Perspectives of
an Ethnobotanical Study from Rajasthan (India)

S.S. Katewa

Abstract The state of Rajasthan has a sizable tribal population existing in the still
surviving deciduous forests of the Aravalli and Vindhyan ranges. Though having un-
dergone varying degrees of change, a substantial population even today can be seen
thriving in primitive conditions with preserved traditions. Of such groups, the Bhils
are the largest, followed by Garasias and Damors. The Kathodias and Sahariyas
are still sociologically not very well known. Living close to nature, the tribals have
acquired unique knowledge about the properties and uses of wild plants, most of
which are not known to the outside world. Until a decade ago, nothing was known
about the ethnobotany of the tribes of Rajasthan. Exhaustive field work in tribal vil-
lages with a macro-level perspective brought forth interesting revelations from the
panorama of their lives. The present work highlights useful ethnobotanical infor-
mation about the uses of wild plants by the tribals of Rajasthan as food, medicine,
veterinary medicine, material culture, etc. This folk wisdom, if subjected to scien-
tific scrutiny, could benefit humankind in many ways.

Keywords Ethnobotany · Rajasthan · Tribals · Indigenous knowledge

3.1 Introduction

Indigenous people throughout the world possess knowledge of their surrounding
flora and fauna. People’s knowledge and perceptions of the environment and their
relationship with it are often important elements of cultural identity. In India, the
traditional folklore healthcare system has a long history and is very deeply rooted in
rural and tribal populations. It was practiced long before the beginning of the Chris-
tian era and, perhaps, in the “pre-Vedic” periods to which belong the Mohanjodaro
and Harappan civilizations. The familiarity with plant species producing medicines,
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essential oils and insecticides dates back to the beginning of civilization. The Aryans
and Dravidians had good knowledge about the rich heritage of herbal drugs in India.
The traditional healthcare practice of indigenous people pertaining to human health
is known as ethnomedicine. Indian civilization has played a pioneer role from time
immemorial in utilizing plants such as indigenous drugs. Ethnomedicinal practices
are the mother of all other traditional systems such as Ayurveda, Siddha, Unani
and even today’s most popular modern therapeutic system or allopathic system [1].
Herbal medicine is not just a poor man’s substitute for conventional medicine but a
valuable form of treatment in its own right.

It has been estimated that approx. 80% of the population of developing countries
is partially or fully dependent upon herbal drugs for primary healthcare, and higher
plants are known to be the main source of drug therapy in traditional medicine [2–4].
The World Health Organization (WHO) estimated that 80 to 90% of the world’s
population relies mainly on local herbal practitioners [2]. The WHO in its 29th and
30th assemblies (1976–1977) gave formal recognition to traditional medicine and
recommended the inclusion of traditional healers in the national healthcare pro-
gramme [5]. The major classical systems of medicine used on the Indian subcon-
tinent like Ayurveda, Siddha and Unani together use about 1200 plant species to
treat human ailments, but the tribals of India use more than 7500 plant species [6].
India is one of the world’s 12 hotspots, having the largest plant biodiversity, and it
has almost 45,000 plant species of which 15,000 to 20,000 are used for medicinal
purposes [7].

Demographically, the Aravalli hills are the homeland of people belonging to
tribes, subtribes and different ethnic and religious groups such as the Bhil, Meena,
Garasia, Kathodi, Saharia, Bhagora, Damor, etc. A major portion of its population,
irrespective of ethnicity, is of rural background, most of them living in isolated pock-
ets and remote areas maintaining a primitive state of economic life and sometimes
completely cut off from modern amenities. However, the Aravalli hills are very rich
in herbal medicinal flora of angiosperm and lower plants. The inhabitants of this
region are still completely dependent upon natural plant resources for their daily
needs. Likewise, these tribal people possess perfect knowledge of plant use, which
they have acquired over the course of their centuries-old experiences with herbal
plants [1].

Ethnomedicinal therapy plays a vital role in the primary healthcare of tribals and
rural populations of the Aravalli hills and hold great potential in the discovery of new
drugs of herbal origin which are easily metabolized in the human body and have
no adverse side effects. The search for new potential therapeutic compounds like
reserpine, quinine, ephedrine, cocaine, emitin, khallin, colchicines, digoxin, taxol,
vinblastine, gugulipid, vincristine, artemisinine, etc. from medicinal plants, with a
rich ethnobotanical lore, gave impetus to ethnobotanical research throughout the
world [3, 4].

Because of the various ethnic groups scattered throughout the state of Rajasthan,
extensive ethnomedicinal studies of plants in Rajasthan have been carried out [1], [8,
17]. The phytochemistry of several species has been carefully examined to validate
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the role of the active principle, viz. Ephedra species [18], Aegle marmelos [19],
Cocculus pendulus [20], Curculigo orchioides [21], Commiphora wightii [22, 23],
Cayratia trifolia [24] and Pueraria tuberosa [25].

Unfortunately, much of this knowledge and many of the cultures are fast disap-
pearing in most regions. It is, therefore, essential to rescue the disappearing knowl-
edge and to revitalize and return it to the local communities. With this objective
in mind, some ethnobotanical investigations were conducted by the author and his
associates in the tribal-dominated areas of Rajasthan [17], [27–30].

3.2 Study Site and People

Rajasthan is the largest state of India and is located in the north-western part of
the country. Geographically it lies between 23◦3′ to 30◦12′ longitude and 69◦30′

to 78◦17′ latitude (Fig. 3.1). The vegetation of Rajasthan has considerable diver-
sity due to a variety of ecosystems found in different parts of the state. Apart
from the predominant desert ecosystem, there are grasslands, scrub jungles, wet-
lands and deciduous forests, each supporting a characteristic assemblage of plant
species. Many tribes are scattered in different parts of Rajasthan, but the southern
part of the state is the homeland of several tribes which have their own separate
identities.

Living close to nature, these tribes have acquired unique knowledge about the
properties and uses of wild plants, most of which are unknown to the outside world.
The surrounding plants for these people form an integral part of their culture, and
the information about the plants gets passed on from generation to generation only
through oral folklore, although many times it is kept secret.

3.3 Observations

3.3.1 Healthcare

The art of herbal healing is deeply rooted in Indian culture and folklore. Even to-
day in most rural areas, people depend on the local traditional healing system for
their primary healthcare. For tribals, the ambient vegetation is the main source of
drugs for their ailments. Their expertise is vast and they have cure for all ailments,
including deadly diseases. But it is very difficult to extract information from them
because some tribes strongly believe that the efficacy of the drug would be lost if
details were divulged.

The traditional healers of Rajasthan possess an impressive knowledge of the
medicinal virtues of the plants that grow in their surroundings. A few impor-
tant medicinal plants of the tribals, along with their family, plant parts used, and
mode of administration for the effective treatment of various ailments, are given as
follows.
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Fig. 3.1 Relative concentration of different tribes in Southern Rajasthan
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Abrus precatorius Linn. (Fabaceae) (Fig. 3.2)

Fig. 3.2 Abrus precatorius Linn

Ethnomedicinal uses: fresh leaves are chewed to cure mouth blisters. Seed powder is
used as an antifertility drug by both males and females. A high dose of seed powder
is considered fatal.

Ethnoveterinary medicinal uses: the powder of two to three seeds is given to
animals with bread two to four times a day for the disposal of the placenta following
the birth of a baby.

Achyranthes aspera Linn. (Amaranthaceae)

Ethnomedicinal uses: decoction of two to three teaspoon of leaf powder is taken
for stomachache and to ease constipation. The powder of roasted seeds is taken to
cure whooping cough. Seeds are boiled in milk and taken for 3 d as a tonic to cure
sexual debility and hydrophobia. The ash of the dry plant is mixed with honey and
taken orally for cough, asthma, urinary complaints and stomachache. Root powder
is boiled with mustard oil and used for massage by the tribals in rheumatic pain.
Infusion of the whole plant is taken in liver and renal complaints. Root extract is
taken orally as an antidote to scorpion bite.

Ethnoveterinary medicinal uses: a half cup of root extract is given to animals to
increase milk production. It acts as a lactogogue. Root extract is also given to sick
animals as a tonic. Seed powder is given to animals to treat dysentery.

Ampelocissus latifolia (Roxb.) Planch (Vitaceae)

Ethnomedicinal uses: a half-cup decoction of the tuber is taken orally for the treat-
ment of fractured bone. The paste of the tuber is applied on abscesses for early cure.
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A fresh tuber is crushed, boiled in the seed oil of Ricinus communis and applied
externally for the treatment of gout. The extract of the tuber is considered by trib-
als to be a blood purifier and diuretic. One gram of dried-tuber powder is mixed
with 50 g curd and taken orally twice a day for 10 d to cure chronic dysentery. The
dried tuber of Ampelocissus latifolia, leaves of Abutilon indicum, flowers of Butea
monosperma, stem bark of Moringa oleifera and Acacia catechu are mixed in equal
amounts and made into a fine powder and 5 to 10 g of this powder is taken orally
with water twice a day for 3 d to cure leucorrhoea.

Ethnoveterinary medicinal uses: an extract of tuber is given to animals for the
treatment of fractured bone. This extract is also given to animals to alleviate flatu-
lence.

Argemone mexicana Linn. (Papaveraceae)

Ethnomedicinal uses: the yellowish latex of this plant is applied externally to treat
various skin diseases, especially ringworm. Latex is also rubbed on body parts af-
fected by rheumatism and poured into the eyes to cure conjunctivitis. One fourth
teaspoon of powdered seeds and roots with two drops of mustard oil is used as tooth-
paste by those suffering from pyorrhoea. The root paste of Argemone mexicana is
applied locally twice a day for 10 d to cure piles.

Arisaema tortuosum (Wall.) Schott (Araceae) (Fig. 3.3)

Fig. 3.3 Arisaema tortuosum (Wall.) Schott

Ethnomedicinal uses: an extract of the tuber is used by tribals as an antidote to
poisonous snake bite and also as a blood purifier. The powder of the tuber is divided
into three equal doses, and each dose is taken orally once a day for 3 d to cure liver
complaints and stomachache.
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Ethnoveterinary medicinal uses: the fresh tuber is crushed and given to domestic
animals along with green fodder for the treatment of fractured bone. A decoction of
the tuber is given to animals orally in gastric disorders.

Aristolochia bracteolata Lam. (Aristolochiaceae) (Fig. 3.4)

Fig. 3.4 Aristolochia bracteolata Lam

Ethnomedicinal uses: an infusion of the leaves is taken orally by tribals as an-
tidote to snake bite. Rural women take the decoction of plant orally for menstrual
problems. A paste of the seeds is applied to soften stiff hair.

Asparagus racemosus Willd. (Liliaceae) (Fig. 3.5)

Fig. 3.5 Asparagus racemosus Willd

Ethnomedicinal uses: the tuber powder is frequently taken orally with milk as an
appetizer. An extract of the tuber is mixed with honey and taken orally to cure
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dyspepsia. Rural people of the Shekhawati region (north-east Rajasthan) take the
tuber powder orally to cure dysentery, acidity, tuberculosis, seminal weakness, leu-
corrhoea, burning micturition, anorexia and peptic ulcer. In winter tubers are boiled
in mustard oil till they are completely charred. This oil is consumed by patients suf-
fering from rheumatoid arthritis, either by preparing sweet pudding or as a cooked
vegetable. It is very effective in reducing joint pain.

Asphodelus tenuifolius Cav. (Liliaceae)

Ethnomedicinal uses: a decoction of the leaves is taken orally by the rural people of
the Shekhawati region to treat toxeamia and to remove kidney stone. A paste of the
leaves is applied externally to treat swelling on any part of the body.

Balanites aegyptiaca (Linn.) Delile (Balanitaceae)

Ethnomedicinal uses: an herbal bath of root and leaf extracts is taken by tribals as
an antiseptic. A decoction of leaf powder is used for washing hair to get rid of lice.
The powdered seed kernel is mixed with jaggery and taken orally to get relief from
sciatica pain.

Ethnoveterinary medicinal uses: a paste of the bark is given orally to animals as
an antidote to snake bite.

Bombax ceiba Linn. (Bombacaceae) (Fig. 3.6)

Ethnomedicinal uses: young root tips are dried in shade and cooked as a vegetable
for patients suffering from impotency. This vegetable is considered to be as good
as the leaves of Adansonia digitata to increase the amount of sperm in semen. A
half-cup extract of bark and flowers is taken for 3 d to treat sexual diseases such as
hydrocele, leucorrhoea and gonorrhoea and to treat an irregular menstrual cycle.

Buchanania lanzan Spreng. (Anacardiaceae)

Ethnomedicinal uses: a decoction of the roots of Buchanania lanzan and Gardenia
turgida is used to treat phthisis. An infusion of the whole plant is taken orally in
dysuria. A bark paste is applied locally to treat snake bite.

Caesalpinia bonduc (Linn.) Roxb. (Caesalpiniaceae) (Fig. 3.7)

Ethnomedicinal uses: a powder of the roasted leaves of Caesalpinia bonduc and
Azadirachta indica is given three times a day for 4 d to treat malarial fever. A half



3 Indigenous People and Forests 41

Fig. 3.6 Bombax ceiba Linn

Fig. 3.7 Caesalpinia bonduc (Linn.) Roxb



42 S.S. Katewa

teaspoon of seed powder is mixed in boiled egg and eaten for 1 week to cure piles
and ulcer. The crushed seeds are given orally to children to remove worms from the
intestine.

Cassia tora Linn. (Caesalpiniaceae)

Ethnomedicinal uses: An extract of fresh leaves is taken orally to reduce obesity.
Tea prepared from the seeds is taken to cure asthma and bronchitis, whereas a seed
paste is applied locally as an anthelmintic. A seed powder is mixed with curd and
applied externally on abscesses, cuts, wounds, boils and leprosy. Seed powder, curd
and cow urine are mixed together and a paste is prepared which is massaged over
the entire body to get relax from itching. A one-fourth-cup extract of the leaves is
given three times a day for 3 d to treat jaundice.

Ethnoveterinary medicinal uses: boiled seeds are given to domestic animals to
treat hypogalactia.

Calligonum polygonoides Linn. (Polygonaceae) (Fig. 3.8)

Ethnomedicinal uses: an extract of the plant is taken in cases of typhoid, whereas a
decoction of the plant is gargled to cure sore gums.

Ethnoveterinary medicinal uses: an extract of the plant is given to animals to treat
colic, whereas a decoction of the whole plant is given to treat dysuria.

Citrullus colocynthis (Linn.) Schard. (Cucurbitaceae) (Fig. 3.9)

Ethnomedicinal uses: the fruit of this plant is stuffed along with seeds of Trachysper-
mum ammi and common salt and the whole thing is put in sunlight till it is dried and
then powdered. One teaspoon of this powder is taken orally to treat constipation
and stomachache. After removing the pulp of the fruit, goat’s milk is poured into
the hollow fruit and kept for 12 h. This milk is then given to patients suffering from
kidney stones. Two to three drops of a root decoction is poured into the ear to cure
earache.

Ethnoveterinary medicinal uses: roasted fruits and a decoction of roots is given
to domestic animals to cure constipation, digestive disorders and gastritis.

Clitoria ternatea Linn. (Fabaceae) (Fig. 3.10)

Ethnomedicinal uses: tribals of southern Rajasthan crush the seeds with water, warm
them slightly and apply them on the penis to treat syphilis. One fourth of the seed,
i.e. a very small quantity of seed, is crushed in water and given orally to children to
treat colic. An extract of the root is also taken orally by tribal women to treat uterine
diseases.
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Fig. 3.8 Calligonum polygonoides Linn

Fig. 3.9 Citrullus colocynthis (Linn.) Schard
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Fig. 3.10 Clitoria ternatea Linn

Costus speciosus (Koen.) Sm. (Costaceae) (Fig. 3.11)

Fig. 3.11 Costus speciosus (Koen.) Sm

Ethnomedicinal uses: one teaspoon of root powder is taken twice a day for 3 to 4 d
to treat rheumatism, asthma and sexual dysfunction; two teaspoon of root powder
are taken early in the morning as an antinematodal. A decoction of root powder is
given to children twice a day for 2 d to treat diarrhoea, dysentery and stomachache.
Two to three drops of root extract is poured into the ear to treat earache. A rhizome
is used to treat dropsy and oedema.

Ethnoveterinary medicinal uses: a rhizome is given orally to domestic animals to
treat rheumatism.
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Curculigo orchioides Gaertn. (Hypoxidaceae) (Fig. 3.12)

Fig. 3.12 Curculigo orchioides Gaertn

Ethnomedicinal uses: 100 g of powder of dried tuber is mixed in “Khowa” (con-
centrated milk) prepared from 5 L of buffalo milk and eaten early in the morning by
tribals for 7 d as an eye tonic and also to treat fatigue. One teaspoon of root powder
is taken orally by tribal women for 7 to 10 d to treat leucorrhoea and menorrhagia.
A powder of the tuber is given orally to children to treat rickets. A tuber extract is
applied locally to treat gonorrhoea and syphilis. A decoction of the tuber is given to
children as a tonic and also to treat filariasis.

Curcuma amada Roxb. (Zingiberaceae) (Fig. 3.13)

Fig. 3.13 Curcuma amada Roxb
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Ethnomedicinal uses: a poultice of fresh crushed tuber or paste of dried tuber is
tied locally for treatment of fractured bone, wounds, sores and abscesses, whereas
an extract of the tuber is taken orally to treat abdominal pain and constipation. A
half teaspoon of rhizome powder is taken with milk to treat internal injuries, to pu-
rify the blood and also to treat cough and cold. The tuber powder of this plant is
mixed with an equal quantity of seed powder of Trachypermum ammi and 1 tea-
spoon of this powder is taken orally along with water once a day for 3 d to treat
rickets. The tribals put the leaves in new leather shoes to protect the feet from
shoe bite.

Ethnoveterinary medicinal uses: an extract of the tubers is given to animals orally
to treat flatulence.

Eulophia ochreata Lindl. (Orchidaceae) (Fig. 3.14)

Fig. 3.14 Eulophia ochreata Lindl

Ethnomedicinal uses: one teaspoon of powder of the bulbs is taken orally twice a day
for 1 month to cure leukaemia. An equal amount of powder of Eulophia ochreata
bulbs and the tuber of Chlorophytum borivilianum are mixed together, and 1 tea-
spoon of this mixture is taken orally with milk for 1 month to boost the body’s
immune system and to treat rheumatism. The bulbs of E. ochreata (100 g), the stem
bark of Sterculia urens (100 g) and the tubers of C. borivilianum (50 g) are mixed
and powdered. A half teaspoon of this powder is taken orally with milk twice a day
for 15 to 30 d to treat anaemia and general fatigue.

Hemidesmus indicus (Linn.) R.Br. (Periplocaceae)

Ethnomedicinal uses: a root infusion is used to treat menstrual complaints and to
provide relief from hypertension. A one-fourth-cup extract of the root is taken once
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a day orally to treat dysentery; a decoction of the whole plant is taken orally once a
day for 3 d to treat rheumatism.

Leea macrophylla Roxb. ex. Hornem. (Leeaceae) (Fig. 3.15)

Fig. 3.15 Leea macrophylla Roxb. ex. Hornem

Ethnomedicinal uses: a root powder is taken once a day for 7 d to treat sexual dys-
function by men, and a decoction of the root is taken for the treatment of fractured
bone. The leaves are cooked and eaten as a medicated vegetable. A poultice of the
leaves is tied over a wounded body part as a coagulant and an antiseptic. Bark pow-
der is taken orally to treat cancer. A paste of the flowers is thoroughly mixed with
the warm seed oil of Ricinus communis and applied over body parts to treat muscu-
lar pain. One teaspoon of leaf powder is taken along with honey twice a day for 15
to 30 d to treat blood cancer.

Ethnoveterinary medicinal uses: a decoction of the tuber (one cubic inch) is given
to animals to treat food poisoning.

Leptadenia reticulata (Retz.) Wt. & Arn. (Asclepiadaceae)

Ethnomedicinal uses: a paste of the leaves and roots is taken orally with water by
the tribals of southern Rajasthan to cure gangrene.

Pedalium murex Linn. (Pedaliaceae) (Fig. 3.16)

Ethnomedicinal uses: about eight to ten fresh leaves are rotated in half a litre of
water, and half a cup of this water is taken once a day for 7 d to treat gonorrhoea. A
fruit powder strained in cloth is taken orally with milk to treat sexual dysfunction,
while a powder of the seeds is mixed in sweets and eaten to cure rheumatism and
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Fig. 3.16 Pedalium murex Linn

lumbago. A decoction of the fruits is taken to treat dysuria and other urinary com-
plaints and also to stop the discharge of semen with urine. A powder of the whole
plant of Withania somnifera is mixed with the powder of dry fruits of Pedalium
murex and taken orally as a health tonic.

Ethnoveterinary medicinal uses: the plant is dipped in water for a certain amount
of time, and this water is given to animals suffering from dysentery and diarrhoea.

Plumbago zeylanica Linn. (Plumbaginaceae) (Fig. 3.17)

Fig. 3.17 Plumbago zeylanica Linn

Ethnomedicinal uses: a half teaspoon of leaf and fruit extract is given to children to
treat skin allergies. The root paste mixed with milk and vinegar is applied locally
to treat leucoderma and other skin diseases like eczema, warts, carbuncles, etc. The
roots are used as a toothbrush to treat toothache. One-fourth teaspoon of root powder
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is taken orally three times a day for 3 d to treat stomachache and abdominal pain.
A paste is prepared by mixing the dried root powder of Plumbago zeylanica (150 g)
with curd (100 g). This paste is stored in a copper container and applied locally to
treat eczema.

Pueraria tuberosa (Roxb. ex. Willd.) DC. (Fabaceae) (Fig. 3.18)

Fig. 3.18 Pueraria tuberosa (Roxb. ex. Willd.) DC

Ethnomedicinal uses: the powder of the roots of Plumbago zeylanica and Pueraria
tuberosa and the whole plant of Centella asiatica is mixed in equal amounts, and
a half teaspoon of this mixture is taken orally with milk daily up to 1 month to
increase memory. A half teaspoon of tuber powder is taken by tribal women as a
daily contraceptive, and 2 teaspoon are taken early in the morning for 3 d as an
abortifacient. Pills made from the powder of the tuber are taken orally by tribal men
as a tonic to treat general fatigue. The pills are also taken to treat obesity.



50 S.S. Katewa

Rhus mysurensis G. Don (Anacardiaceae)

Ethnomedicinal uses: the ripe fruits are edible and tasty due to their acrid taste. The
fruits are eaten by tribal women to increase lactation. The fruits are also consumed
to improve digestion.

Sauromatum venosum (Ait.) Kunth (Araceae) (Fig. 3.19)

Fig. 3.19 Sauromatum venosum (Ait.) Kunth

Ethnomedicinal uses: the stem and leaves are cooked as vegetable and considered
highly nutritious by the tribals. A paste prepared from the tuber and stem is applied
locally on burns and inflammation, and an extract of the tuber is taken orally to treat
throat swelling and breathing difficulties. A paste of the tuber is applied locally to
treat snake bite and scorpion bite, while an extract of the tuber is given orally to
treat dog bite. The root powder of Sauromatum venosum (10 g) and Corallocarpus
epigaeus (10 g) and the alum powder (20 g) are mixed in 50 g of curd and kept in a
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copper container for 1 h. This paste is applied locally once a day for a week to treat
ringworm.

Tecomella undulata (Sm.) Seem. (Bignoniaceae)

Ethnomedicinal uses: oil extracted from the bark is used to treat syphilis. Oil is also
applied externally to treat eczema and skin eruptions. The root powder is taken with
milk to treat leucorrhoea.

Tinospora cordifolia (Willd.) Miers (Menispermaceae) (Fig. 3.20)

Fig. 3.20 Tinospora cordifolia (Willd.) Miers

Ethnomedicinal uses: to treat piles, the swollen portion of the rectum is first washed
with a leaf extract of Neem (Azadirachta indica) and then smeared with a bark
paste of Tinospora cordifolia. Stem pieces are eaten raw to treat rheumatism and
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diabetes. A decoction of the whole plant is taken orally three times a day for
3 d to treat hepatic diseases, pneumonia, diarrhoea and periodic fever. A decoc-
tion is also taken to prevent dehydration and to increase appetite. A decoction
of fresh leaves is taken orally and considered very effective in treating leucor-
rhoea. A powder of the whole plant of Enicostemma axillare (50 g) and stem pow-
der of Tinospora cordifolia (50 g) are mixed with jaggery (100 g), and a bolus of
1 g each is made. One bolus is taken three times a day for 3 d to treat malarial
fever.

Ethnoveterinary medicinal uses: an extract of the whole plant is given to bulls to
increase sexual power.

Trichosanthes bracteata (Lam.) Voigt (Cucurbitaceae)

Ethnomedicinal uses: one teaspoon of mature seed powder is taken orally by tribal
women once a day to develop sterility. The juice of fresh plants along with mus-
tard oil is poured into the ear to treat earache. A paste of the root of Trichosan-
thes bracteata is applied locally for 4 to 5 d to treat piles. During this remedy
a gum extract of Sterculia urens is also taken orally once a day for 4 to 5 d. A
paste prepared by mixing the dried root powder of Trichosanthes bracteata (5 g),
seeds of Azadirachta indica (5 g), a kernel of Corallocarpus epigaeus (1 kernel)
and 5 g alum powder with curd (150 g) is applied locally once a day for 7 d to treat
ringworm.

Ethnoveterinary medicinal uses: a root extract is given to animals to treat
flatulence.

Trichosanthes cucumerina Linn. (Cucurbitaceae) (Fig. 3.21)

Fig. 3.21 Trichosanthes cucumerina Linn
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Ethnomedicinal uses: crushed seeds are mixed with milk and taken on an empty
stomach to treat diabetes. A decoction of the roots and inflorescence is taken to treat
bronchitis and heart diseases. One teaspoon of the tuber powder is taken orally by
tribals once a day for 3 d to treat colic. An extract of 1 g leaf powder is taken orally
as an antidote to snake bite.

Ethnoveterinary medicinal uses: a fruit extract is given to cattle to treat urinary
ailments.

Xanthium strumarium Linn. (Asteraceae)

Ethnomedicinal uses: the leaf juice is poured in the ear poured in earache and to stop
pus formation. The oil obtained from the fruits is applied locally to treat eczema and
scabies, while a leaf paste is applied to treat leucoderma. The seed powder is mixed
with lemon juice and water and given orally to treat dysuria. The seed oil is used
for massage in the treatment of joint pains and is also applied on the forehead to
relieve headache pain. An infusion of the root is applied to ulcers and boils for fast
healing. The tender roots of Xanthium strumarium (10 g) are chewed twice a day to
treat toothache.

3.4 Wild Food Plants

Wild foods are a part of rural people’s diet, not only during periods of food short-
ages, but on a daily basis as well [31–32]. It is this daily consumption of wild prod-
ucts which contributes to the overall nutritional well-being of tribals. In Rajasthan,
famine and food scarcity are not rare events. Under such circumstances, the role of
wild edible plants becomes significant. Tribals use various parts of these wild edible
plants for food, in either raw or cooked form (food grains, edible oils, edible gums),
or for making pickle and marmalade, in paste as flavouring/souring agents, and for
curd preparation.

A total of 162 plant species are reportedly consumed by tribals as food, of
which 30 are used as grains/seeds, 34 as leafy vegetables, 23 as root/tubers, 31
as other vegetables, 3 as oilseeds, 6 as miscellaneous food, 10 as flavouring/souring
agents, 52 as fruits, 5 as gum and 4 for instant curdling of milk [28]
(Fig. 3.22).

Apart from the traditional use of wild plants for food and medicine, tribals also
use the plants for a number of other needs, such as in religious and superstitious
beliefs, tools and as cosmetics and shampoo.
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Fig. 3.22

3.5 Conclusions

The present study shows that Rajasthan is home to a vast diversity of medicinal
plants. Despite a gradual sociocultural transformation, local communities still pos-
sess substantial knowledge of plants and their uses. The reliance on folk medicines
for healthcare is associated with the lack of modern medicines and medication,
poverty and traditional belief in their effectiveness. Since there is a complete lack
of phytotherapeutic evidence for many of the species, it is recommend that phyto-
chemical and pharmacological studies be carried out in order to confirm the validity
of properties attributed to these species. This is particularly relevant for species
with market potential beyond the state of Rajasthan. If plans for their extraction
were drawn up, these medicinal resources could provide for both subsistence needs
and income. This, however, requires a detailed assessment of resource quantities,
productivity potential, sustainable harvesting methods, domestication possibilities
and the market value of potentially promising species and, importantly, equitable
benefit-sharing regimes. The knowledge of the use of species reported here belongs
to the tribal and rural people of the state. Any benefits derived from the use of this
knowledge must be shared with the inhabitants of the state.

Ethnoveterinary medicines are of specific value in developing countries, where
allopathic veterinary medicines are often beyond the reach of livestock producers.
It can play an important role in rural farm development. The present paper is also
intended to contribute to this growing body of knowledge by supplying informa-
tion on the plant-based ethnoveterinary curative techniques found in tribal areas of
Rajasthan.

Only a small percentage of about 400,000 plant species on the earth have been
phytochemically investigated, and the fraction submitted to biological or pharma-
cological screening is even smaller [33]. The plant kingdom thus represents an
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enormous reservoir of pharmacologically valuable material to be discovered [34]
which will likely be of great benefit for human welfare.
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Chapter 4
Ginseng and Male Sexual Behavior

Laura L. Murphy and James S. Ferraro

Abstract Ginseng is widely used in Asian countries as a tonic to promote and
maintain good health and as a constituent in herbal medicines used to treat var-
ious diseases, including liver dysfunction, hypertension, cerebrovascular disease,
atherosclerosis, cancer, postmenopausal symptoms, and impotence. Very few con-
trolled clinical studies have been performed to validate the medicinal use of gin-
seng or its constituents in humans. However, laboratory studies, primarily using
rodents, have elucidated potential medical uses for ginseng and ginsenosides in the
treatment of a number of human disorders, including impotence and loss of libido.
Panax ginseng and Panax quinquefolius have both been shown to enhance male cop-
ulatory behavior in laboratory studies. Human studies have suggested that ginseng
ingestion may be a safe and effective alternative method for treatment of erectile
dysfunction. Ginsenosides have been shown to interact with steroid receptors and,
through nongenomic pathways, activate NO production. How ginseng and its gin-
senosides may act centrally to modulate sexual desire and copulatory performance
is not known, but could potentially involve activation of NO pathways, perhaps in
brain areas involved in sexual behavior.
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NO Nitric oxide
NOS Nitric oxide synthase, endothelial (e), neuronal (n), inducible (i)
PDE Phosphodiesterase
PVN Paraventricular nuclei
VIP Vasoactive intestinal peptide

4.1 Introduction to Ginseng

Ginseng most commonly refers to the plant Panax ginseng C.A. Meyer (Asian gin-
seng) or Panax quinquefolius L. (North American ginseng). Ginseng is widely used
in Asian countries as a tonic to promote and maintain good health, and as a con-
stituent in herbal medicines used to treat various diseases, including liver dysfunc-
tion, hypertension, cerebrovascular disease, atherosclerosis, cancer, postmenopausal
symptoms, and impotence [1–8]. Elsewhere, ginseng supplements are marketed as
a natural stimulant that will increase endurance and vitality and improve overall
health. It is the root of the ginseng plant that is harvested for its reported medic-
inal effects. The root is typically dried (white ginseng) or steamed (red ginseng)
and can also be extracted to concentrate its bioactive components, the ginsenosides.
Ginsenosides are unique to ginseng and are saponin glycosides containing one or
more sugar moieties that form side chains off the aglycone ginsenoside structure [9].
There are over 20 ginsenosides found in ginseng, and these are mainly categorized as
being a protopanaxadiol (glycoside side chains off C3 and C20) or protopanaxatriol
(side chains off C6 and C20). In Fig. 4.1, ginsenoside Rg1 represents a classic pro-
topanaxatriol ginsenoside with properties that will be discussed later in this chapter.
Very few controlled clinical studies have been performed to validate the medicinal
use of ginseng or its constituents in humans. However, laboratory studies, primarily
using rodents, have elucidated potential medical uses for ginseng and ginsenosides
in the treatment of a number of human disorders, including impotence and loss of
libido [10].

4.2 Physiology of an Erection

Impotence, or erectile dysfunction, can be defined as the persistent inability to de-
velop and/or maintain an erection adequate for sexual intercourse. Vascular dis-
eases, including atherosclerosis, hypertension, diabetes, and high cholesterol, can
cause restricted blood flow to the penis and may account for approximately 70% of
physically related causes of erectile dysfunction [11]. The arterial blood supply to
the penis is mainly provided by the internal pudendal artery, which branches into
several smaller arteries that contribute to vascularization of the erectile tissues. The
erectile tissue of the human penis consists of two dorsal corpora cavernosa and a
ventral corpus spongiosum. Reduced sympathetic input combined with stimulation
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Fig. 4.1 Chemical structure of ginsenoside Rg1, a classical protopanaxatriol found in both Panax
ginseng and Panax quinquefolius

of parasympathetic pathways induces vascular smooth muscle relaxation and ves-
sel dilation, causing increased arterial blood flow to the penis, engorgement of the
erectile tissues, reduced venous outflow, and erection.

The physiological regulation of erectile function has been well reviewed
[12–15]. To understand how ginseng may affect the erection process, a brief overview
of ginseng-relevant processes will be described. The dilation of penile vascular
smooth muscle is dependent on several neuronal pathways and vasoactive sub-
stances. The flaccid state of the penis is maintained by sympathetic nerve stimula-
tion and the release of the adrenergic neurotransmitter norepinephrine, as well as by
production of the vasoconstrictor endothelin-1 by vascular endothelial cells. Atten-
uated sympathetic input to the penis will decrease vasoconstrictive tone and allow
vessel dilation. With increased parasympathetic nerve stimulation and the release
of the cholinergic neurotransmitter acetylcholine and the peptide vasoactive intesti-
nal peptide or VIP, there is a further increase in vasodilation. Another vasoactive
substance, nitric oxide, is produced by nonadrenergic-noncholingeric (NANC) neu-
rons that innervate penile vasculature. Acetylcholine-induced vasodilation is also
mediated by nitric oxide. Nitric oxide (NO) is produced from L-arginine and oxy-
gen by the enzyme nitric oxide synthase (NOS). Three isoforms of NOS have been
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elucidated: neuronal NOS (nNOS or NOS-1), inducible NOS (iNOS or NOS-2),
and endothelial NOS (eNOS or NOS-3). Neurons that innervate the corpus caver-
nosa contain nNOS, while eNOS is localized in the endothelium and smooth mus-
cle of the cavernosa. Inducible NOS does not appear to be involved in the phys-
iology of erections, but may be a factor in the deleterious effects of aging on the
delicate erectile tissues of the corpora cavernosa [16, 17]. Nitric oxide directly in-
creases the enzyme guanylate cyclase, which catalyzes the conversion of guanosine
triphosphate (GTP) to cyclic guanosine-3′,5′-monophosphate (cGMP). The cyclic
nucleotide cGMP is a second messenger that activates cGMP-dependent protein ki-
nase, leading to decreased intracellular calcium, smooth muscle relaxation of the
penile arterioles, and consequent increased blood flow into the erectile tissues. The
shear forces induced by this increased blood flow against the endothelial cell surface
and the increased pressure within the erectile tissues trigger eNOS and the produc-
tion of more nitric oxide, thus reinforcing the turgidity of the penis. The cyclic
nucleotide phosphodiesterases (PDE) located within the penile vasculature degrade
cGMP by hydrolyzing cGMP into the inactive 5′-GMP. Oral phophodiesterase in-
hibitors can be prescribed to treat erectile dysfunction. These drugs include silde-
nafil, vardenafil, and tadalafil, and when taken orally they selectively inhibit cGMP-
specific phosphodiesterase type 5, the predominant phosphodiesterase isoform in
the penis. By preventing cGMP breakdown and, consequently, increasing cGMP
levels, these drugs help to promote penile vasodilation and can prolong and maintain
erection.

4.3 Ginseng and Copulatory Behavior – Animal Studies

Panax ginseng and Panax quinquefolius have both been shown to enhance male
copulatory behavior in laboratory studies (Table 4.1) [18–20]. Copulatory behavior
can be examined in male rodents by placing them with sexually receptive female
conspecifics and measuring the following parameters: mount latency: time from in-
troduction of the female until the first mount with pelvic thrusting; intromission
latency: time from introduction of the female until first mount with pelvic thrusting
and vaginal penetration; ejaculation latency: time from the first intromission until
ejaculation; and postejaculatory interval or the refractory period:time from ejacula-
tion until next intromission. A reduced latency to mount the female would indicate
increased male sexual arousal, whereas a decreased latency to intromit or ejacu-
late would be indicative of increased copulatory performance. In male mice whose
normal copulatory behavior was compromised as a result of prolonged individual
housing, the daily intraperitoneal administration of Panax ginseng extract (25 to
100 mg kg−1 body weight) or ginsenoside Rg1 (2.5 to 10 mg kg−1) produced a
dose-related increase in the number of mice displaying copulatory behavior [18]. In
normal male rats treated subcutaneously with Panax ginseng extract (20 mg kg−1

body weight) for 5 d, there was a significant reduction in ejaculation latency and a
decreased refractory period [19]. Similarly, male rats treated orally with an emul-
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Table 4.1 Ginseng preparations and their effects on copulatory behaviors in animals and on erec-
tile dysfunction (ED) in humans

Treatment
paradigm

Results Ref.

Animal studies
Panax ginseng

Root extract
20 mg kg−1

sc, daily for
5 d

Male rats: ↓ ejaculation latency, ↓
refractory period

[19]

Panax quin-
quefolius
root powder

10 to 100 mg
kg−1 po,
daily for 1
to 28 d

Male rats: ↓ mount, intromission,
ejaculation latencies

[20]

Panax ginseng
red root
extract

25 to 100 mg
kg−1 ip,
daily for
35 d

Male mice: ↑ mount, intromission
frequencies

[18]

Ginsenoside
Rg1

2.5 to 10 mg
kg−1 ip,
daily for
35 d

Male mice: ↑ mount, intromission
frequencies

[18]

Ginsenosides
Rb1, Rb2,
Ro

2.5 to 10 mg
kg−1 ip,
daily for
35 d

Male mice: no effect on
copulatory behaviors

[18]

Human studies
Panax ginseng

Red root
extract

900 mg po, tid
for 8 weeks

Double-blind and
placebo-controlled
n = 45 men w/ED

↑ erectile function,
sexual desire;
↑ mean IIEF score

[24]

1000 mg po,
tid for 12
weeks

Double-blind and
placebo-controlled
n = 60 men w/ED

↑ erectile function
↑ mean IIEF score

[25]

sion of powdered Panax quinquefolius root (10, 50, or 100 mg kg−1 body weight)
for 1, 14, or 28 d demonstrated reduced mount, intromission, and ejaculation laten-
cies (Fig. 4.2) that were significantly influenced by all the ginseng doses as early as
1 d posttreatment [20].

4.4 Ginseng and Erectile Function

Erectile dysfunction is commonly associated with diabetes, a condition that has
well-characterized effects on peripheral tissue innervation and vascularization [21].
Penile intracavernous pressure after nerve stimulation was significantly lower in
long-term diabetic rats relative to age-matched controls [22]. In diabetic rats treated
with Korean red ginseng (30 mg kg−1) for one month, however, erectile function
was not different from nondiabetic age-matched controls [22]. Ginseng use has also
been shown to produce beneficial effects in clinical studies (Table 4.1) that evalu-
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Fig. 4.2 Ginseng treatment enhances copulatory behaviors in male rats. Animals were treated daily
with either a sesame oil vehicle (control) or 100 mg kg−1 Panax quinquefolius for 28 d. When
placed with sexually receptive female rats, latency (in seconds) to mount (ML), intromit (IL), and
ejaculate (EL) were determined. ∗ = p < 0.05 relative to control. (Figure adapted from [20])

ated the efficacy of ginseng use in men with erectile dysfunction [6, 10, 23–25]. In
double-blind, placebo-controlled studies, men with diagnosed erectile dysfunction
took 900 to 1000 mg of Korean red ginseng or placebo by mouth three times daily
for either 8 or 12 weeks [23–25]. Using an International Index of Erectile Func-
tion (IIEF) self-assessment, ginseng treatment produced significant improvement in
IIEF scores when compared to placebo. The mean scores for erectile function, sex-
ual desire, and intercourse satisfaction were significantly higher following ginseng
treatment when compared to the placebo group after 8 weeks of treatment [25]. In-
dividually, scores for penis rigidity, penetration, and maintenance of erection were
significantly higher in the ginseng group. There was no effect of ginseng treatment
on serum testosterone levels [25, 26], which was consistent with findings in animal
studies [20].

4.5 Nitric Oxide

Laboratory studies indicate a role for NO in mediating many of the actions of gin-
seng and ginsenosides on copulatory performance. In rats treated for 3 months with
oral ginseng extract versus no treatment, there was significantly increased intra-
cavernosal pressure following stimulation of pelvic nerves innervating the corpus
cavernosum [27]. Ginsenoside-containing extracts of P. ginseng produced a dose-
related increase in cGMP and endothelium-dependent dilation and relaxation of pe-
nile corpus cavernosum in rabbit [28, 29]; treatment with the NOS inhibitor N-nitro-
L-arginine blocked the ability of ginseng to induce this relaxation. Ginseng extract
also enhanced acetylcholine-induced and transmural nerve-stimulation-elicited re-
laxations in rabbit corpus cavernosum tissue and reversed phenylephrine-induced
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corpus cavernosum smooth muscle vasoconstriction [30]. Both the neurogenic and
endothelium-mediated relaxations were enhanced by superoxide dismutase (SOD),
a scavenger of the superoxide anion that inactivates NO, and were blocked by N-
nitro-L-arginine and oxyHb, compounds that inhibit NOS and trap NO, respec-
tively [30]. Ginseng/ginsenosides modulate vasoactivity in a number of other sys-
tems as well [2]. Ginseng extract and ginsenosides Rg3, Rg1, Re, and Rb1 have
been shown to increase NOS activity and NO production and increase cGMP levels
in cardiomyocytes [31] and in aortic, pulmonary, cerebral and umbilical endothelial
cell cultures [32] and have been postulated to offer both neuro- and cardiovascular
protection [33, 34].

The exact mechanisms by which ginseng/ginsenosides stimulate NOS and NO
release remain unclear. As shown in Fig. 4.1, the ginsenoside structure contains po-
lar and nonpolar regions that may allow ginsenosides to intercalate into cell plasma
membranes and alter membrane fluidity and cell signaling [1, 35]. There is also ev-
idence that ginsenosides may interact with steroid hormone receptors and stimulate
NO production through nongenomic, transcription-independent mechanisms of ac-
tion [34]. Steroidal estrogens, androgens, and corticosteroids are potent vasoactive
modulators that can influence NO production through binding to their respective
receptors [36–38]. Several ginsenosides have been reported to exert steroidlike ac-
tivity, notably Rb1, Re, and Rg1 [34]. Through binding to estrogen receptors, gin-
senoside Re increased PI3-kinase/Akt and eNOS activity in arterial smooth muscle
A10 cells, and the estrogen receptor antagonist ICI 182,780 blocked this ginsenoside
Re action [39]. While ginsenoside Re induced eNOS activity and NO production in
cardiac myocytes, Re did not activate gene transcription and its effects on NO were
blocked by concomitant treatment with estrogen, progesterone, and androgen recep-
tor antagonists indicating a nongenomic action of Re on sex-steroid receptors [40].
Similarly, ginsenosides Re and Rg1 have been shown to be functional ligands for
the glucocorticoid receptor in human umbilical vein endothelial cells [34], produc-
ing a rapid Ca2+ influx, activation of the PI3-kinase/Akt pathways, and NO pro-
duction that was abolished by treatment with a glucocorticoid receptor antagonist
or siRNA targeting of the receptor [41]. Through a nongenomic action on androgen
receptors, ginsenoside Rb1 produce a rapid increase in eNOS expression and NO
production in human aortic endothelial cells that was prevented by treatment with
an androgen-receptor antagonist or inhibitors for the PI3-kinase/Akt and MEK/ERK
pathways [42].

4.6 Central Nervous System Actions of Ginseng

Besides the potential direct effects of ginseng/ginsenosides on penile nerve and vas-
cular tissues, ginsenosides may also exert actions on the brain to modulate neuro-
transmission. Ginsenosides, notably Rb1, Rc, Rg1, and Rg3, facilitate acetylcholine
activity [43, 44], are neuroprotective [45–48], and alter neurotransmitter availabil-
ity [49–52]. The neurotransmitter dopamine plays a central role in sexual behav-
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ior [53, 54], and treatment with dopaminergic drugs has long been shown to facili-
tate masculine sexual behavior [55, 56]. In the paraventricular nuclei (PVN) and me-
dial preoptic area of the hypothalamus (MPOA), brain areas critical for male sexual
behavior [57], dopamine levels are increased before and during copulation [58, 59].
The microinjection of dopamine receptor antagonists directly into the MPOA de-
creases libido and impairs copulatory performance [60, 61]. NO may be an im-
portant mediator of hypothalamic dopamine release [62]. Treatment with NOS in-
hibitors decreased hypothalamic dopamine levels [63] and reduced male mounting
activity [64, 65], libido [64], and penile erection [66, 67]. Although there is no di-
rect evidence to show that ginseng/ginsenosides modulate hypothalamic NO levels,
the injection of ginsenoside Rc or Rg3 into the cerebral ventricles inhibits stress-
induced hypothalamic activation in mice through a NO-mediated pathway [68],
suggesting that ginsenosides directly induce NO production in the brain. Moreover,
oral ginseng treatment was shown to increase striatal dopamine activity [69] and
decrease plasma prolactin levels [70] in young adult male rats, consistent with a pu-
tative role for dopamine in ginseng-induced enhancement of copulatory behaviors.

4.7 Conclusions

Human studies have suggested that ginseng ingestion may be a safe and effective al-
ternative method for treatment of erectile dysfunction [10]. Animal studies indicate
that ginseng/ginsenosides mediate the release and/or the modification of release of
NO from endothelial cells and perivascular nerves, and the consequent vasodilata-
tion of the penile corpus cavernosum may contribute to the copulatory performance-
enhancing action of ginseng. Ginsenosides have been shown to interact with steroid
receptors and, through nongenomic pathways, activate NO production. How ginseng
and its ginsenosides may act centrally to modulate sexual desire and copulatory per-
formance is not known, but it could potentially involve activation of NO pathways,
perhaps in brain areas involved in sexual behavior.
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Chapter 5
Herbal Treatments for Erectile Dysfunction

Jyoti Shah

Abstract Evidence for herbal treatments for ED is contradictory. This could be due
to differing definitions of ED, non-standardized outcomes and different procedures
used in the preparation of plant extracts. Additionally, animal studies are not accu-
rate because they do not allow cerebral aspects of sex to be evaluated and instead
rely solely on basic mechanical or instinctive sexual function.

Preliminary research on a few drugs such as ginseng, PLC and DHEA is en-
couraging, but well-designed randomized controlled clinical trials are lacking. It is
likely that the use of medicinal plants will increase in popularity as men seek subtle
methods of treating themselves. However, whilst it is easy to purchase many ‘nat-
ural Viagra’-like substances over the Internet, the safety and reliability of many of
these drugs is poor, and patients should be cautious when acquiring these products.
Information about how these herbal products interact with prescribed drugs is also
limited.

Keywords Erectile dysfunction · Herbal therapies · Impotence

5.1 Introduction

Erectile dysfunction (ED) is defined as ‘the inability to achieve an erection sufficient
for intercourse to the mutual satisfaction of both partners’ [1]. The exact prevalence
of ED is unknown. This is largely due to variations in the definition of ED and be-
cause many publications focus on select population groups. However, it is estimated
that ED affects 15 to 30 million men worldwide [2]. According to the National Am-
bulatory Medical Care Survey (NAMCS), for every 1,000 men in the United States,
7.7 physician office visits were made for ED. Almost 15 years later, that figure had
increased three-fold to 22.3 in 1999 [3]. In countries like the USA where education
and awareness are high and statistics are easy to compile, such estimates can be
safely arrived at. However, in many parts of the world, men with ED suffer silently
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because of fear, embarrassment, lack of access to medical facilities, and perhaps
because ED is a low medical priority in many parts of the world. Therefore the real
prevalence may never be determined.

Although ED does not affect life expectancy, it can have a significant negative
impact on an individual’s well-being and quality of life [3]. There are many causes
of ED but most important is the fact that this is an age-related phenomenon. The
most reliable evidence for this comes from the Male Massachusetts Aging Study.
This study reported that the probability of ED increased from 5.1% at 40 years of
age to 15% at 70 years [4].

Other conditions such as diabetes, renal disease, chronic alcoholism, multiple
sclerosis, atherosclerosis, vascular disease and neurological diseases account for ap-
proximately 70% of ED cases [2]. NIH also reported that between 35 and 50% of
men with diabetes suffer from ED [2]. Furthermore, men taking many commonly
used medications such as antihypertensive drugs, antihistamines, antidepressants,
tranquillizers, appetite suppressants and cimetidine will experience ED as a side ef-
fect [2]. Psychological factors can also cause ED, either in isolation or concurrently
with an organic cause.

With an ageing male population, an increase in comorbid conditions, greater
treatment-seeking behaviour, and rising costs of treatment, the burden of ED will
undoubtedly increase worldwide.

Conventional treatment methods for ED included psychosexual counselling, an-
drogen replacement therapy, intraurethral agents, intracavernous injections, me-
chanical devices and surgery. The last decade has seen a huge paradigm shift in
ED treatments.

The introduction of Viagra as an effective and reliable oral treatment for ED in
1998 has allowed access to treatment for many couples across the world. However,
despite the success of modern treatments for ED, many men across the globe still
rely on herbal treatments.

Reasons for this could be reluctance in seeking treatment for a private and per-
sonal condition, financial concerns about the side effect profile of drugs and their
lack of efficacy. In one study, the long-term satisfaction of current ED therapies
ranges from 40 to 70% [5].

Herbal treatments are health supplements that are chemically rich in plant or
plant extracts and contain single or multiple ingredients in the form of tablets, cap-
sules, creams or tinctures [6]. In the USA, from 1990 to 1997, there was a 380%
increase in the use of herbal treatments for any condition, and in 2001, over 50% of
the American population were regularly taking herbal supplements [7]. This trend
is also reflected in the 47.3% increase in total visits to alternative practitioners from
427 million in 1990 to 629 million in 1997 [8]. This figure exceeds the total visits
to all US primary care physicians [8].

5.2 Herbal Treatments for ED

There are many herbal drugs that have been used by men with ED with varying
degrees of success. Now that the Internet is one of the most readily accessible and
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comprehensive methods of obtaining medical information and treatment options, the
general public may try many such herbal therapies. What follows is an alphabetical
overview of herbal treatments for ED with evidence, if any, of their efficacy and
safety.

5.2.1 Cola acuminata

Cola acuminata belongs to the family Sterculiaceae and its fruits are harvested from
the forests of the Democratic Republic of Congo. The fruits are rough, mottled and
up to 8 inches long and contain large, flat and bright red coloured seeds. Commonly
known as cola nut, this fruit is used widely for the treatment of ED.

The fruits contain about 2% catechine-caffeine (colanine), which is believed to
have a greater level of alkaloids (caffeine), thereby increasing the stimulatory effect.
They are roasted, pounded or chewed and can also be added to drinks such as tea or
milk or cereal such as porridge [9]. In West Africa this product is sold as a treatment
for ED, although evidence for its effectiveness is limited.

5.2.2 Damiana

Damiana (Turnera diffusa) has been used as an aphrodisiac in Mexico for centuries.
From 1888 to 1947, Damiana leaf and its elixirs were even listed in the United States
National Formulary.

It is a small shrub that is native to Central and South America and belongs to the
family Turneraceae. When this shrub blooms, small yellow flowers emerge with a
smell similar to camomile. Its dried leaves and stems are used as a sexual stimulant
in the form of capsules, liquid extract and tea.

Damiana contains flavonoids, resins, tannins and a glycoside called arbutin,
which may reflect its many apparent therapeutic actions. In the renal tract arbutin is
converted to hydroquinone, which in large quantities can cause the side effects of
Damiana (nausea, vomiting, tinnitus, sudden death) [10].

In scientific studies, Damiana has been found to relax the small muscles within
the arterial walls of the penis, thereby allowing greater blood flow in the erect state.
This relaxation has been found to be greater than that caused by Viagra (90% com-
pared to 46%) and is thought to be one mechanism of how Damiana may work in
ED [11].

In rat studies, Damiana was found to increase the sexual performance of impotent
rats and increase the number of rats achieving ejaculation. The authors concluded
that their study provided evidence for the folk reputation of Damiana [12].

In animal studies, Damiana has demonstrated hypoglycaemia and therefore cau-
tion is advised in men with diabetes.
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5.2.3 DHEA

Dehydroepiandrosterone (DHEA) is a hormone, and men with low levels of it have
been reported to suffer from ED. In one double-blind trial, 40 men with low levels
of DHEA were administered 50 mg of DHEA per day compared to placebo. Men
taking DHEA showed a significant improvement in both libido and erectile func-
tion [13].

5.2.4 Fo-Ti

Fo-Ti (Polygonum multiflorum) is also called He shou wu, which translated from
Chinese means ‘black-haired Mr. He’. According to Chinese folk legend, Mr. He
was a village elder who took Fo-Ti, thereby restoring his black hair, youthful looks
and vitality.

To date there have been no controlled human studies investigating the effects
of Fo-Ti in men. In animal studies Fo-Ti has been found to enhance learning and
memory and decrease the degeneration of nigrostriatal dopaminergic neurons in the
brain [14]. How Fo-Ti actually works in ED is unknown.

5.2.5 Gamma-Butyrolactone (GBL)

GBL is also known by the chemical names 2,(3H)-furanone di-hydro, butyrolac-
tone, 4-butyrolactone, dihydro-2(3H)-furanone, 4-butanolide, 2(3H)-furanone, di-
hydro, tetrahydro-2-furanone, and butyrolactone γ [15]. GBL is widely available
on the Internet as Verve or Jolt. These are marketed as products that enhance
sexual performance. Other GBL product names include Longevity, Revivarant,
G.H. Revitalizer, Gamma G, Blue Nitro, Insom-X, Remforce, Firewater, and
Invigorate [16].

GBL is a precursor to the compound gamma-hydroxybutyrate (GHB), to which
it is rapidly metabolized once ingested. GHB is thought to be a partial agonist at
the gamma-aminobutyric acid receptor and can lead to rapid respiratory arrest, hy-
potension, bradycardia and death. It has been linked to 58 deaths and more than
5700 recorded overdoses [17].

There is no evidence for GBL as a safe and efficacious treatment for ED.

5.2.6 Ginkgo biloba

Ginkgo is among the oldest living species of trees and is therefore often referred
to as a ‘living fossil’. The name biloba means two lobes and refers to the unique
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two-lobed leaves; its culinary and medicinal uses can be traced back for centuries.
It is one of the best-selling herbal drugs in Europe and the tree is known to survive
only in China. It is believed that China produces approx. 63,000 kg of dried ginkgo
seeds each year [18, 19].

Ginkgo is believed to increase blood flow to the penis, although the evidence
is contradictory. In an early double-blind study published in 1991, 50 men with
arterial ED were administered 240 mg of ginkgo leaf extract daily for a period of
9 months. The men were divided into two groups based on their earlier response
to conventional drug therapy for ED. The first group consisted of 20 men who had
previously experienced some success with earlier treatments. The second group of
30 men had not experienced an erection with these treatments [20].

After 6 months of treatment with gingko leaf extract, all men in the first group
regained spontaneous erections sufficient for penetration. This benefit continued
throughout the 9-month study period. In the second group of 30 men, 19 responded
positively. No side effects were reported [20].

The same group investigated the effect of 240 mg daily of ginkgo in 32 men
diagnosed with vasculogenic ED in a 24-week placebo-controlled, double-blind,
randomized trial [21]. The authors had a high dropout rate for unknown reasons,
leaving 23 men for follow-up. They found no significant benefit from taking ginkgo,
compared to their earlier results [21].

Cohen and Bartlik conducted a trial of ginkgo in men and women suffering from
selective serotonin reuptake inhibitor (SSRI)-induced ED after observations of im-
provement in sexual performance in an elderly patient. This patient was taking SSRI
for major depression and reported improved libido and erections after taking ginkgo.
When he stopped taking the ginkgo, his ED returned [22].

In their study, all patients (men and women) were taking antidepressants, with
the majority of patients taking regular SSRIs. Seventy-six percent of patients re-
ported decreased libido, 54% reported inhibited or delayed orgasm and 19% had
difficulty with erections. The authors prescribed an average dose of 207 mg a day to
63 patients while maintaining their regular antidepressant therapy. They found that
84% of patients experienced a positive effect on their sexual function, with more
women reporting relief (30/33) than men (23/30). Again, there were no reported
side effects [22].

Since that study, Ashton et al. have investigated the effect of 300 mg of ginkgo
three times a day for a month in 22 patients (9 men, 13 women) with SSRI-induced
ED [23]. They also reported no side effects but showed little positive effect on their
ED – only 3 of 13 women reported improvement, with no improvement in the 9
men [23].

5.2.7 Ginseng

Ginseng (Panax ginseng) is a perennial plant that is native to the damp woodlands
of northern China and Korea. After the plant is harvested, the root is prepared in
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one of two ways, resulting in either white or red ginseng. When Panax ginseng is
peeled and dried, the result is hard and yellowish-brown. This is white ginseng.
When the root is steamed, peeled and then dried, the result is a deep red coloured
red ginseng [24]. In the Orient, red ginseng is preferred, whereas in the West, white
ginseng is preferentially used in ginseng products [25].

Ginseng has been long alluded to in Chinese folk medicine as a sexual stimulant,
and there appears to be some scientific truth to this. In animal studies, a concen-
tration of 1 mg/mL of ginseng extract relaxed corpus cavernosal tissue in rabbits.
This action was mediated by an increase in the sequestration of intracellular cal-
cium and in the corpus cavernosal sinusoids by an increase in the release of nitric
oxide (NO) [26]. The increase in NO is a positive finding because NO is the main
mediator of penile erections and cyclic GMP, which mediates the relaxing effect of
NO on penile vascular smooth muscle [27].

The same group investigated the effect of 50 mg/kg dose of Korean red ginseng
in normal male rats and rabbits [28]. They found that the intracavernosal pressure
was greater in the ginseng-treated rats and rabbits compared to the placebo-treated
group, resulting in significantly increased rabbit and rat cavernosal smooth muscle
relaxation after 3 months of treatment [28].

Clinical studies have also supported this effect. A double-blind, placebo-
controlled study investigated the effect of 1,800 mg/d dose of red ginseng in 90
men with ED [29]. Of this group, 81 men had psychogenic ED and 9 men had a
mild vasculogenic cause for their ED. After 3 months of treatment, they found no
change in patients with premature ejaculation, frequency of intercourse, and dura-
tion and frequency of early morning erections. However, men treated with ginseng
showed an increase in libido in 50% of cases, greater sexual satisfaction in 43.3%,
increased penile tumescence during erection in 53.5%, greater penile rigidity in 50%
and decreased early detumescence in 23.3% (all p < 0.05) (29). The authors gave
the ginseng-treated group a therapeutic efficacy rate of 60% compared to 30% for
the placebo group.

From studies to date, ginseng may have the ability to improve ED. It is well
tolerated with few side effects, although excessive intake is reported to cause sleep-
lessness and hypertension. For this reason it is contraindicated in patients with hy-
pertension [30].

5.2.8 Horny Goat Weed

Horny goat weed (Epimedium brevicornum) is also known as Yin Yan Huo and has
long been used in traditional Chinese medicine to treat disorders such as dementia,
fatigue, ED and arthralgia [31]. It is derived from a leafy plant that is native to Asia
and the Mediterranean.

According to Chinese folk legend, horny goat weed’s use for ED started after a
Chinese goat herder noticed increased sexual activity in his flock after they ingested
horny goat weed.
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In one study testing the oestrogenic activity of 32 herbs, horny goat weed was
one of the herbs to have greatest oestrogenic activity, suggesting a potential use in
menopausal patients [32].

Animal studies have suggested that horny goat weed may elicit a penile erec-
tion in the rat. In that study, researchers administered different doses of horny goat
weed extract (30, 100, 300, 1000, 3000, 6500, and 10,000 μg/0.1 mL of extract with
0.1 mL saline) intracavernosally to rats and measured their intracavernosal pressure
(ICP) [33]. They found no effect on ICP with 30 and 100 μg/0.1 mL, but found a sig-
nificant rise in ICP, with the greatest peak at 99.7+/−0.3 mmHg after application
of 6500 μg/0.1 mL (resting 7.8 + /− 1.0 mmHg) [33]. The authors suggested that
horny goat weed might work by increasing NO levels and thereby relaxing smooth
muscle.

As yet, there is insufficient evidence for its safe use in men with ED. Reports have
also shown that horny goat weed can cause tachyarrhythmia and hypomania [34].

5.2.9 L-Arginine

L-arginine is an essential amino acid found naturally in meat, dairy, poultry and
fish, It is also available as an herbal supplement and is often marketed as a ‘natural
Viagra’.

Nitric oxide (NO) is produced by all tissues in the body and plays a crucial role
in smooth muscle relaxation. NO is formed from L-arginine using the enzyme nitric
oxide synthetase (NOS).

It is well known that ED is commonly found in men with ischaemic heart disease.
Vasculogenic ED may be a manifestation of atherosclerosis, and thus the L-arginine-
NO pathway is hypothesized as an explanation for the association. There are only a
few human studies evaluating the role of L-arginine in ED, and these have yielded
mixed results.

One study investigated the effects of L-arginine in 32 patients (mean age 51.6
years) with mixed-type ED in a randomized, placebo-controlled, crossover trial [35].
Patients were administered 3×500 mg L-arginine/d or placebo for two 17-d courses.
After a 7-d washout period, patients who initially received the placebo for 17 d were
switched to L-arginine and vice versa.

Five patients (17%) reported a significant improvement in their sexual perfor-
mance as measured by a validated questionnaire after the L-arginine phase, com-
pared to 6 patients (20%) who reported a benefit after the placebo period. There was
no statistically significant difference between improvements with L-arginine com-
pared to placebo (56% vs. 43%). They concluded that L-arginine at 3×500 mg per
day dose was no better for ED than placebo [35].

Other studies have shown positive results but have tended to use larger doses
of L-arginine. One group conducted a double-blind trial in 50 men with ED [36].
Patients were given L-arginine (5 g per day) or a matching placebo for 6 weeks.
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At the end of the study, 9 of the 29 arginine group reported a significant subjective
improvement compared to only 2 of the 17 placebo group [36].

Another study administered Pycnogenol orally, which is known to increase the
production of NO by stimulating activity of NOS, together with L-arginine as a
substrate for NOS [37].

The group consisted of 40 men with ED who were given three ampoules of
Sargenor a day for the first month. This is a drinkable solution of the dipeptide
arginyl aspartate (equivalent to 1.7 g of L-arginine per day). During the second
month, patients were additionally supplemented with 40 mg of Pycnogenol twice
a day, and during the third month the daily dosage was increased to three 40-mg
Pycnogenol tablets.

At the end of the first month with L-arginine alone, a statistically non-significant
number of 2 patients (5%) experienced a normal erection. At the end of the second
month of receiving a combination of L-arginine and Pycnogenol, the number of men
with restored sexual ability increased to 80%. After the 3-month trial period, 92.5%
of the men experienced a normal erection. These men also experienced a decrease
in time for an erection to develop after stimulation and an extended duration of erec-
tion. The authors concluded that oral administration of L-arginine in combination
with Pycnogenol causes a significant improvement in sexual function in men with
ED without any side effects [37].

Although none of the studies reported side effects of receiving regular L-arginine,
high doses of the drug can stimulate the production of gastrin, resulting in increased
gastric acid production. Hence, it may cause gastro-intestinal problems and has been
reported to induce necrotizing pancreatitis in rats [38].

5.2.10 Maca

Maca (Lepidium meyenii) has a radish-like root and is often called ‘Peruvian gin-
seng’. Although unrelated to the ginseng family, its use is similar to ginseng in that
it can increase energy, libido and sexual performance. Maca has been used as a
food in Peru for many centuries but has only recently gained popularity as an herbal
supplement.

In one study involving 9 adult men, 4 months of treatment with maca tablets
resulted in increased seminal volume, sperm count and sperm motility [39].

Human studies of maca are limited. Another 12-week double-blind placebo-
controlled, randomized, parallel study investigated the effect of different doses of
maca compared to placebo [40]. The participants received maca in one of two doses:
1500 mg or 3000 mg or placebo. Self-perception on sexual desire was measured at
4, 8 and 12 weeks of treatment. After 8 weeks of treatment, there was a reported
improvement in sexual performance, although there were no differences in serum
testosterone and oestradiol levels between the treatment and placebo groups. The
authors concluded that maca improves sexual desire at 8 and 12 weeks of treat-
ment [40].
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The evidence for a beneficial effect of maca in humans has not been supported
by animal studies. A recent study looked at the effect of maca on sexual behaviour
in rats [41]. The authors administered two doses of maca orally (25 and 100 mg/kg)
for 30 d and monitored male sexual behaviour after acute, 7 and 21 d of treatment.

Maca did not produce large changes in male sexual behaviour, although there was
a small effect on rat male sexual behaviour after acute and short-term administration
of maca. After 21 d of treatment maca showed no effect on the rats. The researchers
did, however, report an increase in ejaculation latency and postejaculatory interval
[41]. None of the studies reported any side effects.

5.2.11 Muira Puama

Muira puama (Ptychopetalum olacoides) is a small tree that is native to the Amazon
river basin. It has long been used for sexual problems in Brazil at a dose of 2 to 4 mg
of liquid extract per day. To date there is no evidence to support the use of muira
puama for ED [42].

5.2.12 Propionly-L-Carnitine

One study examined the effect of administering testosterone undecanoate versus
propionyl-L-carnitine plus acetyl-L-carnitine and placebo in the treatment of male
ageing symptoms for a period of 6 months [43]. The researchers enrolled 120 pa-
tients (mean age 66 years) and randomized them into three groups. Group 1 re-
ceived testosterone undecanoate 160 mg/d, group 2 received propionyl-L-carnitine
2 g/d plus acetyl-L-carnitine 2 g/d, and the third group were given a placebo (starch).

The testosterone and carnitine groups (1 and 2) showed significantly improved
peak systolic velocity, end-diastolic velocity, resistive index, nocturnal penile tumes-
cence and International Index of Erectile Function (IIEF) score. This effect was
noted for as long as the drugs were administered, with a suspension resulting in
a reversal to baseline parameters. Placebo was ineffective in improving any of the
above parameters. The researchers concluded that testosterone and, especially, car-
nitines proved to be active drugs for the therapy of symptoms associated with male
ageing [43].

Another double-blind, fixed-dose study examined the efficacy and tolerability
of oral propionyl-L-carnitine (PLC) plus sildenafil in men with ED and diabetes
unresponsive to sildenafil monotherapy [44].

Patients with documented ED of organic or mixed aetiology and diabetes unre-
sponsive to at least eight doses of Viagra alone were randomized to receive oral PLC
(2 g/d) plus sildenafil (50 mg twice weekly) (20 patients, group 1) or sildenafil alone
(20 patients, group 2).
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After 24 weeks, group 1 (PLC and Viagra) showed a significantly greater per-
centage of improved erections (68% vs. 23%) and successful intercourse attempts
(76% vs. 34%) compared to Viagra alone [44]. No patient discontinued treatment,
suggesting that PLC is well tolerated.

Cavallini and colleagues investigated the use of two forms of carnitine – PLC
and acetyl-L-carnitine (ALC) – in 96 patients who had undergone bilateral nerve-
sparing radical retropubic prostatectomy [45]. One group were given a placebo (33
men), another group were given PLC 2 g/d plus ALC 2 g/d plus 100 mg of sildenafil
when needed (32 patients), and the third group received sildenafil alone (35 men).

Placebo was found to be ineffective. The IIEF score of patients receiving PLC
plus ALC and sildenafil were significantly greater than that of patients receiving
sildenafil alone. The authors concluded that PLC and ALC were safe and reliable in
improving the efficacy of sildenafil after surgery without increasing the side effect
profile [45].

5.2.13 Reishi

Reishi (Ganoderma lucidum) is a fungus that grows from the tops of stumps or
submerged logs and is found in most parts of the world [46]. Historically in Japan,
reishi used to hang in the hallways of all homes to ward off evil spirits and was
carried by brides into their new homes to guard against ‘grave’ matters in the new
family [47].

Reishi has many uses in traditional Chinese medicine, including ED. In a study in
China of 60 men with ED, there was a significant benefit after drinking a decoction
made using fruit bodies of a member of the Ganoderma family for 1 month [48].
Only 4 patients reported no improvement; 17 patients reported slight improvement;
25 men claimed marked improvement in their sexual function, and 14 men reported
that they were cured. No other drugs were taken during the period of the study [48].

5.2.14 Tongkat Ali

Tongkat ali (Eurycoma longifolia) is a tree found in Malaysia, Thailand and Indone-
sia. The root of this tree is reported to enhance male sexual performance as well as
having medicinal properties for use in the treatment of dysentery, fever and other
ailments.

Years ago the roots had to be brewed for long hours to obtain the active extract.
However, it is now widely available in the form of a pill or a tea bag and is marketed
as ‘Malaysia’s Viagra’ [49].

Although human studies are sparse, its effect on rats has been investigated. In
one study, middle-aged rats were administered 0.5 g/kg of various fractions of E.
longifolia, whilst the control group received 3 ml/kg of normal saline daily for 12
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weeks [50]. Results showed that E. longifolia enhanced the sexual qualities of the
middle-aged male rats by decreasing their hesitation time compared to controls
throughout the study time [50]. The authors used the outcome of this study to sup-
port the folk use of E. longifolia as an aphrodisiac.

Another study evaluated the effect of tongkat ali in sexually sluggish old male
rats, 24-month-old rats and retired breeders [51]. The rats received 200, 400, or
800 mg/kg of various fractions of E. longifolia Jack, twice daily, for 10 d. The con-
trol rats received 3 ml/kg of normal saline. Ang et al. monitored the effect of treat-
ment by the act of yawning and stretching. This is because yawning, either alone or
associated with stretching, is considered an ancestral vestige surviving throughout
evolution that promotes sexual arousal. They showed that 800 mg/kg of E. longifo-
lia Jack increased yawning by 50% and stretching by 16.7% in sexually sluggish
old male rats, by 676 to 719% and 31to 336%, respectively, in sexually active male
rats, and by 22 to 44% and 75 to 100%, respectively, in middle-aged rats and retired
breeders [51].

There are claims that tongkat ali increases testosterone by 48% and should there-
fore not be used by pregnant women or children [49]. Additionally, it should not be
used for the same reason in men with prostate cancer.

5.2.15 Tribulus

Tribulus (Tribulus terrestris) is also called puncturevine and has traditionally been
used in China and India for infertility and ED. Recently its use has increased as a
way of improving sports performance. Prior claims that Tribulus increases serum
testosterone has not been substantiated by recent studies. One group found that after
4 weeks of Tribulus supplements at 10 to 20 mg/kg body weight daily, testosterone
was unaffected [52].

In rat studies, the administration of Tribulus extract heightened sexual behaviour
and resulted in increased ICP. The authors claimed that this effect was due to in-
creases in testosterone [53]. For this reason, Tribulus is contraindicated in pregnant
women and men with prostate cancer. It has also been found to be toxic in sheep,
eventually leading to death [54], and there are reports of gynaecomastia in men
taking Tribulus [55].

5.2.16 Yohimbine

Yohimbine is derived from the bark of the West African yohimbe tree. It is an indole
alkaloid that has been reputed to have aphrodisiac properties for over 70 years. Phar-
macologically it is an alpha-2-adrenergic antagonist, and its activity is mediated by
blocking these receptors in the brain.
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In one study, yohimbine was shown to improve sexual function in men with psy-
chogenic ED but had little effect in men with organic ED [56].

Men with psychogenic ED showed a 46% response to yohimbine compared with
a placebo response of only 16%. However, only 50% of the men actually achieved
an erection sufficient for penetration [56].

However, another study assessed the clinical response at baseline and after two
different doses of yohimbine in 18 non-smoking men with organic erectile dysfunc-
tion [57]. Of the 18 men, 9 (50%) were successful in completing intercourse in more
than 75% of attempts, although the authors note that the yohimbine responders were
men with less severe ED [57]. They claimed that yohimbine is an effective therapy
for organic ED, contradicting earlier studies.

Ernst and Pittler reviewed and meta-analysed all randomized, placebo-controlled
trials of yohimbine monotherapy for erectile dysfunction to determine its therapeu-
tic efficacy [58]. They identified seven trials that demonstrated that yohimbine is
superior to placebo (odds ratio 3.85, 95% confidence interval 6.67 to 2.22) and sug-
gested that yohimbine could be considered a reasonable therapeutic option for ED
and should be considered as an initial pharmacological intervention [58].

Another meta-analysis of four independent trials from (i) controlled clinical tri-
als of yohimbine (when used alone), (ii) uncontrolled trials examining yohimbine
(alone), (iii) controlled trials of yohimbine when used in combination with other
drugs and (iv) uncontrolled trials of yohimbine plus other drugs reported a consis-
tent tendency for yohimbine, and for other medications containing yohimbine, to
enhance erectile functioning relative to placebo [59].

Lebret and colleagues reported a double-blind, placebo-controlled, three-way
crossover, randomized clinical trial to compare the efficacy and safety of the com-
bination of 6 g of L-arginine glutamate and 6 mg of yohimbine hydrochloride with
that of 6 mg of yohimbine hydrochloride alone and that of placebo alone [60]. They
included 45 patients in their study and demonstrated the on-demand oral adminis-
tration of the 6 g L-arginine glutamate and 6 mg yohimbine combination is effective
in improving erectile function in patients with mild to moderate ED [60].

Whilst many studies have shown improvement in sexual function after taking
yohimbine, there are at least an equal number of publications claiming that it has no
effect.

Kunelius et al. conducted a randomized, double-blind, placebo-controlled,
crossover comparison of a placebo with high-dose yohimbine hydrochloride (36 mg
a day orally) in 29 men with mixed-type ED [61]. They found no benefit to yohim-
bine over placebo as a first-line treatment for mixed-type impotence [61].

Similarly, Mann and colleagues conducted a double-blind, placebo-controlled
study in 31 men with ED [62]. They found a therapeutic effect of yohimbine in men
with non-organic ED, with a significantly greater improvement in the yohimbine
group compared to the placebo group. However, they could not demonstrate any
superiority of yohimbine over placebo in the organic group [62].

The usual dose of yohimbine is 15 to 30 mg a day in divided doses. However,
larger doses (20 to 30 mg) can be used ‘on demand’. A tincture of yohimbine bark
has been used as 5 to 10 drops three times a day. There are many side effects even
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in small doses, and its use is not really recommended. It is also contraindicated in
men with cardiovascular and neurological diseases.

Despite encouraging scientific evidence for its effectiveness in ED, yohimbine
lacks medical and public acceptance. There are many reasons for this: firstly, dose –
response studies are lacking; secondly, other forms of administration, such as sub-
lingual, have not been explored; and continuous versus ‘on-demand’ yohimbine has
not been studied. One expert has suggested that this may be because yohimbine is
an old drug that has no patent protection or commercial viability [63].
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Chapter 6
Harpagophytum procumbens – Traditional
Anti-inflammatory Herbal Drug with Broad
Therapeutic Potential

G.P. McGregor∗,∗∗

Abstract Harpagophytum procumbens (Devil’s Claw) is a traditional African herbal
drug used by the natives of the Kalahari and Savannah desert regions to treat a va-
riety of ailments. In Europe, the anti-inflammatory properties of Harpagophytum
procumbens extracts (Hp) have been the basis for its popular use in the treatment of
inflammatory disorders of the musculoskeletal system and of low back pain. This is
the subject of a draft monograph recently issued by the European drug authorities
(EMEA). There is good clinical evidence for Hp’s use in treating painful osteoarthri-
tis, but more evidence (such as from phase-III trials) is needed before Hp can be
considered a standard treatment of osteoarthritis and other chronic inflammatory
diseases. Here, the published evidence is reviewed that reveal the anti-inflammatory
effects of Hp including inhibition of key mediators and promoters of inflammation.
The relevance of these effects for the therapeutic use of Hp in osteoarthritis is dis-
cussed. The main constituents of Hp, glycosides of harpagoside and of acteoside,
have been shown to act on molecular pathways that have become recognised as tar-
gets in the development of new anti-inflammatory drugs. The pharmacological pro-
file of Hp is that of a modern anti-inflammatory agent. Today there is great interest
in new anti-inflammatory drugs as toxicological doubts have arisen concerning stan-
dard drugs but also as it has become apparent that the therapeutic potential of novel
anti-inflammatory drugs goes well beyond the treatment of recognised chronic in-
flammatory diseases. Inflammation is now seen as a primary process in osteoarthritis
but also as a key pathophysiological factor in many common modern diseases (car-
diovascular disease, diabetes, osteoporosis, neurodegenerative diseases, dementia
and Alzheimer’s). The therapeutic potential of Hp, therefore, demands attention.
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Abbreviations

Hp Harpagophytum procumbens
NSAID Non-steroidal anti-inflammatory drug
iNOS Inducible nitric oxide synthetase
COX Cyclooxygenase
PG Prostaglandin
LOX Lipoxygenase
LT Leukotriene
TNF Tumour necrosis factor
LPS Lipopolysaccharide
MMP Matrix metaloprotease

6.1 Introduction

Extracts of the secondary roots of the southern African plant Harpagophytum
procumbens (Devil’s Claw) provide an herbal drug with a variety of traditional indi-
cations. It is a member of the sesame family (Pedaliaceae), and the genus Harpago-
phytum contains the species (Fig. 6.1) H. zeyheri, extracts of which were also mixed
with Hp extracts in earlier studies. Monographs state Hp as the sole source of the
medicinal drug.

The natives of the Kalahari and Savannah desert regions of southeast and south-
ern Africa used the dried secondary roots of the plant to treat a variety of ailments
including fever, malaria and indigestion. Since its introduction into Europe during

BA

Fig. 6.1 a Harvested secondary roots of Harpagophytum procumbens from which the medicinal
extracts are made. b The fruit of H. procumbens with its hook-like appendages and which give the
plant the name “Devil’s Claw”
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the middle of the last century, the anti-inflammatory properties of extracts of Devil’s
Claw [1] have attracted the most attention. The European Scientific Cooperative on
Phytotherapy (ESCOP) issued a monograph recommending its use in the symp-
tomatic treatment of painful osteoarthritis, relieving lower back pain, loss of ap-
petite and dyspepsia [2], and the EMEA Committee on Herbal Medicinal Products
(HMPC) have recently issued a draft monograph for discussion in which an indi-
cation for treatment of mild articular pain and mild digestive disorders is proposed
on the basis of traditional use [3]. Its use in the treatment of inflammatory disorders
of the musculoskeletal system and of lower back pain has become particularly pop-
ular in recent years. The clinical evidence of Devil’s Claw use in treating painful
osteoarthritis is generally good and has been the topic of several recent reviews.
However, more studies are required in order to establish this drug as a definitive
therapeutic option. Issues such as the optimal dose and duration of treatment need
to be resolved [4].

This chapter will review the published evidence that Hp extracts exert anti-
inflammatory effects that are of relevance to the therapeutic use of Hp extracts in os-
teoarthritis. Although osteoarthritis is generally considered a degenerative disease,
recent new insight into the pathophysiology of osteoarthritis reveals that inflam-
matory processes are involved in the early stages of the disease and are not only
secondary processes following tissue degeneration. The breakdown of cartilage is
probably the initial problem in osteoarthritis, but there is good evidence from hu-
man studies that this process involves the release of proinflammatory cytokines such
as TNF and IL1 from chondrocytes within the cartilage [5].

There is good in vitro and in vivo pharmacological evidence of the anti-inflam-
matory and analgesic properties of Hp, although some negative findings have also
been reported [1]. Generally, the pharmacological profile of Hp extracts is support-
ive of its therapeutic potential as an anti-inflammatory agent. More evidence is,
however, needed in more clinically relevant models. Also, more information on the
mode of action of extracts of Hp and of its constituents, and especially the iden-
tification of the cellular and molecular targets, is required before the full potential
of this highly promising therapeutic plant can be appreciated. Its anti-inflammatory
properties certainly warrant further research.

Treatment of painful inflammatory diseases has received a major blow with the
“fall from grace” of the cyclooxygenase (COX)2 inhibitor drugs due to problems
of cardiovascular risk. Thus, there is a desperate need for new anti-inflammatory
drugs. The therapeutic potential of novel anti-inflammatory drugs appears to extend
beyond chronic inflammatory diseases such as osteoarthritis, rheumatoid arthritis
and chronic inflammatory bowel disease. Inflammatory processes are seen today
as playing a significant pathophysiological role in many common modern dis-
eases such as cardiovascular disease, diabetes, osteoporosis, neurode-
generative diseases, dementia and Alzheimer’s disease, as well as in
carcinogenesis.
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6.2 The Status and Use of Hp-Containing Products

In Germany and some other European countries, Hp-containing products are fully-
licensed drugs on the basis of their well-established use. Such products have, in gen-
eral, been authorised for the supportive treatment of painful degenerative joint and
muscle conditions. The UK drug authorities issued in January 2007 a traditional-use
registration for a proprietary drug containing, as sole active ingredient, an aqueous
extract of Hp. This over-the-counter product was issued the therapeutic indication
of “A traditional herbal medicinal product used for the relief of backache, rheumatic
or muscular pain, and general aches and pains in the muscles and joints, based on
evidence of traditional use only”. The licensing and registration of Hp products
requires that the extracts of the herb be “standardised”. This a basic principle in
herbal medicine and aims to ensure the quality of herbal products, and to ensure
that a single medicinal plant exists in the market in the form of one or more extracts
that are essentially chemically similar and based on traditional processes. Hp ex-
tracts are standardised to a content of 1 to 3% of the iridoid glycoside, harpagoside,
which is an active pharmaceutical marker but is considered not to be the sole active
ingredient.

The recommendations for the standardisation of herbal extracts such as those
set out by the German Commission E are unfortunately not universally followed
by manufacturers of herbal medicinal preparations. This has led to much confusion
and has undermined the image of herbal medicine. In the USA, Hp-containing prod-
ucts have been less stringently categorised, as are all other plant-derived medicinal
products, as foods and are considered food supplements or so-called nutraceuti-
cals [6]. Pharmacological treatments of osteoarthritis are exclusively aimed at re-
lieving symptoms and not modifying the disease process, and alternative treatments
of this chronic condition are frequently sought. There is a rate of self-medication in
osteoarthritis is high, and Hp products belong to a variety of herbal preparations and
food supplements that are widely used by such patients [7].

The traditional medicinal use of herbal extracts cannot be patented, but Hp ex-
tracts are found in patent applications describing Hp extracts in combination with
other extracts or vitamins [8]. A novel medicinal use of a defined aqueous ethanol
extract of Hp is the topic of an interesting patent application. The patent appli-
cation [9], made by a German small-to-medium enterprise, describes the use of
the Hp extract in the treatment of endometriosis, which is a painful inflammatory
disorder.

6.3 Chemical Constituents of Hp Extracts

The major chemical constituents of Hp have been characterised and described in
a number of published studies from different groups [10–12]. In their recent in-
vestigations, Clarkson and colleagues used an HPLC-SPE (solid-phase extraction)-
NMR tandem methodology to confirm that iridoid glycosides and glycosides of the
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phenylethonoid acteoside are the major constituents of ethanol extracts of Harpago-
phytum [10]. They also showed, using the same technology, that two commercial
preparations of Hp contained a similar spectrum of constituents as their laboratory
extract. So it can be assumed that some, or all, of these main chemical constituents
of ethanol extracts of Hp are responsible for the medicinal and pharmacological
effects of Hp. In their analysis of a water extract of Hp, Boje and colleagues [12]
found glycosides of harpagoside, and of acteoside (and acteoside analogues), in
similar amounts and to be the major ingredients.

Extracts of Hp are characterised by the presence of iridoid glycosides, and es-
pecially harpagoside, which was first identified in Hp extracts back in the 1960s.
Acteoside and other related polyphenolic glycosides were first isolated from Hp by
Berger et al. [13] and represent a major constituent of Hp extracts. Clarkson and
colleagues [10] were able to determine that the ethanol extract contained a high
proportion (about 13%) of the original dried plant material and that the glycosides
of acteoside represented more than 30% of the extracted material. Therefore, this
group of chemicals appears to represent a major fraction of Hp extracts in addition
to the characteristic iridoid glycosides. Acteoside, shown to exert anti-inflammatory
effects, is also known as verbascoside and is present as aglycoside or glycoside in
other herbal drug extracts (see further discussion below).

The HPLC-SPE-NMR methodology was described by Clarkson and colleagues
[10] to be a paradigm shift in the analysis of biologically derived extracts in the sense
that it allows novel natural products to be identified with improved rapidity and
sensitivity. For example, using this methodology, the researchers identified novel
chemical entities in the aqueous ethanol Hp extract. These novel natural products
were chicane-type tricyclic diterpenes and are of interest in drug discovery as novel
chemical entities. However, for specialists in herbal medicine who are interested in
the pharmacological mode of action of the herbal drugs such as Hp, they are of no
interest given their presence in the extract in such small quantities.

6.4 Pharmacological Properties

Anti-inflammatory and analgesic effects have been revealed in several pharmaco-
logical studies of extracts of Hp and of compounds isolated from Hp [1, 14]. These
studies were carried out over the years using in vivo and in vitro models for anti-
inflammatory or analgesic drug screening. More recently, studies of Hp extracts
and constituent compounds have been performed with the aim of establishing the
molecular targets within the network of cytokines, intracellular signal pathways and
effector molecules that promote or mediate inflammation. The various pharmaco-
logical investigations of Hp are reviewed here. They generally support the notion
that Hp extracts exert anti-inflammatory effects and provide some plausible insight
into the possible mode of action of Devil’s Claw as an anti-inflammatory drug.

There are a number of important caveats due to the design of these studies that
hinder interpretation of the data with respect to the medicinal use of Hp. Firstly, the
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test extract or harpagoside is generally applied before induction of the inflammatory
challenge, which is a standard pharmacological paradigm. But this does not reflect
the therapeutic paradigm of application to the pre-existing challenged or pathophys-
iological state. Exceptions were two early negative studies [15, 16] in which Hp was
administered orally at very high doses to animals with established inflammation and
no effect was observed. Frequently, the effect of parenteral administration of the test
drug is investigated whereas Hp preparations are usually for oral use. Most of the
models involved acute and severe inflammation and short-term treatment, whereas
Hp has therapeutic potential in chronic, and frequently mild inflammatory, condi-
tions. The majority of the studies demonstrated anti-inflammatory effects, but used
doses of Hp are much higher than doses traditionally used in humans. Despite these
caveats, the pharmacological studies described are worth consideration since they
provide some important information. The efficacy of very high doses in acute severe
inflammatory models can have the corollary of efficacy at lower doses in chronic
mild inflammation.

6.4.1 In Vivo Anti-Inflammatory Effects of Hp Extracts
and Harpagoside

Most of the standard anti-inflammatory in vivo models depend on chemically in-
duced tissue damage and measurement of the inflammatory response in oedema. In
the rat model of formalin-induced arthritis, parenteral administration of an aqueous
extract of Hp (20 mg/kg) was as effective as the non-steroidal anti-inflammatory
drug (NSAID) phenylbutazone, but harpagoside was ineffective [17]. In Freund’s
adjuvant model of arthritis, again in rat, injections of an ethanolic extract of Hp, at
25, 50 and 100 mg/kg, was demonstrated to exert a significant analgesic and anti-
inflammatory (anti-oedematous) effect following both acute and chronic treatment
(20 days) [18]. A number of studies reported significant anti-inflammatory effects
in the carageenan-induced rodent oedema model following parenteral administra-
tion of an aqueous ethanolic (60%) extract [19], of an aqueous extract [20, 21]
and of a non-characterised extract [22]. However, in the same model, oral admin-
istration of various extract forms of Hp produced contradictory results with regard
to anti-oedematous effects. Positive dose-dependent anti-inflammatory effects were
reported [23–25], while other studies failed to demonstrate effects even at doses
as high as 2 g/kg [15, 16, 19, 21, 22, 26]. An anti-inflammatory effect of oral
Hp (extract characteristics not given) reduced oedema after provocation with adri-
amycin [27]. No effects were measured for harpagoside on rat paw oedema evoked
by injection of ovalbumin [17].

The granuloma pouch test, a popular model of inflammation in rats, is performed
by injecting air under the dorsal skin to form the pouch into which an chemical
irritant (usually croton oil) is applied. In this model, a methanolic extract of Devil’s
Claw (3.7% harpagoside), which was administered orally for 11 days, reduced the
exudate volume significantly and was equally effective as phenylbutazone [24]. In
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the same model, parenterally applied harpagoside (20 mg/kg) significantly inhibited
exudate formation, granuloma weight and tissue granulation and was as effective as
phenylbutazone.

In two studies in which arthritis was induced by injection of either Mycobac-
terium butyrium [15] or M. tuberculosis [16], no anti-inflammatory effects were ob-
served with Devil’s Claw applied orally at concentrations up to 2 g/kg. In the study
by Whitehouse and colleagues [15], the carageenen-induced mouse inflammatory
model was also used, and Hp administered orally was ineffective even at such a
high dose as 2 g/kg.

6.4.2 In Vivo Analgesic Effects of Hp Extracts
and Harpagoside

The analgesic properties of Hp have been demonstrated in several studies using vari-
ous models. Two studies using the writhing test reported significant analgesic effects
after intraperitoneal administration of aqueous extracts [20, 23], whereas only slight
analgesic effects were reported with the same model for both aqueous and methano-
lic extracts by Erdös and colleagues [24]. In the Randall–Soletto test, a 60% aque-
ous ethanol extract administered intraperitoneally exerted a dose-dependent anal-
gesic effect. The extract (200 mg/kg) was significantly more effective than the com-
parator drug, diclofenac (80 mg/kg) [19]. In a heat-induced pain model, an aqueous
methanolic extract of Hp exerted analgesic effects [24]. Intraperitoneal harpagoside
exhibited analgesic effects in the rabbit ear model [17].

6.4.3 Effects of Hp Extracts and Harpagoside on
Pro-Inflammatory Molecular Targets – Eicanosoids,
Cytokines, Second-Messenger Pathways and Effector
Molecules

Several in vitro studies of Hp have sought to identify the molecular and cellular
targets of Hp’s action. Whereas inhibition of the biosynthesis of the eicosanoids
(prostaglandins, leukotrienes, thromboxane) has been, for many years, the most
prominent target in anti-inflammatory drug development, pro-inflammatory cy-
tokines now attract much attention, along with the many intracellular mediators of
inflammation that have now been identified [28, 29]. There is pharmacological ev-
idence that Hp extracts and their constituents influence the biosynthesis of certain
eicosanoids and cytokines, and the data are consistent with anti-inflammatory ef-
fects. However, it remains to be determined which of these effects are relevant for
the medicinal use of Hp extracts as well as for identifying constituent substances as
potential leads in the development of novel anti-inflammatory drugs.
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Hp extracts with about 20% and 30% content of harpagoside (prepared using
CO2 extraction) were compared with a conventional aqueous ethanol (60%) ex-
tract [30] for effects on isolated 5-lipoxygenase activity (responsible for generat-
ing the leukotrieners) and on cyclooxygenase-(COX)2 [responsible for generating
the pro-inflammatory prostaglandin-(PG)E2]. The activity of these enzymes was
measured in isolated human polymorphonuclear leukocytes [30]. The novel extracts
were clearly more active (and in a harpagoside-content-dependent way) than the
conventional extract in inhibiting 5-lipoxygenase activity and leukotriene biosynthe-
sis as well in inhibiting COX2 activity. An oddity in this study was that the effect on
COX2 activity was tested on unstimulated human polymorphonuclear leukocytes.
Also the most effective extract exerted complete inhibition of 5-lipoxygenase ac-
tivity at a concentration of 52 mg/L and indicates only moderate potency. In 1992,
Moussard and colleagues reported the absence of any effect of a non-specified ex-
tract of Hp on PGE2 and leukotriene blood levels following 21 days’ oral intake in
humans [31]. This reveals no direct effect on COX1 and LOX activity in healthy and
unchallenged human subjects.

Other studies demonstrated that Hp extracts have fairly potent inhibitory effects
on the biosynthesis of leukotrienes and thromboxanes, which mediate certain pro-
inflammatory processes. Various Hp extracts and harpagoside were shown to in-
hibit the basal and stimulated cysteinyl-leukotriene (LTC) and thromboxane synthe-
sis in human whole blood samples [32]. An extract, with a specified harpagoside
content of 7.3%, had a stronger selective inhibitory effect on cysteinyl-leukotriene
than on thromboxane B2 synthesis and was more potent than an extract with 2.1%
harpagoside content than harpagoside alone. Similar results were reported by Tip-
pler et al. [33]. In a similar study, several iridoid glycosides were compared for their
inhibitory activities in model cell systems generating the metabolites of the enzymes
COX and LOX [34]. Harpagoside inhibited release of leukotrienes LTC4, but their
effects did not reach statistical significance as detected for other iridoid glycosides.
In the test for effects on thromboxane synthesis, harpagoside inhibited TXB2 release
with an IC50 value of 10 μM (ibuprofen IC50: 7 μM).

Since COX2 is not constitutively expressed in most tissues and is only induced
during inflammation, it is only relevant to test anti-inflammatory drugs for effects on
COX2 following appropriate stimulus. Lipopolysaccharides (LPSs), otherwise re-
ferred to as endotoxins, are a constituent of the outer wall of gram-negative bacteria
that are able, in their isolated form, to provoke the innate immune system and cause
inflammation. In vitro it is used to activate inflammatory cells in order to investi-
gate the molecular processes of inflammation and for testing mechanisms of anti-
inflammatory drug activity, e.g. LPS induces COX2 in various cell types. In a mouse
fibroblast cell line (L929), an aqueous extract of Hp inhibited LPS-induced COX2
and the inducible form of nitric oxide synthetase, which is another pro-inflammatory
enzyme induced by LPS [35]. Concentrations of 100 and 1000 μg/ml were effective
in decreasing the level of the mRNAs for COX2 and iNOS as determined using re-
verse transcriptase polymerase chain reaction (RT-PCR). A significant decrease in
PGE2 and nitrate formation was also measured. Interesting findings were reported
by Kundu and colleagues who tested Hp in mouse skin for effects on COX2 gene
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expression induced by the phorbol ester (TPA) [36]. The mode of applying TPA to
the skin is a carcinogenic model. Pro-inflammatory mediators, such as COX2, are
implicated in skin carcinogenesis, and pharmacological inhibition of COX2 has a
potential chemopreventive effect. Methanolic extracts of Hp were applied topically,
which reduced the level of expression of COX2 enzymes (as measured by western
blot analysis). Additionally, the Hp extract reduced the levels of two gene transcrip-
tional proteins (AP-1 and CREB) that mediate the TPA-induced up-regulation of
the COX-2 gene. The study also provided evidence that Hp inhibited the activation
of the protein kinase, ERK, and did not activate NFκB, which indicates a specific
effect on one of the major intracellular pathways that regulate pro-inflammatory
gene expression. These two recent studies indicate that Hp extracts have the ability
to suppress the expression of inducible pro-inflammatory genes by actions on in-
tracellular pathways. Thus inhibition of COX2 is by means of suppression of gene
expression and not via direct enzyme inhibition.

Another important pro-inflammatory gene that is up-regulated during inflamma-
tion is the inducible form of nitric oxide synthetase (iNOS). The inhibitory effect of
Hp extracts and harpagoside on iNOS expression has been reported. As discussed
above, an Hp water extract decreased the level of iNOS mRNA in LPS-stimulated
fibroblasts [35]. Kaszkin et al. [37] used isolated rat kidney mesengial cells ac-
tivated by application of the pro-inflammatory cytokine, interleukin (IL)1b, as a
model for kidney inflammation and investigated the effect of two “special” extracts
of Hp on IL1b-induced iNOS expression. Both extracts were water extracts con-
taining high levels of harpagoside (8.8% and 27% respectively) and inhibited IL1b-
induced iNOS expression as evidenced by a dose-dependent reduction in the levels
of iNOS mRNA (measured by Northern blot), iNOS protein (measured by west-
ern blot) and nitrite (product of iNOS) synthesis. This study also demonstrated that
the inhibitory effects of Hp extracts were via inhibition of the transcription of the
iNOS gene (as measured in a reporter gene assay). Also, the study provided evi-
dence that the two extracts inhibit IL1b activation of the NFκB pathway, which is a
putative intracellular mediator of IL1b-induced iNOS expression. However, further
experiments revealed that this effect was not due to harpagoside, which itself also
inhibited IL1b-induced iNOS expression, but with insufficient potency to explain
the effect of the extracts. The authors concluded that constituents of Hp extracts,
in addition to harpagoside, contribute to the effects observed and presumed that the
effect on the pro-inflammatory NFκB pathway might be due to an antioxidant prop-
erty of the extracts, not to the presence of harpagoside. More recently, Huang and
colleagues [38] convincingly demonstrated that harpagoside inhibited LPS-induced
iNOS expression and NFκB pathway activation, as well as COX2 expression in two
human macrophage cell lines. This led these authors to speculate that harpagoside
and related iridoid glycosides should be considered as lead substances for the devel-
opment of novel NFκB inhibitors.

Induction of the pro-inflammatory cytokine, tumour necrosis factor (TNFα), by
proinflammatory cells such as monocytes and macrophages is a very early event
in activation of the innate immune system. TNFα activates and initiates many of
the pro-inflammatory processes, including the induction of other pro-inflammatory
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cytokines. It is considered a central target in treating chronic inflammation [29].
Therefore, the discovery that Hp extracts possess a TNFα-blocking ability is an
interesting finding. An aqueous ethanolic (60%) extract of Hp attenuated LPS-
induced synthesis of TNFα by isolated human monocytes in a dose-dependent man-
ner (IC50 of about 100 μg/ml) while inhibiting the other cytokines (IL-6, IL-1β)
and PGE2 less potently. In the same study, harpagoside had less pronounced or no
effects [38].

In osteoarthritis, pro-inflammatory cytokines induce the biosynthesis by chon-
drocytes of matrix metaloproteases that are responsible for connective-tissue break-
down during inflammation. Two standardised aqueous ethanolic (35% and 65%) Hp
extracts attenuated Il1ß-induced MMP activity in isolated primary (non-rheumatic)
human chondrocytes in vitro [39]. Single doses (1 mg/ml) of each extract were ap-
plied for 48 hours. Immunohistochemical and western blot analysis revealed a re-
duction in the IL1ß-induced level of each of the three MMP enzymes (MMP1, 3 and
6) that were investigated.

Neutrophil elastase is another protease that plays an important role in inflamma-
tion. Novel iridoid and phenylethanoid constituents of Hp revealed moderate po-
tency in vitro in inhibiting this enzyme [12].

6.4.4 Possible Mode of Action of Hp

The preceding discussion indicates that Hp extracts influence a variety of pro-
inflammatory processes. More work is required to determine if these effects are
due to actions on multiple targets by one or more of the constituents of Hp. Al-
ternatively, acting via a single target may have multiple effects. There is some ev-
idence outlined above that Hp extracts can inhibit key intracellular pathways that
promote inflammation. Many of these pathways are common to different inflam-
matory cells and, when inhibited, may attenuate different inflammatory processes
simultaneously.

The notion that Hp inhibits pro-inflammatory second-messenger pathways sug-
gests that this traditional herbal drug can compete with modern drugs.
Pro-inflammatory second-messenger pathways are currently the target of much ef-
fort and investment in the development of novel anti-inflammatory drugs. Such
drugs are potentially more effective anti-inflammatory agents as they act up-stream
in the inflammatory cascade and will exert pleiotropic effects. For example, NSAIDs
target the production of just one pro-inflammatory effector, while inhibition of a key
intracellular pathway will influence an array of effector molecules.

One key intracellular promoter of inflammation is NFκB, which activates sev-
eral pro-inflammatory genes. As discussed above, there is some contradictory evi-
dence concerning Hp and inhibition of this key promoter of inflammation. In mouse
fibroblasts an Hp extract, but not harpagoside, inhibited the activated NFκB path-
way [35], whereas in human macrophage cell lines, harpagoside was inhibitory [37].
It is possible differences between species or cell type determine these differences.
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Further studies should, perhaps, focus on this pathway as a potential target for the
anti-inflammatory effects of Hp.

Also relevant in this regard is the inhibitory effects of Hp on the NFκB pathway
and the possible anti-oxidant effects of Hp extracts, for which there is some evi-
dence. Antioxidants are potential inhibitors of NFκB, which is activated by reactive
oxygen species generated during inflammation, and are recognised as key promoters
of inflammation and inducers of pro-inflammatory genes. In vitro assessment of a
water extract of Devil’s Claw showed moderate antioxidant capacity (Trolox assay),
which was not due to the content of iridoids, which exert minimal antioxidant activ-
ity [40]. However, the constituent acteoside has antioxidant properties, as has been
shown in a number of studies.

Acteoside is rarely discussed with regard to the pharmacology of Hp. It is present
in Hp extracts in amounts similar to that of harpagoside [10], which is the more
characteristic and most often discussed constituent of Hp. Acteoside and acety-
lated derivatives are present in many plants and have been identified as an active
ingredient of, for example, Plantago lanceolata. In its isolated form, acteoside ex-
hibits an anti-inflammatory property in vitro due to its antioxidant effects [41–44],
which also include inhibition of eicanosoids production [45, 46]. Also in in vivo
models of inflammation, it down-regulates expression of ICAM-1 [47, 48], which
is involved in leucocyte recruitment within inflamed tissue and of iNOS expres-
sion [49]. More recently, it has been shown that parenteral acteoside exerts signif-
icant dose-dependent anti-inflammatory effects in a rodent model of inflammatory
bowel disease (dextran sulphate sodium-induced colitis in mice) when administered
after induction of chronic inflammation [50]. The study demonstrated that acteoside
reduced the degree of inflammation, local lymph node cytokine production, and in-
testinal myeloperoxidase activity. The authors speculated that the anti-inflammatory
effects were due to an antioxidant effect causing a reduced oxidative burst of local
inflammatory cells.

6.5 Secondary Pharmacology of Hp

As mentioned above, Hp is used traditionally to enhance digestion, and this is ac-
knowledged in the literature. The Hp constituent, acteoside, has been described in
a short report of animal studies as a new hypertensive agent [51] and has been
shown to have cardioprotective effects in vitro [52]. However, these studies were
not well designed and lacked adequate control experiments. But interestingly, ex-
tracts of Hp have also been shown to have antiarythmic properties [53–56]. In light
of the suggestion that Hp may be an alternative to NSAIDs, these positive effects on
gastrointestinal and cardiovascular function are encouraging. However, it should be
mentioned that because Hp activates the upper gastrointestinal tract, there may be
cause for concern for administration to individuals prone to peptic ulcer. But such
problems have never been reported despite the widespread use of Hp extracts.



92 G.P. McGregor

6.6 Clinical Studies of Hp

The efficacy of Hp-containing products in the treatment of lower back pain or os-
teoarthritis has been tested in several clinical trials, and the results have been the
topic of a number of recent reviews [4,8,57,58]. These reviews unanimously con-
cluded that good quality evidence of efficacy exists, but that there are a number
of issues that need to be addressed in further studies. The general conclusion of
these reviews was that evidence of efficacy and good tolerability exists for the short-
term treatment of painful osteoarthritis, and large phase-III type studies are justified.
In particular, good comparative studies are required. The existing data do indicate
equivalence with NSAIDs and superior tolerability. The authors of these reviews
also emphasise the need to establish Hp extracts as an effective and safe alternative
to NSAIDs, which are associated with significant gastric side effects and which re-
main the standard treatment option following the “demise” of the COX2 inhibitors
due to fears of cardiovascular risks.

Gagnier et al. [59] in a Cochrane Review included ten trials that tested the ef-
ficacy of Hp in lower back pain. Two of these provided high-quality evidence of
short-term improvements in pain and rescue medication, while one trial provided
high-quality evidence of relative equivalence with 12.5 mg rofecoxib (Vioxx). These
studies involved very small groups of patients and were too short to assess long-term
efficacy or safety in chronic conditions. However, one report of a follow-up study
indicated an equivalence between a water extract of Hp and a NSAID in 54 pa-
tients during 1 year of treatment, and recorded just 3 patients with mild adverse
effects [60].

The Cochrane reviewers highlighted the absence of evidence of efficacy and
safety during long-term use. An additional concern was the issue of authorship of the
clinical trials and the absence of conflict-of-interest statements and the fact that the
majority of reports were from the same group. Also, the poor standard of reporting
of the Hp trials was seen as a problem, albeit one shared with reports of herbal drug
trials in general. Poor reporting may not reflect poor study quality but simply a fail-
ure to meet the modern standards of transparency that are currently expected. New
standards [Consolidated Standards of Reporting Trials (CONSORT)] have been set
for reporting clinical trials. These have been laid out in the form of a statement by
a group of senior editors of major clinical journals [61]. The CONSORT checklist
aims to ensure a standard of transparency and consistency in reporting clinical tri-
als but also serve to emphasize the required procedures for conducting high-quality
trials. This checklist has been adapted for herbal drugs [62] by a group of inter-
national herbal drug experts, who additionally consulted a wider group of experts.
Important issues that are specific to clinical investigation of herbals drugs included
a full description of pharmaceutical characteristics and quality assurance of the ex-
tract under investigation, a description of any placebo used, details and rationale of
dosage, how dosage of the herbal extract was standardised, name and status of the
product, full description of the training and experience of the practitioners involved
in the intervention.
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6.7 Toxicological Considerations

No systematic toxicological testing of Hp has been reported. However, it is to be
expected that some preparation-specific toxicological data, such as genotoxicity and
potential for drug-drug interaction data, have been submitted to the authorities by
manufacturers. Unger and Frank [63] reported significant inhibition by Hp of the
liver drug metabolising cytochrome P450 (CYP) isoenzymes 2C9, 2D6 and 3A4 and
measured IC50 values, respectively, of 121, 1044 and 335 μg/ml. The implication of
these data is that the tested Hp extract may exert clinically important interactions
with co-medications. There are a number of shortcomings in the report from Unger
and Frank [63]. They aimed to validate a novel high-throughput procedure, and the
drug interaction potential of the Devil’s Claw extract was not the primary aim. The
study contains no details of the nature of the Devil’s Claw extract. The assays were
not performed under GLP conditions and employed commercial preparations of the
CYP isoenzymes. The report also contains no details on the source and method of
enzyme preparations – for example it is not clear whether the enzymes were of
human origin, although this is implied in the abstract. Finally, no recognised CYP
isoenzyme-specific inhibitors or inducers were included, as is required according to
accepted guidelines in order to have a comparative control. It needs to be pointed
out that there are no reports of drug-drug interactions relating to Hp, despite the
widespread use of Hp extracts and the particular concern in recent years to highlight
this potential problem with the use of herbal drugs.

6.8 Concluding Remarks and Outlook

Hp extracts probably contain more than one active anti-inflammatory ingredient.
Current pharmacological studies indicate that this traditional herbal drug may
target pro-inflammatory intracellular pathways and so represents a “modern” anti-
inflammatory drug. Inflammatory processes are now acknowledged as being ubiqui-
tous in human disease, which broadens the therapeutic potential of anti-inflammatory
drugs. Further pharmacological studies of Hp are warranted in order to assess
whether Hp has potential beyond the treatment of osteoarthritis. Recent clinical in-
terest in Hp has focused on osteoarthritis, and there is positive evidence of good
quality. This is the unanimous conclusion of recently published systematic reviews,
which are a key part of establishing evidence-based medicine. More good-quality
evidence with improved reporting would enhance the case for Hp becoming a ratio-
nal option in the treatment of osteoarthritis. Unfortunately, the resources for defini-
tive phase-III trials have been lacking. One can only hope that such resources will
soon be made available. Osteoarthritis is a major health problem that urgently re-
quires new therapeutic options [64]. Current therapy targets symptoms and not the
disease. Inflammation is now recognised as a key pathophysiological factor in the
pathogenesis of osteoarthritis, and anti-inflammatory drugs are considered more
than a symptomatic therapy.
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The UN named the decade 2001–2010 the “Bone & Joint” Decade. This interna-
tional initiative (which includes the UN, WHO and several other concerned interna-
tional and national organisations) aims at improving the treatment and management
of diseases of the musculoskeletal system. This initiative indicates that the world has
a significant problem with diseases such as osteoarthritis, which is one of the most
common musculoskeletal diseases. The incidence of osteoarthritis is increasing as
the number of elderly persons in the population increases. Across Europe, North
America and Japan, more than 30 million people suffer from this disease, which
means that it is more than ten times more common than rheumatoid arthritis, which
attracts much more scientific and public attention.

NSAIDS are revered by many as the most successful drugs ever. They have
their origin in herbal medicine. As there is an almost drastic need for new anti-
inflammatory drugs, these roots should not be forgotten, and the potential of herbal
drugs and Hp in particular demands attention.
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Chapter 7
The Role of Curcumin in Modern Medicine

Gautam Sethi, Bokyung Sung and Bharat B. Aggarwal

Abstract Curcumin (diferuloylmethane) is an orange-yellow component of turmeric
(Curcuma longa), a spice often found in curry powder. Since the time of Ayurveda
numerous therapeutic activities have been assigned to turmeric for a wide variety of
diseases and conditions, including those of the skin, pulmonary, and gastrointesti-
nal systems, aches, pains, wounds, sprains, and liver disorders. Curcumin has been
shown to exhibit antioxidant, anti-inflammatory, antiviral, antibacterial, antifungal,
and thus has a potential against various malignant cancers, diabetes, allergies, arthri-
tis, Alzheimer’s disease, and other chronic illnesses. These effects are mediated
through the regulation of various transcription factors, growth factors, inflamma-
tory cytokines, protein kinases, and other enzymes. Thus, curcumin, by virtue of its
effect on multiple cell signaling pathways, could prove to be a panacea for modern
human diseases.

Keywords Curcuma longa · Curcumin · Antioxidant · Anticancer

7.1 Introduction

The turmeric (Curcuma longa) plant, a perennial herb belonging to the ginger fam-
ily, is cultivated extensively in south and southeast tropical Asia. The rhizome of
this plant is also referred to as the “root” and is the most useful part of the plant
for culinary and medicinal purposes. The most active component of turmeric is
curcumin, which makes up 2 to 5% of the spice. Curcumin was first isolated in
1815, obtained in crystalline form in 1870 [1], and identified as 1,6-heptadiene-
3,5-dione-1,7-bis(4-hydroxy-3-methoxyphenyl)-(1E,6E) or diferuloylmethane. The
feruloylmethane skeleton of curcumin was subsequently confirmed in 1910 by the
initial work and synthesis by Lampe [2, 3]. Curcumin is a yellow-orange powder
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that is insoluble in water and ether but soluble in ethanol, dimethylsulfoxide, and
acetone. Curcumin has a melting point of 183◦C, molecular formula of C21H20O6,
and molecular weight of 368.37 g/mol. Turmeric contains curcumin along with other
chemical constituents known as the “curcuminoids” [4].

7.2 Isolation and Chemical Properties of Curcumin

The major curcuminoids present in turmeric are demethoxycurcumin (curcumin II),
bisdemethoxycurcumin (curcumin III), and the recently identified cyclocurcumin
[5]. Commercial curcumin contains curcumin I (∼77%), curcumin II (∼17%), and
curcumin III (∼3%) as its major components. Spectrophotometrically, curcumin has
a maximum absorption (λmax) in methanol at 430 nm, with a Beer’s law range from
0.5 to 5 μg/mL [6]. It absorbs maximally at 415 to 420 nm in acetone, and a 1% solu-
tion of curcumin has 1650 absorbance units. Curcumin has a brilliant yellow hue at
pH 2.5 to 7 and takes on a red hue at pH > 7. The spectral and photochemical prop-
erties of curcumin have been studied in different solvents by Chignell and cowork-
ers [7]. In toluene, the absorption spectrum of curcumin contains some structure,
which disappears in more polar solvents such as ethanol and acetonitrile. Curcumin
is also reported to be able to photogenerate superoxide in toluene and ethanol [7].

7.3 Antioxidant Properties of Curcumin

Unnikrishnan and Rao [8, 9] studied the antioxidative properties of curcumin and
its three derivatives (demethoxycurcumin, bisdemethoxycurcumin, and diacetyl cur-
cumin). The authors demonstrated that these substances provide a protection of
hemoglobin from oxidation except the diacetyl curcumin, which has little effect
in the inhibition of nitrite-induced oxidation of hemoglobin. The effect of curcumin
on lipid peroxidation has also been studied in various models by several authors.
Curcumin is a good antioxidant and inhibits lipid peroxidation in rat liver micro-
somes, erythrocyte membranes, and brain homogenates. The antioxidant activity of
curcumin could be mediated through antioxidant enzymes such as superoxide dis-
mutase, catalase, and glutathione peroxidase. Curcumin has been shown to serve
as a Michael acceptor, reacting with glutathione and thioredoxin [10]. Reaction of
curcumin with these agents reduces intracellular GSH in the cells. In fact, curcumin
has been found to be at least ten times more active as an antioxidant than even vi-
tamin E [11]. In curcumin, the phenolic and the methoxy group on the phenyl ring
and the 1,3-diketone system seem to be important structural features that can con-
tribute to these effects. Another fact presented in the literature is that the antioxidant
activity increases when the phenolic group with a methoxy group is at the ortho
position [12].
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7.4 Molecular Targets of Curcumin

Various studies have shown that curcumin modulates multiple targets (Table 7.1).
These include the growth factors, growth factor receptors, transcription factors, cy-
tokines, enzymes, and genes regulating apoptosis.

Table 7.1

Molecular Targets of Curcumin

Transcription factors

Activator protein-1 ↓
β-Catenin ↓
CREB-binding protein ↓
Early growth response 1 ↓
Electrophile response element ↑
Hypoxia inducible factor-1 ↓
Notch-1 ↓
Nuclear factor-kappa B ↓
Nuclear factor erythyroid 2-related factor (Nrf2)
Peroxisome preoliferator-activated receptor-γ ↑
Signal transducers and activators of transcription-1 ↓
Signal transducers and activators of transcription-3 ↓
Signal transducers and activators of transcription-4 ↓
Signal transducers and activators of transcription-5 ↓
Wilms’ tumour gene 1 ↓

Inflammatory cytokines

Interleukin-1 ↓
Interleukin-2 ↓
Interleukin-5 ↓
Interleukin-6 ↓
Interleukin-8 ↓
Interleukin-12 ↓
Interleukin-18 ↓
Monocyte chemoattractant protein ↓
Migration inhibition protein ↓
Macrophage inflammatory protein ↓
Tumor necrosis factor α ↓

Enzymes

Arylamine N-acetyltransferases-1 ↓
ATFase ↓
ATPase ↓
Cyclooxygenase-2 ↓
Desaturase ↓
DNA polymerase ↓
Farnesyl protein transferase ↓
Gluthathione S-transferase ↑
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Table 7.1 (continued)

Molecular Targets of Curcumin

Glutamyl cysteine ligase ↑
Hemeoxygenase-1 ↑
Inducible nitric oxide synthase ↓
Lipoxygenase ↓
Matrix metalloproteinase ↓
NAD(P)H:quinone oxidoreductase ↓
Ornithine decarboxylase ↓
Phospholipase D ↓
Telomerase ↓
Tissue inhibitor of metalloproteinase-3 ↓

Kinases

Autophosphorylation-activated protein kinase ↓
Ca2+ -dependent protein kinase ↓
EGF receptor-kinase ↓
Extracellular receptor kinase ↓
Focal adhesion kinase ↓
IL-1 receptor-associated kinase ↓
Janus kinase ↓
c-jun N-terminal kinase ↑
Mitogen-activated protein kinase ↓
Phosphorylase kinase ↓
Protamine kinase ↓
Protein kinase A ↓
Protein kinase B ↓
Prorein kinase C ↓
Protein tyrosine kinase ↓

Growth factors

Connective tissue growth factor ↓
Epidermal growth factor ↓
Fibroblast growth factor ↓
Hepatocyte growth factor ↓
Nerve growth factor ↓
Platelet derived growth factor ↓
Transforming growth factor-β1 ↓
Vascular endothelial growth factor ↓

Receptors

Androgen receptor ↓
Aryl hydrocarbon receptor ↓
Chemokine (C-X-C motif) receptor 4 ↓
Death receptor-5 ↑
EGF-receptor ↓
Endothelial protein C-receptor ↑
Estrogen receptor-alpha ↓
Fas receptor ↑
Histamine (2)- receptor ↓
Human epidermal growth factor receptor-2 ↓
Interleukin 8-receptor ↓
Inositol 1,4,5-triphosphate receptor ↓
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Table 7.1 (continued)

Molecular Targets of Curcumin

Integrin receptor ↓
Low-density lipoprotein-receptor ↑

Adhesion molecules

Endothelial leukocyte adhesion molecule-1 ↓
Intracellular adhesion molecule-1 ↓
Vascular cell adhesion molecule-1 ↓

Antiapoptotic proteins

B-cell lymphoma protein 2 ↓
Bcl-xL ↓
Inhibitory apoptosis protein-1 ↓

Others

Cyclin D1 ↓
DNA fragmentation factor 40-kd subunit ↑
Heat-shock protein 70 ↑
Multi-drug resistance protein ↓
Urokinase-type plasminogen activator ↓
p53 ↑

7.4.1 Cytokines and Growth Factors

Numerous growth factors have been implicated in the growth and promotion of
tumors. Curcumin has been shown to down-regulate expression of several cytokines,
including tumor necrosis factor (TNF), interleukin (IL)-6, IL-8, IL-12, and fibroblast
growth factor 2 [13, 14].

7.4.2 Receptors

Down-regulation of epidermal growth factor receptor (EGFR)-1 and EGFR-2 (also
called HER2/neu) activity represents one possible mechanism by which curcumin
suppresses the growth of breast cancer cells. Almost 30% of breast cancer cases
overexpress the HER2/neu proto-oncogene [15], and both HER2 and EGF
receptors stimulate proliferation of breast cancer cells. Overexpression of these two
proteins correlates with progression of human breast cancer and poor patient prog-
nosis [15]. Curcumin has been shown to down-regulate the activity of EGFR [16, 17]
and HER2/neu [16, 17] and to deplete the cells of the HER2/neu protein [18].

Prostate cancer cell lines LNCaP and PC-3 were treated with curcumin, and its
effects on signal transduction and expression of androgen receptor (AR) and AR-
related cofactors were analyzed. The results showed that curcumin down-regulated
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transactivation and expression of AR and CREB (cAMP response element-binding
protein)-binding protein. It also inhibited the transforming activities of both cell
lines as evinced by reduced colony-forming ability in soft agar. These findings sug-
gest that curcumin has a potential therapeutic effect on prostate cancer cells through
down-regulation of AR and AR-related cofactors [18].

7.4.3 Transcription Factors

Curcumin may operate through suppression of various transcription factors,
including nuclear factor-kappa B (NF-κB), signal transducer and activator of tran-
scription 3 (STAT3), early growth response protein 1, activator protein 1 (AP-1),
peroxisome proliferators-activated receptor gamma (PPAR-γ), and β-catenin [13,
14, 19]. These transcription factors play essential roles in various diseases. The
constitutively active form of NF-κB has been reported in a wide variety of can-
cers. NF-κB is required for the expression of genes involved in cell proliferation,
cell invasion, metastasis, angiogenesis, and resistance to chemotherapy. Bharti et al.
demonstrated that curcumin inhibited IL-6-induced STAT3 phosphorylation and
consequent STAT3 nuclear translocation [20]. Activation of PPAR-γ inhibits the
proliferation of nonadipocytes. Xu et al. demonstrated that curcumin dramatically
induced expression of the PPAR-γ gene and activated PPAR-γ [21]. AP-1, another
transcription factor that has been closely linked with proliferation and transforma-
tion of tumor cells, has been shown to be suppressed by curcumin. Studies also sug-
gest that curcumin has a potential therapeutic effect on prostate cancer cells through
down-regulation of AR and AR-related cofactors [13].

7.4.4 Proinflammatory Enzymes

Cyclooxygenase-2 (COX-2) and lipoxygenase (LOX) are important enzymes that
mediate inflammation through production of prostaglandins and leukotrienes, re-
spectively. Curcumin has been shown to suppress the expression of both COX-2 and
LOX proteins as well as their enzymatic activities, most likely through the down-
regulation of NF-κB, which is needed for COX-2 expression. Several groups have
shown that curcumin down-regulates the expression of COX-2 protein in various
tumor cells [22, 23]. Chun et al. reported that curcumin inhibited phorbol-ester-
induced expression of COX-2 in mouse skin through suppression of extracellular
signal-regulated kinase activity and NF-κB activation [24]. Plummer et al. mea-
sured COX-2 protein induction and prostaglandin E2 production in human blood
after incubation with lipopolysaccharide. When 1 μM curcumin was added in vitro
to blood from healthy volunteers, lipopolysaccharide-induced COX-2 protein lev-
els and concomitant prostaglandin E2 production were reduced by 24% and 41%,
respectively [25].
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7.4.5 Protein Kinases

Curcumin suppresses a number of protein kinases, including mitogen activated
protein kinase (MAPK), Jun N-terminal kinase, protein kinase A (PKA), protein
kinase C (PKC), src tyrosine kinase, phosphorylase kinase, IκBα kinase, janus ki-
nase (JAK), and the growth factor receptor protein tyrosine kinases. Treatment with
curcumin inhibited highly purified PKA, PKC, protamine kinase, phosphorylase ki-
nase, autophosphorylation-activated protein kinase, and pp60c-src tyrosine kinase
[26]. Phorbol-myristate-acetate-induced activation of cellular PKC is suppressed by
curcumin [27]. Treatment of cells with curcumin inhibited tetradecanoylphorbol-
acetate-induced PKC activity without affecting the level of PKC. Curcumin inhib-
ited the PKC activity in vitro as well as in the cells [28].

7.4.6 Cell Cycle

Curcumin modulates cell-cycle-related gene expression. Specifically, curcumin in-
duced G0/G1 and/or G2/M phase cell cycle arrest, up-regulated cyclin-dependent
kinase inhibitors p21WAF1/CIP1, p27KIP1, and p53, and slightly down-regulated
cyclin B1 and cdc2 [13]. We found that curcumin can down-regulate cyclin D1 ex-
pression at the transcriptional and posttranscriptional levels [29].

7.4.7 Adhesion Molecules

The expression of various cell surface adhesion molecules such as intercellular cell
adhesion molecule 1, vascular cell adhesion molecule 1, and endothelial leukocyte
adhesion molecule 1 on endothelial cells is absolutely critical for tumor metasta-
sis [30]. Curcumin inhibits inflammation by blocking the adhesion of monocytes to
endothelial cells by inhibiting activation of these cell adhesion molecules. The ex-
pression of these molecules is in part regulated by NF-κB [31]. We have shown that
treatment of endothelial cells with curcumin blocks the cell surface expression of
adhesion molecules, and this accompanies the suppression of tumor cell adhesion
to endothelial cells [32]. We also have demonstrated that down-regulation of these
adhesion molecules is mediated through down-regulation of NF-κB activation [32].
Gupta and Ghosh reported that curcumin inhibits TNF-induced expression of adhe-
sion molecules on human umbilical vein endothelial cells [33]. Jaiswal et al. showed
that curcumin treatment causes p53- and p21-independent G2/M phase arrest and
apoptosis in colon cancer cell lines [34]. Their results suggest that curcumin treat-
ment impairs both Wnt signaling and cell-cell adhesion pathways, resulting in G2/M
phase arrest and apoptosis in HCT-116 cells.
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7.4.8 Antiapoptotic Proteins

Curcumin is known to down-regulate expression of apoptosis suppressor proteins
such as Bcl-2 and Bcl-XL in several cancer cell lines. We found that curcumin in-
duces apoptosis through a mitochondrial pathway involving caspase-8, Bid cleav-
age, cytochrome c release, and caspase-3 activation. Our results also suggest that
Bcl-2 and Bcl-XL are critical negative regulators of curcumin-induced apopto-
sis [35].

Curcumin suppresses the constitutive expression of Bcl-2 and Bcl-XL in mantle
cell lymphoma [36] and multiple myeloma [37] cell lines. It also activates caspase-7
and caspase-9 and induces polyadenosine-5′-diphosphate-ribose polymerase cleav-
age in both cell lines. Thus, curcumin induces apoptosis by targeting several apop-
totic pathways, inducing cytochrome c release, Bid cleavage, and caspase-9 and -3
activation, and by down-regulating the antiapoptotic proteins Bcl-2 and Bcl-XL.

7.4.9 Multidrug Resistance

Multidrug resistance is a phenomenon that often is associated with enhanced drug
efflux and thus decreased intracellular drug accumulation in tumor cells. It often
is related to overexpression of P-glycoprotein on the surface of tumor cells, which
reduces drug cytotoxicity. Curcumin has been shown to suppress the overexpression
of P-glycoprotein in the multidrug-resistant human cervical carcinoma cell lines
[38]. Curcumin also down-regulates drug resistance by inhibiting expression of the
mdr gene, which is responsible for this phenomenon [39].

7.5 Disease Targets of Curcumin

The various traditional uses of curcumin are shown in (Fig 1.) and its disease targets
are discussed in detail below:

7.5.1 Anticancer Effects

The anticancer potential of curcumin has been demonstrated in various in vitro and
in vivo models [40]. Curcumin has been shown to block transformation, tumor ini-
tiation, tumor promotion, invasion, angiogenesis, and metastasis. In in vivo studies,
curcumin suppressed carcinogenesis of the skin, forestomach, colon, and liver in
mice. Curcumin has been shown to inhibit proliferation of a wide variety of tu-
mor cells, including B-cell and T-cell leukemias [41–44], colon carcinoma [45],
epidermoid carcinoma [17], head and neck squamous cell carcinoma [46], multiple
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myeloma [20], and mantle cell lymphoma [36]. It has also been shown to suppress
proliferation of various breast carcinoma cell lines in culture [47–49].

Mehta et al. examined the antiproliferative effects of curcumin against sev-
eral breast tumor cell lines, including hormone-dependent and -independent and
multidrug-resistant lines [47]. All the cell lines tested, including the multidrug-
resistant ones, were highly sensitive to curcumin. The growth-inhibitory effect of
curcumin was time and dose dependent, and correlated with its inhibition of or-
nithine decarboxylase activity. Curcumin preferentially arrested cells in the G2/S
phase of the cell cycle.

Fang et al. reported that rat thioredoxin reductase activity in thioredoxin-
dependent disulfide reduction was inhibited by curcumin [50]. By using mass
spectrometry and blotting analysis, they showed that this irreversible inhibition by
curcumin was caused by alkylation of both residues in the catalytically active site
(Cys (496)/Sec (497)) of the enzyme. Kang et al. reported that exposure of hu-
man hepatoma cells to curcumin led to a significant decrease of histone acetyla-
tion [51]. Curcumin can selectively downregulate transcription of human papillo-
mavirus type 18, which is etiologically associated with development of cancer of
the uterine cervix in women, as well as activator protein 1 (AP-1) binding activity
in HeLa cells. Most interestingly, curcumin can reverse the expression dynamics of
c-fos and fra-1 in this tumorigenic cell line [52].
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Curcumin had synergic activity with chemotherapeutic agent vinorelbine in sup-
pressing the growth of human squamous cell lung carcinoma H520 cells [53]. It sig-
nificantly inhibited the growth of human gastric carcinoma AGS cells in a dose- and
time-dependent manner [54]. Using time-lapse video and immunofluorescence la-
beling methods, Holy et al. demonstrated that curcumin significantly altered micro-
filament organization and cell motility in PC-3 and LNCaP human prostate cancer
cells in vitro [55]. Chemoresistance is a major problem in the treatment of patients
with multiple myeloma due to constitutive expression of NF-κB and STAT3. Bharti
et al. showed that suppression of NF-κB and STAT3 activation in multiple myeloma
cells by ex vivo treatment with curcumin resulted in decreases in adhesion to bone
marrow stromal cells, secretion of cytokines, and viability of cells [56].

Helicobacter pylori is a Group 1 carcinogen that is associated with the devel-
opment of gastric and colon cancers. Curcumin inhibited the growth of all strains
of H. pylori in vitro with a minimum inhibitory concentration range of 6.25 to
50 μg/ml [57]. Chen et al. used microarray analysis of gene expression profiles to
characterize the anti-invasive mechanisms of curcumin in highly invasive lung ade-
nocarcinoma cells (CL1-5) [58]. In these studies, curcumin significantly reduced
the invasive capacity of CL1-5 cells in a concentration range far below its levels
of cytotoxicity (20 μM), and this anti-invasive effect was concentration dependent.
Kim et al. evaluated the antiangiogenic activity of demethoxycurcumin, a structural
analog of curcumin, and found that nine angiogenesis-related genes were down-
regulated by at least fivefold in response to this agent [59].

Numerous studies have evaluated the cancer-chemopreventive properties of cur-
cumin. The anticancer potential of curcumin was examined in vivo in mice using
Dalton’s lymphoma cells grown as ascites [60]. When curcumin was administered
in liposomal formulations at a concentration of 1 mg/animal, all animals survived
30 days and only two of the animals developed tumors and died before 60 days.
Similarly, Busquets et al. showed that systemic administration of curcumin for 6
consecutive days to rats bearing the highly cachectic ascites hepatoma resulted in a
significant inhibition of tumor growth [61]. Interestingly, curcumin was able to re-
duce in vitro tumor cell content by 24% at concentrations as low as 0.5 μM without
promoting any apoptotic events.

Menon et al. reported curcumin-induced inhibition of B16F10 melanoma lung
metastasis in mice [62]. Oral administration of curcumin at concentrations of
200 nmol/kg body weight reduced the number of lung tumor nodules by 80%.
The life span of the animals treated with curcumin was increased by 143.85%
[62]. Curcumin treatment (10 μg/ml) significantly inhibited the invasion of B16F10
melanoma cells by inhibition of matrix metalloproteinases (MMP), thereby inhibit-
ing lung metastasis.

Curcumin decreases the proliferative potential and increases the apoptotic po-
tential of both androgen-dependent and androgen-independent prostate cancer cells
in vitro, largely by modulating the apoptosis suppressor proteins and by inter-
fering with the growth factor receptor signaling pathways as exemplified by the
EGFR [63]. The chemopreventive activity of curcumin was observed when it was
administered prior to, during, and after carcinogen treatment as well as when it was
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given only during the promotion/progression phase of colon carcinogenesis [64].
The chemopreventive effect of curcumin was also examined on the development of
adenomas in the intestinal tract of a mouse model of human familial adenomatous
polyposis coli [65]. Curcumin at 0.2% and 0.5% of diet reduced adenoma multiplic-
ity by 39% and 40%, respectively.

Odot et al. showed that curcumin was cytotoxic to B16-R melanoma cells re-
sistant to doxorubicin [66]. Treatment with a prophylactic immune preparation of
soluble proteins from B16-R cells, in combination with curcumin, resulted in sub-
stantial inhibition of growth of B16-R melanoma and a significant increase in the
median survival time of the animals.

7.5.2 Skin Diseases

Curcumin has been shown to be effective against various skin conditions [67],
including skin carcinogenesis, psoriasis [68], scleroderma [69], and dermatitis. Nu-
merous reports suggest that curcumin accelerates wound healing. Sidhu et al. exam-
ined the wound-healing capacity of curcumin in rats and guinea pigs [70]. Punch
wounds closed faster in curcumin-treated animals than in untreated animals. Biop-
sies of the wounds showed re-epithelialization of the epidermis and increased mi-
gration of various cells, including myofibroblasts, fibroblasts, and macrophages, in
the wound beds of curcumin-treated wounds. Curcumin-treated animals showed ex-
tensive neovascularization in multiple areas within the dermis and greater collagen
deposition in the wounds. Curcumin seemed to have potent effects in inhibiting pro-
liferation and contraction of excessive scar-derived fibroblasts [71].

7.5.3 Diabetes

Administration of curcumin reduced the blood sugar, and glycosylated hemoglobin
levels significantly in an alloxan-induced rat model of type 2 diabetes. Diabetic
rats maintained on a curcumin diet for 8 weeks excreted less albumin, urea, creati-
nine, and inorganic phosphorus than rats not fed curcumin. Dietary curcumin also
partially reversed abnormalities in plasma albumin, urea, creatinine, and inorganic
phosphorus in diabetic animals [13].

7.5.4 Rheumatoid Arthritis

Curcumin has been shown to possess antirheumatic and antiarthritic effects, most
likely through down-regulation of COX-2, TNF, and other inflammatory cytokines.
Deodhar et al. were the first to report on the antirheumatic activity of curcumin in



108 G. Sethi et al.

human subjects [72]. They performed a short-term double-blind cross-over study
in 18 patients with rheumatoid arthritis to compare the antirheumatic activity of
curcumin (1200 mg/day) with that of phenylbutazone (300 mg/day). Subjective and
objective assessment in patients who were taking corticosteroids just prior to the
study showed significant improvements in morning stiffness, walking time, and joint
swelling following 2 weeks of curcumin therapy.

Liacini et al. examined the effects of curcumin in articular chondrocytes. Inter-
leukin (IL)-1, the main cytokine instigator of cartilage degeneration in arthritis, in-
duces MMP-3 and MMP-13 RNA and protein in chondrocytes through activation of
MAPK, AP-1, and NF-κB transcription factors [73]. Curcumin achieved 48–99%
suppression of MMP-3 and 45–97% suppression of MMP-13 in human chondro-
cytes and 8–100% (MMP-3) and 32–100% (MMP-13) suppression in bovine chon-
drocytes. Inhibition of IL-1 signal transduction by these agents could be useful for
reducing cartilage resorption by MMPs in arthritis.

7.5.5 Multiple Sclerosis

Multiple sclerosis is characterized by the destruction of oligodendrocytes and myelin
sheath in the central nervous system (CNS). Curcumin inhibits experimental allergic
encephalomyelitis (EAE), a model for multiple sclerosis, by blocking IL-12 signal-
ing in T cells, suggesting that it would be effective in the treatment of multiple
sclerosis. Natarajan and Bright investigated the effect of curcumin on the patho-
genesis of CNS demyelination in EAE [74]. In vivo treatment of SJL/J mice with
curcumin significantly reduced the duration and clinical severity of active immu-
nization and adoptive transfer in EAE [74]. Curcumin inhibited EAE in association
with a decrease in IL-12 production from macrophage/microglial cells and differ-
entiation of neural antigen-specific Th1 cells. In vitro treatment of activated T cells
with curcumin inhibited IL-12–induced tyrosine phosphorylation of Janus kinase
2, tyrosine kinase 2, and STAT3 and STAT4 transcription factors. Inhibition of the
Janus kinase-STAT pathway by curcumin resulted in a decrease in IL-12–induced
T-cell proliferation and Th1 differentiation. These findings show that curcumin in-
hibits EAE by blocking IL-12 signaling in T cells and suggest a rationale for its
use in the treatment of multiple sclerosis and other Th1 cell–mediated inflammatory
diseases.

Verbeek and coworkers examined the effects of curcumin on autoimmune
T-cell reactivity in mice and on the course of EAE. Continuous oral administra-
tion of curcumin significantly affected antigen-specific proliferation and interferon-
gamma production by lymph node–derived T cells following immunization with
an EAE-inducing peptide [75]. The overall effects of oral curcumin were mild but
beneficial.
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7.5.6 Alzheimer’s Disease

Brain inflammation in Alzheimer’s disease is characterized by increased cytokines
and activated microglia. Curcumin can suppress oxidative damage, inflammation,
cognitive deficits, and amyloid accumulation in Alzheimer’s disease [76]. Lim
et al. found that curcumin reduces oxidative damage and amyloid pathology in an
Alzheimer transgenic mouse model [77].

7.5.7 Inflammatory Bowel Disease

Inflammatory bowel disease is characterized by oxidative and nitrosative stress,
leukocyte infiltration, and up-regulation of proinflammatory cytokines. Ukil et al.
recently investigated the protective effects of curcumin on inflammatory bowel dis-
ease induced in a mouse model. Pretreatment of mice with curcumin for 10 days
significantly ameliorated the appearance of diarrhea and the disruption of colonic
architecture [78]. Curcumin is able to attenuate colitis in the dinitrobenzene/sulfonic
acid-induced murine model of colitis [79]. When given before the induction of coli-
tis, it reduced macroscopic damage scores and NF-κB activation, reduced myeloper-
oxidase activity, and attenuated the dinitrobenzene-induced message for IL-1β.
Thus, curcumin attenuates experimental colitis through a mechanism that also in-
hibits activation of NF-κB and effects a reduction in the activity of p38 MAPK.
The authors proposed that this agent might have therapeutic implications for human
inflammatory bowel disease.

7.5.8 Cystic Fibrosis

Cystic fibrosis, the most common lethal hereditary disease in the white population,
is caused by mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene. CFTR mutation disrupts the surface localization and/or gating of the
CFTR chloride channel. The most common cystic fibrosis mutant is ΔF508-CFTR,
which inefficiently traffics to the surfaces of most cells. In a recent report, Egan et al.
demonstrated that curcumin corrected the cystic fibrosis defects in ΔF508 cystic
fibrosis mice [80]. Most likely, curcumin exerts these effects by directly stimulating
the CFTR chloride channels [81].

7.5.9 Others

Curcumin has been shown to have other activities that suggest potential clinical
applications, as follows:
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• Curcumin was found to be a potent and selective inhibitor of HIV-1 long termi-
nal repeat–directed gene expression, which governs the transcription of HIV-1
provirus.

• Curcumin has been shown to prevent cataractogenesis in an in vitro rat model.
• Treatment with curcumin prevented experimental alcoholic liver disease.
• Curcumin has a protective effect on cyclophosphamide-induced early lung injury.
• Chemotherapy-induced nephrotoxicity can be prevented with curcumin [13].

7.6 Structure Activity Relationship of Curcumin

To elucidate which portion of the molecule is critical for the activity, a large num-
ber of structural analogs of curcumin have been synthesized. Some analogues are
more active than native curcumin, while others are less active [82]. It was found
that the phenolic analogues were more active than the nonphenolic analogues [83].
The highest antioxidant activity was obtained when the phenolic group was steri-
cally hindered by the introduction of two methyl groups at the ortho position. The
phenolic group is essential for the free-radical scavenging activity, and the presence
of the methoxy group further increases the activity [84]. Curcumin shows both an-
tioxidant and pro-oxidant effects. Ahsan et al. have shown that both these effects
are determined by the same structural moieties of the curcuminoids [85]. Dinkova–
Kostova showed that the presence of hydroxyl groups at the ortho position on the
aromatic rings and that beta-diketone functionality was required for high potency
in inducing Phase 2 detoxification enzymes [86]. Curcumin is a noncompetitive in-
hibitor of rat liver microsomal delta 5 desaturase and delta 6 desaturase. Kawashima
et al. [87] have shown that only half the structure is essential for the desaturase in-
hibition. A 3-hydroxy group of the aromatic ring is essential for the inhibition and
a free carboxyl group at the end opposite to the aromatic ring interferes with the
inhibitory effect. Simon et al. found that the presence of the diketone moiety in the
curcumin molecule seems to be essential for its ability to inhibit the proliferation of
MCF-7 human breast tumor cells [49]. The aromatic enone and dienone analogs of
curcumin have been demonstrated to have potent antiangiogenic property in an in
vitro SVR assay [88].

7.7 Conclusions

The medicinal properties of curcumin have been known for centuries, although
the scientific basis of its actions has been investigated only over the last couple
of decades. Curcumin has been shown to target numerous molecules inside the cell
that are known to modulate several signaling pathways. Curcumin is a potent antiox-
idant, anti-inflammatory, and anticancer agent and has therapeutic efficacy in numer-
ous diseases. Despite its proven safety over the ages, its efficacy has been limited by
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its poor solubility, and poor bioavailability. Several analogs of curcumin have been
designed to overcome these limitations. Some of these analogs have yielded promis-
ing results in in vitro and animal studies, but whether these more bioavailable forms
are equally safe is still unknown. Therefore, it is important to evaluate the curcumin
analogs for bioavailability and clinical efficacy.
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Chapter 8
Proprietary Herbal Medicines in Circulatory
Disorders: Hawthorn, Ginkgo, Padma 28

Jörg Melzer and Reinhard Saller

Abstract A look at the available clinical evidence of herbal preparations from
hawthorn (leaves, flowers, fruits), Padma 28 (Swiss-Tibetan herbal preparation with
20 herbal drugs) and ginkgo (leaves) in terms of circulatory disorders shows the
following: in chronic heart failure New York Heart Association (NYHA) II a meta-
analysis showed that hydroethanolic extracts from hawthorn leaves and flowers,
given at a daily dosage of 300 to 900 mg, can increase the maximum workload to
up to 7 W when given concomitantly with standard therapy. The same was seen in
one RCT with an extract from hawthorn fruits and flowers. The herbal preparations
seem to be well tolerated and no interaction is known so far. The data on a possible
decrease on blood pressure are inconclusive.
A meta-analysis on Padma 28 showed that two tablets given twice or three times a
day over 16 weeks can increase the maximum walking distance by more than 100 m
in patients with claudicatio intermittens. The preparation is well tolerated and safe.
Research evidence from a meta-analysis on an extract from ginkgo shows that its
use in the treatment of intermittent claudication can result in a significant but clin-
ically modest improvement in pain-free walking for distances up to 34 m given at
a dosage of 160 mg per day. Despite the general evidence that ginkgo preparations
are relatively safe, physicians and therapists should be cautious when anticoagulants
(i.e. warfarin) are given as well.

Keywords Circulatory disorder · Chronic heart failure · Peripheral arterial occlu-
sive disease · Claudicatio intermittens · Hawthorn · Ginkgo · Padma 28

8.1 Introduction

To aid understanding of this chapter, some introductory remarks might be benefi-
cial to help the reader appreciate the authors’ point of view on herbal medicine.
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In our understanding, ethno-medicine is linked to cultures, traditions and empirical
evidence. Modern medicine is guided by scientific results from experimental and
clinical studies as well as – especially in recent years – by the method of evidence-
based medicine (EBM) and regulatory policies. All these aspects might give an idea
of the complex diversity that influences herbal medicine today and the medical sys-
tem as such [1]. Our selection of the medicinal plants described in this chapter on
circulatory disorders is somehow a subjective choice and might only highlight some
of the above-mentioned aspects to a limited degree. Nevertheless, our choice of
plants/drugs is clearly guided by the clinical point of view from the context of a
policlinic setting at a university hospital in Switzerland and research evidence.

With respect to terminology we stick to current definitions: Herbal drug: “whole,
fragmented or cut plants, parts of plants1, algae, fungi, lichen in an unprocessed
state, usually in dried form but sometimes fresh” [2–4]. Herbal drug preparation:
“preparations obtained by subjecting [herbal drugs] to treatments such as extrac-
tion, distillation, expression, fractionation, purification, concentration or fermenta-
tion” [2–4].

The herbal preparations given in this chapter come from different countries and
cultures: in the Eastern tradition, as in Tibetan medicine, herbal drugs are often only
cut and ground (powdered) and pressed into tablets (e.g. Padma 28). In the Western
tradition, such as in European herbal medicine, herbal drugs are often used to pre-
pare hydroalcoholic extracts, which themselves are processed into tablets or drops,
for instance hydroethanolic hawthorn extracts (e.g. Faros, Crataegisan). Each of the
herbal preparations mentioned in this chapter can be called an herbal medicinal
product (HMP) according to the European Agency for the Evaluation of Medicinal
Products (EMEA) [4]. As HMPs are approved by their respective health authorities,
their efficacy and quality records cannot be compared to that of supplements (syn-
onym: nutraceuticals, food supplements), for which different standards of approval
are necessary, but have a tradition in other regions of the world (e.g. North America,
Asia), too.

8.2 Hawthorn

8.2.1 Plant

Hawthorn (Crataegus) is a member of the family Rosaceae (subfamily Maloideae).
The plant is a thorny shrub or small tree and grows in temperate zones especially of
the Northern but also Southern Hemisphere [5].

Of over 100 species regarded as genuine, two are regularly used for officinal
herbal preparations in Europe: Crataegus monogyna – hawthorn with one style or
C. laevigata – with two styles (synonym: C. oxyacantha L.). Other species are C.

1 I.e.: flower (flos – in botanical terms), leaf (folium), herb (herba), fruit (fructus) root (radix,
rhizome).
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pentagyna – with five styles – or those well known in China or Japan, C. cuneata
and C. pinnatifida [5–7]. Besides these botanical terms there exist various names
in the different countries which are often used synonymously: China: Shem zha;
Germany: Weissdorn; England: White thorn; France: Aubépin; Italy: Biancospino;
Norway: Hagtorn; Poland: Glóg [5], [8–11].

Note that some of the different Crataegus species may be preferred traditionally
in one of the various medical systems in the world and that the parts of the plant
used as an herbal drug may differ as well. For example, in modern European herbal
medicine most often the leaves and flowers of the two species mentioned above are
used today, but traditionally their fruits are used as well [5, 12].

8.2.2 Tradition

Knowledge of the use of hawthorn in ancient times is limited. According to some
authors, the plant was first mentioned in Chinese medicine in the pharmacopoeia
Tang Ben Cao in 659 A.D [13]. Although ancient Greek writers such as Dioscorides
mention Oxyakantha in the first century A.D., it remains questionable whether he
was really referring to hawthorn [14, 15]. In medieval times the fruits were said to
be eaten to treat digestive disorders and the roots to treat small injuries [16]. Then,
in 1753 Linnaeus named hawthorn Crataegus oxyacantha L. and Jacquin divided
the species C. oxyacantha and C. monogyna [5]. But it was only in the late 1800s
that European doctors set up the first experiments on the clinical use of hawthorn
for heart disease [13, 16]. Beringer is said to have suggested the use of the extract of
berries as a tonic for the heart [8, 17]. In traditional medicine Crataegus is still used
as a kind of heart tonic as well as heart and vascular remedy or to regulate blood
pressure. Finally, it has some standing as a ‘calmative agent for heart and soul’
(reduction of nervous heart complaints). One can still find a variety of combinations
of hawthorn with other herbal plants which derive from this tradition (e.g. calming
effects with hop, passion flower or valerian). For these combination preparations an
additive effect of hawthorn has also been discussed in the literature [18–20].

In Traditional Chinese Medicine (TCM) berries from Chinese hawthorn are used
to treat disturbed digestion, diarrhoea, feeling of fullness, inappetence of children,
arteriosclerosis or hypercholesterolaemia for example [5, 13], [21–23].

For many of these traditional uses no clinical trials are available.

8.2.3 Chemistry and Pharmacology

8.2.3.1 Compounds

The main constituents of officinal hawthorn preparations are thought to be flavonoids
(flavons: e.g. hyperosid, vitexinrhamnosid; flavonols: e.g. rutin) and flavanols (e.g.
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catechin, epicatechin or procyanidins which, depending on degree of polymerisa-
tion, are divided into oligomeric: n = 2 to 8 and polymeric: n > 8). Flavonoids have
been found in all parts of the plant of those species examined so far. But as the pat-
tern of flavonoids can be very different, the species can be distinguished by their
main flavonoid pattern (thin-layer chromatography) [5, 9, 24]. The spectrum of fla-
vanols, i.e. oligomeric procyanidins (OPC), is similar between the different species,
yet considerable quantitative differences can be seen between species as well as
parts of the plants [5].

Further constituents of hawthorn species are triterpens (e.g. ursolic acid, oleano-
lic acid, crataegolic acid) and phenolic acids (e.g. chlorogenic acid, caffeic acid) or
amines (e.g. cholin, acetylcholin, phenylethylamin) [5, 25].

The herbal drug from flowers and leaves can contain 1 to 3% OPCs and 1 to
2 % flavonoids [5, 26]. The various herbal drugs from hawthorn can be processed
into various herbal preparations, and their chemical compositions can differ greatly
depending on factors such as vegetation period of the plant, extraction process and
extractant (e.g. with water the OPCs can be extracted easily, whereas with alcohol
the polymeric procyanidins and triterpens are more easily extracted).

The hydro-ethanolic hawthorn extracts, that is to say the herbal preparations
made from them, can be standardized to a certain amount of constituents. Those
preparations most widely studied in clinical trials are standardized to contain 18.75%
OPCs or 2.2% flavonoids [25].

8.2.3.2 Pharmacology

To date, the mode of action of hawthorn preparations has not been fully explained,
although quite a number of experimental studies [9, 13, 22, 25], [27–29] and reviews
do exist [5, 13, 25, 30]. Different in vitro and in vivo models showed the follow-
ing pharmacological properties of hawthorn (extracts from leaves, flowers, fruits
or fractions of flavonoids or procyanidins): positive inotropic and negative bath-
motropic action, increased coronary blood flow and myocardial circulation, decrease
of peripheral vascular resistance and hypotensive action as well as triglyceride- and
cholesterol-lowering or antioxidative activities [22, 25], [27–29], [31]. According
to these studies, procyanidins and flavonoids seem to be involved in the effects of
extracts from crataegus [25, 27, 32].

The mechanisms of action discussed on a molecular level are the inhibition of
phosohodiesterase activity with increase of intracellular cyclic adenosine monophos-
phate (cAMP), inhibition of membranic Na+/K+-ATPase activity of the heart mus-
cle and the angiotensin-converting enzyme, and extension of the effective refractory
time [22, 25, 27, 28, 30, 33, 34].

Whether and to what extent central nervous system effects contribute to the ef-
ficacy of herbal preparations of hawthorn has not been examined. Some clinical
observations indicate that the effects of herbal preparations from hawthorn might
depend on the neuro-vegetative state of the patient, i.e. they might vary according
to the parasymathico- or sympathicotonus [22, 28, 34].
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Concerning the daily dosage, a monograph of the European Scientific Cooper-
ative on Phytotherapy (ESCOP) mentions, among other things, 1 to 1.5 g of the
herbal drug as tea infusion 3 to 4 times or 160 to 900 mg of hydro-alcoholic extracts
with a drug-to-extract ratio (DER) of 4 to 7:1 with a defined content of OPCs and
flavonoids [25].

8.2.3.3 Pharmacokinetic Properties

Human studies on resorption, distribution, metabolism and elimination of herbal
preparations of hawthorn or their constituents like OPCs or flavonoids are not avail-
able [13, 25, 32, 35].

Experimental studies on animals indicate that some constituents of hawthorn
widely distribute into the organism including the brain [36].

Information on the influence of age and diseases (e.g. kidney or liver disorders)
do not exist. Yet therapeutic evidence does not show a limitation for the use of
hawthorn preparations for the elderly or multimorbid patient [16, 18, 37].

One pharmacokinetic trial examined the possible interactions between hawthorn
and a synthetic drug. In that study, the concomitant administration 0.25 mg digoxin
and 900 mg hawthorn extract in healthy volunteers did not show a significant differ-
ence in any measured pharmacokinetic parameter when compared to the adminis-
tration of digoxin alone [38].

8.2.4 Clinical Evidence

In the 20th century hawthorn preparations were used as a kind of heart tonic in
European herbal medicine – especially in German-speaking countries. Over the last
two decades quite a number of clinical trials on hawthorn extracts have become
available in the treatment of cardiovascular diseases. Due to scientific and economic
interests the focus in clinical research has shifted mainly towards the examination
of extracts from the flowers and leaves of hawthorn (Table 8.1) for the indication of
chronic or so-called congestive heart failure (CHF).

Due to the differing quality of clinical trials according to changing scientific and
regulatory standards in recent decades, it is worth pointing out that when we do not
mention if an analysis has been performed based on the intention to treat (ITT) or
per protocol (PP), then this information was lacking in the publication.

8.2.5 Hawthorn Leaves and Flowers in CHF

An overview of the various clinical trials using standardized hydro-alcoholic
hawthorn extracts to treat patients with chronic heart failure reveals several changes
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Table 8.1 Herbal preparations of hawthorn used in the studies summarised in the meta-analysis
and the systematic review

Medication Drug-extract ratio Extract Daily dosage Compound thought to
be responsible for
efficacy

Cardiplant 450 4–6.6:1 Ethanol
45%
-dry-

1–2 tablets (450 to
900 mg dry extract)

18.75% procyanidins
(78–90.6 mg OPC)
-standardised-

Faros 300 4–7:1 Methanol
70%
-dry-

3×1 coated tablets
(900 mg dry extract)

2,2 % flavonoids
-standardised-

Crataegisan 1:3.2 Ethanol
49%
-liquid-

3×30 drops (approx.
2.25 ml)

6.4 mg procyanidins

12.7 mg total of
phenols

in the past two decades: a gradual rise in the stage of heart failure (from I to III ac-
cording NYHA) and the intervention itself, that is to say in the daily dosage (from
160 to 1800 mg) as well as the treatment period (from 3 to 24 weeks and a random-
ized controlled trial – RCT over 2 years – not yet published).

Some of these clinical trials have been analysed in a meta-analysis which facili-
tates a close look at the evidence from randomized controlled trials (RCTs) [39, 40].
In that publication, from the quite high number of 26 potentially relevant studies, 13
could be included because they met the inclusion criteria (e.g. RCT, chronic heart
failure, monopreparations). From the remaining 13 trials the data of 5 were not suf-
ficient for pooling for meta-analytic evaluation. However, 8 trials could be analysed
regarding efficacy but had to be divided into two groups according to their primary
endpoint. In 4 trials [41–44] this was a change in maximal workload measured in
watts (W) using bicycle ergometry. Here the pooled data of 310 patients with CHF
NYHA I-III showed a significant increase of 7 W ([95 % CI 3–11]; p < 0.01) un-
der verum (dosage: 180 to 1800 mg daily, duration: 3 to 16 weeks) compared to
placebo. In four further trials [45–48] the primary outcome was a different target:
the pressure-heart rate product which was also measured in one [41] of the previ-
ous four trials, bringing the total number of trials to five. Here the pooled data of
264 patients with CHF NYHA I-II showed a significant reduction of minus 20 mm
Hg/min ([95 % CI −32 to −8]; p-value not given) under verum (dosage: 160 to
240 mg daily, duration: 6 to 12 weeks). The third primary outcome evaluated in the
meta-analysis was the exercise tolerance in 98 patients in two of the trials already
mentioned above [41, 43], but the result was not significant.

One must take into account that the study results are mostly based on a concomi-
tant treatment of patients with hawthorn preparations in addition to other medica-
tions to treat CHF (e.g. diuretics, calcium antagonists, ACE inhibitors). Reflecting
this, the results show the additional value of hawthorn along with standard treat-
ment.
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In what follows, we discuss trials which were not evaluated in the meta-analysis.
Yet some of the older studies will not be discussed here due to an unclear definition
of patient groups [49–53] or herbal preparation [54].

Iwamoto et al. 1981 conducted a controlled double-blind study in 102 patients
with heart disease of ischaemic and/or hypertensive origin (mostly NYHA Stages II
and partly III) to evaluate the efficacy of Crataegutt vs. placebo (3×2 dragées of an
extract from leaves, flowers and fruits or placebo over 6 weeks). The analysis of 80
patients (14 excluded for non-adherence to the test plan, 8 dropped out) showed a
general improvement and improvement in cardiac function under verum vs. placebo
(p < 0.01) as well as improvement in subjective symptoms (p < 0.001; for individ-
ual subjective symptoms verum vs. placebo: dyspnoea, palpitation p < 0.01, cardiac
oedemas p < 0.05). No group differences were noted for ECG. Side effects were ob-
served in one patient under verum [55].

Eichstädt showed in patients with NYHA II, after 4 weeks of treatment with an
extract from leaves and flowers (3×2 dragée), a significant (one-sided test) increase
of the left ventricular ejection fraction from 40.2% to 43.5% at rest and 41.5% to
46.6% under exercise (radionuclide-ventriculography), a slight reduction in blood
pressure at rest and reduction in the systolic pressure under exercise (188 mm Hg to
177 mm Hg); the frequency remained unchanged [56].

Schmidt et al. analysed 78 patients with NYHA II in a RCT (daily dosage:
600 mg hawthorn extract, duration: 8 weeks) [57]. After the 1-week wash-out phase
cardial medication (e.g. heart glycosides, ß-blocker, ACE inhibitor) was not allowed
except for diuretics if the dosage was stable for the 4 weeks prior to the study. The
analysis showed a significant increase in the primary parameter, maximal workload
on bicycle ergometry, of 12.5 W (p < 0.001) vs. placebo at the end of the trial.
The improvements in the secondary parameters like RR, heart rate, and subjective
symptom reduction were significant, too.

Tauchert et al. performed the only available direct comparison between hawthorn
and an ACE inhibitor. In a RCT with 132 patients suffering from CHF NYHA II,
they showed that the treatment over 8 weeks with a daily dosage of either 900 mg
hawthorn extract (leaves and flowers) or 37.5 mg Captopril led to a significant
improvement in the maximum workload in each group (hawthorn: 14; Captopril:
16 W). Yet, the group difference was not significant, suggesting a comparable effi-
cacy of both interventions [58].

Until recently no long-term data have been available for the treatment of patients
with CHF with hawthorn extracts. Yet in 1998 the SPICE (Survival and Prognosis
Investigation of Crataegus Extract) trial started. Aside from the study protocol [59],
only some preliminary results, presented at the meeting of the American College of
Cardiology, are available. After 2 years the treatment of 2681 patients with NYHA II
to III with daily 900 mg hawthorn extract concomitantly with standard medication
showed no benefit over placebo in the primary outcome (composite of cardiovas-
cular mortality such as sudden cardiac death, heart failure death, fatal myocardial
infarction) [37]. Yet there seems to be evidence for efficacy in a subgroup of pa-



122 J. Melzer and R. Saller

tients. However, the concomitant use of hawthorn with standard therapy was re-
garded as safe.

Hawthorn preparations are mentioned in connection with elevated blood pressure
(RR). To date, the clinical evidence on that topic remains inconclusive: Tauchert
et al. examined RR as one of the secondary parameters in the above-mentioned com-
parison trial [58]. This target did not show a significant reduction in the hawthorn
group but under Captopril.

Schmidt et al. found a significant reduction in RR, which was a secondary pa-
rameter in their above-mentioned RCT [57].

The pilot study of Walker et al. (n = 36; daily dosage: either 500 mg hawthorn
extract or 600 mg Mg or a combination of both or placebo; duration: 10 weeks)
showed a reduction in RR which was insignificant [60]. Nevertheless the au-
thors regarded the results as promising and suggested to perform a randomised
trial.

Yet, in that RCT Walker et al. [61] examined a different hawthorn extract than
the one they have analysed in the pilot study. 79 hypertensive patients with type
2 diabetes (70% under hypotensive treatment) were treated (daily dosis: 1200 mg
extract; duration: 16 weeks). The study showed a small but significant decrease
in diastolic blood pressure in the hawthorn group vs. placebo (−2.6 mmHg; p =
0.035).

8.2.6 Hawthorn Berries in CHF

Although clinical research has focused on hawthorn preparations from leaves and
flowers, some trials on berries are available and have been summarized within a
systematic review [14]. This review showed that three clinical trials examined phar-
macological aspects referring to orthostatic dysregulation and two were on chronic
heart failure NYHA II, but only one of them with a monopreparation. This RCT
evaluated the efficacy and safety of a hydroethanolic extract of hawthorn berries
(n = 143; 30 drops 3 times daily for 8 weeks). The efficacy analysis in the ITT pop-
ulation showed a significant improvement in the exercise tolerance of 8.3 W in the
verum group vs. placebo ([95% CI −16.3 to −0.3]; p = 0.045), which was con-
firmed in the PP population [62]. It is noteworthy that in this trial standard medica-
tion to treat chronic heart failure was not allowed. The safety analysis revealed that
only mild to moderate adverse events occurred and were statistically insignificant
between verum (n = 9) and placebo (n = 11). They ranged from gastrointestinal to
musculoskeletal, respiratory and psychiatric events and were unlikely to be related
to the medication.

Even in the herbal preparations from hawthorn which have been examined in
RCTs (not to mention the variety of other preparations freely available on the mar-
ket), the question of phyto-equivalence seems to be an unsolved one.
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8.2.7 Safety

Concerning safety, the authors of the meta-analysis conclude that dizziness and ver-
tigo (n = 8) were the most common ones, but that five trials did not report adverse
events [40]. However, the adverse event profile of Crataegus species has been eval-
uated separately in a systematic review taking into account 24 clinical trials (e.g.
RCT, observational, cohort study). This analysis of the data of 5577 patients in-
dicates that hawthorn preparations are generally well tolerated: 8 serious adverse
events not related to hawthorn and 166 adverse events which cover the above-
mentioned spectrum (e.g. gastrointestinal complaints, dizziness/vertigo) [63].

Some other safety aspects might be worth mentioning: up-to-date effects on re-
sponsiveness (ability to drive, use of machines) are not known for hawthorn prepa-
rations [25]. No serious toxic effects are known for Crataegus and its preparations
neither in the short nor in the long term use [16, 23, 25, 64, 65]. Nevertheless,
the hypersensibility to Crataegus or one of its compounds should be regarded as a
contraindication. Finally, no human data are available on whether or how hawthorn
crosses over into the placenta or breast milk or on its use during pregnancy and lac-
tation [25]. In animal models a reduction of tonus and motility of the uterus was
seen with extracts from hawthorn [64, 65].

8.2.8 Summary

Although a variety of RCTs, a meta-analysis and a systematic review contribute to a
broad basis of clinical evidence concerning the use of hawthorn in CHF, it is difficult
to translate all this knowledge into practice due to the wide range of daily dosage
and treatment duration. However, based on the above-mentioned research evidence
and our clinical experience, some conclusions can be drawn. In the case of CHF up
to NYHA II a daily dosage of 300 to 900 mg seems to be appropriate. Although most
evidence is available on hydroethanolic hawthorn extracts from leaves and flowers,
one RCT shows a comparable efficacy for an extract from berries. As hawthorn
extracts have been used together with standard medication in the treatment of CHF,
in most of the studies its additive efficacy remains the one with quite robust data,
although one trial indicates that monotherapy might be possible as well and, one
would like to add, at least in the early stages of CHF treatment. The clinical trials
seem to show that it might be necessary to treat CHF over a period of 3 to 8 weeks
to be able to draw a conclusion on its efficacy. However, the herbal preparations
tested so far can be given safely together with standard medication in the treatment
of CHF even in the long run – up to 2 years. Yet, even in the herbal preparations
from hawthorn which have been examined in RCTs (not to mention the variety of
other preparations freely available on the market), the question of phyto-equivalence
seems to be an unsolved one (Table 8.1).

When discussing herbal medicine, one should take into account that a treatment
decision is largely based on the same procedure as with conventional medicine such
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as anamnesis and diagnosis. But before talking about treatment options the patient’s
view on the disease and his or her subjective expectations need to be considered in
order to respect them as far as possible in an individual treatment schedule. This
includes discussing the pros and cons of a monotherapy with an herbal preparation
or a possible combination with conventional drugs in terms of the monotherapy’s
possible benefits and limitations.

8.3 Padma 28

8.3.1 Plants

In the European medical tradition, an herbal preparation often consists of one or two
herbal drugs or preparations made out of them (i.e. mostly extracts). Nevertheless,
fixed combinations are known which can contain preparations of up to five to nine
herbal drugs and have shown their clinical efficacy [66, 67]. In other medical tradi-
tions like Tibetan Medicine or TCM, combination preparations with up to 15 or 20
herbal drugs are used. Padma 28 (synonym: Padmed Circosan) is such a fixed com-
bination of Tibetan origin and contains 20 herbal drugs, a mineral and an essential
oil (Table 8.2). On the one hand it would exceed the space limitations of this chap-
ter to give an overview of all the herbal drugs of this preparation. On the other hand
the daily dosages of the single herbal drugs combined in Padma 28 are far below
the recommended effective daily dosage if each herbal drug would be used alone
(Table 8.2). Thus one comes to realize that combination preparations like Padma 28
are somewhat like an own pharmacological entity, that is to say as a formula acting
as a single agent.

8.3.2 Tradition

In the 8th century Yuthog Yongten Gonpo compiled the four main standard texts,
known as gso rig rgyud bzhi (medical tantras), which still form the basis of the
Tibetan medicinal system called Sowa Rigpa. In later centuries Tibetan Medicine
spread to China, Mongolia and Russia, where the Siberian physician Sultim Badma
founded what was probably the first Tibetan pharmacy and practice in Europe [68].
In the 1960s one of his descendants, Wlodzimierz Badmajeff, ran a pharmacy and
practice in Poland from where a collection of Tibetan formulas came to Switzerland.
This included Padma 28, which has been used in circulatory problems and as an
anti-inflammatory agent [69].

The preparation was registered in Switzerland for the first time in 1977 for symp-
tomatic treatment of circulatory disorders. The product information approved by
the Swiss Agency for Therapeutic Products confirmed the efficacy of Padma 28
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Table 8.2 Herbal drugs and compounds of Padma 28

Herbal
drug
(HD)

Medicinal plant HD per
table in
Padma 28

Daily
dose
(DD)

DD of HD
recommended
(e.g. in
monographs if
used single)

% of HDs in
Padma 28
compared to
recommended
DD

Aconiti tuber Aconitum
napellus L.

1 mg 6 mg 10–15 mg 40–60%

Aegle sepiar
fructus

Aegle marmelos L. 20 mg 120 mg 3000–5000 mg 2.4–4%

Amomi fructus Pimenta officinalis
Lindl.

25 mg 150 mg 1000–3000 mg

Aquilegiae
vulgaris herba

Aquilegia
vulgaris L.

15 mg 90 mg Not known

Calcii sulfas ad
usum chirur-
gicum

Calcii sulfas pulvis 20 mg 120 mg Not known

Calendulae flos Calendula
officinalis L.

5 mg 30 mg 1000–3000 mg (tea) 1–3%

D-camphora from
Cinnamomum
camphora L.

4 mg 24 mg 100–200 mg 12–24%

Cardamoni
fructus

Elattaria
cardamomum L.

30 mg 180 mg 1000–3000 mg 6–8%

Caryophylli flos Syzygium
aromaticum L.

12 mg 72 mg 1000–3000 mg 2.4–7.2%

Costi amari radix Saussurea lappa
Decne.

40 mg 240 mg 250–1250 mg 19.2–96%

Hedychii
rhizoma

Hedychium
spicatum Buch.

10 mg 60 mg 1000–3000 mg 2–6%

Lactucae sativae
folium

Lactuca sativa var.
capitata L.

6 mg 36 mg Not known

Lichen islandicus Cetraria
islandica L.

40 mg 240 mg 3000–6000 mg 4–8%

Liquiritiae radix Glycyrrhiza
glabra L.

15 mg 90 mg 3000–5000 mg 1.8–3%

Meliae Tousend
fruct.

Azadirachta indica
Juss.

35 mg 210 mg 2000–4000 mg 5.25–10.5%

Myrobalani
fructus

Terminalia
chebula Retz.

30 mg 180 mg 3000–6000 mg 3–6%

Plantaginis herba Plantago
lanceolata L.

15 mg 90 mg 5000–7000 mg 1.3–1.8%

Polygoni avicul.
herba

Polygonum
aviculare L.

15 mg 90 mg 4500–7500 mg (tea) 1.2–2%

Potentillae
aureae herba

Potentilla aurea L. 15 mg 90 mg Not known

Santali rubri
lignum

Pterocarpus
santalinus L.

30 mg 180 mg 3000–6000 mg 3–6%

Sidae cordifol.
herba

Sida cordifolia L. 10 mg 60 mg 1000–8000 mg 0.75–6%

Valerianae radix Valeriana
officinalis L.

10 mg 60 mg 2000–3000 mg (tea) 2–3%
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in symptoms of peripheral arterial occlusive disease (PAOD) (Fontaine stage II) in
2002 [70], and the preparation is produced today in compliance with the guidelines
of Good Manufacturing Practice.

8.3.3 Chemistry and Pharmacology

8.3.3.1 Compounds

The active constituents in Padma 28 can be divided into several therapeutically im-
portant groups: essential oils with the main terpene components, e.g. D-camphor
(in higher doses a circulatory stimulant) and eugenol (antibacterial and local anal-
gesic) as well as flavonoids (anti-inflammatory, antioxidative, metal chelating),
polysaccharides (e.g. immune-modulatory), saponines (e.g. anti-inflammatory, anti-
histaminergic) and tannins (locally anti-inflammatory, antioxidative) [71, 72].

8.3.3.2 Pharmacology

An overview of the effects of Padma 28 in pharmacological studies is given in Ta-
ble 8.3. Note the following effects: in vitro data consistently show an inhibition of
respiratory bursts or production of reactive oxygen species (ROS), protection against
oxidants and against pro-inflammatory agonists. Ex vivo data demonstrate several
effects on leukocytes compatible with an inhibition of the generation of free radicals
and a facilitation of thrombolysis.

A review summarises the in vitro and ex vivo models on those direct and indi-
rect anti-inflammatory effects of Padma 28 which might play a role in the complex
process of atherosclerosis [72].

The latest study regarding anti-inflammatory mechanisms on human aortic en-
dothelial cells shows that an aequeous solution of Padma 28 completely prevented
the expression of the cell adhesion molecule E-selectin, which was induced by
C-reactive protein. Additionally, the vascular protective enzyme H0-1 was up-
regulated [90].

Brunner–La Rocca et al. examined the effect of Padma 28 on lipids in 60 other-
wise healthy participants with mild hypercholesterolaemia in a mixed clinical and
in vitro trial [91]. Whereas after a 4-week intervention (two tablets three times
daily) vs. placebo the blood lipids (total, HDL or LDL-cholesterol, triglycerides,
apo-lipprotein A1 and B) did not change, the in vitro evaluation showed a dose-
dependent reduction in blood lipid oxidisability in the verum group which persisted
1 week after cessation of the trial.

To date, no further data are available on the clinical pharmacokinetic or pharma-
codynamic properties of Padma 28. Interactions are not yet known [70].
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Table 8.3 Summary of pharmacological data on Tibetan herbal preparation Padma 28

In vitro and ex vivo (human and animal data)
- Decrease in plasminogen activator inhibitor PAI-1, decrease in the activation (oxidative

burst) ex vivo of monocytes with opsonised zymosan [73]
- Ex vivo: granulocytes show increased migratory activity and phagocytic activity;

lymphocytes show decrease in B-cell and an increase in activated T-cells [74]
- Inhibition of NEM-stimulated platelet MDA production [75, 76]
- Inhibition of ADP and arachidonate-induced platelet aggregation [77]
- Inhibition of respiratory bursts, inhibition of intralipid peroxidation, protection against

oxidants and pro-inflammatory agonists [78]
- Radical scavenging, iron-chelating, and anti- and prooxidative properties in biochemical

systems [79]
- Inhibition of generation of free radicals in human neutrophils [78]
- Inhibition of inducible nitric oxide synthesis [80]
- Moderate inhibition of O−

2 production and lysozyme release by neutrophils [81]
- Antibacterial against Gram-positive bacteria but not against most Gram-negative bacteria

and yeast tested [82]
- Ex vivo: minor inhibition of platelet aggregation (patients) [83]
- Ex vivo: minor inhibition of platelet aggregation (rabbit) [84]

In vivo (acute and short-term trials)

- Antinociceptive action (intraperitoneal, mice) [85]

In vivo (long-term trials)

- Inhibition of high-fat diet induced changes in MDA, plasma, platelets, total cholesterol,
triglycerides, beta-lipoproteins (rats) [86, 87]

- Inhibition of high-fat diet induced plaque formation and anatomic and lipidemic changes
(rabbit) [88, 89]

8.3.4 Clinical Evidence

A systematic review and meta-analysis summarise the evidence from clinical trials
performed with Padma 28. They revealed that 19 clinical studies are available with
regard to this herbal preparation [92]. While most studies examined the efficacy in
patients with PAOD, that is to say claudicatio intermittens, individual studies were
performed in other diseases (e.g. angina pectoris, hepatitis B, respiratory infections)
but are not discussed here.

From the studies on PAOD (stage II according to Fontain) seven controlled trials
were included in the systematic review. Six of them examined the same primary
outcome (i.e. maximum walking distance), and one examined ankle pressure. The
authors of the meta-analysis received the raw data of the single trials and therefore
were able to perform a thorough re-analysis on an ITT basis. The re-analysis re-
vealed non-comparability in the baseline data in one trial. Finally, the raw data of
five trials could be pooled for meta-analysis thanks to the homogeneity of the data
(272 patients: 155 verum, 117 placebo). The general analysis showed that the treat-
ment with two tablets twice or three times a day for 16 weeks resulted in a significant
prolongation of the maximal walking distance compared to placebo. To understand
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the clinical relevance of this finding, the authors chose the criterion for prolonging
the maximum walking distance of more than 100 m. This criterion was significant
as well and fulfilled by 18.2% of the patients under verum and by only 2.1% under
placebo (P < 0.001; odds ratio: 10 [95% CI 3.03, 33.33]; number needed to treat:
6.2; RR: 0.12) [92]. In addition, as a secondary result a small but significant reduc-
tion in the blood levels of triglycerides and blood sugar as well as in systolic and
diastolic blood pressure was observed in the patients of the verum group compared
to placebo.

As regards safety, not only were the data of the 5 trials on PAOD analysed but
all the available safety data from all 19 trials reporting on adverse events were as
well (555 patients: 371 verum, 184 placebo). Serious adverse events (verum 2.4%,
placebo 3.3%) were not associated with the treatment. Non-serious adverse events
associated with the treatment were comparable in both treatment groups (verum
3.2%, placebo 2.7%; the most frequent were gastrointestinal side effects).

Data on other safety aspects are limited [70]: no studies have been done on the
effects on responsiveness (ability to drive, use of machines). No risk potential was
seen in experimental studies on animals concerning acute or chronic toxicity or in
in vitro studies on gentoxicity. No human data are available on the use of Padma 28
during pregnancy. However, the hypersensibility to one of the compounds of Padma
28 should be regarded as a contraindication [70].

8.3.5 Summary

The current evidence shows that treatment with Padma 28 (two tablets twice or three
times daily for 16 weeks) results in a statistically significant and clinically relevant
increase in the maximum walking distance by more than 100 m. Following a clear
improvement in symptoms, a reduction in the daily dosage is possible to two tablets
a day as stated in the package insert.

According to a meta-analysis, the efficacy of Padma 28 in the symptomatic treat-
ment of PAOD is greater than that of pentoxifylline [93] or Ginkgo [94–97] and at
least comparable with naftidrofuryl [93]. The product is well tolerated and safe.

In view of the experimental effects and clinical data, the use of the complex
herbal preparation can be regarded as an example of a multitarget [98] approach
in herbal medicine. With this in mind the mostly small dosages of its herbal drugs
could be seen as additional or synergetic in terms of biological effects and efficacy,
while possible side effects are limited because of the small amounts of the individual
herbal drugs (maybe because certain enzyme systems or receptors are only partly
affected) [99]. If one considers PAOD as a kind of marker for systemic atheroscle-
rosis [100] and if one keeps in mind that patients with PAOD often suffer from other
chronic diseases (e.g. metabolic syndrome, diabetes, high blood pressure) [101],
such an approach seems rewarding. Moreover it would partly be in concordance with
theories in Tibetan Medicine [68] as well as latest research in pharmacology [98].
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If the anti-oxidative properties of the preparation play a prominent role needs to be
evaluated in robust studies.

8.4 Ginkgo

8.4.1 Plant

The species Ginkgo (Ginkgo biloba L.) belongs to the family Ginkgoaceae (the only
one in the class of Ginkgopsida). The plant grows as a tree, reaches 30 to 40 m in
height and up to 200 years of age. The species ginkgo was spread around the world
in the mesozoikum (100 to 250 million years ago). Ginkgo biloba L. derives from
the mountain forests of eastern and western China, entered Europe in the first half
of the 18th century and America at the end of the century [102–105].Today the
tree is planted in plantations in Japan, South Korea, South Carolina (USA), around
Bordeaux (France) and in the temperate zones of New Zealand and Argentina [102].

The Ginkgo plant is diocious, which means there are female and male trees. The
male pollen is transmitted by wind. Ginkgo trees first blossom after 20 to 30 years.
In Europe and America they are in bloom around May. The herbal drugs used from
the Ginkgo are the leaves (Ginkgo bilobae folium), which are harvested and dried
between August and September. Yet, in autumn the semen (Semen Ginkgo) drop 2
to 3 weeks after the leaves fall. Traditionally they are collected and separated from
the outer shell peel, which smells unpleasant due to its butter-acid or valerian-acid
content, and prepared to be eaten [102], [104–107].

Although the botanical term Ginkgo is most widespread, it is worth mentioning
its synonyms (e.g. Salisburia adiantifolia SMITH) or common names in certain
countries: China: Bai guo; Germany: Fächerblattbaum; England: Maidenhair tree;
France: Arbre aux quarante ecus; Japan: Gin kyo [104].

8.4.2 Tradition

Clues on the medical use of ginkgo have been traced back to 2800 B.C. [102, 108].
In medical books its use is mentioned in connection with lung, stomach, circulation
or skin ailments or in states of nervousness and as a kind of elixir in Hindu medicine
[102, 109]. In TCM, similar conditions are mentioned for the use of Semen Ginkgo
(synonym: Gingko nuts) such as cough, asthmatic states, bladder problems or in
nervousness [108].

The cooked nuts are used for digestive or nutritional reasons in Asia, and the
roasted nuts are known as a delicatessen under names like “pa-kewo” or “bai-guo”
[102, 108, 110].
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The ginkgo tree or its leaves are used in the arts worldwide and sometimes are
linked to cultural activities and rites (e.g. coloured nuts are eaten during certain
feasts or used during weddings [108].

8.4.3 Chemistry and Pharmacology

8.4.3.1 Compounds

Characteristic constituents of Ginkgo leaves are flavonoids such as flavonols (e.g.
glycosides of quercetin, kaempferol, isorhamnetin), flavons (e.g. luteolin), biflavons
(e.g. bilobetin, ginkgetin), flavanols (e.g. catechin, epicatechin, procyanidins) and
terpens (e.g. the diterpene trilactones ginkgolides A, B, C, J).

Most research has been done with two Ginkgo extracts (i.e. EGb 761 and Li1370)
from Germany. They are in accordance with the standards mentioned in the German
Pharmacopeia: DER 35–67:1, flavonoids 22 to 27% (i.e. flavonglycosides), terpene
lactons 5 to 7 % (i.e. 2.8 to 3.4% ginkgolide A, B and C and 2.6 to 3.2 % bilobalids,
ginkgol acid ≤ 5 ppm [104, 111].

The extract is made from dried ginkgo leaves with an acetone and water mixture,
and undesirable compounds are eliminated (e.g. ginkgol acid).

8.4.3.2 Pharmacology

In numerous experimental models, ginkgo extracts have shown free radical-scav-
enging activities, relaxation of vascular smooth muscle via a nitric oxide pathway,
protection of ischaemia-reperfusion damage (shown in animal models as well as in
a human study), a reduction in platelet aggregation by inhibiting platelet activating
factor (PAF) and the formation of platelet thromboxane A2 [104, 111, 112]. The
latest research has shown a reduction in atherosclerotic nanoplaque formation after
a 2-month treatment regimen with a ginkgo extract in a pilot study on eight patients
following aortocoronary bypass surgery [113].

8.4.3.3 Clinical Evidence

Herbal preparations of Ginkgo bilobae folium are among the more extensively re-
searched in herbal medicine. To date, results from numerous trials in dementia or
PAOD, that is to say intermittent claudication, have been evaluated in several re-
views and meta-analyses. In what follows the focus will be on intermittent claudi-
cation:

a. Dementia: A review of studies of ginkgo extracts vs. cholinesterase inhibitors
showed that the two had similar response rates [114]. A review of older meta-
analyses showed a significant benefit on cognition for cholinesterase inhibitors
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but for ginkgo preparations only when all dosages (greater and less than
200 mg/d) were taken into account [115]. The latest meta-analysis confirmed sig-
nificant results for ginkgo vs. placebo in clinical global improvement at a dosage
of > 200 mg/d after 24 weeks, for cognition after 12 but not 24 weeks and for
activities of daily life after 12 and 24 weeks. These results were interpreted as
inconsistent and unconvincing [116].

b. Vertigo: A systematic review of RCTs stated the efficacy of a standardised ginkgo
preparation (120 to 240 mg over 1 to 4 months) in vestibular and non-vestibular
vertigo [117].

c. Tinnitus: A meta-analysis of RCTs failed to show a significant difference when
treating patients suffering from tinnitus with ginkgo preparations (30–200 mg
over 2 to 56 weeks) compared to placebo treatment [118].

d. Intermittent claudication: Several reviews [94, 95, 119, 120] and meta-analyses
[96, 97] demonstrate the efficacy and tolerability of preparations of ginkgo com-
pared to placebo. However, the latest meta-analysis provides a more thorough
evaluation:

For this meta-analysis 12 RCTs met the inclusion criteria (i.e. double-blind, placebo-
controlled) but 3 had to be excluded because they did not assess walking distance
and 1 was a double publication [96]. The published data of the remaining 8 trials
were pooled for statistical evaluation (patients: n = 415 entered, n = 385 analysed).
Pain-free walking distance was the criterion to be assessed as it was the primary out-
come in four trials but was also measured in the other four trials. The pooled data
showed a significant increase in pain-free walking distance of 34 m [95% CI 26, 43]
after treatment with ginkgo extracts (daily dosage: 120–160 mg extract; duration:
6–24 weeks) compared to placebo This result was confirmed in a subanalysis of six
trials with high internal quality (i.e. 4–5 point in the Jadad score): 37 m [95% CI 26,
47]. Next to pain-free walking distance the maximum walking distance was reported
in seven trials and achieved significant improvement in six of them (ranging from
36 to 189 m), whereas this criterion deteriorated in one trial. Yet no further data are
available as the authors did not pool these results. This result was confirmed in a
recent review [97].

Concerning safety, the authors summarise that five trials reported adverse effects
under Ginkgo with abdominal complaints, nausea and dyspepsia being most fre-
quent complaints. They conclude that Ginkgo biloba extracts seem relatively safe.

To gain further information on safety, a look at the data from the meta-analysis
on the effect of ginkgo preparations on cognitive impairment and dementia might be
useful, although the indications are not comparable [116]. Here the authors conclude
that ginkgo appears to be safe with no excess side effects compared to placebo. A
closer look at the data shows no significant difference between the number of seri-
ous (not mentioned) or non-serious adverse events (e.g. nausea/vomiting, diarrhoea,
hypertensive crisis) between verum and placebo.
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8.4.3.4 Summary

The research evidence from clinical trials with standardised herbal preparations
from leaves of Ginkgo biloba shows that their use in the treatment of intermittent
claudication can result in a significant but clinically modest improvement in the
pain-free walking distance. A direct comparison of ginkgo preparations with Padma
28 cannot be made as data on the maximum walking distance are not yet available.
However, ginkgo extracts can be regarded as a treatment option especially if Padma
cannot be given.

The antioxidant properties of herbal preparations from ginkgo, as well as their
positive effects on blood lipids, make them a sensible component in a complex treat-
ment setting in atherosclerosis and can – according to recent studies – be given con-
comitantly with statines. Our clinical evidence suggests that a daily dosage of at
least 160 mg standardised extract seems appropriate.

Despite the general evidence that ginkgo preparations are relatively safe, physi-
cians and therapists should be cautious when anticoagulants (i.e. warfarin) are given
as well. Although this might be possible in individual patients following rigorous
counselling and careful consideration, it cannot be advised generally. This might be
different when acetylsalicylic acid (ASS) is used instead.
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10. Wichtl M (2002) Weißdornblätter mit Blüten. In: Wichtl M (ed) Teedrogen und Phytophone.
Wissenschaftliche Verlagsgesellschaft, Stuttgart, p 152

11. WHO (1999) Folium cum Flore Crataegi. In: WHO (ed) WHO Monographs on Selected
Medicinal Plants. WHO, Geneva, vol 2, p 66

12. Paulus E, Yu-he D (1987) Handbuch der traditionellen chinesischen Heilpflanzen. K-F Haug,
Heidelberg

13. Chang Q, Zuo Z, Harrison F, Chow MS (2002) J Clin Pharmacol 42:605
14. Melzer J, Iten F, Saller R (2003) Perfusion 16:358
15. Bruneton J (2002) Coeur: “palpitations”. In: Phytothérapie. Les données de l’evaluation.
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Chapter 9
The Effects of the Green Tea Polyphenol
Epigallocatechin Gallate on the Central
Nervous, Endocrine, and Innate
Immune Systems

Lisa A. Beltz

Abstract The central nervous, endocrine, and immune systems interact at several
levels, including cell surface and intracellular molecules as well as compounds fa-
cilitating intercellular communication. Molecules produced by components of the
immune system, such as reactive oxygen and nitrogen species and some cytokines
secreted by brain microglia, may induce disorders of the nervous and endocrine
systems if present in excess. Pathologic conditions of these three systems, includ-
ing neurodegenerative diseases, anxiety, memory loss, ischemia, multiple sclerosis,
alterations in weight and metabolism, diseases of insulin dysregulation, and several
autoimmune disorders, have several common themes such as changes in iron/Ca+2

levels, altered proteosomal activity, mitochondrial dysfunction, and activation of the
caspase cascade, leading to apoptosis. The green tea polyphenol epigallocatechin
gallate (EGCG) has beneficial activity in a number of human diseases. It mitigates
some of the above-listed damage in part by altering intracellular signal transduction
pathways, by scavenging reactive oxygen and nitrogen species and iron, and by af-
fecting cytokine production and expression of neurotransmitters or their receptors.
This chapter presents these activities of EGCG and how they affect diseases of these
related physiological systems.

Keywords Epigallocatechin gallate · Neurodegenerative diseases · Autoimmune
diseases · Endocrine diseases · Reactive oxygen species · Cytokines

9.1 Introduction

Polyphenolic compounds from a variety of plants commonly utilized as food or
beverage sources have been the focus of great interest in both the general popu-
lace and the scientific community. They bestow many benefits to human health and
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thus have great potential as alternative medicine sources. Green tea extract, derived
from leaves of Camelia senensis, contains several such polyphenols, the most abun-
dant of which is epigallocatechin gallate (EGCG). This compound has favorable
activity in a wide variety of human disease states, including cancer, cardiovascular
disorders, obesity, bacterial and viral infections, neurological disorders, and other
more localized conditions. This chapter focuses on the effects of EGCG upon the
hypothalamus-pituitary-adrenal axis, which encompasses the central nervous sys-
tem (CNS), the endocrine system, and the immune system, with particular emphasis
upon pathological conditions.

9.2 The Effects of EGCG on the Central Nervous System

The pathology of neurodegenerative diseases has several common, interrelated fea-
tures, including excessive cytoplasmic Ca+2 levels, increased production of reactive
oxygen species (ROS), dysfunction of the ubiquitin-proteosomal degradative sys-
tem, mitochondrial dysfunction, cytochrome c release/initiation of the caspase cas-
cade, and neuronal injury or death by apoptosis. Neurotransmitters or their receptors
are also commonly involved. One major contributory factor is abnormal iron regu-
lation; protective factors include protein kinase C (PKC), mitogen-activated protein
kinase (MAPK), and phosphatidylinositol 3′-OH kinase (PI3K)/AKT activation [1].
The effect of EGCG on these processes will be discussed throughout the chapter
(also see Table 9.1).

A number of factors are directly involved in initiating apoptosis in neurons, in-
cluding cytochrome c release from mitochondria, caspase activation, and proapop-
totic (Bad, Bax, Bid, Bim)/antiapoptotic (Bcl-2, Bcl-XL) proteins. Proapoptotic pro-
teins increase mitochondrial permeability, resulting in decreased membrane poten-
tial and cytochrome c release. Levels of these proteins are regulated by proteosomal
degradation. Exogenous EGCG rapidly decreases intracellular Bad levels in human
neuroblastoma cells via a pathway utilizing proteosomes and PKC [2]. Oral ad-
ministration of EGCG increases murine hippocampal levels of PKC and induces
its membrane translocation in neuroblastoma cells [1, 3]. EGCG additionally de-
creases Bax expression and increases the Bcl-2:Bax ratio and Bad phosphorylation
by signals involving MAPK and Akt in other cells [1, 4]. MAPK may function by
activating stress-related genes, including the phase II drug-metabolizing enzyme
glutathione-s-transferase, known to be stimulated by EGCG [5]. Decreased neu-
ronal apoptosis by EGCG may involve decreased expression of proapoptotic genes,
including caspase-1, mdm2, p21, and TNF-related apoptosis-inducing ligand, rather
than increased antiapoptotic gene activity [3].
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Table 9.1 Processes involving diseases of the CNS affected by EGCG

Processes decreased by EGCG∗ Processes increased by EGCG∗

Lipid peroxidation (1, 2)∗∗ Scavenging ROS (1, 2, 4, 5, 7, 8)
Xanthine oxidase activity (2) Catalase activity (1, 4, 7, 8)
LDL oxidation (2) Superoxide dismutase activity (1, 4, 7, 8)
Oxidative DNA damage (3) Iron chelation (1, 4, 5, 7, 8)
nNOS and iNOS activation (4) Iron regulatory proteins (1, 4)
Aggregation of hyperphosphorylated tau (1) Mitochondrial complex IV activity (2)
Holo-APP activity (1) 5-Amyloid precursor protein formation (1)
β-amyloid formation (1) α-Secretase activity (1)
Catechol-O-methyltransferase activity (4) HIF-1 production (1)
α-synuclein (4) Dopamine levels (4)
Glutamate receptor activity (1, 4, 5, 6, 7) Tyrosine hydrolase activity (4)
Excessive cytoplasmic Ca+2 (1, 4, 5, 7, 8) Citrate synthase activity (2)
NF-κB activation (4, 5) GABAA receptor activity (9)
JAK/STAT activation (2, 6) PKC activity (1)
TNF-α production (5, 6) IκB-α levels (5)
Proteosomal activity (5) PI3K activity (7)
Plasma cortisone levels (9) pAKT activity (7)

pGSK-3β activity (7)

∗ Processes involved in disease causation in bold; those involved in protective activity in normal
font.
∗∗ Diseases affected by these processes. 1 = Alzheimer’s disease, 2 = ischemia, 3 =
age-associated memory loss, 4 = Parkinson’s disease, 5 = multiple sclerosis, 6 = HAD, 7 = ALS,
8 = HD, 9 = anxiety

9.2.1 Alzheimer’s Disease

Alzheimer’s disease is an age-related cognitive disorder associated with oxidative
brain damage. Those with Alzheimer’s or other cognitive disorders have lower lev-
els of antioxidants in their blood [6]. Individuals with Alzheimer’s and Parkinson’s
diseases have decreased levels of reduced glutathione and increased levels of lipid
peroxidation [3].

Accumulation of β-amyloid is associated with Alzheimer’s disease development;
its toxicity in cultures of hippocampal neurons is mediated via ROS, lipid peroxi-
dation, activation of the caspase cascade, and apoptosis. When such cells were co-
exposed to EGCG, incidence of the latter three events decreased in a manner inde-
pendent of p53, Bax, Bcl-xL, and cyclooxygenase (COX) [7]. The cytotoxicity of
amyloid proteins appears to rely largely upon the formation of well-ordered fibrillar
assemblies. Polyphenols inhibit this formation independently of their antioxidant
activity [8]. Iron chelation by EGCG also reduces the aggregation of a major com-
ponent of neurofibrillary tangles, hyperphosphorylated tau, in the brains of these
patients [9].

β-amyloid is formed after processing of amyloid precursor protein (APP) via a
pathway requiring iron, which EGCG effectively chelates (see below). APP may al-
ternatively be processed to form soluble APP, which blocks β-amyloid production;
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EGCG promotes this pathway in a PKC-dependent fashion, increasing α-secretase
activity [3]. EGCG also blocks the generation of β-amyloid-derived diffusible neu-
rotoxin ligands and the associated apoptosis [10].

Malfunctioning of the glutamate neurotransmitter system is also involved in
this disease [11]. β-amyloid-mediated neuronal death may involve the N-methyl-
D-aspartate (NMDA) receptor for glutamate; receptor antagonists are clinically ef-
fective for Alzheimer’s disease. EGCG effects both glutamate production and the
increased cytoplasmic Ca+2 levels resulting from its binding to this receptor (see
below).

ROS generation is partially dependent upon processes requiring intracellular
iron, including the Fenton reaction. Dysregulation of cellular iron homeostasis, in-
cluding uptake, distribution, transport, and storage, is a causal factor in the patho-
genesis of neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and
Huntington’s diseases and multiple sclerosis [12]. In the former, increased lev-
els of iron and the transferrin receptor are found in the hippocampus and cere-
bral cortex, which may induce β-amyloid deposition as well as regulate APP
mRNA posttranscriptionally, via iron regulatory proteins (IRP), or its translation,
via an iron-responsive element. Several iron-chelating compounds are neuropro-
tective; however, some are toxic and others do not easily penetrate the brain.
EGCG is a highly effective iron chelator – but is nontoxic and readily enters the
brain [12]. It reduces levels of holo-APP in mouse hippocampus and β-amyloid in
neuroblastoma cells [12]. Iron chelation by EGCG increases levels of hypoxia in-
ducible factor-1 (HIF-1), key to regulating induction of genes that protect against
the deleterious effects of hypoxia, by interfering with its degradation by an iron-
dependent proteosomal pathway [12]. Degradation of both HIF-1 and IRP is trig-
gered by prolyl hydroxylase, an enzyme responsive to high levels of O2

and iron.

9.2.2 Parkinson’s Disease

Parkinson’s disease is a progressive disorder involving the degeneration of
dopamine-producing neurons in the substantia nigra, resulting in symptoms such as
resting tremor, bradykinesia, rigidity, gait disturbance, and postural instability [13].
Tyrosine hydrolase (TH) is critical to the formation of L-dopa, and thus dopamine,
and decreases in its activity occur in animal models of Parkinson’s disease. In a
murine model of Parkinson’s disease, oral administration of EGCG inhibited dam-
age to dopaminergic neurons, preserving numbers of TH-positive cells and TH
activity in the striatum and preventing loss of dopamine and its metabolites [13].
Dopamine is a substrate of catechol-O-methyltransferase. Since EGCG inhibits this
enzyme, it may additionally increase dopamine levels in synapses by this mecha-
nism [14].

Reactive nitrogen species (RNSs) generated by neuronal nitric oxide synthase
(nNOS) are involved in Parkinson’s disease pathogenesis since enzyme inhibition
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or absence of its gene promotes disease resistance [14]. EGCG inhibits activity of
nNOS in the CNS and inducible NOS (iNOS) in macrophages (discussed below),
perhaps by negatively regulating nuclear factor-κB (NF-κB), a transcription factor
to which these genes’ promoters respond [5, 13].

A number of polyphenols, including EGCG, function as antioxidants at low con-
centrations [5]. Some of their actions involve scavenging ROSs (discussed below)
and induction of endogenous antioxidants via PKC [16]. ROS generation via iron
dysregulation plays a role in Parkinson’s disease. Toxic α-synuclein aggregates form
after exposure to redox-active iron; both occur within Lewy bodies, characteristic of
Parkinson’s disease [12]. As in Alzheimer’s disease, iron also regulates degradation
of IRP in Parkinson’s disease. Decreased amounts of IRP lead to decreased tran-
scription of the transferrin receptor, and thus increases in the iron transport protein,
ferritin. Mice lacking the IRP gene accumulate iron in their substriatia and develop
symptoms of Parkinson’s disease, including tremor and bradykinesia. EGCG pre-
vents accumulation of α-synuclein and decreases removal of IRP in murine models
of Parkinson’s disease [1]. Iron chelation may thus contribute to EGCG’s neuropro-
tective effects in Parkinson’s disease.

Epidemiological studies support the importance of green tea and EGCG in reduc-
ing incidence of Parkinson’s disease. Studies in Hong Kong found that regular green
tea consumption (particularly at least 2 cups per day) correlated with decreased risk
for disease development [13, 17]. Rates of Parkinson’s disease are five to ten times
lower in China and Japan (high consumption of green tea) than the Western world
(black tea favored). Green tea contains 10- to 20-fold more EGCG than black tea,
derived from the same plant.

9.2.3 Huntington’s Disease

Huntington’s disease is a dominantly inherited CNS disorder characterized by se-
vere cognitive, motor, and psychiatric manifestations. A prime feature of this dis-
ease is the expansion of CAG repeats in the amino terminus of the huntingtin
protein (htt), resulting in glutamine-expanded htt. Wild-type htt is involved in
many cellular processes, including neurotransmission. The altered protein forms
aggregates in neuronal nuclei in addition to contributing to altering synaptic func-
tion by inducing abnormal responses to stimulation via the NMDA glutamate re-
ceptor [18]. Animal models containing “knockin” glutamine-expanded htt experi-
ence loss of neurons in the striatum and cortex. In such a Drosophila model, in-
creased synaptic neurotransmitter release efficiency occurred in association with
elevated cytoplasmic Ca+2 levels. Blocking synaptic transmission or voltage-gated
Ca+2 channels reduces neurodegeneration [18]. EGCG alters neurotransmitter lev-
els and activity of their receptors, as well as regulates Ca+2 homeostasis
(see below).
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As stated above for Alzheimer’s and Parkinson’s diseases, iron dysregulation and
the resultant ROS generation are also involved in neuronal injury via oxidative stress
in Huntington’s disease. The iron-chelating and antioxidant properties of EGCG
thus may potentially be beneficial for this disease as well [12].

9.2.4 Amyotropic Lateral Sclerosis (ALS)

Excessive Ca+2 levels, ROS, and abnormal iron disposition are features of ALS. El-
evated Ca+2 influx in ALS is at least partially due to glutamate binding the α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptor [11]. EGCG can alter
glutamate production/receptor interactions, inhibit abnormal accumulation of cyto-
plasmic Ca+2, chelate iron, and decrease oxidative stress. It may thus be of benefit
in the treatment of this disease as well as the previously mentioned neurological
disorders [12].

A murine model for human ALS uses transgenic mice expressing mutated Cu/Zn-
superoxide dismutase gene. These mice are considered to be symptomatic when
their limbs shake while suspended in air; disease progresses to the point at which
they can no longer right themselves. Mice ingesting EGCG had delayed symptom
onset and prolonged lifespans [19]. Their spinal cords contained higher levels of
survival signals, such as PI3K, pAKt, and pGSK-3β.

9.2.5 Ischemic Conditions/Stroke

ROS and lipid peroxidation play causal roles in neuronal injury following ischemia
and reperfusion of the brain. When transient global ischemia was induced in Mon-
golian gerbils or Wistar rats by occlusion of the carotid arteries, hippocampal CA1
region pyramidal neurons were severely damaged, becoming pyknotic with chro-
mosomal condensation [20, 21]. Intraperitoneal administration of EGCG immedi-
ately following ischemic insult reduced the damage and infarct size. The protective
mechanism is believed to involve the ability of EGCG to inhibit xanthine oxidase
and reduce the activity and protein levels of iNOS (see below). On the other hand,
nNOS and endothelial NOS activities increased; the latter may have a protective
effect via increased cerebral circulation. In the rat system, EGCG also maintained
activities of mitochondrial complex IV and citrate synthase. Ischemia-related mem-
ory dysfunction also decreased in mice [22].

Arteriosclerosis is a major factor in ischemic cerebrovascular disease. Oxidative
alterations of cholesterol-containing low-density lipoproteins (LDL) occur; these
oxidized particles are subsequently ingested by macrophages, which transform into
foam cells. EGCG prevents LDL oxidation [23].

In a large study of nondrinking/nonsmoking women aged ≥ 40 years in Japan,
daily green tea consumption lowered risks of stroke occurrence and mortality, but
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not hypertension, even in those who ingested high Na+2 levels daily [24]. Activation
of the JAK/STAT pathway may increase neuronal pathology in stroke; this pathway
is inhibited by EGCG [25].

9.2.6 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune CNS disorder characterized by axonal
demyelination. T lymphocytes reactive to components of myelin basic protein pro-
liferate and secrete cytokines underlying the neuropathology. Following demyelina-
tion, 7-ketocholesterol, a major breakdown product of myelin, activates microglia to
stimulate apoptosis of brain stem motor neurons [26]. Asian populations, consuming
high levels of green tea, have a lower incidence of MS [27].

Experimental autoimmune encephalomyelitis (EAE) is a common model of MS.
Oral administration of EGCG lowered production of inflammatory lesions in the
brain stem and spinal cord, and decreased relapse occurrence and development of
severe disease in murine EAE [26]. T cells from treated mice had less proliferation,
and lower levels of the inflammatory cytokine tumor necrosis factor-α (TNF-α), but
not interferon-γ or interleukin-4, were associated with decreased activity of 20S/26S
proteosomal complexes, intracellular accumulation of IκB-α, and decreased NF-κB
activation.

Excitoneurotoxicity from glutamate stimulation of AMPA/kainate receptors, with
the resultant rise in intracellular Ca+2 and ROS levels, contributes to neuronal death
in EAE [11]. EGCG decreases this toxicity and inhibits increased Ca+2 and ROS
levels in neurons (see below).

9.2.7 Anxiety

Anxiety may be attenuated via actions of γ-aminobutyric acid (GABA), the major
inhibitory neurotransmitter. Several flavonoids, including quercetin from red wine,
bind to the benzodiazepine GABAA receptor [28]. Since EGCG is structurally re-
lated to these compounds, it may also exert effects via this receptor. At low con-
centrations, it enhances benzodiazepine’s activity on GABAA-receptor-mediated
currents in Xenopus oocytes and partially reverses the effects of β-carboline, a
negative benzodiazepine modulator, in rat hippocampal neurons without enhanc-
ing glutamate-mediated spontaneous excitatory synaptic transmission [29, 30]. Both
chlorodiazepoxide and EGCG induced the anxiolytic activity of mice in an elevated
plus maze test [30]. EGCG reduced anxiety and was sedative for chicks experienc-
ing social separation stress, partially by decreasing plasma corticosterone levels,
perhaps via the GABAA receptor [31].
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9.2.8 Memory

Memory loss during aging and brain senescence may be at least partially due to ox-
idative DNA damage. Impaired learning and memory appear to be causally linked
to atrophy in the hippocampus and forebrain. In a murine model of aging, cerebral
weight decreased with age. The rate of decrease slowed in mice ingesting green tea
catechins, and oxidative DNA damage in the cerebrum was reduced [32]. Memory
loss was also inhibited, but no effect was seen with regard to learning time or lifes-
pan. Thus, tea catechins appear to primarily improve quality of life rather than its
length.

Green tea polyphenols were beneficial to cognitive memory in aged mice and
rats [33, 34]. Epidemiological studies in humans also found negative correlations
between green tea consumption and cognitive impairment [35].

9.2.9 HIV-Associated Dementia (HAD)

Retroviral invasion of the CNS and establishment in microglia are common oc-
currences in HIV-infected individuals and may result in severe neuropyschiatric
disease, such as HAD, which is resistant to highly active antiretroviral therapy.
Survival time after this diagnosis averages 6 months. Production of interferon-γ
(IFN-γ) increases during HIV infection; this cytokine enhances neuronal damage
induced by viral gp120 and Tat via the JAK/STAT pathway [36]. EGCG reduced
this IFN-γ-augmented damage both in vitro and in vivo by inhibiting JAK/STAT
signaling.

Viral proteins bind NMDA glutamate receptors and can pathologically dysreg-
ulate calcium concentrations and mitochondrial functions [36]. As described be-
low, ECGC also affects these processes. Another factor enhancing gp120 neu-
rotoxicity is the cytokine TNF-α, whose production is altered by EGCG (see
below).

9.2.10 Neuronal Activity

The addition of EGCG to primary cultures of rat medial vestibular nuclear neurons
lowered their spontaneous firing rate and hyperpolarized their membrane potential.
This is believed to result from alteration of the potassium currents. No effects were
noted on the amplitude of the afterhyperpolarization or the action potential’s spike
width [37]. EGCG also depolarized membranes of myenteric neurons in small in-
testines of guinea pigs [38].
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9.2.11 Neurotransmitters and Their Receptors

Glutamate is a major neurotransmitter involved in cognitive functions. Its release by
vesicular exocytosis is regulated in part by levels of free cytoplasmic Ca+2. EGCG
increases this release in response to the potassium channel blocker 4-aminopyridine
via an increased Ca+2 influx through N- and P/Q-type voltage-dependent Ca+2

channels in rat cerebral cortex nerve terminals [6]. This process involves phosphory-
lation of PKC, which subsequently phosphorylates myristoylated alanine-rich C ki-
nase substrate (MARCKS), inducing actin cytoskeleton disassembly prior to vesicle
mobilization and exocytosis. Cytochalasin D, which inhibits actin polymerization,
blocked EGCG-enhancement of glutamate release. EGCG did not function in this
system by depolarizing the synaptosomal plasma membrane or activating protein
kinase A.

There are two basic types of glutamate receptors, NMDA and non-NMDA types.
The latter type responds primarily to AMPA and kainate, and their stimulation re-
leases the Mg+2 blockade of NMDA-receptor ion channels. This, in turn, allows
glutamate to gate the NMDA receptors and permits Ca+2 influx from extracellular
sources. Triggering both types of receptors normally raises the levels of free intra-
cellular Ca+2, activating calmodulin-dependent protein kinases. Excessive stimula-
tion by either receptor type may be deadly for cells. For example, the snake-derived
neurotoxin, β-bungarotoxin, binds directly to NMDA receptors in primary cultures
of cerebellar granule neurons and induces excessive Ca+2 influx, leading to ROS
production, caspase-3 activation, and apoptosis [39]. Exceedingly high Ca+2 levels
may trigger this cascade by overloading mitochondria, inducing overproduction of
ROS, or by triggering production of xanthine oxidase and superoxide via proteolysis
of xanthine dehydrogenase. Ca+2 may also act by stimulating calcineurin and NOS.
NO may then interact with superoxide to generate peroxynitrite, which induces lipid
peroxidation [40]. EGCG and several other antioxidants decrease excessive Ca+2

release, ROS production, and lipid peroxidation in response to β-bungarotoxin or
AMPA stimulation of glutamate receptors, protecting neurons from death
[39, 40].

Kainate triggering of the non-NMDA glutamate receptors is involved in damage
to cortex and hippocampal neurons in Alzheimer’s and Parkinson’s disease. This
process involves iron, since its removal is protective. EGCG’s iron-chelation activity
thus may exert positive benefits in this manner as well [12].

GABA, an inhibitor transmitter, binds to either GABAA or GABAB receptors.
The former are primarily found postsynaptically and are responsible for the major-
ity of the inhibitory synaptic signal transmissions in the CNS. EGCG binds these
receptors in vitro [29]. The ability of EGCG to reduce anxiety in acutely stressed
chicks was decreased by picrotoxin, a GABAA receptor antagonist [31].
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9.3 The Effects of EGCG on the Endocrine
System (Table 9.2)

Table 9.2 Processes involving diseases of the endocrine system affected by EGCG

Processes decreased by EGCG∗ Processes increased by EGCG∗

Testosterone levels (1)∗∗ Plasma adiponectin levels (4)
17 β-estradiol levels (2) Fatty acid oxidation (4)
Luteinizing hormone levels (2) Glucose uptake (4)
GDH (3) PI3K activity (4)
Gluconeogenesis (4)
5′-AMP-activated protein kinase activity (4)
Ca+2/calmodulin-dependent protein kinase activity (4)
ROS levels (4)
Insulin levels (4)
Glucose levels (4)
PEPCK (4)
FOXO transcription factors (4)
Triacylglycerol levels (5, 6)
Cholesterol levels (5, 6)

∗ Processes involved in disease causation in bold; those involved in protective activity in nor-
mal font.
∗∗ Diseases affected by these processes. 1 = Prostate cancer, 2 = breast cancer, 3 =
HI/HA syndrome, 4 = diabetes, 5 = obesity, 6 = cardiovascular diseases

9.3.1 Production of Hormones and Consequent Events

EGCG decreases plasma levels of several hormones, including the sex hormones
testosterone, 17β-estradiol, and luteinizing hormone, as well as leptin, insulinlike
growth factor I (IGF-1), and insulin [41]. (For other such effects of EGCG on the
endocrine system, see Table 9.3.) Weights of androgen-/estrogen-sensitive organs
(prostate, seminal vesicles, uterus, ovaries) decreased within 7 d of intraperitoneal
EGCG injection in rats. Most effects in males were not solely dependent upon low-
ered testosterone levels since exogenous androgens did not reverse them. Decreased
levels of sex hormones may lower risk of development of prostate and breast can-
cer. Several Asian countries do indeed report low incidence. Additionally, low lev-
els of EGCG increase estrogen stimulation of the estrogen receptor α, expressed
on the ovaries, uterus, vagina, and mammary glands, while higher amounts are in-
hibitory [42].

Serum levels of glucose, lipids, triglycerides, and cholesterol decrease after
EGCG injection, as do subcutaneous and abdominal fat deposits [41]. Weight de-
crease in EGCG-treated rats, with or without a functional leptin receptor, is par-
tially due to reduced food intake, suggesting effects on a leptin receptor-independent
appetite-control pathway. Plasma levels of other factors related to the control of food
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Table 9.3 Processes Involving diseases of the innate immune system affected by EGCG

Processes decreased by EGCG∗ Processes increased by EGCG∗

ROS levels (1)∗∗ Scavenging nitric oxide (2)
Iron dysregulation (1) Scavenging peroxynitrite (2)
Nitric oxide levels (2) IκB-α activity (2)
Macrophage iNOS activity (2) Macrophage GPx activity (2)
IL-6 production (1) Phosphorylation of p38 MAPK (4)
TNF-α production (1, 3, 4)
IFN-γ production (3)
NF-κB activation (1, 2)
COX-2 activity (3)

∗ Processes involved in disease causation in bold; those involved in protective activity in nor-
mal font.
∗∗ Diseases affected by these processes. 1 = Inflammatory reactions, 2 =
cellular aging/senescence, 3 = rheumatoid arthritis, 4 = Sjogren’s syndrome

intake (ACTH, neuropeptide Y, CRF, urocortin, galanin) were unaltered by EGCG.
Control rats on restrictive diets demonstrated hormonal changes similar to those
injected with EGCG. Oral administration was not very effective in inducing these
short-term changes.

9.3.2 Diseases Involving Insulin Alterations

Insulin production/secretion occurs in β cells of the islets of Langerhans of the
pancreas. This hormone regulates the entry of glucose into cells, and its secre-
tion is regulated in part by glucose, amino acids, free intracellular Ca+2, and glu-
tamate dehydroxygenase (GDH). GDH dysregulation is associated with hyperin-
sulinemia/hyperammonemia (HI/HA) syndrome, a genetic disorder involving hypo-
glycemia. EGCG inhibits GDH in a reversible, allosteric manner at nanomolar levels
independently of its antioxidant activities [43]. This only occurs under conditions
in which GDH is not inhibited by high-energy metabolites. EGCG also effectively
inhibits mutant forms of GDH found in HI/HA. While EGCG blocks the enhance-
ment of glutamine oxidation by GDH by an activating compound, it does not affect
basal levels of glutaminolysis or glucose-stimulated insulin secretion.

For centuries, green tea has been used as a folk remedy for diabetes and is effec-
tive in the prevention/treatment of Type I/II diabetes in rodents [44]. Type II diabetes
is characterized by insulin resistance and glucose intolerance, often in older popula-
tions, and associated with obesity. EGCG consumption tends to lead to weight loss
(see above). This may result from higher plasma adiponectin levels, which improves
insulin resistance by elevating fatty acid oxidation, reducing gluconeogenesis, and
increasing glucose uptake in muscle. Adiponectin also decreases production of the
cytokines TNF-α and interleukin-6 (IL-6) in adipose tissue. EGCG treatment in-
creases adiponectin and lowers triacylglycerol levels in obese and nonobese rodent
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models, and consumption of oolong tea (containing lower levels of EGCG than
green tea) increases plasma adiponectin and lowers cholesterol levels in Japanese
populations [45]. It also decreases gluconeogenesis in purified hepatocytes via stim-
ulation of 5′-AMP-activated protein kinase by Ca+2/calmodulin-dependent protein
kinase in an ROS-dependent fashion [44].

EGCG/green tea extract reduces blood insulin and glucose levels and raises glu-
cose metabolism by adipocytes [46]. Like insulin, it inhibits phosphoenol-pyruvate
carboxykinase (PEPCK), which increases glucose production during diabetes.
PEPCK expression is regulated by FOXO transcription factors, and inhibited by
insulin and IGF-1 by phosphorylation via PI3K. EGCG also induces PI3K phos-
phorylation of FOXO1a and PEPCK inhibition but, unlike insulin/IGF-1, requires
ROS [46].

9.4 Effects of EGCG on Aspects of the Innate Immune System

The innate immune system consists of white blood cell types, such as polymor-
phonuclear neutrophils, monocyte/macrophages (MO/MΦ), dendritic cells, natural
killer cells, eosinophils, and basophils. This chapter focuses upon the effects of
EGCG on MO/MΦ and the manner in which these relate to diseases of the CNS and
endocrine systems. MO/MΦ are the same phagocytic cell type at different stages of
maturation. MO are the immature form found in the circulation, while MΦ are an
older, mature form primarily in tissues. One specialized type of MΦ is the microglia,
the major inflammatory cell in the CNS. Activated microglia produce several types
of inflammatory compounds, including cytokines, ROS, and RNS, which contribute
to CNS damage in neurodegenerative diseases. Compounds such as EGCG that
decrease inappropriate stimulation of these cells may have significant neuropro-
tective effects. For a summary of EGCG-induced changes to MΦ/MΦ functions,
see Table 9.3).

9.4.1 Cytokine Production

Cytokines play important roles in the immune system, serving as messenger
molecules for leukocyte communication, as signals increasing or decreasing im-
mune activity, or by directly killing microbes or malignant cells. One major group
of cytokines has inflammatory activity and includes MO/MΦ products IL-6 and
TNF-α. The latter is an “endogenous pyrogen,” since it acts upon the hypothala-
mus to induce fever. It is alternatively named “cachexin” for its role in inducing
wasting. While inflammation is beneficial in eliminating microbial threats, it can be
destructive to normal host cells and result in severe pathology, shock, and/or death.
Iron, ROS, and nuclear translation of NF-κB aid in the production of inflamma-
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tory cytokines. NF-κB activation in dopaminergic neurons of Parkinson’s patients
is inhibited by EGCG [3].

As described above, deletion of dopaminergic neurons in the substantia nigra
is important to the development of Parkinson’s disease. These neurons are par-
ticularly vulnerable to the deleterious effects of inflammatory products from acti-
vated microglia, including TNF-α. Compounds stimulating microglia activity, such
as lipopolysaccharride (LPS) from cell walls of Gram-negative bacteria, selectively
kill these neurons in mice, inducing pathology similar to that of humans with Parkin-
son’s disease, while compounds inhibiting microglia activation protect dopaminer-
gic neurons [47]. Microglia isolated from rat brains and exposed to LPS shifted their
morphology from a “resting” unipolar/bipolar form to an “activated” round form
with amoeboid cell bodies. EGCG partially blocked this morphological shift [47]. A
conditioned medium from LPS-stimulated microglia contained high levels of TNF-
α and nitric oxide (NO), and its addition to neuroblastoma cells reduced their vi-
ability, and selectively depleted TH+ cells in rat mesencephalon. EGCG reduced
production of TNF-α and NO, blocked transcription of TNF-α mRNA, and pro-
tected neuron viability [47].

Together with TNF-α, inflammatory mediators such as COX-2 and IFN-γ cause
various autoimmune diseases. Ingestion of green tea polyphenols reduced arthritic
symptoms (cartilage/bone erosion) in an animal model of rheumatoid arthritis, ac-
companied by decreased levels of COX-2, TNF-α, and IFN-γ, and lowered cellular
infiltration of the joints [48]. In this system, the majority of the TNF-α-producing
cells were MΦ, which can be stimulated by IFN-γ. TNF-α is also toxic to salivary
acinar cells in Sjogren’s syndrome, another autoimmune condition, decreasing their
secretory activity. EGCG protects these cells from TNF-α-mediated destruction in
a manner involving phosphorylation of p38 MAPK [49].

9.4.2 The Role of Reactive Oxygen Species

ROS include molecules such as superoxide, H2O2, the hydroxyl radical, singlet oxy-
gen, and hypochloric acid, and play many important physiological roles. They aid in
the destruction of microbes and tumor cells, but may also alter and damage several
components of normal cells, including membrane proteins/lipids and DNA, and may
result in cancer induction. Many ROS effects depend upon the levels of the free rad-
icals. EGCG, like other “antioxidants,” decreases ROS levels at low concentrations
and increases them at high concentrations [5].

Superoxide functions as a key ROS. It is converted into H2O2 by superoxide dis-
mutase within cells. H2O2 is degraded into water and O2 by catalase. EGCG scav-
enges superoxide and elevates the activity of both protective superoxide dismutase
and catalase in neurons [23, 50]. All phagocytic cells, including brain microglia,
produce and release ROS. These cells also contain protective enzymes to inacti-
vate the free radicals, including glutathione peroxidase (GPx), which is expressed
at higher levels in microglia than neurons. During aging in mice, activity levels of
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GPx, but not catalase, declined. When mice ingested green tea catechins, however,
their GPx activity was similar to that of much younger animals [51]. Amounts of
GPx protein itself were not significantly decreased by aging or affected by tea con-
sumption. Levels of NO and nNOS do, however, increase in aged mice, and this
RNS has been found to inhibit GPx activity. As discussed below, EGCG blocks NO
generation.

Much of the pathology in the CNS disorders described earlier in this chapter in-
volves ROS. At low concentrations, EGCG decreases ROS production [5]. It does
so in neurons even in the presence of buthionine sulfoximine, an inhibitor of glu-
tathione synthase [26].

9.4.3 The Role of Reactive Nitrogen Species

As described above, LPS-activated microglia secrete the inflammatory compound,
NO. EGCG decreases NO secretion and induction of iNOS protein in MΦ [52].
Since the iNOS promoter contains a NF-κB-binding region, EGCG may act by its
ability to inhibit nuclear translocation of NF-κB via inhibition of the proteosomal
degradation of IκB. It also scavenges NO [5].

Peroxynitrite is produced by the interaction of NO with superoxide. It is an
oxidizing/nitrating species that induces lipid peroxidation, modifies amino acids,
causes DNA strand breakage/oxidation, and stimulates COX-2 activity. Peroxyni-
trite increases Comet scores, indicative of DNA damage. EGCG decreases this dam-
age and effectively scavenges peroxynitrite [5].

9.5 Conclusions

Much current interest is focused on interactions between the central nervous, en-
docrine, and immune systems. The latter is vital in protecting against microbial
invasion and tumor growth; however, overstimulation or inappropriate targeting
of immune effecter molecules can be pathological. Such potentially pathogenic
molecules include ROS, RNS, and several cytokines, many of which are produced
by MΦ, including microglia of the brain. Various CNS diseases involve the forma-
tion of pathogenic aggregates, abnormal functioning of neurotransmitters or their
receptors, altered iron or Ca+2 homeostasis, impaired proteosomal activity, and mi-
tochondrial dysfunction, resulting in cytochrome c release, activation of the caspase
cascade, and apoptosis. EGCG affects all of these processes at least partially by al-
tering the activity or production of key enzymes, via elements of intracellular signal
transduction pathways such as PI3K, MAPK, and NF-κB, or by scavenging ROS,
RNS, or iron.

EGCG is also beneficial for treating endocrine and autoimmune disorders. This
polyphenol alters the production of a number of hormones, including those involved
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in cancers of the reproductive system, those regulating metabolism and weight, and
those affecting disorders related to insulin. The immune system and its cytokines
are also involved in the latter, particularly diabetes mellitus. EGCG also effects pro-
duction of cytokines, including those which cause inflammatory responses, in ways
that are only recently being explored.

In summary, EGCG makes multiple contributions to human health using a variety
of mechanisms and via multiple intracellular pathways. It is only one of a number
of polyphenols present in plant-derived alternative medicinal materials. These com-
pounds and the foods/beverages/plant extracts that contain them promise to continue
to help mankind to overcome diseases and improve the quality of life well into the
future.
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Chapter 10
Natural Products in Cancer Chemoprevention
and Chemotherapy

K.G. Ramawat and Shaily Goyal

Abstract Medicinal plants are an important source of diverse chemical compounds
that have been used for the past several centuries in the treatment of cancer. About
25% of drugs in the modern pharmacopoeia are derived from plants, including sev-
eral anticancer drugs currently in clinical use such as vincristine, vinblastine, pacli-
taxel, podophyllotoxin, camptothecin and combretastatin. These natural products,
their derivatives and analogues based on these drugs constitute an arsenal against
various types of neoplasms. The traditional use of plants provides a lead for cancer
chemopreventive molecules. The development of new derivatives from bioactive
compounds of food origin has been a viable way to reduce toxicity and increase
their effectiveness against cancer. The combined efforts of botanists, pharmacolo-
gists, chemists and biologists are required to discover new effective drugs to fight
cancer. An evaluation of the mode of action of these bioactive molecules will be
helpful in designing novel drugs targeting mitosis. This article discusses natural
products currently in clinical use, and under clinical trials, for cancer chemotherapy
and chemoprevention.

Keywords Betulinic acid · Chemoprevention · Genistein · Podophyllotoxin ·
Resveratrol · Taxol · Vincristine

10.1 Introduction

About 12.5% of the 422,000 plant species of higher plants are known as medici-
nal plants and constitute a principal source of bioactive molecules. As compared
to this, a very low proportion (0.1 to 5%) of microorganisms has been explored
for the production of secondary metabolites. These figures may increase as many
plants, and most microorganisms, have not yet been screened for their biological
properties [1]. The proportion of medicinal plants to the total documented species
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in different countries varies from 4.4 to 20% [2]. About 25% of drugs in the modern
pharmacopoeia are derived from plants, and many others are synthetic analogues
built on prototype compounds isolated from plants. Up to 60% of prescribed drugs
in the Western world contain plant products or their derivatives [3]. In India, 1100
species are recognised as a source of raw material for Ayurvedic and Unani formu-
lations [4]. Medicinal plants and their extracts have significant export value in some
developing countries like India and China. Commerce of medicinal plants involves
trading herbs, their extracts, and value-added products [5–7]. The purified active
principle of several medicinal plants provides some of the most potent medicines
used against several types of neoplasms, e.g. vincristine, paclitaxel [8–10]. The ma-
jority of these are complex natural products, and the chemical synthesis of chiral
molecules is not economically feasible [11].

Drug discovery from medicinal plants has evolved with our civilisation. Herbs
have been used to treat various types of tumours and other disorders for thousands
of years [7]. The scientific basis for such use is not known to herbalists, but scientific
validation has been done for many such drugs in recent years [12]. In the past few
decades, significant advances in experimental methodology and molecular biology
have enabled researchers to investigate the potential use of natural secondary prod-
ucts to treat or manage a plethora of chronic diseases, including various types of can-
cers [13]. Cancer represents one of the most severe health problems worldwide, and
the search for more effective anticancer agents continues. Cancer alone caused over
six million deaths in 2000, affecting over ten million people worldwide [14]. Cancer
is the second leading cause of death in the United States, after cardiovascular dis-
eases [15]. Carcinogenesis involves a complex interplay between genes and the en-
vironment, and multiple cumulative genetic changes are required for the transforma-
tion of normal cells into fully malignant cells; changes in several fundamental cell
physiological characteristics take place during malignancy [16]. Essentially, self-
sufficiency in growth signals, insensitivity to growth inhibitory (antigrowth) sig-
nals, evasion of programmed cell death (apoptosis), limitless replicative potential,
sustained angiogenesis, and tissue invasion and metastasis are the main characteris-
tics of tumourigenesis [17]. Disturbances in complex molecular events within cells
involves growth-factor-signalling pathways (e.g. platelet-derived growth factor, epi-
dermal growth factor and SOS-Ras-Raf-MAPK-cascade), transcription factors (e.g.
NF-κB and AP-1), apoptotic signalling proteins (e.g. caspases, polyadenosine-5′-
diphosphate ribose polymerase, Bcl-2 and Bcl-X1), protein kinases (e.g. mitogen-
activated protein kinases), cell cycle proteins (e.g. cyclins, cyclin-dependent kinases
and retinoblastoma proteins) and cell adhesion molecules (e.g. integrins, selections,
cadherins, intercellular adhesion molecule and vascular adhesion molecule). How-
ever, despite the large amount of information on signals involved in tumourigenesis,
effective drugs to control or prevent it are not available [17].

Secondary anticancer metabolites and their derivatives finding their way to clin-
ical trials are mostly natural products of plant origin [18–20]. Generally natural
products are screened against cancer to find a new weapon to fight this scourge.
During the first phase (1960–1982) of evaluation of plant extracts against cancer,
mainly leukaemia, the anticancerous property of taxol was established by the Na-
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tional Cancer Institute (NCI) in the USA. In the second phase, NCI began a new
programme in 1985 to evaluate extracts prepared from microorganisms, plants and
marine products against an array of 60 different types of cancer cell lines, including
those from solid tumours and leukaemia [21].

10.2 Cancer Chemoprevention

Chemoprevention and functional foods are new emerging areas in the prevention
of diseases. Chemoprevention is defined as the use of synthetic or natural agents,
alone or in combination, to block the development of cancer in human beings.
Plants, herbs, vegetables and spices, used in folk and traditional medicine, have
been accepted as one of the main sources of cancer chemopreventive drug discov-
ery and development (Fig. 10.1) [22]. Carcinogenesis is a multistage process by
which a normal cell is transformed into a cancerous cell. The process of trans-
formation involves initiation by DNA damaging agents, promotion of cell prolif-
eration, and progression involving additional genetic alterations. Chemopreventive
molecules target each of these steps including anti-initiation strategies (e.g. DNA
repair, detoxification, free-radical scavenging and carcinogen metabolism) and an-
tipromotional/antiprogression strategies (e.g. free-radical scavenging, proliferation
suppression, differentiation induction, immunity enhancement, inflammation reduc-
tion, increase in apoptosis, altered gene expression and decrease in angiogene-
sis) [20, 23]. No toxicity is expected from a chemopreventive agent because of its
long history of human consumption as herbal medicines, botanical dietary supple-
ments or edible plants [20, 24, 25]. Bioactive components of dietary phytochemi-
cals with chemopreventive properties include curcumin, genistein, resveratrol, dial-
lyl sulphide, S-allyl cysteine, allicin, lycopene, capsaicin, diosgenin, (6)-gingerol,
ellagic acid, ursolic acid, silymarin, anethol, catechins, eugenol, isoeugenol, isoth-
iocyanates, indol-3-carbinol, isoflavones, phytoestrols, folic acids, b-carotene and
flavonoids [26].

Several plant-derived compounds are in clinical trials as potential chemopre-
ventive agents for various types of cancers, including curcumin (phase I colon),
genistein (phase I breast and endometrial), soy isoflavonoids (phase II prostrate),
indole-3-carbinol (phase I breast recurrence), perillyl alcohol (phase I breast),
various forms of retinoic acid, phenethyl isothiocyanate (phase I lung), green
tea/epigallocatechin gallate (phase II bladder and breast), and resveratrol (phase I
and II) [20, 27, 28]. Details about these bioactive molecules are given in this book
and elsewhere [29].

Dietary bioactive food components that interact with the immune response have
considerable potential to reduce the risk of cancer. The reduction of chronic in-
flammation or its downstream consequences may represent a key mechanism whose
effects can be reduced by targeting signal transduction or through antioxidant ef-
fects. Some of the most important immunomodulators are phytochemicals such as
the polyphenols, epigallocatechin gallate (EGCG) and curcumin [30, 31]. Oxidative
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stress and associated mechanisms involving inflammation, aberrant signalling path-
ways, and gap junction intercellular communications is increasingly associated with
the pathogenesis of various chronic degenerative disorders such as atherosclerosis,
neurodegeneration and cancer [32]. The consumption of fresh fruits, vegetables and
teas has the capacity to reduce the risk of cancer.

Polyphenols are the most abundant antioxidants in the diet. Despite their wide
distribution in plants, the beneficial health effects of dietary polyphenols have been
recognised rather recently. Until the mid-1990s, the most widely recognised antiox-
idants were vitamins, carotenoids and minerals. Research on flavonoids and other
polyphenols for their biological activity, including antioxidant properties and their
chemopreventive effects, appeared after 1995 [33, 34]. One of the major difficul-
ties in establishing a correlation between polyphenols and their health benefits is
the presence of large numbers of polyphenolics in food [35] having different bio-
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logical activities [36]. Major differences in the bioavailability of phenolics have, by
now been well established and the influence of structural factors is better under-
stood [37].

Resveratrol (3,5,4-trihydroxy trans-stilbene), a polyphenol, is present in black
grapes and its preparations like red wine [38, 39]. The ethyl-acetate-soluble ex-
tract was found to inhibit cyclooxygenase-1 (COX-1) enzyme (88% inhibition at
69 μg/ml). Resveratrol has been isolated from several species of the families Vi-
taceae, Dipterocarpaceae, Gnetaceae and Leguminosae. Apart from its cardiopro-
tective effects, resveratrol exhibits anticancer properties as demonstrated by its
ability to suppress proliferation of a wide variety of neoplasms, including lym-
phoid and myeloid cancers, multiple myeloma, and cancers of the breast, prostate,
colon, stomach and pancreas [40]. The growth inhibiting effects of resveratrol are
mediated through cell cycle arrest [41]. Resveratrol is in phase I clinical trials
for colon cancer (www.clinicaltrials.gov/ct/show/nct00256334) and against AIDS
(www.ihv.org/clinical trials/thera vacc2.html). Details about the chemistry and pro-
duction of resveratrol in Vitis cell cultures [39], epidemiological studies correlating
consumption of red wine containing polyphenols like resveratrol and cardiovascular
diseases [42, 43], and biological activities including anticancer properties of resver-
atrol are discussed elsewhere [44–46] and in this book.

Tea polyphenols are widely consumed as non-alcoholic beverages. Some of
the nutrients identified as chemopreventive agents in prostate cancer are green tea
polyphenols. EGCG, derived from Camellia sinensis, has been shown to inhibit a
variety of processes involved in cancer cell growth, survival and metastasis [47].
Of the tea polyphenols, EGCG has been most extensively investigated because of
its relative abundance and strong cancer-preventive properties, particularly in the
chemoprevention of breast cancer [48]. Details about tea polyphenols are given else-
where [49] and in this volume.

Genistein, an isoflavonoid found with a large number of other isoflavonoids in
several members of the family Fabaceae, particularly in Glycine max, has been es-
tablished as a prostate cancer chemopreventive agent [50]. Genistein in the diet re-
sults in increased apoptosis in the prostate [51, 52]. Genistein-induced apoptosis
involves activation of calpain, caspase 7, and poly (ADP ribose) polymerase [52].

Curcumin (diferuloylmethane) is a polyphenolic compound present in rhizomes
of Curcuma longa, commonly used in Indian cooking. Although the broad curative
properties of curcumin have been known for centuries, its potential anticancer and
chemopreventive properties have been established only recently [53, 54]. Details are
given elsewhere in this book.

Gingerol or (6)-gingerol, the phenolic substance responsible for the spicy taste of
fresh ginger (Zingiber officinale), has diverse pharmacological effects, such as being
antioxidant, anti-apoptotic and anti-inflammatory. Though its use dates back 2500
years, its anticancer and chemopreventive properties came to light only recently
[55]. Inhibition of COX2 expression has been co-related as a molecular basis for its
antitumour effects [56].

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is responsible for the piquancy of
chilli pepper (Capsicum annuum). In experimental animals, it is suspected to act as
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a carcinogen due to its irritant properties. However, other studies indicated chemo-
preventive and chemoprotective effects as capsaicin inhibits transcription factors
(NF-κB, STAT3) [57] and angiogenesis [58].

Flavopiridol is a semisynthetic flavonoid and has been shown to be a potent in-
hibitor of cyclin-dependent kinases [59]. Flavopiridol also induces apoptosis, sup-
presses inflammation and modulates the immune response [17]. Thus, it may be
concluded that the daily diet has an important role in cancer chemoprevention, and
the cancer death rate could be reduced to approx. 35% by proper diet alone [60].
Bioactive molecules present in the diet influence all levels of metabolism, including
epigenetic and genetic (transcription and translation levels). However, this requires
scientific validation by modern tools and has become evident in plants such as gin-
ger [61] and saffron [22].

10.3 Anticancer Drugs from Microorganisms

The search for effective compounds from microorganisms is more recent and
not based on ethnobotanical records. Following the discovery of Penicillin from
Penicillium flavum, microorganisms were explored for therapeutically significant
molecules. A number of small-molecule drugs have been approved by the FDA, in-
cluding 17% of microorganism origin out of 126 approved since World War II; the
first of them was actinomycin D [62].

Mostly products from Actinomycetales were isolated, including daunorubicin
and its derivative doxorubicin, which are still used against breast cancer. New
derivatives produced were epirubicin, pirirubicin, idarubicin and lastly valrubicin.
Cancer cell growth is affected by the inhibition of topoisomerase II. Bristol–
Myers developed another important anticancer agent of Actinomycetales origin –
bleomycins. Mitomycin C, mithramycin, streptozotocin, pentostatin and calicheam-
icin are the other potent compounds in use, except the last one (Fig. 10.2).

Antibiotics are defined as low-molecular-weight organic natural products (sec-
ondary metabolites or idiolites) made by microorganisms which are active at low
concentrations against other microorganisms. In 1995, about 12,000 antibiotics were
known; 55% were produced by Streptromyces (Actinomycetes), 11% from other
Actinomycetes, 12% from non-filamentous bacteria, and 22% from filamentous
fungi. Many more new products are still being discovered from microorganisms.
About 350 antimicrobials are available on the market for various human diseases.
The antibiotic category includes cephalosporin (45%), penicillins (15%), tetracy-
clines (6%), macrolides (5%), aminoglycosides, ansamycins, glycopeptides and
polyenes [63]. Of the 25 top-selling drugs in 1997, 42% were natural products or
derived from natural products [64], of which antibiotics contributed 67% of sales
(US$55 billion world market). Besides antimicrobial activity, other properties of
antibiotics have been explored. An extremely important concept for the further drug
development of natural products is that a compound possesses more than one bio-
logical activity [65].
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10.4 Anticancer Drugs from Plants

More than 90 drugs are commercially available for cancer therapy, of which 62% are
derived from natural products, excluding compounds like interferon [19]. Cancer or
neoplastic conditions are poorly defined in ancient traditional or folklore medicine.
Hence, leads are not available from such literature. Anticancer agents from plants
which are currently in clinical use are Catharanthus roseus alkaloids (vinblas-
tine and vincristine), epipodophyllotoxins from Podophyllum species, taxanes from
Taxus spp., camptothecins from Camptotheca, and others (Fig. 10.3) [9, 21, 62, 66].

10.4.1 Podophyllotoxins

The rhizome of Podophyllum species is known to contain several lignans. Lignans
possess antitumour activity and are highly toxic for the treatment of neoplastic dis-
eases in humans. These are dimerisation products of phenylpropanoid pathway in-
termediates linked by the central carbons of their side chain, podophyllotoxin being
the most active cytotoxic compound. Therefore, two semisynthetic glycosides of the
isomeric natural product epipodophyllotoxin, called etoposide and teniposide, have
been developed by Sandoz (now part of Novartis). They show less cytotoxicity and
act as inhibitors of microtubule assemblies, and are commercially used as therapeu-
tic agents against several human neoplasms, including small cell carcinomas of the
lung, testis neuroblastoma, Hodgkin’s disease, diffuse histocytic lymphoma, and
others [9, 62, 67]. Much recent synthetic work on podophyllotoxins has concen-
trated on the design of more water-soluble analogues. Although podophyllotoxin
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binds to tubulin at a site different from that for Catharanthus alkaloids, the drug has
no effect on microtubular structure or function but inhibits topoisomerase II [67].

American podophyllum (P. peltatum) contains 4 to 5% podophyllum resin,
whereas the Indian species (P. hexandrum) contains 7 to 16%. The variation in
percentage of resin is attributed to seasonal differences, age of the plant and al-
titude [68–70]. The resin of P. hexandrum contains approx. 40% podophyllotoxin
and low amounts of peltatin [71]. Unfortunately, the Indian species, P. hexandrum
Royle (Berberidaceae), has become a critically endangered species. A recent study
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aimed at the domestication of the plant in the Himalayan region [72] reported that
the plants grown at high altitude contain high podophyllotoxin content [69], and
content increases with the age of the plant [70]. One of the major problems asso-
ciated with the utilisation of P. hexandrum is its long juvenile phase and poor trait
setting ability of the plants resulting in selection problems. Moreover, its seeds take
a long time to germinate [72].

10.4.2 Vinblastine

The medicinal properties of Catharanthus roseus have been described in the tradi-
tional and folk medicine of several countries. The beneficial effects of its extract in
diabetes mellitus were known, but later on active principles suppressing neoplasm
were also isolated. The extracts yielded four active dimeric monoterpenoid indole
alkaloids – vinblastine, vincristine, vinleurosine and vinrosidine. The catharanthus
alkaloids are cell-cycle-specific agents, similar to colchicine and podophyllotoxin,
block mitosis and cause metaphase arrest. Though vincristine and vinblastine have
antiproliferative properties, both have different patterns of cytotoxic effect and have
been used in combination for the last 40 years (FDA approval received in 1963 and
1965, respectively) [73].

Navelbine (Vinorelbine), vinblastine (Velban) and vincristine (Oncovin) are cur-
rently used clinically [74]. Vinblastine introduces a wedge at the interface of
two tubulin molecules, thus interfering with tubulin assembly and inducing self-
association of tubulin into spiral aggregates at the expense of microtubule growth,
which may be an attractive target for drug designing [75]. Several analogues of vin-
blastine and vincristine are also in clinical use (Table 10.1), such as vinorelbine and
vindesine [76].

10.4.3 Taxol

Taxol, a diterpene, is the latest antineoplastic drug of natural origin. Between 1960
and 1982, NCI evaluated 3500 plant samples primarily against mouse leukaemia
cell lines L1210 and P388. Taxol was the outcome of that programme and got ap-
proval from the US Food and Drug Administration for the treatment of refractory
ovarian cancer in 1992 and metastatic breast cancer in 1994 [77]. Taxol was first ob-
tained from T. brevifolia (bark contains 0.01 to 0.03% taxol) during the 1960s and
subsequently from bark of T. baccata and other Taxus spp. This long development
time was due to the limited supply associated with killing of the plant upon removal
of the bark. Paclitaxel and its derivatives act by binding tubulin without allowing
depolymerisation or interfering with tubulin assembly [78, 79].

Bristol-Mayers Squibb, USA, is producing taxol (drug) at the commercial level.
It is estimated that about 50 kg of taxol will be required every year for the treat-
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ment of approx. 12,500 women in the USA alone. Current world demand may
touch 250 kg per year. The needles contain equivalent or even higher amounts of
10-deacetyl baccatin III (DAB) in four species of Taxus, T. brevifolia, T. baccata,
T. canadensis, T. cuspidata, which is a renewable source. DAB is converted into
paclitaxel and into the more potent analogue taxotere [80].

Taxol, which entered the generic drug market in the early 1990s [81], is now
largely produced by Taxus cell cultures [82] or by semisynthetic means from ad-
vanced precursors (e.g. baccatin III) that are easily available from the needles of
Taxus plants as a renewable source [77, 83]. The continuous supply of taxol and its
precursors for further synthesis will continue to depend on the plant (needles) or
cell-culture system [77, 84] which has become a commercially viable alternative. A
paclitaxel production level of 140 to 295 mg/l has been achieved in cell cultures of
T. baccata, making it a commercially viable production system [82, 85].

10.4.4 Camptothecin

Camptothecin (CPT) was isolated by Wall and coworkers [86] from the Chinese
tree Camptotheca acuminate and is used to treat gastric, rectal, colon and bladder
cancers. Govindachari and Viswanathan [87] isolated camptothecin and 9-methoxy
camptothecin from an unrelated plant, Mappia foetida (later called Nothapodytes
nimmoniana). Subsequently it was also isolated from Merriliodendron megonpum,
Nothapodytes nimmoniana (both from the family Icacinaceae), Ophrrohiza mugos,
O. pumila (Rubiaceae), Eravatamia heyneana (Apocynaceae) and Mustuea bruno-
nis (Loganiaceae) [103].

Camptothecins and its derivatives (9-amino CPT, 10-hydroxy CPT, camptothecin,
topotecan, and irinotecan) are potent antitumour and DNA topoisomerase I inhibit-
ing agents. The basic molecule had poor solubility in aqueous phase and was found
to be too cytotoxic; therefore, attempts were made to develop new effective soluble
derivatives [74]. Topotecan was approved for use in the USA in 1996, and other
derivatives are in clinical trials [18].

10.4.5 Others

Several diverse compounds were isolated under a project entitled “Novel strategies
for plant derived anticancer agents” with a National Co-operative Drug Discovery
Group (NCDDG) programme of the National Cancer Institute (NCI), USA. Several
of these compounds are currently under investigation for their anticancer activity
including betulinic acid, pervilleine A and silvestrol [20].

Cephalotaxus harringtonia (Cephalotaxaceae, Gymnosperm) contains several
alkaloids – deoxyharringtonine, harringtonine, homoharringtonine, and isoharring-
tonine – that have shown anticancer activity against leukaemia in mice.
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Homoharringtonine affects a number of cellular pathways leading to apoptosis and
angiogenesis [104]. A synthetic derivative of homoharringtonine is in phase II clin-
ical trials for the treatment of patients with chronic myeloid leukaemia that is resis-
tant to the first line therapy, Gleevec [105].

The combretastatins obtained from Combretum caffrum are from a class of
polyphenolics known as stilbenes, which act as anti-angiogenic agents, causing vas-
cular shutdown in tumours and resulting in tumour necrosis [106]. Its water-soluble
derivative combretastatin A4 phosphate, a disodium phosphate prodrug of combre-
tastatin A4, is in phase II clinical trial [62]. The drug is effective against anaplastic
thyroid cancer and myopic muscular degeneration and is currently in phase II clini-
cal trials [107]. Combretastatin is a vascular targeting agent; it destroys tumour vas-
culature by inducing morphological changes within the endothelial cells [95, 108].

Phenoxodiol, a synthetic analogue of diadzein, an isoflavone present in members
of the family Fabaceae (Pueraria tuberosa, Glycine max), is being developed for
the treatment of cervical, ovarian, prostate, renal and vaginal cancers [109]. Phe-
noxodiol is a broad-spectrum drug that induces cancer cell death through inhibition
of anti-apoptopic proteins, including XIAP and FLIP [110]. The drug is in phase II
and phase III clinical trials in the USA and Australia, respectively [111].

Betulinic acid, a lupane type triterpene widely distributed in the plant kingdom,
and its derivatives are potential anticancer and anti-HIV agents, presently in clinical
trials [112]. Recent evidence indicates that betulinic acid possesses broad-spectrum
anticancer activity against several cancer cell types [8].

10.5 Mechanism of Action

Most of the antineoplastic compounds act upon DNA by modifying its chemical
and physical nature. Broadly speaking, all the drugs can be categorised as alkylat-
ing agents such as cisplastin, antimetabolites, e.g. 5-flurouracil and methotrexate,
mitotic inhibitors which include vincristine, taxol and colchicines, and lastly DNA
intercalating drugs like actinomycin-D [9].

Cancer is a complex disease. Mostly cancer is diagnosed late during the final
stages of carcinogenesis, i.e. angiogenesis and metastasis. Chemically diverse com-
pounds have different properties that act and react with cell metabolism. A better
understanding of the process of cell division and how different compounds affect
tubulin formation have a direct bearing on cancer treatment. The chemopreventive
role of dietary molecules has been presented above. Molecules affecting all three
phases of cancer, particularly metastasis, are in demand. Increasingly evidence sug-
gests such a multidimensional role of resveratrol. Resveratrol is also able to activate
apoptosis, to arrest the cell cycle, or to inhibit kinase pathways [45]. Drug designs,
based on the structure of specific enzymes playing a role in carcinogenesis (tyrosine
kinase) or DNA replication (topoisomerases II), have been successful at identify-
ing novel effective anticancer drugs. In addition, many natural products are effec-
tive inhibitors of NF-κB, a cancer, indicating that the source of these compounds
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Fig. 10.4 Binding sites of antimitotic drugs to microtubules. Paclitaxel binds along interior sur-
face of microtubule. Binding of these compounds results in suppression of microtubule dynamics
(adapted from [115] with permission)

might possess antitumour properties. [113]. This has resulted in the discovery of
Gleevec, an inhibitor of the bcr-abl protein tyrosine kinase, for the treatment of
chronic myeloid leukaemia [114].

Microtubules, the principal components of the cytoskeleton, are long, filamen-
tous, tubular protein polymers that are essential in all eukaryotic cells. They play a
crucial role in the maintenance of cell shape, in cell signalling and in cell division.
Microtubules are composed of α- and β-tubulin heterodimers (100,000 dalton in
mass) arranged in the form of cylindrical tubes several microns long [115]. Micro-
tubules are involved in the separation of duplicated chromosomes of a cell during
mitosis. This makes them an important target for anticancer drugs. Chemical com-
pounds that interfere with microtubules, such as vinca alkaloids and taxanes, are
important chemotherapeutic agents for the treatment of cancer. Vincristine, taxol
and other mitotic inhibitors bind to specific sites on the microtubules (Fig. 10.4).
The anticancer activity of microtubule-targeting drugs lies in their inhibitory effects
on spindle microtubule dynamics, rather than their effects on microtubule polymer
mass [116]. There is increasing evidence showing that even minor alterations in
microtubule dynamics can engage the spindle checkpoint, arresting cell cycle pro-
gression at mitosis and eventually leading to apoptotic cell death (Fig. 10.5). Mi-
crotubules as a target for anticancer drugs are discussed elsewhere in an excellent
review [115].

Several new microtubule-targeting agents have shown potent activity against the
proliferation of various cancer cells, including cells that show resistance to the ex-
isting microtubule-targeting drugs. Microtubule-interacting agents can be grouped
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Fig. 10.5 Human osteosarcoma cells in different stages of cell cycle with and without addition of
antimitotic drugs. Microtubules are shown in red, chromosomes in blue and kinetochores in green.
A-D showing prophase, metaphase, anaphase and telophase stages of cell division. In presence of
paclitaxel E and vinflunine F cell division is disturbed resulting in blocking of mitosis (adapted
from [91] and [127])
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into two distinct functional classes: (i) compounds which inhibit the assembly of
tubulin heterodimers into microtubule polymers (tubulin polymerisation inhibitors,
e.g. vincristine, vinblastine) and (ii) compounds which stabilise microtubules under
normally destabilising conditions (microtubule stabilisers, e.g. paclitaxel). A vari-
ety of diverse natural compounds have been shown to possess a taxol-like ability to
inhibit depolymerisation of microtubules, such as epothilones-A and B, discoder-
molide, eleutherobin, sarcodictyins-A and B, laulimalide, cyclostreptin, peloruside
A and dictyostatin [73]. The effectiveness of microtubule-targeting drugs for can-
cer therapy has been impaired by various side effects, particularly neurological and
hematological toxicities [116].

Another approach utilises the ability of several compounds, especially
microtubule-targeting agents, to rapidly shut down existing tumour vasculature [95].
Since the late 1990s, the combretastatins and N-acetylcolchicine-O-phosphate, com-
pounds that resemble colchicines and bind to the colchicine domain on tubu-
lins, have been developed as antivascular agents and are in clinical trials, e.g.
combretastatin-A-43-O phosphate, combretastatin A-1 phosphate, ZD6126, AVE
8062A, and TZT-1027 (Table 10.1) [115].

10.6 Herb-Drug Interactions

The use of complementary and alternative medicines (CAM) by cancer patients in
the western world has grown rapidly in recent years [117]. Generally, cancer pa-
tients are using CAM with conventional therapy, but more than 72% of them do
not inform their treating physician about CAM [118]. CAM-anticancer drug in-
teractions can occur at the pharmaceutical, pharmacodynamic, or pharmacokinetic
level [119]. Interactions at pharmacokinetic level involve changes in absorption, dis-
tribution, metabolism, or excretion of the chemotherapeutic drug. One of the best
known examples of a clinically significant effect of CAM on the pharmacokinetics
of chemotherapeutic drugs is the herbal product, St. John’s Wort (SJW) [120].

Pharmacokinetic interactions between CAM and oncolytic drugs occur when
CAM inhibit or induce the metabolising enzymes (e.g. cytochrome P450 enzymes,
phase II enzymes, dihydropyrimidine dehydrogenase) or drug transporters (e.g. p-
glycoprotein, breast cancer resistant protein, multidrug resistance associated pro-
teins) involved in the pharmacokinetic disposition of chemotherapeutic drug [117].

In vitro studies have been performed to investigate the potential of CAM to ac-
tivate nuclear receptors and to induce metabolising enzymes. Such activities have
been shown by apigenin, curcumin, garlic, ginseng, kava-kava, quercetin, resvera-
trol, silymarin [121], guguggulsterone [122, 123] and several others [117]. Based on
current available information Meijerman et al., 2006 suggested that CAM like SJW,
grape fruit juice, vitamin E, quercetin, ginseng, garlic, β-carotene and Echinacea
should be taken with care along with anticancer therapy as these CAM can cause
changes in drug metabolising enzymes.
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10.7 Conclusions

Drug development is a long and expensive process and due to this reason, several
pharmaceutical companies reduced their expenses on research and development for
drug discovery from natural sources. From the above discussion, it is very much
clear that natural resources, particularly plants, are an excellent source of life saving
drugs. New compounds are also being discovered from lichens, microorganisms and
marine organisms. Therefore, efforts are required to collaborate internationally in an
attempt to isolate, identify and establish biological/ pharmacological properties of
molecules [124]. New tools like high-resolution NMR, Mass spectrophotometers,
and 2-D HPLC are helpful in identifying a plethora of molecules from plants and
microorganisms. HTS systems are capable of evaluating a large number of bioactive
molecules on various bioassays. At the same time, it is necessary to conserve tradi-
tional and folk knowledge about use of medicinal plants, and develop appropriate
technology to conserve the plants. It is urgently required to investigate plants used
in traditional medicine for the complete spectra of primary and secondary metabo-
lites, and where a cocktail of plants is used, the effect of this cocktail on molecular
reorientation may be explored. What we know is still a tip of the iceberg, we have
yet to explore the entire biological world for novel leads.

A combination of two and more anticancer drugs such as taxol with vinblastine
has been reported to effectively control the cancer growth and improved quality
of life in patients suffering from hormone refractory prostrate cancer [125]. Ad-
ditive and synergistic laboratory interactions with other cytotoxic drugs have been
exploited to allow development of etoposide based multidrug regimens, which are
showing promising activity in several malignancies [126]. Herbs and their prepara-
tions can play important role in increasing the efficacy of established drug, reducing
suffering of the patients and to certain extend, increasing the longevity of life.
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Chapter 11
Artemisinin: A Versatile Weapon
from Traditional Chinese Medicine

Thomas Efferth

Abstract Traditional Chinese medicine (TCM) commands a unique position among
all traditional medicines because of its 5000 years of tradition. Our own interest
in natural products from TCM was triggered in the 1990s by sesquiterpene lac-
tones of the artemisinin type from Artemisia annua L. The first description of the
Chinese herb Artemisia annua L. (qinghao, Sweet wormwood) dates back to 168
B.C.E. Artemisinin (qinghaosu) was identified in 1972 as the active antimalarial
constituent of Artemisia annua L. Artemisinin and its derivatives are used for the
treatment of malaria. As shown in recent years, this class of compounds also shows
activity against cancer cells, schistosomiasis, and certain viruses, i.e., human cy-
tomegalovirus, hepatitis B anc C virus, and bovine viral diarrhea virus. Interest-
ingly, the bioactivity of artemisinin seems to be even broader and also includes the
inhibition of other protozaons such as Leishmania, Trypanosoma, and Toxoplasma
gondii, as well as some trematodes, fungi, yeast, and bacteria. The analysis of its
complete profile of pharmacological activities, as well as the elucidation of molecu-
lar modes of action and the performance of clinical trials, will further elucidate the
full potential of this versatile weapon from nature against diseases.
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11.1 Introduction

Traditional Chinese medicine (TCM) comprises medicinal products from plants,
animals and minerals, acupuncture, moxibustion, and other practices. Herbal pre-
scriptions consist of a varying number of different medicinal plants and are used as
extracts, decoctions, concoctions, and teas. Among all traditional medicines, TCM
commands a unique position because of its 5000 years of tradition. Hence, it can
be assumed that many ineffective prescriptions have disappeared over time. Un-
til recently, TCM has been frequently regarded with some skepticism by Western
academic medicine. On the other hand, prominent examples of isolated therapeu-
tics derived from Chinese plants are established in modern medicine without be-
ing treated with the same reluctance as traditional herbal products. Among them
are the ion channel blocker tetrandrine (Stephania tetrandra), the CNS stimulator
ephedrine (Ephedra sinica), and the well-known anticancer agents camptothecin
from Camptotheca acuminata and paclitaxel from Taxus chinensis. Since natural
products represent a valuable source of drug discovery and development, there has
been a recently thriving interest in chemically characterized compounds derived
from TCM [1–3].

Our own interest in natural products from TCM was triggered in the 1990s by
sesquiterpene lactones of the artemisinin type from Artemisia annua L. [4]. Apart
from artemisinin, which is the focus of this chapter, we analyzed phytochemical and
molecular biological aspects of natural products derived from TCM. The modes of
action were studied on known compounds with still unknown cellular and molecular
mechanisms such as arsenic trioxide, homoharringtonine, cephalotaxine, berberine,
cantharidin, curcumin, luteolin, scopoletin, isoscopoletin, ascaridin, the quinolones
1-methyl-2-undecyl-4-quinolone, 1-methyl-2-trideca-dienyl-4-quinolone and evo-
carpine, the indoloquinazoline alkaloids rutaecarpine and evodiamine, and four ger-
anylated furocoumarines [5–19]. Furthermore, novel natural products were isolated
and identified from plants derived from TCM, some of which showed growth in-
hibitory activity against cancer cells, i.e., tetracentronsine, a new indole alkaloid
(3-(2-hydroxyethyl)-1H-indole-5-O-beta-D-glucopyranoside), and two new phenol
derivatives, 3-{2-[(beta-glucopyranosyl) oxy]-4,5-(methylenedioxy)phenyl} propa-
noic acid and methyl 3-{2-[(beta-glucopyranosyl)oxy]-4,5-(methylene-dioxy)
phenyl}propanoate, two new alpha-tetralone (= 3,4-dihydronaphthalen-1(2H)-one)
derivatives, berchemiaside A and B, a new flavonoid, quercetin-3-O-(2-acetyl-
alpha-L-arabinofuranoside), and a diprenylated indole, (E)-3-(3-hydroxy-methyl-2-
butenyl)-7-(3-methyl-2-butenyl)-1H-indole [20–22].

11.2 Use of Artemisinin in Traditional Chinese Medicine

The first description of the Chinese herb Artemisia annua L. (qinghao, sweet worm-
wood) dates back to 168 B.CE. The plant was mentioned in the prescriptions for 52
diseases in the Mawangdui tomb of the Han dynasty. The next historical tradition
is from the year 1086, written by Shen Gua. In the “Handbook of Prescriptions for
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Fig. 11.1 Artemisia annua seedlings for the sustainable production of artemisinin (with permission
of Dr. Joachim Stadler, GE Healthcare, Bio-Sciences, Freiburg, Germany)

Emergency Treatment” Ge Hong (281–340 C.E.) recommended tea-brewed leaves
to treat fever and chills. The “Compendium of Materia Medica” published by Li
Shizen in 1596 cited Ge Hong’s prescription. In the course of the Vietnam War,
the Chinese government started an antimalarial research program to systematically
search for antimalarial TCM plants to support the Vietnamese army. This task was
certainly not easy to fulfill during the Cultural Revolution in China [23]. As a re-
sult, artemisinin (qinghaosu) was identified in 1972 as the active antimalarial con-
stituent of Artemisia annua L. [24, 25]. Today, artemisinin is widely used around the
world to combat otherwise drug-resistant Plasmodium strains, cerebral malaria, and
malaria in children [26]. Since harvesting of Artemisia annua plants in the wild does
not meet the requirements for a sustainable production of artemisinin, the cultivars
are bred in plantations and greenhouses (Fig. 11.1). While Artemisia annua and
artemisinin were evaluated by the World Health Organization (WHO) with much
reluctance fora long time, the full potential has recently been recognized.

11.3 Mode of Action of Artemisinin

In malaria parasites, artemisinin acts by a two-step mechanism. It is first activated
by intraparasitic heme-iron, which catalyzes the cleavage of the endoperoxide. The
Plasmodium trophozoites and schizonts live within red blood cells. Hemoglobin
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serves as an amino acid source, being taken up by the parasites into food vacuoles
where enzymatic degradation takes place [27, 28]. The release of heme-iron dur-
ing hemoglobin digestion facilitates the cleavage of the endoperoxide moiety by
an Fe(II) Fenton reaction. The breaking of the endoperoxide bridge results in the
generation of typical reactive oxygen species such as hydroxyl radicals and super-
oxide anions. These damage the membranes of food vacuoles and lead to autodiges-
tion [29, 30]. In addition, the heme-iron(II)-mediated decomposition of artemisinin
generates carbon-centered radical species [31–33]. The cleavage of the endoperox-
ide bond of artemisinin and its derivatives leads to the alkylation of heme and some
Plasmodium-specific proteins, including the P. falciparum translationally controlled
tumor protein (TCTP).

As the iron storage of tumor cells is generally much less than that of ery-
throcytes, but is greater in tumor cells compared to normal cells [34], the ques-
tion arises as to whether iron may also play a role in the inhibitory action of
artemisinins toward tumor cells [35]. The growth rate of a tumor was signifi-
cantly retarded by daily oral administration of ferrous sulfate followed by dihy-
droartemisinin. No significant tumor growth retardation effect was observed in rats
treated with either dihydroartemisinin or ferrous sulfate alone. The drug treatment
did not significantly affect body weight compared with untreated tumor-implanted
animals, and no apparent toxic effect was observed after drug treatment [36]. Iron(II)
glycine sulfate (Ferrosanol) and transferrin increased the cytotoxicity of free arte-
sunate, artesunate microencapsulated in maltosyl-β-cyclodextrin, and artemisinin
toward CCRF-CEM leukemia and U373 astrocytoma cells compared with that of
artemisinins applied without iron [37]. Growth inhibition by artesunate and ferrous
iron correlated with induction of apoptosis. The effect of ferrous iron and trans-
ferrin was reversed by monoclonal antibody RVS10 against the transferrin recep-
tor, which competes with transferrin in binding to the receptor. The IC50 values
for eight different artemisinin derivatives in the NCI cell line panel were corre-
lated with the microarray mRNA expression of 12 genes involved in iron uptake
and metabolism to identify iron-responsive cellular factors enhancing the activity
of artemisinins. This analysis pointed to mitochondrial aconitase and ceruloplasmin
(ferroxidase). Interestingly, exposure of artemisinins produces no or only marginal
cytotoxicity to normal peripheral blood mononuclear cells (PBMC). The absorp-
tion of iron increases in growing cells and tissues, and the uptake of transferrin is
related to the rate of tumor cell proliferation [38]. Cellular iron uptake and inter-
nalization are mediated by the binding of transferrin–iron complexes to the trans-
ferrin receptor (CD71), expressed on the cell surface membrane, and subsequent
endocytosis. CD71 expression in normal tissues is limited, e.g., to the basal epi-
dermis, endocrine pancreas, hepatocytes, Kupfer cells, testes, and pituitary, while
most other tissues are CD71-negative [39]. In contrast, CD71 is expressed in much
larger amounts in proliferating and malignant cells [40–42] and is widely distributed
among clinical tumors [39]. We found that CD71 expression was much higher
in CCRF-CEM and U373 tumor cells (48–95%) than in peripheral mononuclear
blood cells of healthy donors (< 2%) [37]. This raises the attractive possibility
that tumors that express more CD71 than normal cells are preferentially affected
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by combination treatments of transferrin or Ferrosanol plus artemisinin deriva-
tives. The finding that iron(II) glycine sulfate increased the action of artemisinins
is interesting, since Ferrosanol has been in clinical use for many years. Hence,
artemisinins might be safely applied in combination with Ferrosanol in a clinical
setting.

Whether oxidative stress and iron ions also play a role for artemisinins’ ac-
tivity against other diseases such as viral infections or schistosomiasis remains
unknown.

11.4 Activity Against Malaria

Antimalarial drug resistance has spread and intensified in recent decades and repre-
sents a severe global challenge. It is estimated that 300 to 500 million human beings
are infected each year and that 1.5 to 2.5 million individuals die of malaria annu-
ally [43, 44]. The development of novel drugs has not kept pace even worsening the
problem. Artemisinin and its derivates are, therefore, promising new drugs on the
horizon that are expected to ease the malaria burden worldwide.

Drug combinations based on artemisinins offer an effective possibility to coun-
teract drug resistance [45]. Combination regimes prolong the useful therapeutic life
of existing antimalarial drugs. The probability that a mutant strain of Plasmodium
simultaneously would exert resistance to two drugs with different modes of action
and different therapeutic targets is low. Combinations of drugs are generally ac-
cepted to improve treatment efficacy and to delay the selection of drug-resistant
parasites [46].

Despite the recommendation of WHO to use artemisinin-based combination ther-
apies, in order to avoid the emergence of artemisinin resistance, the overall deploy-
ment of such combination regimes was still unsatisfactory [47]. For this reason,
WHO banned artemisinin monotherapy in 2006.

Artemisinins proved to be valuable in drug combinations since they are able to
reduce the number of parasites by approximately 104 per asexual cycle [26, 48].
Artemisinins are active within 48 to 72 h [49, 50]. This considerably reduces the
number of parasites to be killed by a partner drug in a combination regimen. Since
they inhibit the production of gametocytes, artemisinins are able to reduce transmis-
sion [51].

Another favorable feature of artemisinins is that they are active in uncompli-
cated as well as severe forms of malaria. Severe malaria does not stop with clearing
parasitemia. Even if parasites are cleared, the clinical symptoms associated with
cerebral malaria may get worse. Besides the brain, other organs such as kidneys
or lungs can also be injured in severe malaria. Artemisinin has been proven as an
effective antimalarial drug for the treatment of cerebral malaria [52]. Artemisinin
derivatives reveal a very good tolerability [53, 54]. Mild and reversible hemato-
logical and electrocardiographic abnormalities, such as neutropenia and first-degree
heart block, have been observed infrequently. Neurotoxicity, e.g., ataxia, slurred
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speech, and hearing loss have been reported in few patients [55]. Due to their lack
of severe side effects, artemisinins are also well suited for the treatment of malaria in
children [56].

The efficacy of artemisinin and its derivatives in combination with standard anti-
malarial drugs has been shown in numerous clinical studies. Recent meta-analyses
provide convincing evidence for the success of artemisinin-containing regimens for
uncomplicated Plasmodium falciparum malaria in terms of both treatment response
and beneficial profile of side effects.

A meta-analysis by Bakshi et al. [57] investigated a total of 1869 patients treated
with artemether and lumefantrine (A-L). The most commonly reported adverse ef-
fects involved the gastrointestinal (abdominal pain, anorexia, nausea, vomiting, di-
arrhea) and central nervous (headache, dizziness) systems. Pruritus and rash were
reported by more than 2% of patients. There were no serious or persistent neuro-
logical side effects and no adverse clinical cardiac events. More than 90% of the
reported adverse events, many of which overlapped considerably with the clinical
symptomatology or evolution of acute malaria, were rated mild to moderate in in-
tensity.

Omari et al. [58] reported on nine trials (n = 4547 patients) that tested the six-
dose regimen of A-L. Total failure at day 28 for A-L was lower when compared
with amodiaquine plus sulfadoxine-pyrimethamine, but not with chloroquine plus
sulfadoxine-pyrimethamine. In comparisons with artemisinin derivative combina-
tions, A-L performed better than amodiaquine plus artesunate, worse than meflo-
quine plus artesunate, and similar to dihydroartemisinin-napthoquine-trimethoprim.
The authors conclude that the six-dose regimen of A-L appears more effective than
antimalarial regimens not containing artemisinin derivatives.

Another meta-analysis of 16 randomized trials (n = 5948 patients) studied the
effects of the addition of artesunate to standard treatment [54]. Parasitological fail-
ure was lower with 3 d of artesunate at day 14 and at day 28. Parasite clearance was
significantly faster. Recrudescence and gametocyte carriage was substantially re-
duced. The occurrence of serious adverse events did not differ significantly between
artesunate and placebo.

The meta-analysis of Bukirwa and Critchley [59] included four trials with 775
participants and compared sulfadoxine-pyrimethamine plus amodiaquine (SP plus
AQ) with sulfadoxine-pyrimethamine plus artesunate (SP plus AS) for treating un-
complicated Plasmodium falciparum malaria. SP plus AQ performed better at con-
trolling treatment failure at day 28, but was not as good as SP plus AS at reducing
gametocyte carriage at day 7.

Seven randomized trials of 4472 children were included in the meta-analysis of
Obonyo et al [60]. The authors compared the efficacy of amodiaquine plus sulfa-
doxine/pyrimethamine (AQ + SP) versus artemisinin-based combination therapies
(ACT) in the treatment of uncomplicated malaria. Treatment failure of AQ+SP was
significantly reduced compared with AS+SP, but increased compared with AL. All
treatment regimens were safe and well tolerated.
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11.5 Activity Against Cancer

During the past dozen years, our own efforts have been focused on the activity of
artemisinin and its derivatives with respect to cancer cells. Our results suggest oxida-
tive stress as a mechanism of artesunate against cancer cells [4], [61–67]. We found
that thioredoxin reductase and catalase expression correlated significantly with the
IC50 values for artesunate. WEHI7.2 mouse thymoma cells selected for resistance
to hydrogen peroxide or transfected with thioredoxin, manganese superoxide dis-
mutase or catalase showed resistance to artesunate as compared to the parental
cell line [68]. The microarray-based mRNA expression of dihydrodiol dehydro-
genase, γ-glutamylcysteine synthase (γ-GCS; GLCLR), glutathione S-transferases
GSTM4, GSTT2, GSTZ1, and microsomal glutathione S-transferase MGST3 corre-
lated significantly with resistance to artesunate in the NCI cell line panel. A ten-
dency for correlation (0.05 < p < 0.1) was observed for GSTA1, GSTA2, GSTP1,
and MGST1. MSC-HL13 cells transfected with cDNAs for heavy and light subunits
of γ-GCS were more resistant to ART than mock transfected MSV-PC4 cells [69].
L-buthionine sulfoximine, a γ-GCS inhibitor that depletes cellular glutathione pools,
completely reversed ART resistance in MSV-HL13 cells [70].

As tumor cells contain much less iron than erythrocytes, but more than other
normal tissues [34], the question arises as to whether iron may be critical for
artemisinin’s action with respect to tumor cells. Cellular iron uptake and inter-
nalization are mediated by binding of transferrin-iron complexes to the transferrin
receptor (CD71) expressed on the cell surface membrane and subse-quent endo-
cytosis. While most normal tissues are CD71-negative, CD71 is highly expressed
in clinical tumors and is widely distributed among clinical tumors [39, 42, 71].
We found that CD71 expression was much higher in CCRF-CEM and U373 tu-
mor cells (48 to 95%) than in peripheral mononuclear blood cells of healthy donors
(< 2%) [37]. Iron(II) glycine sulfate (Ferrosanol) and transferrin increased the cyto-
toxicity of free artesunate, artesunate microencapsulated in maltosyl-β-cyclodextrin,
and artemisinin towards CCRF-CEM leukemia and U373 astrocytoma cells com-
pared with artemisinins applied without iron [37, 72]. This effect was reversed by
monoclonal antibody RVS10 against the transferrin receptor, which competes with
transferrin for binding to the receptor. These results are in accordance with data from
other authors
[36, 73, 74].

The outgrowth of new blood vessels from preexisting ones is crucial for tumors to
gain access to sufficient amounts of oxygen and nutrients [75]. If tumors reach a size
where diffusion alone cannot supply enough oxygen and nutrients, a process termed
angiogenesis is promoted by numerous proangiogenic or antiangiogenic factors. As
a consequence, inhibitors of angiogenesis has raised considerable interest for cancer
treatment [76]. Artemisinin and its derivatives inhibit angiogenesis, as shown by
several groups including our own [77–82].

In 1996, we showed for the first time that artesunate induces apoptosis in cancer
cells [4]. This result was subsequently confirmed by others [83–87]. Recently, we
analyzed the precise apoptotic pathways induced by artesunate [88]. Using leukemic
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T-cells as a model system, we showed that artesunate induces malignant T-cells to
undergo apoptosis through the mitochondria pathway. This was demonstrated by
inducing the release of cytochrome c from the mitochondria upon ART treatment
and followed by activation of caspase-9, the main caspase involved in the intrinsic
pathway. In contrast, no activation of caspase-8, the main caspase for the extrinsic
pathway, was seen. Furthermore, cells deficient in either the death adapter molecule
FADD or caspase-8 were at least as sensitive to ART as the parental cells. Fur-
ther investigation of the molecular mechanisms by which ART triggers apoptosis
revealed that ART induces the intrinsic death pathway by generation of reactive
oxygen species (ROSs). This was confirmed by the fact that the antioxidant NAC
could completely block ROS generation and, consequently, inhibited ART-induced
apoptosis.

The activity of artemisinin and its derivatives in vivo has been demonstrated by
several authors. Moore et al. [36] found that the growth of fibrosarcoma in Fisher
344 rats was significantly delayed by the daily application of the active metabolite
of artemisinin, dihydroartemisinin, plus ferrous sulfate compared to untreated con-
trol animals. Chen et al. [79] applied a chorioallantoic membrane (CAM) assay in
chicken eggs. This represents a well-established assay to analyze the development
of blood vessels in vivo. In particular, the CAM assay is suited for the screening of
angiogenesis inhibitors. Dihydroartemisinin significantly suppressed neoangiogen-
esis by means of this test system. These results are conceivable with results of our
own investigations [80]. We soaked Matrigel plugs with vascular epithelial growth
factor (VEGF), tumor necrosis factor-α (TNF-α), and heparin, which act as strong
stimuli for angiogenesis. The Matrigel plugs were subcutaneously injected into nude
mice. In control animals without artesunate treatment, a strong vascularization blood
filling of the plugs took place after 4 d. In contrast, a statistically significant reduc-
tion of Matrigel vascularization was observed in mice fed with artesunate in the
drinking water. To determine the in vivo effects of artesunate on tumor growth, we
subcutaneously injected KS-IMM Kaposi sarcoma cells to nude mice [80]. Whereas
a strong tumor growth was found in untreated mice, it was strongly suppressed in
artesunate-treated animals. These results were subsequently confirmed by other au-
thors. Disbrow et al. [89] found that dihydroartemisinin inhibited the virus-induced
tumor formation in vivo. Dogs infected with canine oral papillomavirus developed
tumors in the oral mucosa. The tumor development was, however, significantly in-
hibited by topical application of dihydroartemisinin. Lai and Singh [90] induced
breast cancer in rats by application of 7,12-dimethylbenzo[a]anthracene (DMBA).
In comparison to untreated control animals, rats fed with artemisinin showed a de-
layed tumor development and the tumor size was smaller. Furthermore, fewer rats
showed multiple breast tumors and fewer rats developed tumors at all.

The successful treatment of human xenograft tumors in nude mice with arte-
sunate [80] inspired us to apply artesunate in a clinical setting. We have treated two
patients suffering from uveal melanoma on a compassionate-use basis after stan-
dard chemotherapy alone was ineffective in stopping tumor growth [91]. Generally,
this tumor entity has a median survival of 2 to 5 months. We did not observe addi-
tional side effects that exceed those seen with standard chemotherapy, indicating that
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artesunate was well tolerated. One patient experienced a temporary response after
the addition of artesunate while the disease was progressing under standard therapy
with fotemustine alone. The patient died after 24 months. The second patient first
experienced a stabilization of the disease after the addition of artesunate plus iron
to the standard drug dacarbazine followed by objective regressions of splenic and
lung metastases. This patient is still alive 47 months after first diagnosis of stage IV
uveal melanoma. This promising result indicates that artesunate might be a valuable
adjuvant drug for the treatment of melanoma and other tumors in combination with
standard chemotherapy. The treatment of single cases of a laryngeal squamous cell
carcinoma with artesunate [92] and a pituitary macroadenoma with artemether has
been reported recently [93]. Larger clinical trails are required to establish artesunate
for cancer therapy in the clinical setting.

11.6 Activity Against Schistosomiasis

It is estimated that more than 200 million people are affected with schistosomia-
sis caused by blood flukes (Schistosoma haematobium, S. intercalatum, S. japon-
icum, S. mansoni, and S. mekongi) [94–96]. While in some countries Schistosomi-
asis seems to be under control, i.e., Brazil, China, and Egypt, other regions suffer
from this disease, i.e., sub-Saharan Africa [97, 98]. Affected hosts develop immuno-
logical reactions against the parasite eggs in the host tissues ranging from allergic
reactions at early stages to considerable morbidity in chronic phases later ones. Typ-
ical symptoms of schistosomiasis are exercise intolerance, anemia, delayed cogni-
tive development, and growth retardation. Praziquantel is a standard drug in the
treatment of the disease that enables one to control morbidity in affected areas [98].

Again, Chinese scientists were the first to observe that artemisinin and its deriva-
tives were active against Schistosoma infections [99] – a result that was subsequently
confirmed by authors outside China (as reviewed by Utzinger et al. [100]).

In contrast to praziquantel, which shows highest activity against adult worms
(and very young schistosomula), detailed studies in a mouse model revealed that 2-
to 3-week-old schistosomula were killed more efficiently by artemether than adult
worms [100]. Artemether is most active against juvenile Schistosoma parasites, and
prevents morbidity associated with schistosomiasis, since the egg-laying worms do
not develop [101]. In combination with praziquantel, which is most active against
adult worms, all developmental parasite stages can be attacked [102].

As reviewed in a recent meta-analysis by Utzinger et al. [100], 16 randomized,
placebo-controlled clinical trials were conducted with oral artesunate for the pre-
vention of S. japonicum infection, which demonstrated convincingly the efficacy of
the drug combating the disease. Eight randomized, placebo-controlled clinical tri-
als were conducted with artemether. The meta-analysis of Utzinger et al. (2007)
[100] also showed the utility of this drug to treat schistosomiasis. Artemisinins
also revealed a good safety profile when used to prevent Schistosoma infections
[103, 104].
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11.7 Activity Against Viral Infections

11.7.1 Human Cytomegalovirus

Although ART and other artemisinin derivatives have been described as antimalaria
drugs [24], their antiproliferative activity is not restricted to protozoans [4, 65]. We
investigated whether ART had antiviral activity and to identify possible underlying
molecular mechanisms. We found that ART effected a strong inhibition of plaque
formation of HCMV AD169 and HSV-1, a partial inhibition of HIV-1, but no inhi-
bition of influenza A virus [105]. Concerning the inhibitory potential for HCMV, it
was important to demonstrate that viruses with various phenotypes, i.e., natural iso-
lates, resistant mutants, and laboratory strains and recombinant virus clones, were
all highly sensitive to treatment with ART. A possible mechanism is provided by the
finding that central regulatory processes of the infected cell were inhibited by ART,
thus interfering with critical requirements of HCMV replication in terms of host cell
type and metabolism.

Human cytomegalovirus (HCMV) infection can cause maldevelopment of the
central nervous system of embryos and neonates [106]. HCMV can be fatal to im-
munocompromised adults, for example, organ transplant recipients and patients with
acquired immunodeficiency syndrome [107]. Furthermore, the virus is indirectly in-
volved in the etiology of certain tumor types (e.g., by the synergistic interaction with
tumor-inducing viruses), indicating its role in the coregulation of cellular prolifer-
ation [108]. HCMV infections are generally treated with the nucleoside/nucleotide
analogs ganciclovir (GCV) and cidofovir (CDV) or the inorganic pyrophosphate
analog foscarnet [109–111], all of which cause adverse side effects and reveal low
oral bioavailability [112]. In addition, the therapeutic effectiveness is frequently
compromised by the emergence of drug-resistant virus isolates. A variety of amino
acid changes in the UL97 protein kinase and the viral DNA polymerase have been
reported to cause drug resistance [113]. For this reason, the identification of novel
drugs with activity toward drug-resistant HCMV variants with a low level of toxic
side effects is urgently needed. A possible mechanism is provided by the finding
that central regulatory processes of the infected cell were inhibited by ART, thus
interfering with critical requirements of HCMV replication in terms of host cell
type and metabolism. In particular, the replication of HCMV is tightly coregulated
with cellular activation pathways, mediated by direct or indirect interaction with
cellular DNA-binding factors such as NF-κB or Sp1. These factors provide a major
determinant of the virus-host cell interaction. Moreover, there are several examples
demonstrating that chemical compounds interfering with activation pathways of cel-
lular transcription factors (e.g., the signal transduction pathway including mitogen-
activated protein kinase p38) possess a strong inhibitory effect on the replication
of HCMV. As ART and other artemisinin derivatives have captured the attention
of scientists and physicians concerned with malaria treatment for its activity to-
ward multidrug-resistant Plasmodium strains [51], we were interested in analyzing
whether ART was active toward drug-resistant HCMV as well. Indeed, we observed
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that the GCV-resistant strain AD169-GFP314 was inhibited with similar efficacy as
the drug-sensitive parental AD169-GFP virus. It is obvious from these experiments
with GCV-resistant HCMV that the putative inhibitory mechanisms of ART must
differ from those of the DNA polymerase inhibitor GCV.

We were further intrigued by the question of how the anti-HCMV effect is me-
diated at the cellular level. Upon the infection of cultured cells with HCMV, imme-
diate early (e.g., IE1-72, IE2-86), early (e.g., UL84), and late genes (e.g., UL94)
are expressed. IE gene products are essential for the subsequent expression of viral
early and late genes, all of which are involved in viral replication. A reduction in
IE2-86 expression is generally considered a critical limitation in viral replication
since IE2 gene products are essential for HCMV infection [114]. It is also note-
worthy that the viral immediate early promoter enhancer (in addition to other viral
promoters) contains binding sites for both Sp1 and NF-κB and therefore is respon-
sive to both factors [115]. Thus the activation pathways involving Sp1 and NF-κB
are important factors in the initial onset of the viral replication cycle and might be
critical in the mechanism of ART’s inhibition of HCMV. In particular, the replica-
tion of HCMV is tightly coregulated with cellular activation pathways, mediated by
the direct or indirect interaction with cellular DNA binding factors such as NF-κB
or Sp1 [116, 117]. These regulatory events are required for viral replication and pro-
vide a major determinant of the efficiency of virus multiplication. The present inves-
tigation demonstrated that ART inhibits the HCMV-induced DNA binding activities
of both NF-κB and Sp1. For both NF-κB and Sp1 we observed a drastic reduction
in HCMV-induced Sp1 protein synthesis under ART treatment, which explains (at
least in most part) the reduced DNA binding activity. This is a clue that ART’s anti-
cytomegaloviral activity is mediated by inhibition of transactivation of NF-κB and
Sp1 transcription factors. Although we have shown that NF-κB and Sp1 binding
activities are molecular targets of ART, we cannot rule out the possibility that other
mechanisms may also contribute to ART’s antiviral action. Infection of quiescent
human fibroblasts with HCMV was found to cause a rapid activation of cellular
PI3-K. PI3-K regulates phosphorylation of a number of kinases in cellular signaling
cascades, including Akt (also known as protein kinase B), cyclic AMP-dependent
kinase (protein kinase A), some isoforms of protein kinase C, and the ribosomal S6
kinases p70 and p85 (p70S6K and p85S6 K, respectively). Akt and p70S6K are two
major downstream effectors of PI3-K and are strongly activated upon HCMV infec-
tion, in a manner similar to the PI3-K-dependent activation of NF-κB and Sp1 [118].
Akt activation is needed for HCMV DNA replication. It is very likely that the ART
inhibition of HCMV replication is targeted to the initial stage of viral signaling.
In particular, those kinase cascades are suggestive to be involved that are already
induced by the interaction of the viral ligands with the cellular receptor. Thus inhi-
bition of PI3-K activity inhibits viral replication and virus-induced signaling [118].

Currently, a limited number of drugs is used for the treatment of a systemic or
locally reactivated HCMV infection: (1) ganciclovir (GCV), (2) its prodrug valgan-
ciclovir, (3) cidovovir (CDV), (4) foscarnet (FOS), and (5) fomivirsen. Nevertheless,
each of these drugs has a number of disadvantages. First, these antiviral compounds
are usually administered intravenously or intravitreally, except for valganciclovir,
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which possesses improved oral bioavailability. In addition, prolonged treatment with
each one of these drugs is frequently accompanied by serious side effects. Moreover,
GCV, valganciclovir, CDV, and FOS have similar mechanisms of action by target-
ing, either directly or indirectly, the viral DNA polymerase. Treatment with any of
these antiviral agents may therefore ultimately result in the emergence of single or
multiresistant HCMV mutants [119, 120]. These considerations have promoted an
intense search for novel therapeutic agents that are safe, potent, and act as alternative
antiviral targets.

We demonstrated that the antiviral activity of ART against CMV is not restricted
to human strains, but also includes animal CMVs, in particular RCMV [121]. An
important feature seems to be the finding that increased intracellular iron concen-
trations in the presence of ART significantly enhance its anti-CMV activity. This
enhancing effect was demonstrated by several observations: (1) treatment of CMV-
infected fibroblasts with ART combined with ferrous iron (Ferrosanol) and/or solu-
ble transferrin resulted in enhanced suppression of viral replication; (2) the expres-
sion of a cell surface marker (Thy-1), which is associated with the proinflammatory
effect of CMV infection and which is not affected by established antiviral drugs,
is strongly influenced by ART treatment; (3) the antiviral activity of ART against
CMV could also be demonstrated in vivo using the RCMV/rat model; and, finally,
(4) the antiviral activity of ART is additive when applied in combination with con-
ventional drugs such as GCV, CDV, and FOS. The last finding might be particularly
helpful in the treatment of HCMV disease inflicted by mutant viruses that are resis-
tant to conventional antiviral drugs [122]. GCV, CDV, and FOS are all directed at an
identical target of viral replication (i.e., DNA synthesis mediated by the viral DNA
polymerase) and, consequently, cross-resistance conferred by polymerase-related
mutations has frequently been reported [113]. The combination of drugs with dif-
ferent modes of action may delay the development of drug resistance in a clinical
setting. Therefore, using an antiviral drug that targets an alternative pathway and
does not interfere with the activities of conventional antiviral drugs seems highly
promising. Moreover, Ferrosanol is a clinically approved medication and has been
in practical use for many years. It is a safe drug without severe toxicity and can,
hence, be safely combined with ART.

11.7.2 Human Hepatitis B Virus (HBV)

The Hepadnaviridae family is formed by a group of highly species-specific viruses
that share the presence of an endogenous DNA polymerase with reverse transcrip-
tase activity [123–125] and whose genome in the mature virions is formed by a
circular partially double-stranded DNA (pdsDNA) in which both strands are held
together by hydrogen bonding between the 5′ ends of the two strands [126]. One
member of this family, the human hepatitis B virus (HBV), is characterized by its
high hepatotropism. This virus belongs to the genus Orthohepadnavirus and is not
cytopathic itself, although it may cause acute fulminant hepatitis [127] or chronic
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liver disease that may evolve into cirrhosis and, eventually, hepatocellular carci-
noma [128]. In spite of the availability of an effective and safe vaccine against HBV,
infection by this virus is an important worldwide health problem [129, 130]. Al-
though several pharmacological strategies are currently being implemented to treat
affected patients, no effective antiviral therapy against HBVinfection has yet been
fully developed.

In a recent investigation, a group of natural products from medicinal herbs used in
TCM was assayed for their anti-HBV-activity [131]. Among them, artemisinin and,
in particular, its semisynthetic derivative artesunate displayed the most interesting
properties. Moreover, their interest is enhanced by the existence of synergic effects
with lamivudine in the absence of drug-induced toxicity in host cells, which may
be an important characteristic due to the frequent problem in clinical practice of
infection by lamivudine-resistant HBV strains.

The range of concentrations at which artesunate was active against HBV (>
10μM) was quite similar to that previously reported for its activity vs. human cy-
tomegaloviruses [105]. Interestingly, these levels are close to the drug concentra-
tions reached in the plasma of patients when this drug is used in antimalaria treat-
ments (≈ 7μM) [132].

Similarly to artemisinin and artesunate, the model compound lamivudine induced
a pronounced inhibition of HBsAg release and/or viral DNA at concentrations at
which host cell viability was not affected. This effect was similar to that previously
reported by other authors in HepG2 2.2.15 cells [133].

Although artesunate induced a parallel inhibition in HBsAg and HBV-DNA se-
cretion, artemisinin-induced dose-dependent inhibition in HBsAg secretion was ini-
tially accompanied by an enhanced release of HBV-DNA (mainly rcDNA forms).
This paradoxical effect was previously observed when HepG2 2.2.15 cells were
treated with DNA-reactive drugs, such as Bamet-UD2 or cisplatin [134]. A similar
behavior, observed under different experimental circumstances, has been suggested
to be due to the inhibition of complete HBV production associated with the intra-
cellular accumulation of HBV-DNA intermediates and their subsequent release into
the medium [135].

11.7.3 Human Hepatitis C Virus (HCV)

Paeshuyse et al. [136] reported that the antimalarial drug artemisinin inhibits hep-
atitis C virus (HCV) replicon replication in a dose-dependent manner in two HCV
subgenomic replicon constructs at concentrations ineffective toward Huh 5-2 host
cells. Hemin, an iron donor, inhibits HCV replicon replication by inhibition of the
viral polymerase [137]. The combination treatment of artemisinin and hemin caused
a pronounced synergistic antiviral activity without affecting host cells.
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11.7.4 Bovine Viral Diarrhea Virus (BVDV)

The Flaviviridae family includes three different genera: Pestivirus (e. g., bovine
viral diarrhoea virus, BVDV); Flavivirus (e. g., Japanese encephalitis virus); and
Hepacivirus (e. g., hepatitis C virus). Flaviviridae viruses constitute a major cause
of disease worldwide. Thus, infection by HCV frequently causes chronic hepatitis
that may progress to cirrhosis and hepatocellular carcinoma [138]. The problem is
aggravated by the absence of an efficient vaccine against HCV and because currently
the standard treatment, based on pegylated IFN-α and the purine nucleoside analog
ribavirin (1β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide), in addition to having
noxious side effects, is not efficient in approximately half of the infected patients
[138]. This means that the search for more effective therapies is crucial.

Since all members of the Flaviviridae family share similarities in virion structure,
genome organization, and replication machinery, some viruses, in particular BVDV,
have been used as in vitro models for infection by these viruses [139]. The reason
for using BVDV is that this virus is less hazardous than other members of this family
because it is not infective for humans and BVDV replicates efficiently in cell culture
[140]. An additional advantage is that there are two biotypes of BVDV: cytopathic
and noncytopathic according to their effect on cell cultures. In contrast to infection
with noncytopathic strains, infection with cytopathic BVDV leads to lysis of the
host cell and hence represents a very useful tool in the investigation of the antiviral
protective effect of drugs.

The findings of a recent study suggest that artemisinin is an inhibitor of the pro-
duction of Flaviviridae viruses and that its effect is additive to those of IFN-α and
ribavirin. The pharmacological interest of artemisinin and its derivatives for the
treatment of infections by these viruses is enhanced by the facts that a large pro-
portion of people infected with HCV do not respond to available pharmacological
regimes (ranging from 20% of patients infected with genotype 3 to 80% of those
infected with genotype 1b) [141].

Owing to the fact that the mechanisms of action of IFN-α [142, 143] and ribavirin
[143, 144] against Flaviviridae viruses are probably different from those described
for artemisinin [145], there exists the possibility of additive effects of these drugs,
which, indeed, were observed in the study of Romero et al. [146]. IFN binds to
cell surface receptors and stimulates signal pathways that lead to the activation of
cellular enzymes that repress viral replication [143], whereas ribavirin, in addition to
its immunomodulatory properties, has direct antiviral activities that can be ascribed
to several possible mechanisms. These include the inhibition of the HCV RNA-
dependent RNA polymerase NS5B and the recently described activity as an RNA
mutagen able to impair viral replication [147].

11.7.5 Other Viruses

Disbrow et al. [89] reported that dihydroartemisinin inhibited papillomavirus-
induced tumor formation in vivo. Human papillomavirus-16 (HPV-16) is causatively
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linked with carcinogenesis [148]. This raises the question of whether dihydroarte-
misinin acts on HPV-16, thereby preventing tumor development. Although dogs
topically treated with dihydroartemisinin did not develop mucosal tumors, they
developed antibodies against the viral L1 capsid protein, suggesting that dihy-
droartemisinin had inhibited tumor growth but not early rounds of papillomavirus
replication [89].

Other authors reported that artemisinins are inactive against human herpes sim-
plex virus-6 (HHV-6), which is causatively related to the development of Ka-
posi’s sarcoma in immunodeficiency diseases such as AIDS [149]. Artesunate
was very active against human simplex virus-1 (HSV-1), weakly active against
human immunodeficiency virus-1 (HIV-1), but inactive against influenza
A viruses [105].

11.8 Side Effects of Artemisinin

A clinical-safety review of 108 clinical studies enrolling 9241 patients provided
ample evidence that artemisinins are safe and without serious adverse events or
severe significant toxicity and especially without neurotoxicity [53].

Neurotoxic effects have been repeatedly reported in experiments with mice rats,
and dogs, as recently reviewed by Toovey [150]. Affected areas in the brain stem
are the reticular system with autonomic control, the vestibular system, the auditory
system (trapezoid nucleus), and the red nucleus, which is important for coordination
[151–157]. Longer exposure times with lower peak blood concentrations are more
neurotoxic than shorter durations of exposure and higher peak blood levels [158].
These animal experiments give rise to concerns about the safety of artemisinin and
its derivatives in human beings.

However, few reports point to neurotoxic effects of artemether in clinical appli-
cation. Van Hensbroek et al. [159] observed delayed coma recovery times (CRT)
under treatment with intramuscular artemether vs. intravenous quinine in Gambian
children suffering from malaria. Due to these conflicting results, Stepniewska et al.
[160] performed a meta-analysis of seven studies with 1919 malaria patients. Ap-
plying a uniform CRT definition, no significant different in CRT between artemether
and quinine was found. Furthermore, no statistically significant difference with re-
gard to neurological sequalae was observed. In a recent study by Dondorp et al.
[161], malaria patients treated with artesunate were compared with quinine-treated
patients. The authors did not find significant differences of neutoxic symptoms (in
terms of times to speak, eat, and sit) between both treatment groups. Neurological
sequelae did not occur after treatment. Interestingly, malaria patients who developed
late-onset hypoglycemia had a higher incidence of death than artesunate-treated pa-
tients without hypoglycaemia. This may be an issue that deserves further investiga-
tion in the future.
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11.9 Conclusion and Perspectives

After being used in TCM for two millennia, one of the “gems” of TCM’s trea-
sure box has been rediscovered in recent years. Artemisinin is certainly one of the
most promising natural products of the past two decades. With respect to malaria,
it has great potential to contribute to a change in the desperate situation that the
world faces. Fortunately, the value of this molecule is not limited to the treatment
of malaria, and a wealth of papers has been published demonstrating the activity
of artemisinin and its derivatives against cancer cells, schistosomiasis, and various
viral diseases. Even more, the bioactivity of artemisinin and its derivatives is much
broader (Fig. 11.2). An enlarged bioactivity profile of artemisinin and its derivatives
may include the inhibition of

• Protozoans in addition to the Plasmodium or Schistosoma genus, i.e., Toxoplasma
gondii [162–169], Leishmania major and L. donovani [170–173]; Trypanosoma
cruzi and T. brucei rhodesiense [174], Neospora caninum [175], and Eimeria
tenella [176];

• Trematodes such as Echinostoma caproni [177];
• Fungi as exemplified by Pneumocystis carinii [178], Candida albicans [179],

and Cryptoccocus neoformans [180];
• Yeast (Saccharomyces cerevisiae) [65, 181]; and
• Bacteria, i.e., Leptospira serovars [182] and some anaerobic bacteria [183].

Ironically, in an age when many scientists are searching for compounds with in-
creased specificity to their molecular and cellular targets, artemisinin is coming up

Fig. 11.2 Bioactivity of artemisinins
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with its own multifunctionality. This class of compounds seems to have many differ-
ent targets against different diseases. Conceptually, modern concepts in molecular
pharmacology aim to increase treatment efficacy and to decrease unwanted side ef-
fects by developing compounds that attack disease-related target molecules with
high affinity. It is quite obvious that the natural evolution of pharmacologically
active compounds in plants took a different path. Natural products have evolved
into plants as chemical weapons to protect from infections with bacteria, viruses,
and other microorganisms as well as herbivores such as insects, worms, humans,
etc. It comes as no surprise that multifunctional molecules might be more versatile
and, hence, more successful than mono-specific ones in protecting plants from en-
vironmental harm. In the case of artemisinin, it has been shown to be active against
various plant pathogenic fungi (Gaeumannomyces graminis var. tritici, Rhizocto-
nia cerealis, Gerlachia nivalis, and Verticillium dahliae) [179], supporting a role of
artemisinin as protective agent for plants.
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Chapter 12
Anticancer and Immunomodulatory Properties
of Tinospora

Anil Mittal and Rana P. Singh

Abstract There has been an upsurge in the discovery of bioactive phytochemicals
having a chemopreventive ability against various diseases including immunological
disorders and cancer. Based on their uses in Ayurveda or herbal medicine, many
plants have been the subject of experimental evaluation to provide a scientific ra-
tionale for their medicinal values. In this regard, Tinospora has a long history of
use against various ailments including spasms, inflammation, arthritis, allergy, di-
abetes, cardiotoxicity, and immunosuppression. However, scientific evidences for
its biological activities are limited. Recently, many studies have been carried out to
support the acclaimed as well as to discover the novel potential of Tinospora which
have also revealed its anticancer and radioprotective activities. Overall, the anti-
cancer and immunomodulatory activities of Tinospora and its bioactive components
could be further explored in relevant experimental model systems for its potential
clinical benefits.
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DL Dalton’s lymphoma
EAC Ehrlich ascites carcinoma
GSH Reduced glutathione
GST Glutathione S-transferase
GPX Glutathione-peroxidase
GR Glutathione reductase
GM-CSF Granulocyte-monocyte colony-stimulating factor
γGT γ-glutamyl transpeptidase
G1-4A Arabinogalactan
HMG1 High-mobility group1
iNOS Inducible nitric oxide synthase
IL Interleukin
IFN Interferon
LPx Lipid peroxidation
LDH Lactate dehydrogenase
LPS Lipopolysaccharide
MST Median survival time
MTD Maximum tolerated level dose
MCP-1 Monocyte chemo-attractant protein-1
MPO Myeloperoxidase
NK Natural killer
NO Nitric oxide
PAMP Pathogen-associated molecular pattern
PRR Pattern recognition receptors
RTc Root extract of Tinospora cordifolia
ROS Reactive oxygen species
SOD Superoxide dismutase
TCE Extract of Tinospora cordifolia
TIMP-1 Tissue inhibitor of metalloprotease-1
TAM Tumor-associated macrophages
TNF Tumor necrosis factor
TLR Toll-like receptor
VEGF Vascular endothelial cell growth factor

12.1 Introduction

Carcinogenesis is a multistep process induced by various types of carcinogens that
ultimately lead to the development of cancer. Many biological and molecular events
have been identified that are modulated by natural agents to inhibit the different
stages of carcinogenesis. Epidemiological data suggest that consumption of a fiber-
rich diet (low lipid content) and yellow-green vegetables can reduce the risk of
various cancers [1–6]. Many laboratory studies for the chemoprevention of can-
cer using natural agents have revealed encouraging results [7]. In this regard, a large
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number of plants have been screened for their anticancer activities. These plants
were found to contain specific antineoplastic phytochemicals that have been iso-
lated from the different parts of the plants. For example, silibinin (polyphenolic
flavonoid) extracted from the fruits or seeds of milk thistle has been shown to sup-
press prostate, skin, lung, and many other cancers [8, 9]; curcumin from turmeric
inhibits colon cancer [10, 11], capsaicin from red chili inhibits prostate cancer [12],
and resveratrol from red grapes inhibits breast cancer [13]. Similarly, lycopene
from tomato, β-carotene from carrots, genistein from soybean, catechin from tea
and ellagic acid from pomegranate etc have also been shown to possess anticancer
activities [14].

Herbal medicines offer treatment for various diseases by modulation of the im-
mune system and are classified as immunomodulators. These immunomodulators
may alter the activity of the immune system by regulation of cytokine expres-
sion and secretion. Many plants have been found to have immunomodulatory ac-
tivities by altering the expression of various cytokines. Such plants are Allium
sativum, Ananas cosmosus, Echinacea purpuria, Grifolia frondosa, Poria cocos,
Smilax glabra, Withania somnifera, Curcuma longa, and Tinospora cordifolia [15].
Tinospora has been shown to have various immunomodulatory properties. For ex-
ample, the aqueous extract of T. cordifolia stem, which contains arabinogalactan,
shows immunological properties [16]. Plant-derived polysaccharides are regarded
as excellent immunomodulators due to their therapeutic properties, less toxicity,
and fewer side effects as compared to other immunomodulators [17].

There are various species of Tinospora, of which T. cordifolia is the most exten-
sively studied species for its biological activities. T. cordifolia is a glabrous, decidu-
ous, and climbing shrub that belongs to the family Menispermaceae [18, 19] and is
found throughout the tropical Indian subcontinent and China. It is popularly known
as Giloy, Guduchi, or amritha and is used in Ayurvedic and veterinary medicines.
In addition, it is well known for its various properties such as antispasmodic, an-
tiperiodic, anti-inflammatory, antiarthritic, antiallergic, antidiabetic [20–22], antiox-
idant [23], antihepatotoxic [24], antifertility [25], and cardioprotective [26] prop-
erties including acetylcholine esterase inhibitory activity [27]. Tinospora root is
specifically known for its antileprotic, antistress, and antimalarial activities [22, 28].
Pretreatment of animals with the aqueous extract of the stem of T. cordifolia shows
protection against infection by E. coli and Staphylococcus aureus and also protects
from mixed abdominal sepsis [29, 30].

A variety of constituents have been isolated from T. cordifolia including alka-
loids, diterpenoids, steroids, glycosides, phenolics, sesquiterpenoids, aliphatic com-
pounds, and polysaccharides [22]. The leaves of T. cordifolia contain large amounts
of calcium, phosphorus, and protein [22, 31]. Various alkaloids like berberine,
pulmatine, terbertarine, and magnoflorine have been isolated from the stem of T.
cordifolia. The roots also contain other alkaloids such as choline, tinosporin, iso-
columbin, and tetrahydropalmatine [32–34]. The methanolic extract of T. cordifolia
shows the presence of norditerpene furan glycosides, phenylpropanoids, diterpine
furan glycosides, and plytoecdysones [35]. The following sections focus on the an-
ticancer and immunomodulatory activities of Tinospora.
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12.2 Effect of Tinospora on Carcinogen/Drug Metabolism
and Antioxidant Systems

Xenobiotic metabolism plays a critical role in delivering the active carcinogenic
dose of a potential carcinogen. Generally, it consists of phase I and phase II metab-
olizing enzyme systems in which, due to the activity of the former, the epoxide can
be formed that is an active form of carcinogen known to bind with the DNA, re-
sulting in mutation during cell proliferation. The phase II enzyme system can make
it inactive to facilitate their excretion outside the body [36]. In this regard, it has
been shown that the hydroalcoholic extract of aerial roots of T. cordifolia modulates
both phase I and phase II enzymes as well as antioxidant enzymes including cy-
tochrome p450 reductase, cytochrome b5 reductase, glutathione transferase (GST),
DT-diaphorase (DTD), superoxide dismutase (SOD), catalase, glutathione peroxi-
dase (GPX), and glutathione reductase (GR) in mouse liver [37]. This treatment also
increases reduced glutathione (GSH) content in liver and extrahepatic organs (lung,
kidney, forestomach) and SOD, catalase in kidney; catalase, GST, SOD in lung; and
GST, DTD, and SOD in forestomach. Inhibition of lipid peroxidation has also been
shown to occur by this treatment [37]. Thus, Tinospora acts as a bifunctional enzyme
inducer because it induces both phase I and phase II enzyme systems. Additionally,
T. cordifolia could remove oxidative stress conditions by activating antioxidant en-
zymes, thereby maintaining the reducing environment, along with the removal of
the reactive oxygen species and neutralization of reactive intermediate species pro-
duced from the exposure to xenobiotics including chemical carcinogens [37, 38].
Together, these reports suggest the chemopreventive and antioxidant activities of
Tinospora.

12.3 Anticancer Activity of Tinospora

Different extract preparations of Tinospora have been tested for their anticancer ac-
tivity in various cancer model systems. In Ehrlich ascites carcinoma (EAC)-bearing
mice, dichloromethane extract of T. cordifolia (TCE) has shown anticancer activ-
ity [32]. In this study, TCE is reported to have a dose-dependent increase in the
survival of EAC-bearing mice receiving 25 to 100 mg/kg doses of the extract. A
50 mg/kg body weight of dose has been found to have optimal effect on survival.
Medium and average survival times for this dose were 53 and 56 d as compared to
the respective non-drug-treated controls, which were 19 and 18 d, respectively. TCE
has also shown a time-dependent decrease in glutathione (GSH) level but enhanced
lipid peroxidation in EAC cells from mice receiving 50 mg/kg dose of TCE [32].
These observations indicate the potential cytotoxic effects of TCE on EAC cells via
oxidative mechanisms.

In another study, TCE has been reported to have a cytotoxic effect on HeLa cells
[39]. This cytotoxic effect of TCE on HeLa cells was found to be associated with
increased lipid peroxidation, release of lactate dehydrogenase (LDH), and decrease
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in GST activity [40]. Another report suggests that T. cordifolia has been used in the
successful treatment of throat cancer in humans [41]. Overall, these reports suggest
the anticancer potential of Tinospora.

12.4 Tinospora Inhibits Tumor Angiogenesis

Angiogenesis is the formation of new blood vessels from preexisting ones. The
physiological process of angiogenesis is complex and strictly regulated, and its
deregulation can cause a number of diseases including cancer, endometriosis, di-
abetic retinopathy, rheumatoid arthritis, and psoriasis [42, 43]. Angiogenesis is
required at the very early stages of tumor development and is important for the
metastatic spread and invasiveness of tumors. Angiogenesis plays an important role
in the growth and progression of solid tumors, and without angiogenesis tumors
cannot grow beyond ∼2 mm in size [44, 45]. Therefore, to control tumor growth,
invasiveness, and metastasis, antiangiogenesis strategies represent promising ap-
proaches in the treatment of various cancers [46–48].

In a study, T. cordifolia was found to possess antiangiogenic activity in melanoma
B16F10 cell-induced capillary formation in vivo and in vitro. Many proinflamma-
tory cytokines such as IL-1α, IL-6, TNF-α, granulocyte-monocyte colony-stimu-
lating factor (GM-CSF), and vascular endothelial cell growth factor (VEGF) are
up-regulated by melanoma B16F10 cells. After intraperitonial administration of T.
cordifolia extract, capillary formation and the level of these cytokines are decreased
while antiangiogenic agents IL-2 and tissue inhibitor of metalloprotease-1 (TIMP-
1) were increased. In another experiment, employing rat aortic ring assays, the non-
toxic concentrations of T. cordifolia extract were found to inhibit proinflammatory
cytokines secreted by melanoma B16F10 cells, along with the suppression of the
microvessel outgrowth from aortic rings [49]. Thus, T. cordifolia could inhibit an-
giogenesis by regulating cytokine expression and increasing the circulating level of
antiangiogenic factors. This implies that Tinospora has the potential to inhibit tumor
angiogenesis and suppress tumor growth and progression.

12.5 Tinospora Inhibits Cancer Metastasis

During metastasis, after getting detached from the primary cancer tissue, tumor cells
penetrate the blood or lymph vessels and circulate with the body fluid and could
form a secondary tumor at a distant site, which is a big obstacle in the treatment
of cancer. During their journey, cancer cells encounter many immune cells, and
hence any agent boosting the immune system could interfere with metastasis. Many
phytochemicals have been observed to inhibit tumor cell metastasis [50]. In this
regard, there are many properties associated with polysaccharide fraction isolated
from the dried stem of T. cordifolia [16]. In vitro studies have shown that polysac-
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charide is a specific mitogen of B-cells but does not affect T cells. A study has also
shown that intraperitonial administration of this polysaccharide fraction results in a
72% reduction in the metastatic colony formation of B16F10 melanoma cells in the
lungs of syngeneic C57BL/6 mice [51]. In this study, the polysaccharide fraction
also reduced neoplastic markers such as lung hexosamine, collagen hydroxyproline,
uronic acid, γ–glutamyltranspeptidase (γGT), and sialic acid [51]. Overall, these ob-
servations indicate the antimetastatic effect of Tinospora; however, more studies on
relevant animal models are needed to support this conclusion as well as to find out
the associated mechanisms.

12.6 Radioprotective Potential of Tinospora

Radiotherapy-induced damage to normal tissues is the major limitation of the thera-
peutic response in antitumor therapy. On the other hand, radiation toxicity itself can
cause many genetic aberrations leading to various diseases including cancer and
immunosuppresion. In this regard, T. cordifolia has been shown to have promising
radioprotective potential in terms of survival after whole-body irradiation. Addi-
tionally, it also modulates cell cycle progression, hematologic parameters, spleen-
colony-forming units, and micronuclei formation. Preirradiation administration of
a single dose of root extract of T. cordifolia (RTc, 200 mg/kg b/w) offers 76% sur-
vival in mice exposed to 10 Gy lethal gamma-irradiation, but without RTc treatment
irradiated mice suffer from 100% mortality within 10 to 15 d. Most radioprotec-
tive agents show the maximum radioprotective effect at maximum tolerated level
doses (MTD), but RTc shows significant protective effect at about 50% concentra-
tion of its MTD [52–54], and this ability makes T. cordifolia more useful for clinical
applications. Most of the radiation-induced damages are due to the interaction be-
tween radiation-induced free radicals and biomolecules, and hence molecules or
agents that have the ability to neutralize or scavenge these free radicals could in-
hibit radiation-induced damages. T. cordifolia possesses the ability to scavenge free
radicals and prevents radiation-induced damages [55]. However, the survival ability
against radiation-induced damages could be a combination of different mechanisms
including scavenging free radicals, inhibition of free-radical generation, and repair
of DNA and membranes [56]. Overall, these studies are indicative of the radiopro-
tective potential of Tinospora; however, detailed studies are needed to explore its
radioprotective mechanisms.

12.7 Tinospora Activates Tumor-Associated Macrophages
of Dalton’s Lymphoma

It has been found that the alcoholic extract of T. cordifolia can activate the tumor-
associated macrophages (TAM) of Dalton’s lymphoma (DL), which is sponta-
neously transplantable T-cell lymphoma. The basic functions of these macrophages
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are antigen presentation, phagocytosis, and secretion of IL-1, TNF, etc., which can
be induced by intraperitonial administration of the Tinospora extract in DL-bearing
mice together with the increase in life span of tumor-bearing mice and reduction in
tumor growth. This extract treatment also shows the anticancer efficacy by desta-
bilization of the membrane integrity of DL cells and activates the differentiation
of TAM to dendritic cells (DC) in response to GM-CSF, tumor necrosis factor, and
interleukin-4 [57, 58]. Overall, Tinospora could, in part, trigger its in vivo antitumor
activity via activation of TAM.

12.8 Immunostimulating Properties of Tinospora

Many plants are known to produce immunogenic components. In this regard, various
polysaccharides are known to stimulate the immune system, for example, β-glucans,
which have structural identity with conserved pathogen-associated molecular pat-
terns (PAMPs) that activate the immune system by binding the specific recep-
tors, pattern recognition receptors. These receptors are found on various immune
cells, including natural killer cells (NK cells), macrophages, monocytes, and neu-
trophiles [59, 60], and stimulate cytotoxic, phagocytic, and antimicrobial activities
by synthesis of cytokines, chemokines, reactive-oxygen species, and N2 intermedi-
ates. α–D glucan (RR1) from T. cordifolia consisting of (1 → 4) linked backbone
and (1 → 6) linked branches is reported to stimulate the immune system [61]. It is
found to be nontoxic and nonproliferative to tumor as well as normal cells at 0 to
1000 μg/ml concentrations and proficiently activates lymphocytes of different sub-
populations like NK cells, T cells, and B cells at a 100 μg/ml concentration [62].
Activation of NK cells is associated with the killing of tumor cells. RR1-mediated
induction of normal lymphocytes produces IL-1β, IL-12 p70, IL-12 p40, IL-18,
IL-6, IFN-γ, TNF-α, and monocyte chemoattractant proteins (MCP-1), and this cy-
tokine profile is associated with the Th1 pathway with a self-regulatory mechanism.
RR1 also increases the level of the alternative pathway component C3a des Arg of
a complementary system, where C3a is a bioactive cleavage product of C3 during
complementary activation in alternative pathways [63]. In another study, water ex-
tracts and/or ethanol extracts of the stems of T. cordifolia and T. sinensis were found
to inhibit cyclophosphamide-caused immunosuppression and anemia in Swiss al-
bino mice [64].

12.9 Mechanism of Macrophage Activation by (1 → 4) α-D
Glucan from Tinospora

It has been shown that (1 → 4) α-D glucan isolated from T. cordifolia has many im-
munostimulating properties by which it modulates the macrophage functions. RR1
has been observed to inhibit phagocytosis of unopsonized zymosan bioparticles,
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which are yeast-derived particles containing β-glucan and mannan, in RAW 264.7
macrophages [60, 65, 66]. RR1 also inhibits the binding and internalization of
opsonized zymosan A bioparticles but with lesser efficacy than that of laminarin,
which is fungal-derived β-glucan [66–68]. For signaling of β-glucan, complement
receptor 3 (CD11b/CD18 or CR-3) acts as a leukocyte receptor for soluble [69]
and particulate glucans [70]. In RAW264.7 macrophage cells, CR3 monoclonal an-
tibody does not inhibit RRI-induced TNF-α synthesis, suggesting that CR3 does
not mediate internalization and opsonic binding of RR1; however, CR3 monoclonal
antibody inhibited zymosan A-induced TNF-α synthesis [71]. RR1-induced TNF-
α synthesis in macrophages is associated with NF-κB activation to elicit inflam-
matory response. It has also been observed that RR1 activates NF-κB by TLR-6
signaling, and this was evidenced by synthesis of IL-8 via NF-κB in TLR-6 trans-
fected HEK293 cells [71]. However, there are many other phytochemicals that have
been found to inhibit NF-κB activation in macrophages. For example, caffeic acid
phenethyl ester (CAPE) and curcumin inhibit NF-κB activation as well as TNF-α
synthesis in macrophages [72, 73]. Overall, NF-κB signaling appears to be an im-
portant mechanism for RR1-induced macrophage activation.

12.10 G1-4A, an Immunomodulatory Polysaccharide
from Tinospora

Plant-derived polysaccharides are usually ideal immunomodulators because they
show relatively less toxicity and fewer side effects as compared to other agents.
Many studies show that they modulate the macrophage function by increasing
phagocytosis, chemotaxis, and microbicidal activity and antigen presentation to T
cells. For example, arabinogalactan, a polysaccharide (G1-4A) from the stem of T.
cordifolia, modulates the macrophage function and protects against lipopolysac-
charide (LPS)-induced endotoxic shock. LPS activates the cells of the immune
system to release mediators of sepsis and endotoxic shock including IL-1, IL-
2, IL-6, IL-8, TNF-α, endorphins, platelet-activating factor, various eicosanoids,
high-mobility groups (HMG1), nitric oxide (NO), and macrophage MIF, leading
to myocardial dysfunction, and renal and hepatic failure [74]. TNF-α has a crucial
role in endotoxin-induced toxicity, and there are many drugs available that inhibit
TNF-α production, e.g., pentoxyfilline [75], JTE-607 [76], thalidomide [77], 21-
aminosteroids [78], and dexamethazone [79]. However, these drugs make the host
immunocompromised [17].

G1-4A binds to macrophages and inhibits the binding of LPS to macrophages.
Hence, G1-4A mimics LPS but is not toxic to mice up to a dose of 100 mg/kg body
weight. Although a small amount of TNF-α is induced by G1-4A, pretreatment
with G1-4A decreases the LPS-induced level of TNF-α (17). G1-4A also causes
an increase in serum levels of IL-1β and IFN-γ in mice challenged with LPS. IL-1β
causes a decrease in the surface expression of TLR-4, a crucial receptor for LPS, and
also increases the serum level of glucocorticoids and their receptors on peritoneal
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macrophages [80, 81]. G1-4A also induces the NO in murine macrophages, which
act as vasodilator and provide protection during endotoxic shock by inhibiting vas-
cular thrombosis [17]. These reports provide evidence for the modulatory effects of
G1-4A on cytokines and NO to induce tolerance against endotoxic shock.

12.11 Hepatoprotective Properties of Tinospora

Some preparations of Tinospora are used as liver tonic. Experimental studies also
show that the extracts of T. cordifolia possess hepatoprotective and stimulatory
properties, as has been observed in CCL4-induced hepatotoxicity in mature al-
bino rats [24]. In this study, administration of CCL4 (0.7 ml/kg body weight for
7 d) causes liver damage marked by the elevation of certain specific enzymes such
as serum glutamate pyruvate transminase, serum glutamate oxaloacetate transami-
nase, and alkaline phosphatase as well as the serum level of billirubin, which also
happens in the case of jaundice. The enzyme levels return to normal after treat-
ment with an extract of T. cordifolia comparable to that in a control group of rats.
Tinospora has also been found to increase monocyte to macrophage differentiation,
myelopoiesis, antigen presentation, levels of released cytokine and myeloperoxi-
dase, and microbicidal and tumoricidal activities along with the stimulation of cer-
tain chemokines in CCL4-intoxicated rats [24]. Overall, these observations are sug-
gestive of protective effects of T. cordifolia against CCL4-induced hepatotoxicity
and immunosuppression.

12.12 Summary

The studies discussed so far suggest that T. cordifolia has great potential for cancer
chemoprevention and immunomodulation. Tinospora acts as a bifunctional enzyme
inducer for carcinogen/drug metabolism and induces antioxidant defense mecha-
nisms to neutralize oxidative stress usually caused by xenobiotics including chemi-
cal carcinogens. It can inhibit angiogenesis as well as cancer metastasis. The an-
ticancer effect of T. cordifolia increases the survival of EAC-bearing mice and
can induce cell death in HeLa cells. It also has radioprotective potential in terms
of whole-body survival, hematologic parameters, cell-cycle progression, spleen-
colony-forming units (CFU), and micronuclei induction. The survival effect of T.
cordifolia against radiation-induced damage involved various mechanisms includ-
ing scavenging of free radicals, repair of DNA damage, and inhibition of free-radical
generation.

T. cordifolia has many immunomodulatory functions as one of its constituents,
α-D glucan polysaccharide (RR1)-activated lymphocytes of different subpopula-
tions including NK cells, T cells, and B cells. Activation of NK cells is associated
with the killing of tumor cells. RR1 induces normal lymphocytes to secrete vari-
ous cytokines including interleukins, IFN-γ, TNF-α, and monocyte chemoattractant
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protein (MCP-1). RR1 can activate the C3a des Arg component of an alterna-
tive pathway of a complementary system. RR1 can induce TNF-α synthesis in
macrophages, which is associated with NF-κB activation by TLR-6 signaling. Other
polysaccharides, such as arabinogalactan (G1-4A) from the stem extract of T. cordi-
folia, modulate the macrophage function and protects against LPS-induced endo-
toxic shock. T. cordifolia also has hepatoprotective activities and can counter the im-
munosuppressive effects of CCL4. Together, these studies advocate for the detailed
investigation of the anticancer and immunomodulatory properties of Tinospora.
Nevertheless, the medicinal value of this plant has immense potential in clinical
applications. In the future, the identification of all biologically active components
could provide mechanistic insight into their preventive and therapeutic potential
against various ailments including cancer and immune diseases.
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Chapter 13
Safety and Efficacy of Phytomedicines in Cancer
Prevention and Treatment

Giuseppina Benoni and Laura Cuzzolin

Abstract In this review we discuss some aspects of herbal use either to prevent
cancer or to treat the disease or the side effects of chemotherapy. The most powerful
reasons, for cancer patients, to use phytomedicines are related to the wish to leave no
option untried and to the dissatisfaction with mainstream oncology treatments. In the
review, herbs commonly used in cancer and their mechanism of action are referred.
Moreover, clinical trials about the use of some herbs for treating the side effects of
chemotherapy and radiation are cited. As regards the safety data of phytomedicines
in cancer patients, considering the narrow therapeutic window of chemotherapic
drugs, the risk of clinically relevant herb-drug interactions can increase: in the USA
more than 100,000 deaths per year can be attributed to drug interactions, most of
them connected to the use of herbs. Some experts believe that the potential risk of
herb drug interactions is enough to recommend patients on chemotherapy not to
use herbal therapies. At present, oncologists must be encouraged to discuss herbal
use with their patients, and they should be aware of possible herb anticancer drug
interactions. Furthermore, physicians should advise patients to refrain from using
herbs, especially when their effects have not been well investigated.

Keywords Herbal drugs · Cancer · Chemoprevention

13.1 Introduction

Many people are keen to use herbal medicines either to prevent cancer or to treat
the disease or side effects of chemotherapy, but most remain unaware of the limited
scientific evidence regarding the efficacy of these remedies and the potential drug
interactions and adverse effects that may result from their consumption. Most trials
are small, open-label, uncontrolled and not randomised. Preliminary evidence sug-
gests that some herbs may have a role in preventing cancer or adjoin therapies for
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its treatment, but it appears that herbal medicines are unlikely to provide a miracle
cure for cancer [1], and their effects are not always predictable.

Most cancer patients combine, rather than replace, conventional therapy with
herbs [2]. Studies on cancer patients sampled from the general population indi-
cate that herb users are mostly young women high on the social ladder [3, 4]
who are looking for miraculous cures [5]. In addition, they tend to be more health
conscious [6], are willing to spend out of pocket [7] or are being treated with
chemotherapy [8].

Several studies indicate that young patients and those who live long after re-
ceiving a cancer diagnosis are more likely to seek some forms of complementary
and alternative medicine (CAM) [9]. One concern is the fact that approx. 70% of
those who report using herbs do not inform their physicians of their decision [10].
Furthermore, the fact that most conventional medical practitioners have very little
knowledge of herbs makes educating herb users a challenging task.

13.1.1 Reasons for Using Phytomedicines in Cancer
Treatment and Prevention

Different reasons lead patients with acute, serious or life-threatening conditions and
patients with chronic or benign diseases to try CAM. For cancer patients, the most
powerful motivations relate to the desire to leave no option untried and to the dissat-
isfaction with mainstream oncology treatments [11]. In general, most cancer patients
are satisfied with conventional treatment. Nevertheless, the attention paid to their
symptoms and side effects is not satisfactory for them. It is currently estimated that
more than half of the patients diagnosed with cancer have explored herbal medicines
in an attempt to treat cancer and the adverse effects associated with conventional
cancer treatments. For example, PC-SPES is sometimes used as the sole treatment
for prostate cancer for its presumed action as an anticancer agent [12, 13].

According to a survey of gynaecological cancer patients on their reasons for us-
ing herbs [14], a large number of patients resorted to herbs to improve their quality
of life and, if they were taking other drugs, to decrease their adverse effects, whereas
15% of patients used herbs to treat the cancer directly. Several products are under
investigation in clinical trials for this reason. However, they have not been under
appropriate trial development so far [15].

Another reason for using herbs is related to their cancer-prevention properties.
For example, the more or less conscious use of green tea by men has become
more and more popular. Indeed, in a recent case-control study, supported by in
vitro research, a protective effect of green tea against prostate cancer was sug-
gested [16, 17]. The risk was thought to decline along with the increase in frequency,
duration, and quantity of green tea consumption. However, conflicting results on the
use of green tea as a protective substance in relation to prostate cancer have been
reported by epidemiological studies [16]. In general, there is a lack of evidence on
the efficacy of most herbs in the prevention of cancer.
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In addition to these reasons, cancer patients generally have the same reasons
as other people for using CAM [18]. Most cancer patients want to increase their
body’s ability to fight the disease (50%) and improve their physical and emotional
health (40% and 35% respectively) [19]. In a recent report, a study performed at a
community hospital with a cancer centre found that dietary supplement users have a
better quality of life than non-users [20]. In contrast, previous data showed opposite
results [4–21].

13.2 Methods

Medline and Embase searches were performed between 1990 and 2007 using the
terms “phytotherapic compounds”, “phytomedicine”, “efficacy”, “safety” and “epi-
demiological data” combined with the terms “cancer”, “patients”, “chemopreven-
tive”, “chemotherapy”, “side effect” and “antitumour activity”.Information about
the use of herbal products on the examined subpopulations derived from medical
records, prescription data, personal interviews, self-completion questionnaires or a
combination of these.

13.3 Epidemiological data

It is estimated that up to one third of the entire population of the USA has used
CAM, and most individuals in that country have used herbal products on a routine
basis [10]. Most research on the use of CAM is conducted in the USA, with multi-
ple recent surveys suggesting that 25 to 84% of US cancer patients have used CAM
therapies and 13% to 63% herbal preparations [10], with vary utilization rates ac-
cording to geographic areas and types of cancer. Apparently, patients with breast
cancer tend to use more herbal products than individuals with other types of ma-
lignancy, since women use CAMs more than men [10]. In particular, it seems that
colorectal and breast cancer patients are more likely to use dietary supplements than
lung cancer patients [22].

A recent descriptive survey conducted in 14 European countries has shown that
36% of cancer patients used some kind of CAM. Among those countries, the uti-
lization rates range from 15% to 73% of the population in Greece and Italy, re-
spectively [19]. Furthermore, herbs have resulted to be the most common CAM
therapy in 13 countries, most of them being specific in each country, i.e. mistletoe
in Switzerland, olive leaf paste in Greece and Aloe vera in Serbia and Spain. An
Australian study has reported that herbal treatments and naturopathy are the most
popular CAMs used by cancer patients, representative over 30% of the recorded
CAM use [23].

In a nationwide, cross-sectional survey carried on in Japan, 92% of the CAM
users with cancer use products such as mushrooms, herbs and shark cartilage [3].
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A Canadian survey has reported that 25% of breast cancer patients use herbal prod-
ucts [9]. In a study by Richardson et al. [24] regarding various CAM approaches, a
statistic on 453 male and female patients from 8 different cancer outpatient clinics
has shown that 62% of these cancer patients reported use of herbs and vitamin prod-
ucts. Navo et al. [14] have reported that gynaecologic oncology patients use CAM
(49.6% to 56.3%) among all herbal products. In general, most of them gathered in-
formation about herbs on their own from internet and media, but also looked for the
opinion of their friends and family.

Data from the Women’s Healthy Eating and Living study have shown that up to
80% of non-stage IV breast cancer patients took dietary supplements such as vita-
mins, antioxidants and herbs [25]. Recently, an important increasing trend in the use
of herbal products rather than other supplements has been observed [26]. A recent
study on patients enrolled in early-phase chemotherapy trials at the Mayo Clinic
Comprehensive Cancer Centre reports a high use of herbal products. More than
80% simultaneously used vitamins, herbs and minerals in addition to their experi-
mental chemotherapeutic agents [27], although this is often an exclusion criterion
formally not allowed during this type of treatment.

13.4 Herbs Commonly Used in Cancer Treatment
and Prevention

Several herbs and herbal compounds are believed to suppress the transformative,
hyperproliferative and inflammatory process that initiates carcinogenesis [28]and
dramatically inhibit the vascular endothelial growth factor (VEGF), whose pro-
duction is considered essential for the migration of cancer cell and for
angiogenesis.

Polyphenols are receiving considerable attention for the potential implications
in cancer therapy, particularly resveratrol, (grapes), quercetin (broccoli, onions and
tea), curcumin (turmeric), genistein (soy), epigallocatechin (green tea) and their
sources. In particular, quercetin strongly inhibited in a time and dose-dependent the
expression of the mutated p53 protein in breast cancer, while the anti-tumour activity
of resveratrol occurs through p53-mediated apoptosis [29, 30]. Another mechanism
for anticancer activity of resveratrol is the inhibition of a wide range of angiogenic
growth factors including VEGF expression [31].

Curcumin, found in turmeric and its derivatives, has demonstrated a significant
inhibition of VEGF and directly inhibits angiogenesis in vivo and in vitro. More-
over, curcumin is also known for interfering with the endothelial cell function by
inhibiting the specific integrin engagement. However, it does not interfere with nor-
mal cell function; this being the beauty of these safe compounds [32]. Moreover,
Aggarwal et al. [33] reported that the ability of curcumin stems of suppressing the
proliferation of a wide variety of tumour cells entails the anticancer effect of down-
regulating the Nf-kB, AP-1 and Egr-1 transcription factors and the expression of
COX2, LOX, NOS, MMP-9, uPA, and TNF.
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Regarding green tea and its extracts, findings have shown that they suppress
chromosomal abnormalities induced by carcinogens. For this reason, interest in
these compounds has grown as they also play a role in delaying the cumulative
genetic damage necessary for a cell to evolve from normality to one with aggres-
sive metastatic capabilities [34]. An appropriate dose of VEGF blockade would be
2 to 4 g of standardized green tea extract. Each gram of this extract provides 400 to
500 mg of EGCG [35].

The seed cones from magnolia trees inhibited the growth of new blood ves-
sels in mice. Silybin, a silymarin compound in milk thistle, bound to phosphatidyl-
choline, was shown to inhibit VEGF when used as a single agent against human
ovarian cancer [36].

Aloe-emodina, a hydroxyanthraquinone from Aloe vera and other plants, has
been indicated as a new antiangiogenic compound with a remarkable photocytotoxic
effect on tumour cells [37]. Emodin has been reported to be non-toxic for normal
cells while possessing specific toxicity for neuroectodermal tumour cells [38, 39].

Edible berries (bilberry, cranberry, elderberry, raspberry seed) may have
potent chemopreventive properties by inhibiting both H2O2 and TNF-α, which in-
duced VEGF expression [40]. Ginkgo has multiple actions including antiedemic,
antihypoxic, antioxidant, antiplatelet, free-radical scavenging and microcirculatory
properties [10–41].

Terpenes, and especially triterpenes, due to their broad spectrum of biologi-
cal activity, are studied by many researchers since there is growing interest in the
evaluation of triterpenoid extracts for cancer treatment [42]. Several triterpene com-
pounds that have recently appeared in the literature in preclinical studies suggest
potential therapeutic opportunities. Betullinic acid, boswellic acid, squalene, urso-
lic acid, oleanolic acid and triterpenoid saponins are among the growing number of
compounds evaluated in preclinical and some clinical studies [43].

Alfa-bisabolol is a sesquiterpene alcohol present in the essential oil of chamomile
and other plants which exerts, according to Cavalieri et al. [44], a strong time-
and dose-dependent cytotoxic action against human pancreatic cell line. However,
it failed to affect the viability of human fibroblasts. Based on these results, alfa-
bisabolol should be considered a novel promising compound for inhibiting the
growth and survival of transformed cells with high malignancy.

The efficacy of Ginseng in the treatment of physical performance, psychomotor
performance, cognitive function and immune modulation has been investigated [45].
The conclusion of this analysis is that the efficacy of ginseng is not established be-
yond reasonable doubt for any of these indications. However, a retrospective trial
involving 4634 patients suggested a dose-response relationship between ginseng
consumption and a decrease in the risk of cancer, with a 40% relative risk reduc-
tion [46].

Iscador, a derivative of mistletoe, is an example of an immunostimulant caus-
ing either an increase in cytotoxic T lymphocytes or natural killer cells or en-
dogenous production of interferon and interleukins. Iscador is available in many
mainstream European cancer clinics. European governments have approved stud-
ies on the efficacy of iscador against cancer. The results are mixed, since some
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studies suffer methodological shortcomings [47]. According to another system-
atic review [1], none of the methodologically well-made trials showed efficacy in
survival.

Several mushroom-derived compounds have been approved for use as cancer
treatment in Japan. Trials on polysaccharide Kureha (PSK), an extract of the mush-
room Coriolus versicolor, showed superior survival with PSK in both gastrectomy
and esophagectomy [1]. Two randomized trials of PSK given after curative resection
for colorectal cancer showed that both disease-free and overall survival rates were
significantly higher in the PSK group [48]. Results were less encouraging in breast
cancer and leukaemia [49, 50]. The proposed mechanism was immune modulation
of a beta glucan, a natural carbohydrate, present in great quantities in mushroom,
bound to specific receptors on neutrophils. An interesting association between the
response to PSK treatment and HLA type was reported [51].

Several studies have been published on the chemistry, pharmacology and clini-
cal applications of Echinacea, in particular E. purpurea. Among these, many have
described the use of Echinacea for immune system stimulation [10]. Astragalus has
been proved to have immunologic benefits by stimulating macrophage and natural
killer cell activity and inhibiting T-helper cell type2 cytokines. McCulloch et al, [52]
found evidence that Astragalus-based Chinese herbal medicine may increase the ef-
fectiveness (by improving survival, tumour response and performance status) and
reduce the toxicity of standard platinum-based chemotherapy for advanced non-
small-cell lung cancer. Garlic has been used in a variety of conditions as a chemo-
preventive agent for gastrointestinal tumours [53].

13.5 Herbs for Treating the Side Effects of Chemotherapy and
Radiation

Most adverse side effects of chemotherapy and radiotherapy are still a big con-
cern for patients and their families. No provisions are made for the side effects of
chemotherapy, and sometimes patients are not aware of these effects. In this respect,
to treat the side effects of chemotherapy and radiotherapy, the use of “safe natural”
herbs may be more appealing. Insomnia and other sleep disturbances are common in
cancer patients. Insomnia is a multifactorial health concern that currently affects at
least one out of three cancer patients, and yet most insomnia sufferers do not consult
their physician regarding pharmaceutical options for their relief.

In a multicenter study in Baltimore, 44% of breast and lung cancer patients re-
ported experiences of sleep disturbances [54]. In a cross-sectional survey, 31% of
patients attending clinics for breast, gastrointestinal, genitourinary, gynaecologic
and various skin cancers reported insomnia [55]. Up to 75% of cancer patients vis-
iting an intensive care unit reported sleep disturbances [56]. Since long-term use of
hypnotic drugs is associated with dependence and other risks, herbal remedies as
sleep aids are required, especially when the disease has become chronic [57]. Many
physicians have expressed the need to educate themselves and their patients to use,
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appropriately, these herbs and have questioned whether sufficient research data ex-
ist in order to make recommendations for insomnia relief and restoration of normal
sleep quality. Some herbal sedatives have a long history of use in Europe but they
are yet relatively new in the USA.

Valeriana contains constituents of the essential oil sesquiterpenes, which are of
special interest for their sedative effects. Valeriana has shown sedative activity in
a meta-analysis of clinical trials for the treatment of insomnia [58] and has been
proved useful in sleep, since it is active against anxiety, which may interfere with
sleep. Numerous studies have investigated the use of kava in the treatment of anxi-
ety and sleep disorders. A meta-analysis reported that kava was effective in reducing
anxiety [59].

Chamomile is very popular in the USA and Europe for its relaxing effect. Clini-
cal trials on the sedative effects of chamomile are lacking and thus needed. In a pilot
study, 10 out of 12 patients immediately entered into a deep sleep lasting an average
of 90 min [58].

Lavender is used in aromatherapy as a holistic relaxant and, when inhaled,
has been reported to have sedative effects in both animals and humans [60]. Pa-
tients undergoing radiation therapy were treated with lavender unscented carrier
oil or other essential oils for inhalation: the carrier group experienced less anxi-
ety than did the essential oil group. There are anecdotal and historical accounts
of the sleep-enhancing benefits of hops and Lemon balm. Both herbs are pur-
ported to have sedative and hypnotic effects, but clinical evidence from MEDLINE
is scarce [58].

Passionflower, another herb with mild sedative effects, is often combined with
valerian in the herbal sleep aids found in health food stores. In a double-blind, ran-
domized, placebo-controlled study, the effect on anxiety of passionflower did not
differ from that of the oxazepam group [61].

A meta-analysis was conducted on St. John’s wort including 23 randomized
trials (N:1757 outpatients) with mild to moderate depressive disorders. St. John’s
wort was found to be significantly more effective than placebo. Other authors
concluded that St. John’s wort was not effective in 200 adults with major
depression [58].

Regarding the efficacy of topical Aloe vera in reducing the side effects on skin of
radiation therapy, some authors [62, 63] reported no improvement in clinical studies
compared to placebo or aqueous cream.

Ginger has demonstrated effectiveness with chemotherapy-induced nausea in a
meta-analysis of randomized clinical trials [64]. Important adaptogens to consider
in oncology include Eleutherococcus senticosus, Panax ginseng, Rhodiola rosea,
Schisandra chinensis, Rhaponticum carthamoides and Aralia manchurica. Exten-
sive studies using various cytotoxic therapies in animal and human models with
tumours have demonstrated that these adaptogens reduced chemotherapic drug tox-
icity, in combination with cytotoxic agents, particularly in bone marrow restoration,
and they enhanced antitumour and antimetastatic effects [65, 66].
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13.6 Safety Data of Herbal Compounds in Cancer Patients

There is relatively little quality information about the adverse effects of herbs and in-
teractions between herbs and conventional medicines. This is due to a lack of knowl-
edge by healthcare practitioners, particularly about the way these effects should be
reported, and to the fact that consumers are less likely to report incidents associ-
ated with herbal products than those having to do with conventional medicines [9].
Cancer patients using herbal compounds should be warned that some of the ad-
verse effects of these therapies are often similar to symptoms associated with their
disease or treatment, thus making it difficult to discern if the disease or the “rem-
edy” is the problem [67, 68]. In addition, given the relatively poor quality control
standards of these products in many countries around the world, herbal medicines
containing the wrong herbal product and/or potentially toxic adulterants have been
reported [69, 70].

When adverse events and/or interactions with conventional drugs are reported
in the literature, it is important, at first, to note whether the herbal product was
authenticated. The quality of herbal products is highly variable with respect to the
concentrations of its major and characteristic ingredients [71]. This appears to be
the case both in countries where no strict regulation for these products exists (e.g.
the USA) and in countries where a stricter regulation has been formulated (e.g.
Germany). In addition pollution from pathogenic microorganisms, pesticides and
heavy metals makes the health risks even greater [71].

As an example, regarding cannabis, sometimes used for palliative purposes by
cancer patients [67], it has recently been demonstrated that the kind bought in Dutch
“ coffee shops” could be contaminated by bacteria and fungi that may seriously harm
ill patients [72]. To avoid the risks associated with pollution, patients should be extra
careful, because herbs that seem safe for healthy people under normal conditions
might not be so safe for certain groups of patients such as cancer patients [73]. It
has been clearly established, in any case, that a variety of herbal medicines may
produce serious side effects [71].

Considering the narrow therapeutic window of chemotherapic drugs, the use of
herbs, overall, increases the risk of clinically relevant herb-anticancer-drug inter-
actions. It is estimated that the interactions are responsible for more unexpected
toxicities of chemotherapic drugs in cancer patients [74].

Interactions between herbs and anticancer agents are currently not sufficiently
documented. Basically, interactions are mostly thought to be the result of enzyme in-
teractions (like those of cytochrome P450 metabolic pathways) and drug-trasporting
proteins (ATP-binding transporters) which can be influenced in activity and ex-
pression by herbal medicine ingredients [74]. If given together, some herbs may
indirectly induce the metabolism of cytotoxic agents, potentially leading to non-
therapeutic systemic drug levels or inhibiting metabolism, in turn leading to poten-
tially lethal toxicities. An additional consideration for cancer chemotherapy is that
herb-mediated induction of various enzymes and transporters may also take place in
tumour cells and subsequently result in resistance to chemotherapic drugs such as
antracyclines, epipodophyllotoxins, taxanes and vinca alkaloids [75].
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For St. John’s wort, interactions with irinotecan, imatinib and docetaxel have
been studied [76–78]. Regardless of the modulation of CYP3A4 and P-glycoprotein
activity observed with St. John’s wort, its crucial role in the elimination of many
important anticancer drugs is of particular concern [10]. This suggests that interac-
tions between St John’s wort and such agents are likely to have clinical and toxi-
cological implications and that rigorous tests for possible interactions are urgently
needed. Currently, research is ongoing, for instance, to study the effects of medic-
inal cannabis on irinotecan and docetaxel metabolism [67]. Clinically significant
interactions have been seen in some cases by Meijerman [74].

Some data suggest that Echinacea is likely to interact with anticancer drugs that
are a substrate for CYP3A4 and that the interaction depends on the relative ex-
traction of drugs at the hepatic and intestinal sites and on the route of administra-
tion [74]. Moreover, like several other herbal preparations, Echinacea found in retail
stores often does not contain the labelled species [79]. Obviously, the high variabil-
ity observed in the concentration of constituents of the herb may have implications
for Echinacea’s ability to modulate drug absorption and disposition.

Studies using in vitro and in vivo animal models have also indicated that various
garlic constituents can induce the activity of CYP3A4 [80] and conjugating en-
zymes such as glutathione S-transferases and quinine reductase [81, 82]. Although
the product composition and the designs of the clinical studies vary widely [83],
there appears to be little likelihood of significant interactions between garlic and the
anticancer drugs that are predominantly metabolized by CYP3A4.

Evidence indicates that some preparations of ginseng have phytoestrogenic ef-
fects, which suggests that its use with soy supplementation should be discouraged
in women with breast cancer or endometrial cancer [84]. Substantial variability in
ginsenoside content has been reported among commercial ginseng preparations, in-
dicating that significant, clinical effects on the pharmacokinetics of the anticancer
drugs metabolized by CYP3A4 could be brand specific [85].

The most important concerns with kava toxicity are the reports of hepatotoxicity
in kava users. Some cases have been sufficiently severe such that liver transplants
have been required and three deaths have resulted from hepatotoxicity associated
with kava [86]: it has been suggested that the genetic deficiency of CYP2D6 might
be associated with a susceptibility to kava toxicity in some of the observed cases
[87]. In the South Pacific, where the genetic deficiencies of this enzyme are not
known, no reports of liver failure have been reported, while genetic deficiencies
occur in about 10% of Europeans [88]. Two cases of hepatic insufficiency, in the
South Pacific area, were reported after kava consumption which were resolved when
the patients ceased taking kava and were explained as allergic reactions [89]. Cancer
patients who are undergoing treatment, have recently undergone treatment or are
taking medications should avoid kava. If a cancer patient sees no other feasible
alternatives than kava, he or she should consume tea rather than a concentrated
extract since no cases of actual liver failure are known to be associated with the
traditional aqueous extracts.

An interaction between the pharmacokinetics of anticancer drugs and grapefruit
juice has been described. Grapefruit juice intake resulted in a 26.2% lower AUC
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of etoposide after oral intake. The median absolute bioavailability with and without
pretreatment with grapefruit juice was 52.4% and 73.2%, respectively [90]. From
clinical studies, it is reported that ginkgo may interfere with the pharmacokinetics
of anticancer drugs metabolized by CYP2C19 or CYP3A4 [41].

Black cohosh, soy, may decrease the efficacy of tamoxifen, and therefore women
taking this agent should especially avoid soy [91]. Moreover, at present it seems
prudent to discourage soy-derived products in patients with estrogen-dependent tu-
mours (e.g. breast cancer or endometrial cancer), as experimental data in mice indi-
cate that soy can stimulate the growth of these tumours [92].

Selenium and squalamine may increase the toxicity of cisplatin, black cohosh,
Echinacea, salicylate-containing herbs, while bilberry, cramp bark, meadowsweet,
poplars, red clover, uva ursi, white willow, and wintergreen may increase the hepa-
toxicity of metrotexate [93].

Valerian appears to have a wide margin of safety. No studies have been found
indicating any effects of valerian on the cytochrome enzymes involved in drug
metabolism. For this reason there is no evidence of any potential effects on the clear-
ance of chemotherapic drugs. The major drug interactions with valerian are those
involving the potentiation of effects of sedatives, hypnotics or anaesthetics. Can-
cer patients should be advised to quit valerian use before surgeries for its possible
withdrawal symptoms [58].

No toxicity has been reported for lavender: however, the herb potentiated the
sleep-inducing activity of several agents including alcohol and hexobarbital in lab-
oratory studies [94]. There are several reports of skin reactivity to chamomile [95].
Chamomile showed a moderate inhibitory effect on CYP3A4 in vitro with unclear
clinical relevance. The formation of sister chromatid exchanges by daunorubicin
has been decreased in rats pretreated with chamomile essential oil as compared to
those given corn oil. Since sister chromatid exchanges may be correlated with anti-
tumour activity of this anthracycline, this finding is of potential concern for patients
undergoing anthracycline therapy [96].

Boudreau et al. [97] evaluated the biological and toxicological properties of Aloe
vera, as a topical and oral agent. Ingestion of Aloe vera is associated with diar-
rhoea, electrolyte imbalance, kidney dysfunction and conventional drug interac-
tions; episodes of contact dermatitis erythema and phototoxicity have been reported
from topical applications. Rabe et al. [98] described as a case study the first case of
acute hepatitis due to this compound.

The controversy surrounding antioxidants in combination with conventional ther-
apy has focused on drugs that are believed to achieve their cytotoxic effects by gen-
erating free radicals, such as alkylating agents, anthracycline, platinum compounds,
topoisomerase II inhibitors and radiation.

Although it has been reported that antioxidant and free-radical scavengers can
actually prevent cancer [99], there is evidence that these agents could also interfere
with chemotherapy (e.g. alkylating agents, anthracyclines and platinum analogues)
and radiation therapy by acting as free-radical scavengers [84].

However, particular adjunctive agents, such as Mesna, produce their effects by
quenching free radicals and do not seem to decrease the efficacy of chemotherapy.
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Individuals treated with drugs that deplete the antioxidant status may require re-
plenishment of antioxidants after treatment. However, the published clinical reports
do not clearly define the role of antioxidant supplementation [100]. In some cases,
the combinations of herbs and drugs could be considered synergic if the efficacy is
greater than the effect of the single agent. Some herbs are known to enhance the cy-
totoxic effect of drugs through unknown mechanisms. Herbs like Angelica sinensis
or Zingiber officinale might increase the toxicity of anticancer drugs [101].

13.7 Conclusions

More than 100,000 deaths per year in the USA can be attributed to drug interactions,
placing this problem between the fourth and sixth leading cause of death, most of
these deaths being connected to the use of herbs [10]. As a result, it is of the ut-
most importance to clarify their use before exposing patients to drugs with a narrow
therapeutic window, which includes most anticancer agents. In clinical practice, the
clinician should, in every patient contact, consider that most cancer patients will
not spontaneously report herb use. A study revealed that, of the 48% of cancer pa-
tients using concomitant CAM, the vast majority had acted without informing their
doctor [102].

For this reason, it is important for healthcare practitioners to discuss herbal
medicine with their patients. One of the biggest challenges for healthcare profes-
sionals is to face their lack of substantive knowledge about the herbs that patients
are using. Herbal products are commonly perceived as “natural” and thus as “inno-
cent”, a perception that is hard to change [103]. For this reason, the patient will
answer “no” if asked about herb use [18], as proved by the St. John’s wort tea
case. Some herbal teas, like the St. John’s wort variants, are produced by compa-
nies regarded highly reliable and trustworthy in the community and are sold in the
supermarket as normal tea. Patients who drink this tea may not be as consciously
aware of the risks associated with herbs as they would be if they had bought such
products in their local pharmacy or drugstore. Therefore, the physician should ac-
tively ask for herbal and supplement use while explaining their potential hazards
[73–104].

Finally, there is almost no information on whether the commonly applied dose
range of herbal medicine is critical for anticancer drug interactions in patients. In
this respect, evaluation of the data obtained in vitro and in vivo methods must be
carried out and verified in well-designed clinical trials.

Some experts believe that the potential risk of herb-drug interactions is enough to
recommend patients on chemotherapy to not use herbal therapies and herbal prepa-
rations to be interrupted prior to surgery or radiation therapy [105]. At present,
oncologists must be encouraged to discuss herbal use with their patients and they
should be aware of possible herb-anticancer drug interactions. Furthermore, physi-
cians should advise patients to refrain from using herbs, especially when their effects
are well known.
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Chapter 14
Novel Leads from Herbal Drugs
for Neurodegenerative Diseases

Maheep Bhatnagar

Abstract This article summarizes the salient features of new therapeutic leads from
herbal sources for various types of neurodegenerative diseases. Efforts made in us-
ing existing knowledge on several popular medicinal plants, particularly those uti-
lized in the Indian traditional medicinal and Ayurvedic system discussed in light
of recent research. A few promising plants such as Asparagus racemosus, Bacopa
monnieri, Centella asiatica, and Mucuna pruriens are worth exploring for drug de-
velopment for neuroprotection.

Keywords Medicinal plants, Neurodegeneration, Neuroprotection, Neurodegener-
ative diseases

14.1 Introduction

Herbal medicines are being used by about 80% of the world’s population, primar-
ily in the developing countries, for primary healthcare, because of its better cultural
acceptability, better compatibility with the human body, and lesser side effects. Ac-
cording to the World Health Organization’s (WHO) definition traditional medicine
comprises therapeutic practices that have been in existence, often for hundreds of
years, before the development and spread of modern systems of medicine and are
still in use. Herbal drugs constitute only those traditional medicines that primarily
use medicinal plant preparations for therapy. The earliest recorded evidence of their
use in Indian, Chinese, Egyptian, Greek, Roman, and Syrian texts, dates back about
5000 years ago. However, the last few years have witnessed a significant increase in
their use in the developed world. India, China, and other neighboring countries have
well founded traditional systems of medicines where plant based therapeutic agents
occupy an important niche in health management.
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The traditional use of herbal preparations existed in Indian medicinal systems
long before their usefulness was accepted in modern scientific approaches to health-
care. Even today in the majority of rural and urban areas in India, as well as in
several other parts of world, traditional herbal health-care is practiced. According
to one estimate, herbal products now constitute a major portion −20% of interna-
tional pharmaceutical industry. About 1500 to 1800 products are sold in US markets
alone [1].

Although a large number of scientific studies have been conducted in India and
world wide on medicinal plants, traditionally proven herbal preparations/formu-
lations do not yet fully conform to standards of drug testing, safety, and efficacy.
Though opportunities for developing traditional preparations as drugs with interna-
tional acceptance are enormous, there is hardly any intensive effort in this direction
at the government or industry level in India, which has resulted in a decline in en-
thusiasm for studying plant preparations for their therapeutic value. But one has to
believe that approx 25,000 living plant species in India contain a much greater diver-
sity of bioactive compounds than any chemical library made by man. Although it is
also true that extracts prepared from medicinal plants contain a variety of molecules
with potent biological activities, unfortunately, it is often difficult to analyze their
biological activities because of their complex nature and possible synergistic ac-
tions [2, 3].

14.2 Ayurveda, Herbal Drugs, and the Central Nervous System

Plant products or plant parts are the main source of medicines in Ayurveda, where
they are either used as extracts or decoctions. Charak Samhita (900 BC) is the first
recorded treatise of the Ayurveda. It consists of eight sections with descriptions
of more than 341 Indian plants useful as medicines. In Ayurveda, the drugs that
act on the central nervous system CNS are broadly classified into ten categories
(Table. 14.1).

Table 14.1 Ayurvedic classification

1. Medya (Intelligence and memory)
2. Samjnasthapa (Resuscitative)
3. Madakari (Narcotic)
4. Nidrajanana (Hypnotic/sedative)
5. Vedanastrhapana (Analgesic)
6. Apasmarahara (Antiepileptic)
7. Unmadhara(Anti-insanity)
8. Jawarahara (Antipyretic)
9. Chardi (Anti-emetic)

10.Vamnopza (Emetic)
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The medhya in Ayurveda refers to all substances that promote or are beneficial
for medha (intellect), dhriti (concentration), and retention and smiriti (memory). In
modern pharmacology, these substances are called nootropic agents. A number of
Ayurvedic drugs are grouped as rasayanas (rejuvenators). According to Ayurvedic
physicians, rasayanas increase the life span and delay ageing by counteracting the
degenerative changes associated with ageing. Modern medicines have also recog-
nized the rasayana group of drugs as antistress/adaptogens and could be useful in
treating various CNS disorders.

Ayurvedic drugs are also garnering much attention for diseases with no or inad-
equate drugs for treatment in modern medicine, such as metabolic and degenerative
disorders. Most of these diseases have multifactorial causation, and there is a grow-
ing realization that in such conditions, a combination of drugs acting at a number
of targets simultaneously is likely to be more effective than drugs acting at one tar-
get; the one target, one drug paradigm is not likely to be satisfactory in such cases.
Ayurvedic drugs, which are most often multi component have a special relevance
for such conditions, and are attracting much attention. No doubt this would require
a detailed study to obtain a proof of the concept, but these are the opportunities
offered [2].

The multi target approach is the basic doctrine of Ayurveda, which takes a holistic
view of the human system. In therapeutic terms, it implies that the treatment of
disease should not be directed to a single tissue or organ but to the body system
as a whole, taking into consideration the interconnectivity of the various bodily
organs and their mutual dependence. For various reasons Ayurveda has not been
exposed much to modern scientific study. Investigations of the biological activity
of multi component Ayurvedic drugs will also bring Ayurveda into the main stream
of scientific research. Encouraging research and development studies will help to
develop a much needed interface between Ayurveda and modern medicine, and may
further confirm how best the two might complement each other [2, 3].

India has a well recorded and well practiced knowledge of traditional herbal
medicine, but, unlike China, it has not been able to capitalize on this herbal wealth
by promoting its use in the developed world, despite the later’s renewed interest in
herbal medicine. Disseminating knowledge of traditional system of medicine can be
achieved by judicious product identification based on diseases that have no medicine
or only palliative therapy. Ayurvedic masters had thus developed certain dietary and
therapeutic measures to arrest/delay ageing and rejuvenating the whole functional
dynamics of the bodily organs. This revitalization and rejuvenation is known as the
‘Rasayana chikitsa” (rejuvenation therapy). “Rasayana chikitsa” is not only a drug
therapy, but a specialized discipline of Ayurveda that deals mainly with the preser-
vation and promotion of health by revitalizing the metabolism and enhancing immu-
nity. “Rasayana” therapy is done for a particular period of time with a strict regimen
of diet and excercise. “Rasayana” drugs are rich in antioxidants, and are good hep-
atoprotectents and immunomodulators. Shushruta (an ancient Ayurvedic surgeon),
in defining “rasayana” therapy, said that it arrests ageing (Vayasthapam) and in-
creases life expectancy (Ayushkaram), intelligence (Medha), and strength (Bala),
thereby enabling one to avoid diseases.
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There has been much research on the plants used as “Rasyana drugs” in order to
understand them in the modern context. Puri [4–7] gave an account of the herbs used
in various rasayana preparations, while Udupa [8] studied the effects of rasayana
drugs on psychosomatic stress. Rasyana drugs have been proven effective in the
treatment of epilepsy [9], convulsive disorders, reduction of anxiety and apprehen-
sion, and in calming the mind [10].

14.3 Neurodegenerative Diseases:

Unlike other categories of diseases, such as infections or trauma, neurodegenerative
diseases share a common etiology or some clinicopathological features. There are
two major common features of the degenerative diseases:

1. They are diseases of neurons, which selectively affect one or more functional
systems of neurons. For example, there is selective degeneration of striatonigral
dopaminergic neurons.

2. They are marked generally by symmetric and progressive involvement of the
central nervous system.

These diseases also differ among themselves quite distinctively. Some of them have
a heritable pattern, while others are sporadic. Some show atrophy or loss of affected
neurons, with or without specific features. Thus, specific diagnosis of such diseases
can be made only by correlating the clinical as well as pathological findings. For a
better understanding, these diseases are grouped according to the part or parts of the
brain that are principally involved (Table. 14.2).

Table 14.2 Neurodegenerative diseases and areas of brain affected

Disease Affected area of brain

Alzheimer’s disease (AD) Basal ganglia and brain stem
Pick’s disease

Huntingdon’s disease Basal ganglia and brain stem
Idiopathic Parkinson’s disease
Post encephalitic Parkinson’s
Striatonigral degeneration
Progressive supranuclear palsy

Shy–Drager syndrome
Olivopontocerebellar degeneration Spinocerebeller area
Friedreich’s ataxia
Ataxia telengiectasia

Amyotropic lateral sclerosis Motor neurons
Werding Hoffman disease
Kugelberg welander Syndrome
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Alzheimer’s disease (AD) is the most common disease of aged persons [10]; its
onset is rare before the age of 50. The most frequent and initial complaints are im-
pairment of concentration, memory, and other higher intellectual functions. Over
the course of 5 to 10 years, progressive memory loss, disorientation, and language
dysfunction often leads to a mute, immovable state. Death usually results from in-
fections. Although 10% of cases appear to be clearly inherited, most are sporadic.
Pathologically, the disease is characterized by a widening of the cerebral sulci. Mi-
croscopic features include the presence of neurofibrillary tangles and senile plaques.
Senile plaques are found most frequently in the cerebral cortex and limbic structures.
They range from 20 to 150 μm in diameter, are composed of focal collections of di-
lated, tortuous neuritis that often contain neurofibrillary tangles arranged around a
central amygdaloid core. This Congo red positive core is composed of a β-amyloid
protein. In addition to these two characteristics, AD is also characterized by a defi-
ciency of acetylcholine and, the enzymes acetylcholinesterase (AchE) and choline
acetyltransferase (ChAT), in the cerebral cortex, hippocampus, and amygdala. The
gene responsible for the β-APP protein is located on chromosome 21 [11, 12].

Huntington’s disease (HDD) usually appears between the ages of 20 and 50
years. It is characterized by extrapyramidal movements combined with progressive
dementia. It is an autosomal dominant condition. Those who inherit it from their
fathers usually manifest it much earlier in life than those who inherit it from their
mothers. The defective gene is assigned to chromosome 4. In HDD, the brain is
comparatively small (less than 1000 g) and demonstrate marked atrophy in Caudate
and Putman, with conspicuous dilatation of the frontal poles of the lateral ventricles.
There may be secondary atrophy of the cortex and Globus pallidus. Microscopically,
there is severe loss of both large and small neurons in the dorsal region of these nu-
clei. There is also marked fibrillary gliosis.

Parkinson’s is known as a disturbance of motor function, characterized by an
expressionless face, slow voluntary movements, and progressively shortened accel-
erated step, rigidity, and, in most cases, characteristic tremors. Such motor distur-
bances are seen in a number of other diseases, that show damage to the nigrostriatal
dopaminergic system. The disease may be developed as a result of use of dopamine
antagonists, toxins, pesticides, stress etc. Ideopathic Parkinson’s or paralysis agitans
is a sporadic, progressive disorder and is the most common form of the disease. The
onset age of the disease is 50 to 80 years. Broadly speaking the disease shows de-
pigmentation of the substantia nigra and locus coeruleus. Microscopically, there is a
loss of melanin containing neurons from these regions, with extraneuronal pigment
deposition, and the presence of lewy bodies in the remaining neurons. Lewy bodies
are intra cytoplasmic, eosinophillic, round, or elongated inclusions that consist of a
dense core surrounded by a paler rim. The loss of the dopamine containing neurons
from the substantia nigra results in dopaminergic depletion in the striatum, because
this is the principal site of their axonal projections. The severity of the Parkinson’s
syndrome is proportional to the severity of the dopaminergic deficiency. This defi-
ciency can be compensated at least in part by replacement therapy with L-dopa [12].

Motor neuron disease (Amyotrophic lateral sclerosis) is characterized by neu-
ronal degeneration, concentrated mainly in the upper and lower motor neurons of
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the pyramidal motor system. The upper motor neurons are in the motor cortex and
their axons traverse the internal capsule and corticospinal tract to synapse on the
lower motor neurons in the cranial motor nerve nuclei and the motor neurons in
the anterior horn of the spinal cord. Pathologically, degeneration of the upper motor
neurons produces axonal loss and atrophy of the corticospinal tracts in the lateral
columns of the spinal cord. The neurological symptoms exhibited by patients in-
clude spasticity, hyperflexia, muscle atrophy and weakness. The disease is also spo-
radic in most cases, but an approximately 2:1 male predominance has been noted.
Onset is typically in late middle age, with usually fatal outcome in 2 to 6 years.
There is no known treatment [12].

Increased generation of oxidative free radicals or an impaired antioxidant de-
fense mechanism has been identified in the ageing process and neurodegenerative
conditions, including Parkinson’s and Alzheimer’s disease, and in chronic stress in-
duced perturbed state [13, 14]. Major oxidative free radical scavenging enzymes
are superoxide dismutase, catalase, and glutathione peroxidase. Deficient function-
ing of these enzymes leads to an accumulation of toxic oxidative free radicals and
consequent degenerative changes. Potential antioxidant therapies for CNS disor-
ders should therefore include either natural antioxidant enzymes or agents that are
capable of augmenting the function of these oxidative free radicals scavenging en-
zymes [15]. By virtue of their proposed properties and clinical uses, rasayana may
provide potential intervention against oxidative threats, both in healthy and dis-
eased states [16]. Bhattacharya et al. [17] have shown that the active principle of
Withania somnifera increased cortical and striatal concentrations of antioxidant en-
zymes. Jain et al. [14] and Shukla et al. [18] also reported the effects of Semi-
carpus anacardium and W. somnifera on SOD, CAT, GPX, and LPO and demon-
strated a significant increase in SOD and decrease in LPO. Panda and Kar [19]
investigated the effects of W. somnifera root powder, administered for 15 and 30
days, and demonstrated a significant decrease in LPO and increase in both SOD
and CAT.

14.4 Medicinal Plants, Neurodegenerative Diseases,
and Therapeutics:

According to a WHO report (2001), approx 450 million people suffer from mental
or behavioral disorders, yet only a small fraction of them receive even the most ba-
sic treatment. This amounts to 12.3% of the global burden of disease, which may
increase to 15% by 2020. It is now becoming exceedingly apparent that the avail-
able psychotherapeutics does not properly meet the therapeutic demands of the vast
majority of patients with mental health problems, and that herbal remedies remain
the ultimate therapeutic hope for many such patients in the world. Critical analy-
sis of our current understanding of the most popular and well studied CNS active
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medicinal plants reveals that many therapy related questions have not yet been prop-
erly investigated.

Drugs having CNS activity are widely used around the world. Mostly these are
synthetic in nature, which are expensive, and with numerous side effects. In a sys-
tematic analysis published in 1997, it was reported that 157 of 520 drugs (30%)
approved by the Food and Drug Administration (FDA) in the USA for the 11years
period between 1983–1994, were natural products or their derivatives [20]. This re-
port revealed in addition, that when focused efforts were made to discover natural
products for clinical use, the success level rose dramatically. Thus, during the same
period, 61% of anticancer agents approved were natural products or their deriva-
tives. In the absence of targeted programs for natural products, there was no suc-
cess. There were no analgesics, antidepressants, anxiolytics, or other CNS active
drugs derived from natural products that were approved during the 11 year time
period analyzed.

The situation has not changed much in recent years. Although identification of
hits and leads from secondary plant metabolites continues to be a major goal of
many drug discovery projects, most of the efforts do not concentrate on the search
for agents potentially useful for the treatment of CNS disorders. In addition, compar-
atively few reports on the neuronal function modulating activities of herbal extracts
and their active constituents appear regularly in various journals. So there is a dire
need for a concentrated effort to define and understand the most appropriate ther-
apeutic plants or to exploit them for identifying and developing CNS active drugs.
On the other hand, it is worth noting that in India, a number of plants are available
that show remarkable CNS activity, but to date, no systematic or scientific study has
been carried out on such plants. In the past, several medicinal plants were identified
for their effects on CNS. Satyavati [21] and Dhawan [22, 23] published a compre-
hensive list of various Indian plants with proven CNS activity. Properties of some
of these plants are summarized in Table. 14.3.

At present, in modern medicine, therapies for many CNS diseases are not avail-
able. Drugs available for the treatments of anxiety, depression, and mental health
conditions are not satisfactory, as the majority of them are of synthetic origin or
derived from synthetic molecules. Chlorpromazine, reserpine, tricyclic and MAO
depressants, benzodiazines, meprobamate, etc., used for the treatment of psychi-
actric patients; bicuculline, pentylenetetrazole, amphetamine, methylphenidates,
etc., for CNS stimulation; barbiturates, hydantoin, oxazolidone, succinimides, and
acetyl urea as antileptics; bromocriptine, apomorphine, levodopa, amatidine, trihex-
iphenydryl, and procyclidines for the treatment of Parkinsons’s, are some of the
drugs that have severe side effects and lead to dependency development.

Herbal remedies for such conditions have been known since time immemorial,
and efforts made during the past few decades reconfirm that several herbs are indeed
therapeutically useful for the treatment of various CNS disorders. Although all the
active principles and mode of action of these herbal drugs/ formulations have not yet
been precisely defined, but available data indicate that they could be useful sources
to develop better, effective, safer, and cheaper drugs with novel modes of action.
In the past few years, the number of reports on well-planned clinical trials using
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Table 14.3 Composition of certain formulations in practice for treatment of CNS disorders

Name of formulation and its
composition

Therapeutic implications

Mentat Anti-Parkinson’s
Hyocyamus reticulate
Mucuna pruriens
Sida cordifolia
Withania somnifera

Trasina Anti-Alzheimer’s

Banisteria cappi
Claviceps purpurea
Datura stramonium
Mucuna pruriens
Vicia faba

BR-16A Anti-Parkinson’s

Acorus calamus
Bacopa monnieri
Celestrus peiniculatus
Centella asiatica
Evolvulus alsenoides
Mukta pisthi
Nardostachys jatamanasi
Orchis mascula
Prunus amygadalus
Syzygium aromaticum
Valarana wallachii
Withania somnifera
Zinziber officianalis

Galanthamine Anti-Alzheimer’s
Galanthus warnori

EGB761 Dementia, dementia of Alzheimer’s type, and
Ginkgo biloba multi-infarct dementia

Brain vita Cognitive functions
B. monnieri extract

GB8 Cognitive functions
Swiss Ginkgo biloba

standardized herbal extracts has increased. No doubt, the consequences of these
efforts will result in standardized herbal formulations acceptable to both patients and
industry. A brief account of the potential herbs of Indian origin and those that are
not native to India with therapeutic leads for the treatment of various CNS diseases
including neurodegenerative disorders is presented below.
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14.5 Plants Native to India

14.5.1 Acorus calamus

Acorus calamus, known as vacha in Ayurveda, is an aromatic marsh herb cul-
tivated throughout India. Its medicinally useful part is its rhizome. Its essential
oil consists of a range of sesquiterpene hydrocarbons, alcohols, and ketons (e.g.,
acorone, acoragermacrone, calamendiol) as well as eugenol, methyl isoeugenol,
and phenyl propane derivatives α- and β-asaron. In Ayurveda, vacha has been ac-
claimed as a treatment for epilepsy and as a tranquilizer, in addition its action on
bronchial diseases, indigestion, etc. The juice of the herb is also recommended in
Sushruta Samhita for intellectual vigour and longevity. The ethanolic extract of the
rhizome has been shown to possess neuroprotective action in acrylamide-disabled
rats [24].

14.5.2 Asparagus racemosus

This is a tall, highly branched scandent under shrub, found growing wild in al-
most all parts of India and also in the Himalayas up to an elevation of 1500 m. It is
widespread in upper Gangetic planes, especially in Bihar, where it comes up pro-
fusely after rains. Its medicinally useful part is the root, which contains glycosides
(4%), as well as free sugar and oligosaccharides. The roots have been shown to con-
tain, in addition to the ubiquitous sitosterol, undecanyl cetanoate, 4, 6-dihydroxy-2-
o-(2′hydroxyisobutyl) benzaldehyde, flavonoids and pyrrolizidine alkaloid, and as-
paragamine A [25]. An extract was shown to possess a potent antioxidant property
and was evaluated against kainic acid induced hippocampal and striatal neuronal
damage in anesthetized mice. The extract supplemented mice showed reduced lipid
peroxidation and an increase in glutathione peroxidase and glutathione contents,
thus demonstrating its antioxidant activity [26, 27]. Recent studies have demon-
strated the neuroprotective effects of asparagus root extract in an in vivo model of
aluminum and paraquat induced neurodegeneration [28, 29].

14.5.3 Bacopa monnieri

This plant is commonly found in wet marshy and damp places throughout India. It
is a succulent, creeping herb with a stem 10 to 20 cm long that produces roots at
nodes. The drug contains alkaloid (brahmine) and triterpenoid saponins (bacosides
A and B) [30, 31]. The plant is used as a nervine tonic, and diuretic and is com-
monly used to treat asthma, epilepsy, insanity, and hoarseness. It is a major con-
stituent of medhya rasayana formulations, which facilitates learning and improves
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memory [32–37]. Initial studies using 50% ethanolic extract of the whole plant with-
out roots demonstrated its effects on short and long term memory retention. Bhat-
tacharya and his coworkers [38] studied the effects of B. monnieri extract on AD
using a rat model. Oral administration of a 5 to 10 mg extract per kilogram of body
weight markedly reduced the memory deficits as well as acetylcholine concentra-
tions, choline acetylase activity, and muscuranic receptor binding in the hippocam-
pus and frontal cortex [38].

14.5.4 Celastrus peniculatus

Kumar and Gupta [39] demonstrated that Celastrus peniculatus, along with W.
somnifera, shilajit, and Convolvulus pleuricaulis showed CNS activity. Seed oil is
known to affect the CNS [40, 41], and to be useful in psychiatric patients [41]. The
beneficial effects of C. peniculatus include being a stimulant [42], memory enhance-
ment [43], and improvement in IQ of mentally retarded children [44].

14.5.5 Centella asiatica

Locally called mandukparni, Centella asiatica is highly prized in Ayurveda as a
medhya (promoter of memory and intellect) and as an agent that prevents age-
ing (vayahsthapana) from the days of Charaka and Sushruta. Mandukaparni is also
used for treatment of epilepsy, mental health disorders (mania, hysteria), insomnia,
etc., [45]. A double blind clinical trial in 30 mentally retarded children (age 7- to
18 years) who received the drug for 3 months showed improved cognitive func-
tions [46]. A recent study has also demonstrated improved learning and memory
in wistar rats. The extract was found to be effective in preventing cognitive deficits
in an intracerebroventricular STZ model of Alzheimer’s in rats. Asiatic acid has
been patented as a therapeutic agent for the treatment of dementia. Asiatic acid
and related synthetic analogs have been shown to protect cultured neurons from
glutamate-induced excitotoxicity [47].The alcoholic (50%) extract of the plant has
shown enhanced neuropeptide synthesis in the brain. It also induces an increase in
brain protein content and acquisition efficiency [48].

14.5.6 Convolvulus pleuricaulis

Convolvulus pleuricaulis is used in traditional systems of medicine in the treatment
of anxiety, neurosis, insanity, and epilepsy, and also as a brain tonic. The whole
plant is one of the most important medhya rasayana drugs in Ayurveda. It improves
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balance and vitiation in kapha-vata-pitta doshas (physiological functions), and the
herb is astringent and bitter. C. pleuricaulis is used traditionally to treat nervous
debility, insomnia, fatigue, low energy levels, and as a brain tonic, alterative, and
febrifuge. The whole herb is used medicinally in the form of a decoction along with
cumin and milk in fever, nervous debility, and memory loss. The plant is reported to
be a prominent memory improving drug, psychostimulant, and tranquilizer, and it
reduces mental tension. The methanolic extract of C. microphyllus Sieb. Ex Spreng
(C. pleuricaulis Choisy) showed enhanced release of nerve growth factor (NGF).
NGF prevents experimentally induced or age related degeneration of basal fore-
brain cholinergic cell bodies in adult rats and can also restore lesion-induced loss of
cognitive functions [49, 50].

14.5.7 Crocus sativus

Also called a kunkumam or keshara in Ayurveda. It is a small perennial cultivated
in certain parts of the Jammu, Kashmir, Himachal Pradesh, and Uttarakhand states
of India. The medicinally useful part is the stigma, which is dried and marketed as
saffron. The important constituents of saffron are its pigments (crocin-1,2,3,4) and
essential oils. Four crocetins (F, G, H, I) have also been isolated [51]. The alcoholic
extract of saffron ameliorates the impairment effect on learning and memory pro-
cesses. It has been also shown that crocin inhibits neuronal death induced by both
internal and external apoptotic stimuli [52], thus it is considered as neuroprotector.
Crocin prevents the activation of c-jun kinase phosphorylation, which is involved in
the signaling cascade for neuronal death [53].

14.5.8 Curculigo orchioides

Curculigo is locally called kalimusli and is found all over India. Pharmacological
investigations revealed that the 70% ethanol extract of the rhizomes are a sedative
and anticonvulsant. The plant is known to contain steroids and triterpenoids and
several phenolic compounds [54, 55].

14.5.9 Curcuma longa

Curcuma longa is a perennial rhizomatous plant growing all over India. Curcumin
or C. longa extract shows strong antioxidant activity. β-amyloid-induced oxida-
tive stress appears to be an important pathway of neuronal cell death in AD. The
methanolic extract of turmeric led to the isolation of Calebin-A and the curcum-
ins, which effectively protects neuronal cells against β-amyloid deposition. In an-
other study, curcumin, on oral administration to alcohol-fed rats, caused a significant
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reversal of brain lipid peroxidation, thus indicating a neuroprotective role [56]. In
vivo experiments showed that oral intake of curcumin significantly reduces the dura-
tion and clinical severity of demylenation in experimental allergic encephalitis [57].

14.5.10 Cyprus rotundus

Known as mustaka in Ayurveda, Cyprus rotundus is a perennial grass growing
almost everywhere in India. Its tubers contain medicinally useful essential oils
(sesquiterpenoids, monoterpenes, aliphatic alcohols, acetates). A receptor binding
assay demonstrated that isocurcuminol, a constituent of C. rotundus, modulates
GABAergic neurotransmission via enhancement of endogenous receptor ligand
binding, and thus having a bearing in epilepsy [58].

14.5.11 Ficus religiosa

In Ayurveda, it is claimed that the leaves of Ficus religiosa possesses anticonvulsant
activity. The leaf extract was evaluated for its activity against pentylenetetrazole
(PTZ, 60 mg/kg i.p.) induced convulsions in albino rats. The study revealed 80 to
100% protection against PTZ induced convulsions when given 30 to 60 min prior to
the induced convulsions [59].

14.5.12 Ginkgo biloba

An extract prepared from green leaves (EGB761) was identified as therapeutically
useful for the treatment of peripheral circulatory disturbances, as it is a vasodilator.
Results showed that EGB761 is not a vasodilator in the classical sense, but it is a
CNS function modulating and neuroprotective agent, sustainable for the therapy of
patients with cerebrovascular disorders or cerebral insufficiencies. Ginkgo is widely
used in Europe for treating dementia. It improves blood flow in the brain and con-
tains flavonoids that act as antioxidants. It is presumed that ginkgo may improve
thinking, learning, and memory, and results are very encouraging in people with
AD [60].

More than 40 components of ginkgo have been identified and isolated. Two of the
most important groups of active chemicals are flavonoids (quercetin, kaempferol,
isorhemnetin) and terpenes (lactones or terpenoids, which include bilobalide and
several ginkgolides A, B, C, J and M). Individual constituents have been studied in
hundreds of in vitro, animal and human experimental systems [61, 62]. Recently,
efforts have been made to understand the effects of ginkgo on dementia of the
Alzheimer’s type and in the closely related multi-infarct dementia. These double-
blind randomized trials in patients have shown that EGB761 is efficacious in de-
laying the clinical deterioration with dementia, or in bringing about symptomatic
improvement [63–65]. The mechanism of ginkgo’s therapeutic effects are not fully
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understood, but they are attributed to the synergistic effects of its constituents [66,
67]. These act to varying degrees as scavengers of free radicals and chemicals, im-
plicated in the pathophysiology of AD. The dose is 40 mg, three times a day, of an
extract standardized to 24% flavonoid, glycoside, and 6% terpenoid.

14.5.13 Mucuna pruriens

In Ayurveda Mucuna pruriens is called atmagupta or kapikacchu. It is a herbaceous
creeper growing in several parts of India. Its seeds, roots and pod bristles are medic-
inally useful parts. An important chemical constituent of the plant is the nonprotein
amino acid L-dopa, which is present in seeds. In addition, β-sitosterol, lecithin, glu-
tathione, and gallic acid are other important constituents [45, 68–70]. Beans of this
plant are used as nutritive food in some parts of India. It is also used as a thera-
peutic agent in various reproductive and nervous diseases [71–73]. An Ayurvedic
formulation containing M. pruriens beans is used in the treatment of Parkinson’s
disease.

14.5.14 Nardostachys jatamanasi

The plant of Nardostachys jatamanasi is used by Santhal tribals in the treatment
of madness, epilepsy, loss of unconsciousness, convulsions, etc., [74]. The decoc-
tion of the root is also reported to be useful in mental disorders, insomnia, etc. N.
jatamanasi is reported to yield 2% volatile oil containing an ester, an alcohol and
two alkaloids [75, 76]. The rhizome of jatamanasi yields jatamanashic acid [77, 78].
Various extracts of jatamanasi root showed sedative effects in rats. The ethanolic
extract of N. jatamanasi reduced rat brain serotonin, and though it showed no effect
on the CNS, but oil from the rhizome showed depressant action on the CNS [79].
A preparation comprising N. jatamanasi, Centella asiatica, Acorus calamus, Rau-
wolfia serpentina, Saussurea lappa, and Valeriana wallichii showed significant im-
provement in case of schizophrenic patients [80]. The ethanol extract showed potent
inhibition of acetylcholinesterase reaction rate [45].

14.5.15 Plumbago zeylanica

This plant is called chitraka in Ayurveda. It is a perennial shrub growing wild in
the hotter parts of India. Its roots and root bark are medicinally useful. The chief
constituent is plumbagin. The ehanol extract of the root has shown spontaneous
motility in rats with a concomitant increase in dopamine and a metabolite ho-
movanillic acid level in striatum, indicating a dopaminergic pathway for stimula-
tory action on the CNS [81]. The plant has also been useful in the treatment of
schizophrenia.
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14.5.16 Semecarpus anacardium

In Ayurveda Semecarpus anacardium is commonly known as bhallataka. The tree
commonly grows in the hotter areas of India and the foothills of the Himalayas.
The fully developed nut is valued medicinally. A phenolic glycoside, anacardoside,
has been isolated. Besides the phenol, several biflavonoids have been obtained from
the defatted nuts of the plant. A cytological and ultrastructural study on Swiss rats
from the author’s laboratory has shown neuroprotective effects of the ethanol extract
[82–84].

14.5.17 Swertia chirayita

The Swertia chirayita is known as kiraatatikta in Ayurveda and chiraytta is its In-
dian trade name. It grows in the temperate Himalayas from Kashmir to Bhutan.
Though the root is considered more potent, the whole herb is used medicinally.
More than 20 n-polyhydroxylated xanthones, such as swertianin, swerchirin, and
mangiferin, identified. Mangiferin has been shown to be free radical scavenger [85]
and a superoxide scavenger. It is an inhibitor of the expression of inducible nitric
oxide synthatase and TNF genes, thus revealing its potential for the treatment of
neurodegenerative disorders [86].

14.5.18 Withania somnifera

Withania somnifera is commonly known as ashwagandha in Ayurveda. It is an ever-
green shrub growing throughout the drier and subtropical parts of India. The medic-
inally valuable part is its root, which is used in Ayurvedic preparations. It is used as
a powder, decoction, medicated wine, etc. The main pharmacologically active con-
stituents are alkaloids (withanine, cuscohygrine, tropane, anahygrine, somniferin,
anaferine, withananine, withananinine) and steroid lactones (withanolides). The to-
tal alkaloid content of its roots varies between 0.1 and 0.3%, although in some cases
a higher yield is also been reported. Karnic [87] suggested that W. somnifera should
be considered the premier herb for all negative conditions associated with ageing.
Evidences shows that the drug is useful in preventing senile dementia and AD [42].
The drug helps in slowing down the progression of AD [15]. Glycowithanolides
were also found to reverse both cognitive deficits and perturbed central cholinergic
markers induced as a result of neurodegeneration. Bhattacharya et al. [88], while
studying foot shock induced changes in the rat brain, showed that W. somnifera
also normalized SOD and LPO activity and enhanced CAT and GPX activity. Its
inclusion as a rasayana drug is supported by several studies showing the neuropro-
tective activity of W. somnifera roots. Damage to neuron circuits in the brain leads
to several diseases, such as memory deficit, AD, and Parkinson’s disease. In vitro
investigation using the methanolic extract of its roots demonstrated the formation of
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dendrites. This resulted in a significant increase in the percentage of cells with neu-
ritis in human neuroblastoma SK-N-SH cells [89]. A study in our laboratory showed
that the root extract significantly protected the neurons in the hippocampal regions
of rats under stress conditions [90]. Oral administration of the root extract improved
memory acquisition and retention in experimental animals [90]. The effects of the
methanolic extract on cholinergic, GABAergic, and glutamatergic receptors have
also been demonstrated in wistar rats, as well as activation of cholinergic signal
transduction cascade in the cortical and basal forebrain region [91].

14.6 Plants not Native to India

14.6.1 Galanthus wornorii

Galanthamine is a pure unaltered extract of Galanthus wornorii [92]. A recent study
by Willcock and coworkers [93] has shown that galanthamine appears to slow the
progression of neurodegenerative conditions. It also reversibly and competitively
inhibits acetylcholinesterase and enhances the response of nicotinic receptors to
acetylcholine. A study in 653 Alzheimer’s patients showed that galanthamine slows
down the decline of the functional abilities as well as cognition.

14.6.2 Huperzine serrata

Huperzine A was identified for the first time in a Chinese medicinal herb, H. serrata.
In a well designed placebo-controlled trial using huperzine, 58% of the patients
with AD showed significant improvement in memory and cognitive and behavioral
functions after taking 200 mg of the drug, twice per day, for up to 8 weeks. Another
double-blind experiment using injected huperzine A also confirmed positive effects
in patients with dementia [94].

14.6.3 Lavandula stoechas

Another type of neurodegenerative disease is epilepsy. Lavandula has been used
for a long time in traditional medicine as anticonvulsant. Gilani et al. [95] val-
idated its anticonvulsant effects. The study revealed that an aqueous methanolic
extract (600 mg/kg) significantly reduced the severity and increased the latency of
onset of convulsions induced by PTZ. Moreover, in isolated rabbit jejunum prepara-
tions, it caused a dose dependent relaxation of spontaneous contraction and inhibited
K+induced contractions, suggesting Ca+ channel blockade [95].
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14.7 Conclusion

The use of medicinal plant products in the form of household formulations, or tra-
ditional Indian medicinal systems has been in practice for a long time. Efforts made
during the past few decades by systematic experimental and clinical studies have
confirmed that several of these products are indeed therapeutically potent, not only
in treating cough and cold, but also diseases of the CNS, including neurodegener-
ative diseases, for which only symptomatic treatment is available so far. Although
all active principles and their mode of action are not yet precisely defined, available
data on their neurophamacological activity indicate that they could be sources of
better therapy for diseases for which treatment is not yet fully developed. Extracts
prepared from many medicinal plants contain a variety of bioactive molecules. Un-
fortunately, it is extremely difficult to analyze them because of their complex syner-
gistic activity.
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Chapter 15
Traditional Medicine for Memory Enhancement

Melanie-Jayne R. Howes and Peter J. Houghton

Abstract In traditional practices of medicine, numerous plants have been used to
alleviate memory impairment both in healthy individuals and those with disease
states which are now recognised as specific cognitive disorders such as Alzheimer’s
disease (AD). An ethnopharmacological approach has provided leads to identify
plants and their compounds that may have potential to modulate cognitive abili-
ties by different modes of action. A variety of therapeutic targets have been iden-
tified as relevant in the treatment of cognitive disorders, including modulation
of the cholinergic system, which may be achieved by the inhibition of acetyl-
cholinesterase (AChE), and neuroprotection against glutamate-induced overstimu-
lation of N-methyl-D-aspartate (NMDA) receptors, by the use of NMDA receptor
modulators. Other activities considered to be relevant in the alleviation of cognitive
impairment include anti-inflammatory, antioxidant and estrogenic activities. Two of
the currently licensed drugs used to treat cognitive symptoms in AD, galantamine
and rivastigmine, were derived from plant sources and have been characterised as
inhibitors of AChE. However, some plant extracts which occur as a complex mixture
of components, such as Ginkgo biloba L. extract, have demonstrated relevant bi-
ological activities in relation to cognitive function, but the compounds responsible
for the observed effects or the mechanisms of action have not been well charac-
terised. Amongst the many plants reputed to enhance cognitive function in a vari-
ety of traditional medicines including Ayurvedic, Chinese, European, African and
South American medicines, relatively few have been extensively studied to deter-
mine any pharmacological basis for their historical uses. Some of those plants that
have generated particular interest in understanding and establishing their potential
for alleviating cognitive impairment are discussed.
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Abbreviations

ACh Acetylcholine
AChE Acetylcholinesterase
AD Alzheimer’s disease
AMPA Amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
APP Amyloid precursor protein
Anti-ChE Anti-cholinesterase
BACE β-Secretase
BChE Butyrylcholinesterase
ChAT Choline acetyltransferase
ChE Cholinesterase
CNS Central nervous system
COX Cyclo-oxygenase
DMHA Dimethylhuperzine A
ERT Estrogen-replacement therapy
GABA γ-Aminobutyric acid
5-HT 5-Hydroxytryptamine
IL-1 Interleukin-1
KUT Kami-utan-to
LOX Lipoxygenase
LTB4 Leukotriene B4

mRNA Messenger ribonucleic acid
NF-κB Nuclear transcription factor κB
NGF Nerve growth factor
NMDA N-methyl-D-aspartate
NO Nitric oxide
NSAID Non-steroidal anti-inflammatory drug
PAF Platelet-activating factor
PG Prostaglandin
PUFA Polyunsaturated fatty acid
TCM Traditional Chinese medicine
TNF Tumour necrosis factor
VIP Vasoactive intestinal peptide

15.1 Introduction

15.1.1 Cognitive Disorders

Loss of memory may occur in healthy people, where it is often associated with
the ageing process, or it may also occur in specific disease states in which cognitive
function is impaired. Cognitive dysfunction can be a feature of a variety of disorders,
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including schizophrenia [1], multiple sclerosis [2], and the many pathologies asso-
ciated with dementia. Dementia, which involves a deterioration of cognition, may
present in patients with central nervous system (CNS) infections, Huntington’s dis-
ease, Parkinson’s disease, Lewy body disease, Pick’s disease, vascular disease and
Alzheimer’s disease (AD) [3, 4]. AD is reported to be the most common type of de-
mentia [4] and is estimated to account for between 50% and 60% of dementia cases
in persons over 65 years of age [5]. There is a need for effective therapies that target
loss of memory both in healthy individuals and those with specific disorders that
involve cognitive impairment. At present there is a lack of therapeutic substances
that can alleviate memory loss in both cases. There are many challenges involved in
developing effective therapies for treating or preventing general memory loss asso-
ciated with ageing and for treating or preventing the memory impairment which is a
feature of the different pathologies associated with the variety of cognitive disorders
such as dementia, although there may be some common therapeutic targets which
may be investigated to alleviate cognitive impairment in different disease states and
in general memory loss. The common symptoms of neurodegenerative diseases,
such as loss of memory, have been recognised as a feature of increasing age for a
long time, and it is these symptoms, rather than the specific disease states which are
diagnosed in modern medicine, which have been acknowledged in many traditional
practices of medicine.

15.1.2 Alzheimer’s Disease

AD is a progressive, neurodegenerative disease that primarily affects the elderly
population and it is a major public health concern. The etiology of AD is still not
fully understood. The main symptoms associated with AD involve cognitive dys-
function, which primarily involves loss of memory and recognition skills [4, 6, 7].
Several other features present in the later stages of the disease, including language
deficits, depression, agitation, mood disturbances and psychosis [8, 10]. Although
the pathology of AD has not been fully elucidated, senile plaque and neurofibrillary
tangle formation, and associated oxidative and inflammatory processes and neuro-
transmitter disturbances, occur in the CNS. In particular, a consistent neuropatho-
logical feature associated with memory loss is a deficit of acetylcholine (ACh) (1),
a neurotransmitter which is associated with cognitive function, and a cholinergic
deficit has been correlated with the severity of AD [11–14].

15.1.3 Cholinergic Function

The presynaptic synthesis of ACh (1) from choline and acetyl coenzyme A in
neurons is catalysed by the enzyme choline acetyltransferase (ChAT) [15]. Once
synthesised, ACh is stored in synaptic vesicles and is released upon neuronal
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stimulation into the synaptic cleft [15]. ACh may then stimulate postsynaptic re-
ceptors (or presynaptic receptors to regulate ACh release) before being hydrolysed
at the ester bond in the ACh molecule to yield choline and acetate, under the action
of the enzyme acetylcholinesterase (AChE). Thus, ACh has a short half-life, and at-
tempts to prolong its action have been investigated as a therapeutic target to restore
cholinergic function in some cognitive disorders such as dementia.

AChE consists of a complex protein of the α/β hydrolase-fold type having an
overall ellipsoid shape containing a deep gorge about 20 Å in depth. At the bot-
tom of this gorge are four main subsites known as the ‘esteratic site’, the ‘oxyanion
hole’, the ‘anionic subsite’ and the ‘acyl pocket’, and it is in this region where ACh
hydrolysis appears to occur, although the initial binding of ACh is thought to oc-
cur at an outer region known as the ‘peripheral site’ [16]. In addition to its role
in hydrolysing ACh, AChE has also been associated with other functions includ-
ing a role as an adhesion protein, a bone matrix protein, in neurite growth and in
the production of amyloid fibrils, which are characteristically found in the brain
tissue of AD patients [17], although the clinical relevance of these actions has yet
to be explored more thoroughly. Another type of cholinesterase (ChE) is butyryl-
cholinesterase (BChE), which is found mainly in serum and glia, unlike AChE,
which is mainly distributed in neurons and erythrocytes in vertebrates [18]. The
physiological role of BChE is unclear, with no endogenous natural substrate having
been identified. BChE is known to hydrolyse toxic esters such as cocaine, and it is
considered to have a detoxifying action [18].

15.1.4 Symptoms Related to Memory Disorders in Traditional
Practices of Medicine

Many disease states now known and characterised by diagnostic tests in modern
orthodox ‘Western’ medicine, including cognitive disorders such as AD, were not
recognised in the past as such in some more traditional practices of medicine, or
may be described differently in other cultures. Consultation with traditional prac-
titioners and healers or referral to historical literature is an unlikely approach to
yield relevant information if modern medical terms are used. A more productive
approach would involve searching for information according to the treatment of
characteristic symptoms of a particular disease. AD is characterised by a loss of
short-term and eventually long-term memory as a feature of general cognitive de-
cline. In the later stages of the disease, language deficits, depression and agitation
can occur. Therefore, investigations into traditional uses should be focused on those
substances which have a reputation for improving memory or cause a general stimu-
lation of learning processes or intellect, in whichever way it is viewed in a particular
cultural context.

As well as those materials used for medicinal purposes, obtaining knowledge
on the types and uses of poisonous substances may also provide some indication
of their physiological effects. For example, a substance that produces symptoms of
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sweating, flushing of the skin and intestinal contractions may indicate that it con-
tains compounds which stimulate cholinergic activity, perhaps by inhibiting AChE
and thus ACh (1) hydrolysis. Compounds that may produce these effects could be
of interest for study as potential cognitive enhancers.

It must also be emphasised that understanding the etiology of a disease in West-
ern medicine may not be the same as that in other traditions. The approaches to treat-
ment will reflect the symptoms which manifest and the recognised causes. Many
African cultures include spiritual factors in the cause of disease, whilst Ayurvedic
and Chinese medicine view the correction of imbalance as an aspect of the appro-
priate treatment. The interpretation of medical conditions described according to
these traditional practices compared to the orthodox medical approach may present
problems. Consequently, knowledge of the underlying pathologies which could be
associated with the described and observed symptoms may be necessary to help
characterise disease states.

15.2 Activities Relevant to the Treatment of
Cognitive Disorders

15.2.1 Precursors of Acetylcholine

Adequate availability of choline has been proposed to enable sufficient ACh (1)
synthesis for neurotransmission. Precursors of ACh (e.g. choline and lecithin) have
been investigated for their effects on synthesis and release of ACh, with a view to
increasing ACh release and cholinergic activity. Few clinical or animal studies have
reported any significant beneficial effects on cognitive function with these com-
pounds [8]. Therapy failure may be due to impaired uptake mechanisms of choline
causing the reduction in ACh synthesis, and not due to insufficient choline supply.
This is apparent as it has been reported that more choline occurs in the cerebrospinal
fluid of AD patients than in patients without AD, and that choline levels increase
with disease progression [8, 19]. Therapy with ACh precursors may be limited by
side-effects, including gastrointestinal disturbances such as nausea, vomiting and
diarrhoea.

15.2.2 Muscarinic Receptor Stimulation

Direct cholinergic receptor stimulation has been explored as one therapeutic target
to enhance cognitive function. Cholinergic agonists are reported to facilitate learn-
ing and memory, but cholinergic antagonists impair learning and memory [20, 21];
thus cholinergic agonists may be useful in cognitive disorders. Direct stimulation
of the M1 muscarinic receptor with agonists such as xanomeline (2), which is an
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analogue of the natural compound arecoline, is reported to improve cognition both
in animal models and in AD patients, and antagonists of central presynaptic M2

receptors, which include analogues of the naturally derived himbacine (3), also en-
hance cognitive ability by increasing the release of ACh (1) [22]. To date, treatment
with compounds that directly interact with muscarinic receptors has not been a ma-
jor approach to alleviate cognitive disorders such as AD, perhaps due to the un-
pleasant cholinergic side-effects such as gastrointestinal contraction and sweating,
reported to be associated with muscarinic receptor modulators.

15.2.3 Nicotinic Receptor Stimulation/Nicotinic Agonists

Behavioural studies have shown that nicotinic receptors participate in cognitive
functions [23]. Nicotinic receptors are reduced in cortical brain areas in AD [24–28],
and nicotine (4) upregulates nicotinic receptors and increases ACh (1) release
[29–31]. Nicotine treatment in various in vivo studies, including administration to
rats with cholinergic brain lesions and in aged monkeys, has been shown to improve
cognitive function [32, 34].

Thus, nicotinic agonists may enhance cholinergic neurotransmission and there-
fore cognitive function in some disorders that feature memory impairment. In sup-
port of this, some studies suggest smoking may protect against AD development,
and administration of nicotine to AD patients and to healthy (non-AD) elderly peo-
ple improved cognitive function [35–39]. However, some cohort studies have shown
that smoking shows either no association with AD risk or moderately increases AD
risk [40–42]. Although the effects of smoking on memory and AD risk are incon-
clusive, the effects of nicotine on cognitive ability are still of interest. In addition
to modulating cholinergic activity, nicotine has shown other activities which may
be relevant in some neurodegenerative diseases featuring memory loss. Nicotine
inhibits β-amyloid formation in vitro [43, 44], inhibits the neurotoxic effects of glu-
tamate [45] and also enhances the effects of nerve growth factor (NGF) [31].

A number of other alkaloids are reported to be nicotinic agonists and could
therefore be investigated, or their structures modified, to develop new therapeutic
compounds. Alkaloids including lobeline (5) from Lobelia inflata L. (Campanu-
laceae) and cytisine (6), found in a number of plants including species of Sophora
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(Leguminosae), have binding affinity for nicotinic receptors [46–49], but these com-
pounds do not appear to have been developed for any pharmaceutical purposes, per-
haps due to toxicity.

15.2.4 Cholinesterase Inhibitors

Inhibition of ACh (1) hydrolysis by AChE, through the use of AChE inhibitors, has
been a more successful approach than attempts to use compounds which directly
stimulate cholinergic receptors to modulate cholinergic function, as AChE inhibitors
prolong the half-life of ACh, and therefore the availability of ACh released into the
neuronal synaptic cleft.

Over the last decade, some AChE inhibitors have been licensed for clinical use
for the symptomatic relief of mild to moderately severe AD. However, these drugs
only alleviate some of the cognitive symptoms of the disease, rather than treat the
disease, and may not be effective in some patients. The synthetic drug tacrine (7)
(Cognex) was the first AChE inhibitor to be licensed, but its use was limited by
adverse effects, including hepatotoxicity [50, 51]. The current AChE inhibitors li-
censed for use in AD include donepezil (8) (Aricept), rivastigmine (Exelon) and
galantamine (Reminyl) [52], with the latter two drugs based on naturally derived
compounds. In addition to modulating cholinergic function, some AChE inhibitors
are reported to interfere with β-amyloid metabolism and thus could reduce senile
plaque formation, one of the pathological occurrences in AD [53].

15.2.5 Anti-Inflammatory Activity

Some reports have indicated that the use of anti-inflammatory compounds may
modify the progression of AD, since inflammatory processes have been linked



246 M.-J.R. Howes and P.J. Houghton

with AD pathology [54–57]. Some studies have indicated that non-steroidal anti-
inflammatory drugs (NSAIDs), which inhibit cyclo-oxygenase (COX) activity, may
reduce the risk of developing AD, and patients with rheumatoid arthritis, who often
use NSAIDs, are suggested to have a lower incidence of AD [58–62]. In addition
to inhibition of COX, it has also been suggested that NSAIDs may act via other
mechanisms such as anti-amyloidogenic effects [63]. In view of the adverse effects
commonly associated with COX inhibitors currently in clinical use [63], new anti-
inflammatory compounds may be developed, including those which are naturally
derived, which may have potential in modifying the progression of cognitive disor-
ders such as AD with fewer adverse effects.

There are numerous examples of plant extracts and their constituents which dis-
play anti-inflammatory effects [64–68]. Consequently, there is some potential for
novel anti-inflammatory agents to be identified from plant sources, although plants
as a source of new anti-inflammatory drugs have not been extensively exploited to
achieve this aim. Various flavonoids have been associated with anti-inflammatory
activity [65, 66, 69] and may have potential for use in some CNS disorders in which
inflammatory processes are known to occur. Some structural features of flavonoid
molecules required for COX inhibition are considered to be the presence of a pyro-
catechol group in at least one of the flavonoid rings; however, flavones lacking these
substituents can also inhibit COX [68, 69]. Other plant-derived compounds with
potential for use in inflammatory disorders include ferulic acid, which is an antiox-
idant and anti-inflammatory compound. Ferulic acid is of interest since it amelio-
rated the reduction in ACh (1) levels in the cortex and the inflammatory responses in
the hippocampus induced by β-amyloid in mice and, significantly, it also improved
cognitive function [70].

15.2.6 Antioxidant Activity

Antioxidants have been suggested to reduce the risk of developing dementia, al-
though evidence to support this hypothesis is under review [71]. Free-radical reac-
tions, which are reported to initiate cell injury, have been implicated in the pathology
of various diseases including ageing processes, atherosclerosis, ischemic heart dis-
ease and neurodegenerative diseases which involve cognitive impairment [72–74].
Antioxidants have therefore been considered as a means to modify and minimise
neuronal degeneration in cognitive disorders.

A wide variety of plants have been associated with antioxidant effects [75–77].
It is therefore not surprising that many different and structurally diverse phyto-
chemicals have also shown antioxidant activity, including some cinnamic acids,
coumarins, diterpenoids, flavonoids, monoterpenoids, phenylpropanoids and tan-
nins [78–84]. The antioxidant properties of Camellia sinensis Kuntze (Theaceae),
commonly known as green tea, are well documented, and some studies suggest that
C. sinensis extracts and some of the catechin components have protective mecha-
nisms in neurodegenerative disorders [85]. For example, (-)-epigallocatechin gallate
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(9) had protective effects against β-amyloid-induced neurotoxicity in vitro, an effect
associated with its scavenging reactive oxygen species [86]. However, the ability of
the catechins to cross the blood-brain barrier may be restricted due to their polarity,
thus limiting any therapeutic effect in practice.

Although many plants and their compounds have shown antioxidant effects in
vitro, relatively few have been explored for their therapeutic and clinical relevance,
particularly in relation to cognitive disorders. One plant which has shown favourable
effects in the CNS is Thymus vulgaris L. (Lamiaceae). A study investigating T.
vulgaris essential oil showed that it maintained higher polyunsaturated fatty acid
(PUFA) levels in various tissues, including the brain in rats, indicating protective
antioxidant effects [87]. Other examples of plants which show antioxidant activity,
particularly with reference to CNS pathologies, are described later in this chapter.

15.2.7 Estrogenic Activity

For a number of years, conclusions from epidemiological evidence indicated that
estrogen-replacement therapy (ERT) had a preventative role against AD devel-
opment, and estrogen treatment in women with AD enhanced cognitive function
[88–91]. The mechanisms by which estrogens may protect against AD are unclear
but may be mediated via interaction with estrogen receptors in the CNS, or per-
haps by effects on neurotransmitter systems, modulation of NGF, enhancement of
cerebral blood flow or antioxidant effects [92–94] or other unknown mechanisms.
However, evidence from some more recent studies [95, 96] does not support an asso-
ciation between high estrogen levels and a reduced incidence of AD. Nevertheless,
the estrogenic activities of some plant extracts have been explored as one possible
explanation for their reputed memory-enhancing effects [97, 98].

Soya beans, the seeds of Glycine max Merr. (Leguminosae), form an important
part of the traditional diet in China and other parts of the Far East and are frequently
a staple of the diet of vegetarians and vegans. Soya contains isoflavones including
genistein (10) and daidzein (11), which have been characterised as phytoestrogens.
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Some studies indicate that phytoestrogens may alter anxiety, learning and mem-
ory in vivo [99]. Phytoestrogens, particularly the soya isoflavones, are reported
to improve cognitive function, not only in some animal studies but also in some
clinical studies, and have been suggested to offer protection against AD develop-
ment [100–102]. One study in student volunteers suggested that a high soya diet
(100 mg total isoflavones/d for 10 weeks) may improve short- and long-term mem-
ory in both females and males [100]. Another study showed that consumption of
soya isoflavones by postmenopausal women for a period of 12 weeks improved cog-
nitive function [103]. In a double-blind, randomised, placebo-controlled trial, some
cognitive benefits, particularly verbal memory, occurred in postmenopausal women
taking isoflavone supplements for 6 months [104].

The mode of action of phytoestrogens to explain favourable effects on cognition
is unclear, and they may act similarly to ERT and via interaction with the estro-
gen receptor or by other mechanisms, perhaps independently of the estrogen re-
ceptor. For example, genistein showed a neuroprotective effect against β-amyloid-
induced neurotoxicity in vitro [105], and it ameliorated β-amyloid peptide-induced
hippocampal neuronal apoptosis in vitro, which could be associated with an antioxi-
dant effect [106]. It has been proposed that although phytoestrogens may exert some
neuroprotective effects analogous to that of antioxidants, they are not functionally
equivalent to the endogenously active estrogens [107].

Many other plants have been considered to display estrogenic effects in some
studies, but their physiological significance and any potential clinical relevance in
improving cognition require further investigation. Pueraria lobata (Willd.) Ohwi
(Leguminosae), a plant used in traditional Chinese medicine (TCM), and some
of its component isoflavones (e.g. puerarin (12)) have shown estrogenic activity
in vitro [108]. Puerarin also attenuates the deficits of inhibitory avoidance perfor-
mance in rats, which was associated with an increase in cholinergic activity via nico-
tinic, but not muscarinic, receptors, in addition to activation of N-methyl-D-aspartate
(NMDA) receptors, and a decrease in serotonergic neuronal activity [109]. Another
study in which postmenopausal women were treated with P. lobata (equivalent to
100 mg isoflavones) for 3 months suggested it could promote some favourable ef-
fects on cognitive function [110]. It is apparent that some phytoestrogens do show
potential for use in some cognitive-related disorders, but more extensive and longer-
term studies are needed.
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15.2.8 NMDA Antagonists

Glutamate may induce neuronal degeneration by overstimulation of NMDA recep-
tors. NMDA receptor modulators may have potential use in some CNS disorders
including schizophrenia, stroke, epilepsy, Parkinson’s disease, Huntington’s disease
and AD [111]. Memantine (13) (Ebixa), an uncompetitive NMDA receptor antag-
onist, is reported to be neuroprotective [71], is a licensed drug for the treatment
of AD symptoms and has been shown to be therapeutically effective in AD pa-
tients [112, 113].

15.3 Plants as a Source of Useful Therapeutic Agents
in Cognitive Diseases

Numerous plants are reputed in traditional practices of medicine to alleviate the
cognitive decline that can be associated with general ageing, but they may also be
relevant in the treatment of specific cognitive disorders such as AD and other de-
mentias. Thus, plants reputed to have ‘anti-ageing’ or ‘memory-enhancing’ effects
could also be considered for their potential efficacy in disorders now recognised to
be associated with cognitive dysfunction, including those conditions in which de-
mentia occurs.

A mixture of plants is commonly prescribed in some practices of traditional
medicine including Ayurveda and TCM. The plant constituents may not only act
synergistically with other constituents from the same plant, but they may also en-
hance the activity of compounds from other plants in a particular remedy or herbal
formula. For example, the interaction of a compound at a target receptor may af-
fect the activity of another compound at that receptor, possibly due to allosteric
effects, which can occur at some types of receptor [114]. An ethnopharmacological
approach can assist with the search for plants and, eventually, potential new drugs
that could be relevant for the treatment of cognitive disorders, including AD.

There are numerous examples of plants used in various traditional practices of
medicine which have a reputation for influencing cognitive functions. However, rel-
atively few of these plants have been investigated to establish any scientific basis
for their reputed effects. The plants described below are mainly those which have
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stimulated an interest in establishing a pharmacological basis for the reputed effects.
It should also be considered that there are many other traditional medicines which
have yet to be investigated for a scientific basis to explain their traditional uses and
many that have shown interesting biological activity in some studies but which have
not been investigated extensively. Although some of these remedies have been pro-
moted as ‘alternative’ or ‘complementary’ therapies, in many instances, there is a
lack of substantial evidence for their efficacy and safety or their potential interac-
tions with other medicines. Some of these remedies may contain compounds which
are more active when combined in a mixture than when isolated and used alone.
Thus, the use of a plant extract may be preferred to single isolated constituents. In
addition, in a mixture such as an extract, there may be a variety of compounds with
polyvalency, i.e. the different compounds present act in a number of different but
relevant ways, and at different molecular targets to produce the overall pharmaco-
logical effects for treating a particular condition.

15.4 Plants Used in Traditional Ayurvedic Medicine

Ayurvedic medicine is the oldest medical system in the world with written records in
Sanskrit dating back at least 5000 years. It originates from the Indian subcontinent
and has also influenced the traditional medical system in Thailand. The practice of
Ayurvedic medicine is now widely used throughout the world as a complementary
medicine.

15.4.1 Areca catechu L.

Arecoline (14) is the major alkaloid of those present in betel or areca nuts, the fruit of
the palm tree Areca catechu L. (Arecaceae), which is extensively chewed to induce
salivation and euphoria throughout the Indian subcontinent and other parts of south-
east Asia. It is estimated that 500 million people regularly chew betel nut (often
referred to as ‘pan’ or ‘paan’ in India) in a form which is usually shredded, mixed
with lime and wrapped in a leaf from the Piper betel Blanco (Piperaceae) plant,
although chewing of betel nuts has been positively correlated with an incidence of
oral cancer [115]. As a direct result of the cholinergic activity induced by this plant,
excessive salivation occurs, which is associated with a muscarinic effect, and CNS
stimulatory and euphoric effects develop, which is considered to be associated with
a nicotinic receptor stimulant effect [116].

Arecoline has been reported as an M1/M3 partial agonist [117] and was shown to
bind to M2 muscarinic receptors [118]. Arecoline has been considered as a treatment
for cognitive impairment since it showed improvement in scopolamine-induced cog-
nitive impairment and passive avoidance performance in vivo, indicating a choliner-
gic action [119, 120]. When arecoline was administered to AD patients, it enhanced
verbal memory [121] and moderately improved cognitive function and recognition
skills [122, 123].
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Derivatives of arecoline have been synthesised in order to improve selectivity for
cortical muscarinic receptors. Examples of arecoline derivatives include xanomeline
(2), reported to be functionally selective for the M1 receptor [22], which delayed
cognitive decline and reduced hallucinations and delusions when given to AD pa-
tients [116]. Other derivatives of arecoline are Lu 25-109-T and talsaclidine, which
are also M1 functionally selective receptor agonists. Although Lu 25-109-T showed
encouraging results in vitro [124], it failed to improve cognition when tested clin-
ically in patients with mild to moderate AD [125]. Talsaclidine has been shown to
increase cholinomimetic central activation in animals and humans without some of
the side-effects observed with AChE inhibitor therapy, but higher doses are linked
with adverse effects including salivation and sweating, and, disappointingly, cogni-
tive function was not significantly improved with this compound [22, 126]. Other
tests on rhesus monkeys did show some improvement in memory-related tasks, but
at doses which produced unacceptable adverse effects [127].

15.4.2 Bacopa monniera Wettst.

Bacopa monniera Wettst. (Scrophulariaceae), known by the common name
‘brahmi’, has been used in Ayurvedic medicine for almost 3000 years as a nerve
tonic and to improve intellect and memory [128]. Various investigations have at-
tempted to substantiate and identify a scientific basis for the reputed effects. A
number of in vivo studies have shown B. monniera extracts to improve cognitive
function [128–130]. The mode of action to explain these effects has yet to be fully
elucidated. Some studies suggest that the antioxidant effects of B. monniera may
protect the CNS from oxidative damage. Extracts of B. monniera have been reported
to induce a dose-related increase in superoxide dismutase, catalase and glutathione
peroxidase activities in the rat frontal cortex, striatum and hippocampus [131], to
dose-dependently inhibit nitric oxide (NO)-related toxicity (DNA damage) in cul-
tured rat astrocytes [132] and to inhibit aluminium-induced neurotoxicity in the rat
brain [133]. The antioxidant effects of B. monniera have also been suggested to alter
amyloid plaque formation [134, 135]. In addition to antioxidant effects, B. monniera
has also shown anti-inflammatory activity in vivo [128, 136]. It is reported to mod-
ulate the cholinergic system [128] and has an anxiolytic action [137]. It is therefore
possible that B. monniera may exert multiple effects on the CNS.

Although the majority of relevant studies which have investigated the reputed
cognitive-enhancing effects of B. monniera have focused on extracts rather than
isolated constituents, it is the triterpenoid saponins, reported to occur in the aerial
parts of B. monniera [138–142], which have been associated with the activity. The
dammarane-type triterpenoid saponins, a mixture known as bacoside A which in-
cludes bacoside A3 (15), have been shown to protect rat brains from smoking-
induced apoptosis [143] and from structural and functional impairment of
mitochondria [144].



252 M.-J.R. Howes and P.J. Houghton

Clinical studies have so far only been undertaken on healthy volunteers. In one
double-blind, placebo-controlled study with normal healthy subjects treated with
B. monniera extract, no acute effects on cognitive function were observed [145].
However, a double-blind, randomised, placebo-controlled study on patients aged 40
to 65 years showed that those given a standardised extract of B. monniera resulted
in a significant improvement in retention of new information but no difference in the
rate of learning, attention, and verbal and visual short-term memory [146]. Another
similar study investigated the speed of visual information processing, learning rate
and memory consolidation and concluded that the B. monniera extract improved
higher-order cognitive processes such as learning and memory [147].

15.4.3 Centella asiatica (L.) Urb.

An ancient Ayurvedic remedy, Centella asiatica (L.) Urb. (Apiaceae), also known
by the synonym Hydrocotyle asiatica L., is reputed to restore youth, memory and
longevity [148]. In Sanskrit, and commonly as an herbal product, it is known as
‘gotu kola’. An Ayurvedic formulation composed of four herbs including C. asiat-
ica, is used to retard age and prevent dementia, and the herb combined with milk is
given to improve memory [149]. In TCM C. asiatica has been used for various dis-
orders, such as traumatic diseases, and for combating physical and mental exhaus-
tion [150, 151]. The essential oil from C. asiatica leaf contains monoterpenoids, in-
cluding bornyl acetate, α-pinene, β-pinene and γ-terpinene [150, 152], all of which
are reported to inhibit AChE [153–155]. However, monoterpenoid AChE inhibitors
are weak compared to the anti-ChE alkaloid, physostigmine [154]. In view of the
relatively weak anti-ChE activity of monoterpenoids reported to date, it is unlikely
that they would be therapeutically effective in cognitive disorders.
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The pharmacological basis to explain the reputed antiamnesic effects of C. asi-
atica has been explored in a number of studies. An alcoholic extract of C. asiatica
was tranquillising in rats, an activity that was attributed to a triterpenoid, brahmo-
side [148, 156]. Further studies showed the extract of C. asiatica leaf to be seda-
tive, antidepressant and potentially cholinomimetic in vivo [156], and asiaticoside,
a triterpenoid saponin from C. asiatica, is a reported anxiolytic [157, 158]. These
findings suggest that C. asiatica may be appropriate to treat symptoms of depres-
sion and anxiety in AD, and that it may also influence cholinergic activity and, thus,
cognitive function. Cognitive enhancing effects have been observed in rats follow-
ing oral administration of an aqueous extract of C. asiatica; this effect was asso-
ciated with an antioxidant mechanism in the CNS [159]. Further evidence for the
antioxidant benefits of C. asiatica extract were observed when it was administered
orally to rats and was shown to protect the rat brain against age-related oxidative
damage [160]. Knowledge regarding the compounds responsible for these effects
is lacking, although phenolic compounds in C. asiatica have been correlated with
antioxidative activity in vitro [161]. An aqueous extract of this plant has also been
shown to decrease seizures and prevent cognitive impairment in an animal model
for epilepsy [162].

Alterations in other neurotransmitter systems have been associated with AD
pathology [163, 164]. Interestingly, an aqueous extract of C. asiatica leaf modulated
dopamine, 5-hydroxytryptamine (5-HT) and noradrenaline systems in rat brain and
improved learning and memory processes in vivo [165]. Glutamate may induce neu-
ronal degeneration by overstimulation of NMDA receptors, and memantine (13), an
NMDA receptor antagonist, is therapeutically effective in AD patients [112, 113].
The triterpenoid asiatic acid (16) (found in C. asiatica) and its derivatives have
been shown to protect cortical neurons from glutamate-induced excitotoxicity in
vitro [166]. A neuroprotective action may contribute to changes in the dendritic
morphology of neurons in the CNS. This has been suggested by a study in which
stimulation of neuronal dendritic growth in hippocampal neurons was observed fol-
lowing administration of leaf extracts of C. asiatica to neonatal rat pups [167]. Com-
ponents in C. asiatica including asiatic acid have also been suggested to accelerate
repair of damaged neurons [168]. This action, perhaps in conjunction with other
observed biological activities relevant to the alleviation of cognitive dysfunction,
could explain the basis for the reputed memory-enhancing effects of this plant.

15.4.4 Celastrus paniculatus Willd.

Celastrus paniculatus Willd. (Celastraceae) seeds and seed oil have been used in
Ayurvedic medicine to stimulate intellect and to sharpen the memory [169, 170].
Many of the studies undertaken to establish any pharmacological basis for the re-
puted effects of C. paniculatus have focused on the seeds and seed oil. When ad-
ministered orally to rats, the seed oil decreased levels of noradrenaline, dopamine
and 5-HT in the brain, which was correlated with an improvement in learning and
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memory processes, without inducing neurotoxic effects [171]. Administration of the
seed oil to rats also reversed a scopolamine-induced task deficit, but this effect was
not associated with anti-ChE activity [172]. Other studies have explored more polar
extracts from the seeds of C. paniculatus rather than the seed oil. An aqueous seed
extract showed an antioxidant effect in the CNS, which may provide some expla-
nation for the reputed benefits on memory, since this extract enhanced cognition in
vivo [173]. A seed extract is also reported to increase brain phospholipid content in
vivo, possibly as a consequence of increased myelination [174]. Aqueous seed ex-
tracts protected neuronal cells against glutamate-induced toxicity [175] and H2O2-
induced toxicity [176], with methanol and ethanol extracts in addition to the seed oil
also showing the latter effect [177]. Although the neuroprotective effect of the polar
extracts was attributed to their antioxidant properties, the seed oil, which was the
most potent neuroprotector, was suggested to act via a different mechanism [177].

Another C. paniculatus extract was evaluated for NMDA and γ-aminobutyric
acid (GABA) receptor binding and NGF effects, but did not produce any response
[178]. Studies on the flowers from C. paniculatus have shown a methanol extract
to be anti-inflammatory [179], which may also have some relevance in the manage-
ment of neurodegenerative disorders. A polyherbal formula (Abana) containing C.
paniculatus as a component amongst other herbs is used in Ayurvedic medicine, and
dose-dependently improved memory in both young and aged rodents and reversed
scopolamine- and diazepam-induced amnesia and reduced brain ChE activity [180].
The contribution of each of the component herbs of this formula to the observed
effects, or if any synergistic effect occurred, is unknown. Although a number of
studies have attempted to elucidate the mechanisms of action to explain the reputed
effects of C. paniculatus on cognitive function, the compounds responsible for the
observed activities have yet to be established.

15.4.5 Clitoria ternatea L.

The roots of the Indian medicinal plant Clitoria ternatea L. (Leguminosae) have a
reputation for promoting intellect [170, 181]. This reputed effect may be related to
effects on cholinergic activity in the CNS, as some studies have shown. A study in-
vestigating both the aerial parts and roots of C. ternatea showed that alcoholic root
extracts were more effective than extracts of the aerial parts in attenuating memory
deficits in rats [182]. Enhanced memory retention following oral administration of
C. ternatea root extract was associated with increased levels of ACh (1) and ChAT
in rat brain, but no relationship with inhibition of AChE activity was established,
and cortical AChE activity was actually found to be increased [182]. However, an-
other study showed that the triterpenoid taraxerol (17) from C. ternatea inhibited
AChE both in vitro and in the brain of rodents in vivo, but it was not as potent
as physostigmine [183]. An aqueous extract of the root also increased ACh levels
in rat hippocampus following oral administration, and it was hypothesised that this
effect may be due to an increase in ACh synthetic enzymes [184]. Other studies
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have indicated that C. ternatea extract can act as a nootropic, an anxiolytic, an an-
tidepressant and an anticonvulsant and has antistress [185] and anti-inflammatory
activities [186].

Further studies are necessary to establish the mechanism of action to explain the
observed effects of the root extract on the CNS, and also to identify the compounds
responsible for activity. It has been suggested that memory enhancement in vivo
could be explained by an increase in functional growth of neurons of the amygdala,
since this effect was observed in rodents orally administered with an aqueous root
extract of C. ternatea [187].

15.4.6 Curcuma longa L.

Regarded as a ‘Rasayana’ herb in Ayurveda to counteract ageing processes, Cur-
cuma longa L. (Zingiberaceae) has also been used for culinary purposes and in the
textile industry. Much research has focused on curcumin (18), a curcuminoid from
C. longa rhizomes, and it has been shown to modulate a variety of molecular tar-
gets. In particular, studies have shown that some curcuminoids are associated with
antioxidant and anti-inflammatory activities, but in general, studies with particular
attention to cognitive disorders and any clinical relevance are lacking. In addition,
further evaluation of potentially active compounds from C. longa, other than the cur-
cuminoids, may contribute to the understanding of the traditional uses of this herb.

The antioxidant activity of curcumin is well documented [188, 189], and it is
suggested to be the underlying mechanism to explain a number of beneficial effects
on cognition. Curcumin was shown to be neuroprotective in vitro [190] and pro-
tected against ethanol-induced brain injury in vivo following oral administration,
an effect that was related to a reduction in lipid peroxide levels and enhancement
of glutathione in rat brain [191]. A neuroprotective action of curcumin was also
observed in an animal model of Parkinson’s disease, an effect also attributed to its
antioxidant properties [192]. It also dose-dependently improved motor and cogni-
tive impairment and significantly attenuated the associated oxidative stress in the
brain when orally administered to rodents [193]. Some compounds from C. longa,
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including curcumin, demethoxycurcumin (19), bisdemethoxycurcumin (20) and
calebin A (21) (and some synthetic analogues), were shown to protect PC12 cells
from β-amyloid insult in vitro [194, 195]; this activity was also suggested to be due
to an antioxidant effect [196]. It is proposed that the hydrophobic bridge of the con-
jugated network in the curcumin structure enables penetration into the blood-brain
barrier, and the more hydrophilic phenolic polar groups are important for its binding
to β-amyloid [197].

Curcumin is also reported to be anti-inflammatory [65, 198] and has been sug-
gested to modulate eicosanoid biosynthesis and COX-1, COX-2 and lipoxygenase
(LOX) activities [199–202]. It also inhibits nuclear transcription factor κB (NF-
κB) activation [65], although the clinical significance of the latter action in cog-
nitive disorders is unclear. Attempts to improve selectivity for the COX enzymes
and efficacy by developing compounds based on the structures of the curcumi-
noids could be a route to new anti-inflammatory drugs. Some curcuminoid pyrazole
and isoxazole analogues have been synthesised and are reported to inhibit COX
and to be anti-inflammatory in vivo, and it was shown that replacement of the β-
diketo in the curcumin structure with a pyrazole ring enhanced the COX-2/COX-1
selectivity [203].

15.4.7 Withania somnifera (L.) Dunal

Withania somnifera (L.) Dunal (Solanaceae) root, known as ‘ashwagandha’ in San-
skrit, is classed among ‘Rasayanas’, the rejuvenative tonics, and its use dates back
almost 4000 years. It is considered to be one of the most highly regarded herbs in
Ayurvedic medicine. The Ayurvedic scholar Charaka (10 BC) described the reputed
effects associated with W. somnifera: ‘One obtains longevity, regains youth, gets a
sharp memory and intellect and freedom from diseases, gets a lustrous complex-
ion and strength of a horse’ [204]. It has also traditionally been used to treat some
inflammatory conditions such as arthritis.

Numerous studies provide experimental evidence to support the traditional uses
of W. somnifera, and many of these have associated the biological activities with
various steroidal derivatives found in the root. The sitoindosides IX (22) and X
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isolated from the root augmented learning acquisition and memory in both young
and old rats [205]. This observation could be explained by a modulatory effect
on cholinergic function, since another study with an extract of W. somnifera con-
taining the sitoindosides VII–X and withaferin A (23) resulted in enhanced AChE
activity in the lateral septum and globus pallidus and decreased AChE activity in
the vertical diagonal band, enhanced muscarinic M1 receptor binding in the lateral
and medial septum and the frontal cortices, and increased muscarinic M2 receptor
binding sites in cortical regions, when administered to rodents [206]. However, it
was not shown to affect GABAA, benzodiazepine receptor binding, or NMDA or
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) glutamate recep-
tor subtypes in this study [206]. Another study showed a similar extract contain-
ing the same sitoindosides and withaferin A to reverse the ibotenic acid-induced
cognitive deficit and the reduction in cholinergic markers (e.g. ACh (1), ChAT) in
rodents [207]. Tests in vitro have shown a methanol extract of W. somnifera to in-
hibit AChE [208] and some withanolides inhibit AChE and BChE, with withaferin
A, 2,3-dihydrowithaferin A (24) and 5β,6β-epoxy-4β-hydroxy-1-oxowitha-2,14,24-
trienolide (25) being more active against AChE activity [209, 210]. These studies
indicate that W. somnifera and some of its components, particularly some withano-
lides and sitoindosides, may improve cognition by influencing cholinergic neuro-
transmission, although other mechanisms of action have also been suggested.

A reversal of scopolamine-induced disruption of acquisition and attention and
attenuation of amnesia was observed when a root extract of W. somnifera was ad-
ministered to mice, and these effects were suggested to be due to a nootropic ef-
fect [211]. Other studies have shown that W. somnifera root (methanol extract), and
some of the withanolide derivatives in particular, could dose-dependently promote
dendrite formation in human neuroblastoma cells in vitro [212, 213]. Withanolide
A and withanosides IV and VI are also reported to extend axons and dendrites,
respectively, in vitro [214], and withanolide A is considered to reconstruct neu-
ronal networks in vivo [215]. The clinical relevance of these effects is unknown,
but cholinergic function could be modulated if neurite outgrowth were to occur in
the CNS at therapeutic doses and with consideration of pharmacokinetic profiles of
the relevant compounds in vivo. The main metabolite of withanoside IV following
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oral administration was identified as the aglycone sominone, which induced ax-
onal and dendritic regeneration and synaptic reconstruction in cultured rat cortical
neurons [216]. The use of W. somnifera to improve some memory disorders shows
promise, if compounds demonstrate a suitable pharmacokinetic profile for efficacy.
A neuroprotective action has also been considered as an explanation for the reputed
effects of the root of this medicinal plant, since a root extract significantly reduced
the number of hippocampal degenerating cells in the brains of stressed rodents [217]
and was neuroprotective in an animal model of Parkinson’s disease [218].

In addition to the steroidal derivatives, other compounds may contribute to the
reputed and pharmacological effects of W. somnifera root preparations. The cogni-
tive benefits associated with nicotine (4) [37–39] could also explain the effects on
memory observed with W. somnifera, since this alkaloid is reported to occur in W.
somnifera root [148]. However, other studies have not reported it to be present [219,
220]. Chemical variation in W. somnifera plants has been reported to occur [221],
which emphasises the need for standardisation of plant-derived products for thera-
peutic use.

Other activities that may be advantageous in the alleviation of some cognitive
disorders are anti-inflammatory and antioxidant effects, both of which have been
associated with W. somnifera. Inhibition of lipid peroxidation both in vitro and in
vivo has been observed with extracts of the root [222, 223], with the root extract and
the glycowithanolides (containing equimolar concentrations of sitoindosides VII–X
and withaferin A) protecting against lipid peroxidation due to an antioxidant action
[224, 225]. In addition to the withanolides being antioxidant [189, 226–228] and
decreasing lipid peroxidation in rodent brains, withanolides and sitoindosides (VII–
X) also enhanced catalase and glutathione peroxidase activities in rat frontal cortex
and striatum [225, 226, 229]. Phenolic compounds from W. somnifera root might
also contribute to the overall antioxidant properties of this plant [230].

Evidence for the anti-inflammatory effects of W. somnifera is apparent in several
studies. Root extracts were effective against arthritis and associated biochemical
markers in rodents [231, 232]; they reduced serum protein levels (α2-macroglobulin,
an indicator of inflammatory conditions) [233, 234] and also reduced interleukin-1
(IL-1) and tumour necrosis factor (TNF)-α levels in vivo [235], which may be of
some clinical relevance as some inflammatory mediators have been linked with se-
nile plaque formation in some cognitive disorders. The compounds responsible for
these observations require further study, although a dimeric withanolide, ashwa-
gandhanolide, is an inhibitor of COX-2 activity [228]. The leaves of W. somnifera
leaves are also reported to have anti-inflammatory activity [236].

W. somnifera root has been extensively studied and shown to possess a variety of
activities that could be relevant to improve cognitive impairment. It appears to have
therapeutic potential for treating memory-related disorders, but further evidence of
clinical safety and efficacy is still needed before this promising herbal drug could
be considered for wider use in cognitive disorders.
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15.5 Plants Used in Traditional Chinese Medicine (TCM)

The practice of TCM has been documented for thousands of years, and the medicinal
preparations used include various substances of animal, fungal and plant origin.
TCM has also influenced the traditional medicine practiced in neighbouring regions,
such as Japan, Korea and Vietnam.

15.5.1 Evodia rutaecarpa (Juss.) Benth.

The plant described in the Pharmacopoeia of the People’s Republic of China (2005)
as Evodia rutaecarpa (Juss.) Benth. (Rutaceae) is used in TCM for its reputed car-
diotonic, restorative and analgesic effects [237]. Extracts and alkaloids isolated from
this plant have been investigated for activities that might help to explain the reputed
restorative effects. An ethanol extract of this plant and four compounds present,
dehydroevodiamine (26), evodiamine (27), rutaecarpine (28) and synephrine (29),
have been shown to be anti-inflammatory in vitro [238], an action that has been
implicated as potential therapy in some cognitive disorders.

The alkaloid rutaecarpine is also reported to inhibit COX-2 activity in vitro and
to be anti-inflammatory in vivo [239], although another study showed evodiamine
to inhibit COX-2 induction and NF-κB activation, whilst rutaecarpine did not show
these effects [240]. Evodiamine has also been shown to inhibit both constitutive
and induced NF-κB activation and NF-κB-regulated gene expression [241]. Dehy-
droevodiamine increases cerebral blood flow in vivo [242], an action that might
also improve cognitive function, and it may have a neuroprotective action, since
it inhibited glutamate uptake and release in vitro [243]. Dehydroevodiamine (hy-
drochloride) also prevents impairment of learning and memory and neuronal loss
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[244] and is not considered to be associated with any serious adverse effects [245].
E. rutaecarpa extract and dehydroevodiamine both inhibited AChE in vitro and re-
versed scopolamine-induced memory impairment in rats [246]. In addition to re-
versing scopolamine-induced amnesia, dehydroevodiamine is reported to be even
more effective in the reversal of β-amyloid-peptide-induced amnesia in vivo [247],
indicating that it may improve cognitive ability by influencing cholinergic function
and by other mechanisms.

Since the alkaloids rutaecarpine and dehydroevodiamine are inhibitors of ChE,
their chemical structures have been used as a basis for the development of new
ChE inhibitors, including synthetic compounds which combine the structural fea-
tures of these alkaloids with tacrine (7). Inhibition of both AChE and BChE
in vitro occurred with the synthetic analogues (8Z)-5,6-dihydro-8H-isoquino[1,2-
b]quinazolin-8-imine, 5,8-dihydro-6H-isoquino[1,2-b]quinazoline, 5,7,8,13-tetra-
hydroindolo [2′,3′:3,4]pyrido[2,1-b]quinazoline and N-(2-phenylethyl)-N-[(12Z)-
7,8,9,10-tetrahydroazepino [2,1-b]quinazolin-12(6H)-ylidene]amine, with 5,7,8, 13-
tetrahydroindolo [2′,3′:3,4]pyrido[2,1-b]quinazoline and N-(2-phenylethyl)-N-
[(12Z)-7,8,9,10-tetrahydroazepino [2,1-b]quinazolin-12(6H)-ylidene]amine show-
ing higher affinity for BChE, but the dibenzo-analogue of dehydroevodiamine (13-
methyl-5,8-dihydro-6H-isoquino[1,2-b]quinazolin-13-ium chloride) showed greater
selectivity for AChE compared to BChE [248].

15.5.2 Ginkgo biloba L.

In Europe, leaf preparations of Ginkgo biloba L. (Ginkgoaceae) were used for
the treatment of circulatory disorders in the 1960s, and they are now a popu-
lar herbal remedy with a reputation for alleviating memory problems. In Iran, G.
biloba has been used traditionally to improve memory associated with blood cir-
culation abnormalities [249]. The use of G. biloba in TCM dates back for cen-
turies, and the Pharmacopoeia of the People’s Republic of China (2005) includes
G. biloba seeds as a remedy for cough and asthma and to reduce leukorrhoea and
urination [237].

There has been extensive research to determine any pharmacological basis which
might explain the reputed effects of G. biloba on memory, and a number of clinical
studies have also been conducted. Much of this research has used a standard-
ised extract of G. biloba known as EGb 761, which contains flavonoid glyco-
sides and terpenoid lactones amongst various other constituents. This extract has
shown a variety of activities relevant to improving cognitive function, particularly
neurodegenerative-related disorders such as AD, thus indicating that the extract may
have a number of different modes of action. EGb 761 has shown favourable effects
on cerebral circulation and neuronal cell metabolism [250, 252, 252] and on the
cholinergic system [253], and it has antioxidant activity [254–256]. EGb 761 re-
duced apoptosis both in vitro and in vivo [257, 258], and it was neuroprotective
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against NO- and β-amyloid-induced toxicity in vitro [259, 260], with the latter ef-
fect being associated with the flavonoid fraction (CP 205) [261]. Ginkgolides, the
main constituents of the non-flavonoid fraction of EGb 761, are neuroprotective
against hypoxia-induced injury in cortical neurons [262].

EGb 761 also protected mitochondria from β-amyloid-induced toxicity [263]
and modulated synaptic and mitochondrial plasticity in vitamin E-deficient rodents
[264]. Other studies showed EGb 761 and the terpenoid lactone bilobalide (30) to
protect against ischemia-induced neuronal death, and they reduced mitochondrial
gene expression in vivo [265]. Furthermore, bilobalide reduced both glutamate and
aspartate release in cortical slices [266], indicating a neuroprotective action. One
mechanism to explain a neuroprotective action of bilobalide is that it acts as an
antagonist at GABAA receptors [267].

Some G. biloba leaf constituents, including some flavonoids (e.g. quercetin (31))
and terpenoids (e.g. bilobalide and ginkgolides A (32), B (33) and C (34)), have been
associated with a vasodilatory action [268, 269], which could also benefit memory
function. Anti-inflammatory activity is also associated with G. biloba and its com-
ponents. Ginkgolide B antagonises platelet-activating factor (PAF) [270], ginkgetin
(35), a biflavone from G. biloba leaves, inhibits phospholipase A2, and ginkgetin
and the biflavone mixture downregulate COX-2 expression [271, 272]. The antiox-
idant properties of G. biloba extract have shown potential relevance in modulating
AD pathology in vivo. An extract reduced oxidative stress resulting from senile
plaques in vivo and progressively reversed structural changes in dystrophic neurites
associated with senile plaques, thus indicating that neurotoxicity associated with
the senile plaques in AD could be partially reversible with antioxidant therapies
such as G. biloba extract [273]. Some evidence suggests that G. biloba and its com-
ponents quercetin, kaempferol and isorhamnetin may also have estrogenic activity
in some circumstances [274, 275], but any physiological relevance of this effect
is unclear.

These activities, and perhaps other modes of action yet to be elucidated, might
explain the effects on cognition observed when G. biloba extracts have been tested
in vivo. Extracts have been shown to enhance cognition in both young and old
rats [276, 277], to improve short-term memory in mice [278] and spatial learning
and memory in rats with aluminium-induced brain dysfunction [279], to reduce cog-
nitive impairment and hippocampal damage after ischemia in rats [280] and to at-
tenuate scopolamine-induced amnesia in rats [281], perhaps indicating modulation
of cholinergic function. This hypothesis is supported by another study in which a
standardised G. biloba extract containing 24% flavone glycosides inhibited AChE
activity both in vitro and ex vivo at doses which correlated with effects against
scopolamine-induced deficits in a passive avoidance test in mice [129]. In another
study, the antagonistic effect of G. biloba extract on spatial memory deficits in ro-
dents was attributed to cholinergic activity but was also suggested to be partly due
to a histaminergic mechanism of action [282].

The clinical efficacy of G. biloba extracts (including EGb 761) has been evalu-
ated in several studies including double-blind, placebo-controlled, multicentre trials
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with administration to both AD and healthy subjects [283–292]. Although these
trials have indicated that G. biloba can modestly improve cognitive ability, some
of the data need to be interpreted with caution since some results were based on
self-assessment questionnaires rather than more objective methods of analysis. G.
biloba extract is also being investigated for any role it may have in the prevention
of AD [293]. In another randomised, double-blind, placebo-controlled trial, 120 mg
G. biloba extract was administered twice daily to assess if it could improve cogni-
tive performance in multiple sclerosis patients. Although this extract was not found
to significantly improve cognition in this study, it was suggested to influence some
cognitive processes such as mental flexibility [294].

G. biloba is probably one of the most studied herbal remedies for alleviating
memory problems, and there is substantial evidence, both pharmacological and
clinical, to encourage further study on its potential in the treatment of some cog-
nitive disorders. As is often typical with herbal products, the active compounds
need to be characterised, appropriate doses need to be established and both short-
and long-term safety needs to be evaluated. Clinical trials to date have generally
shown oral administration of G. biloba to be well tolerated, with no serious ad-
verse effects [287, 295]. It is also important to consider potential drug interactions,
particularly as patients requiring therapies to improve cognition may be already
taking a number of other medicines. One study showed that G. biloba supplemen-
tation in AD patients taking donepezil (8) (5 mg/d) did not have a major impact on
the pharmacokinetics and pharmacodynamics of donepezil [296], although the use
of G. biloba with antiplatelet or anticoagulant medicines may increase the risk of
haemorrhage [297].
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15.5.3 Huperzia serrata (Thunb.) Trevis.

In TCM a prescription prepared from Huperzia serrata (Thunb.) Trevis. (Lycopo-
diaceae) has been a treatment for memory loss [298, 299]. Of the alkaloids isolated
from H. serrata, huperzine A (36) has been extensively studied for pharmacological
and clinical effects in relation to treatment of cognitive disorders.

A range of studies in animals have shown this alkaloid to improve memory-
retention processes in cognitively impaired aged and adult rats [300] and to attenuate
cognitive deficits in chronically hypoperfused rats [301] and in gerbils following
ischemia [302]. The principal mechanism of action thought to be responsible for the
cognitive-enhancing effects of huperzine A is modulation of cholinergic function
by inhibition of ChE; it reversibly inhibits AChE both in vitro and in vivo [303–
305]. Huperzine A is more selective for AChE than BChE, was less toxic than the
synthetic AChE inhibitors donepezil (8) and tacrine (7) and significantly improved
memory and behaviour in AD patients in a multicentre, double-blind trial [306, 307].
In phase IV clinical trials in China, huperzine A improved memory in elderly, AD
and vascular dementia patients, with limited adverse effects [308]. Pharmacokinetic
studies have indicated that huperzine A is rapidly absorbed, widely distributed in
the body and eliminated at a moderate rate [308].

In addition to ChE inhibition, other effects may contribute to the cognitive ben-
efits of this remedy. Huperzine A also favourably affects other neurotransmitter
systems to improve memory [309]. It was also neuroprotective against β-amyloid
peptide [310], oxygen-glucose deprivation [311], free-radical-induced cytotoxic-
ity [312] and glutamate [313] and it acts as an NMDA receptor antagonist in the
cerebral cortex [314]. The enantiomers of huperzine A concentration-dependently
inhibit NMDA receptor binding without stereoselectivity, although stereoselectivity
is reported in the inhibition of AChE, with the (+)-isomer of huperzine A being less
potent than the natural (−)-isomer [315]. Huperzine A is also suggested to attenuate
apoptosis by inhibiting the mitochondria-capase pathway [316] and to have neu-
rotrophic effects [308]. Huperzine B (37), also from H. serrata, attenuates H2O2-
and oxygen-glucose-deprivation-induced injury in the rat pheochromocytoma cell
line PC12, indicating that it has a neuroprotective action [317, 318].

Huperzine A appears to be therapeutically advantageous over some other known
ChE inhibitors since it is a potent, reversible and relatively selective inhibitor of
AChE, it shows other activities that may be relevant in alleviating cognitive dysfunc-
tion and it has shown efficacy in clinical trials in cognitively impaired patients with
few adverse effects. It is therefore not surprising that the structures of huperzines A
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and B have been used as templates for the synthesis of new compounds, with the
aim of developing potentially new drugs with improved efficacy and safety.

One study involved an attempt to develop a compound, (±)-14-fluorohuperzine
A, to enhance the H-bond between the C-14 methyl of huperzine A and the back-
bone carbonyl of His440 on AChE. The racemic form of 14-fluorohuperzine A in-
hibited AChE in vitro with a potency that was 62-times less than huperzine A [319].
Other attempts to develop fluorinated analogues of huperzine A ((±)-12,12,12-
trifluorohuperzine A, (±)-14,14,14-trifluorohuperzine A, (±)-12,12,12,14,14,14-
hexafluorohuperzine A and (±)-12-fluorohuperzine A) have been unsuccessful as
these compounds did not inhibit AChE more potently than huperzine A
[320, 321].

Analogues of huperzine A synthesised to achieve 5-substitution with either a
hydroxyl group, a fluoro group or an acetoxyl group were assessed for their anti-
AChE activity in vitro. The AChE inhibitory activities of these 5-substituted hu-
perzine A analogues were also less potent than huperzine A when tested in vitro,
indicating that the C-5 amino group in huperzine A (which can form a quater-
nary ammonium under physiological conditions to imitate ACh (1)) is an impor-
tant structural feature for AChE inhibition [322]. Other compounds synthesised
are the (E)- and (Z)-5-desamino huperzine A derivatives, which, although more
potent than the 5-fluoro and 5-hydroxyl derivatives in the inhibition of AChE in
vitro, were still less potent than huperzine A [322, 323]. Another synthetic deriva-
tive of huperzine A, (−)-dimethylhuperzine A (DMHA), showed AChE inhibitory
activity comparable to (−)-huperzine A, and although the enantiomer (+)-DMHA
was inactive against AChE activity, both enantiomers were equally effective in pro-
tecting against glutamate-induced neurotoxicity [324]. Analogues of huperzine B
have also been synthesised with the aim of improving AChE inhibitory potency,
but although some of these analogues are reported to be up to four-fold more po-
tent than huperzine B, they were not as potent as huperzine A in the inhibition of
AChE [325].

Other studies have involved synthesis of hybrid compounds, containing struc-
tural features of both huperzine A and other known ChE inhibitors. Pharmacomod-
ulation of huperzine A and tacrine has produced compounds that include a combi-
nation of the carbobicyclic substructure of huperzine A and the 4-aminoquinoline
substructure of tacrine [326, 327]. One of these compounds, rac-(E)-12-amino-13-
ethylidene-6,7,10,11-tetrahydro-9-methyl-7-11-methanocycloocta[b]quinoline hy-
drochloride, was less potent than tacrine in the inhibition of AChE, but it was
more active than the (Z)-stereoisomer [326]. Other derivatives synthesised which
lack the ethylidene substituent (rac-12-amino-6,7,10,11-tetrahydro-9-methyl-7,11-
methanocycloocta[b]quinoline hydrochloride and rac-12-amino-9-ethyl-6,7,10,11-
tetrahydro-7,11-methanocycloocta[b]quinoline hydrochloride) inhibited AChE more
potently than tacrine [326].

Other synthetic compounds are the huprines. Huprine X ((−)-12-amino-3-chloro-
9-ethyl-6,7,10,11-tetrahydro-7,11-methanocycloocta[b]quinoline hydrochloride)
(38) was found to bind to AChE in a similar manner to huperzine A and tacrine at the
acylation site in the active site gorge; it also interferes with the binding of peripheral-
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site ligands [328]. Huprine X also had an affinity for AChE that was 180 times that
of huperzine A, 1200 times that of tacrine and 40 times that of donepezil [328],
and it may act as an agonist at muscarinic M1 and M2 and at nicotinic receptors
[329]. Both (±)-huprine X and (±)-huprine Y ((±)-12-amino-3-chloro-9-methyl-
6,7,10,11-tetrahydro-7,11-methanocycloocta[b]quinoline hydrochloride) (39) inc-
reased the level of ACh in the synaptic cleft more effectively than tacrine, and the
interaction of (±)-huprine X with nicotinic receptors was weaker than that of (±)-
huprine Y [330], although the nicotinic receptor binding effect of huprine X was
not shown in a separate study [331]. (±)-Huprines Y and Z (40), which differ in
structure by the halogen at position 3 (chlorine and fluorine, respectively), are more
potent inhibitors of AChE than BChE and both compounds inhibited brain AChE
(ex vivo), with (±)-huprine Y being approximately five times more potent than (±)-
huprine Z [332].

Other huperzine A hybrids that have been synthesised include structural fea-
tures of both huperzine A and E2020 (donepezil). These hybrid compounds were
synthesised with the aim of enabling an interaction between the 5,6,7,8-tetrahy-
droquinolinone of huperzine A and the active site of AChE, and an interaction be-
tween the benzyl piperidine of E2020 and the peripheral binding site of AChE,
but these derivatives were less potent than E2020 in the inhibition of AChE in
vitro [333].

15.5.4 Magnolia officinalis Rehder & E.H.Wilson

In TCM, the bark of the root and stem of Magnolia officinalis Rehder & E.H.Wilson
(Magnoliaceae) has been used as a remedy for alleviating anxiety and nervous dis-
turbances. Many of the more recent studies investigating any basis for the CNS
effects of M. officinalis have focused on the biphenolic lignans isolated from M. of-
ficinalis, honokiol (41) and magnolol (42), and although a variety of in vitro tests
and some in vivo studies have been undertaken that may explain the reputed effects,
there is a lack of clinical evidence for efficacy.
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Modulation of cholinergic function could explain any favourable effects of this
remedy on memory, as both honokiol and magnolol increase ChAT activity, they
inhibit AChE activity in vitro and they increase hippocampal ACh (1) release in
vivo [334]. Other activities that may preserve cognitive function have also been
associated with M. officinalis and the component lignans. An extract [335], mag-
nolol [336, 337] and honokiol [337, 338] showed antioxidant activity, and magnolol
was neuroprotective in vitro [339]. In another study, both magnolol and honokiol,
the latter being the most potent, were neuroprotective against glutamate-, NMDA-
and H2O2-induced mitochondrial dysfunction in vitro, effects associated with an
antioxidant action and antagonism of excitatory amino-acid-induced toxicity; these
two compounds are suggested to differ in some mechanisms by which they are neu-
roprotective [340, 341]. The anti-inflammatory activity of magnolol both in vitro
and in vivo could be explained by its ability to inhibit COX and 5-LOX [342, 343]
or by regulating the NF-κB pathway [344]. Modulation of the NF-κB pathway has
also been shown to occur with honokiol [345] and it protected against cerebral
ischemia-reperfusion injury in rodents, which was attributed to its antioxidant, anti-
inflammatory and antiplatelet aggregation properties [346, 347]. Also from the bark
of M. officinalis are the (+)- and (−)-enantiomers of syringaresinol and a mixture
of their glucosides; these compounds promoted dose-dependent neuritogenesis in
vitro [348]. These potential neurotrophins and the lignans honokiol and magnolol
appear to show some activities that could be relevant in disorders in which cogni-
tion is impaired, but more in-depth studies, particularly those assessing their clinical
relevance and safety, are needed.

15.5.5 Polygala tenuifolia Willd.

Polygala tenuifolia Willd. (Polygalaceae) root is a remedy used in TCM for car-
diotonic and cerebrotonic effects and is considered to act as a sedative and tranquil-
liser and to alleviate amnesia, neuritis and insomnia [349, 350]. According to the
Chinese Materia Medica, the root is supposed to produce an effect upon the will
and mental powers, improving understanding and strengthening memory, and the
Pharmacopoeia of the People’s Republic of China (2005) includes P. tenuifolia root
as a remedy to anchor the mind and for forgetfulness [237].

Since in TCM a mixture of herbs, rather than one single herb or other substance,
is commonly prescribed, a number of studies have investigated a traditional Chinese
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prescription, known as DX-9386, for any activities that could have relevance in im-
proving cognitive processes. DX-9386 is composed of P. tenuifolia in addition to
Panax ginseng C.A. Mey. (Araliaceae), Acorus gramineus [Soland.] (Acoraceae)
and Poria cocos (Schwein.) F.A. Wolf (Fomitopsidaceae) (in the ratio 1:1:25:50 dry
weight). Although this prescription has shown a number of favourable biological ac-
tivities in relation to treating cognitive dysfunction, the contribution of each of the
components in the prescription to the observed effects is unclear. Studies conducted
have shown that DX-9386 may slow the ageing process as it ameliorated memory
impairment and reduced lipid peroxide levels [351] and prolonged lifespan [352] in
senescence-accelerated mice, and it ameliorated ethanol-induced memory impair-
ment in rodents [353]. The enhancement of hippocampal long-term potentiation of
synaptic transmission by DX-9386 was attributed to P. ginseng and P. cocos, with
P. tenuifolia only producing a minor effect [354].

Other studies have also investigated P. tenuifolia amongst a mixture of 12 pre-
scription components in a formula known as kami-utan-to (KUT), a remedy used
in traditional Japanese medicine to treat psychoneurological diseases. Studies have
shown KUT to dose-dependently upregulate ChAT activity and increase NGF secre-
tion in vitro, and to improve passive avoidance behaviour and induce ChAT activity
in the cerebral cortex of aged rats and in scopolamine-induced memory impaired
rats [355, 356]. These activities were mainly attributed to the P. tenuifolia content
of the prescription, since the effects on ChAT activity and NGF secretion were not
as pronounced when treated with KUT in the absence of P. tenuifolia root, and P.
tenuifolia root extract alone was shown to upregulate ChAT activity and increase
NGF secretion in vitro [355, 356]. The clinical potential of KUT in cognitive dis-
orders has shown some promise, as KUT treatment improved memory-related be-
haviour in AD patients [356].

Some studies on P. tenuifolia root extract alone in the absence of other traditional
remedies have provided more evidence to explain the use of this plant in TCM for
CNS effects. Extracts reversed scopolamine-induced cognitive impairment and, to
some extent, improved memory and behavioural disorders induced by CNS lesions
in rodents; in addition, they showed a neuroprotective action against glutamate and
amyloid precursor protein (APP) in vitro and dose-dependently inhibited AChE ac-
tivity in vitro [357–359], indicating an effect on cholinergic function in addition
to other modes of action. Although extracts of P. tenuifolia have been associated
with a neuroprotective action and an aqueous extract enhanced axonal length in cor-
tical neurons treated with amyloid in vitro, the aqueous extract was not effective
in recovering dendritic atrophy and synaptic loss [360]. Anti-inflammatory activ-
ity could also contribute to the favourable CNS effects associated with this plant.
An aqueous extract of P. tenuifolia root inhibited IL-1 mediated TNF secretion by
astrocytes [361] and dose-dependently inhibited ethanol-induced IL-1 secretion in
vitro [362].

The compounds responsible for the effects of P. tenuifolia are unknown, although
some cinnamic acid derivatives may explain the suggested cholinergic action as
sinapic acid, a cinnamic acid derivative from P. tenuifolia root, increased ChAT
activity in the frontal cortex in brain-lesioned rats [355]. Also from P. tenuifolia
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root is the acylated oligosaccharide tenuifoliside B, which has a sinapoyl moiety in
its structure. This compound showed a cerebral protective effect on KCN-induced
anoxia, and it ameliorated the scopolamine-induced impairment of performance in
a passive avoidance task in rodents [363]. It is suggested that sinapic acid, or a
sinapoyl moiety, could be an important structural feature for the molecular interac-
tions that modulate cognitve function. To support this theory, a further study was
conducted which showed that sinapic acid also inhibited KCN-induced hypoxia and
scopolamine-induced memory impairment and it inhibited basal-forebrain-lesion-
induced cerebral cholinergic dysfunction in rodents [364]. Tenuigenin, extracted
from P. tenuifolia, inhibited β-amyloid secretion via β-secretase (BACE) inhibition
in vitro [365]. Other compounds that have been associated with some of the in vitro
effects observed with P. tenuifolia extracts include saponins with the aglycone pre-
senegenin (onjisaponins A, B, E, F and G), which increased NGF levels in astrocyte
cultures, with onjisaponin F also inducing the ChAT mRNA level in rat basal fore-
brain cells [366].

15.5.6 Salvia miltiorhiza Bunge

The dried root of Salvia miltiorhiza Bunge (Lamiaceae), also known as Chinese
sage or ‘dan shen’, is red in colour and was therefore believed to be a treatment for
blood disorders in folk medicine. In TCM the root has been used as a remedy to
stabilise the heart and calm the nerves and to treat circulatory disorders, insomnia
and neurasthenia, and to alleviate inflammation [151, 367]. The Pharmacopoeia of
the People’s Republic of China (2005) includes S. miltiorhiza root as a remedy for
fidgets and insomnia, amongst other indications [237]. S. miltiorhiza root extracts
have been investigated for a wide range of activities in relation to effects on the
cardiovascular system but also for effects on the CNS, and in cerebral ischemia in
particular. Some of the biological activities associated with S. miltiorhiza could also
be relevant to the modulation of cognitive function and may provide some explana-
tion for the traditional uses of this plant in some neural disorders.

S. miltiorhiza extracts have been shown to modulate the action of some neuropep-
tides, although studies on this subject are relatively limited and the pharmacological
activities reported often provide theoretical explanations for their clinical relevance
in CNS disorders. S. miltiorhiza has been suggested to modify the actions of vasoac-
tive intestinal peptide (VIP), a neuropeptide distributed within the gastrointestinal
tract and CNS [368], and somatostatin [369], a CNS neuropeptide that has been im-
plicated in learning and memory [370, 371]; both neuropeptides are considered to
play a role in changes involved in cerebral ischemia. S. miltiorhiza has also been
suggested to influence the action of substance P, which is associated with neuronal
damage following cerebral ischemia [372] and which is decreased in the brains of
AD patients [373]. The compounds in S. miltiorhiza that protect against ischemic
damage in the CNS appear to be the tanshinones [374], including tanshinone IIb,
which was effective in reducing stroke-induced brain damage [375].
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S. miltiorhiza may modify ischemic damage to the CNS by antioxidant effects.
Since the metabolism of free fatty acids from the breakdown of lipid membranes
and the generation of oxygen free radicals occur in ischemia, further brain injury
occurs [376] and cognitive ability may be affected. S. miltiorhiza reduces lipid
peroxidation and could therefore protect against these effects on the CNS during
ischemia [377–379]. The herbal mixture known as ‘Salvia compositus’, composed
of Dalbergia odorifera T.C.Chen (Leguminosae) and S. miltiorhiza, is reported to
modulate electrical activities of the cerebral cortex [380], to ameliorate cerebral
oedema [381] and to inhibit oxidation of lipids [382].

Several compounds isolated from S. miltiorhiza root have shown antioxidant ef-
fects, which may explain any protective effects this plant may have against ischemic
damage, and could also be relevant in modifying the progression of some cogni-
tive disorders. The antioxidant modes of action of compounds from S. miltiorhiza
are well documented [383]. Caffeic acid dimers, trimers and tetramers are some of
the antioxidant compounds from the root of this plant and include rosmarinic acid
(43) and salvianolic acids A (44) and B (45) [378, 384], with the latter two com-
pounds also protecting against memory impairment induced by cerebral ischemia in
rodents [385, 386]. Salvianolic acid B also protects against amyloid-induced neu-
rotoxicity in vitro, which was associated with an antioxidant effect [387]. A se-
ries of quinones from the root of S. miltiorhiza have shown antioxidant activity in
vitro [388, 389]. The antioxidant potency of these compounds was rosmariquinone,
dihydrotanshinone (46), miltirone 1 > dehydrorosmariquinone > cryptotanshinone
(47) > tanshinone IIa (48), which suggested that the structural features important
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for the antioxidant activity were additional conjugated double bonds in the A ring,
a dihydrofuran ring rather than a furan ring and an isopropyl substituent ortho to a
quinone carbonyl rather than a dihydrofuran ring [388].

The anti-inflammatory effects of some S. miltiorhiza components could perhaps
be exploited for use in cognitive disorders. Tanshinones from S. miltiorhiza root
were anti-inflammatory in vivo and were active against 5-LOX in vitro, although
they were not as active as the crude extracts [349, 390], suggesting that other com-
pounds from the root may be more potent against LOX activity, or perhaps a syner-
gistic effect might occur with the crude extract. In addition to an anti-inflammatory
action in vivo, tanshinone I (49) inhibited phospholipase A2 and prostaglandin (PG)
E2 formation in vitro, but did not affect COX-2 activity or expression [391], but
cryptotanshinone does inhibit COX-2 activity [392]. These studies suggest that
cryptotanshinone, but not tanshinone I, may have potential in modulating inflam-
matory processes in cognitive disorders such as AD, since many studies suggest
that COX-inhibiting drugs prevent or delay the onset of AD [58–62].

Other, perhaps more relevant, activities of S. miltiorhiza root are inhibition of
neuronal cell death by inhibition of presynaptic glutamate release, currently a ther-
apeutic target in AD, and protection against β-amyloid-induced neuropathological
changes in the hippocampus in vivo, effects observed with an extract and tanshi-
none, respectively [393, 394]. Also significant is that the first diterpenoids to show
AChE inhibitory activity were isolated from S. miltiorhiza root, with dihydrotanshi-
none and cryptotanshinone being the most active [395]. These dihydrofurans were
more active than the furans tanshinones I and IIa [395], suggesting that the more
flexible dihydrofuran improves the binding affinity to the active site of the enzyme.

Although many activities associated with the treatment of cognitive disorders
have been associated with numerous traditional remedies, studies to determine the
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bioavailability and if active compounds reach the site of action in the CNS are very
limited. Studies on S. miltiorhiza compounds with regard to these parameters have
shown that the bioavailability of salvianolic acid B [396] and tanshinone IIa [397]
is low, and that penetration of cryptotanshinone across the blood-brain barrier may
be limited in vivo [398], effects which may affect efficacy. In addition, an extract of
S. miltiorhiza induced cytochrome P450 [399], which raises the possibility of drug
interactions, and treatment with a preparation of S. miltiorhiza in patients on long-
term warfarin therapy increased haemorrhage risk [400].

15.6 Plants Used in Traditional European Medicine

The practice of herbal medicine in Europe has been influenced by the remedies used
and described by the ancient Greeks and by the traditions of Middle Eastern coun-
tries. Also often used are those herbal remedies used in North American traditional
medicine, whose uses were learnt from the native Americans by the European set-
tlers largely in the period between the 17th and 19th centuries.

15.6.1 Galanthus and Narcissus Species

Galanthus species (Amaryllidaceae) were used traditionally in Bulgaria and Turkey
for neurological conditions [401]. The alkaloid galantamine (50) was originally iso-
lated in the mid-20th century from G. woronowii Losinsk., commonly known as
the ‘snowdrop’, but has now also been isolated from some species of Narcissus
(Amaryllidaceae) and Leucojum aestivum L. (Amaryllidaceae) [401]. Galantamine
is one of the few drugs of natural origin used to alleviate symptoms in AD, and it is
now a licensed drug in Europe for this purpose.

The mode of action of galantamine is principally by inhibition of AChE. It is
reported to bind at the base of the active site gorge of the enzyme (Torpedo cali-
fornica AChE), interacting with both the choline-binding site and the acyl-binding
pocket, and the tertiary amine is suggested to form an H-bond (via the N-methyl
group) near the top of the gorge (to Asp-72) [402]. Galantamine is more selective
for AChE than BChE and provides complete oral bioavailability [403, 404].

In clinical, multicentre, randomised, controlled trials, galantamine was well
tolerated and significantly improved cognitive function when administered to AD
patients [405, 406]. The cognitive benefits produced with galantamine treatment
appear to be sustained for at least 3 years, which is a much longer time than for
other drugs of this type [407]. Galantamine could have advantages over some other
known AChE inhibitors in clinical use, as it is also a positive allosteric modulator
of nicotinic receptors [408, 409], another activity that could modulate cholinergic
and therefore cognitive function. There is also evidence to suggest that galantamine
may be of some therapeutic value in vascular dementia and in dementia with Lewy
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bodies, as well as AD patients [410, 411], and it also improved memory and atten-
tion in patients with schizophrenia who were stabilised on risperidone [412].

In view of the success of galantamine as a naturally derived drug, it is not sur-
prising that other alkaloids from species of Narcissus have been investigated for
their anti-ChE activity. In one study, 26 extracts from different species of Narcissus
and 23 Amaryllidaceae alkaloids were evaluated, but only 7 of these alkaloids, those
with galantamine and lycorine (51) structural skeleton types, inhibited AChE [413].
In this study, 11-hydroxygalantamine (52) had similar potency to galantamine in the
inhibition of AChE, epinorgalantamine (53) was less potent and sanguinine (54) was
even more potent than galantamine, an effect attributed to the additional hydroxyl
group in this structure, for interaction with AChE [413]. Among the lycorine type
alkaloids, assoanine (55) was the most active AChE inhibitor in this study, but it
was still four-fold less potent than galantamine [413]. Another study identified the
alkaloid ungiminorine as an AChE inhibitory component, although the activity was
relatively weak [414].

15.6.2 Melissa officinalis L.

In traditional European medicine Melissa officinalis L. (Lamiaceae) has been used
as a remedy for over 2000 years, and it is reputed to treat melancholia, neuroses and
hysteria, and the plant has been acclaimed for promoting long life and for restor-
ing memory [415–417]. John Hill (1751) reported that M. officinalis was ‘Good
for disorders of the head and stomach’ [418]. M. officinalis has also been used
in other traditional practices of medicine and was considered as a treatment for



15 Traditional Medicine for Memory Enhancement 273

depression in Arabic medicine [417] and used to treat hysteria in traditional Greek
medicine [419].

Some clinical studies have investigated the reputed cognitive effects of M. offic-
inalis. Some improvement in cognitive performance has been reported in healthy
(non-AD) participants in randomised, placebo-controlled, double-blind, crossover
studies, following treatment with cholinergically active (determined using in vitro
studies) M. officinalis dried leaf [420] or a standardised extract [421], and cognitive
improvements and a positive effect on agitation were also reported in AD patients
administered an extract of M. officinalis for 4 months in a double-blind, randomised,
placebo-controlled trial [422]. The results of a double-blind, placebo-controlled trial
to investigate the effects of aromatherapy with M. officinalis oil in patients with clin-
ically significant agitation associated with dementia indicated that M. officinalis oil
may be a safe and effective treatment for agitation in people with AD [423].

Some investigations have been conducted to ascertain a pharmacological ba-
sis for the reputed cognitive enhancing effects of M. officinalis and to explain the
favourable effects observed in some clinical trials. The essential oil and an ethano-
lic extract from M. officinalis weakly inhibit AChE [424] and some monoterpenoids
that have been identified in the essential oil of M. officinalis including citral (a mix-
ture of the isomers geranial and neral) [415, 425, 426] are also weak inhibitors of
AChE [155]. Another study showed no AChE inhibitory effect to be associated with
aqueous and methanolic extracts of M. officinalis [427].

Other activities of M. officinalis that may be relevant in AD therapy and that
may explain the reported cognitive improvements include antioxidant effects [425,
428, 429], possible estrogenic effects [97] and binding to muscarinic and nicotinic
receptors in vitro [430, 431]. However, the randomised, placebo-controlled, double-
blind, balanced-crossover study which investigated the acute effects on cognition
and mood of a standardised extract of M. officinalis did not correlate the modu-
lation of cognitive function observed with an effect on cholinergic neurotransmis-
sion [421]. It was proposed that the low cholinergic binding properties shown in
this study could be a result of a loss of volatile components in this particular ex-
tract [421]. Other studies indicate that different M. officinalis extracts may vary
in their cholinergic receptor binding properties [431]. The differences observed in
the cholinergic binding effects of M. officinalis preparations could be due to nat-
ural chemical variation in the M. officinalis used or different extraction methods;
chemical variation can occur in M. officinalis essential oils due to various fac-
tors [426, 432–434]. These possibilities emphasise the need for quality control in
the production of herbal remedies for therapeutic purposes. Continued investigation
on the modes of action, including modulation of neurotransmitter systems in the
CNS, would be useful to further assess the potential of compounds from M. offici-
nalis extracts and essential oil for use in cognitive disorders.
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15.6.3 Salvia officinalis L. and S. lavandulifolia Vahl

Research into the historical literature has identified several quotes in 16th- and 17th-
century English herbals, describing sage (species of Salvia (Lamiaceae)) to improve
memory [98]. In his late-16th-century English herbal, Gerard writes about sage: ‘It
is singularly good for the head and brain and quickenethe the nerves and memory’,
and Culpeper, writing about 50 years later, says that ‘It also heals the memory,
warming and quickening the senses’, whilst Hill in 1756 poignantly describes the
tragic effects associated with ageing by stating, ‘Sage will retard that rapid progress
of decay that treads upon our heels so fast in latter years of life, will preserve faculty
and memory more valuable to the rational mind than life itself’ [98]. Effects on the
CNS have been reported for a number of species of Salvia, including sedative and
hypnotic, hallucinogenic, memory-enhancing, anticonvulsant, neuroprotective and
anti-Parkinsonian activities [435, 436].

In recent years a variety of studies have been conducted to investigate if there is
any scientific evidence to explain the traditional uses of sage for improving memory,
with many studies focusing on extracts and essential oils from S. officinalis L. and S.
lavandulifolia Vahl. An ethanolic extract and the steam-distilled oil of S. officinalis,
and the oil of S. lavandulifolia gave inhibition of AChE at relatively low concentra-
tions in vitro [430]. The cyclic monoterpenoids 1,8-cineole (56) and α-pinene (57)
were shown to inhibit AChE in vitro and were considered to explain the anti-ChE
activity of the S. lavandulifolia oil, although other constituents of the oil may also
have contributed, perhaps synergistically [154, 437].

Although the observed anti-ChE activity of the monoterpenoids is particularly
interesting, since many of the previously reported AChE inhibitors of natural origin
were amines, the monoterpenoids were considerably less potent by a factor of at
least 103 than the alkaloid inhibitors such as physostigmine [154]. The relevance
of in vitro test results with sage extracts and oils has been explored by further tests
in vivo. One study showed that oral administration of S. lavandulifolia oil to rats
decreased AChE activity in both the striatum and the hippocampus, compared to the
control rats, suggesting that one or more oil constituents or their metabolites reach
the brain and inhibit AChE in select brain areas, which is consistent with evidence
of inhibition of AChE in vitro [430, 438]. Another study assessed the effect of an
ethanolic extract of S. officinalis on memory retention of passive avoidance learning
in rodents; the potentiation of memory retention observed with this treatment may
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have been associated with an interaction with the muscarinic and nicotinic cholin-
ergic systems [439].

Extracts from some species of Salvia, including from both S. officinalis and
S. lavandulifolia, have also shown antioxidant effects [98, 428, 440]. An aque-
ous methanolic extract of S. officinalis dose-dependently inhibited lipid peroxida-
tion [428], and antioxidant effects were also shown with an ethanolic extract of S.
lavandulifolia; both the water-soluble and chloroform-soluble fractions of the latter
extract gave similar activity [98]. Compounds isolated from species of Salvia that
have shown antioxidant effects include salvianolic acids I, K and L and various other
phenolic compounds [441, 442].

Species of Salvia have also been investigated for activities relevant to producing
an anti-inflammatory action. Inhibition of eicosanoid synthesis was observed with
an ethanol extract of S. lavandulifolia, although this effect was relatively weak [98].
Some essential oil constituents from S. lavandulifolia have also been assessed for
their effects on eicosanoid synthesis, but only the monoterpenoid α-pinene (com-
prising 5% of the essential oil) produced significant activity, although it did show
some weak selectivity for inhibition of leukotriene B4 (LTB4) generation [98]. Ur-
solic acid, from S. officinalis, has anti-inflammatory activity in vivo [443].

Some other, perhaps relevant, activities have also been reported for sage. A stan-
dardised extract of S. officinalis and one of its components rosmarinic acid (43) were
neuroprotective against β-amyloid-induced toxicity in vitro [444]. In addition, dose-
dependent estrogenic activity was observed in vitro with an ethanolic extract from
S. lavandulifolia [98], and although the possible benefits of estrogenic compounds
on cognition are still unclear, an estrogenic effect of sage might also provide some
explanation for the reputed effects in traditional medicine.

Some clinical studies with human volunteers, including AD patients, have also
been reported. In a placebo-controlled, double-blind, balanced, crossover study, sub-
jects (healthy young adults) received a standardised oil extract of S. lavandulifolia
and vehicle (sunflower oil) alone, with a 7-d washout period between each treat-
ment [445]. The sage treatment was associated with significant effects on cognitive
ability, including improvements in immediate word-recall scores [445]. A similar
study also showed a positive modulation of mood and cognition in healthy young
adults when given doses of a standardised essential oil of S. lavandulifolia in a
placebo-controlled, double-blind, balanced, crossover study [446]. In a small pi-
lot trial, 11 patients showing mild to moderate symptoms of AD were orally ad-
ministered S. lavandulifolia oil, which significantly improved cognitive function;
a reduction in neuropsychiatric symptoms and an improvement in attention were
observed [447]. Further evidence for the cognitive enhancing effects of sage was
shown in a multicentre, double-blind, randomised, placebo-controlled trial. In this
study, patients showing some typical AD symptoms were treated with an extract
of S. officinalis and significantly better outcomes in measurements of cognitive
function were observed; there was no significant difference in side-effects between
the treated and placebo groups, but a greater incidence of agitation in the placebo
group was observed [448], suggesting the sage treatment may have also alleviated
agitation.
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15.7 Plants Used in African and South American
Traditional Medicine

African traditional medicine, which is diverse because of the vast range of habitats,
languages and cultural groups, has a long history of use, and in some countries up
to 90% of the population relies on plants as the only source of medicines [449].
Countries north of the Sahara have a similar ethnopharmacology because of an in-
fluence from Islamic cultures over many centuries. Sub-Saharan cultures are more
diverse but do share some common features, such as the consideration of spiritual
influences and beings in the disease and healing process. In sub-Saharan Africa,
the influence of European culture came quite late and was diversified because of
the different colonial powers and the climate being generally not very amenable to
growing some of the traditional European plants. Therefore, the endemic medical
systems were arguably more preserved than in many parts of South America, where
European domination occurred two or three centuries earlier. However, in the more
remote parts of the continent, especially where there was also considerable biodi-
versity, extensive knowledge about the medicinal uses of the local plants remained,
and consequently, several drugs have been included in European medicine over the
years.

15.7.1 Physostigma venenosum Balf.

The calabar bean, the seeds of Physostigma venenosum Balf. (Leguminosae), was
used traditionally in Africa, particularly south-eastern Nigeria, for ritual deaths as-
sociated with the funeral of a chief and as an ordeal poison, claimed to determine
the guilt or innocence of persons accused of a crime [450–452]. Rapid death was an
indication that the suspect was guilty and innocence was shown by survival. This
logic does appear to have some scientific basis, as differences in absorption might
arise due to psychosomatic influences, with nervous sipping by guilty suspects en-
abling greater absorption [453]. The toxic effects of the calabar bean extract were
found to be due to excessive cholinergic stimulation resulting in increased saliva-
tion, nausea, bradycardia, muscle cramps and respiratory failure, as well as CNS
effects. This effect was attributed to the presence of an alkaloid with an unusual
pyrroloindole skeleton, physostigmine (58), also known as eserine [454], which po-
tently inhibits AChE [455]. Physostigmine has been shown to inhibit both G1 and
G4 AChE forms, the major AChE isoenzymes present in mammalian CNS [456].
Physostigmine also inhibits with similar potency BChE, an enzyme that has been
implicated in the etiology and progression of AD [457].

Physostigmine protects mice against cognitive impairment caused by oxygen
deficit, and it improves learning [452] and antagonises scopolamine-induced im-
pairment of cognitive function in rats [458]. Physostigmine, a short-acting reversible
AChE inhibitor, is also reported to have shown significant cognitive benefits in both



15 Traditional Medicine for Memory Enhancement 277

normal and AD patients [306, 459], but clinical use may be limited by its short
half-life, which would require frequent dosing. To develop compounds which are
lipophilic, and so able to cross the blood-brain barrier, and which can improve on
the pharmacokinetic profile of physostigmine, a number of compounds structurally
related to physostigmine that inhibit AChE have been synthesised with the aim of
developing new drugs to alleviate cognitive dysfunction in AD.

The most therapeutically successful of these compounds to date is rivastigmine
(59), an AChE inhibitor that is now licensed for use in Europe for the symptomatic
treatment of mild to moderate dementia in AD or Parkinson’s disease. Rivastig-
mine inhibits AChE in the cortex and hippocampus and preferentially inhibits the
G1 form of AChE [460], and it improves cognition in AD patients, an effect that
has been correlated with the level of AChE inhibition [461–465]. It also potently
inhibits AChE and BChE in Alzheimer’s plaques and tangles [466]. Other syn-
thetic compounds being investigated include cymserine (60), which has a structure
based on the backbone of physostigmine and which potently and concentration-
dependently binds with human BChE [467], and a structural analogue of cymserine,
bisnorcymserine, which also potently inhibits BChE in vitro [468]. Another deriva-
tive of physostigmine is eptastigmine (heptyl-physostigmine tartrate) (61), in which
the carbamoylmethyl group in position 5 of the side chain has been substituted with
a carbamoylheptyl group [469]. Although it is an effective inhibitor of both AChE
and BChE and it improves cognitive performance in AD patients, this compound
caused haematologic adverse effects, resulting in the suspension of any further
clinical trials [469].

15.7.2 Pilocarpus Species

Jaborandi leaves are obtained from various species of Pilocarpus (Rutaceae),
found in South America, but members of this genus are also found in the West
Indies and Central America, although to a lesser extent. The leaves from species of
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Pilocarpus, including P. microphyllus Stapf, have been used traditionally in South
America to induce sweating and urination, considered to eliminate toxins from the
body. The leaves contain a number of imidazole alkaloids including pilocarpine
(62) [450], which has structural similarities to ACh (1) and is a muscarinic receptor
agonist [116].

Chewing the leaves of Jaborandi therefore produces cholinergic effects such as
contraction of the pupils and excessive salivation. It is for this action that salts of
pilocarpine have been used as topical treatments to reduce the raised intra-ocular
pressure that occurs in glaucoma. Since modulation of the cholinergic system is
considered to be involved in learning and memory processes, muscarinic receptor
modulators could be used clinically to achieve cognitive improvements. Pilocarpine
has been shown to enhance cognitive performance in rodents [470–472], although
studies to investigate cognitive effects in humans are lacking, probably due to its
poor pharmacokinetic profile as it poorly penetrates the blood-brain barrier, in ad-
dition to having undesirable side-effects, such as nausea and vomiting, sweating
and bradycardia. Although, it has been suggested that co-administration of a com-
pound that blocks peripheral muscarinic receptors with pilocarpine, or with other
muscarinic receptor agonists, may reduce the potential for adverse effects [473]. It
should also be noted that CNS symptoms may be induced or exacerbated with the
use of pilocarpine eye drops in patients with AD [474, 475].

15.7.3 Ptychopetalum olacoides Benth.

Ptychopetalum olacoides Benth. (Olacaceae) originates from the Amazon and the
roots have been used as a traditional remedy for a variety of ailments of the CNS
and stress, particularly age-related conditions. The roots are known commonly as
‘mara-puama’, ‘muirapuama’ or ‘miranta’ and are now internationally available in
general health-food stores. An ethanol extract of the roots of this plant improved
memory retrieval when administered to both young and ageing rodents [476, 477].
The mechanisms of action to explain these effects and the active compounds are un-
known. Some studies show root extracts of P. olacoides to have antioxidant [478],
AChE inhibitory [479] and neuroprotective activities [480], effects that could ex-
plain the experimental and reputed effects on memory function. More studies are
necessary to investigate further the underlying modes of action that the compounds
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from the roots of this plant have on the CNS and any clinical relevance this remedy
may have in cognitive disorders.

15.8 Conclusions

Many plants have a reputation in a variety of traditional practices of medicine for
alleviating symptoms of cognitive disorders such as memory decline; such plants
have been used for medicinal purposes for a long time and in some cases continue
to be used. There have been numerous scientific studies on a number of these plants
to establish any pharmacological basis for their historical uses, although the extent
to which each species has been investigated varies considerably. Very few of the
plants that have a reputation for modifying cognitive abilities have been extensively
studied, and there is frequently a lack of knowledge about the compounds respon-
sible for the observed activities, and reliable clinical studies are also uncommon.
Amongst those plants which have been subjected to more thorough investigations
is Ginkgo biloba, which has shown biological activities relevant to modulation of
cognitive function both in vitro and in vivo, and there is some evidence of efficacy
in both healthy and AD subjects.

It is particularly interesting that of the four main currently licensed
drugs (donepezil (8), galantamine (50), memantine (13) and rivastigmine (59)) used
to treat cognitive symptoms in AD, and which have been investigated for their poten-
tial for use in other cognitive disorders, two of these (galantamine and rivastigmine)
were derived from plant sources. Some of the therapeutic single chemical entities
that have been developed for clinical use have arisen from toxicological investiga-
tions, very often combined with chemical modification of the active toxic compound
once its structure has been determined; rivastigmine, which is based on the struc-
ture of physostigmine (58), is an example of this. In other cases, a compound useful
in the treatment of a cognitive disorder has been discovered by studies on a plant
species which has attracted interest because of its traditional use for some other
purposes, such as galantamine.

It should also be considered that, although the development of new and effec-
tive ‘orthodox’ drugs as single chemical entities for some cognitive disorders is one
aim, the use of plant extracts can still be valuable, particularly as in many cases
more than one constituent in a plant is responsible for the overall effect, and it is
too simplistic to conceive that a single compound has the same effect or efficacy.
Herbal preparations consisting of complex mixtures for therapeutic purposes are
generally not accepted in modern Western medicine, and consequently many poten-
tially useful plants will not be accepted for clinical use, although they may be ex-
tensively used in complementary and alternative therapies. In these circumstances,
the role of scientific research is to provide evidence for their therapeutic applica-
tions in conventional Western medicine and to identify compounds responsible for
the activity so that herbal products with the appropriate qualitative and quantitative
chemical profile can be made available, with greater assurance of safety and efficacy.
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In addition to concerns regarding the quality control issues associated with herbal
medicinal products, the potential for their interactions with other medicines has not
been widely studied and these issues need to be addressed.

In conclusion, it is apparent that the pharmacological activities of plants and
their compounds often appear to reflect their uses in traditional medicine, although
traditional medicines used to treat other disorders and poisons can also provide leads
to develop herbal medicines and drugs to alleviate symptoms in cognitive disorders.
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Chapter 16
Neuroprotective Herbs for Stroke

Hocheol Kim

Abstract In recent years, many attempts have been made to document research
data from extracts of composite formulas, single herbs, or single compounds from
traditional Eastern medicine (TEM) herbs, according to orthodox pharmacological
actions. Basic and clinical research in TEM constitutes an abundant source of new
drug discovery and development with the integration of TEM and Western pharma-
cology. This article reviews herbs that have been documented to have a neuropro-
tective effect in in vitro and in vivo ischemic model systems and the neuroprotective
compounds isolated from them. The neuroprotective mechanisms of herbs and sin-
gle compounds relevant to the treatment of brain ischemia, including antioxidant,
antiexcitotoxic, and anti-inflammatory effects were also discussed.
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GSH-Px Glutathione peroxidase
GSH Glutathione
IFN-γ Interferon γ
IL-1β Interleukin β
iNOS Inducible nitric oxcide synthase
KA Kainic acid
LPS Lipopolysaccharide
MDA Malondialdehyde
NMDA N-methyl-D-aspartate
NO Nitric oxide
NR2B NMDA receptor 2B
OGD Deprivation of oxygen and glucose
PGE2 Prostaglandin E2

PGI2 Prostaglandin I2

PTK Protein tyrosine kinase
rt-PA Recombinant tissue-plasminogen activator
SD Sprague–Dawley
SOD Superoxide dismutase
TBARS Thiobarbiturate reactive substances
TCM Traditional Chinese medicine
TEM Traditional Eastern medicine
tMCAo Transient middle carotid artery occlusion
TNF-α Tumor necrosis factor α
TXA2 Tromboxane A2

VCAM-1 Vascular cell adhesion molecule-1
VEGF Vascular endothelial growth factor
VIP Vasoactive intestinal peptide

16.1 Introduction

Stroke is the third leading cause of death in industrialized countries, followed by
cancer and heart attack. It is a major cause of permanent disability for which there
is currently no effective treatment. Most strokes (80%) are ischemic and the majority
of ischemic strokes result from occlusion of a major cerebral artery by thrombus or
embolism, which leads to loss of blood flow in a specific region. The remaining
strokes are hemorrhagic, where a blood vessel bursts either in the brain or on its
surface [1].

Two major approaches have been developed in ischemic stroke. The first is to
establish reperfusion by dissolution of the clot using thrombolytic drugs. At present,
rt-PA is the only thrombolytic drug approved for the treatment of acute ischemic
stroke; rt-PA administration is restricted to within 3 h of stroke and its use increases
the risk of hemorrhagic transformation [2].

The second approach is to develop neuroprotective agents that interfere with the
biochemical cascade of events that leads to cell death in the penumbra area that
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surrounds the core. This protection would attenuate lots of the clinical problems of
stroke, including motor disability and spatial hemiplegia. However, although more
than 37 potential neuroprotective agents have been studied in more than 114 clinical
trials [3], none of them is clinically efficacious and in use in the Western world [4].

In Far Eastern countries such as Korea, China, and Japan, stroke has been
treated by traditional Eastern medicine (TEM) for thousands of years. TEM is also
known as traditional Chinese medicine (TCM), traditional Korean medicine, Sino-
Japanese medicine, oriental medicine, traditional herbal medicine, and traditional
Asian medicine. In China, traditional medicine is prevalent; approximately one third
of patients are treated with traditional medicine [5], and in Korea, 25% of stroke pa-
tients also visit traditional medicine doctors [6].

Extensive experience and abundant clinical data on stroke treatment have been
accumulated on TEM. Basic and clinical research in TEM constitutes a potentially
rich source of drug discovery and development with the integration of TEM and
western pharmacology. In recent years, many attempts have been made to document
research data about extracts of composite formulas, single herbs, or single com-
pounds from TEM herbs according to orthodox pharmacological actions. Groups
of TEM herbs have been identified as potential sources for compounds with pre-
dominant effects on the circulation, thrombogenesis, inflammatory processes, and
neuroprotection.

This chapter reviews herbs and prescriptions that have been screened for
neuroprotective effects in in vitro and in vivo ischemic model systems and the neu-
roprotective compounds isolated from them. Neuroprotective mechanisms of pre-
scriptions, herbs, and single compounds relevant to the treatment of brain ischemia,
including antioxidant, antiexcitotoxic, and anti-inflammatory effects are also dis-
cussed.

16.2 Stroke Therapy in Traditional Medicine

Stroke is the first of the four major serious syndromes and the most acute disease
in TEM. Stroke in TEM is called ‘wind stroke’ because it happens abruptly like the
wind. The concept of stroke in TEM is quite different in many ways from that held
by western medicine. The syndrome is characterized by the sudden appearance of
hemiplegia, deviated eyes and mouth, and impeded speech that may or may not start
with sudden loss of consciousness.

The theoretical systems of TEM are based on the doctrines of yin and yang, the
five elements, viscera, and meridian systems. Gong and Sucher nicely reviewed the
basic principles and classification of wind stroke in TEM [7]. Generally, the disease
state is considered mainly as a destruction of the harmonious components of yin
and yang. Wind stroke is considered to be caused either by weak internal strength
(so-called ‘qi’) invaded by strong external ‘bad wind’ or by excessive internal ‘fire’,
such as anger, fatigue, heavy drinking, or dietary problems. Both can violate the
harmonious negative-positive balance of the self, which eventually leads to stroke.
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The treatment of wind stroke in TEM is aimed at creating equilibrium between
the relative strength of the patient’s body resistance and the intensity of endogenous
and exogenous pathogenic factors. Because wind stroke in TEM is caused by hy-
peractivity of liver yang, obstruction of the heart orifices by phlegm, excessive heat,
or blood stasis. The treatments in TEM include heat-clearing drugs, antirheumatics,
drugs for dispersing exterior wind, drugs for promoting blood circulation, drugs for
relieving phlegm, drugs for subduing interior wind, drugs for resuscitation, or tonics
for deficiency syndromes, in accordance with the cause. Recently, these drugs have
been demonstrated to have antioxidant, anti-inflammatory, and antiglutamate ef-
fects. Usually, drugs for clearing away heat, inducing resuscitation, expelling wind,
activating blood and removing stasis are used in the early acute stage, and drugs for
invigorating and treating deficiencies are used in the later stage.

In the book Tongeuibokam, one of the famous classics in TEM in Korea, 123
different prescriptions for stroke are recorded in the wind stroke section [8]. The
herbs used in these prescriptions include, Saposhnikoviae Radix, Ligustichi Radix,
Ginseng Radix, Angelicae Sinensis Radix, Paeoniae Radix, Arisaematis Rhizoma,
Atylactylodis Rhizoma, Notopterygii Rhizoma seu Radix, Ephedrae Herba, and
Scutellariae Radix, in decreasing frequency. Herbs listed in Table 16.1 are used to
treat neurological symptoms of strokes.

16.3 Neuroprotective Herbs for Stroke

Cerebral ischemic injury is the result of an obstruction of blood flow in a major
cerebral vessel, which will lead to a core of severely ischemic brain tissue that may
not be salvaged. However, the ultimate size of the brain infarct also depends on
the penumbra, a zone of tissue around the core of the infarct where blood flow is
maintained above a neuronal disabling level or the critical 20 to 25% of normal
blood flow. Decreased blood flow leads to severe impairment of cellular function by
disruption of ATP-dependent processes [9].

Ischemia and subsequent reperfusion provide circumstances that produce oxygen
radical production. Several studies have suggested a relationship between cerebral
ischemia and oxidative stress in humans [10, 11]. Therefore, antioxidants have been
evaluated as neuroprotective agents in stroke [12]. Many herbs, especially those that
contain flavonoids, are suggested to have antioxidant effects and possibly might be
protective against brain injury caused by ischemia and reperfusion.

Many herbs have also been shown to have anti-inflammatory properties, and thus
there is potential for novel anti-inflammatory agents to be identified from plant
sources. For example, numerous flavonoid compounds have been associated with
anti-inflammatory activity and may have the potential for use in the management of
inflammatory disorders [13].

Glutamate toxicity and glucose deprivation is one mechanism of neuronal in-
jury following ischemia. For a thousand years in TEM, some herbs have been used
as tranquilizers for their central nervous system (CNS) inhibitory effects. Some of
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these herbs are known to have neuroprotective effects by the antagonism of excita-
tory amino acids, particularly glutamate, which is increased in the early postcerebral
ischemia period and activates NMDA receptors.

Individual herbs are comprised of many compounds, and it is therefore difficult to
investigate the exact neuroprotective mechanism of many herbs, even though some
show high efficacy in in vitro and in vivo ischemia models. The effective mecha-
nisms of herbs may include antioxidant, anti-inflammatory, and antiglutamate ac-
tions.

16.4 Single Herb Extracts and Their Active Compounds

More than 100 herbs have been used for stroke prevention and therapy in TEM.
Described below are single herbs and their individual active compounds that have
been demonstrated to have neuroprotective effects in vitro and in vivo.

16.4.1 Panax ginseng

The root of Panax ginseng C. A. Meyer (Araliaceae), usually 4 to 6 years after
cultivation, has been used as a general tonic or adaptogen and is frequently featured
in TEM prescriptions. Many studies have validated the empirical usage of ginseng
over thousands of years for qi-invigorating and cardiovascular effects in TEM. The
main active components of P. ginseng are ginsenosides, which have been shown to
have a variety of beneficial effects, including anti-inflammatory, antioxidant, and
anticancer effects [14]. P. notoginseng, from the same genus as P. ginseng, and its
saponins exert a protective effect on ischemic brain damage in vivo [15, 16] and
focal cerebral ischemia [17, 18].

Ginseng has neuroprotective effects in transient focal or global cerebral ischemia
[19–21]. Red ginseng powder, which is steamed ginseng under pressure, also pre-
vents delayed neuronal death in gerbils. Ginsenoside Rb1 (Fig. 16.1) protects the
brain from reversible focal brain ischemia in rats [22] and protects hippocampal
CA1 neurons by scavenging free radicals [23]. Ginsenoside Rb1 stimulates the ex-
pression of the mitochondrion-associated antiapoptotic factor Bcl-x(L) in vitro and
in vivo [24]. Ginsenoside Rg1 increases ischemia-induced cell proliferation and sur-
vival in the dentate gyrus of adult gerbils [25].

With reference to the studies conducted, the neuroprotective effects of ginseng
on brain ischemia can be explained by multiple mechanisms, including scavenging
free radicals and inhibiting the CNS. The compounds responsible for these neuro-
protective effects require further investigation, but ginsenoside Rb1 could be one of
the main neuroprotective compounds within the ginseng root.
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16.4.2 Salvia miltiorrhiza

The root of Salvia miltiorrhiza Bunge (Labiatae) is red in color and was therefore
used in TEM to treat related disorders of blood stasis with an action of quicken-
ing the blood and dispelling stasis. S. miltiorrhiza and its active ingredients, tan-
shinones and salvianolic acids, have anticoagulant, vasodilatory, anti-inflammatory,
free-radical scavenging, mitochondrial protective, and other activities. Experimental
studies have shown that S. miltiorrhiza dilated coronary arteries and scavenged free
radicals in ischemic diseases. Clinical trials also indicated that S. miltiorrhiza was
an effective medicine for angina pectoris, myocardial infarction, and stroke [26].

Several studies have investigated possible mechanisms for the protective effect
of S. miltiorrhiza against cerebral ischemia. S. miltiorrhiza attenuated dysfunction
of VIP [27] and modified ischemic cell changes by modulating somatostatin [28] in
cerebral ischemia. S. miltiorrhiza also decreased the size of the infarcted area after
CCA ligation in gerbils by inhibiting presynaptic glutamate release and stimulating
GABA release [29]. Inhibition of nitric oxide (NO) formation could explain the
CNS protective effects observed with S. miltiorrhiza [30].

S. miltiorrhiza may offer an additional therapeutic approach to the management
of stroke and ischemia. S. miltiorrhiza has been shown to offer protection against
brain ischemia by reducing lipid peroxidation [31]. Pretreatment with S. miltiorrhiza
reduced the infarct size in tMCAo-injured SD rats [32]. Tanshinones (Fig. 16.1) are
the major lipid-soluble pharmacological constituents of S. miltiorrhiza. Brain infarct
volume was reduced following treatment with tanshinone IIA and tanshinone IIB in
MCAo mice [33, 34].

The therapeutic effect of S. miltiorrhiza may be partly due to its free-radical-
scavenging activities, Tanshinones or other structurally related compounds may
have potential for further development as neuroprotective drugs. However, sys-
tematic review on randomized control trials comparing S. miltiorrhiza with other
medicines does not support the notion that S. miltiorrhiza may be beneficial to dis-
ability improvement after acute ischemic stroke [35].

16.4.3 Ginkgo biloba

The leaves of Ginkgo biloba L. (Ginkgoaceae) have been used in TEM for respi-
ratory and circulatory disorders, and its extract has been therapeutically used for
several decades to increase peripheral and cerebral blood flow as well as for the
treatment of dementia. G. biloba extract EGb761, a standardized extract of G. biloba
leaves, contains about 24% flavonoid glycosides, primarily quercetin, kaempferol,
isorhamnetin, 6% terpene lactones, 2.8 to 3.4% ginkgolides A, B, and C, and 2.6
to 3.2% bilobalide. EGb761 has shown favorable effects on cerebral circulation and
neuronal cell metabolism [36, 37] and also exhibited antioxidant activity [38, 40].

EGb761 is neuroprotective against amyloid- and NO-induced toxicity in vitro.
G. biloba extracts attenuate scopolamine-induced amnesia in rats [41], enhance
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memory retention in young and old rats [42], and improve short-term memory in
mice [43]. G. biloba attenuates delayed neuronal death in the CA1 of the hippocam-
pus in Mongolian gerbils [44] and is also associated with reduced stroke infarct
volume in mice subjected to 45 min of tMCAo [45].

Bilobalide (Fig. 16.1), a sesquiterpene trilactone constituent of G. biloba, reduces
cerebral edema produced by triethyltin through preventing the uncoupling of oxida-
tive phosphorylation. Pretreatment with bilobalide reduced the cerebral infarct area
in MCAo mice [46]. Bilobalide protected the slices against hypoxia-induced phos-
pholipid breakdown [47]. Bilobalide inhibited NMDA-induced phospholipase A2

activation and phospholipid breakdown in rat hippocampal slices [48]. Ginkgolides
also had protective effects on focal cerebral ischemia, and its mechanism may be rel-
ative to its inhibition of platelet-dependent thrombosis and amelioration of hemarhe-
ological partments [49].

Cumulative evidence indicates that G. biloba may have neuroprotective effects
in brain ischemia rodent models, and bilobalide may be one of the main compounds
responsible for this effect. There is no convincing evidence from trials of sufficient
methodological quality to support the routine use of G. biloba extract to promote
recovery after stroke [50]. High-quality and large-scale randomized controlled trials
are needed to test its efficacy.

16.4.4 Acanthopanax senticosus

The root and stem bark of Acanthopanax senticosus Harms (Araliaceae), also called
Siberian ginseng, have been used as a tonic and adaptogen to strengthen qi in TEM
and to treat rheumatic arthritis and stress-induced disease [51]. A. senticosus in-
cludes eleutheroside, chiisanoside, senticoside, triterpenic saponin, syringin, and
flavones in its compounds [52], and it has sedative, antioxidant, antihistamine, hy-
polipidemic, antistress, and immunomodulatory effects [14].

A. senticosus has a protective effect on CCl4-induced liver toxicity via its an-
tioxidative effect [53, 54]. The saponin isolated from the leaves of A. senticosus
reduced myocardial infarct size in acutely ischemic dogs [54, 55]. The liriodendrin,
syringaresinol, the hydrolysate of liriodendrin, inhibited the LPS-induced produc-
tion of NO, PGE2, and TNF-α production by macrophages and decreased expres-
sion levels of iNOS and COX-2 enzymes [56]. My group investigated whether water
extracts of A. senticosus (100 mg/kg, i.p.) reduced infarct volume in tMCAo of SD
rats. In this model, A. senticosus inhibited both COX-2 and OX-42 expression in the
penumbral region at 24 h after MCAo [57]. These results suggest that A. senticosus
has a neuroprotective effect via inhibition of inflammation, microglial activation,
and antioxidative stress in brain ischemia.
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16.4.5 Scutellaria baicalensis

The roots of Scutellaria baicalensis Georgi (Labiatae) have been used in TEM to
treat inflammatory and cardiovascular disease. S. baicalensis contains three ma-
jor polyphenolic components, namely wogonin, baicalin, and baicalein (Fig. 16.1)
These three polyphenols are as free-radical scavengers of hydroxyl, DPPH, and
alkyl radicals [58]. Baicalein is the most effective compound of the three polyphe-
nols tested in preventing glutamate toxicity [59] and is also known as a selective
inhibitor of 12-lipoxygenase [60]. Baicalin also acts as a neuroprotectant during
cerebral ischemia [61].

S. baicalensis and baicalein reduce ischemia-reperfusion brain injury and neu-
trophil infiltration in MCAo rats [62, 63]. S. baicalensis also protects CA1 neurons
against transient 4-VO in rats and inhibits microglial TNF-α and NO production in
vitro [64]. Wogonin, 5,7-dihydroxy-8-methoxyflavone, inhibits ischemic brain in-
jury and improves behavioral dysfunction caused by permanent MCAo [65]. Wogo-
nin has anti-inflammatory activities in various cell types and inhibits NO production
by suppressing iNOS induction and NF-kB activation in microglia [66].

16.4.6 Camellia sinensis (Green tea)

Green tea contains antioxidant polyphenols such as catechins and flavonols. Most
of the experimental and epidemiological studies concerning green tea effects have
been targeted at its possible cardiovascular, anti-inflammatory, and anticarcinogenic
effects, which have been linked to the antioxidant/pro-oxidant properties of its
polyphenol constituents [67, 69]. Daily ingestion of tea as an antioxidant has also
been reported to prevent stroke. Green tea extract orally administered to Wistar rats
for 3 weeks before induction of ischemia by occlusion of middle cerebral arteries
and reperfusion minimized the eicosanoid accumulation and oxidative damage in
addition to the reduction of neuronal cell death [70]. Green tea extract prevented
cerebral ischemia damage caused by global ischemia-reperfusion in Mongolian ger-
bils [71]. (-)-EGCG has potent antioxidant properties in a green tea polyphenol and
had a neuroprotective effect against neuronal damage following global ischemia in
Mongolian gerbils [72]. Theanine (Fig. 16.1), a flavorous component of green tea,
has a neuroprotective effect against neuronal death in transient brain ischemia. The
mechanism of the neuroprotective effect of theanine is related not only to the gluta-
mate receptor but also to other mechanisms such as the glutamate transporter [73].

16.4.7 Pueraria thunbergiana, P. lobata

The roots of Pueraria thunbergiana Benth. (Legumnosae) are widely used in TEM
for moderating alcohol abuse, for hypotensive, antipyretic, and analgesic effects,
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and for treatment of the common cold. Puerarin (Fig. 16.1), daidzin, and daidzein
are three of the major isoflavonoid compounds isolated from the extract of P. lobata.
P. lobata flavonoids increase the cerebral blood flow of anesthetized mice [74] and
reduce the infarct volume in MCAo by increasing the activities of SOD [75]. Their
isoflavonoids have potent inhibitory effects on PGE2 production [76], and the an-
tioxidant effect, partly dependent on free-radical scavenging, antilipid peroxidation,
and enhancement of SOD activity [77].

Isoflavones in plants are known to have an estrogenic action. Puerarin has protec-
tive effects on cultured mouse cerebral cortical neurons damaged by Glu, NMDA, or
KA [78]. Puerarin also shows neuroprotective effects in MCAo rats [79]. Puerarin
clearance in normal rats was much faster than that in cerebral ischemia-reperfusion
rats induced by MCAo and BCAo [80]. Genistein, a PTK inhibitor, prevented the
increase of p-STAT3 and DNA binding activity in ischemic reperfusion injury at
4-VO [81]. It also prevented gerbil transient ischemia via a decrease in tyrosine
phosphorylation of NR2B [82].

16.4.8 Cnidium officinale, Ligusticum chuanxiong

The rhizome of Cnidium officinale Makino (umbelliferae) is one of the important
traditional medicines used for the treatment of female genital inflammatory dis-
eases. C. officinale contains a variety of volatile phthalide derivatives that have been
shown to have pharmacological activities including sedative, antianemia, antifun-
gal, smooth muscle relaxing, anti-inflammatory, analgesic, and anticomplement ac-
tivities. Falcarindiol (1,9-Heptadecadiene-4, 6-diyne-3, 8-diol), which was isolated
from C. officinale, and the ethyl acetate-soluble fraction of C. officinale reduced NO
production and suppressed iNOS expression in BV-2 cells and primary microglia
cells. The inhibition of excessive NO production played an important role in neu-
ronal cell death in LPS-treated rat hippocampal slice cultures [83, 84].

The rhizome of Ligusticum chuanxiong Hort. has also been used in TCM for the
same applications as C. officnale. L. chuanxiong inhibited platelet activation in bi-
lateral common carotid artery occlusion (BCAo) in rabbits and corrected the TXA2-
PGI2 imbalance in plasma after cerebral ischemia [85]. L. chuanxiong reduced cell
damage-formation of peroxidation products after bilateral ligation of the common
carotid arteries in rats [86]. Tetramethylpyrazine, a drug originally isolated from
the rhizome of L. chuanxiong, has been used routinely in China for the treatment
of stroke and angina pectoris. Tetramethylpyrazine has therapeutic potential for the
treatment of dementia caused by cholinergic dysfunction and/or decrease of cere-
bral blood flow. Tetramethylpyrazine pretreatment showed a neuroprotective effect
on cerebral ischemia in gerbils [87].
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16.4.9 Magnolia officinalis

The cortex of Magnolia officinalis Rehder et Wilson (Magnoliaceae) has been used
for the treatment of acute pain, diarrhea, coughs, and urinary problems in TEM.
Honokiol (Fig. 16.1) and magnolol (Fig. 16.1) are the main constituents of the bark
of this herb and have a variety of pharmacological activities. Honokiol has been
demonstrated to be an effective antioxidant [88]. It can protect animal tissues against
lipid peroxidation [89, 90] serve as an antiplatelet drug [91], and it displays an
anti-inflammatory effect in activated macrophages [92, 93]. Honokiol is a potent
neuroprotective agent against focal cerebral ischemic injury by its antioxidant and
antiplatelet aggregation effects [94, 96].

Magnolol (5,5′-diallyl-2,2′-dihydroxydiphenyl) inhibits intracellular calcium mo-
bilization in platelets [97], relaxes vascular smooth muscle cells [98], and has an-
tihemostatic, antithrombotic [99], anti-inflammatory, and analgesic effects [100]. A
number of other effects of magnolol have also been found, including inhibition of
prostaglandin D2 formation [100], suppression of nonselective vascular hyporeac-
tivity to mediators [101], reduction of the formation of eicosanoid mediators [102],
inhibition of neutrophil adherence [103], prevention of ischemic-reperfusion in-
jury [104], and, most importantly, strong antioxidant activity [105]. Magnolol treat-
ment appears to have a marked effect against heatstroke-induced cerebral ischemic
insults [106].

16.4.10 Angelica gigas, A. sinensis

Angelicae Radix has been used as a sedative or a tonic and to treat disorders of men-
struation in women, anemia, and menopause syndrome. Angelica gigas Nakai (Um-
bellaceae) is used in Korea, and A. sinensis (Oliv.) Diels is used in China. A. gigas
includes decursin, decursinol angelate, angelan, and decursinol. A. gigas protects
mice against Aβ-induced memory impairment [107]. A. gigas has antinociceptive
effects on pain responses induced by TNF-α , IFN-γ , IL-1β , glutamate, NMDA, or
kainic acid [108]. Decursin ameliorates scopolamine-induced memory impairment
in mice [109]. Decursinol and decursin protect primary cultured rat cortical cells
against glutamate-induced oxidative stress by both reducing calcium influx and act-
ing on the cellular antioxidative defence system [110].

A. sinensis contains ferulic acid, ligustilide, angelicide, brefeldin A, butyli-
denephthalide, butyphthalide, succinic acid, nicotinic acid, uracil, and adenine. Ex-
tracts of A. sinensis showed a scavenging effect on peroxide and hydroxyl radicals
and inhibited lipid peroxidation of the liver [111]. A. sinensis protects the brain from
damage induced by transient forebrain ischemia in mice [112]. A. sinensis extract
also has attenuating effects on amnesia induced by various drugs related to memory
processes [113].
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16.4.11 Rhodiola rosea

The root of Rhodiola rosea L. (Crassulaceae) is used as a hemostatic and tonic and
for contusions. Rhodiola plants demonstrated antifatigue, antianoxia, and memory-
enhancing effects. The major compositions of rhizomes of R. rosea are phenols
such as salidroside and its aglycon tyrosol, and cinnamic glycosides such as rosin,
rosavin, and rosarin. Other important constituents are flavonoids, tannins, gallic acid
and its esters and essential oils. Administration of R. rosea extract for 10 d yielded
protection against impairment in memory, as assessed by step-down passive avoid-
ance, induced by electroshock in rats [114]. Several constituents of R. sacra and
R. sachalinensis showed protective effects against beta-amyloid toxicity, oxidative
stress, and apoptosis [115]. Phenolic compounds exhibited significant scavenging
effects against DPPH free radicals [116]. R. sachalinensis treatment reduced infarct
volume and attenuated COX-2 induction and microglial activation after tMCAo in
rats [117].

16.4.12 Paeonia suffruticosa, P. lactiflora

The root bark of Paeonia suffruticosa Andrews (Ranunculaceae) is a drug used in
TEM as both an analgesic and an anti-inflammatory agent [118], and it is prescribed
in various TEM preparations for the treatment of blood stagnation. It has been re-
ported to have strong superoxide and hydroxyl radical scavenging activity [119]. Its
antioxidative effects are due to enhancing activities of SOD, CAT, and GPX [120].
Paeonol (Fig. 16.1) inhibits cerebral ischemic injury by blocking increases in Ca2+,
decreases in SOD activity and the content of MDA, and improved Ca2+-ATPase ac-
tivity in ischemic brain tissue [121, 122]. α-benzoyloxypaeoniflorin, an antioxidant
monoterpene glycoside, from P. suffruticosa has potent radical-scavenging activity
on the DPPH radical [123].

The root of P. lactiflora Palla has long been used to treat abdominal pain and
blood deficiencies in TEM. The oral administration of P. lactiflora extract and
paeoniflorin, a major constituent of peony root, attenuated spatial cognitive deficits
caused by scopolamine in rats [124]. Paeoniflorin reduces the infarct volume as well
as ameliorates the deficits in neurological symptoms caused by tMCAo in rats [125].
Paeoniflorin ameliorates memory disruption mediated by adenosine A1 receptor in
rodents [126].

16.4.13 Bombycis Corpus

Bombycis Corpus (BC) is a Bombyx mori larva (silk moth larva, Bombycidae)
killed by infecting with the fungus B. bassiana. It has been used in TEM to treat
palsy, headache, convulsion, and speech problems induced by stroke and tremor.
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Several sterols have been isolated from BC. BC has a protective effect against A
β -induced cytotoxicity in cultured astrocyte cells through the inhibition of lipid per-
oxidation and protection of antioxidative enzymes such as catalase, SOD, GSH-Px,
and glutathione-S transferase [127]. Sphingolipids from BC also have neurotrophic
effects as shown by examining PC12 cell neurite outgrowth [128]. Pretreatment
with BC protected primary hippocampal cultures from embryonic day 18 embryos
against NMDA-induced toxicity [129]. BC contributes to protect human brain by
inhibiting the release of glutamate.

16.4.14 Corydalis yanhusuo

The tubers of Corydalis yanhusuo W. T. Wang (Papaveraceae) are used in TEM
mainly as an analgesic in the treatment of gastric and duodenal ulcer, rheumatism,
and dysmenorrhea. C. yanhusuo is one of the medicinally important species of Cory-
dalis. The tubers are a source of pharmacologically important alkaloids having anal-
gesic [130], antithrombotic [131], antihypertensive [132], and anti-inflammatory ef-
fects [133]. Protopine, a component of C. yanhusuo, has an inhibitory activity on
platelet aggregation [134], and DL-tetra-hydropalmatine has a neuroprotective ef-
fect in heatstroke-affected rats [135]. It also inhibits calcium anion entry into cells
to prevent neuronal death in ischemia-reperfusion rats [136]. It reduced cerebral
infarct lesion in focal ischemia-reperfusion injured rats [137].

16.4.15 Acorus gramineus

The rhizomes of Acorus gramineus Solander (Araceae) have been used for the im-
provement of learning and memory and is often included in the TEM prescriptions
for stroke [138, 139]. Water extract or volatile oil from A. gramineus induced se-
dation, decreased spontaneous activity, potentiated pentobarbital-induced sleeping
time, and antagonized pentylenetetrazole-induced convulsion in mice [140, 141].
The interactions of A. gramineus with the central dopamine (D1 and D2) recep-
tors and the GABA binding site of GABAA receptors were thought to mediate
these central inhibitory actions. The methanol extract and the essential oil from A.
gramineus inhibited excitotoxic neuronal cell death in primary cultured rat cortical
cells [142, 143]. One active principle was identified as asarone (Fig. 16.1), a major
essential-oil component in the rhizomes of A. gramineus [144].



16 Neuroprotective Herbs for Stroke 309

16.4.16 Coptis japonica

The rhizomes of Coptis japonica Makino (Ranunculaceae), or C. chinensis Franch.,
have long been prescribed in TEM for the treatment of inflammation-related dis-
eases such as gastrointestinal disorders and infectious or inflammatory diseases. C.
japonica contains mainly alkaloids, including berberine, magnofiorine, sanguinar-
ine, and phenolic compounds [145]. It has been considered to have antiphlogistic,
sedative, antidotal, hemostatic, and antitumor properties.

Berberine has been reported to exhibit several types of biological activities,
and interest has been focused on its antioxidative potential [146, 147]. C. japon-
ica extract and its active alkaloids were effective in an in vivo LPS plus ischemia-
reperfusion model that generated ONOO− [148]. C. chinensis administered orally
for 1 week improved scopolamine-induced learning and memory deficit in rats
[149]. Although the active components of C. japonica that exert these bioactivities
have not been fully elucidated, it has generally been considered that its alkaloids,
such as berberine, palmatine, and coptisine, contribute to these activities.

16.4.17 Phellodendri cortex

The stem bark of Phellodendron amurense Ruprecht (Rutaceae) has long been
used in TEM for the treatment of inflammation and fever as a traditional herb
medicine having anti-inflammatory, immunostimulatory, and antitumor activities.
It contains some alkaloid components such as berberine and worenine. The antioxi-
dant, anti-inflammatory, and antityrosinase activities of P. amurense have been stud-
ied [150]. Phellodendri can scavenge superoxide radical (O2-.) generated through
the hypoxanthine-oxidase system and hydroxyl radical OH generated through the
Fenton reaction and can inhibit lipid peroxidation induced by the hydroxyl radical
generation system [151].

16.4.18 Huperzia serrata

Huperzia serrata, a source of huperzine A (Fig. 16.1), has been used for centuries
in TEM to treat fever, inflammation, blood disorders, and schizophrenia. Huperzine
A acts as a potent, highly specific and reversible inhibitor of acetylcholinesterase
that crosses the blood–brain barrier. Its potency of acetylcholinesterase inhibition is
similar or superior to that of physostigmine, galanthamine, donepezil, and tacrine
[152, 153].

Huperzine A protected PC12 cells against OGD-induced toxicity, most likely
by alleviating disturbances of oxidative and energy metabolism [154]. Huperzine
A treatment is protective against both brain injury and spatial memory impairment
in a hypoxic ischemic brain injury of a neonatal rat model [155, 156]. Huperzine
A protects against diverse neurodegenerative states observed during ischemia or
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Alzheimer’s disease by blocking NMDA ion channels [157]. Subchronic oral ad-
ministration of huperzine A after global ischemia in gerbils significantly reduced
memory impairment, reduced neuronal degeneration in the CA1 region, and par-
tially restored hippocampal choline acetyltransferase activity [158].

16.4.19 Menispermum dauricum

The roots of Menispermum dauricum DC. (Menispermaceae) are used for treating
sore throats, colitis, dysentery, and rheumatic arthralgia in TEM. This herb contains
some alkaloids belonging to various classes such as bisbenzylisoquinoline, apor-
phine, proporphine, protoberberine, and oxoisoaporphine.

Phenolic alkaloids from M. dauricum could attenuate injury caused by left an-
terior descending coronary artery and BCAo in rabbit by lipid peroxidation and
enhance the activity of SOD [159]. Daurisoline, which has been isolated from M.
dauricum, crosses the blood–brain barrier and will, therefore, facilitate the func-
tional characterization of brain calcium channels in granule cells freshly isolated
from rat cerebellum as well as the exploration of P-type calcium channels as possi-
ble drug targets [160].

16.4.20 Gardenia jasminoides

The fruit of Gardenia jasminoides Ellis (Rubiaceae) has been used in TEM for the
treatment of inflammation, jaundice, headache, edema, fever, hepatic disorders, and
hypertension. Its pharmacological actions, such as protective activity against ox-
idative damage, cytotoxic effects, anti-inflammatory effect and fibrolytic activities,
have already been demonstrated [161, 162]. Crocetin, a major component of gar-
denia fruits, was found to be a potent inhibitor of tumor promotion via antioxidant
activity [163]. Another active component, crocin, exhibited a variety of pharma-
cological effects in mice, including inhibition of skin tumor growth, improvement
of learning behavior previously impaired by ethanol [164], and prevention of long-
term potentiation caused by ethanol in rats [165]. It could be useful as a treatment
for neurodegenerative disorders accompanied by memory impairment. Crocin also
combats the serum/glucose deprivation-induced ceramide formation in PC12 cells
caused by increasing GSH levels and prevents the activation of the JNK pathway,
which is reported to have a role in the signaling cascade downstream of ceramide
for neuronal cell death [166].

16.4.21 Uncaria rhynchophylla

The branch of Uncaria rhychophylla (Miq.) Jacks. (Rubiaceae) has been used in
TEM for relief of dizziness and treatment of tremors and convulsions [167]. It
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has antispasmodic effects on smooth muscle and lowers blood pressure [168, 169].
The anticonvulsive effects of this herb have been experimentally demonstrated in
KA-treated rats [170]. It inhibited an increase of lipid peroxide levels evoked by
ferric-chloride-induced epileptic seizures in rats [171]. Recent studies demonstrated
that the extract of U. rhynchophylla has a neuroprotective effect on global cere-
bral ischemia-induced neuronal damage in rats by reduction of COX-2 mRNA and
protein level in vivo [172]. Rhynchophylline, a major tetraacyclic oxyindole al-
kaloid isolated from Uncaria species, is known to have a protective effect against
glutamate-induced neuronal cell death [173]. Both the extract of U. rhynchophylla
and rhychophylline ameliorated transient cerebral ischemia-induced spatial memory
deficit in mice [174].

16.4.22 Schisandra chinensis

The fruit of Schisandra chinensis Baillon (Schisandraceae) is used in TEM to
improve liver and kidney function as an antitussive, tonic, and sedative agent. S.
chinensis inhibited TBARS formation in vivo [175]. The active components of S.
chinensis are schisandrin derivatives and lignans schisandrol A, B and schisandrin
A, B, C, protect primary cultures of rat cortical cells from glutamate-induced toxi-
city [176]. Pretreatment with schisandrin B also protected against cerebral toxicity
induced by tetrabutylhydroperoxide [177].

16.4.23 Carthamus tinctorius

Carthamus tinctorius, the flower of the safflower plant, has been used extensively
in TEM for its purported ability to improve cerebral blood flow. C. tinctorius pro-
tected against excitotoxicity of glutamate, NMDA, kainate, quisqualate and against
neuronal degeneration caused by simulated ischemia [178]. C. tinctorius exerted
significant neuroprotective effects on rats with focal cerebral ischemic injury [179].
C. tinctorius reduced cell damage and the formation of peroxidation products after
bilateral ligation of the common carotid arteries in rats [180].

16.4.24 Other Herbs

The root of Dioscorea batatas Decne or D. japonica Thunb, called Yam, has been
used in TEM for the treatment of diarrhea, cough, dyspnea, leucorrhagia, frequent
urination, and diabetes. It is composed mainly of starch with small amounts of mu-
cilage, dioscin, and dopamine [14]. Dioscoreae Rhizoma was reported to have anti-
senility [181] and antioxidant activities [182]. My group found that water extracts
of D. japonica protected against hippocampal cell death in 4-VO of Wistar rats.
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Curcumin, an active constituent of the rhizome Curcuma longa, was demon-
strated to have antioxidant potential in many in vitro and in vivo studies. Curcumin
has a neuroprotective effect in tMCAo [183] and bilateral common carotid artery
occlusion [184] that is mediated through its antioxidant activity.

Withania somnifera, referred to as Aswagandha in the Indian system of medicine,
is a central nervous system active herb that has been used for various neurolog-
ical disorders. Studies with W. somnifera have indicated that it exerts an antiag-
ing effect anxiolytic and antidepressant activity [185]. The other pharmacological
actions exerted by W. somnifera include anti-inflammatory, antistress, hemopoi-
etic immunomodulatory, and antioxidant effects [186–188]. W. somnifera decreased
MDA levels and hemispheric lesion area in focal cerebral ischemia induced by
MCAo [189].

Spiramine T is an atisine-type diterpene alkaloid isolated from the Spiraea japon-
ica var. acuta (Rosaceae). It was shown to have neuroprotective effects on cerebral
ischemia-reperfusion injury produced by bilateral occlusion of the common carotid
arteries in gerbils, and its mechanism might be related to reducing calcium accumu-
lation and lipid peroxidation [190]. Spiramine T reduced the content of lipid per-
oxide, increased glutathione peroxidase activity, and inhibited the increase of nitric
oxidase activity and NO production in the cortex during global forebrain ischemia-
reperfusion in gerbils [191].

Gypenosides, saponins isolated from Gynostemma pentaphyllum, are widely
used as they are thought to have a wide range of health benefits, including in-
hibition of inflammation and prevention of cardiovascular disease, due to antiox-
idant and lipid-lowering properties [192, 193]. Gypenosides decreased injury of
DNA and RNA in rat neurons in the 4-VO cerebral ischemia-reperfusion model
[194]. Gypenosides suppressed NO synthesis in murine macrophages by inhibiting
iNOS enzymatic activity and attenuating NF-κB-mediated iNOS protein expres-
sion, thereby invoking a mechanism by which gypenosides may exert their thera-
peutic effects [195].

16.5 Multiherb Extracts

In TEM, medicines are used in the form of prescriptions to treat stroke. The prescrip-
tions are usually composed of 4 to 15 kinds of herbs, which have main or accessory
roles. More than 100 prescriptions have been generally used to treat stroke in TEM.
Complex prescriptions that have been demonstrated to have neuroprotective effects
in vitro and in vivo are described below.

16.5.1 Huanglianjiedu Decoction

Huanglianjiedu decoction (HLD), which consists of four herbs, Coptidis Rhizoma,
Scutellariae Radix, Phellodendri Cortex, and Gardeniae Fructus, has been used in
TEM as a therapy for various clinical symptoms associated with gastrointestinal
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disorders, inflammation, and cardiovascular diseases. These four herbs have been
the subject of many investigations on the neuroprotective effects of HLD.

Chronic oral pre- and post-HLD prevented cholinergic synaptic dysfunction and
serotonergic presynaptic hyperactivity induced by transient ischemia [196]. Pre-
treatment with oral administration of HLD protected against the impairment of
learning and memory induced by transient cerebral ischemia and prevented a de-
crease in the ACh content of the mouse brain [197]. HLD also protected against
transient forebrain ischemia induced by occlusion of both common carotid arter-
ies in C57BL/6 mice by increasing the expression of Cu/Zn-SOD and reducing the
exposure of hippocampal neurons to oxidative stress [198]. HLD extract reduced
ischemia-reperfusion brain injury and neutrophil infiltration in MCAo rats [62]. The
neuroprotective effect of HLD can be explained by multiple mechanisms, the anti-
inflammatory and antioxidant activity of Scutellariae Radix, Coptidis Rhizoma, and
Gardiniae Fructus, and inhibition of ACh release by Coptidis Rhizoma and Phel-
lodendri Cortex.

;

16.5.2 Buyanghuanwu Decoction

Buyanghuanwu decoction (BYHWD), a traditional Chinese herbal prescription, has
been used clinically for hundreds of years to treat stroke with a yang-tonic ef-
fect. The component herbs of BYHWD are Astragalis Radix, Lumbricus, Angelicae
Sinensis Radix, Ligustici Chuanxiong Rhizoma, Paeoniae Radix Rubra, Persicae
Semen, and Carthami Flos. BYHWD shows an antioxidant effect by raising the
decline of superoxide dismutase and GPX activities in a rat model induced by per-
tussis vaccine [199]. BYHWD improves recovery of neurological function, reduces
infarction volume, stimulates neural proliferation, and modulates VEGF and Flk1
expression in transient focal cerebral ischaemic rat brains [200]. BYHWD protects
neurons from hypoxia-induced apoptosis, the mechanism of which may lie in the
elimination of NO and oxygen free radicals produced during hypoxia, and also by
up-regulation of Bcl-2 expression [201], and down-regulation of p53 and p21 gene
expression [202].

A number of studies have demonstrated that BYHWD improves the outcome
of ischemic stroke in clinical trials. BYHWD improves the metabolic imbalance
of endothelin and calcitonin GCRP in patients with early cerebral infarction [203].
BYHWD promotes the proliferation of rat cortical neurons cultured in both normal
and hypoxia conditions [204]. Pretreatment of BYHWD showed neuroprotective
effects in the 4-VO rat model and suppressed the expression of caspase-3 p20 in the
CA1 region [205].

16.5.3 Woohwangchungsim-won

Woohwangchungsim-won (WCW) is one of the most popular prescriptions in TEM
for treating the symptoms after stroke such as semicoma, hemiplegia, deviation of
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the eye and mouth, retardation of language, headache, and vertigo. WCW was re-
ported to have analgesic, anticonvulsive, antihypoxic CNS damage, antihyperten-
sive, and anti-inflammatory effects.

Administration of WCW at 30 min before ischemia reduced the oxidative brain
damage and lactate release and elevated the ATP content in global ischemia of ger-
bils. WCW stimulated the expression of the positive cell cycle regulators, c-Myc,
c-Fos, and Cyclin D1 and the expression of apoptosis inhibitor proteins Bcl-2 and
Bcl-XL. It inhibited the expression of an apoptosis promoter protein, Bax, in hu-
man neuronal cell damage induced by nutrient depletion or cold shock [206]. WCW
stimulated eNOS gene expression and inhibited VCAM-1 gene expression in the
human endothelial cell line ECV304 [207].

16.5.4 Shengmaisan

Shengmai San (SMS) is a composite formula comprising three component herbs,
Ginseng Radix, Ophiopogon Radix, and Schisandrae Fructus. It has been exten-
sively used for treating cardiac disorders. Pretreatment with SMS reduced hydrogen
peroxide-induced PC12 cell death [208]. SMS inhibits cerebral oxidative damage
after forebrain ischemia-reperfusion in the rat [175]. The injection of SMS directly
into duodenum 2 h before cerebral ischemia reduced TBARS in the bilateral carotid
artery occlusion rat model. SMS also suppressed TBARS formation even when it
was administered after 45 min of reperfusion following ischemia [209, 211]. These
findings suggest that SMS improves the oxidative damage and thus protects against
cell death in the brain ischemia rat model.

16.5.5 Qizhu Decoction

Qizhu decoction (QZD), comprising the four herbal constituents Rhizoma Atracty-
lodis Macrocephalae, Poria cocos, Kadix Notoginseng, and Radix Astragali, is ef-
fective in preventing cerebral oxidative injury in rats [212]. The QZD was shown
to have strong hydroxyl radical (.OH) scavenging activity. When the QZD was in-
jected into rat duodenum 2 h before cerebral ischemia, the oxidative brain damage
after 45 min reperfusion was strongly inhibited [213].

16.6 Conclusion

A variety of herbs and prescriptions have been demonstrated to have neuroprotec-
tive effects in vivo and in vitro that may be relevant to the treatment of stroke. The
majority of in vivo studies have been performed in rodent ischemia models, MCAo
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as focal ischemia, and 4-VO and 2-VO as global ischemia. The mechanisms of neu-
roprotective herbs in TEM are suggested to be antioxidant, anti-inflammatory, and
antiglutamate effects; however, it is difficult to be precise about mechanisms as the
herbs have so many active compounds with disparate mechanisms.

In conclusion, the pharmacological activities of herbs often appear to reflect their
traditional uses. The approach for screening herbs to investigate for treatment of
stroke is a relatively successful method for the identification of herbs and single
compounds.
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Chapter 17
Biological Activity of Ginkgo

Ján Lehotský, Peter Kaplan, Martina Pavlikova, Peter Urban and Beata Saniova

Abstract The extract of Ginkgo biloba (Egb) contains more than 60 active
substances with a high bioavailability. EGb has extensive protective effects on the
central nervous system and cerebrovascular system. As neuroprotective agent it
eliminates free radicals, acts as an antioxidant and a free-radical scavenger, reduces
lipid peroxidation, and is a membrane stabilizer and an inhibitor of
platelet-activating factor via the terpene ginkgolide. The anti-ischemic neuropro-
tective effects of Egb have been proved in cerebral and spinal cord ischemic models
in animals, the action possibly being related to a functional state of mitochondria
and apoptosis. However, high-quality and large-scale randomized controlled trials
are needed to test its efficacy for the treatment of human stroke.

Keywords Ginkgo biloba extract · EGb · Biological activity · Neuroprotection ·
Ischemia

17.1 Introduction

The leaves of Ginkgo biloba L. have been used in ancient and modern Chinese
herbal pharmacopoeia as a treatment for dysfunctions of the heart and lung and as
a promoter of longevity [1]. More than 60 different biologically active substances
are present in G. biloba leaves (Fig. 17.1). Of these, terpenoids, flavonoids and or-
ganic acids are the most important. The standardized G. biloba leaf extract (EGb761,
Tanakan) was developed in the early 1970s and contains 24% flavonol glycosides
(the flavonoid fraction), 6% terpene lactones (terpenoid fraction), 70% other sub-
stances [such as rutin, proanthocyanidines (> 0.5%), organic acids (5 to 10%), glu-
cose, rhamnose, etc.] and no more than 5 ppm of ginkgolic acids. The flavonoid
fraction is primarily composed of flavanals: quercetin, kaempferol, amentoflavon,
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Non-flavonoid polyphenols
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Phenolic acid

Fig. 17.1 Classification of natural plyphenols found in EGb 761

bilobetin, ginkgetin, idoginkgetin, 5′-methoxybilobetin and isorhamnetin. The ter-
penoid fraction primarily contains ginkgolides A, B, C, J and M (2.8 to 3.4%), as
well as seskviterpenoic polyketone bilobalide (2.6 to 3.4%) with unique chemical
structures of polycyclic ethers containing a characteristic terc-butyl group, which is
very rare in natural compounds [2].

17.2 Phamacokinetics

The in vivo dynamic distribution of Ginkgo extract (pharmacokinetics) was investi-
gated by several methods including positron emission tomography (PET) and LC-
MS/MS [3, 4]. In general, the extent of bioavailability of ginkgolids is high, and
food intake does not change it [5]. Intravenous administration of Ginkgo extract
leads to its biphasic elimination with a prominent initial phase (half-life of 0.3 h,
with peak at 10 min), followed by a slower terminal phase (half-life of 1.5 h). Tis-
sue concentration declines by several-fold during the first 6 h and the metabolites
are mainly excreted in the urine (40 to 50%) and feces (less than 30%) and traces
by bile.

Interestingly, as shown by PET imaging in vivo, at least the ginkgolid B exists
in two forms in the body: the original with its lactone rings closed and a second
form with one of the rings open. The original form is taken up rapidly by various
organs including the liver, the intestine and possibly the stomach, and consequently
in plasma, the proportion of open form increases dramatically with time to shift
slowly towards equilibrium. Polyphenols are usually non-lipophilic compounds and
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cannot cross easily through the plasma membrane. As suggested by Ramasamy [6],
they might interact with plasma membrane transporters or receptors triggering in-
tracellular signaling pathways. It is interesting that the first receptor for a dietary
polyphenol has been identified for EGCG, the 67 kDa laminin receptor on vascular
cells [7]. The presence of polyphenol receptors or transporters in the brain remains
to be established. The beneficial effects of polyphenols appear to be a promising
class of compounds for neuroprotection.

17.3 Treatment of Cerebral Ischemia

Numerous studies on the effects of EGb on cerebral ischemia have been conducted
over the course of many years. EGb has extensive protective effects on the central
nervous system (CNS) and cerebrovascular system. It functions as a neuroprotective
agent in its ability to eliminate free radicals, acts as an antioxidant and free-radical
scavenger, reduces lipid peroxidation, and is a membrane stabilizer and inhibitor
of platelet-activating factor via the terpene ginkgolide B [8]. Different pathological
models of cerebral ischemia were used to evaluate its effects, and measurements
were taken at both the cellular and molecular levels to determine its mechanisms
of action, which depend on a direct effect on neuronal cells and an indirect effect
on brain circulation. In experimental models with different paradigms such as fo-
cal and global ischemia, administrated before or after the insult and given oraly
or intraperitoneally [9–12], in oedema and hypoxia, it was mostly shown that EGb
reduced vascular, tissue and metabolic disturbances as well as their neurological
behavioural consequences. In general, in experimentally induced cerebral ischemia
(MCAO), a 7-d treatment with EGb reduced the volume of CNS damage [13, 14],
protected against neuronal death in the hippocampal CA1 area of the gerbil brain
and extended protection to cells in the frontal lobe [15, 16].

17.3.1 Antioxidant/Scavanger Action

The chemical structure of EGb constituents is responsible for its remarkable antioxi-
dant/reactive oxygen/nitrogen species (RONS) scavenging activity. Its neuroprotec-
tive function is based on its ability to eliminate free radicals, it acts as an antioxidant
and a free-radical scavenger, and it reduces lipid peroxidation, which decreases tis-
sue levels of ROSs and inhibits membrane lipid peroxidation. Both flavonoid and
ginkgolide constituents are involved in the antioxidan/free-radical-scavenging ef-
fects of EGb. The flavonoids preferentially react with hydroxyl radicals [17] and
chelate pro-oxidant transition heavy metal ions [18], which consequently inhibits
the formation of new hydroxyl radicals. Significant antioxidant activity is conse-
quently one of the most analysed protective effects of EGb on the CNS and the
circulatory system.
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An extract can significantly eliminate free oxygen radicals (superoxide, hydro-
gen peroxide and hydroxyl radicals) and has also been found to be an inhibitor of
NADPH-oxidase. Scavenging activity against peroxide radicals of EGb has been
proved also on liposomes and human lipoprotein, which are believed to be involved
in lipid peroxidation and human atherogenesis [19]. In addition, several studies
showed that EGb is able to reduce endogenous lipoperoxidation [20, 21] and can
alter the activity of endogenous antioxidant enzymes such as catalase (CAT) and su-
peroxide dismutase (SOD) in the hippocampus, striatum and substantia nigra (SN)
and decrease lipoperoxidation in rat hippocampus [22]. On synaptosomal prepa-
rations from the striatum of mice, EGb761 has been shown to prevent the alter-
ation of the neuronal dopamine uptake system and the modifications of the mem-
brane fluidity induced by a pro-oxidant system ascorbic acid/Fe2+ [23, 24]. The
flavonoid fraction of EGb761 was implicated in these protections. This efficacy
was also observed in vivo. Thus dopaminergic neurons were protected against the
neurotoxin MPTP when mice received EGb761 2 weeks before the neurotoxin in-
fused peripherally through an osmotic mini-pump for 7 d [24]. The inhibition of
monoaminooxidase (MAO) activity by EGb761 may be involved in this protec-
tion [25]. In an experimental model of hypoxia-induced phospholipid breakdown,
it was found that bilobalide, a sesquiterpene lactone constituent of EGb761, inhib-
ited activation of NMDA-receptor-induced phospolipase A2 and choline release in
hippocampal slices [26]. EGb may play a protective role in the homeostasis of in-
flammation and oxidative stress, in the prevention of cell membrane damage caused
by free radicals, and in neurotransmission modulation [1].

As shown by Ni et al. [27], EGb761 can prevent hydroxyl-radical-induced apop-
tosis in cultured neurons. Numerous studies have shown that EGb761 alone or ad-
ministrated with other compounds with antioxidative properties such as vitamin E
provides significant protection of membrane integrity, depresses lipoperoxidation
and positively affects immune function [20]. This is one of the reasons why EGb is
used for the early-stage treatment of Alzheimer’s disease to interrupt the proposed
oxidative stress associated with the disease [28]. In addition, it has been established
by Bastianetto [29] that EGb has a protective effect against NO-induced toxicity in
hippocampal cells and causes significant depression of platelet aggregation induced
by the ginkgolide b fraction of EGb with a lower incidence of venous thrombo-
sis [30].

The treatment of lumbar spinal cord ischemia may have very important clinical
implications. Mechı́rova and Domorakova [31] have shown reasonable neuroprotec-
tive effects of EGb by histochemical analysis of NADPH-diaphorase activity (NOS-
like activity) on segments of the lumbar spinal cord in rabbit subjected to 30 min
ischemia and 24 h reperfusion. Reduction of reperfusion damage has been observed
and was based on the scavenging activity of EGb towards free radicals produced
during ischemia/reperfusion (I/R) of the spinal cord. The number of NADPH-d-
positive neurons in sections of the L5 segment of the spinal cord was elevated in
the ischemic spinal cord and rabbits expressed complete paraplegia. Pretreatment
by EGb for 7 d caused disappearance of paraplegia, and NADPH-d activity in blood
vessels and neurons was observed, similar to the controls. The authors proposed
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that it is the free-radical-scavenging property of EGb which decreases free radicals
produced during I/R and reduces reperfusion damage [31].

Cerebral I/R insult induces inhibition of the general translation of proteins in the
neocortex as well as in the highly sensitive hippocampus where, without protection,
inhibition of protein synthesis persists up to the death of neurons [32]. Interestingly,
the mechanism of ischemic damage protection by EGb was studied by measuring
the extent to which translation inhibition occurs in rats. Thus, due to its antioxi-
dant and antiradical ability, it can significantly reduce the I/R-induced inhibition of
translation in the neocortex as well as in the highly sensitive hippocampus. EGb,
with its ability to protect the translation mechanism, permits the newly synthesized
mRNAs to be translated into functional proteins, thus allowing the altered gene ex-
pression to be effective. Rats pretretated with EGb at a dose of 40 mg/kg/d for 7 d
were subjected to a 4-vessel occlusion model of transient forebrain ischemia for
20 min followed by 30 min, 4 h or 7 d of reperfusion. Ischemia induced inhibition of
the protein synthesis rate. The ability to reinitiate proteosynthesis was significantly
reduced in the frontal cortex and hippocampus in EGb-treated animals. Moreover,
as shown by Fluoro-Jade B staining, it alleviates neurodegeneration and increases
number of surviving neurons in highly sensitive hippocampus [12].

In the same paradigm of global ischemic damage, prophylactic oral administra-
tion of EGb at a dose of 40 mg/kg/d for 7 d showed efficient protection of surviving
neurons, particularly in the most vulnerable CA1 pyramidal cells after 20 min of
ischemia. Although ischemia is lethal for most populations of the CA1 pyramidal
cell layer, pretreatment with EGb increased the number of NeuN immunoreactive
cells (surviving neurons) in spite of a similar number of reactive astrocytes immuno-
labelled for GFAP (glial fibrilary acidic protein) in the stratum oriens and stratum
lacunosum and moleculare [33]. As reported by the authors, the inhibition of free-
radical formation afforded by EGb might explain the protection of the most vulner-
able CA1 pyramidal cells against ischemic damage.

In our own laboratory, we assessed the antioxidant activity of EGb761 in in vitro
experiments. The formation of TBA reactive substances (TBARS) was used as an
index of lipoperoxidation (LPO) in all forebrain membranes [34]. The degree of per-
oxidation (lipoperoxidation index LPO) increased gradually with increasing time
(30 to 60 min) of incubation in the medium containing 0.1 mmol/l FeSO4/EDTA
plus 1 mmol/l H2O2/mg of protein. The addition of 50 or 100 μl/ml EGb761 signifi-
cantly protects the generation of LPO products in cerebral membranes. In addition,
oxidative modifications in protein measured by the content of total sulfhydryl group
level was protected up to 75 to 81% by the addition of 50 or 100 μl/ml EGb.

Ischemia creates several conditions that could account for the increased net pro-
duction of free radicals or an impairment of cellular defenses that normally pro-
tect against such damage. The massive production of free radicals during I/R was
observed in plenty of studies by indirect spin-trapping measurements and chemilu-
miniscence [35]. In our laboratory, we proved that the transient global forebrain I/R
induced considerable lipoperoxidation and formation of lipoperoxidation-dependent
products and direct oxidative products of neural proteins. The formation of products
was time dependent and culminated in a later reperfusion period where delayed
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neuronal death could be observed [36–38]. In the study in our laboratory conducted
on all tissue membranes, forebrain ischemia caused a small but significant increase
of LPO assessed by the level of thiobarbuturic reactive substances (TBARS) and
by measurement of lysine conjugate fluorescence. The TBARS level from sham-
operated animals treated with EGb expressed a lower level of TBARS and in the
reperfusion period reached slightly depressed values (by about 11%) compared to
non-treated animals. In addition, ischemic insult caused a significant increase in lev-
els of Lys fluorescence, which was pronounced after 24 h of reperfusion. Remark-
ably, in vivo treatment with EGb depressed fluorescence intensity, which suggests
an anti-LPO activity after ischemic insult [34].

Ischemic insult induces oxidative modifications in protein structure, as was as-
sayed by measurement of changes in levels of total SH groups, and alterations
in tryptophane (Trp) and bityrosine fluorescence. Although ischemia significantly
changed the level of SH groups during reperfusion, the EGb treatment caused a
remarkable reversion of the SH-group level to non-ischemic conditions. Similarly,
as shown by an analysis of fluorescence intensity of Trp and bityrosine ischemia-
induced changes increased with time after ischemic insult. Pretreatment with EGb
induced partial but significant recovery of Trp and bityrosine fluorescence inten-
sity in comparison with non-treated animals. These results suggest that EGb761
has potent antioxidant activity and could act as an important factor which attenu-
ates I/R-induced protein oxidation. The protective properties of EGb761 support its
potential beneficial actions against ischemia-induced brain-related pathologies that
are likely associated with the deleterious effects of reactive oxygen/nitrogen species
imbalance [34].

Interestingly, the oxidative changes of neural cells induced by a brief global
ischemic episode appeared mainly in the later reperfusion period, which is very
similar to the time course of histopathologically assessed neuronal vulnerability
[39]. In addition, oxidative protein alterations also follow disturbances in the ox-
idant/antioxidant balance and depression of enzymatic activities of the main antiox-
idant enzymes such as superoxide dismutase detected at later stages after ischemic
insult in both gerbils and rats [40, 41]. Thus, oxidative alterations of neural proteins
after IRI may at least partially explain functional postischemic disturbances of neu-
ronal ion transport mechanisms [42] and ischemia-induced inhibition of global pro-
teosynthesis [32, 43], both of which are implicated in neuronal cell damage and/or
recovery from ischemic insult.

Several lines of evidence suggest that EGb allows mitochondria to maintain their
respiratory activity under ischemic conditions [44] and may play a protective role in
the homeostasis of inflammation and oxidative stress [22]. The antioxidant and an-
tiradical ability is at least partially responsible for a significant reduction in the IRI-
induced inhibition of translation in the neocortex and hippocampus, where, without
protection, inhibition of proteosynthesis persists up to the death of neurons [32].
The scavenging-free-radical activity of EGb has been proved in different in vitro
and in vivo studies [21, 45, 46].
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17.3.2 Other Anti-Ischemic Effects

Recent studies using gerbils, mice and rats have provided some insight into the
beneficial action of EGb. In experimentally induced cerebral ischemia, a 7-d treat-
ment reduced the degree of CNS damage induced by middle cerebral artery liga-
tion [46, 47]. In a similar ischemia paradigm, other investigators found that EGb pro-
tected against neuronal death in the hippocampal CA1 area of the gerbil brain [15]; a
follow-up study revealed that the protection extended to cells in the frontal lobe [47].
In addition, using an Alzheimer’s mutant mouse model (Tg2576), EGb treatment for
6 months markedly improved spatial cognitive performance, without affecting cen-
tral β-amyloid concentrations [48]. It was found that EGb could increase the rat
cerebral blood flow [49] and improved ischemic memory impairment in mice [50].
Several lines of evidence suggest that EGb alleviates the subcellular damage of cere-
bral ischemia [51] and allows mitochondria to maintain their respiratory activity
under ischemic conditions [44]. EGb may play a protective role in the homeostasis
of inflammation and oxidative stress and in the prevention of cell membrane dam-
age caused by free radicals and neurotransmission modulation [1]. As shown by
Ni et al. [27], EGb761 can prevent hydroxyl-radical-induced apoptosis in cultured
neurons. EGb could prevent and treat acute cerebral ischemia damage. Regarding
Egb-induced regulation of cerebral glucose utilization, bilobalide increases the res-
piratory control ratio of mitochondria by protecting against uncoupling of oxidative
phosphorylation, thereby increasing ATP levels, a result that is supported by the
finding that bilobalide increases the expression of the mitochondrial DNA-encoded
COX III subunit of cytochrome oxidase [1]. It is clear that an irreversible block of
protein synthesis in the selectively vulnerable CA1 field of the hippocampus neces-
sarily leads to the death of neurons. However, the prevention of persistent inhibition
of translation does not assure survival of CA1 neurons [32]. Mechanisms allowing
neurons to survive, obviously including remodulation of gene expression, have not
been clear until now. EGb, with its ability to protect translational machinery, permits
newly synthesized mRNAs to be translated into functional proteins, thus allowing
the altered gene expression to be effective.

The antiedema effect of EGb is one aspect of its potential therapeutical effects
that has not been widely investigated. The first indication of inhibition of toxic
edema formation in white matter induced by neurotoxic triethyltin was presented
as early as 1986 by Otani [52], and later works proved the beneficial effect of EGb
on cerebral edema induced also by bromethalin, a toxin [53], and by hyperther-
mia [54]. From all constituents of EGb, Ginkgolide B was suggested as an active
factor. In a very recent study by Mdzinarishvili et al. [55], the antiedema effect of
bilobalide, another EGb constituent, was tested in both in vitro (oxygen-glucose
deprivation on hippocampal slices) and in vivo (middle cerebral artery occlusion
in mice) conditions. Pretreatment of mice with bilobalide (10 mg/kg i.p.) not only
reduced the infarct area by 43% [as judged by 2,3,5-triphenyltetrazolium chloride
(TTC) staining] and edema formation by 70%, but it also reduced forebrain water
content in the ischemic hemisphere by 57%.
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However, as the authors showed by measurement of the water content, bilobalide
does not seem to block water transport and its effect is selective for edema formation
induced by ischemia. The molecular mechanism of the antiedema effect of bilob-
alide might involve the described protection of mitochondrial energetics and Na+,
K+-ATPase activity under ischemic conditions [56, 57] or via bilobalide’s interfer-
ence with chloride fluxes [58]. Additionally, bilobalide increases the expression of
glial growth factors in astroglial cultures, and thus astrocytes, with their contribution
to tissue swelling, may be the potential targets of bilobalide [59].

Although the mechanism of EGb761 is unclear, it is possible that its actions are
related to mitochondria and apoptosis because earlier studies found that caspase
expression was altered [46, 60]. This is potentially important since mitochondria
play a pivotal role in apoptosis for both intrinsic and extrinsic pathways [61]. The
intrinsic and extrinsic pathways do not occur independently in vivo but are linked
at different points, one of which is the bax/bcl-2 complex – an apoptotic to anti-
apoptotic index [62]. Oligomerization of bax facilitates its insertion into the outer
mitochondrial membrane, triggering cytochrome c release, which promotes apop-
tosis. Conversely, bcl-2 forms complexes with bax in such a way that the release
of cytochrome c is inhibited to prevent apoptosis. Therefore, the ratio of bax/bcl-2
is crucial in determining the progress of cell apoptosis for both the intrinsic and
extrinsic pathways [62]. At least two studies, by Lu et al. [63] and Loh et al. [64],
corroborate the assumption of a mitochondria-based antiapoptotic protective effect
of EGb. Lu et al. [63] investigated the levels of apoptotic markers in six brain regions
following induced global ischemia in senescence-accelerated mice (SAMP8). A 4-d
treatment with EGb significantly decreased bax/bcl-2 ratios in all brain regions in
both young (1-month-old) and aged (16-month-old) mice, and the authors suggest
that the bax/bcl-2 ratio provides a suitable index of apoptosis, and modulation of
these markers may explain the neuroprotective action of EGb761. Interestingly, the
beneficial action of EGb was efficacious despite the accelerated aging process in the
animals, and future studies of the bax/bcl-2 ratio in the brain of animals and humans
should be conducted. Since the protective effect of EGb761 was regional as well
as global in both aged (16-month-old) and young (1-month-old) mice, this could
explain why EGb761 showed protective effects for different neurological diseases
such as Parkinson’s [65] and Alzheimer’s [66] diseases, which involves different
brain areas. The remarkable cerebral protection of EGb was comapared with the
antihypertensive Losartan on stroked rats. Both agents were administrated orally
(EGb = 50mg/kg/d) 1 week before stroke induction by middle cerebral artery oc-
clusion. Both the mRNA and protein levels of pro-apoptotic genes (AT2 receptor,
Fas, Bax and Bcl-xS) showed significant reduction in both pretreatments comparing
to the vehicle group. In addition, the decrease in the number of apoptotic cells iden-
tified by TUNEL assay indicates a potent and promising therapeutic effect of EGb
for stroke treatment, at least in animal experiments [64].

Moreover, the neuroprotective effect of EGb may be correlated with its effect
on glucocorticoid synthesis – ginkgolides A and B inhibit corticosteroid synthesis
and restore the ability to adapt to stress by reducing LPO and phospholipid con-
tent in the brain [67]. Another mechanism of EGb-evoked neuroprotection involves
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maintaining a balance between inhibitory/excitatory amino acids [68], platelet-
activating factor receptor antagonism [69], the ability to inhibit NO-stimulated pro-
tein kinase C activity [29], and protection against ischemia-induced changes of Na+,
K+-ATPase activity [56]. Finally, EGb protects neurons against glutamate excito-
toxicity [70] and against apoptosis (cell death) induced by β-amyloid protein, a
known pathogenetic factor in pathological brain ageing [71].

Bilobalide, a constituent of EGb, increases the respiratory control ratio of mi-
tochondria by protecting against uncoupling of oxidative phosphorylation, thereby
increasing ATP levels. This metabolic result is supported by the finding that bilob-
alide increases the expression of the mitochondrial DNA-encoded COX III subunit
of cytochrome oxidase [1]. It is clear that an irreversible block of protein synthe-
sis in the selectively vulnerable CA1 field of the hippocampus necessarily leads to
the death of neurons. However, the prevention of persistent inhibition of transla-
tion does not assure survival of CA1 neurons [32]. The additional effect of EGb on
MCAO-induced gap junction communication was studied on the mRNA and pro-
tein levels of connexin 43 and astrocyte gap junction intercellular communication
(GJIC) induced by hypoxia-reoxygenation. Pretreatment with EGb (100 mg/l) for
7 d significantly prevented the hypoxia-reoxygenation inhibition of GJIC followed
by improved expression of Cx43, leading to improved neurological deficit [72].
Changes in energy-related metabolites in the striatum of gerbils subjected to fo-
cal cerebral ischemia for 60 min after pretreatment with EGb761 and FK506, a
calcium-dependent phosphatase calcineurin inhibitor, were investigated using mi-
crodialysis. The observed decreases in glucose (10% of the baseline) and pyru-
vate (20% of the baseline) and increase in lactate (60% of the baseline) during
ischemia was significantly preserved by both EGb761 treatment and the combi-
nation (EGb761 and FK506) therapy, which suggets that preservation of energy
metabolism during cerebral I/R may contribute to the neuroprotective effects of
EGb [11].

A very important precaution with respect to the neuroprotective activity of EGb
is communicated by the study of da Lima et al. [73]. These authors were not able
to show a reduction in brain infarct size in rats after transient MCAO in conditions
of unprevented, ischemia-induced fever. Acute (200 mg/kg) or chronic (100 mg/kg,
once daily, for 14 d) treatment with EGb in combination or not with antipyretic
dipyrone before ischemic insult failed to reduce the infarct size. The authors warn
against having high expectations about being able to treat stroke with EGb. There is
much biochemical evidence, but very few studies in animal models in vivo, which
demonstrate EGb-induced neuroprotection against regional ichemic damage [74]. In
this context, Liu [75], by searching relevant clinical trials (COCHRANE, PubMed,
EMbase) and research registers, failed to find any convincing evidence from trials of
sufficient methodological quality to support the routine use of Ginkgo biloba extract
to promote recovery after human stroke. High-quality and large-scale randomized
controlled trials are needed to test its efficacy.

Acknowledgements This paper was supported by grants: VEGA 3380/06, MVTS COST B30 and
WCE 0064/07.



330 J. Lehotský et al.
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Chapter 18
Vitamin E Metabolic Modulation in Plants

Guo Juan1, Gongshe Liu1, Chen Shuangyan1 and Amina A. Aly2

Abstract Tocopherols, the lipid-soluble antioxidants known collectively as vitamin
E, are synthesized only by photosynthetic organisms. These compounds play vi-
tal roles in human nutrition and health. During the past decade, the genes involved
in the vitamin E synthesis pathway in plants have been isolated. Therefore, it is be-
coming important to manipulate these vitamin E synthesis genes to improve vitamin
E content for human needs by metabolic engineering in plants. In this chapter, we
summarize recent progress in the metabolic engineering of vitamin E in plants and
put forward the prospect of altering vitamin E metabolic flux in the future.
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tyrA Bacterial bifunctional prephenate dehydrogenase
VTE2 Homogentisate phytyltransferase
GGH Geranylgeranyl diphosphate hydratase

18.1 Introduction

The concept of metabolic pathway manipulation for the purpose of endowing mi-
croorganisms with desirable properties is very old indeed. Metabolic engineering
emerged with DNA recombination as the enabling technology. Initially attention
was focused, almost exclusively, on the synthetic side of this field: expression of
new genes in various host cells, amplification of endogenous enzymes, deletion
of genes or modulation of enzymatic activity, transcriptional or enzymatic dereg-
ulation, etc. As such, metabolic engineering was, to a significant extent, the tech-
nological manifestation of applied molecular biology, with very little engineering
content [1]. Stephanopoulos et al. [1] defined metabolic engineering as the directed
improvement of product formation or cellular properties through the modification
of specific biochemical reaction(s) or the introduction of new one(s) with the use of
recombinant DNA technology.

Metabolic engineering in plants involves the modification of endogenous path-
ways to increase flux toward particular desirable molecules. Giving an example,
Ye et al. [2] produced transgenic plants overexpressing the phytoene synthase gene
PSY, the daffodil lycopene β-cyclase gene LVY-B, and the Erwinia phytoene desat-
urase gene crtI to produce a high level of β-carotene accumulation in transgenic rice
seeds. “Golden rice” is another good example of the use of metabolic engineering
to improve the content of plant vitamin A, which has been hailed as a significant
advance in plant nutrient quality.

Vitamin E is important for human and animal health and only synthesized in
higher plants and other oxygenic photosynthetic organisms [3–5]. For human and
animal health, α-tocopherol has the highest vitamin E activity [6], partly because it
is retained in the human body in preference to other tocopherols and tocotrienols [7].
The function of vitamin E in mammals is to act as a free-radical scavenger for in-
hibiting lipid oxidation. A high intake of vitamin E is associated with a decreased
risk of certain cancers and neurodegenerative and cardiovascular diseases [8]. Fur-
thermore, new functions of vitamin E as an antihypercholesterolemic and immunos-
timulatory agent have been proposed [9].

However, species and types of plant tissues vary greatly in their total tocochro-
manol content and composition. Oilseeds are the richest source of vitamin E, with
total tocochromanol levels ranging from 330 to 2000 μg per gram of oil [12]. The
major form of vitamin E in oilseeds is γ-tocopherol. Unfortunately, the vitamin E
activity of γ-tocopherol is only one tenth that for α-tocopherol. However, in green
leaves of higher plants, the total tocochromanol content is very low, but the propor-
tion of α-tocopherol is high [10].
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There is a need to increase vitamin E production through plant engineering in
order to meet the demand for human consumption. Numerous studies have been
carried out in this field leading to many successful examples of increased vitamin
E production. Elevated tocopherol intake has also been reported to reduce the oc-
currence and severity of several diseases, including heart disease, some cancers,
neurodegenerative diseases, and cataracts [11].

The Recommended Daily Allowance (RDA) for vitamin E was originally set at
8 and 10 mg tocopherol for adult women and men, respectively. The new RDA has
been raised to 15 to 30 mg for men and women [12]. These amounts can be obtained
by eating a wide variety of foods rich in vitamin E. However, daily intake of vita-
min E in excess of the RDA (100 to 1000 international units) prevents cardiovascular
disease and some cancers, improves immune function, and slows the progression of
a number of degenerative human conditions [9]. Because of these health benefits,
there is a considerable interest in increasing vitamin E content and altering its com-
position in favor of α-tocopherol by metabolic engineering in plants [12–15, 18].

18.2 Vitamin E History

Vitamin E was discovered at the University of California at Berkeley in 1922
(Table 18.1). Since its discovery, the constituent tocopherols and tocotrienols have
been studied intensively.

18.3 Vitamin E Structure

Vitamin E consists of a mixture of tocopherols and tocotrienols (Fig. 18.1), and all
are derivatives of 6-chromanol with an aliphatic side chain. The four tocopherol

R1

R2

CH3

HO

O

CH3CH3CH3CH3

CH3

R1

R2

CH3

HO

O

CH3CH3CH3CH3

CH3

A. Tocopherols

B. Tocotrienols

Fig. 18.1 Tocopherol and tocotrienol structures
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homologs (α-, β-, γ-, and δ-) have a fully saturated C16 phytol side chain [15],
whereas tocotrienols (α-, β-, γ-, and δ-) have a similar isoprenoid chain containing
three double bonds [16]. Individual tocopherols are named according to the posi-
tion and number of the methyl groups on the phenol ring, with the α-, β-, γ-, and
δ-tocopherols containing three, two, two, and one methyl groups, respectively.
These structural differences determine biological activity, α-homologues being the
most biologically active. α-Tocopherol predominates in leaves of higher plants,
whereas γ-tocopherol is often the major form in seeds [17].

18.4 Vitamin E Biosynthetic Pathway in Plants

Vitamin E biosynthetic pathway in plants was elucidated over 30 years ago. The to-
copherols are exclusively synthesized in photosynthetic organisms including higher
plants; significant amounts are found in all green tissues but predominantly occur
in seeds [114]. In plants, tocopherol biosynthesis takes place in the plastid, and the
enzymes are associated with the plastidial envelop [40, 41]. Figure 18.2 shows the
vitamin E biosynthetic pathway in plants [111].

Homogentisic acid (HGA) and phytyldiphosphate (PDP), derived from cytosolic
aromatic amino acid metabolism and plastidic deoxyxylulose 5-phosphate pathway,
respectively (phytyl-PP for tocopherols and GGDP for tocotrienols) [42], serve as
precursors for vitamin E biosynthesis.

The first step involves the production of the aromatic head group, HGA, from
ρ-hydroxyphenylpyruvic acid (HPP) by the enzyme ρ-hydroxyphenylpyruvic acid
dioxygenase (HPPD) [26, 28, 43–46]. The following committed reaction, the preny-
lation of HGA with PDP, resulting in the formation of 2-methyl-6-phytyl-
benzoquinol (MPBQ), is catalyzed by the homogentisate phytyltransferase (HPT),
encoded by slr1736 in Synechocystis sp. PCC 6803 (Syn-vte2), or in Arabidopsis
by the vitamin E2 gene (At-VTE2). Some plant species, such as oil palm, corn, and
tobacco, accumulate substantial amounts of tocotrienols. These plants may harbor
a VTE2 isoform exhibiting an altered substrate specificity, with preference toward
geranylgeranyl diphosphate (GGDP) rather than PDP [47]. This results in the preny-
lation of HGA with GGDP to form 2-methyl-6-geranylgeranylbenzoquinol (MG-
GBQ), a tocotrienol precursor.

In Arabidopsis the metabolic fate of the VTE2 reaction product, MPBQ or MG-
GBQ, is determined by the relative enzymatic activities of the tocopherol cyclase
(TC) and the MPBQ (MGGBQ) methyltransferase (MPBQ MT) encoded by the
VTE1 and VTE3 loci, respectively. After methylation by MPBQ MT, TC converts
MPBQ and DMPBQ to δ- and γ-tocopherol, respectively (and also cyclizes the cor-
responding geranylgeranylated intermediates to form δ- and γ-tocotrienols).

The VTE3 reaction product, 2,3-dimethyl-5-benzoquinol, serves as a substrate
for VTE1 to form γ-tocopherol. This enzyme also utilizes MPBQ as substrate, re-
sulting in the formation of δ-tocopherol. However, the link between the phenotype
and tocopherol biosynthesis was not established at that time and continues to be
elusive.



338 G. Juan et al.

4-
H

yd
ro

xy
ph

en
yl

py
ru

va
te

 

Ty
ro

si
ne

 

Sh
ik

im
at

e 

p a
th

w
ay

 H
PP

D

H
om

og
en

tis
at

e

N
on

-m
ev

al
on

at
e 

pa
th

w
ay

G
ly

ce
ra

ld
eh

yd
e-

3-
P

+
 p

yr
uv

at
e D
X

P 
sy

nt
ha

se

1-
D

eo
xy

-D
-x

yl
ul

os
e-

5-
P 

G
er

an
yl

ge
ra

ny
l-

D
P 

G
G

D
P 

re
du

ct
as

e 

Ph
yt

yl
-D

P

H
PT

 

M
PB

Q
 

C
yc

la
se

 

δ -
to

co
ph

er
ol

 

β-
 to

co
ph

er
ol

 

M
PB

Q
M

T
D

M
PB

Q C
yc

la
se

γ -
 to

co
ph

er
ol

α-
 to

co
ph

er
ol

H
om

og
en

ti
sa

te
 

δ-
 to

co
tr

ie
no

l
γ -

 to
co

tr
ie

no
l

β-
 to

co
tr

ie
no

l
α-

 to
co

tr
ie

no
l

H
G

G
T

F
ig

.1
8.

2
V

ita
m

in
E

bi
os

yn
th

et
ic

pa
th

w
ay

in
pl

an
ts

(f
ro

m
R

ef
.[

10
3]

w
ith

pe
rm

is
si

on
of

th
e

au
th

or
s)

.a
R

1
=

R
2

=
C

H
3
,k

no
w

n
as

α-
to

co
ph

er
ol

,i
s

de
si

gn
at

ed
α-

to
co

ph
er

ol
or

5,
7,

8-
tr

im
et

hy
lto

co
l;

R
1

=
C

H
3
;R

2
=

H
,k

no
w

n
as

β-
to

co
ph

er
ol

,i
s

de
si

gn
at

ed
β-

to
co

ph
er

ol
or

5,
8-

di
m

et
hy

lto
co

l;
R

1
=

H
;R

2
=

C
H

3
,k

no
w

n
as

γ-
to

co
ph

er
ol

,i
s

de
si

gn
at

ed
γ-

to
co

ph
er

ol
or

7,
8-

di
m

et
hy

lto
co

l;
R

=
R

=
H

,k
no

w
n

as
δ-

to
co

ph
er

ol
,i

s
de

si
gn

at
ed

δ-
to

co
ph

er
ol

or
8-

m
et

hy
lto

co
l.

b
R

1
=

R
2

=
H

,2
-

m
et

hy
l-

2-
(4

,8
,1

2-
tr

im
et

hy
ltr

id
ec

a-
3,

7,
11

-t
ri

en
yl

)c
hr

om
an

-6
-o

l,
is

de
si

gn
at

ed
to

co
tr

ie
no

l;
R

1
=

R
2

=
C

H
3
,f

or
m

er
ly

kn
ow

n
as

ζ1
or

ζ2
-t

oc
op

he
ro

l,
is

de
si

gn
at

ed
5,

7,
8-

tr
im

et
hy

lto
co

tr
ie

no
l

or
α-

to
co

tr
ie

no
l.

T
he

na
m

e
to

co
ch

ro
m

an
ol

-3
is

al
so

us
ed

;
R

1
=

C
H

3
;

R
2

=
H

,
fo

rm
er

ly
kn

ow
n

as
ε-

to
co

ph
er

ol
,

is
de

si
gn

at
ed

5,
8-

di
m

et
hy

lto
co

tr
ie

no
l

or
β-

to
co

tr
ie

no
l;

R
1

=
H

;
R

2
=

C
H

3
,

fo
rm

er
ly

kn
ow

n
as

γ-
to

co
ph

er
ol

,
is

de
si

gn
at

ed
7,

8-
di

m
et

hy
lto

co
tr

ie
no

l
or

γ-
to

co
tr

ie
no

l.
T

he
na

m
e

pl
as

to
ch

ro
m

an
ol

-3
is

al
so

us
ed

;R
1

=
R

2
=

H
is

de
si

gn
at

ed
8-

m
et

hy
lto

co
tr

ie
no

lo
r

δ-
to

co
tr

ie
no

l



18 Vitamin E Metabolic Modulation in Plants 339

The final reaction to convert δ- and γ-tocopherol to β- and α-tocopherol is
catalyzed by the γ-methyltransferase (γ-TMT), encoded by VTE4, and δ- and
γ-tocotrienols to β- and α-tocotrienols [17, 34, 40, 48, 49].

18.5 Strategies for Vitamin E Metabolic Engineering in Plants

Metabolic engineering in plants is generally defined as the redirection of one or
more enzymatic reactions to produce new compounds in an organism, improvement
of existing compounds, or mediation of the degradation of compounds. Although
progress in discovering biosynthetic pathway genes and in our ability to manipulate
gene expression in transgenic plants has been most impressive during the past two
decades, attempts to use these tools to engineer plant metabolism has met with more
limited success. Though there are notable exceptions, most attempts at metabolic
engineering have focused on modifying the expression of single genes affecting
pathways.

There are three basic goals of metabolic engineering in plants: high production
of a specific desired compound, low production of a specific unwanted compound,
and the production of a novel compound, for example, a molecule that is produced
in nature, but not usually in the host plant, or a completely novel compound. This
includes two complementary strategies. (1) Introducing the genes that encode en-
zymes can increase the flux through the tocopherol biosynthetic pathway to pro-
duce elevated levels of total tocols. (2) Introducing the genes that encode enzymes
can affect the composition of tocols and make α-tocopherol the predominant form
of vitamin E, so as to elevate the activity of vitamin E.

There are two basic goals of vitamin E metabolic engineering in plants: (1) in-
creasing the flux through the vitamin E biosynthetic pathway to enhance the levels
of total tocochromanols and (2) altering the tocochromanol composition in favor
of α-tocopherol. The approaches to achieving these goals include overexpression
of single-gene, multiple-gene combinations or a transcription factor to establish
single-gene or multigene control in the biosynthetic pathway for vitamin E, or use
of RNAi/antisense knockout of a gene controlling the flux of some other metabolic
pathway in order to increase the content or change the composition of vitamin E
(Fig. 18.3).

Though progress in the discovery of genes of the biosynthetic pathway and our
ability to manipulate gene expression in transgenic plants have been most impressive
during the past two decades, attempts to use these tools to engineer plant metabolism
has met with more limited success. Though there are notable exceptions, most at-
tempts at metabolic engineering have focused on modifying the expression of single
genes affecting pathways.
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Fig. 18.3 Strategies of vitamin E metabolic engineering in plants

18.6 Isolation and Identification of Genes in the Vitamin E
Biosynthetic Pathway

The biosynthetic pathway of vitamin E was elucidated several years ago, but the
genes encoding the enzymes of the pathway have been identified only very re-
cently (Table 18.2). Vitamin E biosynthetic enzymes are found in chloroplasts [40],
[50–53] and chromoplasts [54].

The first potential enzymes involved in tocopherol synthesis are the hydrox-
yphenyl pyruvate dioxygenase (HPPD) and geranylgeranyl diphosphate reductase
(GGDPR). A single copy of the gene encoding the HPPD was identified in Dau-
cus carota, Arabidopsis thaliana, barley (Hordeum vulgare), and Synechocystis
sp. PCC 6803 and is essential for both tocopherol and plastoquinone biosynthe-
sis [26, 28, 45, 55–57]. HPPD is a cytosolic enzyme [64]. HPPD and GGDPR were
selected as candidate regulatory enzymes based on in vivo observations showing that
HGA and PDP might be limiting factors in tocopherol biosynthesis. Tissue-culture
studies have shown that exogenously supplied HGA and PDP both caused signif-
icant increases in tocopherol biosynthesis [58]. The expression of gene-encoding
HPPD, which is overexpressed in the leaves and seeds of both Arabidopsis and to-
bacco, proves that HGA levels limit tocopherol biosynthesis [59, 60].

In a recent patent, Grimm and Tanaka [62] identified a geranylgeranyl reductase
cDNA (CHL P) from a Lambda ZAP II cDNA library of tobacco. The enzyme of
geranylgeranyl reductase is involved in isoprenoid metabolism and functions in two
metabolic pathways: tocopherol biosynthesis and chlorophyll biosynthesis.

Another important flux-regulating enzyme is homogentisate phytyltransferase
(HPT), encoded by the Arabidopsis vitamin E2 (VTE2) locus. The genes encod-
ing HPT have been independently identified using bioinformatics in three different
groups in Synechocystis sp. PCC 6803 and Arabidopsis based on the similarity of
their sequence to chlorophyll synthases [32, 63, 64].
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Table 18.2 Enzymes and genes involved in vitamin E biosynthesis from different species

Enzyme activity Species Gene Locus Substrate Reference

Homogentisate Synechocystis Slr1736 HGA, PDP, [32, 63, 64]
phytytransferase (HPT) Arabidopsis At2g18950 VTE2,

HPT1
GGDP [32, 64]

Homogentisate
geranylgeranyl

Arabidopsis HGA, PDP, [36]

transferase (HGGT) Barley, rice, wheat GGDP [47]
Homogentisate Arabiopsis At3g11950 VTE2-

paralog
[84, 85]

prenyldiphosphate
transferase

2-Methyl-6-
prenylbenzoquinol

Synechocystis Sll0418 MPBQ, [73]

methyltransferase
(PrBQMT)

Arabidopsis At3g63410 VTE3 MGGBQ [34, 74]

Tocopherol/tocotrienol
cyclase

Sunflower (D)MPBQ,
(D)MGGBQ

[86]

(TC) Synechocystis Slr1737 [77]
Arabidopsis At4g32770 VTE1 [33, 77]

Tocopherol/tocotrienol Maize SXD1 δ-,γ- [78]
methyltransferase (TMT) Potato StSXD1 Tocopherol, [51]

Synrchocystis Slr0089 δ-,γ- [29]
Arabidopsis At1g64970 VTE4 Tocotrienol [29, 87]

Phytol kinase (PK) Perilla Slr1652 Phytol, [88]
Sunflower At5g04490 VTE5 PMP [89]
Synechocystis [90]
Arabidopsis [90]

P-Hydroxypherylpyruvic
acid

Synechocystis Slr0090 HPP [28, 45, 56]

dioxygenase (HPPD) Arabidopsis At1g06590 PDS1

Homogentisic acid geranylgeranyl transferase (HGGT) is a functionally diver-
gent form of HPT that displays substrate specificity for GGDP in preference to PDP.
cDNAs encoding HGGT, with 40 to 50% identity to Arabidopsis HPT, were isolated
from seeds of monocot species, such as barley, wheat (Triticum aestivum), and rice
(Oryza sativa) [47]. Tocotrienols are not always synthesized by dicot species, as
observed by Cahoon et al. [47]. When the barley HGGT gene was overexpressed
in Arabidopsis leaves, tocotrienols accumulated in very high levels, whereas to-
copherol levels were not affected. This indicates that HGGT and HPT are highly
specific for their prenyl substrates, GGDP and PDP respectively, and must com-
pete with one another for HGA. Although overproduction of tocotrienols clearly
shows that GGDP and HGA are abundantly available, the fact that HGGT overex-
pression has no effect on tocopherol production indicates that PDP must be limiting.
Therefore, overexpression of GGDP reductase could increase PDP availability sig-
nificantly and, thus, increase pathway flux.
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The role of GGH in catalyzing the conversion of GGDP to PDP in tocopherol
and chlorophyll biosynthesis has been suggested [10–13]. Studies on Synechocystis
GGH deletion mutants and antisense expression of GGH in tobacco plants clearly
demonstrate that GGH is essential for tocopherol biosynthesis in bacteria and plants
[65–67]. However, transgenic expression of At-GGH alone, or co-overexpression
of At-GGH with At-HPPD, Eh-TYRA, and At-VTE2 in soybean seeds, did not re-
duce tocotrienol content [68], suggesting that an additional independent pathway
may govern the synthesis of PDP in plants. This was confirmed by early reports of
the presence of strong phytol kinase activity in spinach leaf chloroplasts and a re-
cent Arabidopsis mutant encoding a phytol kinase gene [40, 69]. The gene of phytol
kinase is essential for the biosynthesis of at least 80% of the seed tocopherols in Ara-
bidopsis [70], suggesting that 80% of PDP for tocopherol biosynthesis is catalyzed
by phytol kinase and up to 20% of PDP is formed directly via reducing GGDP.

The activity of MPBQ/MSBQ MT has been detected in spinach (Spinacia ol-
eracea) chloroplasts [41], and maize (Zea mays) and sunflower (Helianthus an-
nuus) mutants have been identified with phenotypes that disrupt MPBQ/MSBQ
MT activity [71, 72]. MPBQ/MSBQ MT was cloned from Synechocystis PCC6803
(SLL0418) based on the similarity of its sequence to γ-TMT [34, 73]. Because
the plant ortholog of SLL0418 was not functional, MPBQ/MSBQ MT was cloned
from Arabidopsis (VTE3) via the map-based cloning approach using partial loss-of-
function alleles from EMS mutagenized Arabidopsis plants [34, 74]. Interestingly,
the two proteins of VTE3 and SLL0418 shared less than 20% amino acid identity but
displayed similar activities in the tocopherol and plastoquinone pathways [34, 74],
suggesting that the convergent evolution occurred in this step of the pathway in
cyanobacteria and plants. VTE3 is the only enzyme of the pathway that is also in-
volved in plastoquinone synthesis, which catalyzes a key methylation step in both
tocopherol and plastoquinone (PQ) synthesis [34, 73–75]. The essential function
of VTE3 in two independent metabolic pathways can increase the challenge of to-
copherol pathway engineering; as altered tocopherol intermediate pools, resulting
from enhanced tocopherol flux, can lead to substrate competition between MPBQ
or MGGBQ and the plastoquinol precursor MSBQ.

The function of tocopherol cyclase (TC) in tocopherol biosynthesis was discov-
ered with the help of mutational analysis in Synechocystis [76, 77]. TC, encoded
by the Arabidopsis VTE1 loci, catalyzes the formation of the chromanol headgroup
of the various tocopherol isoforms, DMPBQ or MPBQ. So far, TC has been pu-
rified and characterized only from the cyanobacterium Anabaena variabilis [79].
Recently, genes coding for the TC from Synechocystis sp. PCC6803 (slr1737), Ara-
bidopsis thaliana (VTE1), and maize (SXD1) have been cloned [33, 77, 78, 80].
The mutation of genes VTE1, SXD1, or slr1737 resulted in both a tocopherol defi-
ciency and an accumulation of 2,3-dimethyl-6-phytyl-1,4-benzoquinone (DMPBQ),
which suggests that TC activity is evolutionarily conserved between plants and
cyanobacteria.

The γ-tocopherol methyltransferase (γ-TMT), encoded by a VTE2 locus in the
Arabidopsis gene, was also discovered through bioinformatics analysis and con-
firmed by mutational analysis in Synechocystis [29]. A genomics-based approach
was used to clone γ-TMT, which is the final enzyme in α-tocopherol synthesis.
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The gene for γ-TMT in the Synechocystis PCC6803 genomic database was identi-
fied using Arabidopsis HPPDase to initiate a search. To identify the γ-TMT gene
from Arabidopsis, the Synechocystis γ-TMT protein sequence was used to search
the Arabidopsis expressed sequence tag (EST) database, resulting in the discov-
ery of a cDNA clone with a 66% amino-acid-sequence similarity with Synechocys-
tis [29, 81].

The isolation and identification of the enzymes in the vitamin E biosynthetic
pathway has driven researchers to bioengineer plants with improved vitamin E con-
tent and alterations in its composition. Meanwhile, quantitative vitamin E loci in
Arabidopsis provide insight into the regulation and/or metabolism of vitamin E in
plants and has clear ramifications for improving the nutritional content of crops
through marker-assisted selection and metabolic engineering [82].

18.7 Engineering Plants to Improve Vitamin E Content

Various groups have reported engineering tocopherol content composition in Ara-
bidopsis leaves and seeds by overexpression of various pathway enzymes
(Table 18.3) [29, 32, 47, 59, 64, 74, 91, 92].

Seed-specific expression of Arabidopsis VTE3 and VTE4 alone or together did
not significantly alter the total level of tocopherols in transgenic soybean seed but
had a dramatic impact on tocopherol composition [92]. Overexpression of VTE3
alone increases soybean seed γ- and α-tocopherol levels and correspondingly re-
duces the levels of δ- and β-tocopherols. Like overexpression of VTE4 in Ara-
bidopsis seed [29], VTE4 overexpression in soybean seed converts γ-tocopherol
almost completely to α-tocopherol, a sevenfold increase to 75% of the total, and
δ-tocopherol almost completely to β-tocopherol, a tenfold increase to 25% of the
total. Overexpression of VTE3 and VTE4 together shifted the tocopherol composi-
tion of soybean seeds from only 10% of α-tocopherol to about 90% α-tocopherol.

Sense expression of the barley HPD gene, under control of the 35S promoter, re-
sulted in an up to twofold increase in the tocochromanol content of tobacco seeds. A
similar increase was obtained by sense expression of the gene encoding HPT from
Synechocystis PCC6803 under the control of the seed-specific napin promoter [64].
Dufourmantel et al. have expressed a sensitive bacterial HPPD gene from Pseu-
domonas fluorescens in plastid transformants of tobacco and soybean. HPPD ac-
cumulates to approx. 5% of the total soluble protein in transgenic chloroplasts of
both species. As a result, the soybean and tobacco plastid transformants acquire a
strong herbicide tolerance, performing better than nuclear transformants. In contrast,
the overexpression of HPPD had no significant impact on the vitamin E content of
leaves or seeds, quantitatively or qualitatively.

Overexpression of CHL P in tobacco plants resulted in a four- to sixfold and a
two- to threefold increase in tocopherol level in the leaves and seeds, respectively,
compared to the wild-type plants. Interestingly, the transgenic progeny plants had
higher tocopherol content than the nontransformed control [62].



344 G. Juan et al.

Table 18.3 Metabolic engineering and the potential level of vitamin E in plants

Gene source Promoter used Gene Plant species
engineered

Product level Reference

A. thaliana 35S VTE1 A. thaliana leaf 7 [102]
A. thaliana, Zea

mays
Napin VTE1 B.napus seed 0.28 [80]

0.18
A. thaliana 35S VTE1 N.tabacum leaf 10.2 [96]
A. thaliana 35S HPPD Synechocystis 7 [68]
A. thaliana,

E.herbicola
Lac At-HPPD,

Eh-tyrA
A. thaliana 1.78 [93]

B.campestris 2.44 [68]
G.max 2.58

A. thaliana, Sac-
charomyces
cerevisiae

35S At-HPPD &
Sc-PDH

N.tabacum leaf 10 [91]

Synechocystis sp.
PCC6803

35S At-HPPD &
Eh-tyrA

Synechocystis sp.
PCC6803

16.5 [68]

At-VTE2 &
At-GGH

G. max seed 14.7

A. thaliana 35S HPPD, tyrA
VTE2

B.campestris
seed

3.7 [68]

A. thaliana 35S HPPD, tyrA,
VTE2

A. thaliana 5 [68]

35S HPPD & tyrA A. thaliana seed 1.8 [68]
G. max seed 2.6

A. thaliana Napin HPPD — 1.0–1.2 [60]
A. thaliana 35S HPPD A. thaliana 0.28 [59]

0.96–1.1 [68]
A. thaliana 35S HPPD Synechocystis sp.

PCC6803 seed
7 [68]

A. thaliana DC3 HPPD A. thaliana seed 1.28 [59]
H.vulgare 35S HPPD N.tabacum seed 2 [60]
H.vulgare 35S HGGT A. thaliana leaf 10–15 [68]

Z.mays seed 6
Zea mays 35S HGGT Zea mays seed 8 [68]
A. thaliana

Synechocystis
sp. PCC6803

Napin HPT A. thaliana seed 2 [22]

A. thaliana 35S HPT A. thaliana leaf 3–4.4 [93]
A. thaliana seed 0.4

A. thaliana 35S HPT & γ-TMT A. thaliana seed 12 [93]
A. thaliana 35S γ-TMT A. thaliana seed 10 [93]
E.herbicola 35S TYRA Synechocystis 1.6 [68]

Napin A. thaliana 1.53
B.campestris 2.37
G.max 1.11

E.herbicola Napin TYRA — 1–1.4 [60]
E. herbicola 35S TYRA — 0.72–1.14 [60]
A. thaliana Napin GGH — 0.94–1.12 [68]
A. thaliana 35S GGH — 0.9–1.06 [68]
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Table 18.3 (continued)

Gene source Promoter used Gene Plant species
engineered

Product level Reference

A. thaliana 35S VTE2 A. thaliana leaf 4.4 [93]
A. thaliana 35S VTE2 G. max seed 1.4 [93]

A. thaliana seed 1.8 [64]
[68]

A. thaliana Napin VTE2 — 1.29–1.53 [64]
Synechocystis sp.

PCC 6803
Napin VTE2 — 1.2–1.52 [64]

Synechocystis sp.
PCC 6803

35S VTE2 — 0.9–1.05 [68]

A. thaliana 35S γ-TMT B.campestris 2 [98]
canola 2

A. thaliana 35S γ-TMT Latuca sativa L. 2 [99]
A. thaliana Napin MPBQ-MT&γ-

TMT
G. max seed 5 [74]

Perilla frutrscens 35S γ-TMT G. max seed 4.8 [88]
Solanum

tuberosum
35S Zeaxanthin

epoxidase
Solanum
tuberosum

2- to 3-fold α-T [113]

Synthetic 35S ZFP-TFs A. thaliana 20-fold α-T [106]
N.tabacum 35S CHL P N.tabacum leaf 4–6 [62]

N.tabacum seed 2–3

In overexpression studies, a tenfold increase in HPT activity translated into a
4.4-fold increase in leaf tocopherol levels, relative to wild-type plants [93]. Similar
results were obtained in seeds, but the magnitude of the tocopherol increase was
lower, ranging from 0.4- to twofold compared with wild-type levels [93, 94]. Both
HPT1 and γ-TMT overexpressed in seeds resulted in a total tocopherol content 12-
fold higher than wild types.

The maize HGGT gene was overexpressed in maize seeds, leading to a 20-fold
increase in tocotrienol levels, which translated into an 8-fold increase in total to-
cols (tocopherols and tocotrienols) [47]. This result is the largest increase in to-
col production ever observed in plants and significantly increases the antioxidant
potential of corn. Unfortunately, because dietary tocotrienols are not absorbed as
well as α-tocopherol, the large increase in tocotrienol levels observed in the HGGT
overexpressing maize seeds did not add much to the vitamin E nutritional value of
these plants. However, because tocotrienols have superior in vitro antioxidant activ-
ity [3], transgenic plants with elevated tocotrienol levels could be used as sources
of chemical antioxidants for industrial applications, such as oxidative stabilizers for
paints, coatings, and other lipophilic products. Furthermore, it has been reported
that tocotrienols might have a therapeutic role in decreasing the cholesterol level in
humans [95].

Overexpression of genes for TCs from Arabidopsis in maize and canola plants
led to an 18% and 28% increase of the total tocochromanol content in the seed
oil, respectively. The average δ-tocopherol content increased up to 1.6-fold and
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2.7-fold, respectively [80]. Overexpression of tocopherol cyclase (ATPT2 sequence)
in Arabidopsis resulted in a 50% increase in total tocopherol levels and over a three-
fold increase in δ-tocopherol levels in the seed (Table 18.3). The δ-tocopherol con-
tent increased by the conversion of 2-methyl-6-phytyl-1,4-hydroquinol (MPQ) to
δ-tocopherol in overexpressing lines. Our results showed that overexpression of At-
VTE1 in tobacco increased 10.2-fold, compared with that in the control [96].

In a recent report by Van Eenennaam et al. [74], the genes encoding γ-TMT and
MPBQMT were overexpressed in soybean seeds to improve this important dietary
source of vitamin E. The overexpression of the two tocopherol methyltransferases
resulted in a 95% conversion of these lesser forms of vitamin E to α-tocopherol,
which translated into a fivefold increase in vitamin E content. To put this into a
real-world perspective, although four tablespoons of soybean oil from wild-type
plants contains only 13 international units (IU) of vitamin E, the same volume of
oil from the methyltransferase-overexpressing lines contain 65 IU of vitamin E.
Because 100 IU is the recommended minimum therapeutic dose to decrease the risk
of heart disease, the work of Van Eenennaam et al. [74] has done much to increase
the nutraceutical potential of plant-derived vitamin E.

The enzymes catalyzing the reactions at the flux control points have been over-
expressed with the aim of increasing the total tocopherol levels. The studies include
the overexpression of hydroxyphenyl pyruvate dioxygenase by Tsegaye et al. [59]
and Falk et al. [60], of deoxyxylulose phosphate synthase by Estevez et al. [97], and
of homogentisate phytyl transferase by Collakova and DellaPenna [93] and Savidge
et al. [64]. The success rates in these studies have varied, but not very drastically.
Methylphytylbenzoquinone methyl transferase, tocopherol cyclase, and γ-TMT are
the enzymes important in determining the tocopherol composition [14]. The over-
expression of MBPQMT and γ-TMT in soybean seeds resulted in an increase of
α-tocopherol by greater than 8-fold, at the expense of δ-, β-, and γ-tocopherols [98],
while the overexpression of γ-TMT in the model plant A. thaliana increased the
seed α-tocopherol levels by 80-fold [29]. In lettuce it led to a more than twofold el-
evation [99]. The overexpression of γ-TMT gene increased the α-tocopherol levels
by more than sixfold [100]. The γ-TMT gene isolated from Perilla frutescens was
overexpressed in soybean using a seed-specific promoter, and vitamin E content in
T2 seeds was 4.8-fold higher than that in the wild type [88].

Single-gene engineering strategies for more complex approaches involved the
simultaneous overexpression and/or suppression of multiple genes. The use of regu-
latory factors to control the abundance or activity of several enzymes is also becom-
ing more widespread. In combination with emerging methods to model metabolic
pathways, this should facilitate the enhanced production of natural products and the
synthesis of novel materials in a predictable and useful manner [101].
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18.8 Engineered Plants to Modulate Vitamin E Composition

Soybean seeds contain approx. 20 to 30% δ-tocopherol, 2 to 5% β-tocopherol, 60 to
70% γ-tocopherol, and 10 to 20% α-tocopherol. The overexpression of At-VTE3 (2-
methyl-6-phytylbenzoquinol methyltransferase) in soybean seeds resulted in nearly
a complete conversion of δ- and β-tocopherols to γ- and α-tocopherols, which indi-
cated that VTE3 controls the flux from MPBQ to γ- and α-tocopherol [74]. When
At-VTE3 was co-overexpressed with At-VTE4 (γ-tocopherol methyltransferase) in
soybean, almost all β-, γ-, and δ-tocopherols were converted to α-tocopherol, with a
seed accumulation of > 95% α-tocopherol and up to a fivefold increase in vitamin
E activity (Table 18.3) [74, 103]. These combined experiments could be extended
to other agronomically important crops.

It has been demonstrated recently that overexpression of VTE3 in soybean seeds
is sufficient to funnel nearly all tocopherols into the pool of α- and γ-tocopherols
[74, 98]. A nontransgenic soybean contains on average 30 to 35% β- and δ-
tocopherol.

Overexpression of VTE1 in Arabidopsis leaves resulted in up to a sevenfold
increase in tocopherols and a dramatic shift in tocopherol composition from α-
tocopherol (16.5%) to γ-tocopherol (80.5%), which indicated that both VTE1 and
γ-TMT are limiting factors for tocopherol biosynthesis [102]. This differs from pre-
vious work, in which overexpression of γ-TMT and HPT, singly or in combination,
clearly demonstrated that γ-TMT was not a limiting factor for tocopherol biosynthe-
sis in Arabidopsis leaves in the absence of stress but became a limiting factor under
abiotic stress [29, 93, 104]. Accumulation of tocopherol in VTE1 overexpressing
plants led to a 60% and 40% decrease in ascorbate and glutathione, two key water-
soluble antioxidants, respectively [102]. It is unclear why increased VTE1 activity
would lead to a reduction in ascorbate and glutathione, indicating that there is still
much to be learned on the regulation of tocochromanol synthesis in plants.

Arabidopsis, Perilla, and canola seeds contain predominantly γ-tocopherol. Over-
expression of the gene γ-TMT led to the efficient conversion of γ-tocopherol to
α-tocopherol and resulted in dramatic increase in seed α-tocopherol content [29,
81, 98, 105]. The gene encoding Arabidopsis γ-TMT was overexpressed in lettuce
(Latuca sativa), which resulted in an increase in the ratio of α-/γ-tocopherol content
(TR) by up to 0.8 to 320 from 0.6 to 1.2 in nontransformed plants (Table 18.3) [99].
Among the transformed plants, the total tocopherol content did not change. There-
fore, γ-TMT may play an important role in determining the composition of toco-
pherols, but not in the total tocopherol content in transgenic plants.

γ-Tocopherol methyl transferase cDNA from Arabidopsis thaliana, coding for
the enzyme catalyzing the conversion of the large γ-tocopherol pool to α-tocopherol,
was overexpressed in Brassica juncea plants. T1 transgenic lines showed a shift in
tocopherol profile, having α-tocopherol levels as high as sixfold over the nontrans-
genic controls [100].

In a recent report, designer transcription factors were used to regulate vitamin E
synthesis [106]. Five three-finger zinc finger proteins (ZFPs) were designed to bind
to a target 9-bp-long sequence in the promoter or coding regions of the Arabidopsis



348 G. Juan et al.

GMT gene (γ-tocopherol methyltransferase). These ZFPs were separately fused to
the maize opaque-2 nuclear localization signal and the maize C1 activation ED to
make synthetic zinc finger transcription factors (ZFP-TFs). Overexpression of these
ZFP-TFs in Arabidopsis seeds under the control of an embryo-specific promoter
resulted in a heritable 20-fold increase in α-tocopherol compared to the control
seed (Table 18.3) [106]. The dramatic increase of α-tocopherol was derived from
the increased expression of γ-TMT modulated by ZFP-TFs. This provides a graphic
example of designer transcription factor regulating the expression of vitamin E path-
way enzymes.

18.9 Conclusions and Perspectives

It is clear from some reports that in many cases a single gene will be insuffi-
cient to achieve high-level production of desired chemicals. For example, although
transgenic lines overexpressing the gene encoding HPPD showed large increases
in enzyme activity compared with control lines, only small increases in tocopherol
content were observed (10% in leaves and 30% in seeds) [59, 60], suggesting that
HPPD alone is not sufficient to increase tocopherol biosynthetic flux. Therefore,
multipoint metabolic engineering is now beginning to supersede single-point en-
gineering as the best way to manipulate metabolic flux in transgenic plants. Sev-
eral points in a given metabolic pathway can be controlled simultaneously either
by overexpressing and/or suppressing several enzymes, or through the use of tran-
scriptional regulators to control several endogenous genes. Many researchers are
fast approaching a time when sophisticated strategies for the multipoint manipu-
lation of metabolic pathways can be modeled and implemented by multiple-gene
transfer, thereby facilitating the production of desirable molecules in transgenic
plants [101, 107].

Combined experiments on the co-overexpression of TyrA, HPPD and VTE2,
HPT and γ-TMT, VTE3 and VTE4 significantly elevated tocochromanol content or
vitamin E activity to a level much higher than that derived from single-gene expres-
sion. Transcription factors offer great potential for the manipulation of metabolic
pathways because of their ability to control both multiple-pathway steps and cellu-
lar processes that are necessary for metabolite accumulation [108], highlighting the
potential benefit of using transcription factors to modify complex metabolic path-
ways in plants [109, 110]. The use of transcription factors to regulate vitamin E
metabolic pathways in plants is still limited. No endogenous transcription regula-
tors controlling the vitamin E pathway enzymes have been isolated. However, the
potential of transcription factors to manipulate multiple fluxes of metabolic path-
ways will facilitate gene discovery and crop improvement.

Zhu et al. [112] overexpressed bacterial dihydrodipicohinate synthase in an Ara-
bidopsis knockout mutant in the Lys catabolism pathway and affected a dramatic
increase in free Lys in mutant. Their work elicitate us to design the overexpression
of an enzyme resistant to tocopherol inhibition, together with the knock-out of the
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tocopherol catabolism pathway, and in order to produce much higher tocopherol
levels than is produced by either strategy alone. On the other hand, we can break
down the other metabolism pathways that consume common intermediates that are
related to tocopherol synthesis.

Zeaxanthin is an important dietary carotenoid and can be converted to violax-
anthin by zeaxanthin epoxidase. The gene for zeaxanthin epoxidase, with sense
and antisense constructs, was transformed in potato (Solanum tuberosum). Both
approaches (antisense and cosuppression) resulted in higher levels of zeaxanthin
accumulation in potato tubers. In addition, α-tocopherol was elevated up to two- to
threefold in the genetically transformed lines [113]. This provides an example of
the use of an antisense approach to knocking out one metabolic pathway gene to
modulate the content of vitamin E.

The demonstration that data obtained from engineering tocopherol synthesis in
model systems can be readily transferred to crop plants indicates that we are on the
cusp of an exciting era in which plant metabolic engineering can be used to have a
positive impact on human nutrition and health on a global scale.

The rationale is that, although most people can obtain sufficient amounts of vita-
min E from a typical diet, current foods do not provide the therapeutic levels of vita-
min E that would allow the public to enjoy the added health benefits of this vitamin.
Biofortified plants would provide a sustainable alternative to a prescribed regimen
of vitamin E supplementation that would be available to everyone the world over.
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113. Römer S, Lubeck J, Kauder F, Steiger S, Adomat C and Sandmann G (2002) Metab

Eng 4:263
114. Azzi A, Zingg JM (2006) Clin Dermatol Retinoids Other Treatments 22:26



Chapter 19
Herbal Drugs of Abuse
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Abstract Substances taken for nonmedical reasons, usually for their mind-altering
effects, are called drugs of abuse. The use of psychoactive plants as drugs of abuse
has had a long tradition. Most commonly abused drugs extracted from or based on
natural products are illicit substances, such as cannabis products, morphine, or co-
caine, but other herbal products used to produce a “high” are becoming increasingly
popular drugs of abuse. Unfortunately, these “new herbal drugs” are falsely labeled
as safe and legal. This chapter gives a brief historical background of herbal drugs of
abuse, a description of the classical herbal drugs of abuse, and their current trends
of use. The monographs of the different herbal drugs of abuse contain descriptions
of the plants, their pharmacologically active compounds, and the current knowledge
of their pharmacological properties.
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19.1 Introduction

Drugs of abuse are defined as substances taken for nonmedicinal reasons, usually for
their mind-altering effects. Most often these abused drugs are illicit substances such
as heroin, cocaine, etc., but prescription and over-the-counter drugs are also abused.
Abuse of ethical drugs (prescription or over-the-counter) occurs when people use
the drugs in a manner or in quantities other than those directed, or for purposes that
are not legitimate.

Many drugs abused in modern society are extracted from or based on natural
products. The dangers associated with these drugs are substantially enhanced when
the active substance is isolated from the plant material and used as essentially a pure
drug, for example, heroin (derived from acetylation of morphine from the opium
poppy) and cocaine when isolated from Erythroxylum coca.

Herbal products used to produce a “high” are becoming increasingly popular
drugs for abuse [1]. These substances include obvious examples mentioned earlier
as well as plants containing tropane alkaloids, plants containing stimulants such
as caffeine, ephedrine, and khat, hallucinogenic plants, or even the alkenebenzene
derivatives in nutmeg. The most common drugs of abuse of herbal origin sorted by
scientific name, including the common English name, most common use, and most
important active compound are summarized in Table 19.1.

The source of knowledge by users is often Internet based; “trip reports” and
descriptions of the plants are shared among drug users, and often, unfortunately, the
“new herbal drugs” are falsely labeled as safe and legal [2].

19.2 Historical Background of Herbal Drugs of Abuse

The use of psychoactive plants for mind-altering purposes has a long tradition. Ar-
chaeological evidence shows the use of psychoactive plants by humans for many
thousands of years, often in a highly ritualized and ceremonial context [3].

The earliest archaeological evidence of a potential psychoactive plant in a cul-
tural context is from a Neanderthal burial site in northern Iraq. Large quantities
of pollen of different plants (including Ephedra spp.) have been found in the soil
surrounding a male Neanderthal burial [4]. The pollen was dated to more than
50,000 BCE.

This finding might indicate that the body was deliberately, perhaps ritualistically,
buried on a bed of plants [4].

Evidence of the use of cannabis found in Taiwan has been dated to approx. 10,000
BCE. Cord-impressed pottery with possible fiber evidence has been found in early
postglacial fishing sites [3].

Preserved remains of plant and animal material including seeds of Papaver som-
niferum were found in ruins of a Stone Age settlement in Italy. The seeds were
presumably cultivated for food, medical, and possible cult use and were dated to
5500 BCE [3].
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Recently, the presence of a psychoactive compound in a 5700-year-old dried cac-
tus “button” found in a cave in Texas has strengthened the evidence that humans
recognized the psychoactive properties of plants at that time [5].

Approximately 3000 BCE P. somniferum was described as the “plant of hap-
piness” on a Sumerian tablet [6]. Much evidence of the medical use and abuse of
opium can be found in Egyptian, Greek, and Roman reports between 3000 and 1000
BCE [3]. Also, artifacts including vases and ornaments filled with crude opium were
found and dated to this time frame [3].

In the Middle Ages, authors such as the Arabic scientist Avicenna (980–1037)
and the German abbess Hildegard von Bingen (1098–1179) described numerous
plants and their effects, including their psychoactivity. The description of plants
including their psychoactivity was mainly continued in the 16th century by the
so-called founding fathers of botany. These were the botanists Hieronymus Bock
(1498–1554), Leonhart Fuchs (1501–1566), and Otto Brunfels (1488–1534). The
first published systematic study of psychoactive plants was published in 1855 by
Heinrich von Bibra. His book described 17 narcotic and stimulant plants including
their effects on the human body [6].

The abuse of herbal drugs initiated the first treaty of international drug control.
In 1912 the International Opium Convention was signed by 13 countries to provide
control over the distribution of morphine and cocaine. In 1925, the convention was
revised by the addition of the prohibition of hashish due to its common abuse. Today,
many herbal drugs of abuse are controlled by national and international conventions
and laws.

19.3 Classical Herbal Drugs of Abuse

19.3.1 Cannabis and Tetrahydrocannabinol

Cannabis is derived from Cannabis sativa, an herbaceous annual plant. The species
C. sativa can be divided into the following subspecies and varieties: C. sativa var.
sativa, C. sativa var. spontanea, C. sativa spp. indica, C. sativa var. indica, and C.
sativa var. kafiristanica [6, 7]. The plant is highly recognizable: the leaves are typi-
cally separated into five or more serrated leaflets. The stem of the plant is extremely
fibrous and is therefore a popular source of fabric fiber.

Cannabis is reported to have been first used by the Chinese in 2737 BCE. It was
also known on the Indian subcontinent and the Arabian Peninsula well before the
birth of Christ as an herbal remedy. The remains of cannabis seeds discovered in
Germany date to 500 BCE. Cannabis was used as an antimalarial and antirheumatic
drug, a narcotic, an aphrodisiac, a carminative, and as a remedy to treat nausea and
headache.

Sinsemilla is a seedless, more potent form produced from the unfertilized flow-
ering tops of female cannabis plants, often found in the USA [8]. Other forms of
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cannabis include Thai sticks, hashish (resin), and oil (hash oil). Modern names used
to describe cannabis include “weed,” “grass,” “dope,” “dagga,” and “pot.”

The most interesting compounds contained in cannabis are the cannabinoids, a
group of at least 66 substances [9]. The most psychoactive cannabinoid in cannabis
is Δ9-tetrahydrocannabinol (THC). The chemical structure of THC (1) is shown in
Fig. 19.1.

The cannabis plant is dioecious, with male and female flowers borne on separate
plants. The female plant is more robust with larger flowers and, importantly, contains
a higher THC content. All parts of the plant contain THC including flowers, leaves,
seeds, and stalks. Oil is produced from the seeds and flower heads.

The plants prefer a warm humid climate, although it will grow in most climates.
However, indoor and glasshouse cultivation are required for the cooler climates.

Cannabis is used mainly by smoking in the form of cigarettes (joints) or using
cold-water pipes (bongs). It can also be made into “cookies” and eaten. Heat is
essential to activate procannabinoids to THC.

THC increases the heart rate, blood pressure, and body temperature. More im-
portantly, smoking THC produces a range of cognitive and psychomotor effects as-
sociated with a transient euphoric effect that is usually perceived as a “high.” Short
term memory loss can occur particularly with repeated use.

The cannabinoids are ligands of the cannabinoid G-protein coupled receptors.
Evidence for the existence of a human cannabinoid receptor was found in the mid-
1980s, and the CB1 receptor was confirmed by cloning in 1990. A second cannabi-
noid receptor, the CB2 receptor, was confirmed by cloning in 1993 [10]. The CB1

receptor is predominantly found at central and peripheral nerve terminals, whereas
the CB2 receptor is mainly distributed in immune cells [9].

With the discovery of cannabinoid receptors, the question arose as to whether
these receptors had endogenous ligands or whether they were targets only for THC
and other plant cannabinoids. The first endogenous cannabinoid was described
in 1992. The substance was identified as arachidonoyl ethanolamide and named
anandamide. So far, five endogenous cannabinoid receptor agonists have been de-
scribed [10].

19.3.2 Coca and Cocaine

Coca is a plant from the genus Erythroxylum and is native to northwestern South
America. For the purposes of a plant of abuse, coca leaves are used. Cocaine is the
most important psychoactive alkaloid in the plant. The chemical structure of cocaine
(2) is shown in Fig. 19.1. The leaves contain up to 2% cocaine in a dried state [6].
Although the genus Erythroxylum includes several hundred species, only E. coca
and E. novogratense contain significant amounts of cocaine [6]. Trace amounts of
cocaine have recently been detected in 23 species of Erythroxylum, with content
below 0.001% [11].
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Fig. 19.1 Chemical structures of most important active compounds of common herbal drugs of
abuse
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Fig. 19.1 (continued)

The use of coca has a long tradition in South America. Hair analysis of mum-
mies dated to at least 1000 CE has proven the consumption of coca via detection
of cocaine and its metabolites in hair [12]. The first European description of coca
is from Amerigo Vespucci from 1499. He described how South American aborigi-
nals would chew the leaves together with a white powder [6]. The main psychoac-
tive compound, cocaine, was first isolated in 1859 by Albert Niemann, a German
chemist [13].
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In 1863, the Italian chemist Angelo Mariani introduced a coca extract in sweet
wine as a tonic, the so-called Vin Mariani. This tonic was copied in 1884 in the
USA by John Pemberton. One year later, Pemberton responded to the American
Prohibition legislation by developing a nonalcoholic carbonated coca extract, called
Coca-Cola, which contained an estimated amount of 9 mg of cocaine and on the
market until 1903.

The use of coca leaves as a local anesthetic was first proposed by Samuel Percy in
1856 [13]. After the isolation of cocaine, the Austrian pharmacologist Karl Damian
Ritter described narcotic effects after application on the skin. About 25 years later,
cocaine was used in clinical practice as a local anesthetic in ophthalmic surgery.
The advantage of cocaine as a local anesthetic is its unique combination of local
anesthesia and intense vasoconstriction. Therefore, cocaine is still used for topical
anesthesia by otorhinolaryngologists [13].

The anesthetic effects are pharmacologically caused by blocking of sodium chan-
nels, whereas the vasoconstriction is caused by sympathetic activation [14]. Cocaine
inhibits the reuptake of catecholamines, which increases the activity of sympathetic
synapses. This stimulation also occurs in the brain; therefore cocaine causes eupho-
ria, garrulousness, and increased motor activity [14]. Cocaine also decreases fatigue
and is abused as a stimulant.

In some communities coca leaves are typically mixed with an alkaline substance
(such as lime) and chewed like a gum. Alternatively, coca leaves can be infused in
liquid and consumed like tea such as mate de coca. This is a traditional method of
consumption to treat altitude sickness, reduce fatigue, and increase energy and has
been practiced for many centuries by some natives of South America [6].

19.3.3 Poppies and Opiates

Poppies include a number of attractive wildflower species found growing singularly
or in large groups. Many species are also grown in gardens. Of all the poppy plants,
the opium poppy or Papaver somniferum is the most important. The plant has been
used for many thousands of years.

P. somniferum is an annual plant with a simple or only slightly branching stem.
The leaves are ovate-oblong and of grey-blue greenish color. The flower can vary in
color; pink varieties are the most common. Incisions made in the unripe capsules of
P. somniferum release white latex that quickly hardens and turns brown after contact
with oxygen. The hardened brown latex is called raw opium; each capsule releases
approx. 20 to 50 mg.

The main active alkaloid in opium and other parts of P. somniferum is morphine,
which was first isolated in 1806 by the German pharmacist Friedrich Sertuerner
[15]. He called the isolated alkaloid “morphium” after the Greek god of dreams,
Morpheus. It was not only the first alkaloid to be extracted from opium, but the first
alkaloid ever to be isolated from any plant. With the invention of the hollow needle
and the syringe, morphine was used in the treatment of postoperative and chronic
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pain, as well as an adjunct to general anesthetics. Unfortunately, morphine had as
much potential for abuse as opium. Looking for a safer and nonaddictive opiate,
Felix Hofmann synthesized in 1898 diacetylmorphine [16]. From 1898 to 1910 di-
acetylmorphine was marketed by Bayer under the brand name heroin. The drug was
promoted as a nonaddictive morphine substitute and cough medicine for children.
Bayer marketed heroin also as a substitute drug for morphine addiction before it was
discovered that heroin is converted to 6-acetylamorphine and morphine by human
cholineesterases [17]. Figure 19.1 shows the chemical structures of morphine (3)
and heroin (4).

The abuse of opioids was common in the late 19th century, leading to the Inter-
national Opium Commission in 1909 (in Shanghai) as the first step toward inter-
national drug prohibition. Based on this meeting, the first international drug con-
trol treaty, the International Opium Convention, was signed in 1912 at The Hague.
This convention went into force globally in 1919, when it was incorporated into
the Treaty of Versailles [18]. Today, opium and opiates are controlled by the In-
ternational Narcotics Control Board of the United Nations under Article 23 of the
Single Convention on Narcotic Drugs, and subsequently under the Convention on
Psychotropic Substances. Opium-producing nations are required to designate a gov-
ernment agency to take physical possession of illicit opium crops as soon as possible
after harvest and conduct all wholesaling and exporting through that agency [19].

19.4 Current Herbal Drugs of Abuse

19.4.1 Nightshades

The botanical family of nightshades contains edible as well as poisonous plants.
Well-known poisonous plants, such as Atropa belladonna (deadly nightshade),
Datura stramonium (thornapple), and Brugmansia spp. (angel’s trumpet), have been
used for their psychoactive properties for hundreds of years [6]. Common names
such as dwale, death’s herb, or witch berry give an impression of their toxicity and
use in the Middle Ages. The toxicity and pharmacological effects of deadly night-
shade, for example, are also part of the etymology of the botanical name. The genus
Atropa is named after the goddess Atropos, who is known in Greek mythology as
the cutter of the life thread. The species name belladonna is Italian for “beautiful
lady” and originates from the historical use of its berry juice by women to dilate
their pupils [20].

Plants of this family are distributed generally throughout temperate and subtrop-
ical regions. Some species like Brugmansia sp. are often cultivated in pots as house
plants.

Many plants of this family contain toxic tropane alkaloids such as (S)-(−)-
hyoscyamine and (S)-(−)-scopolamine. (S)-(−)-hyoscyamine is converted during
storage and/or isolation to a racemic mixture of 50% (S)-(−)-hyoscyamine and (R)-
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(+)-hyoscyamine, called atropine. Atropine (5) and scopolamine (6) act pharmaco-
logically by blocking acetylcholine receptors of the muscarine subtypes [14]. The
blockage of these receptors causes symptoms such as tachycardia, dilated pupils, de-
creased gastrointestinal motility, dry hot skin, and dry mouth due to decreased sweat
and saliva production. Apart from these peripheral effects, atropine also affects the
central nervous system, causing agitation, disorientation, and hallucinations [14].
Due to the hallucinogenic properties of these alkaloids, plants are often abused. For
example, this increasing misuse has prompted a prohibition by law in Florida of
planting angel’s trumpets.

19.4.2 Ayahuasca

Ayahuasca is the name of a psychoactive beverage that has its origin in the Amazon
region. The name means “vine of the souls” in Quechua, a Native American lan-
guage of South America. Traditionally, Ayahuasca is prepared by boiling or soaking
the stems and barks of Banisteriopsis caapi together with various plants contain-
ing the psychoactive alkaloid N,N-dimethyltryptamine (DMT). The most commonly
used plant containing DMT is Psychotria viridis. DMT is a potent sort-acting hal-
lucinogenic agent but is not active following oral ingestion of doses up to 1000 mg.
After parenteral administration of more than 25 mg, DMT shows psychoactive ef-
fects [21]. The alkaloid is metabolized via monoamine oxidase (MAO) to inactive
metabolites.

The stems and bark of B. caapi contain β-carbolines such as harmine and harma-
line. These carbolines are not psychoactive, but they are inhibitors of the enzyme
MAO. The combination of these plants leads to psychoactive effects because the
breakdown of the psychoactive DMT is inhibited [22]. This pharmacological “trick”
is common today also using other MAO-inhibiting drugs. Such combinations are of-
ten called pharmahuasca [6]. Figure 19.1 shows the chemical structures of DMT (7),
harmine (8), and harmaline (9).

19.4.3 Morning Glory and Lysergic Acid Amide

Morning glory is a common name for over 1000 species of plants in the family Con-
volvulaceae. If morning glory is abused, the plant is probably either Ipomea tricolor
or Rivea corymbosa. Both plants are perennial twinning liana native to Central and
South America. The seeds of both plants have been used by Native Americans for
their hallucinogenic properties. The seeds of I. tricolor have been called by Aztecs
tlilitzin, meaning “the very black,” while the seeds of R. corymbosa were named
ololiuqui, which is translated as “that which causes turns” [6]. Nowadays, the most
commonly used term for the seeds of I. tricolor is badoh negro, and for the seeds of
R. corymbosa badoh blanco [6].



19 Herbal Drugs of Abuse 363

The fresh or dried seeds are grounded and mixed with water and ingested orally.
After ingestion, the seeds produce psychedelic effects similar to those of Psilocybe
mushrooms or lysergic acid diethylaminde (LSD). The hallucinogenic effects of a
cold water extract are not exactly the same as those of LSD, but vision of “small
people” is typical [23]. Eating the seeds can induce side effects such as nausea and
vomiting, probably induced by non-water-soluble alkaloids [6].

Albert Hofmann isolated in 1960 ergot alkaloids like lysergic acid amide from R.
corymbosa [24]. The psychoactive effects of lysergic acid amide, also called ergine,
were assessed by Albert Hofmann by self administration back in 1947, well before
this was discovered to be a natural compound. He described a tired, dreamy state
with an inability to maintain clear thoughts after intramuscular administration of
500 mg of ergine [21]. Besides lysergic acid itself, ergine is listed as a depressant in
the category of Schedule III drugs in the Controlled Substances Act. This regulation
probably attempts to control these substances as logical precursors of LSD. The
chemical structures of LSD (10) and ergine (11) are shown in Fig. 19.1.

19.4.4 Ephedra and Kath

The genus Ephedra includes approx. 45 species indigenous to the temperate and
subtropical regions of Asia, Europe, and America. The species E. sinica has been
used in traditional Chinese medicine under the name Ma Huang for more than 500
years. The use of Ma Huang as a stimulant was first documented in the time of
the Han Dynasty (ca. 206 BCE–220 CE) [25]. A possible translation of the Chinese
name of the plant is “yellow hemp,” which could explain its main use as a stimulant.
Unfortunately, this assumption is not confirmed by historical sources.

The main pharmacologically active ingredients of the Ephedra species are the
alkaloids ephedrine (12) and pseudoephedrine (13). Other pharmacologically ac-
tive compounds in the plant are norephedrine (14), norpseudoephedrine (15, also
called cathine), methylephedrine (16), and methylpseudoephedrine (17). These
compounds are potent central nervous system stimulants and also have sympa-
thomimetic effects on the peripheral nervous system [14]. In sport, the use of
ephedrine, norpseudoephedrine, and methylephedrine has been banned by the Inter-
national Olympic Committee. Because of their peripheral effects, ephedra alkaloids
are often contained in cold medications. Recently, the use of pseudoephedrine in
cold medications has been banned in many countries because the alkaloid is used as
a precursor in the synthesis of methamphetamine [26].

Catha edulis, commonly known as khat, is not related botanically to Ephedra.
Both plant groups are described here due to their similar active ingredients. Khat
is indigenous to Ethiopia and is now cultivated in some other African countries,
Arabia, and Afghanistan. The fresh leaves are chewed as soon as possible after har-
vesting. Khat has been used traditionally as a stimulant in Ethiopia by older men
in conjunction with religious rites [27]. Today, khat leaves are chewed by men and
women of all ages, mostly in countries where khat is grown. But also in other coun-
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tries, emigrants try to maintain this habit. Therefore, large quantities of fresh leaves
are illegally imported to other countries [27, 28]. The leaves must be consumed
fresh, and they should not be older than 2 d as the psychoactive properties of the
leaves decrease rapidly after harvesting [27].

The active ingredients of khat are similar to those in Ephedra. Besides the
ephedrine alkaloids norpseudoephedrine and norephedrine, khat contains the alka-
loid cathinone [27]. The pharmacological properties of cathinone are identical to
those of Ephedra alkaloids. Due to khat abuse, the plant and its ingredients cathi-
none and norpseudoephedrine are controlled substances in many countries. Meth-
cathinone is a potent derivative formed by the oxidation of pseudoephedrine [29].
Figure 19.1 shows the chemical structures of cathinone (18) and methcathinone (19).

19.4.5 Iboga

The perennial rainforest shrub Tabernanthe iboga, commonly known as iboga, is
native to central western Africa [6]. The plant reaches about 1.5 to 2 m in height
and has yellowish or pinkish flowers that turn into sweet fruits that do not contain
psychoactive alkaloids. The plant is a sacrament and symbol of power in the Bwiti
religion with the roots used in religious ceremonies as a “bridge to the ancestors.”
In small amounts (up to 5 mg/kg), the root is chewed by locals to reduce hunger and
fatigue, but larger amounts (10 mg/kg or greater) will cause hallucinations and has
even caused death [30, 31].

The root bark contains about 6% indole alkaloids: primarily ibogaine
(12-methoxyibogamine), but also tabernanthine, ibogaline, and ibogamine.

Ibogaine (20) is a noncompetitive antagonist at α3β4 nicotinic receptors and a
sigma2 receptor agonist, increases RNA expression of glial-cell-line-derived neu-
rotrophic factor, is a weak agonist on the serotonin 5HT2A receptor, and is a
weak NMDA receptor antagonist [32]. The major metabolite, noribogaine (12-
hydroxyibogamine), is a potent serotonin reuptake inhibitor and is also a moderate
kappa and weak mu opioid receptor full agonist. Ibogaine has also been used to treat
dependency on alcohol and illicit drugs, although its efficacy is questionable [33].

It is classified as a Schedule I controlled substance in the USA and sale and
possession is banned in Sweden, Denmark, Belgium, and Switzerland.

19.4.6 Nutmeg

Nutmegs are the seeds of the evergreen tropical tree Myristica fragrans, which is
indigenous to the Spice Islands. The seeds are covered by a netlike red aril that
is used to produce mace. Both seeds and mace are mainly used, but the seeds are
described to be psychoactive when administered in high doses.
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The psychoactive properties of nutmeg were already described by Hildegard von
Bingen in the Middle Ages. Later, in 1829, the first human self-experiment de-
scribing the psychoactivity of nutmeg was provided by the physiologist Johann E.
Purkyne. He described sleepiness with peaceful dreams and dizziness at higher con-
centrations [6]. Nutmeg intoxications due to abuse were described around the early
20th century, subsequently only a few cases were described until its resurgence in
the mid-20th century. Since then, nutmeg has been discovered mainly periodically
by adolescents as a natural and legal high. Widespread abuse is uncommon due
to unpleasant and frightening side effects. The consumption of large amounts of
nutmeg is also dangerous; some fatal intoxications and cases of nutmeg induced
psychosis have been described [34].

The psychoactivity of nutmeg is believed to be caused by ingredients of the
volatile oil. The main ingredients of the volatile oil of nutmeg are the alkenebenzene
derivatives elemicin (21), myristicin (22), and safrole (23). In 1966, Shulgin [35] hy-
pothesized that the possible psychotropic effects of myristicin may be caused by the
metabolic addition of ammonia to the allyl side chain leading to the amphetamine
derivative 3-methoxy-4,5-methylenedioxyamphetamine (MMDA) and that of el-
emicin by conversion to the designer drug 3,4,5-trimethoxyamphetamine (TMA).
Although this metabolic step is unlikely, a formation of these designer drugs would
explain the possible psychoactive effects of nutmeg. Although this hypothesis was
widely accepted, the formation of these designer drugs in humans has never been
proven. Recently, a study has shown that these proposed metabolites could not be
detected in human and rat urine after ingestion of large amounts of nutmeg and the
isolated ingredients itself [36]. Further studies to explain the psychoactive effects of
nutmeg are needed.

19.4.7 Salvia divinorum

Salvia divinorum is a herbaceous plant native to the Mazatec region of the Sierra
Madre Oriental in the Mexican state Oaxaca. This plant has been used in traditional
spiritual practices by Mazatec aborigines in a manner very similar to magic mush-
rooms (Psilocybe spp.). The plant and its use were discovered by the West in 1962
by Gordon Wasson, followed by the first botanical description by Carl Epling and
Carlos Játiva-M. in the same year [6]. Shortly after the first botanical description
of the plant and its psychoactive properties, Albert Hofmann tried to discover the
active constituents by analyzing the juice pressed from the plant. His analysis was
unsuccessful, and it took until 1982 to isolate the diterpenes salvinorin A and salvi-
norin B. So far, 14 diterpenes have been isolated from S. divinorum, but salvinorin A
seems to be the major active compound. Even though the plant is closely related to
common sage (S. officinalis), neither an essential oil nor thujone, common in other
Salvia species, has been discovered in Salvia divinorum.

In 1994, Daniel Siebert showed that the leaves of S. divinorum have psychoactive
effects when the ingredients of the juice are absorbed via oral mucosa [37]. The
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plant material was inactive when swallowed as quickly as possible to bypass the oral
mucosa. In this study the author also showed that salvinorin A produced the same
psychoactive effects as the plant juice. Some years later, in 2002, salvinorin A was
found to be a potent and the first nonnitrogenous agonist of the κ-opioid receptor
[38], whereas salvinorin B is inactive at this receptor. A study in 2004 also reported
κ-opioid receptor agonistlike discriminative effects in rhesus monkeys [39]. Since
that time, the availability of the plant has increased rapidly, partially due to Internet
trading. Within a few years, S. divinorum became a popular herbal drug of abuse.

The unique pharmacology of salvinorin A as the first nonnitrogenous opioid re-
ceptor agonist and its popularity as a drug of abuse have substantially increased the
interest in it among researchers. More than 60 publications on salvinorin A have
been published in the last 3 years. The chemical structure of salvinorin A (24) may
be manipulated for the design of drugs with therapeutic potential.

19.4.8 Kava

Kava is the common English name for the western Pacific plant Piper methysticum.
Other names for the plant are ‘awa’, used in Hawaii, or “yaqona,” common in Fiji.

Kava is an evergreen bush growing up to 3 m tall, with heart-shaped leaves up to
20 cm in length. The plant is closely related to black pepper (Piper nigra) and also
has a spicy taste. In 1777, the plant was first described botanically by Johann Gregor
Forster, a fellow of Captain James Cook. During this trip, they also described the
psychoactivity of the plant and the ceremonies by indigenous Polynesians [6]. The
psychoactivity of kava is also indicated by the scientific species name methysticum,
which is Greek for intoxicating.

Today, kava is the most important psychoactive plant in Oceania and in aboriginal
cultures in the Northern Territory of Australia [20]. Traditionally Kava is prepared
by grinding or chewing the rhizome, which is mixed with water or coconut milk.
The effects after consumption of kava are talkative and euphoric behavior, anxiolytic
effects, sense of well-being, clear thinking, and relaxed muscles.

The plant contains a mix of kavalactones and kavapyrones. Figure 19.1 shows the
basic structure of kavapyrones (25). Kava ingredients are postulated to have phar-
macological properties including blockade of voltage-gated sodium ion channels,
reversible inhibition of monoamine oxidase B, and reduction of neuronal reuptake
of noradrenaline. The effectiveness of kava and kava ingredients in the treatment of
anxiety has been shown in clinical studies. Therefore, extracts of the plant were in-
troduced into modern medicine as a mild anxiolytic. After the report of some deaths
due to its medicinal use, kava medicines were banned. Kava containing medicine
causes acute liver failure [40]. The traditional use of kava by Pacific Islanders and
by some aboriginal communities is not believed to be associated with liver damage.
A recent study has shown that kava feeding in rats does not cause liver damage [41].
Further investigations are necessary to demonstrate the long-term safety of kava
preparations.
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Chapter 20
Biological Activities of Kinetin

Kalina Duszka, Brian F.C. Clark, Frank Massino and Jan Barciszewski

Abstract Kinetin (N6-furfuryladenine) is a cytokinin growth factor with several bio-
logical effects observed for human cells and fruit flies. It was given the name kinetin
because of its ability to induce cell division. Kinetin is often used in plant cell and
tissue culture for induction of callus formation (in conjunction with auxin) and to
regenerate shoots from callus (with lower auxin concentration). Kinetin exists nat-
urally in the DNA of almost all organisms tested so far, including human cells, and
various plants. The mechanism of kinetin synthesis in DNA is thought to be via the
production of furfural, an oxidative damage product of DNA deoxyribose, and it
is quenched by the adenine base converting it into N6-furfuryladenine. Since 1994
kinetin has been thoroughly tested for its powerful antiaging effects in human skin
cells and other systems. At present, kinetin is one of the most widely used compo-
nents in numerous skin care cosmetics and cosmeceuticals. There are some reports
published on other biological effects of kinetin in human beings, as an antiplatelet
aggregation factor reducing thrombus formation, and its ability to correct genetic
diseases of RNA missplicing. Kinetin was shown to be more effective in the im-
provement of skin texture, making it smoother and with a significant reduction in
fine lines and wrinkles. It is a stable antioxidant that slows down the aging process.

Keywords cytokinins · kinetin · DNA damage · biological activity · antiaging
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AML Acute myelogenous leukemia
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cGMP Cyclic guanosine-3′,5′-monophosphate
CK-MB Muscle creatine kinase
2,4-D 2,4-dichlorophenoxyacetic acid
EEC Esophageal epithelial cells
ERM Ezrin/radixin/moesin
FD Familiar dysautonomia
GDI rho GDP dissociation inhibitor
HMDMEC Human dermal microvascular endothelial cells
HUVEC Human umbilical vein endothelial cells
IAA Indole-3-acetic acid
MAPK Mitogen-activated protein kinase
PIP2 Phosphatidylinositol
PR-10c Pathogenesis-related protein c
ROS Reactive oxygen species

20.1 Introduction

Fifty years after the discovery of kinetin it remains an interesting object of scientific
research and a rich source of inspiration. Long-lasting studies have deepened our
knowledge about its role and significance as well as making kinetin the best known
cytokinin. Recently discovered data showed us a great potential and broad field of
kinetin activity as it plays a role in many processes, from regulation of growth and
development of plants through antioxidative and antiaging properties to therapeutic
utility.

20.2 Kinetin Occurrence, Structure,
and Chemical Properties

Kinetin was isolated in 1955 from autoclaved herring sperm DNA. For many years it
was considered to be a synthetic product. Now it is known that it occurs in commer-
cially available DNA and naturally as a component of freshly extracted plant and
human DNA as well as in urine and coconut water where it reaches a concentration
of 0.31×10−3M [1–4].

Kinetin belongs to a group of plant hormones called cytokinin. These are ade-
nine derivatives with an additional side chain at the N6 atom. In accordance with the
structure of the side chain, cytokinins are classified as isoprenoid with an isopen-
tenyl or a hydroxyisopentenyl group or aromatic, where a benzyl group occurs.
Kinetin contains a furfuryl group at N6 (Fig. 20.1) [1].

Kinetin is soluble in strong acids, alkali, and glacial acetic acid. It is slightly solu-
ble in ethanol, butanol, acetone, and water [1]. The cytokinin shows electrochemical
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Fig. 20.1 Chemical structure of kinetin

properties that enable simple monitoring of its level. This feature is found in, among
others, adducts of nucleic acids but not modified compounds of DNA [2].

20.3 Synthesis and Modification of Kinetin

Kinetin is thought to be synthesized within the cell as a result of oxidative dam-
age processes. In such conditions DNA undergoes degradation, and as a result of
oxidation of the deoxyribose 5′ carbon, furfural is formed. In fact, the main target
of deoxyriboside oxidation is C1′ carbon, which results in 5-methylene-2-furanone
formation. Furfural yield reaches 15% of deoxyribose C5′ oxidation products. It
reacts with adenine in DNA, forms the Schiff base, and, following intramolecular
rearrangement and dehydration, kinetin results [5, 6].

When kinetin occurs in DNA, the DNA polymerase incorporates thymine oppo-
site to the modified base on the complementary strand; however, in the vicinity of
kinetin misincorporation occurs. The presence of cytokinin in DNA induces con-
formational changes. Increased risk of mutation is lowered by activation of a repair
mechanism that excises kinetin [7].

Cytokinins are present in plants as free bases, nucleosides, or nucleotide deriva-
tives. Interconversion between these forms is maintained by enzymes involved to
purine metabolism [8]. Cytokinin modifications include O-xylosylation,
O-glucosylation, and N-glucosylation. All these forms are inactive. O-glucosylation
provides resistance to cytokinin oxidase cleavage of the N6 side chain. The reaction
is reversible and the molecule can be converted to the active form by β-glucosidases.
It could serve as a storage form of inactive cytokinin. Adenine ring glucosylation
could occur at N3, N7, and N9 sites. Like N9-glucoside, N7-glucoside is resis-
tant to glucosidases since they cannot be converted to the active forms. Therefore
N-glucosylation is considered to be an irreversible pathway of cytokinin inactiva-
tion [9, 11]. Cytokinins can be modified by cleavage of the side chain by cytokinin
oxidase. The reaction leads to irreversible degradation [12].
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20.4 Biological Activities of Kinetin

20.4.1 Influence of Kinetin on Plants

Kinetin’s role is connected with the growth and development of plants. It stim-
ulates seed germination, regulates cell division and reaction to stress, and deter-
mines apical dominance, formation, and activity of shoot meristems. Kinetin and
6-BAP counteract the inhibitory effect of darkness on epicotyl shoot formation and
sprouting and raise it to the same level as in tissue incubated in light [13]. It is
also implicated in the vascular development and synthesis of secondary metabo-
lites like indol alkaloids and anthocyanins. Kinetin influences chloroplast differen-
tiation and chlorophyll biosynthesis by stimulation of 5-aminolevulinc acid syn-
thesis [8], [14–16]. Cytokinin inhibits lateral root initiation by blocking the peri-
cycle founder cells’ cell division cycle at the G2 to M transition phase. It stimu-
lates lateral root elongation by stimulating the G1 to S phase transition [17–19] and
strongly inhibits of RNase from the Pisum sativum isolated leaf, inhibits proteoly-
sis, and maintains the integrity of cell membranes [17]. Since the majority of plant
hormones bear a charge, cytokinin can be absorbed into specific membrane lipid
domains [20]. It induces a rapid response at the outer face of membrane modulating
ion transport [21]. The hormones affect the surface pressure decrease observed in
the phospholipid monolayer relaxation. The greatest decay of surface pressure has
been recorded in the presence of auxins in all systems, the lowest in the presence
of cytokinins. Negatively charged hormones like IAA and 2,4-D affect monolayer
disorganization to the highest degree, while the effect of positively charged com-
pounds (kinetin, zeatin) is less pronounced. Both the cytokinins, zeatin and kinetin,
display very similar effects, which suggests that the purine ring is the main steric pa-
rameter that determinines interaction with the lipid monolayer built from phospho-
lipids as phosphatidylcholine and phosphatidic acid, having the same hydrophobic
parts [22].

Exogenously applied kinetin stimulates promoter-dependent rRNA transcription
of the repeated genes that encode the precursor of 17–18, 5.8, and 25–28 S riboso-
mal RNA in Arabidopsis thaliana. RNA polymerase I enhanced activity in growing
cells and decreased it in quiescent cells. On average it accounts for approx. 34% of
total nuclear transcription, but in cytokinin-treated cells this figure is approx. 60%.
Kinetin was suggested to operate at the level of transcription initiation rather than
rRNA stabilization and acts as a general regulator of protein synthesis activity and
growth modulator in plant cells [23].

Kinetin influences the cell cycle. In N. plumbaginifolia it was shown to be indis-
pensable in cell transition to the G2 phase and to histone kinase H1 p34cdc2 normal
functioning [24]. Kinetin and 1-naphthylacetic acid (auxin) increases phosphoryla-
tion of the S6 ribosomal protein and activation of its cognate kinase, AtS6K, as well
as translationaly up-regulating S6 and S18A mRNAs in Arabidopsis suspension cell
culture [25].
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Kinetin delays aging and leaf senescence and causes nutrient mobilization. It
influences the activity of extracellular invertase, an enzyme responsible for nutrition
remobilization from senescing leaves to other parts of the plant. The expression is
inhibited by the invertase inhibitors expressed under the control of the cytokinin-
inducible promoter. As a result, kinetin contributes to nutrition retention and thus
inhibits senescence [26].

Kinetin interacts with the pathogenesis-related protein c (PR-10c) of the PR-10
protein family from a birch tree. PR-10c shows a low ribonuclease activity and is
known to take part in response to stress. Kinetin interacts with the glycine-rich loop
through its adenine moiety [27].

Kinetin serves as a chitinase inhibitor and could be an effective antifungal com-
pound. It is considered to be the most potent of 880 druglike molecules tested. It
acts as a competitive inhibitor, with its furfuran group occupying a deep pocket of
the enzyme. In the pocket, oxygen atoms could interact with Tyr32, which probably
determines unusually strong molecule binding [28].

It can also play a protective role. The cytokinin reduces membrane damage
caused by fungal toxin fusaric acid and necrosis brought about by mercuric chlo-
ride [29].

It also combats viral infections. Kinetin treatment of Xanthic-nc tobacco reduces
the number of lesions induced by tobacco mosaic viral infection but only slightly
affects virus multiplication [30].

BT37 is a crown gall teratoma induced on tobacco by Agrobacterium tumefa-
ciens containing pTi-T37, a nopaline-type Ti plasmid. The BT37 tissue treated with
kinetin at 1 mg/L results in the development of relatively normal-appearing shoots.
The shoots can produce viable seeds and are susceptible to A. tumefaciens infec-
tion. The cells lose most of the Ti plasmid sequences (T-DNA) found in BT37 DNA
containing a highly conserved region of the Ti plasmid that has been found to be
incorporated into all tumors. However, the cells retain sequences homologous to the
ends of the T-DNA present in the teratoma tissue [31].

Kinetin brings about an increase in cytoplasmic calcium, an early event in veg-
etative bud formation in the moss Physcomitrella patens through stimulation of
azidopine binding to 1,4-dihydropyridine-sensitive calcium channels [32]. The cy-
tokinin has also been suggested to enhance phosphoinositide catabolism in soybean
suspension cultures [33]. Kinetin as well as the cyclic guanosine-3′,5′-mono- phos-
phate (cGMP) analog 8-Br-cGMP induces a stomatal opening in Tradescantia albi-
flora. Its effect is reversibly inhibited by guanylate cyclase inhibitors [34].

It has been shown that kinetin is present in a root nodule of Casuarina equiseti-
folia modulated by Frankia [35]. Probably it is produced as a result of oxidative
stress during infection. In that process reactive oxygen species (ROSs) are gener-
ated in high amounts in the root cells [36], which could provoke DNA damage
and result in kinetin formation. In the same process the cytokinin could serve as a
factor that regulates ROS amounts as its balance is necessary for infection thread
progression.
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20.4.2 Influence of Kinetin on Animals

20.4.2.1 Kinetin Antioxidative Properties

In experiments using animal cells and other organisms it was shown that kinetin in-
fluences many processes, regulates proliferation, and has antiaging and antioxidant
properties.

Kinetin’s antioxidant and scavenger activity was confirmed in vivo and in vitro.
It could act in a few different ways: as a donor of hydrogen, as an enzyme, or as an
activator of enzyme activity [37–40]. Because of these properties kinetin prevents
damage to DNA, proteins, and other macromolecules, avoiding the accumulation of
abnormal particles in organs, tissues, and cells.

Kinetin can act as a free-radical scavenger when oxygen radicals directly abstract
hydrogen from the α-carbon of the amine bond of N6-furfuryladenine [37].

The kinetin-copper complex catalyzes the dismutation of superoxide into oxygen
and hydrogen peroxide at the reaction rate constants 2.3×10−7 M−1 s−1 at pH 9.8
and 25◦C [38].

Kinetin was proved to protect DNA against the formation of 8-oxodeoxyguanine,
which is the result of hydrogen peroxide generation in a Fenton reaction. Inhibition
of 8-oxo-dG formation was exhibited in a dose-dependent manner with a maximum
efficiency of 50% at a concentration of 100 μM [41].

Kinetin protects against oxidative and glycoxidative protein damage generated in
vitro by sugars and iron/ascorbate system. Glycation is a nonenzymatic reaction of
binding hexose, mostly glucose to the amine group of protein or nucleotides [42].
The products of these reactions are accumulated in cells during aging [43]. Inside
the cell, due to a high concentration of glucose and other reactive sugars like pen-
toses and α-oxoaldehydes, glycation/glycoxydation reactions progress fast [44, 45].
Kinetin at a concentration of 50 μM exhibits an 82% inhibition of bovine serum al-
bumin (BSA)-pentosidine formation. At 200 μM the cytokinin prevents BSA aggre-
gation during glycation and also inhibits 59 to 68% advanced glycation end product
(AGEP) development [46].

20.4.2.2 Kinetin Antiaging Properties

The antiaging properties of kinetin were shown using in vitro cell cultures, in vivo
on skin, and fruit flies. The fruit fly Zaprionus, with its diet supplemented with 125
to 625 μM kinetin, prolonged life span due to a reduction in the age-specific death
rates, slowed down development, and delayed maturation of insects in the larval and
pupal stages. Delayed aging is reached at the cost of decreased reproductive activity
and egg-laying capacity. The molecular mechanism of kinetin activity is connected
with an increase in catalase activity. The enzyme belongs to the oxydoreductase
group, displays strong antioxidant activity, and catalyzes the decomposition of hy-
drogen peroxide into water and oxygen. A concentration of 125 μM seems to be
the most effective for antiaging and life-prolonging effects. A higher concentration,
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500 μM and above, gives toxic and life-shortening results. The cytokinin exerts a
similar effect on human cell cultures at these doses [39, 40].

Nymphs of Lipaphis erysimi fed kinetin-treated Raphanus sativus L. showed an
increased activity of catalase, glutathione peroxidase, and superoxide dismutase and
a decrease in the activity of APTaze [47].

In in vitro skin cultures, mammary carcinoma and cystic disease kinetin delays
the onset of several morphological and biochemical processes connected with aging.
During senescence in vitro cell cultures became large and flattened, full of lysosomal
residual bodies and oxidation-modified macromolecules, debris, and accumulated
lipofuscin with disorganized cytoskeleton and some of them contain more than one
nucleus. The addition of kinetin at 40- to 200-μM concentrations in culture media
prevents fibroblasts from developing these changes. In spite of avoiding age-related
degeneration, kinetin can also slightly reverse the changes. Upon removal of the cy-
tokinin, some of the aging characteristics reverse [48]. Some properties of kinetin
were proved in vivo using aged skin of hairless dogs. After 50 d of daily applica-
tion of solution containing kinetin a 0.01-, 0.1-, 1-, 10-, and 96.6-mM improvement
in skin texture, wrinkling, and pigmentation was observed. After 100 d rejuvena-
tion and depigmentation became more visible. Lower concentrations of kinetin nor-
malized hyperpigmentation and improved the aged skin structure. Throughout the
treatment no adverse effect was observed, showing that kinetin is safe for long-term
therapy [49].

20.4.2.3 Kinetin Influence on Animal Cell and Tissue Cultures

Kinetin influences both the epidermis and the dermis in the skin in the same way. It
stimulates keratinocyte proliferation and differentiation in the epidermis, increases
the amount of laminin 5 at the dermal-epidermal junction, and influences te forma-
tion of fibrillin-1 and elastin deposition as well as their organization perpendicularly
to the dermal-epidermal junction in the dermis [50]. On the other hand human ker-
atinocyte culture exhibits significant growth inhibition in media containing 40 to
200 μM kinetin concentration. At the same time it stimulates the cells to differen-
tiate, especially strongly in the presence of calcium [51]. Kinetin retards the out-
growth of epithelium skin cultures at 1 to 0.25 mg/100 ml and increases epithelial
sheet production at 0.006 to 0.015 mg/100 ml [52]. Its riboside appears to be toxic
to fibroblasts, breast carcinomas, and cystic disease cells at 1 mg/100 ml and results
in reduced or no outgrowth in in vitro culture. But it is not toxic at 0.1 mg/100 ml
[48].

Kinetin in high concentrations (100 mg/1000 ml) acts as a toxin and triggers cy-
toplasm vacuolization and degenerative changes in fibroblast cell cultures. At lower
doses (1 mg/1000 ml, 10 mg/1000 ml) chromatin became more sensitive to acid hy-
drolysis, which results in higher transcription activity. DNA amounts in the fibrob-
last nucleus increase after 24 and 72 h incubation with kinetin [53].
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20.4.2.4 Cytokinin Influence on Cancer Cells

Cytokinins influence animal cell proliferation and differentiation, which makes
them attractive as potential agents in cancer treatment. Some cytokinins, for exam-
ple kinetin, isopentenyladenine, and benzyladenine, are inhibitors of ML-1, NB4,
and U937 leukemia cell proliferation and stimulate the cells’ mature granulocytes
to differentiate as well as influence plant cancer cells [54, 55]. Also, other ade-
nine derivatives like 6-methyladenine, 6-anilinopurine, and 2-aminopurine induce
myeloid leukemia cells’ HL-60 differentiation [56]. Cytokinin ribosides, including
the kinetin riboside, inhibit the growth of HL-60, M4 Beu human, and B16 murine
melanoma cells. Once cells are incubated with cytokinin ribosides and antioxidants,
apoptosis is reduced and differentiation is increased. It triggers such a result only
in the presence of antioxidants, scavengers, or the caspase inhibitor. Normally cy-
tokinin ribosides reduce the intracellular ATP content and disturb the mitochondrial
membrane potential and the accumulation of oxygen species, leading to apopto-
sis. This shows that cytokinin ribosides can induce differentiation but first it stimu-
lates apoptosis [56, 57]. cAMP and ATP also stimulate the differentiation of HL-60
cells but at a much lower rate than the cytokinin derivative of adenine [55]. Di-
verse adenine analogs display varied influences on HL-60 growth. Methyladenine
(IC50 1,172–1,713 μM), adenosine (IC50 685 μM), deoxyadenosine (IC50 662 μM),
and transzeatin (IC50 516 μM) appeared to be the least harmful. Other cytokinins
such as kinetin (IC50 48.6 μM), benzylaminopurine (IC50 67.6 μM), and isopen-
tenyloadenine (IC50 47.6 μM) display very similar abilities to inhibit growth. The
benzylaminopurine riboside as well as the kinetin riboside and isopentenyladeno-
sine all show a strong inhibiting influence with its IC50 at 0.706 to 0.981 μM. The
mechanism of cytokinin action is connected with adenine metabolism and adenine
kinase activity that converts adenine to AMP. It appeared that a cytokinin could not
influence cells until it was phosphorylated and converted to its nucleotide. Adenine
kinase inhibition stops kinetin-triggered HL-60 differentiation, and kinetin riboside
caused apoptosis [56]. The mechanism of kinetin action in HL-60 is known to aban-
don the P2 receptor, which is a member of the known differentiation mechanism. It
involves the induction of mitogen-activated protein kinase (MAPK) and S100P [58].
S100P belongs to the S100 binding calcium protein family and it is temporarily
expressed during the early stages of differentiation in esophageal epithelial cells
(EEC) [56, 59, 60]. In normal neutrophil cells, S100P is strongly expressed, while
in AML expression it is weak or nondetectable [61].

20.4.2.5 Therapeutic Applications of Kinetin

Familial dysautonomia (FD) is a neurodegenerative disease caused by a mutation
in the IKBKAP gene coding IKAP protein. In cytosine substitution by thymine in
intron 20, tissue-specific intron skipping during alternative splicing takes place [62].
IKAP participates in transcription elongation. In the case of FD, accurate splicing
is particularly ineffective in the nervous system. Kinetin stimulates the inclusion of
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exon 20 from an endogenous gene and from a proper IKBKAP minigene. It is known
that the CAA sequence at exon 5′ is necessary for kinetin to show its activity [63].

Kinetin is utilized in therapy treating Meniere’s disease. A solution of 4% li-
docaine and cytokinin was introduced into the tympanic cavity of patients. 87.5%
of the sick reported a noticeable decrease in vestibular symptoms, and 66.7% of
these patients were free of attacks for an average of 26.5 months with the same or
improved hearing in 87.5% of patients [64].

20.4.2.6 Kinetin’s Molecular Mechanism of Action in Animal Cells

In endothelium cells kinetin influences signaling pathways connected with the cy-
toskeleton. Human dermal microvascular endothelial cells (HDMEC) between the
5th and 30th passages were treated with kinetin at 50 μM. This resulted in changes
in the expression of moesin, actin, and rho GDP dissociation inhibitor (GDI) and
an increased activity of rho GTPase, which influences actin. Actin is a protein that
forms the cytoskeleton and is connected with the rho pathway. Moesin belongs to the
ERM (ezrin/radixin/moesin) protein family that connects cell membrane proteins
with actin underneath the membrane. Moesin participates in signal transduction and
cytoskeleton remodeling. It is modulated by phosphorylation, the phosphoinositide
pathway, and is controlled mutually with rho GTPase. Rho GDI expression is ele-
vated in aged human umbilical vein endothelial cells (HUVEC) and it suppresses
rho GTPase activity. It interacts directly with ERM protein, which reduces rho GDI
activity, thereby activating rho GTPase [65, 69].

Using similar pathways kinetin takes part in the regulation of cell proliferation.
Cell cycle arrest in the G1 phase is connected with senescence and leads to apop-
tosis. This occurs when G1-specific cyclin D1 or cyclin E1, pRB, p16, p21, and
p27 undergo changes. When cellular function decreases, p53 activation takes place.
This suppresses cell cycle progression, stimulates a rise of p21 and p27, and in-
duces G1 arrest. Kinetin decreases expression of p16, p27, and p53 and increases
the amount of D1 cyclin. The rho pathway, as well as influencing cytoskeleton,
supports cell cycle transition G1/S, and thus it promotes proliferation. The rho GT-
Pase enhances expression of p27 and thus regulates D1 cyclin. In HDMEC treated
with kinetin, rho GTPase is activated, total p16, p21, p27 is reduced, the amount
of cyclin D1 is enlarged, and stimulation of G1/S transition is observed. Kinetin
delays aging of endothelial cells and increases proliferation and metabolic capac-
ity [69, 70]. Earlier experiments showed that kinetin delayed the onset of aging of
fibroblasts and helped to complete cytokinesis, but it does not promote induction of
the S phase. This suggests diverse activities of the cytokinin depending on the cell
type [48].

There are also other cases where kinetin was proved to act through cGMP and
Ca2+ connected pathways. At 50 to 150 μM, it inhibits platelet aggregation. It is
supposed to stop Na+/H+ exchanger activation and phospholipase C activation and
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at the same time prevent phosphatidylinositol (PIP2) metabolism and lipid signal-
ing pathways. This results in lower intracellular alkalization and Ca2+ mobilization,
augmented cyclic AMP synthesis, and inhibition of thromboxane A2 formation,
which is known to be responsible for platelet aggregation. cAMP stops the Na+/H+

exchanger and leads to reduced mobilization of intracellular Ca2+ and phospho-
rylation of P47 [immunity-related GTPases (IRG) family]. At 70 μM and 150 μM
kinetin decreased the amount of free radicals in collagen-activated platelet. Intra-
venous injection of 4 to 6 mg/kg of the cytokinin into mice prolonged bleeding time
by approx. 1.9 to 2.1-fold [71, 72].

6-benzylaminopurine (6-BAP), kinetin, and zeatin induce positive inotropic ef-
fects in rat atria involving P2-purinoceptors, cGMP, and intracellular calcium re-
lease but not using pathways connected with arginine/nitric oxide, cyclooxygenase,
phospholipase C, or L-type calcium channels [73].

Kinetin, as well as some other cytokinins, auxins, and gibberelinins, increases
rat lung, small intestine, liver, and renal cortex guanylate cyclase activity two- to
fourfold. The maximal stimulation of guanylate cyclase was observed at a 1-μM
concentration of the plant hormones [74].

Cytokinins inhibits muscle creatine kinase (CK-MB), activates alanine amino-
tranferease (ALT) and aspartate aminotransferase (AST), and increases the level of
AST, CK, and LDH, but they do not influence carbonic anhydrase and glucose-6-
phosphate dehydrogenase [75, 76].

Cytokinins are also incorporated into the rRNA, tRNA, and tRNA of tobacco
callus, E. coli, and yeast cells. Specific incorporation of kinetin into E. coli tRNATyr

at position 37 by the putative tRNA kinetin transglycosylase takes place. The ex-
change reaction occurs in the presence of protein from E. coli, yeast, or MRC-5V2
cell extracts. Likewise, enzymes of E. coli or MRC-5V2 are able to catalyze incor-
poration of kinetin into yeast tRNA [77]. This shows a relationship between tRNA
and enzymes in prokaryotic and eukaryotic organisms.

20.5 Perspectives

Pluripotency of cytokinins, especially in the context of recently discovered proper-
ties, makes it an attractive subject for experiments concerning a molecule with mul-
tiple roles and possible applications. The potential is largely connected to kinetin
utility in cosmetics. As it is not only an antioxidant but also an antiaging compound
that reduces wrinkles, regulates skin pigmentation, and improves overall skin ap-
pearance, kinetin has become the object of cosmetic companies’ interest. Numerous
reports about diverse diseases that kinetin can influence has raised its possible appli-
cation in medicine. At present kinetin could be useful in FD therapy but it can also
probably exert effects on other genetic disorders. Since cytokinins induce AML cell
differentiation, they could possibly also affect other kinds of cancer cells.
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Chapter 21
Safety Issues of Phytomedicines in Pregnancy
and Paediatrics

Laura Cuzzolin and Giuseppina Benoni

Abstract In this review we discuss some aspects of herbal use among pregnant
women and children, since exposure to phytomedicines is frequent in these sub-
jects, often on a self-treatment basis.

From an analysis of the literature some interesting aspects emerge: (1) herbal
consumption during pregnancy ranges from 7 to 45%, depending on the geographi-
cal area; (2) the use of herbal products during pregnancy could be due to pre-existing
conditions, to symptoms/problems related to the new physiological state (nausea,
vomiting, etc.), to prevent miscarriage or to prepare for childbirth; (3) the important
aspect of safe use should take into account that some plants are contraindicated (oxy-
tocic and uterine-stimulating herbs, teratogenicity, effect on neonatal birth weight),
may affect concurrent conditions such as gestational diabetes and pre-eclampsia and
may be dangerous for the newborn (some case reports of adverse reactions are re-
ported); (4) herbal use in children is relatively common and on the rise; (5) few data
exist about the clinical evidence for effectiveness; (6) most herbal products have not
been subjected to rigorous clinical trials in children and a number of case reports
are available in the literature reporting side effects due to herbal consumption by
newborns (through lactation), infants and children.
Based on information summarized in this review, the use of herbs during pregnancy
and in children remains inadequately studied as regards both efficacy and safety.
However, data reported show that herbal products are not free of risk and sug-
gest that their use should be contraindicated in pregnancy and a cautious behaviour
adopted in children.
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21.1 Introduction

Phytomedicine is becoming increasingly popular for treating many different prob-
lems. The amount of information on this use is substantial and indicates that up to
50% of the general population have tried at least one herbal product [1–4]. How-
ever, phytomedicines have the potential to elicit the same types of adverse reactions
as synthetic drugs, since they consist of whole extracts or, more commonly, of de-
fined parts of plants (root, rhizome, leaf, flower head) that contain numerous active
molecules [5]. Moreover, in most countries herbs are sold as unlicensed food sup-
plements or are available to consumers as over-the-counter items in various prepa-
rations not regulated with the same scrutiny as conventional drugs, with risks of
contamination or adulteration with poisonous metals, non-declared herbs or con-
ventional medicines.

The safety of phytomedicines becomes particularly important in some subpopu-
lations of patients such as pregnant women and children, which are more vulnerable
to the effects of drugs but also of natural products for their physiological character-
istics. Despite the fact that available data are insufficient to justify herbal use during
pregnancy and in paediatrics, exposure to herbal products is frequent in these sub-
jects [6, 7], often on a self-treatment basis [8, 9].

In this review we will discuss some aspects of herbal use in pregnant women and
children, with the aim of alerting customers and health-care professionals to the fact
that these compounds are not entirely free of risk in these subjects.

21.2 Methods

Medline and Embase searches were performed between 1990 and 2007 using the
terms ‘phytotherapic compounds’, ‘phytomedicine’, ‘efficacy’, ‘safety’ and ‘epi-
demiological data’ combined with the terms ‘pregnancy’, ‘newborns’ and ‘chil-
dren’.

Information on the use of herbal products on the examined subpopulations
was derived from medical records, prescription data, personal interviews, self-
completion questionnaires or a combination of these.

21.3 Herbal Products in Pregnancy

The use of herbal products in pregnancy is common, although there is little evi-
dence of its safety [6]. The actual incidence of this use is unknown, even if it has
been quoted by some authors as varying between 7 and 45% depending on geo-
graphical area [10–14]. This frequent use is particularly worrisome because many
of these compounds are taken without the physician’s knowledge. In fact, while
pregnant women recognize the potential risks of drug consumption, they do not re-
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alize that herbal products, if taken incorrectly, could also be toxic. This derives from
the implicit belief that herbal remedies, being natural, are necessarily safe [15].

21.3.1 Epidemiological Data

There have been limited data on the extent of herbal consumption during pregnancy,
but from the analysis of the available studies this consumption ranges from 7.1
to 50%.

A series of surveys conducted in Finland between 1985 and 1988 showed a rise
in the use of alternative medicines (mostly herbal products) from 4 to 15% [16].

A small Australian series published in 1996 suggested that 15% of patients in an
emergency department had taken herbal preparations during pregnancy [17].

Another study performed in South Africa showed that 43.7% of 577 women had
used herbal products during pregnancy, mostly in the second trimester, to improve
foetal conditions or to make labour easier [10].

A survey of 500 American midwives showed that approximately half were using
herbs with the purpose of inducing labour [18], with evening primrose, red rasp-
berry, castor oil and blue cohosh being the most commonly used.

A survey conducted among 1200 pregnant Nigerian women demonstrated that
12.1% consumed native herbs, with a prevalent use among nulliparous women
(42%) [19].

Another survey of 200 pregnant US women demonstrated that 15% used herbal
products (mostly ginger, chamomile and cola) in an attempt to relieve morning sick-
ness [20].

Twenty-two out of 242 (9.1%) pregnant US women attending antepartum visits
reported to have taken at least one herbal product, with garlic, aloe, chamomile,
ginger, Echinacea and ginseng being the most frequently used [11].

Similar findings were observed in another US survey, where 20 out of 150 preg-
nant women (13%) had used dietary supplements, mostly Echinacea and ginger: the
most commonly cited reason for starting to use an herbal product was to relieve
nausea and vomiting [12].

Two hundred eleven pregnant women attending the antenatal clinic of the
Women’s and Children’s Hospital of Adelaide (Australia) were interviewed to as-
sess herbal use. Throughout their entire pregnancy, 71 out of 211 (33.6%), 43 out of
211 (20.4%) and 49 out of 211 (23%) of the women took at least one herbal prod-
uct in the first, second and third trimester respectively. Ginger was used by about a
fifth of women in the first trimester to treat morning sickness. Chamomile replaced
ginger as the main herbal product taken in the second trimester. Raspberry leaf, the
most frequently used herbal preparation in the third trimester, was taken mainly to
prepare for labour [21].

Another survey was carried out among 305 patients presenting at an Australian
antenatal clinic at 16 to 24 weeks gestation. The study showed that 37 out of 305
(12%) women used herbal products. The most commonly used herbal treatments
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were raspberry leaf, ginger and St John’s wort to prevent miscarriage and to treat
morning sickness and depression respectively [22].

Among a sample of 1203 pregnant women who answered to a questionnaire on
phytotherapy consumption, 7.1% used herbal products, mostly Echinacea, St John’s
wort and Ephedra. This use was more common among women over 40 years old and
in 46% of cases was based on a health-care provider’s advice [13].

Four hundred women who gave birth at Ulleval University Hospital of Oslo
(Norway) were interviewed about the use of herbal products. One hundred forty-
four women (36%) had used at least one herbal product during pregnancy, in total
249 products containing 46 different herbs. The most commonly used herbs were
Echinacea, iron-rich herbs, ginger, chamomile and cranberry. The proportion of use
increased throughout the first, second and third trimesters of pregnancy. Approxi-
mately 40% of the women had used herbal products that were considered possibly
harmful or without any information about safety in pregnancy. Only 11.8% of the
women had been recommended herbal use by healthcare providers [23].

Among a sample of 500 Australian women, 36% took at least one herbal product
during pregnancy. The most common herbs taken were raspberry leaf as uterine
tonic, ginger to relieve nausea and chamomile for sleep or relaxation [24].

21.3.2 Herbs Commonly Used during Pregnancy

The use of herbal products during pregnancy could be due to pre-existing conditions
or to symptoms/problems related to the new physiological state such as nausea,
vomiting, constipation, fatigue, depression, urinary tract infections and itching.

Ginger, a well-known remedy for gestational sickness, is used for its antiemetic
properties related to local gastrointestinal, anticholinergic and antihistaminic ac-
tions [25]. Some authors demonstrated significant improvements in the severity of
both nausea and vomiting [26], whereas other researchers found it effective for hy-
peremesis [27].

A number of plants (comfrey, parsley, peppermint, evening primrose, flax seed)
and fish oil, providing essential vitamins and minerals, are used during pregnancy
as nutritional tonics even if their specific benefits are not clearly identifiable [28].

Women looking for natural remedies for pregnancy-associated constipation are
advised to use bulk laxatives, since stimulant laxatives are contraindicated [29]. In
particular, Cascara sagrada, senna and aloe contain anthroquinones that could cause
contraction of the smooth muscle of the uterus [8].

Dandelion root is a liver tonic that gently increases bile flow: it aids digestion
and waste elimination. Dandelion leaf decreases oedema and is rich in calcium and
other substances that promote bone strength [30]. Scientific documentation is lim-
ited despite its long-time use [31].

Extracts from St John’s wort are used by pregnant women as an antidepres-
sant [32], since almost 10% of women experience depression during pregnancy
and patients with a history of depression are at risk for puerperal worsening of
mood [33].
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Chamomile is traditionally used as a mild sedative and against digestive prob-
lems, but excessive use in pregnancy should be avoided [31]. Echinacea is often used
prophylactically against the common cold for its antiviral and antibacterial proper-
ties [34]. The majority of the available studies report positive results, but there is not
enough evidence to recommend its use during pregnancy [35]. Cranberry is used to
prevent and treat urinary tract infections, even if there is no conclusive evidence to
recommend its use [36]. In addition, specific herbs are traditionally used to prevent
miscarriage or to prepare for childbirth at the end of pregnancy due to their po-
tential uterine-stimulating properties. Wild yam and lobelia are reputed to prevent
miscarriage [28]. Blue cohosh is thought to increase efficiency of contractions in
labour [18] attributable to caulosaponin. Raspberry leaf is frequently ingested by
women in the third trimester as it is thought to tone the uterus in preparation for
labour, making contractions more effective and less painful [37].

21.3.3 Safety Data

Among herbs that are specifically used during pregnancy, clear evidence of negative
effects exists in some cases: for other plants advisory warnings are cautious since a
cause-effect relationship has not always been established beyond a reasonable doubt
but data available on their safety are too limited. Moreover, in many cases toxicity
related to herbal products may be due to adulteration, contamination, mislabelling
or misidentification of the plant [5].

The important aspect of a safe use of herbal compounds during pregnancy may
be considered from different points of view.

First, some specific plants are contraindicated for their effects on pregnancy out-
comes. Oxytoxic and uterine-stimulating herbs that may potentially induce
spontaneous abortion include aloe, blue and black cohosh, chamomile, golden seal,
pennyroyal, parsley, rosemary, rue, tansy, chaste tree and castor. Obviously, as re-
gards culinary herbs such as parsley, rosemary and chamomile, it is important to
distinguish therapeutic doses from the lower amounts commonly used [28]. Rel-
atively few teratogenic effects have been demonstrated for herbs or their contam-
inants. Based on animal studies, it is possible that certain constituents of ginger
should be mutagenic in a dose-dependent manner, even if this was not demon-
strated in humans [38]. Pregnant women should be advised to discontinue use of
St John’s wort as damage to oocytes may occur in high concentrations [39]. The
use of Ginkgo biloba during pregnancy may cause foetal harm due to the accumula-
tion of colchicine in the placenta [40]. Moreover, the main concern in using ginkgo
leaf revolves around its antiplatelet properties that may prolong bleeding during de-
livery [41]. Frangulin, the major anthroquinone contained in Cascara sagrada, is
teratogenic [28]. The potential teratogenicity of anagyrine in blue cohosh has been
suggested [42], and a possible link between vascular and skeletal abnormalities and
maternal consumption of this herb has been reported [43]. A recent epidemiological
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study underlines a possible association between hypospadia and soy milk consump-
tion [44]. Other published data support the direct effect on neonatal birth weight by
some herbs. A small dose-response effect of caffeine-containing beverages in re-
ducing the birth weight of neonates has been reported [45]. Finnish authors tested
the effects of maternal consumption of licorice on neonatal birth weight: babies
with heavy exposure to licorice-containing glycyrrhizin (an inhibitor of cortisol
metabolism) were not significantly lighter at birth, but they were significantly more
likely to be born prematurely [46].

Secondly, certain activities of plants may affect pregnant women with con-
current conditions. Hypertensive properties of herbal products such as blue co-
hosh, ginger, ginseng and licorice may add to the complications of pre-eclampsia
[31]. Similarly, hyperglycaemic properties of ginseng and licorice may compli-
cate gestational diabetes, or coumarin-containing compounds (angelica, dong quai,
aniseed, chamomile) could be a concern for women suffering from coagulation dis-
orders [28].

Only a small number of clinical trials and retrospective surveys specifically report
on the safety of herbal product use during pregnancy; their findings are synthesized
in a recent review by Ernst [47]. Moreover, some case reports are available in the
literature (Table 21.1).

Blue cohosh taken in the final month of pregnancy led to myocardial infarction,
congestive heart failure and cardiovascular shock in a newborn whose mother took
three times the recommended dose [42]. Another woman ingested an unspecified
amount of blue and black cohosh to induce labour [48], and the newborn developed
seizures, kidney damage and the need for mechanical ventilation. After maternal
consumption of blue cohosh, an infant was born with severe seizures, encephalopa-
thy and renal failure [49]. In these cases, the authors suggested the involvement of
caulosaponin, a constituent that constricts coronary blood vessels and causes my-
ocardial toxic reactions. Another case where chamomile was used to induce labour
resulted in maternal anaphylaxis and foetal asphyxia [50]. Two documented cases
of a malformation from herbal ingestion during pregnancy involve neonatal androg-
enization after maternal use of a ginseng preparation [51, 52]. A fatal neonatal liver
injury was related to the mother’s consumption of an herbal cough tea containing
0.6 mg pyrrolizidine alkaloids throughout pregnancy [53]. Eight newborns showed
cardiorespiratory depression requiring intensive care after ingestion of infusions of
Montanoa tomentosa by their mothers during labour: the authors hypothesized a
mechanism similar to oxytocin or ergot alkaloids [54]. A case of foetal alcohol
syndrome was associated with the consumption of a herbal tonic by a 29-year-old
Chinese woman during her pregnancy [55]. A Japanese woman took a remedy con-
taining Tripterygium wilfordii during pregnancy for rheumatoid arthritis: after an
uncomplicated delivery at 38 weeks’ gestation, the newborn suffered from occipital
meningoencephalocele and cerebellar agenesis [56].
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21.4 Herbal Products in Paediatrics

For many families and their children the use of herbal products is an accepted ad-
junct or alternative to orthodox medical care. Because women make up the largest
percentage of herbal users [3, 57], it is not unexpected that they also administer
herbal remedies to their children. However, data about the efficacy and safety in
childhood populations are scarce since most surveys have excluded children from
their analyses.

21.4.1 Epidemiological Data

A number of international surveys indicate that herbal use in children is on the
rise, but the majority of the available data is related to complementary/alternative
medicines (CAM) in general [58, 60], and so it is difficult to extrapolate detailed
information on herb consumption in children. In every case, these studies reported
prevalence rates of 11 to 41% for CAM use, with the most frequently reported ther-
apies being herbal or homeopathic medicines.

From a population-based telephone survey, 5% of the respondents reported giv-
ing their children herbal medicines in the past year [61]. In a national online survey,
41% of 520 adolescents reported to have used herbal remedies in the previous 6
months, mainly ginseng, ginger, Ginkgo biloba, valerian and St. John’s wort [62].
The results of another study conducted in four primary paediatric care practices
in Washington showed that 8% of children had been treated with herbal therapies
in the prior year [58]. Other authors [63] verified herbal use among 2562 families
in Kansas and Wisconsin through questionnaires: child herbal use was indicated in
35.8% of the surveys. The herbs most commonly taken by children were chamomile,
Aloe vera, peppermint, garlic and lavender.

In other cases, information is focused on groups of patients with specific diag-
noses or problems.

Some authors [64] explored the use of herbs in children with attention-deficit-
hyperactivity disorder or depression: the prevalence of herbal therapy among 117
patients was 20% and, interestingly, the children’s psychiatrists and paediatri-
cians were not aware of such use. Ginkgo biloba, Echinacea and St John’s wort
were the herbs most frequently given. A survey performed in three paediatric
gastroenterological centres reported that 14% of 208 children with inflammatory
bowel disease used herbal medicines to treat this condition, in addition to con-
ventional therapies [65]. In Australia, 29% of 174 asthmatic children on therapy
with bronchodilators and disodium cromoglycate or inhaled steroids had used herbal
preparations to ease their symptoms [66].

The results of a survey conducted in a Pittsburgh paediatric emergency depart-
ment showed that approx. 6% of the parents had ever given their children herbs [67].
In another survey of 142 families in an emergency department, 45% of caregivers
reported giving their child an herbal product, mostly aloe, Echinacea and sweet oil:
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the most commonly reported reasons for use were colds, burns, immune stimulation
and relaxation [68].

Use of herbal medicines in preoperative patients has sparked great interest be-
cause of the possibility that such therapies may alter immune response, retard wound
healing or interfere with drugs or coagulation parameters: relatively little is known
about the incidence of herbal use specifically in the paediatric surgical population.

Among 1021 paediatric patients surveyed through questionnaires during a pre-
operative visit, 12.8% used herbal remedies before the surgery: the herbs most com-
monly taken were echinacea, aloe and cranberry [69]. Two other surveys confirmed
the use of herbal medicines also preoperatively in children. In the first study [70],
among 601 children 6.4% reported to be currently taking an herbal preparation:
Echinacea and arnica were the commonest used herbal remedies, but most impor-
tantly a significant number had taken herbs interacting with anaesthesia and surgery.
In the other survey [71], 3.5% of 894 paediatric surgical patients had been taking
herbal medications in the 2 weeks prior to surgery, mostly Echinacea. Thirty-six
parents (4%) of 914 paediatric surgical patients undergoing surgical procedures at
an urban children’s hospital reported their child to have taken an herbal product:
15 of these children were undergoing major surgery and 13 were at risk for poten-
tial drug or anaesthetic interactions. Echinacea, chamomile and aloe were the most
frequently used herbal medicines [72].

Despite the potential interference of herbal products with antitumoural che-
motherapy [73], different surveys report herbal use among children with cancer as
an adjunct to conventional or supportive therapy, especially to reduce the side ef-
fects of chemotherapy. An analysis of such surveys showed that the prevalence of
herbal use is as high as 20% and a large proportion of users communicate this use
to their physician.

Fernandez et al. [74] surveyed 583 paediatric patients diagnosed with cancer in
British Columbia between 1989 and 1995. Among the 366 respondents, 42% used
complementary therapies, mostly herbal agents. Among 75 children treated for can-
cer at the Babies and Children’s Hospital of New York and interviewed on the use
of unconventional therapies, 20 (27%) reported having taken at least one herbal
agent, and this use was not related to the severity of chemotherapy- or radiotherapy-
induced side effects, but rather to improve the general health of the child. Green
tea and cat’s claw were the herbs most commonly used [75]. One hundred and
one paediatric cancer patients in Washington State were identified and telephone
interviews were conducted: 34.7% used herbal preparations for both primary and
secondary prevention, mostly to maintain good health and to avoid non-cancer ill-
nesses: these treatments were higher in children over 5 years of age and among
patients with neurological tumours [76]. Other researchers [77] interviewed by tele-
phone parents of children with cancer in the province of Saskatchewan (Canada) to
estimate the prevalence of unconventional therapies. Among families responding to
the survey, 36% reported using herbal products for their child. A survey [78] was
conducted among parents of children treated at the oncologic clinic of Sainte Jus-
tine Hospital in Montreal: 18 of 92 parents who completed the questionnaire (20%)
reported that their child used at least one herbal product. During a 6-month period,
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110 consecutive paediatric patients with cancer attending a tertiary care hospital
in western Mexico were interviewed on the use of unconventional treatments: 53
patients (69%) reported to have taken herbal or plant extracts, mostly to limit the
side effects of conventional therapies [79]. A detailed questionnaire was completed
by 95 patients attending the Paediatric Oncology Unit of Gazi in Turkey: 25 out
of 95 (26.3 %) used at least one herbal product, mostly stinging nettle. The most
frequently cited reason for using an herbal product was the belief that it could help
cure the cancer [80].

21.4.2 Herbs Commonly Used in Children

In paediatric patients herbal products are used to promote health, to prevent ill-
ness and to treat acute but overall chronic, recurrent or incurable conditions such
as asthma, atopic dermatitis, allergic rhinitis, cystic fibrosis, inflammatory bowel
disease, rheumatoid arthritis or cancer.

Regarding the important aspect of efficacy of such treatments in young patients,
some studies have revealed promising results, while in other cases no clinical evi-
dence of effectiveness has been demonstrated. In one study, herbal teas containing
chamomile seemed to have a favourable effect on infantile colic [81]. Two con-
trolled trials involving a limited number of subjects have been performed on the use
of cranberry for the prevention and treatment of urinary tract infections in children
with neurogenic bladder [82, 83]: both studies suggested that cranberry juice was
not effective. Echinacea is commonly used to prevent and treat the common cold
and respiratory tract infections, but its usefulness in children has yet to be clearly
demonstrated. A randomized placebo-controlled trial involving 524 children 2 to 11
years old assessed the efficacy of this herbal product in reducing the duration and/or
severity of upper respiratory symptoms [84]. Echinacea was not effective and its use
was associated with an increased risk of rash. Other authors investigated the clin-
ical efficacy of Echinacea in an observational study in which 1322 children were
suffering from recurring upper respiratory infections. Herbal treatment was effec-
tive either in resolving symptoms or in shortening the duration of illness, but there
was no placebo comparison [85]. Clinical experience suggests that the use of herbal
remedies such as St John’s wort in children and adolescents with affective disor-
ders is increasing. Preliminary findings [86, 87] indicate that St John’s wort may be
clinically effective in the treatment of juvenile depression. Six clinical trials have
assessed the efficacy of evening primrose oil used in paediatric populations to cure
atopic dermatitis [88, 91] and hyperactivity disorders [92, 93]. The administration
of this herbal product produced only minimal or no behavioural improvements in 49
hyperactive children, while some benefits were observed in the treatment of atopic
dermatitis. Supplementation of evening primrose oil has also been evaluated in 11
diabetic children [94], but it remains unknown if this kind of therapy may have a
preventive effect on diabetic vascular complications.
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21.4.3 Safety Data

Most herbal products have not been subjected to rigorous clinical trials, and there
remains a dearth of knowledge concerning how children are affected by these sub-
stances. Paediatric subjects are physiologically more vulnerable to certain adverse
effects of herbs than adults. For example, some herbs such as senna and aloe are
known cathartics and some herbal teas contain powerful diuretic compounds: these
actions may cause dehydration and electrolyte disturbances quickly in an infant or
young child. Moreover, some subpopulations are more susceptible to certain adverse
effects of herbs than other children. Subjects with allergies may be at increased risk,
since the allergic potential of some plants commonly used in children that could
cause contact dermatitis, rhinitis, conjunctivitis and wheezing is well known. For
example, chamomile can cause anaphylaxis and other herbs such as angelica and
rue are capable of photosensitization [95]. Thus paediatricians must be cautious re-
garding the hazards of the long-term use of herbs, even if causality is sometimes
uncertain and adverse events could have been caused by overdosing or contamina-
tion of the remedy rather than by the herbal ingredient itself. A publication from the
WHO Monitoring Center included 8985 case reports of adverse events associated
with herbal products observed in 55 countries during the period 1968–1997: about
100 of these events were referred to children up to 10 years of age and a further 100
were related to adolescents [96].

First of all, we must distinguish between neonates and children. In the first case,
newborns could be exposed to herbal products both indirectly (during the period of
lactation) and directly.

How herbs may affect lactation in breastfeeding women has not been fully ex-
plored. The excretion of herbs into breast milk is a concern, as many herbs have
lipophilic chemicals that may concentrate in breast milk and be transferred to the
newborn. During lactation, St John’s wort should be used with caution due to poten-
tial side effects. Despite good scientific evidence that this herb does not affect mater-
nal milk production or infant body weight [97], there is also evidence that St John’s
wort constituents cross into breast milk [98], and a few cases of colic, drowsiness
or lethargy were reported [97]. A 32-year-old Chinese woman who took Dong quai
for postpartum weakness developed acute hypertension, and her 3-week-old son’s
blood pressure increased to 115/59 [99]. During lactation, the safety of ginkgo leaf,
used for memory boosting, varicose veins or cyclic oedema, is likewise unknown
and should be avoided until high quality human studies are conducted [100]. A re-
view article recommended that black cohosh should be avoided during lactation due
to its potential hormonal effects [101, 102].

Relatively few case reports are available in the literature reporting side effects of
herbal consumption by infants and children (Table 21.2).

A neonate hospitalized for suspected sepsis developed chemical burns following
a topical treatment with vinegar, a common home remedy [103]. An early fatal col-
itis was observed in a 4-year-old boy following exposure to the alkaloids detected
in Chelidonium majus [104]. Other case reports documented life-threatening brady-
cardia and respiratory depression in three small children following unintentional
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overdosing of the Chinese remedy Jin Bu Huan containing large amounts of tetrahy-
dropalmatine [105]. A 6-month-old infant suffered garlic burns when his father ap-
plied crushed garlic cloves to the wrists [106], while a 6-year-old child developed
a necrotic ulcer on her foot after her grandmother applied crushed garlic under a
bandage as a remedy for a minor sore [107]. Two cases of serious or fatal toxic-
ity have been described in two infants who had been given 90 to 120 ml of mint
tea containing pennyroyal oil for colic and minor ailments [108]. A case of methe-
moglobinemia in a 5-week-old infant treated with a gum asafetida preparation has
been reported [5]. In a study carried out in two hospitals in South Africa, 20 chil-
dren were diagnosed with hepatic veno-occlusive diseases, and pyrrolizidine alka-
loid poisoning was suggested as the cause of the problem, confirmed from the pres-
ence of these alkaloids in the urine samples of four subjects [109]. The case of a
13-year-old child with fulminant seronegative liver failure requiring transplantation
has been reported [110]: the most likely cause of the liver damage was Valeriana
officinalis contained in a self-administered herbal mixture. The toxicity of euca-
lyptus oil in young children has been well documented and was the leading cause
of hospital admission for 149 childhood poisoning in Australia [111]. In addition,
systemic effects of eucalyptus oil applied topically have been reported. A 6-year-old
girl was topically treated with a homemade concoction containing eucalyptus oil for
pruritus: the child developed symptoms of intoxication and was admitted to hospital
unconscious [112].

21.5 Conclusions

Based on the information obtained in the literature and summarized here, the fol-
lowing conclusions can be drawn.

Despite their widespread popularity, the use of many herbs during pregnancy
and in children remains poorly documented and inadequately studied as regards
both efficacy and safety. However, data reported above show that herbal products
are not free of risk for pregnant women, their newborns and children, even though
scientific evidence is incomplete due to a high rate of under-reporting. This under-
reporting can be explained by various factors. Firstly, consumers of herbal products,
comprised mostly of pregnant women, act differently than the general population in
reporting adverse events to their physician [113], believing these substances to be
natural and, therefore, necessarily safe [15]. Secondly, monitoring of adverse effects
due to herbal consumption is inefficient, as in many countries these products are
not regulated as traditional medicines. Thirdly, standard search techniques are not
always able to locate certain information if the signalled adverse effect appears in
uncited journals. Another important aspect is that the cause-effect relationship with
these substances is not always well established due to the presence of confounding
factors and to a lack of independent confirmation. In every case, until definitive
data emerge, the use of herbal products should be considered contraindicated in
pregnancy and a cautious behaviour should be adopted towards their consumption
in children.
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Finally, we would underline that physicians and other health-care professionals
have an important educational role. Overall, pregnancy-care providers should be
aware of the common use of herbal products by women, learn as much as possi-
ble about herbal remedies and discuss their potential risks and benefits with their
patients.
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