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Preface

The word nutraceuticals is derived from the nutrition and pharmaceuticals that provide health 
and medical benefits, including the prevention and treatment of disease. A potential nutraceu-
tical is one that holds a promise of a particular health or medical benefit; such a potential 
nutraceutical only becomes established after there are sufficient clinical data to demonstrate 
such a benefit. Therefore, a nutraceutical is exhibited to have a physiological benefit or provide 
protection against chronic disease. Such products may range from isolated nutrients, dietary 
supplements and specific diets to genetically engineered foods, herbal products and processed 
foods. Their bioactive ingredients, the phytochemicals, sustain or promote health and occur at 
the crossroads of the food and pharmaceutical industries. They play a crucial role in maintain-
ing optimal immune response, such that deficient or excessive intakes can have negative 
impacts on health. The growing awareness of nutraceutical benefits and shift of healthcare 
economics in favour of nutraceuticals brought nutraceuticals into the spotlight of government 
health policies in various countries. Epidemiological and animal studies suggest that the regu-
lar consumption of fruits, vegetables and whole grains reduces the risk of chronic diseases.

The present book describes evidences for protective and health-beneficial effects of phyto-
chemicals of nutraceutical importance and is divided into six parts. Part I provides an intro-
duction and overview of phytochemicals of nutraceutical importance. These are non-nutritive 
plant chemicals, bioactive constituents that sustain or promote health. They may range from 
isolated nutrients, dietary supplements and specific diets to genetically engineered designer 
foods, herbal products, processed foods and beverages. The phytochemicals, either alone or 
in combination, have significant therapeutic potential in curing various ailments. They play 
positive pharmacological effects in human health as antioxidants, antibacterial, antifungal, 
anti-inflammatory, anti-allergic, antispasmodic, anti-aging, antidiabetes, chemopreventive, 
hepatoprotective, neuroprotective, hypolipidaemic, hypotensive, diuretic, CNS stimulant, 
immuno-modulator, carminative, analgesic, induce apoptosis and protect from osteoporosis, 
DNA damage, cancer and heart diseases.

In Part II, Phytochemicals in Disease and Prevention Therapy, Chapter 2 deals with pro-
gressive chronic kidney disease (CKD), which is debilitating, generally irreversible, and is 
associated with considerable morbidity and mortality, especially when it progresses to end 
stage kidney disease (ESKD) where patients require dialysis or transplant to survive. Although 
conventional therapies, such as angiotensin converting enzyme inhibitors (ACEi) and angio-
tensin receptor blockers (ARB), do have some beneficial outcomes in blocking progression of 
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fibrosis, they are by no means perfect therapies because, even with these drugs, CKD progres-
sion is often insidious and persistent. Phytochemicals, and other complementary therapies, 
may provide a beneficial adjunct to these conventional drugs. Chapter 3 deals with natural 
products in the prevention of cancer, investigating clues in traditional diets for potential modern-
day cures. As the process of acculturation occurs globally, traditional diets are being replaced 
with foods typically associated with Western cultures. Traditional diets have disease-fighting 
compounds that need to be introduced into diets in order to restore their disease preventing 
abilities. Chapter 4 describes resveratrol as a chemo-preventative agent with diverse applica-
tions. It is an antioxidant synthesized by wine grapes as a natural defence against both fungal 
infections and UV light. Preclinical and clinical trials have established the therapeutic effects of 
resveratrol, including the treatment of various cancers, lipid disorders, anti-inflammatory, 
neuroprotective, cardioprotective and anti-ageing activity.

In Part III, Potential Alternative Therapeutic Dietary Supplements, Chapter 5 deals with 
synbiotics promoting gastrointestinal (GI) health. The metabolic processes of various bacteria 
and the interactions with dietary inputs impact GI tract health and have systemic influences. 
The concept of nutritionally using a prebiotic and probiotic in a synbiotic relationship to 
increase the relative number of beneficial bacteria in the gut is a new and promising area of 
investigation. Synbiotics may be useful in treating some skin ailments, chronic kidney disease, 
diarrhoea and inflammatory bowel disease. Chapter 6 describes that nature is an attractive 
source of new therapeutic compounds with tremendous chemical diversity. Exploitation of 
microorganisms are being employed for the large scale production of a variety of biochemicals 
ranging from alcohol to antibiotics and processing of foods and feeds. Microorganisms have a 
great potential as nutraceuticals and can be used to combat diseases such as protein energy 
malnutrition, anaemia, diarrhoea, cancer, obesity, ulcerative colitis, Crohn’s disease, irritable 
bowel syndrome and gluten therapy resistant celiac. Chapter 7 describes phytochemicals of 
nutraceutical importance from cactus and their role in human health. Cacti have been used by 
ancient civilizations to cure diseases and heal wounds. Cactus cladodes, fruits and flowers 
have been traditionally used as natural medicines in several countries. Cactus products may be 
efficiently used as a source of several phytochemicals of nutraceutical importance.

In Part IV, Importance and Benefits of Dietary Phytopharmaceuticals, Chapter 8 deals 
with the role of omega 3 and omega 6 fatty acids in human health. Foods must supply two 
essential fatty acids such as linoleic acid and a-linolenic acid, which accomplish fundamental 
and highly specific physiological roles in humans and are involved in protection from cardio-
vascular disease, nervous tissue, retina function, seminal glands, inflammatory process, immu-
nity, etc. Chapter 9 deals with glucosinolates present in cruciferous vegetables, which are 
considered as one of the most significant biologically active phytochemicals with anticancer 
properties. Consumption of plants of Brassica species provides protection against carcinogen-
esis, mutagenesis and other forms of toxicity of electrophiles and reactive oxygen species. 
Chapter 10 describes phytoestrogens, which can structurally or functionally mimic mamma-
lian oestrogens and show potential benefits for human health, serving as potential alternatives 
to the synthetic selective oestrogen receptor modulators currently being used in hormone 
replacement therapy. Chapter 11 describes phytosterols and their healthy effects. They compete 
with cholesterol in the intestine for uptake, and aid in the elimination of cholesterol from the 
body. They are found to exhibit anti-inflammatory, antineoplastic, antipyretic and immuno-
modulating activity. Chapter 12 deals with the chemistry and health benefits of carotenoids, 
which comprise carotenes and oxycarotenoids as two main groups of fat-soluble pigments, 
widely distributed in nature. Carotenes along with xanthophylls, astaxanthin, lycopene and 
lutein seem to offer protection against lung, colorectal, breast, uterine and prostate cancers. 
They help to prevent heart disease, and supplementation along with vitamin C and E reduces 
the risk of developing diabetes and to fight against Alzheimer’s disease.

In Part V, Antioxidant Phytonutrients and their Therapeutic Values, Chapter 13 describes 
phenolic acids as natural antioxidants for reducing lipid oxidation, extending the shelf life of 
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edible fats and oils, replacing synthetic phenolic antioxidants. They are quite common in plants 
and contribute to the taste and flavour characteristics of many spices. Their antioxidant activity 
is related to their mechanism of trapping free radicals and their potency is related to their chemi-
cal structure. Chapter 14 explains the role of antioxidant polyphenols in nutraceuticals and 
human health. Polyphenols are considered to be the most effective antioxidants; they can also 
intensify the activity of other antioxidants. Antioxidants may be of significant importance to offer 
protection against various degenerative diseases such as cancer, diabetes mellitus, inflammatory 
diseases, neurodegenerative disorders and ageing. Natural polyphenols afford protection 
against various stress-induced toxicities through modulating intercellular cascades which 
inhibit inflammatory molecule synthesis, the formation of free radicals, nuclear damage and 
induce antioxidant enzyme expression. Chapter 15 deals with the use of antioxidant phyto-
chemicals in cancer chemoprevention. In vitro and in vivo studies show their potency as preventive 
and therapeutic agents for various stages and types of cancer. There are several obstacles for the 
effective use of these phytochemicals for their medicinal values. The proven phytochemicals 
such as epigallocatechin-gallate (EGCG), curcumin, silibinin, resveratrol and genistein show less 
bioavailability and durability in vivo. Chapter 16 describes antioxidants, their roles and plant 
sources. Excessive amounts of free radicals are thought to be related to the development of condi-
tions such as heart and liver disease, cancers, arthritis and accelerated ageing. Plants produce an 
impressive array of antioxidant compounds, which includes carotenoids, flavonoids, tocophe-
rols, tocotrienols, cinnamic acids, benzoic acids, folic acid and ascorbic acid etc. Antioxidants 
present in the diet enter the blood and are delivered to the cells directly to protect them from 
damage by free radicals.

In Part VI, Potential Traditional and Novel Food Interventions, Chapter 17 deals with 
phytochemicals of nutraceutical importance from Curcuma longa and their role in human 
health. Curcuma longa is used as a spice, colouring matter and preservative and has a wide 
range of medicinal and pharmacological activities. It exhibits anti-inflammatory, antioxidant, 
antibacterial, antiparasitic, nematocidal, anti-human immunodeficiency virus, antispasmodic, 
antimalarial and anticarcinogenic activities. Chapter 18 considers the phytochemistry of plants 
used in traditional medicine. There is an increasing interest in natural plant products as a 
source of biologically active phytopharmaceuticals and an urgent need to develop new clinical 
drugs. This is a timely review of the latest advances and trends in a field that is becoming com-
mercially significant in the pharmaceutical industry. Chapter 19 deals with vitamins, minerals, 
their roles and plant sources. These are essential for proper functioning of the human body 
and provide medicinal benefits. They work individually as well as synergistically. Vitamins and 
minerals are also required to perform specific cellular functions, boost the immune system and 
support growth and development. Chapter 20 covers the newly emerging field of nutrigenomics: 
nurturing of genotype and role in human health. The influence of genetic variation on nutri-
tion by correlating gene expression or single-nucleotide polymorphism (SNP) with a nutrient’s 
absorption, metabolism, elimination or biological effects and to develop rational means to 
optimize nutrition, with respect to subject’s genotype is known as nutrigenomics. It is the 
application of high-throughput genomic tools in nutrition research to provide methods and 
tools for disease preventing and health promoting phytochemicals/phytonutrients that match 
their lifestyles, cultures and genetics, which is determined by the specific demands of genetic 
signature and perfectly balances the macro- and micronutrient needs. Nutrigenomics is the 
emerging face of nutrition and phytonutrients that provide the necessary stepping stones to 
achieve the ambitious goal of optimizing an individual’s health via nutritional intervention.

We would like to thank the contributing authors for their sincere and dedicated efforts, 
generosity and patience. Editors are grateful to Dr Ashok K. Chauhan, Founder President and 
Mr Atul Chauhan, Chancellor, Amity University Uttar Pradesh, Noida, India for the encour-
agement, support and valuable guidance.

Dhan Prakash
Girish Sharma
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© CAB International 2014. Phytochemicals of Nutraceutical Importance
(eds D. Prakash and G. Sharma) 1

1.1 Introduction

The word ‘nutraceuticals’, coined by Dr Stephen 
de Felice, is derived from the words ‘nutrition’ 
and ‘pharmaceutical’, and is a food or food 
product that provides health and medical ben-
efits, including the prevention and treatment 
of disease (Biesalski, 2001). A potential nutra-
ceutical is one that holds a promise of a par-
ticular health or medical benefit; such a 
potential nutraceutical only becomes an estab-
lished one after there are sufficient clinical data 
to demonstrate such a benefit (Pandey et al.,
2010). Therefore, a nutraceutical is exhibited 
to have a physiological benefit or provide 
protection against chronic disease. Such 
products may range from isolated nutrients, 
dietary supplements and specific diets to 
genetically engineered foods, herbal prod-
ucts, and processed foods such as cereals, 
soups and beverages. Their bioactive ingredi-
ents, the phytochemicals, sustain or promote 
health and occur at the crossroads of the food 
and pharmaceutical industries. Such sub-
stances may range from isolated nutrients, 
dietary supplements and specific diets to 
genetically engineered designer foods, herbal 

products, processed foods and beverages 
(Kalra, 2003; Prakash et al., 2004). Chemically 
the nutraceuticals may be classified as 
isoprenoid derivatives (terpenoids, carote-
noids, saponins, tocotrienols, tocopherols, 
terpenes), phenolic compounds (cumarins, 
tannins, lignins, anthocyanins, isoflavones, 
flavonones, flavonoids), carbohydrate deriva-
tives (ascorbic acid, oligosaccharides, non-
starch polysaccharides), fatty acid and 
structural lipids (n-3 PUFA, CLA, MUFA, 
sphingolipids, lecithins), amino acid deriva-
tives (amino acids, allyl-S compounds, cap-
saicinoids, isothiocyanates, indoles, folate, 
choline), microbes (probiotics, prebiotics) 
and minerals (Ca, Zn, Cu, K, Se) (Sharma, 
2009). They play a crucial role in maintaining 
optimal immune response, such that defi-
cient or excessive intakes can have negative 
impacts on health. Around the world, governing 
bodies have accepted nutraceuticals as possible 
nutraceutical therapy in mainstream medical 
education and health. The healthcare industry 
demonstrated the shift of a growing population 
from medical treatment of cancer towards non-
prescription nutraceuticals as self-medication 
in cancer management and prevention. 

1 Phytochemicals of Nutraceutical 
Importance: Do They Defend 

Against Diseases?

Girish Sharma,1* Dhan Prakash2 and Charu Gupta2

1Amity Center for Cancer Epidemiology & Cancer Research and 
Amity Institute of Biotechnology; 2Amity Institute for Herbal 

Research & Studies, Amity University Uttar Pradesh, Noida, India

* E-mail: sharmagi03@gmail.com
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The growing awareness of nutraceutical 
benefits and shift of healthcare economics in 
favour of nutraceuticals brought nutraceutical 
medicine into the spotlight of government 
health policy on the systematic use of nutra-
ceuticals in prevention and/or control of 
various chronic diseases (Sharma, 2009).

The recent notion of ‘customized’ or ‘per-
sonalized’ medicine and diet is being advo-
cated widely to the field of nutrition that can 
be used to delay the onset of disease and to 
sustain optimum human health (Dijsselbloem 
et al., 2004; Kaput and Rodriguez, 2004). 
Dietary intake of phytochemicals may pro-
mote health benefits, protecting against 
chronic degenerative disorders, such as can-
cer, cardiovascular and neurodegenerative 
diseases. The majority of foods, such as whole 
grains, beans, fruits, vegetables and herbs, 
contain phytochemicals (Table 1.1). Among 
these, fruits and vegetables are significant 
sources of phytochemicals. These phytochem-
icals, either alone or in combination, have tre-
mendous therapeutic potential in curing 
various ailments. Phytochemicals with nutra-
ceutical properties present in food are of enor-
mous significance due to their beneficial 
effects on human health since they offer pro-
tection against numerous diseases or disor-
ders such as cancers, coronary heart disease, 
diabetes, high blood pressure, inflammation, 
microbial, viral and parasitic infections, psy-
chotic diseases, spasmodic conditions, ulcers, 
etc. (Fig. 1.1). The National Cancer Institute has 
emphasized alternative methods of cancer 
prevention as public awareness by focusing 
mainly on lifestyle, eating habits, prevention 
and control care measures (Sharma, 2009). 
The major nutraceuticals were reviewed and 
reported as vitamins and minerals, phyto-
chemicals. The vitamins A, B6, B12, D, E, folate 
have been reported as anticancer, immune-
protective and reducing cancer risk in the 
population at risk of cancer and individuals 
who used self-medication (Holick, 2008; Milner, 
2008; Zhang et al., 2008).

Epidemiological and animal studies sug-
gest that the regular consumption of fruits, 
vegetables and whole grains reduces the risk 
of chronic diseases associated with oxidative 
damage (Kris-Etherton et al., 2002; Scalbert 
et al., 2005; Cieslik et al., 2006). Carotenoids, 

tocopherols, ascorbates, lipoic acids and 
polyphenols are strong natural antioxi-
dants with free radical scavenging activity. 
Endogenous antioxidant enzymes such as 
superoxide dismutase (SOD), catalase, glu-
tathione peroxidase, glutathione reductase, 
minerals such as Se, Mn, Cu, Zn, vitamins A, 
C and E, carotenoids, limonoids and polyphe-
nols exert synergistic actions in scavenging 
free radicals. Synthetic antioxidants such as 
butylated hydroxy anisole (BHA) and butyl-
ated hydroxy toluene (BHT) play a useful role 
in the food and pharmaceutical industries 
(Kondratyuk and Pezzuto, 2004). The natural 
antioxidant system is mainly classified into 
two categories, namely in vitro and in vivo
antioxidants.

The majority of the achievement of 
nutraceuticals is based on self-prescription 
and own individual experiences. However, 
it is difficult to realize the phenomenal 
benefits of nutraceuticals unless controlled 
clinical trials support the evidence and facts 
of nutraceutical preventive therapeutic 
efficacy (Sharma, 2009). This chapter sum-
marizes the evidence for protective and 
health-beneficial effects of phytochemicals, 
which have the potential of being incorpo-
rated into foods or food supplements as 
nutraceuticals, or into pharmaceuticals, and 
to propose implications of the explosion in 
information for the future development, 
discovery and use of phytochemicals as 
nutraceuticals. Although nutraceuticals have 
significant promise in the promotion of 
human health and disease prevention, 
health professionals, nutritionists and regu-
latory toxicologists should strategically 
work to plan appropriate regulation to pro-
vide the ultimate health and therapeutic 
benefits to mankind. In this context, long-
term clinical studies would be required to 
scientifically validate the nutraceuticals in 
various medical conditions. The interaction 
of nutraceuticals with food and drugs is 
another area that should be taken into con-
sideration. The effect of different processing 
methods on the biological availability and 
effectiveness of nutraceuticals remains to be 
determined. Similar to drugs, there should 
also be stringent regulatory controls for 
nutraceuticals.
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Table 1.1. Phytochemicals of nutraceutical importance, their sources and health benefits.

Phytochemicals Source plant Health benefits

a-Linolenic acid (ALA) Flaxseed Cancer preventive, reduce risk of coronary heart 
disease

Allicin Garlic, onion Antibacterial, anticancer, antifungal, anti-inflammatory, 
chemopreventive, hepatoprotective, hypolipidaemic, 
hypotensive and neuroprotective

Anthocyanins Blackberry, cherry, orange, purple maize, 
raspberry, red grape

Anti-allergic, anti-inflammatory, antioxidants and 
pigments

Apigenin Apple, artichoke, basil, celery, cherry, grape, 
nuts, parsley

Anti-inflammatory, antioxidant, antispasmodic, 
chemopreventive, induce apoptosis and inhibits 
breast and ovarian cancers

Caffeic acid Artichoke, pear, basil, oregano Anti-inflammatory, antifatigue and antistress properties
Carotene Carrots, leafy greens and red, orange and 

yellow vegetables, pumpkin
Anticarcinogenic, enhances release of immunogenic 

cytokines IL-1 and TNF-alpha, provide cornea 
protection against UV light, stimulate DNA repair 
enzymes

Catechins Tea Antioxidant, CNS stimulant and diuretic
Curcumin Turmeric Antihypertensive, anti-inflammatory, antioxidant and 

cancer preventive
Diosgenin Fenugreek seeds Hypolipidaemic
Ellagic acid Cranberry, grape, pecan, pomegranate, 

raspberry, strawberry, walnut
Anticancer and antioxidant

Ferulic acid Oats, rice, orange, pineapple, groundnut Protects against cancer, bone degeneration, menopausal 
symptoms (hot flushes)

Gallic acid Tea, mango, strawberry, soy Cytotoxic and antioxidative activities, antileukemic, 
antioxidant, anticancer, antineoplastic, anti-inflammatory, 
antidiabetic

Genistein Lucerne sprouts, red clover, chickpea, ground-
nut, soybean

Acts as a phytoestrogen, antioxidant, anticancer agent, 
heart health and helps people with metabolic 
syndrome

Lutein Kale, spinach, red pepper, mango, papaya, kiwi, 
peach, squash, honeydew melon, plum, 
avocado

Absorbs damaging blue light, protects against colon 
cancer

Continued
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Table 1.1. Continued.

Phytochemicals Source plant Health benefits

Lycopene Apricot, papaya, pink guava, tomato, 
watermelon

Lowers risk of atherosclerosis and prostate cancer

Momorbicin Karela (bitter gourd) Antidiabetic
Myristicin Nutmeg Hypolipidaemic
Piperine Pepper Aeromatic, analgesic, hepatoprotective and stomachic
Quercetin Red onion, buckwheat, red grape, green tea, 

apple skin
Strong antioxidant, reduces LDL oxidation, vasodilator 

and blood thinner
Resveratrol Blueberry, groundnut, red grape and red wine Antioxidant, prevents ageing, cancer, diabetes and 

heart diseases
Rutin Asparagus, buckwheat and citrus fruits Strengthens capillary walls
Silymarin Milk thistle (Silybum marianum) Protects from UVB-induced carcinogenesis and 

hepatoprotective
Stigmasterol Soybean Anticancer, hypolipidaemic, prevention of osteoporosis
Sulforaphane, glucosinolates Broccoli sprouts, cabbage, cauliflower, collards, 

cruciferous vegetables, kale, radish, turnip
Antioxidant, prevents DNA damage, reduces risk of 

breast and prostate cancers
Ursolic acid Apple, basil, cranberry, lavender, oregano, 

rosemary
Anti-inflammatory, antimicrobial and antitumour

Withaferin, withanolides Withania somnifera Anticancer and immunomodulator
Zingiberene Ginger Antibacterial, antifungal, carminative and in treatment 

of dizziness
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1.2 Phytochemicals and 
Their Health Benefits

1.2.1 Polyphenols

Polyphenols are naturally occurring com-
pounds found largely in fruits, vegetables, 
cereals and beverages. Legumes and chocolate 
also contribute to the polyphenolic intake. 
These molecules are secondary metabolites of 
plants and are generally involved in defence 
against ultraviolet radiation or aggression by 
pathogens. Basic researches and epidemio-
logical studies have shown the inverse asso-
ciation between risk of degenerative diseases 
and intake of a diet rich in polyphenols. The 
epidemiological studies provide convincing 
evidence that a diet rich in antioxidants is asso-
ciated with a lower incidence of degenerative 
diseases. The major sources of dietary poly-
phenols are cereals, legumes (barley, maize, 
nuts, oats, rice, sorghum, wheat, beans and 
pulses), oilseeds (rapeseed, canola, flaxseed 
and olive seeds), fruits, vegetables and bever-
ages (fruit juices, tea, coffee, cocoa, beer and 

wine) (Kaul and Kapoor, 2001; Scalbert et al.,
2005; Cieslik et al., 2006; Katalinic et al., 2006; 
Prakash and Kumar, 2011). Fruits such as 
apple, grape, pear, cherry and various ber-
ries contain up to 200–300 mg polyphenols 
100 g−1 fresh weights. Similarly, a glass of red 
wine or a cup of coffee or tea contains about 
100 mg polyphenols. Their total dietary 
intake may be about 1 g day−1, which is about 
ten times higher than that of vitamin C and 
100 times higher than those of vitamin E and 
carotenoids (Packer and Weber, 2001; Scalbert 
et al., 2005).

Plant polyphenols are secondary metab-
olites that are broadly distributed in higher 
plants. Their unique characteristics are water 
solubility, intermolecular complexation and 
antioxidant properties. They are classified as 
condensed proanthocyanidins, galloyl and 
hexahydroxydiphenoyl esters and derivatives, 
or tannins. Polyphenols historically have 
been considered as antinutrients by nutrition-
ists, because some, e.g. tannins, have adverse 
effects such as decreasing the activities of 
digestive enzymes, energy, protein and amino 

Fig. 1.1. Some important therapeutic properties of phytochemicals.
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acid availabilities, mineral uptake and having 
other toxic effects. Detection of the antioxi-
dant activities of many polyphenols has reu-
nited opinion toward the health benefits 
provided by many of these compounds. The 
most important dietary phenolics are the 
phenolic acids (including hydroxybenzoic 
and hydroxycinnamic acids), polyphenols 
(hydrolysable and condensed tannins) and 
flavonoids, the latter being the most studied 
group. Phenols protect plants from oxidative 
damage. They have also been studied exten-
sively as antioxidant protectants for human 
beings and play a beneficial role in reducing 
the risk of coronary heart disease, diabetes, 
hypertension and some types of cancer (Gee 
and Johnson, 2001; Willcox et al., 2004; Arts 
and Hollman, 2005; Andjelkovic et al., 2006).

The chief constituents of tea polyphenols 
are flavonols (catechin, epicatechin, catechin-
gallate and epigallocatechin-gallate), flavonols 
(quercetin, kaempferol and their glycosides), 
flavones (vitexin, isovitexin) and phenolic 
acids (gallic acid, chlorogenic acid). They con-
stitute up to 30% of the dry weight of green 
leaves and from 9 to 10% of the dry weight of 
black tea leaves. Ferulic acid is associated 
with dietary fibre linked with hemicellulose 
of the cell wall by means of ester bonds. 
Caffeic acid in the form of caffeoyl esters and 
cumaric acids are common in apples, pears 
and grapes. Additionally, apples and pears 
are rich in chlorogenic acid and grapes in gal-
lic acid. Apples contain high levels of querce-
tin among fruits. Grain-derived products are 
especially significant in human diet as they 
have higher concentration of phenolic acids 
in the outer layers of kernel that constitute the 
bran. Most of the phenolic acid derivatives 
are hydrolysable tannins and are usually 
esterified with glucose. Citrus fruits are major 
sources of flavonones and hesperidin is found 
in abundance (120–250 mg l−1) in orange juice.

Quercetin occurs in its glycosylated form 
as rutin in fruits and vegetables and onions are 
a particularly rich source (Anagnostopoulou 
et al., 2006; Prakash et al., 2007a; Singh et al.,
2009). Anthocyanins are pigments of fruits such 
as cherries, plums, strawberries, raspberries, 
blackberries and red currant (Table 1.1) and 
their content varies from 0.15 to 4.5 mg g−1

in fresh berries. Occurrence of some of the 

flavonoids is restricted to a few foodstuffs; 
e.g. the main source of isoflavonoids is soy, 
which contain ~1 mg g−1 of genistein and daid-
zein that have received considerable attention 
due to their suggested role in prevention of 
cancer and osteoporosis. People who consume 
traditional diets rich in soy and tea rarely 
experience breast, uterus and prostate cancer. 
Although there is a range of potentially anti-
mutagenic fruits, vegetables and cereals, their 
intake is generally below the level essential to 
protect from various mutagens (Dillard and 
German, 2000; Prakash et al., 2004). Extracts 
from Silybum marianum have been used for 
centuries in folk medicine for the treatment of 
liver disorders. Silibinin, the main flavolignan 
occurring in the flavonoids mixture silymarin 
of this plant, had shown positive effects on the 
liver. Besides being hepatoprotective, silibinin 
has been extensively evidenced to induce 
apoptosis, reduce and/or inhibit cell prolifera-
tion and tumour angiogenesis in human lung, 
bladder and prostate cancer models (Sharma 
et al., 2003; Singh et al., 2003, 2004, 2008a, b). 
Kolaviron from seeds of Garcinia kolu and his-
pidulin from Buccuris frimeru have also been 
reported as hepatoprotective (Kris-Etherton 
et al., 2002; Cai et al., 2004).

Flavonoids

Flavonoids comprise the most common group 
of plant polyphenols. Flavonoids are a sub-
class of plant phenols, which includes the 
minor flavonoids (flavanones and dihydro-
flavonols), flavones and flavonols. Flavonols 
are the most ubiquitous flavonoids in food. 
Quercetin and kaempferol are the main repre-
sentatives of this group. They are generally 
present at relatively low concentrations of 
about 15–30 mg kg−1 fresh weight. Onions, 
curly kale, leeks, broccoli and blueberries 
are rich sources of flavonols. Flavanones are 
found in tomatoes and certain aromatic plants 
such as mint (Mentha piperita), but they are 
present in high concentrations only in citrus 
fruits. The main flavanones are naringenin in 
grapefruit, hesperetin in oranges and eriodic-
tyol in lemons. A vast amount of recent litera-
ture proposes that the stilbenes provide 
beneficial health effects (Pandey and Rizvi, 
2009). Recent studies indicate that like other 
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polyphenols, stilbenes also show direct anti-
oxidant activity, but due to comparatively 
dynamic beneficial effects stilbenes get supe-
riority over the other polyphenols. One of the 
best studied, naturally occurring polyphenol 
stilbenes is resveratrol (3,4¢,5-trihydroxystil-
bene). Resveratrol is found largely in grapes 
and red wine that is made from these grapes. 
Resveratrol is well known for its anticarcino-
genic, anti-inflammatory actions. Recently, 
evidence suggests that stilbenes may act as a 
signalling molecule within tissues and cells 
to modulate the expression of genes and pro-
teins (Dore, 2005).

Flavonoids are present in most plant 
tissues and often in vacuoles (Croteau et al.,
2000). Among the biological activities of fla-
vonoids are action against free radicals, free 
radical-mediated cellular signalling, inflamma-
tion, allergies, platelet aggregation, microbes, 
ulcers, viruses, tumours and hepatotoxins. 
Proposed mechanisms by which they provide 
health benefits, in addition to being direct 
chemical protectants, involve modulatory 
effects on a variety of metabolic and signal-
ling enzymes. Flavonoids have been shown 
to block the angiotensin-converting enzyme 
(ACE) that raises blood pressure; they inhibit 
cyclooxygenase, which forms prostaglandins; 
and they block enzymes that produce oestro-
gen. The implications of these in vitro inhibi-
tory actions are that certain flavonoids could 
prevent platelet aggregation, reducing heart 
disease and thrombosis; and inhibit oestro-
gen synthase, which binds oestrogen to recep-
tors in several tissues, thus decreasing the risk 
of oestrogen-related cancers. Bioactive prop-
erties such as free radical scavenging, inhibi-
tion of hydrolytic and oxidative enzymes, 
anti-inflammatory and antiviral (Hodek 
et al., 2002) action of flavonoids is known. 
Antiproliferative effects, such as cancers, car-
diovascular and inflammatory diseases of 
dietary flavonoids are recognized. Scavenging 
activity of hydroxyl radicals, superoxide anion 
radicals and lipid peroxy radicals signifies the 
health promoting functions of flavonoids 
(Kumar and Andy, 2012). The major sources of 
flavonoid intake are tea (61%), onions (13%) 
and apples (10%), the other sources include 
cherry, tomato, broccoli, black grapes and 
blueberries. There is an inverse association 

between flavonoid intake and coronary heart 
disease mortality. Flavonoids in regularly con-
sumed foods appeared to reduce the risk of 
death from coronary heart disease. Whereas 
flavonoid intake has been associated with 
reduced risk of death from coronary heart 
disease, some flavonoids have been reported 
to be mutagenic as well (Miller and Larrea, 
2002). The capacity of flavonoids to act as 
antioxidants depends upon their molecular 
structure. The position of hydroxyl groups 
and other features in the chemical structure 
of flavonoids are important for their antioxi-
dant and free radical-scavenging activities. 
Quercetin, the most abundant dietary flavonol, 
is a potent antioxidant because it has all 
the right structural features for free radical-
scavenging activity (Kumar and Andy, 2012). 
Luteolin has anti-inflammatory, antimutagenic 
and antibacterial activities. Apigenin sup-
pressed 12-O-tetradecanoylphorbol-3-acetate 
(TPA)-mediated tumour promotion of mouse 
skin, similar to curcumin, a dietary pigmented 
polyphenol, possibly through suppression of 
protein kinase C activity and nuclear onco-
gene expression (Hasima and Aggarwal, 2012). 
Apigenin is antibacterial, anti-inflammatory, 
diuretic, hypotensive, and also promotes 
smooth muscle relaxation. Myricetin, a hexa-
hydroxyflavone, exhibits antibacterial activity 
and has antigonadotropic activity, but appar-
ently is not a mutagen. The flavonol kaemp-
ferol, which is widely found in the diet, has 
anti-inflammatory and antibacterial activities 
and is directly mutagenic. Quercetin, the most 
common flavonoid in higher plants, seems to 
contribute to the mutagenicity of kaempferol in 
the presence of microsomal metabolizing sys-
tems. Quercetin inhibits a number of enzymes, 
inhibits smooth muscle contraction and prolif-
eration of rat lymphocytes. Although it is 
anti-inflammatory, antibacterial, antiviral and 
antihepatotoxic, it exhibits mutagenic activity 
and allergenic properties (Prakash and Gupta, 
2009). Major sources of catechins are grapes, 
berries, cocoa and green tea. Tea contains con-
siderable amounts of gallic acid esters, such as 
epicatechin, epicatechin-gallate and epigallo-
catechin-gallate (EGCG). Numerous studies 
have suggested that these components pro-
vide protective benefits by their free radical-
scavenging ability and their inhibition of 
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eicosanoid synthesis and platelet aggregation. 
Green tea provides protection against pros-
tate cancer (Nichenametla et al., 2006). In wines, 
catechins and procyanidins are involved in 
the astringency sensation. Catechin is one of 
the major phenolics in grapes and red wines, 
and it is considered to be responsible for part 
of the protective effect of red wine against 
atherosclerotic cardiovascular disease.

Isoflavonoids

These form another subclass of the phenolic 
phytonutrients. Isoflavonoids are produced 
almost exclusively by the members of the 
Fabaceae (Leguminosae) family. Their main 
sources in foods are soy cheese, soy flour, soy-
bean and tofu. Soybeans are an unusually 
concentrated source of isoflavones, including 
genistein and daidzein, and soy is the major 
source of dietary isoflavones. The isoflavones 
of soy have received considerable attention 
owing to their binding to the oestrogen recep-
tor class of compounds, thus representing 
an activity of a number of phytochemicals 
termed phytoestrogens. Genistein inhibits the 
growth of most hormone-dependent and 
independent cancer cells in vitro, including 
colonic cancer cells. Isoflavones have received 
considerable attention as potentially prevent-
ing and treating cancer and osteoporosis (Ko 
et al., 2010). In mice, dietary soybean compo-
nents inhibited the growth of experimental 
prostate cancer and altered tumour biomarkers 
associated with angiogenesis. Although the 
epidemiological data suggest that soy poten-
tially decreases the risk of breast and prostate 
cancer, the evidence that soy exerts a protec-
tive effect against colonic cancer is limited.

Antioxidant and antiproliferative prop-
erties of isoflavones offer additional, impor-
tant mechanisms for their protection against 
many prevalent chronic diseases (Messina 
et al., 2004; Zeng et al., 2004). Cellular damage 
resulting from oxidative stress is believed 
to be a major contributor to the aetiology of 
cardiovascular disease through the oxidation 
of LDL, and cancer by causing DNA strand 
breaks that may lead to mutations (Giles and 
Wei, 1997; Patel et al., 2001). Exciting mechanis-
tic results that emerged recently showed that 
the isoflavone genistein from soy selectively 

bound the beta-oestrogen receptor and redu-
ced binding to the alpha-receptor 20-fold.

Anthocyanidins

These are water-soluble flavonoids that are 
aglycones of anthocyanins. These compounds 
are among the principal pigments in fruits 
and flowers (Prakash et al., 2011). The colour 
of these pigments is influenced by pH and 
metal ion complexes. Anthocyanidins are 
antioxidants in vitro, and might be expected 
to have antioxidative and antimutagenic 
properties in vivo. Although they have been 
found to have potent antioxidant activity, 
these compounds did not prevent hydrogen 
peroxide-induced oxidation of DNA bases in 
HT29 clone 19A cells.

Anthocyanins usually appear red in leaf 
cells, but depending on their chemical nature 
and concentration, the vacuolar pH and inter-
actions with other pigments, they can result in 
pink, purple, blue, orange, brown and even 
black leaf colours (Schwinn and Davies, 2004; 
Andersen and Jordheim, 2006; Hatier and 
Gould, 2007). Many of the published articles 
on plant defensive coloration have assumed 
red foliage to be the outcome of the produc-
tion of anthocyanins, this despite the fact that 
other pigments – carotenoids, apo-carotenoids, 
betalains, condensed tannins, quinones and 
phytomelanins – can also contribute to plant 
vermilion (Davies, 2004).

1.2.2 Phytoestrogens

These are non-steroidal phytochemicals quite 
similar in structure and function to gonadal 
oestrogen hormone. They offer an alternative 
therapy for hormone replacement therapy 
(HRT) with beneficial effects on the cardio-
vascular system and may even alleviate 
menopausal symptoms. They are potential 
alternatives to the synthetic selective oestro-
gen receptor modulators (SERMs), which are 
currently applied in HRT. They have antioxi-
dant effects due to their polyphenolic nature, 
anticarcinogenic, modulation of steroid meta-
bolism or of detoxification enzymes, interfer-
ence with calcium-transport and favourable 
effects on lipid and lipoprotein profiles 
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(Morabito et al., 2002; Prakash and Gupta, 
2011). On the basis of chemical structure, 
phytoestrogens can be classified as flavo-
noids, isoflavonoids, coumestans, stilbenes 
and lignans. They occur in either plants or 
their seeds. Soybean is rich in isoflavones, 
whereas the soy sprout is a potent source of 
coumestrol, the major coumestan.

Flavonoids have similar structure to oes-
trogen and have the capacity to exert both 
oestrogenic and anti-oestrogenic effects and 
provide possible protection against bone loss 
and heart diseases. The precursors of these 
substances are widespread in the plant king-
dom, but mainly found in Leguminosae and 
are especially abundant in soybean and its 
products, legumes, berries, whole grains and 
cereals. They share structural features with 
oestrogen, in the sense that the presence of 
particular hydroxyl groups that can be posi-
tioned in a stereochemical alignment virtu-
ally identical to that of oestrogen. Populations 
in China, Japan, Taiwan and Korea are esti-
mated to consume high quantities of isofla-
vones and women of these countries complain 
of fewer incidences of osteoporosis and related 
health problems, especially hot flushes, car-
diovascular diseases, lower incidence of hor-
mone-dependent breast and uterine cancers 
(Mense et al., 2008; Dip et al., 2009; Sakamoto 
et al., 2010). The main dietary source of phyto-
estrogenic stilbenes is resveratrol from red 
wine and groundnuts. Although there are 
two isomers of resveratrol, cis and trans, only 
the trans form has been reported to be oestro-
genic. It is found only in the skin of red grapes; 
in green grapes and white wine very low 
levels of trans-resveratrol are found (Fremont, 
2000). The main dietary sources of coumes-
tans are sprouted legumes such as soy and 
lucerne; however, low levels have been repor-
ted in Brussels sprouts and spinach. Clover 
and soybean sprouts are reported to have its 
highest concentrations. The term lignan is 
used for a diverse class of phenylpropanoid 
dimers and oligomers. Secoisolariciresinol 
and matairesinol are two lignan dimers that
are not oestrogenic by themselves but readily 
convert to the mammalian lignans, entero-
diol and enterolactone, respectively, which 
are  oestrogenic. These are of great interest 
because of their oestrogenic, anticarcinogenic, 

antiviral, antifungal and antioxidant activi-
ties (Cornwell et al., 2004).

The phytolignans are found in high 
amounts in flaxseed, asparagus, whole grains, 
vegetables and tea. Fruits also have low levels 
with the exception of strawberries and cran-
berries. In humans, after consumption of 
plants rich in isoflavones and lignans, enzy-
matic metabolic conversions occur in the gut, 
by microflora, and the mammalian lignans 
are readily absorbed (Cos et al., 2003).

1.2.3 Terpenoids

The terpenes, also known as isoprenoids, form 
the largest class of phytonutrients in green 
foods and grains. These compounds are found 
in higher plants, mosses, liverworts, algae and 
lichens, as well as in insects, microbes or 
marine organisms. Terpenoids are derived 
from a common biosynthetic pathway based 
on mevalonate as parent, and are named terpe-
noids, terpenes or isoprenoids, with the sub-
group of steroids among them as a class (Tholl, 
2006; Bohlmann and Keeling, 2008). Their 
importance to plants relates to their necessity 
to fix carbon through photosynthetic reactions 
using photosensitizing pigments. Animals 
have evolved to utilize these compounds for 
hormonal and growth regulatory functions 
(vitamin A) and, as it is now being understood, 
the presence of these molecules in animal tis-
sues also provides a measure of protection 
from certain diseases, especially those related 
to chronic damage and growth deregulation.

The diverse functional roles of some of 
the terpenoids are characterized as hormones 
(gibberellins), photosynthetic pigments (phy-
tol, carotenoids), electron carriers (ubiquinone, 
plastoquinone), and mediators of polysac-
charide assembly, as well as communication 
and defence mechanisms (Langenheim, 1994). 
Several biological actions have been reported 
for diterpenes including antibacterial, anti-
fungal, anti-inflammatory, antileishmanial, 
cytotoxic and antitumour activities (Singh et al.,
1999). Currently, a broad range of biological 
responses can be elicited in humans through 
various terpenoids that are applicable to human 
health care (Paduch et al., 2007). Different 
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terpenoid molecules have antimicrobial, anti-
fungal, antiparasitic, antiviral, anti-allergenic, 
antispasmodic, antihyperglycaemic, anti-
inflammatory, chemotherapeutic and immu-
nomodulatory properties (Hammer et al., 2003; 
Wagner and Elmadfa, 2003; Paduch et al., 2007). 
Terpenes are also used as skin penetration 
enhancers as well as natural insecticides, and
can be of use as protective substances in 
storing agriculture products (Lee et al., 2003). 
Terpenes have a unique antioxidant activity in 
their interaction with free radicals. They react 
with free radicals by partitioning themselves 
into fatty membranes by virtue of their long 
carbon side chain. The most studied terpene 
antioxidants are the tocotrienols and tocophe-
rols. They are found naturally in whole grains 
and have effects on cancer cells. The tocotrien-
ols are effective apoptotic inducers for human 
breast cancer cells. The impact of a diet of fruits, 
vegetables and grains on reduction of cancer 
risk may be explained by the actions of terpe-
nes in vivo (Ikeda et al., 2002; Prakash and 
Gupta, 2009; Prakash and Kumar, 2011).

1.2.4 Carotenoids

Carotenoids are highly pigmented, yellow, 
orange and red, are present in fruits and veg-
etables, and when consumed by birds are 
incorporated into the yolk of eggs. Carotenoids 
comprise two types of molecules, carotenes 
and xanthophylls. All carotenoids possess a 
polyisoprenoid structure, a long conjugated 
chain of double bond and a near bilateral 
symmetry around the central double bond, as 
common chemical features (Britton, 1995). 
Due to the presence of the conjugated double 
bonds, carotenoids can undergo isomeriza-
tion to cis-trans isomers. Although the trans
isomers are more common in foods and are 
more stable, very little is known about the 
biological significance of carotenoid isomeri-
zation in human health. Carotenes are tissue 
specific in their biological activity and beta-
carotene has vitamin A activity. Based on 
epidemiological studies a positive link is sug-
gested between higher dietary intake and tis-
sue concentrations of carotenoids and lower 
risk of chronic diseases (Agarwal and Rao, 

2000; Johnson, 2002; Elliott, 2005). b-carotene 
and lycopene have been shown to be inversely 
related to the risk of cardiovascular diseases 
and certain cancers (Johnson, 2002; Ribaya-
Mercado and Blumberg, 2004). Lutein protects 
against uterine, prostate, breast, colorectal 
and lung cancers. They may also protect 
against risk of digestive tract cancer. The xan-
thophyll types of carotenoids offer protection 
to other antioxidants, and they may exhibit 
tissue-specific protection. Zeaxanthin, cryp-
toxanthin and astaxanthin are members of the 
xanthophyll group (Prakash et al., 2004; Stahl, 
2005). The antioxidant properties of carote-
noids have been suggested as being the main 
mechanism by which they afford their benefi-
cial effects. Recent studies are also showing 
that carotenoids may mediate their effects via 
other mechanisms such as gap junction com-
munication, cell growth regulation, modulat-
ing gene expression, immune response and 
as modulators of Phase I and II drug metabo-
lizing enzymes (Astrog, 1997; Bertram, 1999; 
Jewell and O’Brien, 1999; Paiva and Russell, 
1999). Although the antioxidant properties of 
some carotenoids have been studied, most 
other mechanisms such as their provitamin 
A activity, immune, endocrine and metabolic 
activities, and their role in cell cycle regula-
tion, apoptosis and cell differentiation are 
also under intense scientific scrutiny. Future 
areas of research include their bioavailability, 
metabolism, mechanisms of action and safety.

1.2.5 Limonoids

These are terpenes present in citrus fruit. 
Limonoids, with diverse structures and broad 
range of bioactivities, have been an attraction 
for both natural product and synthesis chem-
ists. Limonoids are unique highly oxygenated 
triterpenoid compounds long recognized as 
significant biologically active natural com-
pounds. Citrus limonoids appear in large 
amounts in citrus juice and citrus tissues as 
water-soluble limonoid glucosides or in seeds 
as water-insoluble limonoid aglycones (Ozaki 
et al., 1995). Several citrus limonoids have 
recently been subjected to anticancer screen 
procedures utilizing laboratory animals and 
human breast cancer cells in culture. In mice, 
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it was found that five limonoid aglycones 
(limonin, nomilin, obacunone, isoobacunoic 
acid, ichangin) induced significant amounts 
of glutathione-S-transferase (GST) in the liver 
and intestinal mucosa (Lam et al., 1994). GST is 
a major detoxifying enzyme system, which 
catalyses the conjugation of glutathione with 
many potentially carcinogenic compounds 
which are highly electrophilic in nature. A study 
of the inhibitory effects of two limonoid agly-
cones (limonin and nomilin) on the formation 
of benzo[a]pyrene-induced neoplasia in the 
forestomach of ICR/Ha mice showed that inci-
dence of tumours could be reduced by more 
than 50% at 10 mg dose given three times 
every 2 days (Lam and Hasegawa, 1989). The 
experimental results described above indicate 
that citrus limonoids may provide substantial 
anticancer action. The compounds have been 
shown to be free of toxic effects in animal mod-
els, so potential exists for use of limonoids 
against human cancer in either the natural 
fruit, in citrus fortified with limonoids, or in 
purified forms of specific limonoids. They pro-
vide chemotherapeutic activity by inhibiting 
Phase I enzymes and inducing Phase II detoxi-
fication enzymes in the liver. D-Limonene, the 
commonest monocyclic monoterpene, found 
within orange peel oil, inhibits pancreatic car-
cinogenesis induced in experimental models 
and also provides protection to lung tissue 
(Prakash et al., 2004; Stahl, 2005). Although 
the initial studies are very promising, they 
have been conducted primarily with in vitro
cell culture and animal models. Thus, research 
is needed to determine whether the limonoids 
may be useful in preventing or treating cancer 
in humans. The first step is to assess the bioa-
vailability of the compounds for humans – are 
they absorbed after ingestion, do they appear 
in the blood and tissues, and for how long. 
If limonoid compounds are found to be bioa-
vailable, further human studies will be needed 
to assess the effects of limonoid ingestion on 
biomarkers related to cancer.

1.2.6 Phytosterols

These are another important terpene sub-
class. The primary sources of phytosterols are 

vegetables, nuts, fruits and seeds. Seeds 
contain an average of 120 mg of plant 
sterols 100 g−1 wet weight; vegetables contain 
20 mg 100 g−1 wet weight and fruits about 
15 mg 100 g−1 wet weight. Sitosterol, campes-
terol and stigmasterol are most abundant in 
nature comprising 65%, 30% and 3% of dietary 
phytosterol intake (John et al., 2007). Two 
sterol molecules that are synthesized by plants 
are beta-sitosterol and its glycoside. In animals, 
these two molecules exhibit anti-inflammatory, 
antineoplastic, antipyretic and immunomod-
ulating activity. Phytosterols were reported to 
block inflammatory enzymes, for example by 
modifying the prostaglandin pathways in a 
way that protected platelets. Phytosterols 
compete with cholesterol in the intestine for 
uptake, and aid in the elimination of choles-
terol from the body. In the intestine, plant 
sterols are initially solubilized into a micelle 
form. These micelles interact with brush 
border cells and are transferred into entero-
cytes. Plant sterols are esterified within the 
enterocyte, assembled into chylomicrons 
and secreted into the lymphatics. They are 
excreted via the biliary system. The non-
esterified phytosterols are transported back 
into the intestinal lumen by sterolin (1 and 2) 
pumps containing the ATP binding cassette 
(ABC) proteins encoded by the genes ABCG5
and ABCG8. These are expressed in the 
mucosal cells and the canalicular membrane, 
and they re-secrete sterols, especially absorbed 
plant sterols, back into the intestinal lumen 
and from the liver into bile (von Bergmann 
et al., 2005). Saturated phytosterols appear to 
be more effective than unsaturated com-
pounds in decreasing cholesterol concentra-
tions in the body. Their actions reduce serum 
or plasma total cholesterol and low-density 
lipoprotein (LDL) cholesterol. Competition 
with cholesterol for absorption from the 
intestine is not unexpected as the structure 
of plant sterols is similar to that of cholesterol. 
In mammals, concentrations of plasma phy-
tosterol are low because of their poor 
absorption from the intestine and their faster 
excretion from liver, and metabolism to bile 
acids, compared with cholesterol (Dillard and 
German, 2000). Available animal studies sug-
gest that phytosterols reduce atherosclerosis 
in the Apo-E deficient mouse model. Human 
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studies are mixed, and do not prove or dis-
prove an increase in atherosclerotic risk that 
can be clearly related to serum phytosterol 
levels. It is reassuring that vegetarians who 
consume considerable plant sterols are at 
decreased risk of ASCVD, but it is impossible 
to separate the effects of phytosterol excess 
from animal fat reduction in this population 
(John et al., 2007).

1.2.7 Glucosinolates

Glucosinolates are present in cruciferous veg-
etables, and are activators of liver detoxifica-
tion enzymes. These chemicals are responsible 
for the pungent aroma and bitter flavour of 
cruciferous vegetables. Consumption of cru-
ciferous vegetables offers a phytochemical 
strategy for providing protection against 
carcinogenesis, mutagenesis and other forms 
of toxicity of electrophiles and reactive forms 
of oxygen. The sprouts of certain crucifers, 
including broccoli and cauliflower, contain 
higher amounts of glucoraphanin (the glu-
cosinolate of sulforaphane) than do the cor-
responding mature plants. Crucifer sprouts 
may protect against the risk of cancer more 
effectively than the same quantity of mature 
vegetables of the same variety (Cartea and 
Velasco, 2008; Traka and Mithen, 2009). 
During food preparation, chewing and diges-
tion, the glucosinolates in cruciferous vegeta-
bles are broken down to form biologically 
active compounds such as indoles, nitriles, 
thiocyanates and isothiocyanates (Hayes 
et al., 2008). Indole-3-carbinol (an indole) and 
sulforaphane (an isothiocyanate) have been 
most frequently examined for their anticancer 
effects. Epidemiological studies indicate that 
consumption of brassica vegetables is associ-
ated with a reduced incidence of cancers at a 
number of sites including the lung, stomach, 
colon and rectum (Conaway et al., 2001). 
Glucosinolates, the thioglucosides, present in 
brassica vegetables are thought to contribute 
to this phenomenon. Dietary glucosinolates 
have been reported to block formation of 
endogenous or exogenous carcinogens for 
preventing initiation of carcinogenesis (Vig 
et al., 2009). The mechanism of the protective 

effects is thought to involve the modulation 
of carcinogen metabolism by the induction of 
Phase 2 detoxification enzymes and inhibi-
tion of Phase 1 carcinogen-activating enzymes, 
thereby possibly influencing several processes 
related to chemical carcinogenesis, e.g. the 
metabolism, DNA binding and mutagenic 
activity of pro-mutagens. A reducing effect 
on tumour formation has been shown in rats 
and mice, and studies carried out in humans 
using high but realistic human consumption 
amounts of indoles and brassica vegetables 
have shown putative positive effects on health. 
Indole-3-carbinol is a glucosinolate metabo-
lite that inhibits organ-site carcinogenesis in 
rodent models. Its preventive effect on human 
mammary carcinogenesis may be due in part 
to its ability to regulate cell cycle progression, 
increase the formation of antiproliferative 
oestradiol metabolite and induce cellular 
apoptosis (Dillard and German, 2000; Cartea 
and Velasco, 2008; Traka and Mithen, 2009).

1.2.8 Fibres

Most plant foods in their native state contain 
indigestible residues that used to be classified 
as crude fibre but are currently classified as 
dietary fibre (DF) and also as non-starch poly-
saccharides (NSP). Dietary fibre is not a sin-
gle entity but consists of a wide range of 
complex polysaccharides such as cellulose, 
gums, mucilages, hemicellulose and lignins 
with different chemical, physiochemical and 
physiological properties (Narasinga Rao, 
2003).These NSP in foods have been shown to 
be useful in reducing blood glucose levels in 
diabetes, in reducing blood cholesterol levels 
for treatment of cardiovascular disease and 
also in preventing bowel cancer (Schnecman, 
1989). The disease-preventing potential of DF 
will depend upon the proportion and actual 
quantities of different polysaccharide compo-
nents present in a given food (Narasinga Rao, 
1988). Dietary fibre components exert their 
beneficial effects mostly by way of their 
swelling properties, and by increasing transit 
time in the small intestine. Consequently, they 
reduce the rate of release of glucose and its 
absorption, thus helping in the management 
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of certain types of diabetes (e.g. non-
insulin-dependent diabetes mellitus). DF 
components also bind bile salts, thereby pro-
moting cholesterol excretion from the body 
and thus reducing blood cholesterol levels, 
and food toxins in the gut to reduce their tox-
icity. They can also have some adverse nutri-
tional effects by binding dietary calcium, 
magnesium, zinc and iron, thereby reducing 
their bioavailability (Narasinga Rao, 2003).

Although dietary meat and fat intake 
have a positive relation to the incidence of 
colon cancer, DF has been associated with 
alterations of the colonic environment that 
protect against colorectal diseases. Fibre may 
also provide protection by increasing faecal 
bulk, which dilutes the increased colonic bile 
acid concentrations that occur with a high-fat 
diet. Short chain fatty acids, including butyric 
acid, and dietary sugarbeet fibre also sup-
pressed cholesterol synthesis in a rat liver 
and intestine model. Different DFs have 
markedly diverse cancer protective effects, 
and the differences may be related to the dif-
ferential bacterial fermentation of fibre in the 
colon to short-chain fatty acids, especially 
butyric acid. Butyric acid induces growth 
arrest, differentiation and apoptosis of 
colonic epithelial cells and tumour cells 
in vitro. Butyric acid in the colon also appears 
to influence the on-going process of apopto-
sis within the mucosa. The potential for 
fermentation of fibre to butyric acid and 
its derivatives is of substantial interest. 
Its enrichment through food products, such 
as fibre and starch, may emerge as a molecular-
based strategy that provides significant health 
benefits (Dillard and German, 2000; Packer 
and Weber, 2001).

1.2.9 Polysaccharides

Polysaccharides widely exist in plants, micro-
organisms, algae and animals, are essen-
tial biomacromoleules in life activities and 
play important roles in cell–cell communica-
tion, cell adhesion and molecular recogni-
tion in the immune system (Dwek, 1996). 
Recently, some bioactive polysaccharides iso-
lated from natural sources have attracted 

much attention in the field of biochemistry 
and pharmacology; in particular, plant poly-
saccharides have shown diverse biological 
activities such as wound healing, enhance-
ment of the reticulo-endothelial system, stim-
ulation of the immune system, treatment of 
tumours and effects on the haematopoietic 
system (Schmidgall et al., 2000). In folk medi-
cine, plants containing polysaccharides have 
been used as hypoglycaemic (Bnouham et al.,
2006; Lopez, 2007) and anti-inflammatory 
treatments (Atherton, 2002). Traditionally, pol-
ysaccharides are used as thickening, emulsi-
fying and stabilizing agents. But, nowadays, 
a huge market in healthy compounds has 
appeared with the production of oligo- or 
monosaccharide syrups, using physical meth-
ods or controlled enzymatic degradation of 
polysaccharides (e.g. starch). Some of them 
possess interesting biological properties, e.g. 
oligodextrins (anti-ulcer agents, lowering serum 
cholesterol in low saturated fat diet) and 
fructo-oligosaccharides (prebiotics, dietary 
fibres, stimulate mineral absorption, enhance 
defence mechanism) (Lopez, 2007).

1.2.10 Saponins

Saponins are secondary plant metabolites 
that occur in a wide range of plant species 
(Hostettmann and Marston, 1995). They are 
stored in plant cells as inactive precursors but 
are readily converted into biologically active 
antibiotics by plant enzymes in response to 
pathogen attack. These compounds can also 
be regarded as ‘preformed’, since the plant 
enzymes that activate them are already pre-
sent in healthy plant tissues (Osbourn, 1996). 
The natural role of saponins in plants is 
thought to be protection against attack by 
pathogens and pests (Morrissey and Osbourn, 
1999). These molecules also have considerable 
commercial value and are processed as drugs 
and medicines, foaming agents, sweeteners, 
taste modifiers and cosmetics (Hostettmann 
and Marston, 1995). Saponins are glycosylated 
compounds that are widely distributed in 
the plant kingdom and can be divided into 
three major groups: a triterpenoid, a steroid, 
or a steroidal glycoalkoloid. Triterpenoid 
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saponins are found primarily in dicotyledon-
ous plants but also in some monocots, 
whereas steroid saponins occur mainly in 
monocots, such as the Liliaceae, Droscoraceae
and Agavaceae and in certain dicots, such as 
foxglove (Hostettmann and Marston, 1995). 
Oats (Avena spp.) are unusual because they 
contain both triterpenoid and steroid sapo-
nins (Price et al., 1987). Steroidal glycoalka-
loids are found primarily in members of 
the family Solanaceae, which includes potato 
and tomato. The major saponin in tomato is 
the steroidal glycoalkaloid a-tomatine. The 
a-tomatine is present in healthy plants in its 
biologically active form. The levels of this 
saponin are particularly high in the leaves, 
flowers and green fruits of tomato. It is 
assumed that a-tomatine is present in tomato 
leaves in the concentration around 1 mM, 
which is sufficient to inhibit the growth of 
many non-pathogens of tomato. Therefore it 
would be expected that this molecule could 
protect the tomato leaves from fungal patho-
gens (Mert-Turk, 2006).

1.3 Role of Phytochemicals 
in Health and Diseases

Epidemiological evidence with respect to 
cancer and cardiovascular disease cogently 
suggests that phytochemicals may play a sig-
nificant part in protection against the devel-
opment of these diseases. This association has 
been drawn from the strong correlation that 
exists between a high dietary intake of fruit 
and vegetables and a reduction in the inci-
dence of these diseases, which has led nutri-
tionists to investigate the components in 
fruits and vegetables (phytochemicals) that 
may confer this protection. Experimental evi-
dence that phytochemicals influence many 
cellular mechanisms that may optimize 
health has highlighted the need to identify 
clearly which effects may be of greater health 
significance (Dreosti, 2000).

The rapid growth of apparent health 
foods, now frequently defined by the industry 
as nutraceuticals, have enormously impacted 
the consumers. The respective health benefits 
of nutraceuticals are based on science and 

ethics, for health claims for functional foods, 
and presence of certain phytochemicals 
(Fig. 1.1). They are constituents of plants and 
have certain pharmacological and/or physi-
ological effects in the ethno-medical treatment 
of various disorders. Traditionally, natural 
plant products have been the source for the 
search for new drugs by pharmaceutical 
companies. Phytochemicals play an impor-
tant role in human health as antioxidants, 
antibacterial, antifungal, anti-inflammatory, 
anti-allergic, antispasmodic, chemopreven-
tive, hepatoprotective, hypolipidaemic, neuro-
protective, hypotensive agents, and help in 
preventing ageing, diabetes, osteoporosis, 
cancer and heart diseases, induce apoptosis, 
diuretic, CNS stimulant, analgesic, protects 
from UVB-induced carcinogenesis, immu-
nomodulator and carminative (Dillard and 
German, 2000; Packer and Weber, 2001; 
Prakash and Gupta, 2009).

Capsaicin, the pungent ingredient pre-
sent in red pepper and ginger, has anticarci-
nogenic and antimutagenic effects. Curcumin, 
another polyphenolic phytochemical, acts as 
an anti-inflammatory and cancer preventive 
drug. In a study, tumour volumes in mice 
treated with genistein, dietary soy phyto-
chemical concentrate, at 1%, or dietary soy 
protein isolate were decreased 40, 48 or 37%, 
respectively, as compared with the controls. 
Genistein (5,7,4¢-trihydroxyisoflavone) is one 
of two major isoflavonoids in soy. In human 
breast cancer cells in culture, genistein has 
antiproliferative effects on mitogen-stimulated 
growth (Dixon and Ferreira, 2002; Prakash 
et al., 2007b). Soy isoflavonoid conjugates 
have chemopreventive activity in carcinogen-
induced rat models of breast cancer.

Osteoporosis is related to multiple fac-
tors including ageing, hormone deficiency 
and diet. Most of the studies suggest that 
phytoestrogens are somewhat effective in 
maintaining bone mineral density (BMD) 
in post-menopausal women and to allevi-
ate osteoporosis and associated disorders. 
Evidence from several human studies dem-
onstrates that certain dietary phytoestrogens 
can produce oestrogenic effects in post-
menopausal women, including oestrogen-
like effects on vaginal cytology and reductions 
in hot flushes. In post-menopausal women, 
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cardiovascular diseases (CVDs) are one of the 
leading causes of death in the USA and 
Europe. Isoflavonoids or soy products/soy 
protein and flaxseed have the ability to lower 
total and LDL cholesterols and raise HDL 
cholesterol resulting in reduced risk of CVDs. 
There is evidence to support the hypothesis 
that phytoestrogen consumption contributes 
to the lower incidence of CVDs in Asian 
countries and in vegetarians and that they 
may also be cardioprotective (Cherdshewasart 
et al., 2009; Al-Azzawi and Wahab, 2010; 
Prakash and Gupta, 2011).

A large number of epidemiological stud-
ies had shown that people who consume high 
amounts of isoflavonoids (phytoestrogens) 
in their diets have lower incidences of various 
types of cancers including breast, prostate 
and colon cancer. A high plasma concentra-
tion of the mammalian lignan, enterolactone, 
is correlated with a reduced risk of breast 
cancer. Similar correlations have also been 
found between dietary intakes of isoflavo-
noids and lignans and thyroid, ovarian, and 
breast cancers in pre- and post-menopausal 
women. The incidence of hormone-dependent 
tumours is lower in Asia and eastern Europe 
where consumption of phytoestrogens is 
higher than western countries and amongst 
vegetarians. Breast, ovarian, prostate and 
colon cancer show a negative correlation 
with phytoestrogen intake when compared 
with mortality rates due to cancer. The epide-
miological, animal and cell-line data suggest 
that phytoestrogens may play a protective 
role against the development of prostate 
and breast cancer. It has been reported that 
increased consumption of beans, lentils and 
peas, tomatoes and dried fruits was associ-
ated with significantly decreased prostate 
cancer risk (Cherdshewasart et al., 2009; 
Al-Azzawi and Wahab, 2010; Prakash and 
Gupta, 2011).

Diets rich in phytonutrients may supply 
a variety of phytoestrogens such as isofla-
vones, resveratrol, lignans etc., capable of 
producing a range of pharmacological 
effects. In females, life is affected by a vari-
ety of oestrogen-related conditions such as 
osteoporosis, cognitive and cardiovascular 
decline, increased risk of breast cancer and 
other symptoms that decrease the overall 

quality of life. Phytoestrogens appear to 
have physiological effects in humans, with 
the most supportive data being related to the 
effects of soy protein supplements on lipids 
and lipoproteins and on vascular function. 
Therefore, post-menopausal women who have 
the greatest breast cancer risk should be 
encouraged to increase their phytoestrogen 
intake (Cherdshewasart et al., 2009; Al-Azzawi 
and Wahab, 2010; Prakash and Gupta, 2011).

1.4 Conclusions

The use of medicinal plants by indigenous 
people to treat different ailments has a long 
history. Recently, the scientific data sup-
ported the nutritional and medical impor-
tance of phytonutrients/phytochemicals for 
the prevention and treatment of several dis-
eases. The ‘novel’ nutraceuticals of plant 
origin may evolve to be considered a vital 
aspect of dietary disease-preventive food 
components. Careful studies are necessary 
on the various phytochemicals for their roles 
in the prevention of chronic degenerative 
diseases. The resurgence of interest in these 
compounds will eventually lead to much-
needed information on structure–function 
relationships.

The ever-widening choice of food ingre-
dients makes it possible for food designers to 
provide food choices that meet the public’s 
expressed desire for healthy food. Other 
aspects of determining the role of phyto-
chemicals in functional foods include con-
sumer attitudes, any competitive advantage 
for manufacturers producing functional 
foods and identification of those areas of 
research needed to produce foods with the 
desired health effects. The future of nutra-
ceuticals of both plant and animal origin 
holds exciting opportunities for the food 
industry to create novel food products. The 
food industry will need to persuade inves-
tors of the potential for monetary rewards to 
be gained by investing in the value of nutra-
ceuticals, and it will need to market the prod-
ucts so as to capture the interest of and, 
perhaps most important, to please the tastes 
of consumers.
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2.1 Introduction

Chronic kidney disease (CKD) is one of the 
most common chronic diseases in developed 
and developing nations, and is often the pre-
cursor to end-stage kidney disease (ESKD), the 
stage at which patients rely on kidney replace-
ment therapies, such as dialysis or renal 
transplant, to survive (Levey et al., 2011). The 
National Kidney Foundation’s Kidney Disease 
Outcomes Quality Initiative (K/DOQI) defines 
CKD as either kidney damage or a decreased 
glomerular filtration rate (GFR) of less than 
60 ml min−1 1.73 m−2 for 3 or more months 
(Eknoyan et al., 2001). However, the term CKD 
represents a continuum of chronic change in 
the kidney (Pannu et al., 2011). This contin-
uum is characterized, clinically, by five stages 
of CKD that depend on GFR and extent 
of kidney injury (Table 2.1). Many people 
develop CKD after incomplete recovery from 
single or multiple episodes of acute kidney 
injury caused by, for example, ischaemia-
reperfusion, nephrotoxic drugs, environmen-
tal toxins, radiation or other cancer therapy, 
or kidney stones (Venkatachalam et al., 2010). 
The cause and outcome of the initial CKD are 
often overwhelmed by non-specific tissue 

changes of chronic progression, including 
chronic inflammation, tubulo-interstitial fib-
rosis, glomerulosclerosis and vascular loss. 
The development of CKD and ESKD is exac-
erbated by an increasingly ageing population 
in developed countries, with ageing being 
one of the key independent risk factors for 
CKD (Karamouzis et al., 2008).

CKD and ESKD populations are vulner-
able to complications and co-morbid con-
ditions that adversely affect quality of life and 
longevity (Soni et al., 2010). There is an 
upward trend of obesity in Western societies, 
diabetes and the metabolic syndrome, hyper-
tension, anaemia and its complications, dialy-
sis and its complications, uraemia-related 
diseases, and high mortality rates from car-
diovascular disease. Since the introduction of 
angiotensin converting enzyme inhibitors 
(ACEi) in the early 1980s and angiotensin 
receptor blockers (ARB) in the mid-1990s as 
antihypertensive and antifibrotic therapies, 
pharmacologic blockade of the renin- 
angiotensin-aldosterone system has become 
one of the most widespread therapeutic 
approaches for the management of CKD 
(Hoogwerf, 2010). However, the incidence of 
CKD continues to increase. There is a need to 
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identify new therapies that will decrease its 
incidence and slow its progression (Fig. 2.1). 
Complementary and alternative herbal medi-
cines, and individual phytochemicals derived 
from them, may provide the key to increasing 
the benefits of conventional medicines. Equally 
important is the fact that they may have their 
own inherent toxicity, or have interactions 
with drugs prescribed for kidney disease 
(Wojcikowski et al., 2004a). In this chapter, we 
report on the potential benefits of the use of 
phytochemicals for CKD, especially referring 
to their use as adjuncts to conventional therapies. 
Some useful medicinal herbs are also discussed.

2.2 CKD as an Inflammatory
Disease

CKD and ESKD are often associated with 
chronic low-grade systemic inflammation, 
characterized by increased expression of 
inflammatory markers (Silverstein, 2009). For 
example, CKD patients have increased serum 
levels of C-reactive protein, a well-recognized 
biomarker of inflammation. In some cases, the 
pro-inflammatory state that exists in patients 
with CKD and ESKD has developed after an 
initial normal inflammatory response fails to 
abate. In other cases, the low-grade systemic 
inflammation may be a result of contributors 
to very low birth weight and continuing 
poor nutrition (Hughson et al., 2008). In either 
case, the prolonged inflammatory response 
contributes to CKD progression. Traditional 
mediators of chronic inflammation in CKD 

and ESKD patients include hyperglycaemia 
and advanced glycation end-products (AGE) 
in diabetes, and atherosclerosis and lipopoly-
saccharides in hypertension and cardiovas-
cular disease. Molecular mediators include 
pro-inflammatory cytokines and growth fac-
tors such as tumour necrosis factor-a (TNFa)
and some of the interleukins (IL) such as 
IL-1b, IL-6 and IL-13 (Asmis et al., 2006). These 
mediators interact with vascular endothelial 
cells and intrinsic renal cells, but they also 
accumulate in ESKD patients because of 
decreased renal clearance. Increased oxidative 
stress also contributes to the progression of 
CKD (Small et al., 2012), and the close link 
between inflammatory cells and oxidative 
stress provides one of the most realistic causa-
tive mechanisms, and targets for treatment, 
for CKD.

In diabetes associated with the meta-
bolic syndrome, the origin of the inflamma-
tory response may, in fact, be adipose tissue 
(Calle and Fernandez, 2012). Typically, vis-
ceral adipose tissue is often found in close 
vicinity to the kidneys. Apart from energy 
storage, adipocytes also produce cytokines 
including IL-1b, IL-6, TNFa, monocyte chemo- 
attractant protein-1 (MCP1) and adipokines 
such as leptin and adiponectin. Macrophages 
found in adipose tissue also produce pro-
inflammatory cytokines and produce reactive 
oxygen species (ROS). In addition, other 
immune cells such as T-cells, natural killer 
cells, mast cells and eosinophils are known 
to invade adipose tissue (Silverstein, 2009). 
The interaction and communication between 

Table 2.1. Classification and description of the different stages of chronic kidney disease.

Stage eGFRa Description

1 90 ml min−1 Normal renal function but abnormal urine findings, or structural 
abnormalities, or a genetic trait indicating kidney disease

2 60–89 ml min−1 Mildly reduced renal function and other findings (as for stage 1) 
indicate kidney disease

3A 45–59 ml min−1 Moderately reduced kidney function
3B 30–44 ml min−1

4 15–29 ml min−1 Severely reduced kidney function
5 <15 ml min−1 or on dialysis Very severe, or end-stage kidney failure (sometimes called 

established renal failure)

aMeasured using the MDRD formula (Twomey and Reynolds, 2006). MDRD = Modification of Diet in Renal Disease. All 
estimated glomerular filtration rate (eGFR) values are normalized to an average surface area of 1.73 m2.
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immune cells and adjacent adipocytes may 
amplify inflammation in obesity.

Another important link with inflammation 
as a mechanism for CKD is the increase in serum 
uric acid levels (hyperuricaemia) seen when 
kidneys fail (Badve et al., 2011). Hyperuricaemia 
has harmful systemic effects, and it is also 
closely linked with the development of cardio-
vascular disease. Retention of uremic toxins 
promotes inflammation and oxidative stress by 
priming acute inflammatory cells such as neu-
trophils and activating pro-inflammatory and 
pro-fibrotic cytokines. Additionally, uric acid 
synthesis can promote oxidative stress directly 
through the activity of xanthine oxidoreductase 
(Grootveld et al., 1987).

2.3 Oxidative Stress in CKD

Chronic diseases of the kidney possess various 
commonalities, which can be linked through 

pathways controlled by oxidative stress (Vlassara 
et al., 2009a, b; Small et al., 2012). As mentioned 
previously, the links with oxidative stress as an 
endogenous driver of CKD are obvious when 
one recognizes the close association between 
oxidative stress and inflammation in the kidney. 
Many studies investigating antioxidant treat-
ments in CKD patients show a reduction in oxi-
dative stress and many show improved renal 
function (Small et al., 2012). Therapies such as 
exercise training for CKD patients has improved 
inflammation and oxidative stress biomarkers, 
muscle strength and function, and decreased 
blood pressure (Howden et al., 2012). Kakuda 
et al. (2012) used a statin (pitavastatin) in healthy 
volunteers to investigate oxidative stress param-
eters. Their data indicate pitavastatin affects 
renal outcomes in both lipid status-dependent 
and- independent manners, by reducing oxida-
tive stress parameters.

The loss of renal mass during CKD can 
have other effects on oxidative stress devel-
opment, for example loss of a vital source of 

Fig. 2.1. Finding a balance for treating chronic kidney disease. Chronic kidney disease (CKD) has many 
non-modifiable, modifiable and other contributing factors throughout our lives. CKD is then graded in 
stages from 1 to 5, according to an estimated glomerular filtration rate (GFR), which is calculated in 
ml min−1 1.73 m−2 average surface area. Examples are given of types of conventional and complementary 
therapies for disease. CKD is treated traditionally with conventional medicines, but a balance between 
benefit and cost should be sought for inclusion of alternative therapies, like phytotherapies, to complement 
the conventional therapies used for CKD.
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L-arginine, a precursor for nitric oxide (NO). 
NO activity is vital for regulation of the 
vascular endothelium (Mendoza et al., 2008). 
Decreased endothelial function has the poten-
tial to exacerbate CKD development because 
of vascular loss. This complex picture of cause 
and effect is common in CKD pathogenesis. 
There is now also a novel link in the pathogen-
esis of oxidative stress-induced CKD through 
a functional mitochondrial angiotensin system 
(Abadir et al., 2011). Angiotensin type II recep-
tors were co-localized with angiotensin on 
the inner mitochondrial membrane of human 
mononuclear cells and mouse renal tubular 
cells. This system was found to modulate mito-
chondrial NO production and respiration.

The benefits of phytochemicals as anti-
oxidants for CKD patients have received 
limited attention. Phytochemicals are often 
proven antioxidants that can scavenge exces-
sive, damaging, free radicals arising from 
normal metabolic processes (Wojcikowski 
et al., 2007). They may also have indirect anti-
oxidant effects through induction of endoge-
nous protective enzymes. We believe that more 
and improved studies are needed to develop 
evidence-based guidelines for use of phyto-
chemicals in individuals with CKD, either as 
adjunct or alternative treatments.

2.4 Modulation of CKD 
With Phytochemicals

The identification of natural substances that 
can prevent or delay the development of 
CKD, and are well-tolerated as a therapy, is of 
fundamental importance to developing treat-
ment regimens for this disease. In other dis-
eases with close links with CKD, such as 
type 2 diabetes mellitus, phytochemicals are 
known to have a curative effect (Leiherer et al.,
2012). Plants have great therapeutic potential 
and their use in preclinical and clinical trials is 
increasing. The following sections first high-
light some promising experimental and clini-
cal data on use of phytochemicals for CKD 
and closely related chronic diseases such as 
diabetes and cardiovascular disease, then 
provide data on some developing aspects of 
phytotherapeuticals.

2.4.1 Curcumin

Curcumin is the principal curcuminoid of the 
Indian curry spice turmeric, and is widely 
used as an anti-inflammatory and antioxi-
dant renoprotective agent, with most work 
showing potent antioxidant properties 
(Osawa, 2007). As well as augmenting free 
radical scavenging activity, curcumin also 
induced antioxidative enzymes and detoxifi-
cation enzymes. The major metabolite tet-
rahydrocurcumin appears to have highest 
antioxidant activity. Curcumin and its metab-
olites also improved creatinine and urea 
clearance in instances of chronic renal pathol-
ogies and protected against chronic renal 
allograft nephropathy, a potential cause of 
graft loss in the long term.

A considerable amount of preclinical 
research has been carried out by Ghosh et al.
(2009, 2010, 2012), in the main using the 5/6th 
nephrectomy model of CKD in rats, an experi-
mental model of chronic renal failure. In 2009, 
they investigated the effectiveness of cur-
cumin (75 mg kg−1) versus the ACEi enalapril 
(10 mg kg−1) in reducing development of CKD 
(Ghosh et al., 2009). They analysed expression 
of the inflammatory agents TNFa and nuclear 
factor-kB (NF-kB) in comparison with the 
nephrectomized group without treatment. 
Renal dysfunction, for CKD, was measured 
by elevated blood urea nitrogen, plasma cre-
atinine, proteinuria, segmental glomerulo-
sclerosis, and tubular dilatation and atrophy. 
These parameters were significantly reduced 
by curcumin and enalapril treatment. The 
nephrectomized animals had significantly 
higher plasma and kidney TNFa, and NF-kB
activation and macrophage infiltration in the 
kidney, changes that were effectively reduced 
by curcumin and enalapril treatment. In 2012, 
to better mimic the scenario for kidney disease 
in humans, they used a similar model but began 
curcumin and enalapril therapy when pro-
teinuria was established (Ghosh et al., 2012). 
They then investigated cyclooxygenase (COX) 
and phospholipase expression in the kidney, 
as well as the cytokines TNFa and IL-1b. COX, 
which has isoforms of COX1 and COX2, is the 
key enzyme of prostaglandin biosynthesis. 
They found that curcumin, by antagonizing 
the inflammatory cytokines TNFa and IL-1b,



24 K. Wojcikowski and G.C. Gobe 

could significantly reduce both phospholi-
pase 2 and COX1 and 2. Their work in 2010 
also looked at the effects of curcumin treatment 
on attenuating left ventricular hypertrophy, 
which is frequent in patients with ESKD fol-
lowing chronic renal failure (Ghosh et al., 2010). 
The nephrectomized rats showed a significant 
hypertrophic response and increased diameter 
of the inferior vena cava at inspiration, which 
was inhibited by treatment with curcumin or 
enalapril. The signalling pathway molecules 
critically involved in the hypertrophic response 
(glycogen synthase kinase-3b phosphorylation, 
b-catenin expression, calcineurin and several 
kinases) were all reduced by curcumin and 
enalapril. One of the frustrating aspects of 
these reports was that the authors did not 
report on therapy with enalapril plus cur-
cumin, a regimen more likely to be used by 
nephrologists in the clinic, than curcumin as a 
replacement for enalapril. However, consider-
ing the safety of curcumin, the studies should 
facilitate future preclinical and clinical trials.

Using the blood from CKD patients 
before dialysis, a recent ex vivo investigation 
determined the effect of curcumin, bovine 
colostrum and fish oil on inflammatory cyto-
kine and tissue factor procoagulant activity 
(Shing et al., 2011). The peripheral blood mon-
onuclear cells (PBMCs) from these patients, 
and age- and sex-matched healthy controls, 
were cultured alone and with low and high 
doses of the nutritional compounds, with and 
without lipopolysaccharide. The introduction 
of lipopolysaccharide represents a model of 
endotoxin injury, linked to worsening out-
come of CKD patients on dialysis. Curcumin 
decreased secretion of IL-6 and IL-1b and it 
was more effective than colostrum at decreas-
ing the procoagulant activity of PBMCs in the 
CKD and control groups. However, the pro-
duction of pro-inflammatory C-reactive pro-
tein, MCP-1, IL-6, and IL-1b by PBMCs was 
inhibited most by fish oil in the CKD group.

2.4.2 Resveratrol

Resveratrol is a polyphenol phytoalexin 
that, among other sources, occurs in grapes 
(Neves et al., 2012). Interest in resveratrol has 

increased because of its reported antioxidant, 
anti-inflammatory and ‘anti-ageing’ benefits. 
The compound has poor bioavailability as it 
is rapidly metabolized and excreted, and so 
the drug delivery systems have to stabilize 
resveratrol and enhance its bioavailability. 
The potential benefits of resveratrol delivery 
on increased oxidative stress and endothelial 
dysfunction (atherosclerosis) seen in CKD 
patients was discussed by Caimi et al. (2004). 
Atherosclerosis development is accelerated 
in chronic renal failure and is the major cause 
of death in this clinical condition, and this 
review promotes the idea of red wine or res-
veratrol usage to decrease the progression of 
atherosclerosis.

A preclinical trial investigating the reno-
protective effect of resveratrol used the 5/6th 
nephrectomy model of CKD in rats (Chander 
and Chopra, 2006). Resveratrol (5 mg kg−1)
was administered daily by gavage for 12 weeks, 
with and without nitro-L-arginine methyl 
ester (L-NAME) (10 mg kg−1), an agent that 
alters NO synthesis. Proteinuria, hyperten-
sion, renal function, glomerulosclerosis and 
urinary excretion of NO metabolites were 
analysed. Treatment of animals with resvera-
trol significantly attenuated the increase in 
systolic blood pressure, preserved the normal 
renal function, reduced the urinary protein 
excretion, increased the urinary excretion of 
NO metabolites and prevented glomerulo-
sclerosis. Co-administration of animals with 
L-nitro-arginine methyl ester along with res-
veratrol prevented the protection observed 
with resveratrol. The findings suggest that res-
veratrol exerts its renoprotective effect against 
CKD through a NO pathway. Damage to the 
renal vascular component in diabetic nephrop-
athy is one of the main causes of ESKD. 
Resveratrol was also found to attenuate high 
glucose-induced endothelial cell apoptosis in 
diabetic nephropathy, and oxidative stress, 
with the outcome of reduced renal dysfunction 
in diabetic rats (Sharma et al., 2006).

However, some resveratrol studies have 
been disappointing and further work will 
need to be performed to determine the opti-
mal therapeutic window. For example, the 
streptozotocin-induced diabetic rat model of 
CKD was used to investigate changes in 
COX1 and COX2 mRNA and protein level, 
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with and without resveratrol (Yar et al., 2010). 
These prostaglandin-synthesizing enzymes, 
especially COX2, are induced in inflammatory 
disease such as diabetes mellitus. Resveratrol 
(10 mg kg−1) was administered intraperito-
neally for 4 weeks after the induction of 
chronic diabetes. It had no significant effect on 
COX1 and COX2 mRNA and protein levels, 
thus no significant anti-inflammatory action 
in CKD. Dey et al. (2009) found that resveratrol 
had a protective effect against indomethacin-
induced gastric ulcers at a lower dose (2 mg kg−1)
and a contra-indicative effect at a higher dose 
(10 mg kg−1) in mice. The lower dose main-
tained normal COX1 levels, allowed angio-
genesis and aided healing. The higher dose 
reduced COX1, thereby significantly reduc-
ing prostaglandin E2 synthesis, a change that 
delayed healing of the ulcers.

2.4.3 Capsaicin

Skin disorders associated with CKD can 
markedly affect a patient’s quality of life and 
are a considerable cause of morbidity 
(Kuypers, 2009). Uremic pruritus, which is 
frequently encountered in patients with 
CKD, is considered to be an inflammatory 
systemic disease rather than a local skin dis-
order. Murphy et al. (2009) also describe 
‘renal itch’ as a localized or generalized itch 
where there is no primary skin disease and 
no systemic or psychological dysfunction 
that might cause pruritus, but they state that 
it does not arise from raised serum urea 
levels. Thus, the aetiology of renal itch is 
unclear. Dialysis does not reduce the pruritus. 
Whilst the definitive treatment for renal 
itch remains renal transplantation, other treat-
ment options are being sought. There is 
established and emerging evidence to sug-
gest that topical capsaicin cream may be effec-
tive for renal itch (Breneman et al., 1992; Tarng 
et al., 1996; Weisshaar et al., 2003).

2.4.4 Quercetin

Interventions for controlling development 
and progression of CKD, such as controlling 

hypertension, are being investigated. In a 
study by Peng et al. (2012), naringenin (a fla-
vanon), catechin (a flavanol), quercetin (a fla-
vonol) and rutin (a flavonol rutinoside) were 
used in rats in a model of CKD. Results indi-
cated quercetin to be the most effective 
therapeutic candidate with respect to CKD 
(improved serum creatinine, glomerular 
amyloidosis, collagen deposition, and expres-
sions of TNFa, cleaved caspase-3 as a meas-
ure of apoptosis, transcription factors and 
serum insulin) and hypertension and cardiac 
pathologies (haematocrit and erythrocyte 
depletion in bone marrow, aortic calcification). 
However, quercetin only partially restored 
GFR and blood urea nitrogen, uric acid, albu-
minuria, serum cholesterol and triglyceride, 
and only partially ameliorated oxidative stress 
(malondialdehyde, superoxide dismutase as 
biomarkers). Quercetin was completely effec-
tive in ameliorating apoptosis (reduced cas-
pase-3 cleavage), but only partially effective 
in suppressing pro-apoptotic proteins Bax and 
Bad, and restoring anti-apoptotic Bcl-2.

2.4.5 Genistein

Intracellular levels of the inflammatory 
cytokines TNFa, IL-6 and IL-10 in monocytes 
are indistinguishable between haemodialysis 
patients and healthy controls. However, 
monocytes from haemodialysis patients are 
selectively primed for enhanced TNFa secre-
tion in response to lipopolysaccharides. The 
selective inhibition of monocyte TNFa pro-
duction by the isoflavone genistein may 
explain an anti-inflammatory action of this 
phytochemical observed in experimental ani-
mals. Asmis et al. (2006) incubated whole 
blood and isolated mononuclear cells from 
haemodialysis patients and healthy control 
subjects with genistein and stimulated with 
lipopolysaccharides. These induced a robust 
TNFa response in both whole blood and 
monocytes, and an increase in IL-6 in whole 
blood. Genistein did not inhibit IL-6 forma-
tion and did not alter basal TNFa, but did 
block lipopolysaccharide-induced TNFa for-
mation, ultimately resulting in lower TNFa
levels than controls.
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2.4.6 Combination phytotherapies

It is unlikely, given the complexity of CKD 
pathogenesis, that a single phytochemical 
will be effective in slowing or stopping the 
disease progression, and multiple phyto-
chemicals may be needed. There is growing 
evidence that dietary phytoestrogens have a 
beneficial role in CKD. Velasquez and 
Bhathena (2001) reviewed recent findings 
from dietary intervention using combination 
phytochemicals. This group had found that 
consumption of soy-based protein rich in iso-
flavones and flaxseed rich in lignans retarded 
the development and progression of CKD 
(Velasquez et al., 2003). Wang et al. (2012) 
compared more than 500 Stage 3 CKD 
patients with primary glomerulonephritis 
treated with Traditional Chinese Medicine 
(TCM), the ACEi benazepril, or TCM com-
bined with benazepril. The TCM contained 
one of four treatments, depending on the 
patient’s needs: (i) replenishing qi and blood 
decoction with addition and subtraction 
based on the classic Dang Gui Bu Xue decoc-
tion: Astragalus membranaceus, Pesudostellariae
spp., Angelica sinensis, Fructus ligustri lucidi; 
(ii) promoting blood flow decoction for the 
treatment of blood stasis in the kidney with 
addition and subtraction based on the classic 
Xia Yu Xue decoction: Salvia miltiorrhizae, 
Semen persicae, Herba centellae, Rhizoma rhei; 
(iii) expel wind-evil and remove wetness decoc-
tion for the treatment of wind-dampness 
interfering in the kidney with addition and 
subtraction based on the classic Fang Ji 
Huang Qi decoction: Tripterygium wilfordii, 
Stephania tetrandrae, Euonymi ramulus; and (iv) 
clearing heat and dissipating dampness 
decoction for the treatment of patterns of 
endoretention of damp heat with addition 
and subtraction based on the classic Tu Fu 
Ling decoction: Polygoni cuspidate, Coptidis, 
Smilacis glabrae and Serissa serissoides. Patients 
were followed up for 24 weeks and GFR, 
serum creatinine, proteinuria and haemoglo-
bin monitored. The primary endpoint was the 
time to 50% of the increased serum creatinine, 
ESKD, or death. TCM, with and without 
benazapril, maintained or improved renal 
function, whilst benazapril by itself only 
reduced proteinuria. Side effects in the TCM 

group (dry cough, hyperkalaemia) were the 
lowest in these groups. This suggests that 
benazepril combined with TCM may have a 
synergistic advantage in the treatment of CKD.

2.5 Other Medicinal Herbs in 
Development as Therapies for CKD

2.5.1 Astragalus membranaceus
and Angelica sinensis

A plant extract with promising antifibrotic 
activity, derived from the roots of Astragalus
membranaceus and Angelica sinensis (A&A), 
has been identified (Wojcikowski et al., 2010). 
These plants have been used in TCM as 
potent renal and cardiovascular therapies for 
hundreds of years. A model of renal fibrosis 
(unilateral ureteral obstruction/UUO) was 
used in rats with aqueous-ethanol extract 
(A&A), or the ACEi enalapril (in drinking 
water), or with a combination of both treat-
ments. Enalapril or A&A, individually, were 
antifibrotic. The pro-fibrotic growth factor, 
transforming growth factor-beta1 (TGFb1)
and pro-inflammatory TNFa were reduced, 
along with myofibroblast activation, collagen 
deposition, macrophage accumulation and 
tubular cell apoptosis. Importantly, the com-
bination of the two treatments was signifi-
cantly more effective than enalapril alone in 
reducing renal fibrosis. Other studies investi-
gating the mechanisms by which A&A exert 
their antifibrotic effects have suggested A&A 
may reduce pro-fibrotic growth factors such 
as TGFb1 (Zhao et al., 2004), osteopontin 
(Zhao et al., 2002), ROS and c-Jun N-terminal 
kinase activity (Wang et al., 2004). A&A also 
appears to enhance microcirculation of the 
kidneys by decreasing arginine vasopressin, 
enhancing the expression of the vasoactivator 
NO, and enhancing the expression and activ-
ity of NO synthase (Meng et al., 2007).

2.5.2 Rhubarb (Rheum spp.)

There is some scientific evidence to support 
the traditional Chinese use of the roots of rhu-
barb for treatment of disorders involving 
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inflammation, hypertension, hyperlipidae-
mia and renal failure (Wojcikowski et al.,
2004b, 2006). A series of experiments was car-
ried out to test the efficacy of rhubarb extract 
on rats with adenine-induced renal failure. 
The aqueous extract of rhubarb, administered 
orally to rats after the induction of renal fail-
ure, lowered blood urea nitrogen and serum 
creatinine in a dose-dependent manner when 
compared to the controls. Zhang and El Nahas 
(1996) tested the efficacy of rhubarb in a sub-
total nephrectomy model of CKD with or 
without rhubarb. Rats consuming rhubarb 
extract in their drinking water (750 mg kg−1

day−1) had significantly less proteinuria and 
less glomerulosclerosis than rats without rhu-
barb extract. A few, basically flawed, clinical 
trials have been performed to determine the 
efficacy of rhubarb. The results can only be 
used to support further clinical trials. In a 
small study of 30 patients with moderate to 
severe CKD, the combination of Captopril 
(25 mg, three times daily) and rhubarb extract 
(6–9 g day−1) induced a non-significant impro-
vement in renal function by normalizing 
blood urea nitrogen and serum creatinine 
(Zhang et al., 1990). An uncontrolled observa-
tional study of 50 inpatients suffering from 
CKD was also carried out (Kang et al., 1993). 
The therapy was complex and included small 
doses of diuretics and hypertension pills for 
3 months, but the main therapy was a decoc-
tion of 10 g rhubarb, 20 g dandelion (Taraxacum 
officinale) and 30 g oyster shell, administered 
orally or by retention enema. In the 1–3 year 
follow-up, blood urea nitrogen of 37 patients 
dropped from an average of 35 to 17.56 mmol l−1.
The 13 remaining cases needed to be switched 
to full conventional therapy, seven with suc-
cessful dialysis treatment and six died from 
complications of renal failure. Diarrhoea was 
also a complication of the therapy.

2.5.3 Salvia miltiorrhiza root 
and magnesium lithospermate B

Yokozawa et al. (1989) isolated and identified 
some of the active compounds from the root 
of Salvia miltiorrhiza. The compound mag-
nesium lithospermate B (MLB), a tetramer of 
caffeic acid, was found to be the most effective 

constituent, the action at a dose of 20 mg kg−1

corresponding to that of the aqueous whole 
root extract at a dose of 300 mg kg−1. A single
i.p. dose administered to rats with adenine-
induced renal failure significantly increased 
the GFR in a dose-dependent manner. The 
same researchers had previously found that 
root extracts of S. miltiorrhizae (100 mg kg−1

day−1) in rats with adenine-induced renal fail-
ure increased GFR by 50% and renal blood 
flow by 40% when compared to the rats with 
no treatment. The mechanism by which MLB 
acts in renal failure may include protection 
from oxidant injury. Restoration of super-
oxide dismutase and catalase activities, and 
inhibition of ROS, was found with MLB 
treatment.

2.5.4 Polyherb Sairei-to

Polyherb Sairei-to (ST) is a combination of 
12 herbs that has been traditionally been used 
in Japan for renal diseases. ST ameliorated renal 
damage and reduced urinary N-acetyl-beta-
D-glucosaminidase and protein excretion in 
an animal model of gentamicin nephrotoxic-
ity in which rats were fed with or without a 
diet containing 2.5% ST. These benefits may 
have been due to the antioxidant actions of 
ST, given that gentamicin exerts renal tubular 
toxicity via enhanced generation of superox-
ide anion and the hydroxyl radical. ST has 
similarly proved to be beneficial in a subtotal 
nephrectomy model of CKD, whereby ani-
mals administered 2.5% ST in their food had 
lower blood pressure, reduced renal damage, 
decreased protein excretion and greater effer-
ent arteriolar dilation when compared to the 
untreated rats. However, Satoh et al. (1995) 
found no benefit of ST, alone or in combina-
tion with enalapril, on survival following 
subtotal renal ablation in male Wistar rats.

2.6 Oxidation – Molecular Target 
for Phytochemicals

The use of phytochemicals as a source of 
antioxidants to combat oxidation warrants 
attention. Wojcikowsji et al. (2007) recently 
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compared the in vitro antioxidant capacity of 
55 medicinal herbs, and prioritized them for 
preclinical studies of the value of herbal ther-
apies in the treatment of renal disorders. They 
used the oxygen radical absorbance capacity 
(ORAC) method and a sequential multisol-
vent extraction process. The herbs were 
selected for their traditional use in kidney or 
urinary system disorders, or because they 
have attracted the attention of recent inves-
tigations into renal pathologies. Twelve of 
the 55 herbs had ORAC levels comparable 
to plants known to have high antioxidant 
properties. The highest radical-scavenging 
activity was found in Olea europaea (olive 
leaf), Cimicifuga racemosa (black cohosh), 
Rheum palmatum (rhubarb), Glycyrrhiza glabra
(liquorice) and Scutellaria lateriflora (Virginia 
skullcap). These authors concluded that the 
antioxidant capacity of many of the herbs 
studied may, at least in part, be responsible 
for their reputation as being protective of 
organs of the urinary system.

In a recent review (Firuzi et al., 2011), 
the efficiency of antioxidants in preventing 
and treating various human diseases was 
reported. Apart from a few therapies, includ-
ing some phytochemicals, they record little 
acceptance of antioxidants for clinical use. 
Ones that have been used are: edaravone (for 
ischaemic stroke in Japan); N-acetylcysteine 
(for acetaminophen toxicity); alfa-lipoic acid 
(for diabetic neuropathy); and some flavo-
noids, such as micronized purified flavonoid 
fraction (diosmin and hesperidin) and 
oxerutins (for chronic venous insufficiency) 
as well as baicalein and catechins (for osteoar-
thritis). One problem they discuss is the reli-
ance of clinical trials on antioxidant vitamin 
supplements, and the disappointing outcomes 
from clinical trials. They indicate a need for 
trials of more disease-specific, target-directed, 
highly bioavailable antioxidants.

Diabetes mellitus is characterized by 
hyperglycaemia, lipidaemia and oxidative 
stress and predisposes affected individuals 
to long-term complications afflicting the 
eyes, skin, kidneys, nerves and blood vessels 
(Elosta et al., 2012). Increased protein glyca-
tion and the subsequent build-up of tissue 
AGE contribute towards the pathogenesis of 
diabetic complications. Glycation-derived free 

radicals can damage proteins, lipids and 
nucleic acids and contribute towards oxida-
tive stress in diabetes. There is interest in 
compounds with antiglycation activity as 
they may offer therapeutic potential in delay-
ing or preventing the onset of diabetic com-
plications. Data for 42 plants/constituents 
studied for antiglycation activity was pre-
sented, and some commonly used medicinal 
plants that possess antiglycation activity are 
described including their active ingredients, 
mechanism of action and therapeutic potential.

2.7 The Growing Problem of Anaemia 
in CKD Patients

CKD is closely linked with excessive cardio-
vascular disease (CVD) and increased mor-
bidity and mortality (Eknoyan, 2001). Anaemia 
is common among CKD patients and greatly 
contributes to adverse patient outcome, with 
low haemoglobin levels in such patients 
increasing risk for progression of CKD and 
associated CVD. Clinical trials of anaemia 
treatment with erythropoiesis stimulating 
agents (ESA), such as recombinant human 
erythropoietin and its analogues, have dem-
onstrated improved quality of life but have 
not demonstrated improved CKD and CVD 
outcome. In some trials, treatment with ESA 
was associated with worse outcomes, such as 
increased thrombosis, and in a few cases there 
appeared to be increased risk of cancer devel-
opment. The use of ESA for treatment of 
anaemia in CKD is common but not without 
risks to patient health (Nangaku and Eckardt, 
2006), and an alternative or adjunct therapy 
for anaemia in CKD is needed.

Some phytochemicals have been repor-
ted as having erythropoietin-like actions. 
Zheng et al. (2010) reported that danggui 
buxue tang (DBT), a Chinese medicinal decoc-
tion that is commonly used as a haematopoi-
etic medicine to treating woman menopausal 
irregularity, contains Astragalus membrana-
ceus and Angelica sinensis. Pharmacological 
results indicate that DBT can stimulate the 
production of erythropoietin in cultured kid-
ney cells, via the hypoxia-inducible factor-1a
pathway. Other similar reports are available. 
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Nakamoto et al. (2008) reported that juzen-
taiho-to (TJ-48), a mixture of extracts from 
ten medicinal herbs that has been used tradi-
tionally to treat patients with anaemia, ano-
rexia, or fatigue, was effective in improving 
erythropoietin-resistant anaemia in ESKD 
patients. However, this effect was at least in 
part due to the anti-inflammatory effect of 
TJ-48 in patients on haemodialysis.

2.8 Nephrotoxicity of 
Phytochemicals

Nephrotoxicity is a potential complication of 
any human disease therapy. As for other 
drugs and chemicals, herbal extracts may 
exert renal toxicity through the inherent fil-
tering and concentrating function of the kid-
ney and also from localized renal toxicity. 
Thus, it is important to compile information 
regarding the potential toxicity of all medici-
nal herbs. The most well known of the 
nephrotoxic herbal treatments was one 
involving Aristolochia species (Wojcikowski 
et al., 2004a). In 1991, a number of relatively 
young women presented with renal failure. 
All had attended the same private clinic in 
Belgium and had ingested a weight-reducing 
formula containing a mixture of several drugs 
and powdered extracts of Chinese herbs, 
including the herb Stephania tetrandra. It was 
later discovered that S. tetrandra had been 
inadvertently replaced by Aristolochia fangchi
by the manufacturers of the weight-reducing 
formula. Aristolochia fangchi contains aris-
tolochic acid, a plant alkaloid that is nephro-
toxic and carcinogenic in humans and 
animals. This alkaloid was the most likely 
cause of the renal failure, and later develop-
ment of urothelial-cell atypia and carcinoma 
(De Broe, 2012). Oxidative damage may have 
been involved in the toxicity, with the out-
come of cell necrosis and apoptosis, and pos-
sibly renal cell mutations. Other examples of 
toxic herbal therapies are reviewed by 
Wojcikowski et al. (2004a, 2009). If herbal ther-
apies are found to have some degree of toxic-
ity, the risks must be weighed against the 
benefits and decisions made regarding their 
continued availability. Strict controls on the 

presence of adulterants within herbal medicines, 
labelling of dosages and contraindications 
and manufacturing techniques must be main-
tained to ensure the safety of those consum-
ing herbal medicines. Adverse interactions 
between phytotherapies and conventional 
drugs have also been recorded. This is not 
unusual considering a high level of herbal 
use throughout the world. In a questionnaire 
of patient usage, 43% took garlic, 32% ginkgo 
biloba, 30% St John’s wort, 18% ephedre, 
12% echinacea and 10% aloe. Although many 
of these produced no unwanted outcome, 
St John’s wort repeatedly led to lowering of 
levels of the immunosuppressive drug cyclo-
sporine in transplant patients (Ernst, 2002). 
The success of organ transplantations was 
thus endangered and hospital costs increased.

2.9 Summary on the Benefits 
of Phytochemicals for CKD

The rise in CKD is associated with an increas-
ingly ageing population, changing diet and 
lifestyles in developed and developing 
nations, increasing obesity and smoking, 
and increasing incidence of inflammation. 
Slowing the progression of CKD throughout 
the world is a major challenge for basic sci-
ence and clinical researchers. Phytochemicals 
have some proven or suggested roles in 
reducing the incidence and progression of 
CKD. There is now an emphasis on regular 
assessment of renal health in patients over 
50 years of age. This has led to the increased 
prescription of lipid-lowering drugs like the 
statins. Rigorous investigation, with clinical 
trials, may indicate phytotherapy supple-
ments that have positive outcome in minimiz-
ing progression of CKD, through modulation 
of the causative mechanisms of the disease, 
like oxidative stress. Toxicity studies, prelimi-
nary in vivo preclinical studies and clinical tri-
als are necessary to help decide on which 
combinations of phytotherapies are appropri-
ate for use alone or with conventional thera-
pies. Such experiments are currently being 
performed in our laboratories, and should be 
encouraged and published in the scientific 
community.
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3.1 Introduction

Globally, a process known as ‘acculturation’ is 
occurring and may explain the rapid and 
alarming increase in the prevalence of diseases 
related to chronic inflammation. Acculturation 
refers to the process by which a racial or ethnic 
group adopts the lifestyle of its host group 
(Satia et al., 2001; Page, 2006). Dietary accul-
turation refers to the process by which groups 
exploring new lifestyles exclude traditional 
foods in favour of newly introduced foods 
(Satia, 2010). This usually refers to a group that 
has left its homeland and has immigrated to a 
new country; however, it is also relevant for 
areas infiltrated by other ethnic or racial 
groups or practices. Acculturation has been 
encouraged by the demographic and socio-
economic changes seen globally, which have 
brought about a decrease in food prices and 
increased access to different foods occurring 
simultaneously with a shift to lifestyles with 
less physical activity (Vorster et al., 1999; 
Popkin, 2004, 2006, 2009; Astrup et al., 2008). 
Rapid urbanization is accelerating this process 
(Solomons and Gross, 1995), especially in 
lower and middle income countries that, as a 

consequence, are witnessing a shift toward 
obesity and non-communicable diseases, such 
as various cancers (Popkin, 2004, 2006, 2009).

3.2 Overall Trends of Westernization 
and Acculturation

There have been numerous epidemiological 
studies characterizing the effects of accultura-
tion on disease prevalence. The majority of 
these studies have observed countries or 
groups that have left behind their traditional 
diet in favour of a more ‘Western’ diet. As a 
general rule, ‘Westernization’, in respect to 
diet, refers to a way of eating that has a high 
energy density with a high content of fat, 
sugary drinks and trans-fatty acids with a low 
intake of fibre-rich foods (Astrup et al., 2008). 
These trends in eating are allowing for a 
shift in the traditional patterns of disease evi-
denced globally from a historically high prev-
alence of infections and nutrient deficiencies, 
to now high rates of heart disease and cancer 
(Omran, 1971; Popkin, 1994; Posner et al.,
1994). In fact, some countries that have often 
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suffered from nutritional deficiencies with 
a high proportion of the population being 
underweight, are now suffering from high 
rates of obesity (Satia, 2010). The predication 
globally in relation to disease prevalence is 
alarming if this trend continues. It is pre-
dicted that diabetes will be a pandemic by 
2030 (Wild et al., 2004) and that 1.56 billion 
people will have hypertension by 2025 
(Kearney et al., 2005).

3.3 Country-Specific Evidence

Countries around the world have been 
adopting a Western diet along with the prev-
alence for Western diseases. Below are exam-
ples of some traditional diets and their 
disease-fighting constituents that are slowly 
being forgotten.

3.4 Okinawa

The population of Okinawa, Japan, is renowned 
for its remarkable longevity, which has been 
likely due to the traditional caloric restriction 
of this region. Even though the diet of this 
area was calorically low, it was nutrient dense 
with ample vitamins, minerals and phytonu-
trients in the form of antioxidants and flavo-
noids (Willcox et al., 2007). However, the ability 
of this regional diet to extend lifespan is 
now disappearing as younger generations 
adopt more Western styles of eating. In fact, 
the longer life expectancy now only applies 
to generations born before World War II 
(Gavrilova and Gavrilov, 2012). Before the 
war, a traditional Okinawan diet consisted of 
tofu, sweet potatoes, rice, vegetables, soy-
beans and very little meat. This type of diet is 
very anti-inflammatory (Willcox et al., 2009). 
The ample supply of antioxidants could be 
one reason Okinawa demonstrates a low rate 
of chronic diseases as multiple disease states, 
such as coronary heart disease, cancer, stroke, 
diabetes, rheumatoid arthritis, have been 
linked to inflammation (Willcox et al., 2009). 
Shortly after World War II, the Okinawan 
diet changed to no longer being low in calo-
ries but to include greater amounts of meat. 

This has resulted in a decreased life expec-
tancy and the rise of cardiovascular disease 
(Gavrilova and Gavrilov, 2012).

3.5 Inuit and Remote Alaskan 
Populations

The traditional diet consumed by Inuit and 
remote Alaskan populations had a very high 
content of fat from marine sources. Marine 
fat sources are rich in n-3 fatty acids and 
vitamin D (Receveur et al., 1997), which is 
crucial at this high latitude where sunlight 
intensity is not adequate to stimulate vita-
min D production in the skin. Despite the 
high fat content of this diet, this region has 
historically demonstrated a low prevalence 
of chronic disease. This is likely due to the 
healthy aspects of the type of fat consumed 
(Adler et al., 1994; Parkinson et al., 1994; 
Ebbesson et al., 2005). Since the 1930s, the 
import of Western foods has increased and 
has led to a decrease in hunting and fishing 
lifestyles (Bjerregaard, 2004). In fact, com-
mercial foods now account for up to 76% of 
caloric intake for some people in western 
Alaska (Johnson et al., 2009, 2012). Thus, less 
of the fat in this region is being consumed 
from marine sources.

This dietary shift has resulted in a 
decrease in n-3 fatty acids (Deutch et al.,
2006), eicosapentaenoic acid (EPA) and doco-
sahexanoic acid (DHA) and vitamin D in the 
diet along with an increase in saturated fat 
consumption (Bersamin et al., 2008). This diet 
now closely resembles the diet consumed in 
the continental USA (Nobmann et al., 2005; 
Risica et al., 2005; Bersamin et al., 2006). Along 
with this dietary shift has come an increase in 
the prevalence of cardiovascular disease and 
co-morbidities such as obesity (Rith-Najarian 
et al., 2002; McLaughlin et al., 2004; Munch-
Andersen et al., 2012). In fact, Alaskan native 
people now have the highest increase of 
diabetes in North America (Bjerregaard et al.,
2004). A recent survey found that traditional 
foods were no longer in the top ten foods 
consumed in this region, which could explain 
the new prevalence of vitamin D deficiency 
(Sharma et al., 2009, 2010; Erber et al., 2010; 
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Hopping et al., 2010). However, individuals 
who have maintained a traditional diet con-
tinue to demonstrate lower triglyceride levels 
and higher high-density lipoprotein (HDL) 
levels, both of which would lead to improved 
glucose tolerance (Mensink et al., 1992; Adler 
et al., 1994; Hu et al., 2002; Bersamin et al., 2008), 
healthier lipid profiles (Nobmann et al., 1999) 
and less obesity (Murphy et al., 1995). Also, 
it was found that consuming one tradi-
tional food per day was adequate to 
increase vitamin D levels in this largely defi-
cient population (Kuhnlein, 2003; Kuhnlein 
and Receveur, 2007).

3.6 Grenada, Caribbean

The diet traditionally consumed on this 
island largely consisted of fish. A marine-
dominant diet like this has large amounts of 
omega-3s, EPA and DHA, all of which have 
been linked to decreased cardiovascular 
disease (Kris-Etherton et al., 2002). Not sur-
prisingly, this region has demonstrated a 
prevalence of cardiovascular disease even 
lower than that predicted by other risk fac-
tors. However, dietary patterns are shifting 
to include more red meat, poultry and fried 
foods, which is predicted to increase the prev-
alence of cardiovascular disease, especially 
in women (Block et al., 2012).

3.7 China

The Chinese diet has traditionally been low in 
fat and high in carbohydrates (Campbell and 
Junshi, 1994). The low amounts of cholesterol 
and fat consumed traditionally resulted in a 
low cardiovascular mortality rate (Critchley 
et al., 2004). However, beginning in the 1950s, 
the diet in this region began to include fewer 
carbohydrates, fruits and vegetables and 
more overall calories, meat, alcohol and fat 
(Drewnowski and Popkin, 1997; Zhang et al.,
2008). This Westernization has resulted in an 
increase in the prevalence of obesity and 
hypercholesterolaemia (Yang et al., 1999; Yu 
et al., 2000; Cheng, 2004; Gu et al., 2005; Jiang 
et al., 2007; Li et al., 2007; Zhang et al., 2008). 

In fact, the prevalence of obesity in adults 
has increased by 97% in the past decade (Liu 
et al., 2007). As obesity is associated with car-
diovascular disease, it is no surprise that in 
2005, one-third of all deaths were due to 
heart disease and this is expected to double 
by 2020.

3.8 Japan

The traditional Japanese diet included fish, 
rice with salt and soybeans in various forms 
along with a low amount of fat (Drewnowski 
and Popkin, 1997; Sonoda et al., 2004). The 
prevalence of soybeans ensured a high con-
sumption of dietary isoflavones (Adlercreutz 
et al., 1993). However, after World War II, 
Japan experienced accelerated economic 
growth (Drewnowski and Popkin, 1997), 
which was accompanied by dietary changes. 
The Japanese diet now is rich in sugar and fat 
(Lands et al., 1990). From the 1940s to the 
1980s, the fat in this diet increased three-fold 
due to the introduction of oil fat, meat, 
chicken, milk and eggs. This was accompa-
nied by a reduction in healthy fats from foods 
such as sardines and mackerel (Drewnowski 
and Popkin, 1997). This has resulted in 
an increase in serum total cholesterol for 
Japanese children and adults and a new prev-
alence of chronic diseases that were not 
historically demonstrated. For example, the 
incidence of prostate cancer (Sonoda et al.,
2004), type 2 diabetes (Yoon et al., 2006), breast 
cancer (Porter, 2008) and obesity have all 
been attributed to the Westernization of the 
Japanese diet.

3.9 Mediterranean

Although it is difficult to characterize a tradi-
tional Mediterranean diet due to diversified 
eating patterns, as a whole, the eating style of 
this region has been linked to health and lon-
gevity. Despite the varied foodstuffs found in 
this region, certain foods are ubiquitous, such 
as medium unsaturated fatty acids (MUFA) 
from olive oil (Menotti et al., 1999; Tunstall-
Pedoe et al., 1999), vegetables, fruits, nuts, 
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cereal, seafood and legumes (Trichopoulou 
et al., 2009). The healthy aspects of this diet 
are apparent in the number of books avail-
able that tout the Mediterranean diet as 
being ideal for weight loss and heart dis-
ease prevention. The Mediterranean diet 
has been linked to a reduced risk for cardio-
vascular mortality, low cancer incidence 
and mortality (Trichopoulou et al., 2003), 
a reduced risk of heart attack, lower heart 
disease biomarkers (Panagiotakos et al., 
2006) and a beneficial effect on the inci-
dence of Alzheimer’s disease and dementia 
(Scarmeas et al., 2006). Unfortunately, like 
many other traditional diets, it is no longer 
being consumed in the region in which it 
originated (Bonaccio et al., 2012).

3.10 Phytochemical Depletion 
and Risk for Cancer and Other 

Chronic Diseases

Acculturation, or the adaption of a migrant 
population to the habits and mores of their 
new homeland, figures prominently in the 
concept known as ‘phytochemical depletion’. 
As populations adopt the dietary patterns of 
their new homeland, especially in the transit 
from the developing world to the developed, 
a casualty of this process is the decrease in the 
intake of anti-inflammatory fruits and vege-
tables. It is illustrative to examine what has 
happened in a country with an epidemic of 
chronic inflammatory disease since early in 
the past century: the USA.

In the early 1900s, life in the USA was pri-
marily agrarian due to the vegetable and fruit 
growing of early pioneers and the kitchen gar-
den was a frequent fixture in rural America. 
People ate locally due to availability. After 
World War II, intake of fruits and vegetables 
started to decline due to their scarcity during 
the war years. This was accompanied by the 
introduction of preserved, processed and 
‘fast’ foods. In the 1950s, demographic shifts 
were well underway from rural areas to cities 
with populations no longer dependent on 
farm produce or local gardens for their daily 
meals (Goldman, 2003). As a consequence, the 
American diet changed markedly. Cereal 

grains, meat, poultry and shellfish displaced 
fruit and vegetable intake. With this shift, 
a change in the patterns of eating ensued. 
Since the 1950s, portion sizes have increased 
and have been accompanied by a greater ten-
dency to eat out. This increase in consumption 
occurred at the same time as a decrease in the 
time spent in physical activity.

To illustrate the concept of phytochemi-
cal depletion and its role in chronic inflam-
matory disease prevalence, an examination of 
fruit and vegetable intake in recent years in 
the USA is revealing. The US Department of 
Health and Human Services, in its Healthy 
People 2010 report, advised that the average 
daily intake of servings of fruits and vegeta-
bles be increased to three or more servings. 
Only 32% of adults consume two or more 
servings a day and only 26% of adults con-
sume greater than three servings despite 
massive campaigns to raise awareness by the 
federal government and other health agen-
cies (Erovic et al., 2010). According to a recent 
analysis by the Centers for Disease Control 
and Prevention (CDC) using data from the 
Behavioral Risk Factor Surveillance System, 
the US population is falling well short of the 
recommendations for fruit and vegetable 
intake. When one examines fruit and vegeta-
ble intake across the last several decades in 
the USA, it is clear that consumption has flat-
lined from 1994 to 2004 according to data 
from the National Cancer Institute (Services, 
2012). When examining intakes in younger 
people, the trends are even more alarming. 
Between 1994 and 2004, a study from the 
University of Minnesota showed that fruit 
and vegetable intake dropped almost a serv-
ing among boys and girls transiting from 
early to middle adolescence and in youths 
entering late adolescence (Larson et al., 2007). 
Adequate to robust levels of fruits and vege-
tables in the diet are associated with lower 
risk of mouth, pharynx, larynx, oesophagus, 
stomach, lung and colon cancers. In the con-
stellation of inflammatory-driven diseases, 
people with robust intakes of fruits and veg-
etables are at lowered risk for diabetes, heart 
disease and high blood pressure.

Despite the high availability of fruits and 
vegetables in this country, it is disconcerting 
to see no positive movement to increase 
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consumption of these foods with disease-
preventing compounds. To understand the 
unintended consequences of not consuming 
these healthy foods, one can examine popula-
tions that have immigrated to the USA and 
undergone the process of acculturation. One of 
the fastest growing Asian-American groups in 
this country are Korean immigrants. In a study 
of 486 Korean Americans in the New York 
City area, it was found that members of this 
population who underwent rapid accultura-
tion consumed more sweets, grains, cereals, 
certain meats and soft drinks as compared 
to those who were slower to acculturate 
(Kim and Chan, 2004). Another association 
with diet change, acculturation and chronic 
inflammatory disease can be observed in the 
Latino population where it is observed that 
length of time spent in the USA is propor-
tional to poor health outcomes (Hazuda et al.,
1991). Of great interest is a study of current 
refugees from war-torn Liberia and Somalia 
who have immigrated to the USA. These refu-
gees reported that in their homeland, greater 
than 92% of their caloric intake came from 
vegetable foods as compared to their diet in 
the USA where only 72% of the caloric intake 
is from vegetables. A notable claim from these 
populations is the complaint that the cost of 
fresh fruits and vegetables is just too high 
(Patil et al., 2009).

3.11 Phytochemicals Associated 
with Prevention

The scope of this chapter does not allow for 
the discussion of all phytochemicals and 
their abilities to prevent disease. Below are a 
few highlighted food products rich in health-
promoting phytochemicals. Numerous ani-
mal studies support the findings described 
below, but only human studies will be focused 
on in this chapter.

Cruciferous vegetables, such as broccoli, 
cabbage and cauliflower, contain glucosi-
nolates (Drewnowski and Gomez-Carneros, 
2000), which are broken down into indoles and 
isothiocyanates (Holst and Williamson, 2004). 
These active ingredients have shown through 
epidemiological studies and case-controlled 

trials that they have the ability to prevent the 
development of various diseases, especially 
cancer. A review published in 1996 found that 
67% of studies had demonstrated an inverse 
association between cancer risk and crucifer-
ous vegetable consumption (Verhoeven et al., 
1996). The consumption of cruciferous vegeta-
bles more than three times per week was asso-
ciated with a reduction in lung cancer risk in 
Dutch men and women (Voorrips et al., 2000b) 
and Finnish men (Neuhouser et al., 2003). 
Broccoli and Brussels sprouts were able to 
enhance urinary extraction of a possible car-
cinogen associated with well-done meat, sug-
gesting that cruciferous vegetables could help 
eliminate potential carcinogens from the body 
(Walters et al., 2004). A Dutch study found that 
adults with high cruciferous vegetable con-
sumption were less likely to develop colon 
cancer as compared to those with a low intake 
of these vegetables (Voorrips et al., 2000a). It 
was found in the USA, Sweden and China, 
that women diagnosed with breast cancer had 
consumed less cruciferous vegetables as com-
pared to cancer-free controls (Terry et al., 2001; 
Fowke et al., 2003; Ambrosone et al., 2004). 
This correlation was also demonstrated in 
studies looking at prostate cancer (Jain et al., 
1999; Cohen et al., 2000; Kolonel et al., 2000; 
Joseph et al., 2004).

Green tea contains active ingredients 
such as catechins, proanthocyanidins and 
flavonols, which have all been associated 
with preventing various diseases. The con-
sumption of green tea has been linked to 
modulating cholesterol, encouraging weight 
loss and preventing cancer. A meta-analysis 
of 133 randomized control trials concluded 
that green tea consumption was able to 
reduce LDL cholesterol (Hooper et al., 2008). 
A meta-analysis investigating green tea and 
weight loss found that green tea catechins 
plus caffeine were able to promote weight 
loss and maintenance (Hursel et al., 2009). It 
has been shown in numerous studies that 
green tea has the ability to prevent cancer 
development. The majority of these studies 
were conducted in Asian countries where 
green tea consumption is common. A study in 
the Jiangsu province of China found that 
alcoholics and cigarette smokers who drank 
green tea had a reduction in their risk of 
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stomach and oesophageal cancer develop-
ment (Wang et al., 1999). The protective effects 
of green tea against stomach and oesopha-
geal cancers were also demonstrated in non-
alcoholics and non-smokers (Sasazuki et al., 
2008). Green tea consumption has been asso-
ciated with a reduced risk of breast cancer 
(Dai et al., 2010), epithelial ovarian cancer 
(Larsson and Wolk, 2005) and prostate can-
cer (Jian et al., 2004; Bettuzzi et al., 2006). 
A Chinese study found that women with 
established ovarian cancer who drank green 
tea actually had a longer survival than 
women with ovarian cancer who did not 
consume green tea (Zhang et al., 2004).

Soy products have been associated with 
the ability to prevent numerous diseases. One 
meta-analysis found that soy protein was 
able to reduce cholesterol (Anderson et al.,
1995) and this was supported by another 
study, which found soy was able to reduce 
cholesterol even in healthy individuals with a 
normal cholesterol level prior to intervention 
(Cassidy et al., 1995). This hypocholesterolae-
mic effect might be one of the reasons that 
the consumption of phytoestrogens, such as 
those found in soy products, has been linked 
to lower rates of cardiovascular disease (Keys 
et al., 1984). Since the first study to demon-
strate that genistein, an active ingredient in 
soy products, was able to increase nitric oxide 
dilation (Walker et al., 2001), more than 
50 trials have been released investigating the 
efficacy of other food products with isofla-
vones (Howes et al., 2006; Lethaby et al., 2007). 
The increase in nitric oxide dilation would 
also serve to reduce cardiovascular disease. 
As phytoestrogens are one of the active 
ingredients in soy, studies have examined 
correlations between soy consumption and 
oestrogen-related symptoms and diseases, 
such as side effects associated with menopause 
and cancers due to high levels of oestrogen. 
Acase-control study found a reduction in breast 
cancer risk due to phytoestrogen consump-
tion for both pre- and post-menopausal women 
(Ingram et al., 1997). The phytoestrogens in 
soy have also shown to reduce menopause-
associated hot flushes (Lock, 1991). Soy was 
first linked to improving bone density in 
post-menopausal women in 1998 (Potter et al.,
1998). Since then, more than 30 similar trials 

have been published (Ma et al., 2008; Liu 
et al., 2009). One study focused on post-
menopausal women with high cholesterol 
and found that women taking a soy protein 
with high isoflavone concentration had sig-
nificant increases in bone mineral density and 
bone mineral content in their lumbar spines 
as compared with women taking a soy pro-
tein with moderate isoflavone content or 
casein non-fat dry milk (Potter et al., 1998). 
Soy has also shown the ability to decrease 
the risk of cancer development in men. Asian 
populations have a low incidence of prostate 
cancer and this has been linked to phy-
toestrogen consumption (Adlercreutz et al., 
1991). This population also demonstrates 
lower levels of 5a-reductase activity, which 
has also been linked to prostate cancer pro-
motion and progression (Ross et al., 1992). 
Interestingly, Japanese men who migrate to 
America develop the same prostate cancer 
incidence within one or two generations as 
Americans, thus ruling out genetic predis-
positions to cancer development (Kolonel 
et al., 1985).

Few human studies have been con-
ducted on the ability of ginger to prevent dis-
ease development or progression. Ginger is 
typically associated with reducing nausea. 
This is likely due to its role in accelerating 
gastric emptying and antral contractions 
(Wu et al., 2008). This mechanism is similar to 
that of other pharmaceutics, such as metoclo-
pramide, which are used to treat nausea 
(Dennehy, 2011). In ten randomized control 
trials, ginger was compared to a placebo, 
vitamin B6 or dimenhydrinate in its ability to 
reduce nausea. Ginger was found to be more 
effective than placebo (Borrelli et al., 2005; 
Ozgoli et al., 2009), equal or more efficacious 
as compared to vitamin B6, and equal in effi-
cacy to dimenhydrinate (Fischer-Rasmussen 
et al., 1991; Borrelli et al., 2005; Chittumma 
et al., 2007; Pongrojpaw et al., 2007; Ensiyeh 
and Sakineh, 2009; Ozgoli et al., 2009). 
Although ginger is most known for its antin-
ausea effects, it has also been investigated for 
its ability to reduce coronary artery disease. 
For example, in patients with coronary artery 
disease, ginger powder was shown to signifi-
cantly reduce platelet aggregation (Bordia 
et al., 1997).
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Garlic has been studied for its abilities to 
modulate cholesterol, improve heart disease 
and prevent cancer development. Two reviews 
concluded that garlic is able to reduce total 
cholesterol and triglycerides (Warshafsky 
et al., 1993; Silagy and Neil, 1994). A double-
blind placebo-controlled randomized study, 
which occurred after the above review was 
published, found that garlic powder was able 
to decrease both total and LDL cholesterol 
(Sobenin et al., 2010). Another study supported 
these findings and found that garlic could 
also increase in HDL cholesterol in individu-
als with hypercholesterolaemia (Durak et al.,
2004; Mahmoodi et al., 2006; Sobenin et al.,
2008). Hypertensive adults taking oily macer-
ate of garlic experienced reductions in total 
and LDL cholesterol as well as in their triacyl-
glyceride levels (Duda et al., 2008). Garlic has 
been shown to be heart-healthy due to its 
ability to improve cardiovascular parameters. 
The intake of only one clove of garlic daily for 
16 weeks was able to reduce serum throm-
boxane B2 by 80% (Ali and Thomson, 1995). 
A randomized, placebo-controlled, cross-over 
study demonstrated that aged garlic extract 
was able to improve brachial artery flow-
mediated endothelium-dependent dilation 
(Williams et al., 2005). Garlic oil over a 2 month 
period improved both systolic and diastolic 
blood pressure in individuals with hyperten-
sion (Dhawan and Jain, 2004). Garlic oil was 
also shown to reduce the oxidation of LDL, 
a precursor step to atherosclerosis, and reduce 
8-iso-prostaglandin F2 alpha levels while 
decreasing both systolic and diastolic blood 
pressure in hypertensive patients (Dhawan 
and Jain, 2004). A decrease in oxidized LDL 
by garlic was supported in at least two other 
studies (Duda et al., 2008; Budoff et al., 2009). 
Data also suggest that garlic intake can reduce 
cancer risk. Those with a high intake of garlic 
have shown to have a decreased risk of colo-
rectal, stomach and gastric cancer develop-
ment (Fleischauer and Arab, 2001; Li et al.,
2004; Millen et al., 2007). High dose garlic was 
also able to reduce the size and number of 
colon adenomas in individuals with colorec-
tal adenomas or precancerous lesions (Tanaka 
et al., 2006).

Various forms of pomegranate have been 
used in clinical trials to test its effect on 

chronic illnesses. The illnesses that pome-
granate or some form of the fruit or extracts 
affect range from cancer to heart disease and 
blood pressure. In a clinical trial where the 
46 male volunteers had recurrent prostate 
cancer, 35% of them showed a significant 
decrease in PSA (prostate specific antigen) 
when treated with 8 ounces of pomegranate 
juice (Pantuck et al., 2006). Pomegranate is 
a heart-healthy fruit with many beneficial 
cardiovascular effects. Pomegranate juice 
intake is associated with a reduction in myo-
cardial ischaemia and improved myocardial 
perfusion in patients with coronary heart dis-
ease (Sumner et al., 2005). Pomegranate juice 
consumption also reduced systolic blood 
pressure as related to hypertension (Stowe, 
2011). Another pilot study involving 22 type-2 
diabetic patients treated with 40 g of con-
centrated pomegranate juice for 8 weeks 
showed significantly decreased levels of total 
cholesterol (Esmaillzadeh et al., 2006). Clinical 
research involving pomegranate has also 
shown promise for dietary weight manage-
ment. A pomegranate seed oil composite has 
been found to reduce body weight, waist 
circumference and liver fat content in obese, 
non-diabetic women with non-alcoholic fatty 
liver disease as well as in women with a nor-
mal liver (Abidov et al., 2010).

Much of the research done on chilli is 
with its active compound, capsaicin. Capsaicin 
is what gives the chilli peppers their spice. 
The research surrounding chilli peppers and 
their preventative properties is limited to its 
use as a protective agent against ulcers. 
Capsaicin proved to be protective against gas-
troduodenal mucosal injury in response to 
aspirin in healthy individuals (Yeoh et al., 
1995). In low concentrations, applied intra-
gastrically, capsaicin was protective against 
ethanol- and indomethacin-induced gastric 
injury in a prospective study of 84 healthy vol-
unteers (Mozsik et al., 2005).

The clinical applications of assessing 
fruit for use in disease prevention separates 
citrus fruits from all others based on the pres-
ence of citrus flavones. The citrus flavones are 
commonly lumped together, but they include 
hesperidin, quercitin, tangeritin and rutin. 
The antioxidant properties of these com-
pounds are what make citrus fruits a target 
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for dietary prevention. Citrus flavones, found 
in grapefruit, tangerines, oranges and lemons 
are shown in epidemiological studies to be 
inversely associated with the risk for coro-
nary heart disease (Joshipura et al., 2001). 
A high intake of citrus fruits is also inversely 
associated with breast cancer risk. When the 
consumption of all fruits is taken into consid-
eration, a similar association is not seen 
(Bao et al., 2012). Citrus fruit intake is associ-
ated with decreased risk for heart disease 
and breast cancer; however, some clinical 
studies involving citrus flavones are not con-
clusive. Some studies report a decrease in 
cholesterol with an increased intake of citrus 
fruits while others do not. Specifically, grape-
fruit improved the blood pressure of those 
who ate grapefruit every day for 6 weeks but 
it had no effect on weight or lipid profiles 
(Dow et al., 2012). More research is needed in 
order to make a conclusive argument as to 
what effect citrus fruits have on cholesterol. 
Ultimately, citrus fruits do show promise as 
preventive agents for chronic disease.

3.12 Concluding Remarks

The world is awash in acculturation. As the 
economies of developing nations improve, 
a headlong rush to adopting lifestyles of 
prosperous nations has been associated 
with a replacement of anti-inflammatory and 
cancer-preventive elements from plant foods 
with energy dense pro-inflammatory factors. 
Current projections are the global risk for 
cancer and other chronic inflammatory dis-
eases will heavily impact populations in the 
developing world and, as in the USA, make 
unprecedented demands on already over-
taxed healthcare systems. The only reasona-
ble remedy is to underscore the importance of 
research showing that phytochemicals are a 
major deterrent to pro-inflammatory disease. 
Traditional diets should not be abandoned 
and we must learn from other cultures, adopt 
dietary practices associated with lesser risk, 
and incorporate new scientific knowledge 
into altering current dietary practices, begin-
ning at an early age of life.
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4.1 Introduction

With the rapid advances made over the last 
two decades in biomedical research, there has 
been an unprecedented interest in unravel-
ling the magical properties of some com-
monly used natural products. Consequently, 
a wide variety of natural products are under 
scrutiny for their clinical potential, both in 
terms of disease prevention and treatment. 
Resveratrol, a phytoalexin, found in grapes 
and wines, exhibits a wide range of pharma-
cological properties and plays an important 
role in the prevention of human cardiovascu-
lar disease. The history of resveratrol dates 
back to the early 1990s when epidemiological 
investigations showed that the incidence of 
myocardial infarction in France is only one-
third of that in the USA, despite the presence 
of equally prevalent cardiovascular risk fac-
tors, exemplified by high fat intake, lack of 
exercise and heavy cigarette smoking. This 
phenomenon, commonly referred to as the 
‘French paradox’ (Alarcón de la Lastra et al.,
2006), has been attributed to the regular con-
sumption of red wine at meals by the French 
and further implies that mild or moderate 
consumption of red wine could reduce the 
mortality and morbidity of atherosclerosis 

and coronary heart disease (CHD) (Das and 
Maulik, 2006). This beneficial effect is increas-
ingly attributed to the polyphenol resveratrol 
that is present in red wine. A volume of 1 l red 
wine contains 1.5–3 mg resveratrol.

Resveratrol (Fig. 4.1) is a natural com-
pound belonging to stilbenes and is made 
only by certain plants classified as spermato-
phytes. It is a phytoalexin, an antimicrobial 
compound synthesized by plants in response 
to injury and infection. In particular, it is 
made in response to fungal infection and 
exposure to UV light and ozone.

Resveratrol (3,5,4¢-trihydroxystilbene) was 
first isolated from the roots of white helle-
bore (Veratrum grandiflorum O. Loes) in 1940 
(Takaoka, 1940) and later in 1963 from the 
roots of Polygonum cuspidatum, a plant used 
in traditional Chinese and Japanese medi-
cine (Nonomura et al., 1963). Later on, in 
1976, resveratrol was discovered in grapes, 
and in 1992 resveratrol was also identified 
in wine.

Resveratrol is trans-stilbene that under-
goes isomerization under ultraviolet (UV) 
radiation. It is the trans form of resveratrol 
that has been shown to display a much 
broader spectrum of pharmacological activity 
than its cis isomer. Stilbenes, in particular 
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trans-resveratrol and its glucoside, are widely 
reported to be beneficial to health and 
possess antioxidative, anticarcinogenic and 
antitumour properties (Burns et al., 2002). 
Trans-resveratrol is synthesized naturally by 
several plants in response to pathogen infec-
tion, traumatic damage, UV irradiation and 
other stresses. The accumulation of resvera-
trol in plant cells increases in response to 
fungal infections (biotic stress) or other physi-
cal stresses such as UV radiation, ultrasound, 
wounding such as slicing as well as in 
response to invasion of chemicals such as 
hydrogen peroxide, paraquat etc. (Burns 
et al., 2002).

This molecule also plays a major role in 
both cancer prevention and therapy. It was 
found that low to moderate consumption of 
red wine has a relatively greater benefit than 
other alcoholic beverages in the prevention of 
atherosclerosis and CHD.

Resveratrol is a natural compound made 
by plants. It is a phytoalexin, made by plants 
in stress conditions and in response to patho-
gen attack. It is found in considerable con-
centrations in grapes, groundnuts etc. In the 
diet, the major source is found in red wine. 
Resveratrol is made in grape skins, but not in 
the flesh, thus it is found in small quantities 
in white wine, and proportionally more in 
rosé wines with the highest concentration in 
red wines. However, the concentration of res-
veratrol, even in red wines, can differ greatly, 
depending on the location and country 
where the grapes were grown, the soil prop-
erties, the cultivation and wine-making 
methods etc. There have been many recent 
studies of red wine consumption and health. 
Studies show drinking red wine regularly 
may have health benefits. However, blood 
levels of resveratrol are extremely low (nano-
molar range) even after one glass of wine, 

while its metabolites are much higher (micro-
molar range). This has caused dispute as to 
whether resveratrol can be present in high 
enough concentrations to be beneficial by 
ingestion. However, others have reported 
that resveratrol can be active even at micro-
molar concentrations.

4.2 Occurrence/sources

The richest natural sources of resveratrol are 
dark grape extracts (Vitis vinifera) and giant 
knotweed (Polygonum cuspidatum, a peren-
nial shrub). It is also found in abundance in 
labrusca and muscadine grapes. It is also 
present in other plants such as Eucalyptus,
spruce and lily and in foods such as mulber-
ries, groundnuts, blueberries, strawberries, 
hops and their products (Valenzano et al., 
2006; Wang et al., 2007). It also occurs in 
grape vines, roots, seeds and stalks, but its 
highest concentration is in the skin, which 
contains 50–100 mg g−1 (Burns et al., 2002). 
Resveratrol is a phytoalexin, a class of anti-
biotic compounds produced as a part of a 
plant’s defence system against disease. For 
example, in response to an invading fungus, 
resveratrol is synthesized from p-coumaroyl 
CoA and malonyl CoA (Soleas et al., 1997). 
Since fungal infections are more common 
in cooler climates, grapes grown in cooler 
climates have a higher concentration of 
resveratrol (Kopp, 1998). The total resvera-
trol content of different wines and foods 
was described by Romero-Perez et al. (1996, 
1999), Sobolev and Cole (1999), Sanders 
et al. (2000), Burns et al. (2002) and Moreno-
Labanda et al. (2004) and are given in 
Table 4.1.

4.3 Chemical Structure of Resveratrol

4.3.1 Synonyms

There are various synonyms for resveratrol 
based on their chemical structure:

• (E)-resveratrol;
• (E)-5-(2-(4-hydroxyphenyl)ethenyl)-

1,3-benzenediol;

HO

OH

OH

Fig. 4.1. Chemical structure of resveratrol.
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• (E)-5-(p-hydroxystyryl) resorcinol;
• (E)-5-(2-(4-hydroxyphenyl)ethenyl)-

1,3-benzenediol;
• 3,4′,5-stilbenetriol;
• 3,4′,5-trihydroxystilbene;
• trans-3,4′,5-trihydroxystilbene.

4.4 Classification

Resveratrol is classified according to its 
isomers into the following categories.

4.4.1 Oxyresveratrol

An isomer of hydroxylated resveratrol, oxy-
resveratrol is an excellent inhibitor of the 
enzyme tyrosinase. Tyrosinase is the enzyme 
responsible for colouring of skin, hair, eyes in 
animals and also for the browning of fruits 
and vegetables. Oxyresveratrol exhibits potent 
inhibitory activity of tyrosinase with IC50

value of 1.2 mM on mushroom tyrosinase 
activity, which is many times stronger than 
kojic acid, a de-pigmenting agent, used as a 
cosmetic material with skin-whitening effect 
and the medical agent for hyper-pigmentation 
disorders (Kim et al., 2002). A neuroprotective 
effect of oxyresveratrol in cultured rat cortical 
neurons has also been observed in recent 
studies (Ban et al., 2006).

4.4.2 Gnetol

Gnetol is a positional isomer of oxyresvera-
trol. It occurs naturally in Gnetum, a special 
group of gymnosperm plants. Gnetol has also 
been found to have tyrosinase inhibition and 
was found to be a stronger inhibitor of murine 
tyrosinase activity (IC50, 4.5 mM) than a stand-
ard inhibitor, kojic acid (IC50, 139 mM). In a 
recent study, gnetol significantly suppressed 
melanin biosynthesis in murine B16 melanoma 
cells. Gnetol is a promising pharmacological 
or cosmetic agent (Ohguchi et al., 2003).

4.4.3 Monomethyl resveratrol

Monomethyl resveratrol occurs naturally in 
Muscari comosum, a popular plant in southern 
Italy used in gastronomy (Borgonovo et al.,
2008). This compound exhibits an apoptosis-
inducing activity against sensitive and resistant 
leukaemia cells and also acts as an antioxidant.

4.4.4 Pterostilbene (dimethyl resveratrol)

Pterostilbene is a dimethylated analogue of res-
veratrol. It naturally occurs in Pterocarpus mar-
supium, which possesses antidiabetic activity. 
Pterostilbene significantly reduces the plasma 
glucose levels and its effect is comparable to 
metformin (Alarcón de la Castra et al., 2006).

4.4.5 Trimethyl resveratrol

The cis isomer of per-methylated resveratrol 
(trimethylated) is found to occur in more than 
five different plants. This compound exhibits 
anticancer properties. It especially inhibits 
ornithine decarboxylase, an enzyme involved 
in the rate-determining step in the synthesis 
of polyamines.

4.5 Physiological Effects

Resveratrol produces various physiological 
effects. At low concentrations that normally 

Table 4.1. Resveratrol content of some foods.

Sources Resveratrol

Wine 0.32–15.35 mg g−1

Peanut butter 0.02–0.98 mg g−1

Groundnut 0.01–0.07 mg g−1

Green groundnut 0.19–0.72 mg g−1

Polygonum cuspidatum 296–377 mg g−1

Green grape 0.02–0.32 mg g−1

Black grape 0.95–1.88 mg g−1

Raisin 0.0005–0.003 mg g−1

Grape juice – black Trace–0.09 mg g−1

Grape juice – green Trace–0.01 mg g−1

White wine (Spanish) 0.05–1.80 mg l−1

Rosé wine (Spanish) 0.43–3.52 mg l−1

Red wine (Spanish) 1.92–12.59 mg l−1

Red wine (global) 1.98–7.13 mg l−1

Red grape juice 
(Spanish)

1.14–8.69 mg l−1
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occur in food, resveratrol has been shown to 
exert neuroprotective effects (De Ruvo et al.,
2000), as well as beneficial effects on the car-
diovascular system (Pace-Asciak et al., 1995; 
Pendurthi et al., 1999). These effects are mostly 
attributed to its antioxidant properties. More 
recently, resveratrol has been evaluated for its 
health benefits in other medical areas, such 
as anticancer activity when administered at 
higher, non-physiological doses. Researchers 
believe that 500 mg daily is the minimum 
amount of resveratrol needed to protect 
against cancer. A glass of red wine contains 
approximately 640 mg of resveratrol. In these 
conditions, resveratrol inhibits the prolifera-
tion and induces apoptotic cell death in mul-
tiple cancer cell types in vitro (Hsieh and Wu, 
1999; Pozo-Guisado et al., 2002; Kim et al.,
2004); moreover, in animal models of cancer, 
resveratrol has been shown to inhibit angio-
genesis and delay tumour growth (Tseng 
et al., 2004), impede carcinogenesis (Gusman 
et al., 2001) and reduce experimental metasta-
sis (Busquets et al., 2006). Resveratrol acts on 
the process of carcinogenesis by affecting the 
tumour initiation, promotion and progression 
phases and suppresses the final steps of car-
cinogenesis, i.e. angiogenesis and metastasis. 
It is also able to activate apoptosis, arrest the 
cell cycle or inhibit kinase pathways. Most 
noticeable biological activities are antithrom-
bogenic, anti-inflammatory, cardioprotective, 
neuroprotective, anti-ageing and cancer pre-
ventive and therapeutic activities.

Of greatest interest is its ability as chemo-
prevention and antimutagen. It is shown to 
inhibit cellular processes involved in the ini-
tiation and progression of carcinogenesis. It 
lowers platelet aggregation and thrombosis, 
and potentially decreases cardiovascular dis-
ease by several mechanisms. It is extremely 
effective in reducing skin tumours in mouse 
models. It can act as a phytoestrogen, a plant 
compound that in humans can mimic the hor-
mone oestrogen. It is a concentration depend-
ent oestrogen/anti-oestrogen. Even in less 
healthy diets/diets high in fat, resveratrol can 
have benefits. It intercalates into the lipid 
membrane of cells and has been shown to 
help control cholesterol levels.

Resveratrol has two forms, cis and trans.
When isolated from plants, it is only found in 

the trans form. Trans-resveratrol can also act as 
a preventive agent against important patholo-
gies, i.e. vascular diseases, cancers, viral infec-
tion or neurodegenerative processes. It is 
produced in huge amounts in grapevine skin 
in response to infection by Botrytis cinerea.
This production of resveratrol blocks the pro-
liferation of the pathogen, thereby acting as a 
natural antibiotic. It plays a role in inhibiting 
many cellular pathways associated with can-
cer and disease, including apoptosis.

4.6 Metabolism and Bioavailability

Although trans-resveratrol appears to be 
well-absorbed by humans when taken orally, 
its bioavailability is relatively low due to its 
rapid metabolism and elimination (Ohguchi 
et al., 2003; Ban et al., 2006). The oral absorption 
of resveratrol in humans is about 75% and 
occurs mainly by trans-epithelial diffusion. 
The major sites of metabolism for resveratrol 
include the intestine and liver. Deconjugation
enzymes such as b-glucuronidase and sul-
fatase, as well as specific tissue accumulation 
of resveratrol, may enhance resveratrol efficacy 
at target sites. Due to extensive metabolism in 
the intestine and liver, oral bioavailability is 
less than 1%. Resveratrol metabolites are pri-
marily detected upon oral exposure to trans-
resveratrol. The bioavailability of resveratrol 
from grape juice, which contains mostly glu-
cosides of resveratrol (piceid), may be even 
lower than that of trans-resveratrol. A recent 
study reported that bioavailability of trans-
resveratrol from red wine did not differ when 
the wine was consumed with a meal (low- or 
high-fat) versus on an empty stomach. Resver-
atrol analogues, such as methylated deriva-
tives with improved bioavailability, may be 
important in future research (Walle, 2011).

4.7 Role of Resveratrol in Biological 
Systems

4.7.1 Antioxidants

The antioxidant activity of resveratrol is one 
of the most beneficial discoveries. Resveratrol 
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is both a free-radical scavenger and a 
potent antioxidant because of its ability to 
promote the activities of a variety of anti-
oxidant enzymes. The ability of the poly-
phenolic compounds to act as antioxidants 
depends on the redox properties of their 
phenolic hydroxy groups and the poten-
tial for electron delocalization across the 
chemical structure (Alarcón de la Lastra 
et al., 2006).

The role of resveratrol as a natural anti-
oxidant was clarified by Zini et al. (1999), 
who suggested three different antioxidant 
mechanisms: (i) competition with coenzyme 
Q and, to decrease the oxidative chain complex, 
the site of ROS generation; (ii) scavenging 
O2 free radicals formed in the mitochon-
dria; and (iii) inhibition of LP (lipid peroxida-
tion) induced by Fenton reaction products. 
Numerous studies have demonstrated the 
ability of resveratrol to scavenge both O2

and OH free radicals (Martínez and Moreno, 
2000; Orallo et al., 2002; Leonard et al., 2003; 
Losa, 2003).

By contrast, in a study by Orallo et al.
(2002) using the enzymatic hypoxanthine 
oxidase–XO (xanthine oxidase) system, res-
veratrol neither affected the XO activity nor 
scavenged O2 free radicals in rat macrophage 
extracts.

Resveratrol can maintain the concen-
tration of intracellular antioxidants found 
in biological systems. For example, stilbene 
maintained the glutathione content in 
peripheral blood mononuclear cells isolated 
ex vivo from a healthy human from oxidative 
damage caused by 2-deoxy-D-ribose (Losa, 
2003). In human blood platelets, resveratrol 
markedly decreased oxidation of thiol groups 
of proteins in these cells (Olas et al., 2004). 
Similarly, resveratrol induced an increase 
in glutathione levels in a concentration-
dependent manner in human lymphocytes 
activated with H2O2. In another study, res-
veratrol increased the amounts of several 
antioxidant enzymes, including glutathione 
peroxidase, glutathione S-transferase and 
glutathione reductase (Yen et al., 2003). The 
antioxidant potential of resveratrol for the 
protection of polyunsaturated fatty acids 
(PUFA) has been described by Lastra and 
Villegas (2007).

4.7.2 Platelet aggregation 
inhibitors

Resveratrol has been reported to have anti-
platelet activity (Lin et al., 2009); however, 
the detailed mechanisms have not yet been 
resolved. In a recent study, protein kinase C 
inhibitor (PKCI) and resveratrol (RSVL) had 
an additive effect in inhibiting platelet aggre-
gation and platelet membrane-bound fibrino-
gen (PFig) content. Furthermore, RSVL (final 
concentration 50 mM) remarkably depressed 
the activity of protein kinase C (PKC) in the 
membrane of platelets and the percentage of 
membrane PKC activity in total PKC activity 
(Yang et al., 2011).

In another study, resveratrol (0.05–
0.25 mmol l−1) showed stronger inhibition of 
platelet aggregation stimulated by collagen 
(1 mg ml−1) than other agonists (Shen et al., 2007). 
In yet another study, it was found that res-
veratrol, at 10–1000 mmol l−1 concentration, 
significantly inhibited platelet aggregation 
in vitro induced by collagen, thrombin and 
ADP in healthy subjects (Wang et al., 2002).

4.7.3 Enzyme inhibitors

Trans-resveratrol inhibits oxidative enzymes 
in an animal cell system. It inhibited superoxide 
dismutase, lipoxygenase, catalase, peroxidase, 
polyphenol oxidase and 1-aminocyclopropane-
1-carboxylic acid oxidase. Trans-resveratrol also 
inhibits lipoxygenase activity more effectively 
than other lipoxygenase inhibitors, including 
propyl gallate, ibuprofen, ursolic acid, acetyl-
salicylic acid, and salicyl-hydroxamic acid 
(Fan and Matthesis, 2001). The rate of inhibi-
tion increases with trans-resveratrol concen-
tration. Resveratrol with antioxidant activity 
inhibits matrix metalloproteinase via modu-
lation of SIRT1 in human fibrosarcoma cells, 
providing evidence that resveratrol can be 
a potential candidate for chemoprevention 
of cancer (Lee and Kim, 2011). In a recent 
study, resveratrol specifically inhibited induc-
ible nitric oxide synthase (iNOS) induction 
in muscle through a mechanism involving 
AMP-activated protein kinase (AMPK) but not 
deacetylase enzyme (SIRT1) activation. This 
anti-inflammatory action of resveratrol likely 
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contributes to the therapeutic effect of this 
plant polyphenol (Centeno-Baez et al., 2011).

In another study, resveratrol inhibited neu-
ronal apoptosis and elevated Ca2+/calmodulin- 
dependent protein kinase II activity in diabetic 
mouse retina. It was concluded that resvera-
trol prevents diabetes-induced RGC death 
via calmodulin-dependent protein kinase II 
(CaMKII) down-regulation, implying that 
resveratrol may have potential therapeutic 
applications for prevention of diabetes-induced 
visual dysfunction (Kim et al., 2010).

Resveratrol, a red wine polyphenol, sup-
presses pancreatic cancer by inhibiting leucot-
riene A4 hydrolase. It exerts relatively stronger 
inhibitory effects than bestatin, an established 
inhibitor of LTA(4)H activity (Oi et al., 2010).

4.7.4 Anticarcinogenic agents

Resveratrol has been shown to inhibit carcino-
genesis by affecting various molecular events 
in the initiation, promotion and progression 
stages (Aggarwal et al., 2004; Signorelli and 
Ghidoni, 2005; Delmas et al., 2006; Athar et al., 
2007; Bishayee, 2009). The anti-initiation 
activity of resveratrol has been linked to the 
suppression of the metabolic activation and/
or induction of detoxification of carcinogens 
through modulation of enzymes involved in 
either phase I reactions (i.e. cytochrome P450 
enzymes (CYP)) or phase II conjugation reac-
tions. A number of in vitro studies have shown 
that resveratrol inhibits CYP1A1 and CYP1A2 
enzyme activities (Yueh et al., 2005).

Modulation of enzyme systems involved in 
carcinogen activation and detoxification could 
be one of the biochemical mechanisms respon-
sible for the cancer-preventive effect of resver-
atrol. However, such changes may also affect 
drug efficacy and toxicity because these enzymes 
are also responsible for drug metabolism.

Extensive in vitro studies revealed multi-
ple intracellular targets of resveratrol, which 
affect cell growth, inflammation, apoptosis, 
angiogenesis, and invasion and metastasis. 
These include tumour suppressors p53 and 
Rb; cell cycle regulators, cyclins, CDKs, p21WAF1, 
p27KIP and INK and the checkpoint kinases 
ATM/ATR; transcription factors NF-kB, AP-1, 

c-Jun, and c-Fos; angiogenic and metastatic 
factors, VEGF and matrix metalloprotease 
2/9; cyclooxygenases for inflammation; and 
apoptotic and survival regulators, Bax, Bak, 
PUMA, Noxa, TRAIL, APAF, survivin, Akt, 
Bcl2 and Bcl-X(L). In addition to its well-
documented antioxidant properties, there is 
increasing evidence that resveratrol exhibits 
pro-oxidant activity under certain experi-
mental conditions, causing oxidative DNA 
damage that may lead to cell cycle arrest or 
apoptosis (Athar et al., 2009).

A recent study showed for the first time 
antiproliferative, DNA damaging and apop-
totic effects of resveratrol in HNSCC cells 
independent of Smad4 status, both in vitro
and in vivo, suggesting that more studies are 
needed to establish its potential usefulness 
against head and neck squamous cell carci-
noma (HNSCC) (Tyagi et al., 2011).

4.7.5 Antineoplastic and 
phytogenic agents

As early as 1997, researchers proposed to use 
resveratrol as a cancer-preventive agent. 
Resveratrol was shown to have anticancer 
activities in assays representing three major 
stages of carcinogenesis. It has been shown to 
inhibit cancer initiation and promotion (Jang 
et al., 1997). It acts as a selective oestrogen 
receptor modulator (SERM) and regulates 
proteins involved in DNA synthesis and cell 
cycle. Resveratrol also affects the activity of 
transcriptional factors involved in prolifera-
tion and stress responses, such as NF-kB,
AP-1 and Egr1 (Signorelli and Ghidoni, 2005).

Researchers at Cook County Hospital 
(Chicago, Illinois) found that gastric adeno-
carcinoma cells respond to resveratrol treat-
ment with suppression of DNA synthesis, 
activation of nitric oxide synthase, induction 
of apoptosis and inhibition of total PKC and 
PKC-a activity (Atten et al., 2005).

4.7.6 Resveratrol for arthritis

Arthritis is the inflammation of the joints, and is 
a chronic disease that results from dysregulation 
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of pro-inflammatory cytokines (e.g. tumour 
necrosis factor (TNF) and interleukin-1-b
(IL-1b)) and pro-inflammatory enzymes that 
mediate the production of prostaglandins 
(e.g. cyclooxygenase-2) and leucotrienes 
(e.g. lipooxygenase), together with the expres-
sion of adhesion molecules and matrix metal-
loproteinases, and hyper-proliferation of 
synovial fibroblasts. All of these factors are 
regulated by the activation of the transcrip-
tion factor nuclear factor-kappa B. Thus, any 
agent that can suppress the expression of 
TNFa, IL-1b, cyclooxygenase-2, lipooxyge-
nase, matrix metalloproteinases or adhesion 
molecules, or suppress the activation of NF-kB, 
have the potential to cure arthritis (Khanna 
et al., 2007). Resveratrol was found be an 
inhibitor or a mediator for some of these com-
pounds in our body. Thus, resveratrol may 
benefit people suffering from arthritis.

4.7.7 Resveratrol for cardiovascular 
diseases

Resveratrol is a phytoestrogen, potent antioxi-
dant, reactive oxygen species scavenger and 
metal chelator (Olas and Wachowicz, 2005). 
Thus, resveratrol may have benefits for pro-
tection of the cardiovascular system against 
ischaemic-reperfusion injury; it may also pro-
tect and maintain the intact endothelium; it 
exhibits anti-atherosclerotic properties, which 
inhibits the LDL oxidation, suppress platelet 
aggregation and exhibits oestrogen-like action 
(Dong and Ren, 2004; Olas and Wachowicz, 
2005) Thus, resveratrol may benefit people at 
risk of certain cardiovascular conditions.

4.7.8 Resveratrol for diabetes

Studies showed that resveratrol increased 
lifespan in lower organisms by activating the 
NAD(+)-dependent histone deacetylase Sirt1. 
It was also found that resveratrol promoted 
longevity and improved glucose homeostasis 
in mice by stimulating the Sirt1-mediated 
deacetylation of the transcriptional co-activator 
PGC-1a (Koo and Montminy, 2006). In 2001, 
resveratrol (5–35 mmol l−1) was found to 

induce concentration-dependent relaxation 
of mesenteric arteries pre-constricted with 
noradrenaline (8 mmol l−1) or KCl (125 mmol l−1)
from both lean and dietary-obese rats (Naderali 
et al., 2001). Hyperglycaemia, a symptom of dia-
betes mellitus, induces hyper-osmotic respon-
ses, including apoptosis, in vascular endothelial 
cells and leucocytes. Hyper-osmotic shock 
often leads to apoptotic cell death. Resveratrol 
was found to attenuate high glucose-induced 
apoptotic changes by virtue of its antioxidant 
property. Diabetic nephropathy is a serious 
vascular complication and one of the main 
causes of end-stage renal disease. Increased 
oxidative stress plays an important role in the 
aetiology of diabetic nephropathy. Treatment 
with resveratrol significantly attenuated renal 
dysfunction and oxidative stress in diabetic 
rats (Sharma et al., 2006).

Most of type-2 diabetes mellitus patients 
eventually become insulin dependent when 
insulin secretion by the islets of Langerhans is 
exhausted. Resveratrol was found to possess 
hypoglycaemic and hypolipidaemic effects 
in streptozotocin-induced diabetic rats. In 
resveratrol-treated diabetic rats, the plasma 
glucose concentration on day 14 was reduced 
by 25.3%, and the triglyceride concentration was 
reduced by 50.2% compared with the placebo-
treated rats. In nicotinamide-treated diabetic 
rats, the plasma glucose concentration on day 
14 was reduced only by 20.3% and the triglyc-
eride concentration was reduced by 33%. 
Resveratrol administration ameliorates com-
mon diabetes mellitus symptoms, such as body 
weight loss, polyphagia and polydipsia. In 
STZ-nicotinamide diabetes mellitus rats, res-
veratrol administration significantly decreased 
insulin secretion and delayed the onset of 
insulin resistance (Su et al., 2006).

4.7.9 Resveratrol for fatty 
liver/liver protection

The prevalence of non-alcoholic fatty liver 
disease is linked to obesity, diabetes mellitus 
and hyper-triglyceridaemia. Approximately 
20% of patients with non-alcoholic fatty liver 
disease develop cirrhosis. Resveratrol was 
found to decrease non-alcoholic fatty liver 
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disease severity in rats. This effect was medi-
ated, at least in part, by TNFa inhibition and 
antioxidant activities. Oral administration 
of resveratrol (dosage 20 mg kg−1 daily for 
4 weeks) also remarkably prevented the 
DMN-induced loss in body and liver weight, 
and inhibited the elevation of serum alanine 
transaminase, aspartate transaminase, alkaline 
phosphatase and bilirubin levels (Lee et al.,
2010). Thus, resveratrol may provide liver 
protection.

4.7.10 Resveratrol for skin

When topically applied, resveratrol cream 
limited the HSV-1 lesion formation in the skin 
of mice; resveratrol cream also reduced HSV 
replication in the vagina of mice and limits 
extra-vaginal disease. Thus, resveratrol cream 
may have some potential benefits on skin 
health, but more studies are needed to support 
this health benefit claim.

4.7.11 Resveratrol for weight loss

Some studies argue that resveratrol speeds up 
metabolism to help users burn more calories 
throughout the day. Thus, resveratrol offers 
benefits of weight loss. In a study, resveratrol in 
combination with genistein and quercetin syn-
ergistically decreased adipogenesis in murine 
and human adipocytes. An in vivo study 
showed that phytochemicals including resver-
atrol in combination with vitamin D prevented 
weight gain and bone loss in a post-menopausal 
rat model (Rayalam et al., 2011). In another 
study of aged ovariectomized female rats, a 
high-dose treatment (dosage: vitamin D + 400 mg 
kg−1 resveratrol + 2000 mg kg−1 quercetin + 
1040 mg kg−1 genistein) reduced body weight 
gain and the fat pad weights. This treatment 
also increased the serum concentration of 
IGF-1 and the bone mineral content of the 
femur. Thus, the synergistic effects of a combi-
nation of resveratrol with vitamin D may be 
effective in reducing bone loss and weight 
gain after menopause (Lai et al., 2011). These 
studies show that resveratrol may help pre-
vent ‘weight gain’ under certain conditions. 

However, there is still no solid evidence to 
support that resveratrol helps weight loss.

4.7.12 Resveratrol for longevity

Caloric restriction is known to extend the lifes-
pans of a number of species, including mam-
mals (Heilbronn and Ravussin, 2003). In yeast, 
caloric restriction stimulates the activity of 
an enzyme known as Sir2 (Lin et al., 2000). 
Providing resveratrol to yeast increased Sir2 
activity in the absence of caloric restriction and 
extended the replicative lifespan of yeast by 
70% (Howitz et al., 2003). Resveratrol feeding 
also extended the lifespans of worms (Caenor-
habditis elegans) and fruit flies (Drosophila mela-
nogaster) by a similar mechanism (Wood et al., 
2004). Additionally, resveratrol dose-dependently 
increased the lifespan of a vertebrate fish 
(Nothobranchius furzeri) (Valenzano et al., 2006). 
However, it is not known whether resveratrol 
will have similar effects in higher animals. 
A recent study reported that resveratrol exten-
ded lifespan of mice on a high-calorie diet such 
that their lifespan was similar to that of mice 
fed a standard diet (Baur et al., 2006). Although 
resveratrol increased the activity of the homol-
ogous human enzyme (Sirt1) in the test tube 
(Howitz et al., 2003), it is not known whether 
resveratrol can extend the human lifespan. 
Moreover, the resveratrol concentrations required 
to increase human Sirt1 activity were consider-
ably higher than concentrations that have been 
measured in human plasma after oral con-
sumption. Interestingly, a recent ageing study 
in mice found that a low dose of dietary res-
veratrol altered gene expression in heart, brain 
and skeletal muscle similar to that induced by 
caloric restriction (Barger et al., 2008). Like 
caloric restriction, resveratrol also blunted the 
age-related decline in heart function in this 
study. Clinical trials will be needed to deter-
mine if these findings are relevant to humans.

4.7.13 Resveratrol for other conditions

Because microcirculation occlusion and cyto-
kine over-production is involved in many 
diseases such as acute pancreatitis, resveratrol 
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as a platelet and cytokines inhibitor may have 
benefits on acute pancreatitis (Ma and Ma, 
2005). Resveratrol has been shown to have an 
immunosuppressive property as well as pro-
tective effect on hepatocytes under allograft 
rejection in a study of Wistar rats (Wu et al.,
2005). Resveratrol has been shown to reduce 
ischaemia-reperfusion (I/R) injury of rat kidney 
both by antioxidant and anti-inflammatory 
mechanisms (Bertelli et al., 2002). In a study, 
researchers administered dosage of 20 mg kg−1

day−1 of trans-resveratrol for 90 days. Compared 
to a control group, the diameter of the semi-
niferous tubules was significantly reduced 
from 437.5 +⁄− 0.1 mm in the controls to 310.9 
+⁄− 0.1 mm. This decrease was accompanied by 
a significant increase in tubular density. 
Sperm counts were significantly greater in 
the resveratrol-treated rats than in the control 
group, but sperm quality did not differ (Juan 
et al., 2005). Some online articles claim that 
resveratrol helps weight loss, but it also 
depends on the lifestyle.

4.7.14 Resveratrol as anti-inflammatory

Resveratrol exhibits anti-inflammatory activ-
ity through modulation of enzymes and path-
ways that produce mediators of inflammation 
and also induction of programmed cell death 
in activated immune cells. Resveratrol has 
been shown to produce no adverse effects, 
even when consumed at high concentrations. 
Hence, resveratrol possesses the potential to be 
used as an adjunctive or alternative therapy for 
cancer and inflammatory diseases (Udenigwe 
et al., 2008).

4.8 Stability of Resveratrol

Resveratrol is a potent antioxidant, and oxi-
dation may occur during the manufacturing 
process and/or storage of the finished prod-
ucts. It has long been thought that resveratrol 
supplements were not very effective in com-
parison with wine. Recently, some manufac-
turers have developed a technique to solve 
the stability issues of resveratrol supplements 
during manufacturing and storage (Alarcón 

de la Lastra et al., 2006). Resveratrol possess 
an overall good stability, but may become 
unstable after light exposure and only its 
trans isomer has been consistently linked to 
health beneficial effects in pharmacological 
and clinical studies, while cis-resveratrol had 
only seen limited success as an antiplatelet 
agent (Signorelli and Ghidoni, 2005; 
Szkudelska and Szkudelski, 2010).

4.9 Resveratrol Dosage

Resveratrol has been suggested to be safe at 
doses equivalent to 500 mg day−1 (Alarcón de 
la Lastra et al., 2006). However, the resveratrol 
dosage needs to be much higher than that to 
be effective for therapeutic use. On the other 
hand, dosages lower than 500 mg day−1 are 
definitely suitable for general support.

4.10 Resveratrol Safety

4.10.1 Resveratrol side effects

Resveratrol is not known to be toxic or cause 
adverse effects in humans at low doses. 
Researchers administered rats dosages of 
0, 300, 1000, and 3000 mg trans-resveratrol kg−1

body weight day−1 for 4 weeks. Most of the 
adverse or side effects occurred in the rats 
administered 3000 mg kg−1 body weight day−1.
Signs of toxicity included: reduced final body 
weights and food consumption; elevated BUN, 
creatinine, alkaline phosphatase, alanine amino- 
transferase, total bilirubin and albumin; redu-
ced haemoglobin, haematocrit and red cell 
counts; and increased white cell counts. They 
also observed renal lesions. No adverse or 
side effects were observed at 300 mg resvera-
trol kg−1 body weight day−1 in rats (Crowell 
et al., 2004).

However, resveratrol was found to affect 
the activity of P450 and increase the absorp-
tion of certain drugs such as diltiazem. The 
intake of high resveratrol dosages can offer 
serious unwanted side effects for patients on 
certain types of medication. Resveratrol was 
also found to delay the recovery from gastric 
ulcer in an animal study. Finally, resveratrol is 
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also known as a metal chelator, with high 
doses of resveratrol possibly preventing the 
absorption of copper or other metals. Copper 
deficiency can cause muscle issues and even 
heart failure.

4.10.2 Resveratrol–drug interaction

Intake of resveratrol significantly increased 
the extent of the absorption (AUC) of 
diltiazem, except for resveratrol at a dose of 
0.5 mg kg−1, in a rat study. The increased bio-
availability of diltiazem is probably related to 
the inhibition of both the cytochrome P450 
3A4-mediated metabolism and the efflux 
pump P-glycoprotein in the intestine and/or 
liver (Hong et al., 2008). Further, resveratrol 
may slow down the metabolism of some 
drugs including statins, erectile dysfunction 
medicine, calcium channel blockers and some 
immune-system suppressants.

4.10.3 Oestrogen issues

Resveratrol is a phytoestrogen, known to 
serve as an agonist for the oestrogen receptor, 
promoting oestrogen-like effects such as neu-
roprotection and bone growth. Oestrogen has 
been shown to decrease the turnover of bone, 
prevent bone loss and increase bone mass. 
Oestrogen replacement therapy is used to 
decrease bone loss in post-menopausal women, 
which presumably acts by increasing osteo-
blast activity and decreasing the number and 

activity of osteoclasts. A study evaluated 
the effects of resveratrol on late stage osteo-
genesis of MC3T3-E1 cells and the feasibility 
to develop resveratrol-loaded poly (caprol-
actone) nanofibres as scaffolds for bone 
regeneration. The results demonstrated that 
resveratrol-treated groups irrespective of the 
concentrations studied showed a significant 
increase in mineralized matrix deposition 
compared to the control group at both time 
points. The results demonstrate that the 
resveratrol-loaded PCL nanofibre matrix is 
bioactive and has the potential to serve as an 
osteogenic biomaterial (Singh et al., 2012).

4.11 Conclusions

There is growing evidence that resveratrol 
can prevent or delay the onset of cancer, heart 
disease, ischaemic and chemically induced 
injuries, diabetes, pathological inflammation 
and viral infection. These effects are observed 
despite extremely low bioavailability and 
rapid clearance from the circulation. By dint 
of diverse biological activity, resveratrol and 
related compounds have joined many other 
promising agents being investigated for their 
disease-preventive and therapeutic potential. 
Being a natural constituent of wine, fruits and 
nuts and the fact that it has no untoward 
effects on normal cells or tissues, resveratrol 
is under preclinical scrutiny. Future research 
will lead to a greater number and variety of 
pharmacologically useful novel compounds 
of interest.
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5.1 Introduction

For a long time, the gastrointestinal (GI) micro-
biota has been recognized to play an important 
role in the maintenance of the health and well-
being of the host (Simon and Gorbach, 1984). 
In addition to promoting normal GI functions 
and protecting against pathogenic bacteria, 
the microbiota exerts beneficial effects on sys-
temic metabolism and the immune system 
(Bengmark, 1998; Nicholson et al., 2012).

The ability to control GI bacterial growth 
and pathogenic potential essentially depends 
on the proper function of the microbiota 
(McCracken and Lorenz, 2001). An imbalance 
within the GI microbiota with relative pre-
dominance of aggressive bacteria and insuf-
ficient concentration of protective species has 
been associated with several inflammatory 
processes (Fabia et al., 1993; Rusuler-van 
Embden et al., 1994; Bengmark, 1996; Bosscher 
et al., 2009; Nicholson et al., 2012).

Intake of probiotics, prebiotics and synbi-
otics has been demonstrated (Fig. 5.1) to modify 
the composition of the GI microbiota, restore 
the microbial balance and therefore have the 

potential to provide health benefits (Fuller, 
1991; Gibson and Roberfroid, 1995; Macfarlane 
and Cummings, 1999). However, only recently, 
well designed clinical studies have provided 
clear evidence of health promoting effects, such 
as prevention of antibiotic-associated diarrhoea 
(Andersson et al., 2001), treatment of acute 
diarrhoea (Majamaa et al., 1995), inflammatory 
bowel disease (Gionchetti et al., 2000), eradica-
tion of Clostridium difficile infection (Gorbach 
et al., 1987) and enhancement of intestinal 
immunity (Elmer et al., 1996; Gill et al., 2001). 
Nevertheless, conclusive evidence and in-depth 
knowledge on the mechanisms involved in the 
observed effects are still lacking.

There is growing interest in manipulating 
the GI microbiota to increase the relative num-
bers of beneficial bacteria. Until recently, this 
enhancement was typically accomplished by 
providing supplements consisting of a strain or 
strains of live beneficial bacteria, referred to as 
probiotics. Presently, dietary modulation of the 
GI microbiota has expanded to the use of prebi-
otics, which are non-digestible food ingredients 
that beneficially affect the host by selectively 
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stimulating the growth and/or activity of ben-
eficial bacteria in the gut and, thus, improve 
host health. Prebiotics are non-digestible carbo-
hydrates or fibres that resist enzymatic diges-
tion in the upper digestive tract. When the 
prebiotics reach the large intestine, they serve as 
a substrate for the resident bacteria for fermen-
tation. Unlike other fibres, prebiotics selectively 
feed the beneficial bacteria; their positive influ-
ence on GI microbiota has been assessed by a 
number of studies (Van Loo et al., 1999; Gibson 
et al., 2004; de Vrese and Schrezenmeir, 2008). 
Many prebiotics are classified as dietary fibre 
and are not fully digested as they pass through 
the GI system, so they work in the body like 
fibre. The use of probiotic strains together with 
prebiotic substances will provide a combined 
effect, named ‘synbiotic’ (Rastall and Maitin, 
2002). Synbiotics may help support probiotic 
bacteria, stimulating their growth and activity in 
the GI tract and improving the balance of ‘good’ 
bacteria (de Vrese and Schrezenmeir, 2008).

As a result, in recent years there has been 
an increasing demand to select, by means of 
in vitro and in vivo approaches, new strains 
with superior potential probiotic effects 
(Amalaradjou and Bhunia, 2012). There is a 

general consensus that probiotic strains 
should originate from the same host species 
to which it will be applied, as these bacteria 
have a greater chance of competing with resi-
dent bacteria and of becoming numerically 
predominant after short intake and to persist 
in the GI environment for some time after dis-
continuation of use. The concept of synbiotics 
has been proposed recently to characterize 
colonic food with probiotic and prebiotic 
properties as health-enhancing functional 
food. Research and development of synbiotic 
products have been increasingly focusing on 
evidence of functional benefits, including 
resistance to infection, antibacterial activity 
and improved immune status (Gibson and 
Roberfroid, 1995; Gourbeyre et al., 2011).

5.2 Probiotics

The majority of probiotic microorganisms 
belong to the genera Lactobacillus and Bifido-
bacterium. There are also other genera of bac-
teria and some yeasts that are widely used 
(Table 5.1; Baffoni and Biavati, 2008). Lacto-
bacilli and bifidobacteria are Gram-positive 
lactic acid-producing bacteria that constitute a 
major part of the normal intestinal microflora 
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Fig. 5.1. Purported functions of synbiotics.
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Table 5.1. Microorganisms considered as probiotics (Baffoni and Biavati, 2008).

Lactobacillus Bifidobacterium Enterococcus Streptococcus Lactococcus Propionibacterium Yeast Others

L. acidophilus
L. brevis
L. casei
L. curvatus
L. fermentum
L. gasseri
L. johnsonii
L. reuteri
L. rhamnosus
L. salivarius

B. adolescentis
B. animalis
B. bifidum
B. breve
B. infantis
B. longum
B. thermophilum

E. faecalis
E. faecium

S. thermophilus L. lactis subsp. 
cremoris

L. lactis subsp. 
lactis

P. freudenreichii
P. freudenreichii

subsp. shermanii
P. jensenii

Kluyveromyces 
lactis

Saccharomyces 
boulardii

Saccharomyces 
cerevisiae

Leuconostoc
mesenteroides

Pediococcus 
acidilactici
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in animals and humans. Lactobacilli are Gram-
positive, non-spore-forming rods or cocco-bacilli. 
They have complex nutritional requirements 
and are strictly fermentative, aero-tolerant or 
anaerobic, aciduric or acidophilic. Lactobacilli 
are isolated from a variety of habitats where 
rich, carbohydrate-containing substrates are 
available, such as human and animal mucosal 
membranes, on plants or material of plant 
origin, sewage and fermented milk products, 
fermenting or spoiling food. Bifidobacteria 
constitute a major part of the normal intesti-
nal microflora in humans throughout life. 
They appear in the faeces a few days after 
birth and increase in number thereafter. The 
number of bifidobacteria in the colon of 
adults is 1010–1011 CFU g−1, but this number 
decreases with age. Bifidobacteria are non-
motile, non-spore-forming, Gram-positive rods 
with varying cell morphology. Most strains 
are strictly anaerobic.

The desirable properties of probiotic bac-
teria are discussed in Table 5.2.

5.3 Prebiotics

Prebiotics are predominantly dietary fibres, 
particularly soluble, also called ‘colonic food’, 
consisting of specific carbohydrates. Prebiotics 

can be defined as: ‘a selectively fermented 
ingredient that allows specific changes, both 
in the composition and/or activity in the 
gastrointestinal microflora that confers ben-
efits upon host well-being and health’ 
(Gibson et al., 2004; Roberfroid, 2007; Kelly, 
2008).

Prebiotics may have the following char-
acteristics (Gibson and Roberfroid, 1995; 
Gibson et al., 2004; Roberfroid, 2007; de Vrese 
and Schrezenmeir, 2008; Kelly, 2008):

• Must pass, almost undamaged and in 
adequate amount, the digestive processes 
occurring in the first section of the diges-
tive tract (mouth, stomach and small 
intestine);

• Must be a nutritional fermentable sub-
strate for intestinal microflora, in order 
to selectively stimulate the growth and/
or metabolism of one or a few bacterial 
species;

• Should positively change the bacterial 
flora in favour of the acidophile protec-
tive one (bifidobacteria, lactobacilli);

• Should induce systemic or luminal effects 
that are positive for human health.

Prebiotics are present in many edible 
plants such as chicory, artichoke, onions, leeks, 
garlic, asparagus, wheat, bananas, oats, soy-
beans and other legumes. Many commercial 

Table 5.2. Desirable properties of probiotic bacteria (Salminen et al., 1998).

Probiotic strain characteristics Functional properties

Human origin, if intended for humans Species-dependent health effects and maintained viability; 
applicability to functional and clinical foods

Acid and bile stability Survival in the intestine, maintaining adhesiveness and 
other colonization properties

Adherence to human intestinal cells and 
intestinal mucus glycoproteins (mucin)

Immune modulation, competitive exclusion of pathogens

Competitive exclusion and colonization 
of the human intestinal tract

Multiplication in the intestinal tract, competitive exclusion of 
pathogens, stimulation of beneficial microflora, immune 
modulation by contact with gut associated lymphoid tissue

Production of antimicrobial substances Pathogen activation in the intestine, normalization 
of the gut flora

Antagonism against cariogenic and 
pathogenic bacteria

Pathogen exclusion, prevention of pathogen adhesion, 
normalization of gut flora, normalization of oral microflora

Safety in food and clinical use Accurate strain identification (genus, species, strain) 
and characterization, documented safety

Clinically validated and documented 
health effects

Dose–response data for minimum effective dosage in 
different products and population groups
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prebiotics are obtained from vegetable raw 
materials, while others are produced by an 
enzymatic process through the hydrolysis 
of complex polysaccharides or the trans-
glycosylation of mono- or disaccharides, a bene-
ficial system for mass production starting 
from simple sugars (sucrose and lactose).

Fructo-oligosaccharides (FOS) have been 
the most studied prebiotics. FOS occur natu-
rally in several plants (e.g. wheat, bananas, 
barley, garlic) and are synthesized commer-
cially. Dietary supplementation with FOS pos-
itively influences gut health by increasing the 
concentration of beneficial bacterial popula-
tions (bifidobacteria, lactobacilli) and decreas-
ing concentrations of potential pathogens 
(Clostridium perfringens). Increase in the bene-
ficial lactate-producing populations of bifido-
bacteria and lactobacilli are associated with 
these health benefits:

• Enhancement of intestinal structure and 
functions;

• Inhibition of pathogen growth;
• Stimulation of enteric and systemic 

immune systems;
• Enhanced utilization of indigestible die-

tary components;
• Treatment of GI disorders;
• Increased mineral absorption;
• Improved stool characteristics.

5.4 Combining Prebiotics 
and Probiotics: Synbiotics

A synbiotic formulation, consisting of a 
mixture of the above selected probiotic strains 
belonging to genera Lactobacillus and Bifido-
bacterium, prebiotic ingredients such as oligo-
saccharides, glutamin, vitamin B6 and zinc, 
has been developed. The rationale of formu-
lation is to exploit a complementary probiotic 
action resulting from the different intrinsic 
properties of each individual strain and the 
promotion of bifidobacteria growth due to oli-
gosaccharides. The formulation can be assessed 
in a nutritional trial aimed at evaluating the 
ability of the selected strains to survive, grow 
and persist along the gastrointestinal tract and its 
efficacy and safety in various gastrointestinal 

disorders when administered in the final 
pharmaceutical formulation, in order to fol-
low the FAO/WHO guidelines (FAO, 2006). 
The most used and already marketed synbi-
otics are mixtures of oligofructose, FOS, 
galacto-oligosaccharides (GOS), with probiotic 
bacterial strains of L. plantarum, L. paracasei, 
L. rhamnosus, B. bifidum or B. lactis.

Prebiotics and lactic acid bacteria (LAB) 
(probiotics) have demonstrated beneficial 
effects with respect to the function of innate 
immunity, intestinal barrier function and 
increased resistance to disease. The gut mucosa 
and microbiota are intimately linked in the 
maintenance of a functional interface between 
the host and the external environment (Henke 
and Bassler, 2004; Sansonetti, 2004). The hope 
is that a combined supply of prebiotics and 
probiotics (synbiotics) shall have synergistic 
effects in enhancing immunity and facilitating 
intestinal barrier function.

The term ‘defense by diversity’ coined 
by Hill (1999), seems applicable to synbiotic 
treatment. Natural foods may contain LAB, 
fibre and prebiotic components. A recent study 
concluded that combining fibre has more 
than additive effects on the functions of micro-
bial ecosystems and host immune responses 
(Peuranen et al., 2004). A recent review sug-
gests that multi-species probiotics may be 
superior to single-species probiotics in reduc-
ing antibiotic-associated diarrhoea, preventing 
infections (S. enterica serovar Typhimurium) and 
reducing pathogenic colonization (Escherichia
coli) (Timmerman et al., 2004). The choice of 
prebiotics and probiotics must be based on 
scientific evidence, and LAB may have varia-
ble effects on immune function and outcome. 
One consideration is that most LAB have lim-
ited abilities to ferment bioactive fibres such 
as inulin or phlein, variable abilities to adhere 
to human mucus, low antioxidant capacity, 
and differences with respect to survival in 
acid conditions or presence of bile in the gas-
trointestinal tract. LAB selected for synbiotic 
studies should be selected for functional 
activities in the context of a specific combina-
tion formulation with prebiotics.

Gibson and Roberfroid (1995) defined 
synbiotic as ‘a mixture of probiotics and 
prebiotics that beneficially affects the host 
by improving the survival and implantation 
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of live microbial dietary supplements in the 
gastrointestinal tract, by selectively stimu-
lating the growth and/or activating the 
metabolism of one or a limited number of 
health-promoting bacteria, and thus improv-
ing host welfare’. Synbiotic compounds are 
an alternative opportunity to modulate the 
intestinal microflora by using pro- and pre-
biotic together that exploits the synergy 
between the microorganisms activity and 
their support for the benefit of the intestinal 
microflora and consequently of the whole 
body. Synbiotics have better beneficial effect 
on intestinal flora than pro- and prebiotics 
by lowering the pH, promoting growth of 
potentially protective bifidobacteria and 
inhibition of potentially pathogenic microor-
ganisms, stabilizing the intestinal environ-
ment and releasing short-chain organic acids.

Inulin-type probiotics, FOS or GOS, 
as well as their synbiotic combination with 
probiotic bacteria, L. plantarum, L. paracasei or 
B. bifidum strains, increased bifidobacteria and 
lactobacilli and inhibited various human- and 
animal pathogenic bacterial strains (Clostridium
sp., E. coli, Campylobacter jejuni, Enterobacterium
sp., Salmonella enteritidis or S. typhimurium)
(Kanamori et al., 2004). The most used and 
already marketed synbiotics are the mixtures 
of oligofructose, FOS, GOS, with probiotic 
bacterial strains of L. plantarum, L. paracasei, 
L. rhamnosus, B. bifidum or B. lactis.

A synbiotic product that contains probiot-
ics in several strains and a prebiotic food 
source is a great combination. Some products, 
however, add additional helpful agents to 
get rid of unwanted organisms in the colon. 
Products that contain enzymes for the break-
down of the cell wall and cell membrane of 
Candida help get rid of the Candida organism 
much faster. While the probiotic bacteria are 
busy growing and colonizing the colon, the 
enzymes break down the Candida species and, 
together, the colon can become healthy again.

5.5 Disturbance of the 
Gastrointestinal Microbiota

Although the composition of the GI microbiota 
is considered to be rather stable in healthy 

individuals, it may be altered by many fac-
tors, including exogenous such as antibiotic 
therapy, excessive hygiene, emotional stress, 
ageing, travelling, peristaltic disorders, sur-
gical operations, liver or kidney diseases, 
radiation therapy, chemotherapy, pernicious 
anaemia, disorders of the immune system, 
and endogenous factors such as nutrient 
availability, types of diet, pH value of intesti-
nal lumen, redox potential, diarrhoea, bacterial 
antagonism, bacterial cooperation, mucin, 
lysozyme, defensins etc.

Disturbances of the GI microbial ecosys-
tem lead to many different population pro-
files, including changes of the Firmicutes: 
Bacteroidetes ratio, remarkable increase in 
bacterial counts in the small intestine, increase 
of aerobes (mostly Enterobacteriaceae and 
streptococci), reduction or disappearance of 
bifidobacteria and/or an increased incidence 
of Clostridium perfringens. It has been sug-
gested that the loss of indigenous microorgan-
isms implies deregulation of autogenic factors 
and vacated habitats. Consequently, commen-
sal or transient microorganisms have the 
chance of occupying these vacant niches. If 
these microorganisms are potentially patho-
genic, the outbreak of an opportunistic infec-
tious disease is quite possible (Jernberg et al.,
2010; Sekirov et al., 2010; Jalanka-Tuovinen 
et al., 2011; Tilg and Kaser, 2011; Candela et al., 
2012; Perez-Cobas et al., 2012).

There is increasing evidence of an intri-
cate relationship between the GI tract, its 
microbiota and the brain. As a consequence, it 
has been shown that stress can lead to distur-
bance of the GI microbiota (Tannock, 1983; 
Sekirov et al., 2010; Aziz et al., 2013). During 
stress conditions, the number of lactobacilli 
decreases, whereas the number of potentially 
pathogenic bacteria increases (e.g. E. coli).
Stress can be produced by changes in the 
physical or psychological environment, from 
which hormonal responses ensue and can 
affect the production of mucus, which may 
in turn reduce some groups of beneficial 
microorganisms associated with it. Moreover, 
stress causes increased intestinal permeabil-
ity, which also leads to microbial population 
changes as well as increased risk of inflam-
matory processes (Bravo et al., 2012; Collins 
et al., 2012; Dinan and Cryan, 2012).
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5.5.1 Acute diarrhoea in children

Acute diarrhoea in infants is usually caused 
by infection with rotavirus (Kane et al., 2004). 
Treatment of such diarrhoea generally con-
sists of oral rehydration solutions to replace 
lost fluid and electrolytes (Samadi et al., 1983), 
although these are generally ineffective at 
reducing the duration of the diarrhoea. It is 
thought that treatment with probiotics may 
reduce the time of rotavirus excretion and, 
therefore, the duration of the illness (Boirivant 
and Strober, 2007).

Barone et al. (2000) found no significant 
differences in alleviation of symptoms between 
a single probiotic treatment (Saccharomyces 
boulardii) and two different multi-strain pro-
biotic mixtures. However, the study used a 
small number of subjects, the probiotic doses 
were different and there was no placebo con-
trol, making it difficult to draw definitive 
conclusions. A study by Rosenfeldt et al.
(2002) indicates the efficacy of a mixture of 
Lactobacillus rhamnosus and L. reuteri used at 
high doses (1011 CFU; 2 times per day) in 
treatment of acute diarrhoea in children. 
By comparison with a control, the probiotic 
mixture reduced hospital stay and viral shed-
ding. Although the study did not compare 
the mixture to individual strains, the authors 
indicated that the combination seems to be no 
more effective than a single-strain probiotic, 
Lactobacillus GG.

In a double-blind, randomized, placebo-
controlled trial with a powdered formula con-
taining Bifidobacterium bifidum and Streptococcus 
salivarius subsp. thermophilus, Saavedra et al.
(1994) observed a reduction in incidence, but 
not in severity or duration, of infant diar-
rhoea. The much lower dose used may 
account for the lack of effect on severity and 
duration, although with the use of different 
strains, the strain-specific nature of probiotic 
effect against pathogens would suggest that it 
is hard to compare the two studies. Grandy 
et al. (2010) observed a reduction in rotavirus 
diarrhoea in groups taking both single- and 
multi-strain products. The duration of fever 
was only reduced in the single-strain group 
despite the multi-strain product also contain-
ing that single strain (S. boulardii), suggesting 
that the strain-specific effect was diminished 

either by the 1000-fold reduction in the dose 
of that particular strain, or by the presence of 
the other probiotic microorganisms in the 
multi-strain product, possibly outcompeting 
S. boulardii for nutrients or binding sites. 
Interestingly, duration of vomiting was only 
reduced in the multi-strain group, despite a 
lower total dose, indicating that this combi-
nation or one of its components was able to 
produce a beneficial effect that S. boulardii
alone was unable to provide.

5.5.2 Traveller’s diarrhoea

Traveller’s diarrhoea (TD) is the most com-
mon pathologic condition among travellers 
and can occur in approximately 20–50% of the 
subjects during or immediately after a trip to 
a country with hot and humid weather and 
inadequate sanitary conditions. In TD cases 
caused by food contaminated with pathogens, 
the most frequently occurring are: enterotoxi-
genic Escherichia coli, Campylobacter jejuni, 
Shighella, Salmonella and some viruses, such 
as Rotavirus, Calicivirus, Enterovirus or even 
parasites, such as Giardia lambdia, Entamoeba 
histolytica, Cryptosporidium parvum and Cyclospora
cayetanensis (McFarland, 2007; Johnson et al.,
2009). In a recent meta-analysis of probiotics 
for the prevention of TD on randomized, con-
trolled, blinded efficacy trials, several probiot-
ics containing S. boulardii and a combination of 
L. acidophilus and B. bifidum had significant 
efficacy (Takahashi et al., 2007; Guslandi, 2008).

There are well founded reasons to believe 
that probiotics may be a safe and effective 
strategy to prevent TD, but continued research 
is needed.

5.5.3 Treatment of antibiotic-associated 
diarrhoea

One of the major complications of treatment 
with antimicrobial agents is known as antibiotic-
associated diarrhoea (AAD), which occurs in 
5–25% of patients (Bergogne-Berezin, 2000). 
One of the major causes of AAD is infection 
with Clostridium difficile, believed to be 
responsible for 15–25% of AAD cases (Barbut 
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and Petit, 2001). Three randomized, double-
blind, placebo-controlled trials have examined 
the role of probiotic combinations in the treat-
ment of AAD (Gotz et al., 1979; Plummer et al.,
2004; Hickson et al., 2007). Gotz et al. (1979), 
using L. acidophilus and L. bulgaricus, found 
a 13% reduction in incidence of ampicillin-
related diarrhoea, while Hickson et al. (2007), 
using L. casei, L. bulgaricus and S. thermophilus,
found a 22% reduction in incidence in AAD 
and complete elimination of C. difficile toxin 
in faeces, albeit with a much larger dose of 
probiotics. In contrast, despite using a larger 
dose of probiotics, Plummer et al. (2004) 
found no difference between treatment 
(L. acidophilus plus B. bifidum) and placebo 
groups, although the experimental group was 
found to have a reduced incidence of C. difficile
toxin. Overall, these studies support the use 
of multi-strain probiotics in the treatment of 
infant diarrhoea and AAD, although no defin-
itive information is given on whether mix-
tures are more effective than single strains.

5.6 Development of Synbiotics

Synbiotic products are completely safe and 
effective in improving colonic health. Anyone 
who has concerns about their digestion or 
who wants to optimize their digestive health 
would likely find that properly-made synbi-
otic products are a safe and healthy option.

5.6.1 First-generation prebiotics

First-generation prebiotics are either extracted 
from plants or manufactured from cheap, 
readily available sources, generally by means 
of enzymatic hydrolysis or synthesis reactions. 
Another approach is enzyme hydrolysis of 
polysaccharide. Fungal inulinase is used to 
hydrolyse chicory inulin to oligosaccharides 
with low monosaccharide contents. Fructo-
oligosaccharides and xylo-oligosaccharides are 
both manufactured by hydrolysis of their par-
ent polysaccharides. Fructo-oligosaccharides 
can also be manufactured by synthesis from 
sucrose. Consequently, FOS produced from 
inulin has reducing activity. The prebiotics, 

such as galacto-oligosaccharides, lacto-sucrose, 
isomalto-oligosaccharides (IMO) and some 
FOS, are manufactured by enzymic glycosyl 
transfer reactions from cheap sugars such 
as sucrose and lactose or from starch. All of 
the sucrose-derived FOS terminate in a non-
reducing glucose residue. Ion-exchange chro-
matography can be used to remove glucose 
and sucrose (De Vrese and Schrezenmeir, 2008).

5.6.2 Second-generation prebiotics

Two areas of development are being explored 
in laboratories in Europe at the current time 
for second-generation prebiotics. Controlled 
polysaccharide hydrolysis is a commercial 
manufacturing approach for prebiotics. In this 
a more controlled partial hydrolysis is carried 
out in order to achieve control over the mole-
cular weight distribution of the products. 
Different IMO with average molecular weights 
up to 12,000 Da can be prepared by controlled 
partial hydrolysis of dextran and pectins 
by endodextranase in an enzyme membrane 
reactor by controlling residence time and ratio 
of enzyme to substrate. The fractions display 
good prebiotic fermentation in vitro (Kelly, 
2008). Targeted prebiotics for probiotics can be 
developed firstly by screening a wide range of 
oligosaccharides for their prebiotic attributes, 
which will provide information about their 
selectivity towards particular species. Structural 
diversity and cost-effective manufacture tech-
nology for complex oligosaccharides is most 
important.

The second approach is enzymes-
expressed probiotics that can act as syn-
thetic catalysts. These enzymes will produce 
a mixture of oligosaccharides, which in turn 
may be more readily metabolized by the 
producing organism, resulting in higher 
selectivity, e.g. novel b-galacto-oligosaccharide 
mixtures have been synthesized from lac-
tose using b-galactosidases from a range of 
prebiotics.

Synbiotic 2000 consists of a mixture of 
1010 CFU (or Synbiotic Forte with 1011 CFU) of 
each of four LAB species, including Pediacoccus 
pentosaceus, Leuconostoc mesenteroides, L. paracasei
subsp. paracasei and L. plantarum, and 2.5 g of 
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each of the four fermentable fibres or prebiot-
ics including b-glucan, inulin, pectin and resist-
ant starch (Medipharm AB, Kågeröd, Sweden, 
and Des Moines, Iowa, USA). Microbiologists 
Åsa Ljungh and Torkel Wadström at Lund 
University developed this multi-component 
synbiotic formula, which has been extensively 
used in clinical trials. The choice of LAB for 
the formulation was finalized after extensive 
studies of >350 human microbial strains 
(Kruszewska et al., 2002) and >180 plant 
microbial strains (Ljungh et al., 2002). Strain 
selection was based on the ability of LAB to 
produce bioactive proteins, induce NF-kB sig-
nalling, stimulate pro- and anti-inflammatory 
cytokines, enhance antioxidants, and function-
ally complement each other. In recent studies 
both the Synbiotic 2000 Forte and a Probiotic 
2000 Forte (no fibre added) containing 1011

CFU of each of the four LAB (e.g. 400 billion 
LAB per dose) have been tested clinically.

5.6.3 Synbiotic foods

Some examples of synbiotic foods with defined 
health benefits are as follows.

Infant formulae and weaning foods

Bifidogenic factors in milk stimulate the 
growth of bifidobacteria that result in health 
benefits to the infant, including a decreased 
susceptibility to microbial infections. Breast-
fed infants’ gut is dominated by bifidobacteria 
while that of formula-fed infants contains a 
mixed microflora resembling that of an adult. 
The supplementation of infant milk formula 
with non-digestible compounds would sup-
port growth of bifidobacteria. Hence, it would 
be of great interest to produce prebiotics with 
high selectivity towards growth of bifidobac-
teria that are present in the gut of breast-fed 
infants as the basis of novel infant food formu-
lations (Rastall and Maitin, 2002).

Functional foods for healthy ageing

Bifidobacterial population decreased markedly 
in the colon of elderly persons (55–60 years 
of age) as compared with those of young adults. 
Species of Bifidobacterium are a reasonable 

target for prebiotics, viz. B. infantis and 
B. breve are predominant in infants, whereas 
B. adolescentis and B. longum are predominant 
in adults. Decrease in bifidobacterial numbers 
results in reduction in resistance to gastroin-
testinal infections and thus elderly people 
suffer more with such ailments. The develop-
ment of a targeted prebiotic that promotes 
the growth of probiotic strains is able to 
inhibit gastrointestinal pathogens, viz. E. coli, 
Salmonella sp. and Campylobacter jejuni more 
effectively (Guslandi, 2008).

5.7 Safety of Synbiotics

Most probiotics do not have a documented 
history of safe use, hence safety evaluation is 
quite necessary. Some of the issues of probiot-
ics concerned to safety are described below.

5.7.1 Antibiotic resistance

Presence of antibiotic resistance-encoding 
genes must be determined in order to prevent 
transmission of drug resistance to undesira-
ble organisms. The antibiotic resistance gene, 
especially vancomycin resistance, should not 
be unstable plasmid encoded in probiotic 
organisms as this is one of the last antibiotics 
used as an effective tool against resistant 
staphylococci. It is recommended not to use 
any vancomycin-resistant Enterococci as either 
human or animal probiotics (Macfarlane 
et al., 2009).

5.7.2 Strain identification

It is not probable that all strains of a genus 
would confer probiotic health benefits to the 
host. Proper identification of the organism is 
desirable by using internationally accepted 
molecular tools such as DNA-DNA hybrid-
ization, 16SrRNA, pulsed field gel electro-
phoresis (PFGE) or randomly amplified 
polymorphic DNA (RAPD), or newer systems 
such as terminal restriction fragment-length 
polymorphism (T-RFLP) etc., in order to 
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give a correct designation so that it can be 
easily accessible by researchers. After identi-
fication the strain must be deposited in a col-
lection centre so that it can be readily available 
for workers (Rastall and Maitin, 2002).

5.7.3 Metabolic activities

Certain probiotics are capable of converting 
food components or biological secretions into 
secondary metabolites that could be poten-
tially harmful to the host. Hence, these should 
be assessed for the following parameters.

Biogenic amines

These are produced during degradation of 
food proteins by certain LAB due to deami-
nase activity, which is considered as the main 
factor for the detrimental effects of probiotics. 
The candidate probiotic can be evaluated for 
its deaminase activity using Bover-Cid and 
Holzapfel’s method.

Bile salt deconjugation

Bile salts are water soluble end-products of 
cholesterol metabolism in liver and assist in 
lipid digestion. They are absorbed actively 
in the terminal ileum and are subsequently 
re-secreted, thereby forming an enterohe-
patic cycle. During bile acid metabolism 
in microbes, the first step is deconjugation 
as these are less effective in solubilization 
of dietary lipids. Further, too early and too 
much deconjugation, particularly in the 
upper small intestine, may disturb the lipid 
digestion and subsequent uptake of fat-
soluble vitamins. Primary bile acids can 
subsequently be dehydroxylated to yield 
secondary bile acids. The latter are most 
hydrophobic and toxic to hepatocytes and 
the gastric and intestinal mucosa, and have 
been suggested to be cancer promoters and 
to be involved in the formation of gall 
stones. Considering the detrimental proper-
ties of secondary bile acids, no increase in 
7a-dehydroxylase activity can be accepted 
anywhere in the intestine. Potential probiot-
ics and starters should not exhibit this prop-
erty (Bengmark, 1998).

D(-)-lactic acid production

Mammalian tissues lack the D-lactate dehy-
drogenase (DLDH) enzyme to metabolize 
D(-)-lactic acid. Production of D(-)-lactic acid 
by probiotic bacteria is also a concern to their 
use in children, due to D(-)-lactic acidosis. 
Acidosis is a pathologic condition character-
ized by neurological alterations.

Others-binding

The binding of probiotics to the mucosal layer 
is one of the prime selection criteria, as it is 
more important for immune modulation by 
competitive exclusion of pathogens. However, 
binding is also a first step for the pathogenesis. 
Probiotics adhere to the extracellular matrix 
(ECM) proteins typically exposed in wound 
tissue. Pathogens often have affinity for these 
proteins, which also serve as receptors for 
invading microbes. Many lactic acid bacteria 
have been observed to be able to reduce bio-
availability of certain toxins by absorption, 
viz. absorb environmental toxins, mycotox-
ins, heterocyclic amines etc. Although absorb-
ing these compounds is desirable trait, it is 
important that such organisms should not be 
able bind to therapeutic compounds or essen-
tial nutrients (Boirivant and Strober, 2007).

• If the strain under evaluation belongs to 
a species with known haemolytic poten-
tial, determination of haemolytic activity 
is required;

• Assessment of lack of infectivity by a 
probiotic strain in immunocompromised 
consumers (add a measure of confidence 
in the safety of a probiotic);

• Animal and human studies: assessment 
of side-effects, epidemiological surveil-
lance (post-market) and degradation of 
mucins must be carried out.

5.8 Evaluation of Synbiotics

5.8.1 Prebiotic characterization

The component that is claimed to have prebiotic 
attribute(s) must be characterized for source, 
origin, purity, chemical structure, composition, 
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concentration and amount required to be 
delivered to the host (Collins et al., 1998).

5.8.2 Functionality evaluation

Correlation of physiological effect and modu-
lation of intestinal microflora should be sub-
stantiated based on studies tested in the target 
host with the final product type along with 
time framework. A prebiotic can be a fibre but 
a fibre need not be a prebiotic (De Vrese and 
Schrezenmeir, 2008).

FAO has recommended the following 
guidelines for safety evaluation and substan-
tiation of synbiotics:

• If the product has long history of safe 
usage then it should be considered as 
GRAS status and thus no need for further 
human and animal trials. If it is a new can-
didate, safe levels must be determined;

• Levels of consumption for safe and mini-
mum side effects must be established;

• The product must be free from contami-
nants and impurities, characterization of 
contaminant should be done with toxico-
logical studies;

• The prebiotic must not alter the gut micro-
biota in a way detrimental to the host.

5.9 Applications of Synbiotics

The scientific basis for the development of 
synbiotics is in their protective role in the host 
(humans and animals) against colonization of 
the intestinal tract by non-indigenous micro-
organisms. The mechanism of synbiotic action 
is still unknown but different approaches 
could be developed.

Synbiotics have several health benefits. 
Some of these applications are the following.

5.9.1 Antimutagenic effect

Mutagenicity means the ability of certain sub-
stances to induce genetic mutation, which 
could prove harmful. Probiotics could exert 

potent antimutagenic effect. For example, lac-
tobacilli strains in milk (milk cultured with 
these strains) could reduce the incidence 
of mutagenicity by binding with harmful 
chemicals and carcinogens in the gastric juice 
(Hosno et al., 1997).

5.9.2 Lowering of serum cholesterol

Probiotic bacteria can lower serum choles-
terol levels. Certain bacteria found in the gut 
may break down the bile acids that are 
secreted into the small intestine. This inhibits 
re-absorption of bile salts, which in turn leads 
to reduction of liver cholesterol (liver needs 
cholesterol to make bile acids). Supposing the 
gut were more colonized with Lactobacillus
acidophilus (that has greater propensity to 
break down bile acids), then obviously serum 
cholesterol levels could be lowered because 
there would be more inhibition of re-absorption 
of bile salts, less cholesterol in the liver (as 
most of it would be used to make bile acids) 
and consequently less cholesterol in the 
serum. For example, it has been found that 
yoghurt fermented with L. acidophilus could 
reduce LDL cholesterol by 4.5%. But apart 
from theoretical paradigms it is not clear 
what level of probiotic dose is appropriate for 
lowering cholesterol and to what extent 
hypercholesterolaemic patients could benefit 
from probiotic therapy (Pereira and Gibson, 
2002; Liong and Shah, 2006).

5.9.3 Antihypertensive action

Hypertensive patients could benefit from con-
suming fermented dairy foods such as fer-
mented milk along with other foods that could 
possibly lower blood pressure. However, pro-
biotics alone cannot significantly reduce blood 
pressure on a long-term basis (Liong, 2007).

5.9.4 Benefits to immune system

The immune system produces immunoglobu-
lin A (IgA), an antibody, which protects harm-
ful microbes from binding and penetrating 
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the gut wall. Yoghurt and probiotics like 
Lactobacillus casei are capable of increasing IgA 
levels by helping to produce more of IgA-
producing plasma cells. For instance, people 
with regular intake of probiotic milk for up to 
6 weeks had immune cells with better phago-
cytic capacity (Schley and Field, 2002).

5.9.5 Antioxidant effects

Normal body metabolism produces free radi-
cals, especially the free radicals from oxygen. 
If these free radicals are not neutralized 
quickly enough, they can cause death of cells 
through oxidation of enzymes, proteins and 
lipids. Free radical-induced cellular damage 
can lead to cancer, heart disease and other 
serious illnesses. Bacteria like Lactobacillus
delbrueckii ssp. bulgaricus and Streptococcus 
thermophilus found in yoghurt can successfully 
entrap reactive forms of oxygen (hydrogen 
peroxide and hydroxyl radical). Researchers 
are working on milk bacteria to be used as an 
antioxidant food supplement, because milk 
bacteria can eliminate oxygen free radicals, 
and also in view of the fact that some lactoba-
cilli have an antioxidant effect in the GI tract 
(Songisepp et al., 2004).

5.9.6 Synbiotics and Helicobacter
pylori infection

People with Helicobacter pylori bacterium 
infection could develop peptic ulcer and/or 
bouts of gastritis together with melena. 
Potentially this could be a life-threatening ill-
ness for the elderly, especially as internal gut 
haemorrhage could at times lead to a sudden 
drop in systolic pressure. Probiotics with lac-
tic acid bacteria (for example isolated from 
yoghurt) can be used to block the growth of 
H. pylori and the complications it could cause. 
A clinical trial was performed in a school 
from a low socio-economic area of Santiago, 
Chile. Helicobacter pylori-positive children 
were randomly distributed into four groups. 
Children received daily antibiotic treatment 
(lansoprazole, clarithromycin and amoxicil-
lin) (Ab) for 8 days, ‘Saccharomyces boulardii’

(250 mg) plus inulin (5 g) (SbI) daily for 
8 weeks, L. acidophilus LB (109 CFU day−1)
(LB), or no treatment (Gotteland et al., 2005). 
A 13C-urea breath test (13C-UBT) was per-
formed before and after the study, and differ-
ences in 13CO2 quantities were calculated 
(DDOB). Helicobacter pylori was eradicated in 
66, 12, or 6.5% of the children in the Ab, SbI, 
or LB groups, respectively, while no sponta-
neous clearance was observed in children not 
receiving treatment. A moderate but signifi-
cant difference in DDOB was detected in chil-
dren receiving SbI (76.31; 95% CI, 711.84 to 
70.79), but not LB (+0.70; 95% CI, 75.84 to 
+7.24). Helicobacter pylori infection was eradi-
cated in 12% of synbiotic-treated and 6.5% of 
probiotic-treated children. Different species 
of LAB, doses of synbiotics and combinations 
of antibiotics and synbiotics may yield a wider 
spectrum of beneficial effects in different dis-
orders. Swiss researchers have found that 
L. johnsonii is beneficial in combating gastritis 
due to H. pylori even if it were to be used 
alone and not in conjunction with other con-
ventional medicines such as omeprazole or 
ranitidine. Some researchers believe that 
H. pylori cannot be totally destroyed by probi-
otics alone, but in any case they can help keep 
H. pylori levels lower (Armuzzi et al., 2001).

5.9.7 Synbiotics and diarrhoea

Diarrhoea, which is a rotavirus infection, is 
common in children especially under the age 
of 5, and for this category if probiotics like 
Lactobacillus GG, L. acidophilus or L. acidophilus
combined with L. bulgaricus are given it could 
be helpful in that both the severity and dura-
tion of diarrhoea are curbed. Antibiotic-
induced diarrhoea can also be taken care of 
(Cui et al., 2004).

5.9.8 Synbiotics and allergy

It has often been noticed that the incidence of 
allergy is accompanied by changes in gut 
microflora. For example, just before an allergy 
the lactobacilli numbers are found to decrease. 
Probiotics if given can improve mucosal 
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barrier function and diminish the intensity of 
allergic effects. For example food allergies 
linked to milk protein can be reduced by intake 
of Lactobacillus GG. For people susceptible to 
allergy, probiotics could be a key factor and in 
the case of young children it can help in the 
development of the immune system. A synbi-
otic combination of L. casei subsp. casei and 
dextran prevented cedar-pollen-induced onset 
of nasal and ocular symptoms, cedar pollen-
specific IgE responses and elevation of eosin-
ophil counts (Ogawa et al., 2006). In a recent 
randomized study, children >2 years of age
with atopic dermatitis received either a com-
bination of potato starch and L. rhamnosus or 
potato starch alone three times per day for 
3 months. Disease scores were reduced with 
synbiotic treatment from 39.1 to 20.7 (P <0.0001). 
No differences were observed after 3 months of 
treatment (P =0.535) (Passeron et al., 2006).

5.9.9 Synbiotics and inflammatory 
bowel disease (IBD)

Daily rectal instillations with Synbiotic 2000 
reconstituted in saline were administered to 
ten patients with distal colitis during 2 weeks. 
Synbiotic-treated patients demonstrated dra-
matic improvements in various disease scores, 
such as episodes of diarrhoea (initially 2.4, 
decreased to 0.8), visible blood in stool (2.2 to 
0.8), nightly diarrhoea (0.5 to 0), urgency (1.9 
to 1.0) and stool consistency (1.1 to 0.8) 
(Pathmakanthan et al., 2002). Two patients 
reported significant bloating, but other adverse 
or side effects were not reported. In another 
study (Furrie et al., 2005), nine patients with 
active ulcerative colitis received a synbiotic 
composed of freeze-dried Bifidobacterium
longum (4 × 1011 CFU) and a prebiotic FOS/
inulin mixture (6 g) daily for 4 weeks. Nine 
patients received a placebo consisting of pow-
dered maltodextrose (6 g day−1). The quanti-
ties of intestinal bifidobacteria were increased 
42-fold compared to 4.6-fold in the placebo 
group. The sigmoidoscopy score, based on 
clinical assessment of disease activity (Baron 
et al., 1964), decreased by an average of 1.3 
units compared to an increase of 0.58 units in 
the placebo group (P = 0.06). The bowel habit 

index scores decreased by 20.4% in the synbi-
otic group and the scores increased by 70.4% 
in the placebo group. The prebiotic and probi-
otic trials reveal the importance of the intesti-
nal environment as a potent regulator of IBD 
activity.

5.9.10 Synbiotics and irritable bowel 
syndrome (IBS)

The effects of twice-daily consumption of a 
probiotic fruit drink, ProViva (Skånemejerier, 
Malmo, Sweden), containing L. plantarum
299v (6 × 107 CFU/drink) or a placebo for 
4 weeks were studied in a controlled study 
including 40 patients (Nobaek et al., 2000). 
The vast majority (95% of LAB-treated versus 
15% of the placebo-treated patients) of indi-
viduals in the probiotic consumption group 
reported general improvement. A total of 
20 of 20 patients in the LAB-supplemented 
group and 11 of 20 patients in the placebo 
group (P = 0.0012) reported resolution of 
abdominal pain. A similar study, using the 
same formula, was performed with patients 
who received the treatment for 4 weeks. 
A significant enhancement of LAB composi-
tion in probiotics-supplemented patients was 
described. Flatulence was rapidly and signifi-
cantly reduced in the LAB-treated group, but 
no difference in bloating was reported 
between the groups (Sen et al., 2001). In an 
another study, 68 patients with IBS were 
treated for 12 weeks with a vitamin- and 
plant fibre-enriched diet containing either 
live or heat-inactivated LAB including 109

CFU each of L. acidophilus, L. helveticus and 
Bifidobacterium spp. (Tsuchiya et al., 2004). 
Eighty per cent and 40% of the patients, 
respectively, reported significant improve-
ments in pain, bloating, constipation and 
bowel habits (P <0.01).

5.10 Advances in Synbiotic Foods 
from Traditional Use to the Modern 

Application in the Medical Field

Synbiotics met a growing scientific interest in 
the context of the so-called functional foods 
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and/or nutraceuticals, attractive and imag-
initive names that reveal their important 
implications for the human health. Several 
studies reveal evidence that supports the 
positive impact of synbiotics on intestinal 
microflora of pre-term and term infants and 
in adults, on immunonutritional parameters 
and on prevention of eczema, in particular 
atopic eczema (Rastall and Maitin, 2002; 
Bartosch et al., 2005; Casiraghi et al., 2007; 
Kukkonen et al., 2007; Panigrahi et al., 2008). 
It has been also reported that synbiotics 
administered to newborn infants seem to 
increase resistance to respiratory infections 
during the first 2 years of life, reduce the 
incidence and severity of respiratory dis-
eases during the cold season, decrease the 
incidence of septic complications in patients 
with severe systemic inflammatory response 
syndrome and are safe (Kukkonen et al.,
2008; Pregliasco et al., 2008; Shimizu et al., 
2009). Leyer et al. (2009) reported that 
daily dietary probiotic supplementation for 
6 months was a safe effective way to reduce 
fever, rhinorrhoea and cough incidence and 
duration and antibiotic prescription inci-
dence, as well as the number of missed 
school days attributable to illness, for chil-
dren 3–5 years of age. An interesting reported 
activity, that must however be confirmed, is 
Crohn’s disease remission (Fujimori et al., 
2007). Moreover, some studies suggest that 
synbiotic therapy could prove more effective 
in the treatment of ulcerative colitis (UC) 
than therapies limited to probiotics or prebi-
otics; C-reactive protein decreased signifi-
cantly only with synbiotic therapy and 
patients with UC on synbiotic therapy expe-
rienced greater quality-of life changes than 
patients on probiotic or prebiotic treatment, 

suggesting that synbiotic therapy may have 
a synergistic effect in the treatment of UC 
(Fujimori et al., 2007; Kanauchi et al., 2009; 
Macfarlane et al., 2009).

Some other experimental and clinical 
studies support the fact that, in critically ill 
patients, early enteral nutrition enriched 
with synbiotics should restore the balance 
of microbial communities in a beneficial way 
with positive effects on intestinal perme-
ability and bacterial translocation and may 
reduce systemic inflammation, improve the 
immunological status of the intestinal mucosa 
and help to prevent infections (Manzanares 
and Hardy, 2008). A positive effect of synbiot-
ics has been noted also in multiple trauma 
patients and in patients with high-risk opera-
tions (Rayes et al., 2009).

5.11 Conclusions

While probiotics have to compete with already 
established bacterial communities, prebiotics 
have the advantage of targeting bacteria 
already present in the GI tract. However, even 
though prebiotics may seem as a potentially 
more efficient and practical way of manipulat-
ing the GI microbiota, if for any reason the tar-
get bacteria are absent, due to any of several 
potential disturbance factors, then prebiotics 
alone are not likely to be effective. Therefore, 
synbiotics, combinations of prebiotic and pro-
biotic, may be useful and possibly more effi-
cient in several conditions. However, even as 
increasing evidence becomes available, fur-
ther well-designed research is still critically 
needed to definitively prove the effectiveness 
of synbiotics to promote GI health.
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6.1 Introduction

Eating habits, actual trends in production and 
consumption of food have a health, environ-
mental and social impact. In northern 
European countries eating is an individual 
affair, whereas in continental and southern 
countries consumers attach importance to the 
social dimension of food and sharing a meal 
(Bronzwaer, 2008). These nutritional differ-
ences contribute greatly to the apparent dif-
ferences in the health of populations. In spite 
of the fact that today’s consumers are increas-
ingly attentive to food safety, quality and 
health-related issues, people are still fighting 
with the diseases of a modern age such as 
obesity, osteoporosis, cancer, diabetes, aller-
gies and dental problems.

Diet has tremendous implications on gut 
health. Gut complications, such as ulcera-
tive colitis, Crohn’s disease, irritable bowel 
syndrome and gluten therapy-resistant celiac, 
result from overgrowth and imbalance of 
intestinal microbial flora, and are related 
to one’s diet. Over the past few years a num-
ber of new food ingredients labelled as 
being nutraceuticals have been launched 
on the food and pharmaceutical market. 
These include components that have a 

proven beneficial effect on human health 
(Hugenholtz and Smid, 2002). ‘Nutraceutical’ 
is the term used to describe a medicinal or 
nutritional component that includes a food, 
plant or naturally occurring material, for the 
improvement of health, by preventing or 
treating a disease.

Bacteria, yeast and micro-algae can act as 
producers or catalysts for the production of 
food ingredients, enzymes and nutraceuticals 
(Hugenholtz and Smid, 2002). With the cur-
rent trend towards natural ingredients, there 
is renewed interest in microbial flavours, 
colours and bio-processing using enzymes. 
Microbial production of substances such as 
organic acids, enzymes, proteins, vitamins, 
antibiotics and hydrocolloids also remains 
important (Dufosse, 2009). Lactic acid bacte-
ria, in particular Lactococcus lactis, have been 
demonstrated to be ideal cell factories for the 
production of these important nutraceuticals. 
Development in the genetic engineering of 
food-grade microorganisms means that the pro-
duction of certain nutraceuticals can be enhanced 
or newly induced through over-expression 
and/or disruption of relevant metabolic genes 
(Bronzwaer, 2008).

Microorganisms can be used as an 
adjunct therapy for the diseases like protein 
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energy malnutrition (PEM), anaemia, diarrhoea, 
cancer, obesity, ulcerative colitis, Crohn’s 
disease, irritable bowel syndrome and glu-
ten therapy-resistant celiac. The potential of 
microbes as a source of nutraceuticals/dietary 
supplements/functional foods/food supple-
ments in mitigating various health problems is 
discussed in the present chapter.

6.2 Microorganisms as 
Protein Source

Microbial biomass has been eaten by man 
since times immemorial either directly as 
food, e.g. mushrooms, or as part of fer-
mented foods. Biomass produced by unicel-
lular and multicellular organisms like bacteria, 
yeast, filamentous fungi and algae is pro-
cessed and used as human food or animal 
feed supplement.

Various bacteria, mould, yeast and algae 
have been employed for the production of 
single cell proteins (SCP). The bacteria include 
Brevibacterium, Methylophilus methylotrophus, 
Acromobacter delvaevate, Acinetobacter calcoace-
ticus, Aeromonas hydrophila, Bacillus megate-
rium, B. subtilis, Lactobacillus sp., Cellulomonas
sp., Methylomonas methylotrophus, Pseudomonas 
fluorescens, Rhodopseudomonas capsulata, Flavo-
bacterium species, Thermomonospora fusca and 
others. Some of the algae used are Chlorella 
pyrenoidosa, C. sorokiana, Chondrus crispus, Scene-
desmus acutus, Porphyrium sp. and Spirulina
maxima (Mahasneh, 1997). The filamentous 
fungi that have been used include Chaetomium
celluloliticum, Fusarium graminearum, Aspergillus 
fumigatus, A. niger, A. oryzae, Cephalosporium 
cichhorniae, Penicillium cyclopium, Rhizopus 
chinensis, Scytalidium acidophilum, Tricoderma 
viridae, T. alba and Paecilomyces varioti. Yeasts 
such as Candida utilis (Torula yeast), C. lipolytica, 
C. tropicalis, C. novellas, C. intermedia and Saccharo-
myces cerevisiae are all among the various 
organisms that have been used for the pro-
duction of SCP (Becker, 2007). The desired 
microorganisms to be cultured should be 
non-pathogenic, must have good nutritional 
values, must be usable as food and feed, 
should not contain toxic compounds and 
production cost should be low. For example 

Quorn, a leading brand of mycoprotein food 
product in the UK and Ireland, is extracted 
from a fungus, Fusarium venenatum. It is high 
in protein and dietary fibre and low in satu-
rated fat and salt.

6.2.1 Nutritional benefits 
of single cell proteins

SCP basically comprise high proteins, low 
fats, important minerals, vitamins particu-
larly thiamine, riboflavin, B-complex, glu-
tathione, folic acid and good amino acid 
composition but deficient in S-containing 
amino acids. Its nutritive value is compara-
ble with soy-meal and fishmeal. The nutri-
tive and food values depend upon the 
organism and the substrate upon which it 
grows. The method of harvesting, drying 
and processing also has an effect on the nutri-
tive value of the finished product. SCP from 
yeast and fungi has up to about 50–55% pro-
tein. It is rich in lysine but poor in methio-
nine and cysteine. It has good balance of 
amino acids and rich in B-complex vitamins 
and more suitable as poultry feed. SCP pro-
duced from bacteria have more than 80% 
protein although they are poor in S-amino 
acids and have high nucleic acid content 
(Kurbanoğlu, 2001). Yeast SCPs are playing a 
greater role in the evolution of aquaculture 
diets. With excellent nutrient profiles and 
capacity to be mass-produced economically, 
SCPs have been added to aquaculture diets 
as partial replacement for fishmeal (Olvera-
Novoa et al., 2002) and for HUFA-fortification 
of rotifer and Artemia (Li and Gatlin, 2003). 
Some yeast strains with probiotic proper-
ties, such as S. cerevisiae (Oliva-Teles and 
Gonçalves, 2001) and Debaryomyces hansenii
(Tovar et al., 2002) boost larval survival either 
by colonizing the gut of fish larvae, thus trig-
gering the early maturation of the pancreas, 
or via the immunostimulating glucans 
derived from the yeast cell wall (Campa-
Córdova et al., 2002; Burgents et al., 2004). 
However, many of these yeast supplements 
are deficient in S-amino acids, particularly 
methionine, which restricts their extensive 
use as the sole protein source.
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6.3 Microbes for Treatment 
and Prevention of Anaemia

Prevalence of anaemia in developing and 
third world countries is high because of mal-
nutrition, poor availability of iron and chronic 
blood loss. The other contributing factors of 
anaemia are deficiency in folic acid, vitamin B12

and iron. Vitamin B12, along with folate, is 
involved in making the haem molecule, an 
integral part of haemoglobin. Vitamin B12 is 
important in living beings and it is used to 
treat pernicious anaemia and peripheral neu-
ritis. Folates perform an important role as 
cofactors in 1-carbon transfer reactions occur-
ring in purine and pyrimidine biosynthesis. 
They are also required for efficient DNA rep-
lication, repair and methylation. For these 
key roles in the cellular cycle, tissues with a 
high cell growth rate or turnover, such as hae-
mopoietic cells and intestinal mucosa, have a 
high requirement for folate. Their deficiency 
leads to megaloblastic anaemia resulting in 
inhibition of DNA synthesis in red blood cell 
production (Bronzwaer, 2008).

There are some folic acid-producing bac-
teria and yeast that can be cultured in whey 
or milk plasma, thereby accumulating high 
concentrations of folic acid in the medium. 
The various identified bacteria that produce 
and enhance the uptake of folic acid are Lacto-
coccus lactis subsp. cremoris, L. lactis subsp. 
lactis, Bifidobacterium adolescentis, B. pseudo-
catenulatum; yeasts such as Candida famata, 
C. guilliermondii, C. glabrata, Yarrowia lipolyt-
ica, Saccharomyces cerevisiae and Pichia gluco-
zyma. The vitamin B12-producing bacteria 
are Pseudomonas denitrificans and Propionibac-
terium shermanii (Kassinen et al., 2007). 
Application of probiotic bacteria for the pre-
vention of megaloblastic anaemia is a novel 
scientific approach that involves lactic acid-
fermented foods, increases iron absorption 
by optimization of pH in the digestive 
tract, activates enzyme phytases, produces 
organic acids and other digestive enzymes 
(Scarpignato, 2008).

A strain of probiotic bacteria devel-
oped by Swedish firm Probi doubled the 
absorption of iron from food in women. 
Lactobacillus plantarum 299v (Lp299v) not only 
helps our digestive system, but also helps in 

our immune system. It is also good for the 
heart and helpful in reducing unexpected gas 
and bloating conditions. It improves bowel 
moments by making them more normal and 
regular. It also reduces the negative effects of 
an antibiotic drug on colonic fermentation 
(Bemgmark, 1998; Liu et al., 2001).

Several medicines are produced using 
genetically engineered bacteria or fungi that 
synthesize the medicine in giant bioreactors. 
Erythropoietin can be man-made in bioreac-
tors by bacteria and is used to treat anaemia, 
but the treatment requires frequent, even 
daily injections. Researchers have purified 
specialized cells from human blood that nor-
mally repair the lining of blood vessels. These 
cells were also genetically engineered to 
express erythropoietin. The cells were then 
mixed with mesenchymal stem cells, which 
are able to form blood vessels. This mixture 
was then injected underneath the skin of 
anaemic mice. The cell mixture spontaneously 
formed networks of blood vessels underneath 
the skin. The vessel lining secreted erythro-
poietin and cured anaemia in mice (Kassinen 
et al., 2007).

6.4 Microbes for the Prevention or 
Treatment of Obesity and Cholesterol

Obesity is a significant risk factor for major 
diseases including type-II diabetes, coronary 
heart disease, hypertension and certain forms 
of cancer (Barsh et al., 2000; Kopelman, 2000). 
Obesity arises when energy intake, princi-
pally stored as triglycerides, exceeds energy 
expenditure (Spiegelman and Flier, 2001; 
Flier, 2004). Obesity is a complex trait influ-
enced by diet, developmental stage, age, 
physical activity and genes (Brockmann and 
Bevova, 2002; Friedman, 2003). Probiotic bac-
teria are used for the manufacture of a natural 
remedy for controlling weight gain, prevent-
ing obesity, increasing satiety, prolonging 
satiation, reducing food intake, reducing fat 
deposition, improving energy metabolism, 
treating and enhancing insulin sensitivity 
and treating obesity.

Animal studies have demonstrated the 
efficacy of some strains of lactic acid bacteria 
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(LAB) to be able to lower serum cholesterol 
levels, presumably by breaking down bile 
in the gut, thus inhibiting its re-absorption 
(Sanders, 2000). A meta-analysis that included 
five double-blind trials examining the short-
term effects of a yoghurt with probiotic strains 
on serum cholesterol levels found a minor 
change (~4% decrease) in total cholesterol con-
centration and a decrease (~5%) in serum LDL 
concentration (Agerholm-Larsen et al., 2002). 
A slightly longer study evaluating the effect of 
yoghurt with probiotic strains on 29 subjects 
over 6 months found no statistically significant 
differences in total serum cholesterol or LDL 
but a significant increase in serum HDL fol-
lowing treatment (Kiessling et al., 2002).

Lactobacillus (Lb. sporogenes and Lb. acido-
philus NCFB 1748) and Bifidobacterium genus 
representatives have been reported to play a 
critical role in weight regulation as an anti-
obesity effect in experimental models and 
humans (Mercenier et al., 2002). Lactobacillus 
sporogenes has the ability to lower cholesterol 
levels. It produces a significant reduction in 
low density lipoprotein (LDL) levels and a 
small but significant increase in high density 
lipoprotein (HDL) cholesterol. Lactobacillus 
sporogenes can be used as a side effect-free 
alternative to drug therapy in the treatment 
of high cholesterol and heart disease. It has 
also been used in the treatment of gut dysbio-
sis, vaginitis and aphthous stomatitis. Clinical 
studies have revealed that Lb. sporogenes can 
be successfully implanted in the intestine. 
Lactobacillus sporogenes satisfies the essential 
requirement of an efficient probiotic. The 
spores of Lb. sporogenes are resistant to heat 
and other adverse environmental conditions. 
This property of spore formation by Lb. sporo-
genes is the main characteristic that makes it 
the probiotic of choice in clinical applications 
(Mohan et al., 1990). Being sporulated, they 
germinate under favourable conditions and 
produce sufficient viable cells, which prolifer-
ate and perform vital healthful functions. In 
addition, Lb. sporogenes spores are semi-resident 
and are slowly excreted out of the body. 
Lactobacillus sporogenes is effective in the form 
of dietary supplements as well as when added 
to food products (Montrose and Floch, 2005).

Lactobacillus acidophilus ferments lactose 
into lactic acid, like many lactic acid bacteria. 

Lactobacillus acidophilus, a homeo-fermentative 
microorganism, produces only lactic acid. 
Lactobacillus acidophilus has been found helpful 
in reducing serum cholesterol levels (Anderson 
and Gilliland, 1999). During digestion, L. acido-
philus assists in the production of niacin, folic 
acid and pyridoxine. It also helps in bile decon-
jugation, separating amino acids from bile 
acids, which can then be recycled by the body 
(Gilliland and Speck, 1977). Lactobacillus acido-
philus may provide additional health benefits, 
including improved gastrointestinal (GI) func-
tion, a boosted immune system, and a decrease 
in the frequency of vaginal yeast infections 
and relief from indigestion and diarrhoea 
(De Roos and Katan, 2000).

A Japanese study (Kadooka et al., 2010) 
showed a Lactobacillus probiotic to reduce 
abdominal fat by 4.6% and subcutaneous fat by 
3.3%. The probiotic milk containing Lactobacillus 
gasseri SBT2055 showed significant decreases 
in body weight BMI, in waist circumference 
and in the hips. Previous findings (Hamad 
et al., 2009) showed the same Lactobacillus
probiotic to reduce fat levels in animals.

Scientists in Ireland found that another 
probiotic of the Lactobacillus genus could seem-
ingly influence the fat composition of the host 
(Rosberg-Cody et al., 2011). Researchers engi-
neered a specific strain of Lactobacillus to pro-
duce a specific kind of fatty acid, t10, c12 CLA. 
Mice fed with the probiotic showed significant 
alterations to their fat tissues. The t10, c12 CLA 
molecule has already been associated with 
decreased body fat in humans and other ani-
mals, as well as having demonstrated ability to 
inhibit the growth of colon cancer cells.

Other studies on obesity following preg-
nancy showed that where women had taken 
probiotics (Lactobacillus and Bifidobacterium
strains) during pregnancy they were less 
likely to become obese after giving birth. 
Sousa et al. (2008) found that administration 
of L. acidophilus in rats resulted in weight loss, 
showed increased levels of leptin, a protein 
found to decrease the appetite and increase 
the metabolism. Bajzer and Seeley (2006) 
reported a clear difference in gut microbial 
populations between obese and lean people, 
suggesting a link between types of bacteria in 
the gut and obesity. Delzenne et al. (2005) 
suggested that prebiotics have a capacity to 
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promote satiety, by increasing levels of the sati-
ety hormone, glucagon-like peptide (GLP-1), 
or by reducing the production of ghrelin, 
a peptide that triggers the appetite.

6.5 Microbes for Treatment 
and Prevention of Diarrhoea

6.5.1 Microbes for irritable 
bowel syndrome

Irritable bowel syndrome (IBS) is the most 
common functional GI disorder that results in 
abdominal pain, altered bowel habits and 
irregular stool characteristics (Lacy and Lee, 
2005). Lactobacillus salivarius or Bifidobacterium 
infantis found significant improvements in 
typical IBS symptoms with the administration 
of probiotics. Commonly reported improve-
ments were reductions in bloating, flatulence, 
speed of colonic transit and abdominal pain. 
Intestinal microorganisms play various roles 
in human health such as complex food diges-
tion, metabolizing drugs, detoxifying toxic 
compounds, producing essential vitamins and 
preventing colonization of pathogens. Most of 
the microorganisms found in the GI tract are 
anaerobic bacteria, which are uncultivable 
under standard laboratory conditions. The 
type and number of bacteria in the GI tract var-
ies depending on age, gender, geographical 
origin (Mueller et al., 2006) and environmental 
factors, such as diet and dietary supple-
ments (Kajander et al., 2009). Firmicutes and 
Bacteroidetes are the dominant beneficial bac-
teria present in the normal human GI tract, 
and the latter was reported in lower numbers 
in constipation-predominant IBS patients 
(Rajilić-Stojanović et al., 2007).

6.5.2 Microbes for inflammatory 
bowel disorders and colitis

A protein has been isolated from probiotic 
bacteria that helps to alleviate inflammatory 
bowel disorders (IBD). The protein called p40 
was found effective in animal models suf-
fering from colitis (colon inflammation). The 
protein supports intestinal epithelial cell 

growth and function, and reduces inflamma-
tory responses that can cause intestinal cells 
to die. Many of the hundreds of bacterial spe-
cies that live in our gut (known as the ‘human 
microbiome’) help to digest certain sub-
stances, produce vitamins and fight off more 
dangerous bacteria. But miscommunication 
between these bacteria and our gut lining can 
lead to conditions such as ulcerative colitis 
and Crohn’s disease; e.g. Lactobacillus rhamno-
sus GG (LGG), has been used to prevent intes-
tinal disorders such as IBD and diarrhoea, as 
well as other conditions such as dermatitis. 
There are two specific proteins secreted by 
LGG (called p75 and p40) that are responsible 
for the bacterium’s beneficial effects (Gupta 
et al., 2000). LGG prevents epithelial cells from 
inflammation-induced apoptosis. The p40 
activates epidermal growth factor receptor 
(EGFR), a protein critical for cell survival and 
growth. Activation of EGFR protected epithe-
lial cells in two ways: by preventing both 
apoptosis and inflammation-induced disrup-
tion of the ‘tight junctions’ between epithelial 
cells, which form a barrier to keep toxic sub-
stances and pathogens out of the bloodstream 
(Lacy and Lee, 2005; Kassinen et al., 2007).

Lactic acid bacteria, in particular Lacto-
coccus lactis, have been demonstrated to be 
ideal cell factories for the production of such 
important nutraceuticals. Development in 
the genetic engineering of food-grade micro-
organisms means that the production of certain 
nutraceuticals can be enhanced or newly induced 
through over-expression and/or disruption 
of relevant metabolic genes (Hugenholtz and 
Smid, 2002). Lactococcus acidophilus is primar-
ily considered essential because of its ability to 
produce vitamin K and lactase. Furthermore, it 
also has the ability to produce antimicrobial 
substances like acidolin, acidolphilin, lactocidin 
and bacteriocin, which could aid with further 
health improvements in the digestive system 
(Gupta et al., 2000).

6.6 Microbes for Treatment and 
Prevention of Atopic Dermatitis

Atopic dermatitis (AD) is the most common 
chronic skin condition in infants and children, 
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with a prevalence of from 10% to 20% 
(Laughter et al., 2000; Schultz-Larsen, 2002). 
Geographic location affects the prevalence of 
this disease, with the highest prevalence in 
the USA and Europe (Thestrup-Pedersen, 
2002). Important factors in the susceptibility 
to develop AD include a genetic basis (82%) 
and environmental factors (18%) (Thomsen 
et al., 2007). In addition, AD has been linked 
to food hypersensitivity, especially milk and 
egg proteins (Sicherer and Sampson, 1999). 
Allergic diseases are associated with an 
imbalance in the T-lymphocytes type (TH1/
TH2) cytokine activation of TH2 cells and 
with stimulation of IgE and IgA synthesis, 
leading to allergic reactions (Kruisselbrink 
et al., 2001; Winkler et al., 2007). Probiotics can 
inhibit the TH2 response while stimulating 
the production of TH1 and TH1 cytokines, 
such as interferon (Isolauri et al., 2001; Winkler 
et al., 2007). In children with atopic disease, 
the use of probiotics was associated with an 
increase in interferon-g production and inhi-
bition of allergen-induced tumour necrosis 
factor-a, IgE and several allergy-induced 
cytokines (Prescott et al., 2005; Flinterman et al., 
2007). According to a study that evaluated the 
impact of a mixture of Lactobacillus acidophilus
DDS-1 and Bifidobacterium lactis UABLA-12 
with moderate to severe AD, it was found 
that probiotic supplementation stabilizes the 
intestinal barrier function and decreases GI 
symptoms in children with AD (Rosenfeldt 
et al., 2004). Therefore, probiotics may present 
attractive alternatives, given the low proba-
bility for the development of adverse effects.

6.6.1 Probiotics for allergies

An increased prevalence of atopic diseases, 
atopic dermatitis, allergic rhinitis and asthma 
has been reported (Isolauri, 2004). Evidence 
suggests that specific strains of probiotics 
have an effect on inflammatory processes as 
demonstrated by the reduction of certain 
local and systemic immune markers and 
these actions may be mediated via the gut-
associated lymphoid tissue (GALT), one of 
the three intestinal lines of defence (Isolauri, 
2004; Miraglia del Giudice and De Luca, 

2004). Probiotics may affect the production of 
inflammation-producing cells and accessibil-
ity of allergens, normalize the intestinal 
microbiota, impacting on the intestinal bar-
rier function and help regulate the secretion 
of inflammatory mediators (Isolauri, 2004).

6.7 Microbes for Cancer

Administration of microorganisms in the 
treatment of cancer is less widely known in 
the scientific community. It goes back more 
than 100 years when William B. Coley, physi-
cian and surgeon of the Memorial (Sloan- 
Kettering) Hospital, New York, observed that 
many of his cancer patients showed tumour 
regression when they were infected with bac-
terial pathogens. Treatment to eliminate the 
infections resulted in cancer relapse (Coley, 
1893). He developed a treatment modality by 
making extracts of defined bacteria (e.g. Strep-
tococcus pyogenes, Serratia marcescens) called 
Coley’s Toxin, which he administered to 
shrink tumours in his patients (Coley, 1893; 
Nauts et al., 1946).

Subsequently, other bacteria have been 
investigated in an effort to reduce the growth 
or the size of tumours. The most prominent 
example was the use of Mycobacterium bovis
BCG (Bacillus Calmette-Guérin), the vaccine 
strain in the treatment of defined stages of 
urinary bladder cancer (Lamm et al., 1980). 
Several good clinical practices (GCP) per-
formed clinical studies (randomized con-
trolled trials; RCTs) that have shown a clear 
relationship between the use of M. bovis BCG 
immunoprophylaxis after surgical removal of 
the tumour and the decreased recurrence rate 
or the prolonged relapse-free interval of uri-
nary bladder cancer (Morales et al., 1976; 
Lamm et al., 1980). The mode of action of BCG 
to induce its antineoplastic effect is suggested 
to result from its effects on the (local, mucosal) 
immune system, with mononuclear cells 
(T-lymphocytes, monocytes) playing a major 
role (Ratliff et al., 1993). Thus, intravesical 
instillation of BCG induces a non-specific 
cystitis, which is accompanied by local pro-
duction of cytokines and accumulation of 
inflammatory cells being able to damage 
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malignant cells (Alexandroff et al., 1999). The 
requirement of live cells of BCG for its anti-
cancer activity is reflected in the fact that 
monocytes and helper T-lymphocytes type 1 
(TH1) are most important for its effectiveness 
(Thanhäuser et al., 1995) and that high doses 
of defined vitamins have shown a positive 
effect on the treatment of bladder cancer in 
human clinical trials (Lamm et al., 1994).

The ability of bacteria to modulate the 
immune response to non-related antigens is 
well documented. Propionibacterium species 
are amongst the most potent immunomodu-
lators stimulating cell populations involved 
in non-specific resistance (Isenberg et al.,
1995). Three species (Propionibacterium acnes, 
P. granulosum, P. avidum) appeared to be of 
special medical interest and after evaluating 
the immunoactive potential of a great number 
of strains, P. avidum KP-40 and P. granulosum
KP-45 were selected for further experimental 
and clinical studies (Ko et al., 1981). For prac-
tical reasons (e.g. cultivation procedure, bio-
logical and immunological standardization) 
P. avidum KP-40 was preferably introduced 
for clinical evaluation, although its immuno-
active capacity is absolutely identical to 
P. granulosum KP-45.

Bacteria can be used to make anticancer 
agents and provide an extra source of lead 
compounds for the pharmaceutical industry. 
Genetically engineered strains of Streptomyces 
parvulus are used to produce compounds that 
selectively inhibit growth of human cancer 
cells. It naturally produces a compound 
called borrelidin, which is an effective inhibi-
tor of angiogenesis, a key process in the 
spread of malignant tumours. Genetically 
engineered Escherichia coli bacteria are used to 
produce a large quantity of a critical com-
pound that is a precursor to the cancer drug 
Taxol, originally isolated from the bark of the 
Pacific yew tree. The tree’s bacteria can pro-
duce 1000 times more of the precursor, known 
as taxadiene, than any other engineered 
microbial strain. Taxol intermediates are taxa-
diene and taxadien-5-alpha-ol. Escherichia coli
does not naturally produce taxadiene, but it 
does synthesize a compound called IPP, 
which is two steps away from taxadiene. 
Taxol, also known as paclitaxel, is a powerful 
cell-division inhibitor commonly used to 

treat ovarian, lung and breast cancers. 
Similarly, the bacterium Streptomyces coelicolor
naturally produces red-coloured alkaloids 
called prodiginines; its synthetic analogue 
called GX15-070 is in phase 1 and 2 cancer 
treatment trials. They can be used to target 
and kill cancer cells (Alexandroff et al., 1999; 
Adjei, 2000). Analogues of other prodiginines, 
such as streptorubin B, are also powerful anti-
cancer drugs. Many pharmaceutical agents 
have been discovered by screening natural 
products from a wide range of microorgan-
isms. Rapamycin and its analogues, products 
of Streptomyces hygroscopicus, have potent 
immunosuppressive activity. They inhibit 
signalling pathways required for T-cell acti-
vation and proliferation. Rapamycin blocks 
progression of the cell cycle at middle-to-late 
G1 phase in T cells and B cells, and osteo-
sarcoma and rhabdomyosarcoma cell lines, 
among others. Geldanamycin is a benzoqui-
none ansamycin natural fermentation prod-
uct and inhibits heat-shock protein HSP 90 
(Schulte and Neckers, 1998). Some examples 
of anticancer agents derived from microor-
ganisms are cited in Table 6.1.

Wortmannin (Table 6.1) is a product of 
the fungus Talaromyces wortmanni and inhibits 
signal transduction pathways by forming a 
covalent complex with an active-site residue 
of phosphoinositide-3-kinase (PI3K), inhibit-
ing PI3K activity. Thus, toxins that originally 
evolved to kill competing microorganisms can 
have a variety of physiological effects in ani-
mals. In many cases, the targets of these com-
pounds are components of signal transduction 
cascades that are conserved in many species, 
and that have been considered novel targets 
for anticancer drug discovery (Adjei, 2000).

Laxaphycins A and B are the products of 
an unknown marine bacterium that produce 
cyclic peptides having anticancer effect by 
increasing polyploidy by putative topoi-
somerase II alterations. Leptosins C and F 
(alkaloids) are produced by an unknown 
marine fungus that inhibits DNA topoi-
somerase I and II and induces apoptosis. 
Dehydrothrysiferol, a triterpene, produced 
by a marine alga, enhances apoptosis induc-
tion in oestrogen receptor negative breast 
cancer cells. Similarly, GA3 polysaccharide is 
also produced by a marine alga, which causes 
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inhibition of topoisomerase I and II 
(Alexandroff et al., 1999; Cinque et al., 2006).

A harmless soil-dwelling bacteria has 
been discovered that successfully kills cancer 
cells. The therapy uses Clostridium sporogenes – 
a bacterium that is widespread in the soil. 
Spores of the bacterium are injected into 
patients and they only grow in solid tumours, 
where a specific bacterial enzyme is pro-
duced. An anticancer drug is injected sepa-
rately into the patient in an inactive ‘pro-drug’ 
form. When the pro-drug reaches the site of 
the tumour, the bacterial enzyme activates 
the drug, allowing it to destroy only the cells 
in its vicinity – the tumour cells. Thus the 
bacterial strain specifically targets tumours 
and can be used as a vehicle to deliver drugs 
in frontline cancer therapy. The strain is 
expected to be tested in cancer patients in 
2013 (De Roos and Katan, 2000).

A fundamental requirement for any new 
cancer therapy is the ability to target cancer 
cells while excluding healthy cells. This ther-
apy naturally fulfils this need. Clostridia are 
an ancient group of bacteria that evolved on 
the planet before it had an oxygen-rich atmos-
phere and so they thrive in low oxygen condi-
tions. When Clostridia spores are injected into 
a cancer patient, they will only grow in oxy-
gen-depleted environments, i.e. the centre of 
solid tumours. This is a totally natural phe-
nomenon, which requires no fundamental 
alterations and is exquisitely specific. This 
specificity can be exploited to kill tumour 
cells leaving the healthy tissue unscathed 
(Thanhäuser et al., 1995). The treatment is 
superior to a surgical procedure, especially 

for patients at high risk or with difficult 
tumour locations. A successful outcome could 
lead to its adoption as a frontline therapy for 
treating solid tumours.

A similar study aims to use viruses and 
bacteria that are disease-causing, such as 
measles, botulism, gangrene and common 
cold, as the basis of new forms of cancer treat-
ment (Ratliff et al., 1993; Pandey et al., 2007). 
These microbes will be engineered to make an 
enzyme that can activate cancer pro-drugs – 
a new generation of therapies that remain inert 
in the body until activated by the enzymes. 
Pro-drugs are an attractive alternative to 
chemotherapy because of their ability to kill 
cancer cells while leaving healthy cells unhar-
med (Pandey et al., 2007). The fundamental 
idea behind cancer therapy is that certain 
viruses and bacteria can more easily infect 
a cell in a cancerous tumour than a healthy, 
human cell (Adjei, 2000; Sakamoto et al., 2010). 
USFDA has approved two types of vaccines 
to prevent cancer: vaccines against the hepati-
tis B virus, which can cause liver cancer, and 
vaccines against human papillomavirus types 
16 and 18, which are responsible for about 
70% of cervical cancer cases (Pandey et al., 2007).

6.8 Microbes for Treatment of Gluten 
Therapy-Resistant Celiac

Celiac disease, an intestinal inflammatory dis-
ease with autoimmune features, is caused by 
oral ingestion of gluten peptides that escape 
intestinal degradation. These peptides are 

Table 6.1. Microorganism-derived anticancer agents.

Compound Microorganism Use in cancer

Actinomycin Streptomyces spp. Sarcoma and germ cell tumours
Bleomycin S. verticillus Germ cell, cervix and head and neck cancer
Daunomycin S. coeruleorubidus Leukaemia
Doxorubicin S. pneuceticus Lymphoma, breast, ovary, lung and sarcomas
Epirubicin S. pneuceticus Breast cancer
Idarubicin S. pneuceticus Breast cancer and leukaemia
Mitomycin C S. caespitosus Gastric, colorectal, anal and lung cancer
Geldanamycin S. hygroscopicus Experimental
Rapamicin S. hygroscopicus Experimental
Wortamannin Talaromyces wortmanni Experimental
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antigenically presented on HLA-DQ2 or HLA-
DQ8, preferentially after de-amidation of 
certain glutamines by the celiac disease auto-
antigen tissue transglutaminase (tTG), eliciting 
a destructive Th1 T cell response (Koning et al., 
2005; Rubio-Tapia and Murray, 2010). Strict 
elimination of gluten from the diet is the ther-
apy of choice, however, it is difficult to main-
tain and poses a significant social and financial 
burden on the patient. Therefore, an additive 
non-dietary therapy that relieves patients from 
a highly restricted gluten free diet is much 
needed (Green and Jabri, 2006; Schuppan 
et al., 2009). A novel therapeutic approach for 
celiac disease is the use of enzymes to achieve 
proteolytic fragmentation of gluten proteins 
which otherwise escape proteolytic inactivation 
by gastric, pancreatic and intestinal brush bor-
der enzymes into smaller non-immunogenic 
peptides. The resistance of gluten to digestive 
proteases is due to a particular primary struc-
ture based on their high number of proline (P) 
and glutamine (Q) residues, and repetitive PQ 
sequences that are not cleavable by common 
GI proteases. A number of gluten-degrading 
enzymes from microbial and cereal sources 
have been discovered. Prolyl-endopeptidases 
target the conformationally constrained 
peptide bonds’ C-terminal to proline residues. 
Prolyl endopeptidases from Sphingomonas 
capsulata, Flavobacterium meningosepticum, Myxo-
coccus xanthus and Aspergillus niger have been 
pursued as drug candidates for enzymatic treat-
ment of gluten in celiac disease (Shan et al., 
2004; Stepniak et al., 2006).

A biologically more favourable and likely 
source for gluten-degrading enzymes would be 
the microbiome colonizing the human GI tract. 
It is well recognized that bacteria populating the 
human body supply the host with numerous 
functions that are not encoded by the human 
genome (Gill et al., 2006). It has been found that 
gluten-degrading bacteria are naturally residing 
in the oral cavity (Aas et al., 2005; Helmerhorst 
et al., 2008). The finding of gluten-degrading 
oral microbes may serve as a novel source for 
therapeutic gluten-degrading enzymes.

So the novel treatment therapy is through 
administration of enzyme supplements that 
are focused on inactivating immunogenic 
gluten epitopes. Some of the methods are 
described below.

6.8.1 Oral administration of bacterial 
endopeptidases

After ingestion, degraded gluten proteins 
reach the small intestine. However, because 
of their unusually high proline and glutamine 
content, especially in immuno-dominant 
gliadin peptides, gluten is poorly degraded 
by the enzymes present in the GI tract. 
Hence, oral enzyme therapy has been sug-
gested as an alternative to the gluten-free diet. 
Promising enzymes (expressed in various 
microorganisms) tested are the prolyl oligo-
peptidases from Flavobacterium meningosepticum, 
Sphingomonas capsulata and Myxococcus xan-
thus. These enzymes are capable of degrading 
proline-containing peptides that are other-
wise resistant to degradation by proteases in 
the GI tract in vitro (Gass et al., 2005; Marti 
et al., 2005). However, most of these enzymes 
are irreversibly inactivated in the stomach by 
pepsin and acidic pH, thus failing to degrade 
gluten before it reaches the small intestine 
(Shan et al., 2004). Encapsulation of these 
prolyl oligopeptidases was proposed in order 
to protect them from gastric juices (Gass et al.,
2005). However, in ex vivo study it was 
observed that only high doses of prolyl oligo-
peptidase were capable of eliminating the 
accumulation of immunogenic peptides in 
the serosal compartment (Marti et al., 2005). 
A new enzyme, prolyl endoprotease from 
Aspergillus niger, was found to degrade gluten 
peptides and intact gluten proteins efficiently 
in the stomach, to such an extent that hardly 
any traces of gluten reached the duodenal 
compartment (Mitea et al., 2008). Moreover, 
the optimum pH of this enzyme is compatible 
with that found in the stomach and the 
enzyme is resistant to degradation by pepsin. 
Finally, prolyl endoprotease from A. niger is 
derived from the food-grade microorgan-
ism and is available on an industrial scale. 
These results indicate that this enzyme might 
be suitable for oral supplementation to degrade 
gluten proteins in food before they reach the 
small intestine (Mitea et al., 2008).

Gass et al. (2007) evaluated a new 
combination therapy, consisting of two gas-
trically active enzymes that detoxify gluten 
before its release in the small intestine. They 
used a glutamine-specific endoprotease (EP-B2; 
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a cysteine endoprotease from germinating 
barley seeds) and a prolyl-specific endopepti-
dase from Sphingomonas capsulata, for its abil-
ity to digest gluten under gastric conditions. 
Endoprotease EP-B2 extensively hydrolyses 
the gluten network in bread into relatively 
short oligopeptides, whereas prolyl-specific 
endopeptidase from Sphingomonas capsulata
rapidly detoxifies oligopeptides after pri-
mary proteolysis at internal proline residue 
level to yield non-toxic metabolites (Gass 
et al., 2007). A practical advantage of this 
combination product is that both enzymes 
are active and stable in the stomach and 
can therefore be administered as lyophilized 
powders or simple capsules or tablets.

6.8.2 Pretreatment of whole gluten 
with bacterial-derived peptidase

An alternative approach to detoxify gluten is 
represented by the digestion of wheat gluten 
peptides with bacterial-derived peptidase 
during food processing and before adminis-
tration to patients. Lactobacilli (L. alimentarius
15M, L. brevis 14G, L. sanfranciscensis 7A and 
L. hilgardii 51B) showed considerable hydrol-
ysis of albumin, globulin and gliadin frac-
tions during wheat sourdough fermentation. 
These lactobacilli had the capacity to hydro-
lyse the 31–43 fragment of A-gliadin in vitro
and, after hydrolysis, greatly reduced the 
agglutination of K 562(S) subclone cells of 
human myelogenous leukaemia origin by a 
toxic peptic-tryptic digest of gliadins (Cagno 
et al., 2002). On the basis of these results, and 
with the goal of decreasing gluten intolerance 
in humans, the authors investigated a novel 
bread-making method that used selected lac-
tobacilli to hydrolyse various Pro-rich pep-
tides (Cagno et al., 2004). The different 
probiotic bacterial strains have their charac-
teristic set of peptidases, which may diverge 
considerably from each other and have vari-
able substrate specificities (Angelis et al.,
2006). It is interesting to underline that probi-
otics, defined as the viable microorganisms 
that exhibit a beneficial effect on the health of 
the host by improving its intestinal microbial 
balance, could directly modulate the function 

of epithelial cells (Resta-Lenert and Barrett, 
2003; Lindfors et al., 2008). Furthermore, sev-
eral probiotic bacterial strains are able to pro-
tect the epithelium, presumably from various 
insults, including pathogenic bacteria (Otte 
and Podolsky, 2004; Cinque et al., 2006) and 
inflammatory cytokines (Rizzello et al., 2007; 
Yan et al., 2007). The use of proteases from 
germinating wheat seeds has also been 
proposed to create safe cereal products for 
Crohn’s disease patients (Gianfrani et al., 2007; 
Stenman et al., 2009).

6.9 Microbes for Treatment 
of Crohn’s Disease

Crohn’s disease (CD) is a common chronic 
disorder that affects the GI tract and is 
believed to develop as a result of an aberrant 
immune response to intestinal microbes in a 
genetically susceptible host. CD may involve 
the small intestine, the large intestine, the rec-
tum, or the mouth (Shan et al., 2004). The 
infectious pathogens implicated in it are 
mainly Escherichia coli, Listeria monocytogenes, 
Yersinia enterocolitica and Mycobacterium avium
subsp. paratuberculosis (Rosenfeldt et al.,
2004). Infection with a probiotic strain of 
E. coli bacteria could help treat and reduce 
the negative effects of another E. coli infection 
that may be associated with CD (Sanders, 
2000; Schuppan et al., 2009). Lactobacillus GG 
is a safe probiotic bacterium known to tran-
siently colonize the human intestine. It has 
been found to be useful in treatment of sev-
eral GI conditions characterized by increased 
gut permeability. It may improve gut barrier 
function and clinical status in children with 
mildly to moderately active, stable CD (Gupta 
et al., 2000; Sanders, 2000).

6.10 Microbes as Source 
of Antioxidants

There is increased evidence for the participa-
tion of free radicals in the aetiology of vari-
ous diseases such as cancer, diabetes, 
cardiovascular diseases, autoimmune disor-
ders, neurodegenerative diseases, ageing etc. 
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Free radicals can cause a wide range of toxic 
oxidative reactions leading to the accumula-
tion of lipid peroxides, direct inhibition of 
mitochondrial respiratory chain enzymes, 
damage to DNA and proteins, which ulti-
mately leads to cell death. The probiotic bac-
teria Streptococcus thermophilus is reported to 
have powerful antioxidant activity (AOA), 
protecting the body from dangerous free radi-
cals and has antitumour activity especially 
against colon cancer cells (Dock et al., 2004). 
Extracts from Penicillium and Aspergillus spe-
cies, including Rhizopus oryzae, were found 
with good antioxidant activity to protect lin-
oleic acid (Malpur et al., 2006).

6.10.1 Aspergillus species are effective 
producers of AOA compounds

Esaki et al. (1999) evaluated the AOA of 30 
strains of Aspergillus and found that methanol 
extracts of fermented soybeans (MEFS) pre-
vented oxidation of methyl linoleate. The MEFS 
of 28 strains had better AOA than the non-
fermented soybean. The MEFS obtained from 
A. saitoi had the best AOA and 2,3-dihydroxy-
benzoic acid was found responsible for the 
activity. Hayashi et al. (1995) also identified this 
phytochemical in Penicillium roquefortii IFO 
5956 cultures. The AOA of fermentation prod-
ucts by mould cultures was more than bacterial 
(Bacillus natto) ones in producing antioxi-
dants. Hoppe et al. (2002) identified tocophe-
rols as antioxidant from tempeh fermented 
by Rhizopus oligosporus. Gallic acid, a phenolic 
acid, has been isolated from cultures of 
Penicillium and Aspergillus (Sarözlü and Kivanc, 
2009). Eurotium species have been found to pro-
duce several antioxidants (Yoshiaki et al., 2009). 
Eurotium chevalieri IFO 4086 and E. repens IFO 
4041 produce three antioxidants, dihydroauro-
glaucin, auroglaucin and flavoglaucin. Aspergillus 
chevalieri also produced all three antioxi-
dants while Penicillium charlesii produced fla-
voglaucin. Streptomyces sp. USF-319 produces 
three radical-scavenging antioxidants, of which 
one inhibits 5-lipoxygenase (Morimitsu and 
Hirota, 1996). The antioxidants include mycot-
rienin II, trienomycin A and trienomycin B, 
which are ansamycin antibiotics. Atroventin 

was isolated from Penicillium paraherquei and 
found to have good antioxidant activity 
(Ishikawa et al., 1991). Carazostatin and 
7-demethylnaphterpin are free-radical scaven-
gers isolated from Streptomyces chromofucus
and S. prunicolor, respectively (Kato et al., 1989; 
Shin-Ya et al., 1991).

Carotenoids are the group of antioxi-
dants that can be synthesized by microorgan-
isms. Nelis and de Leenheer (1991) reported 
that b-carotene from Blakeslea trispora and 
Duniella salina, and lycopene from B. trispora
and Streptomyces chrestomyceticus subsp. rube-
scens are approved for human foods as col-
ourants. Astaxanthin from Xanthophyllomyces
dendrorhous has been approved for use in fish 
foods. Astaxanthin and lycopene were found 
to have excellent singlet oxygen quenching 
activity (Lee and Min, 1990; Gavrilov et al.,
1996). The AOA of astaxanthin was ten times 
greater than that of lutein, b-carotene, zeax-
anthin and canthaxanthan. Blakeslea trispora
and X. dendrorhous are most promising candi-
dates for microbial production of carotenoids 
(Miki, 1991; Naguib, 2000).

It is widely accepted that a diet with high 
intake of fruits, vegetables and other nutrient-
rich plant foods may reduce the risk of oxida-
tive stress-related diseases (Carlsen et al.,
2010). Superoxide dismutases (SODs) are 
also produced efficiently by many microbial 
species and aerobic microorganisms like 
Corynebacterium glutamicum represent an 
excellent source for their production (El 
Shafey et al., 2008). Cloning techniques have 
been reported to be used successfully with 
many corynebacterial genes. Thus it would 
be interesting to enhance superoxide dismutase 
production using cloning strategies (Schaaf 
and Bott, 2007; Vetting et al., 2008; El Shafey 
et al., 2009).

6.11 Microbes for the Treatment 
of Diabetes

Diabetes is a common and sometimes fatal 
disease that occurs when the supply of insu-
lin is insufficient for the body to break down 
sugar properly. The majority of insulin used 
by people to manage diabetes is produced 
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using biotechnology. Bacterial cells are genet-
ically modified to produce large quantities of 
human insulin, which is then purified for 
therapeutic use. Millions of people world-
wide now use Humuline, which is a major 
brand name for ‘human’ insulin produced 
using genetically modified (GM) bacteria 
(Barsh et al., 2000; Bajzer and Seeley, 2006). 
Some friendly gut microbes have been engi-
neered to make a specific protein that can 
help regulate blood sugar in diabetic mice. 
Although the research is still in the very early 
stages, the microbes can be grown in yoghurt, 
and may provide an alternative treatment for 
people with diabetes (Hossain et al., 2007).

People with type-1 diabetes lack the abil-
ity to make insulin, a hormone that triggers 
muscle and liver cells to take up glucose and 
store it for energy (Doria et al., 2008).

The researchers have created a strain of 
non-pathogenic E. coli bacteria that produce a 
protein called GLP-1. This protein triggers 
cells in the pancreas to make insulin. In other 
research, scientists fed the engineered bacte-
ria to diabetic mice. After 80 days, the mice 
went from being diabetic to having normal 
glucose blood levels. Diabetic mice that were 
not fed the engineered bacteria still had high 
blood sugar levels. The promise is that a dia-
betic could eat yoghurt or drink a smoothie as 
glucose-responsive insulin therapy rather 
than relying on insulin injections. Creating 
bacteria that produce the protein has a num-
ber of advantages over using the protein itself 
as the treatment. The bacteria can secrete just 
the right amount of the protein in response to 
conditions in the host that could ultimately 
minimize the need for self-monitoring and 
allow the patient’s own cells (or the cells of 
the commensal E. coli) to provide the appro-
priate amount of insulin when needed 
(Bronzwaer, 2008; Cani et al., 2009).

6.12 Microbes for the Treatment 
of Allergies

In a mouse model, researchers discovered a 
highly interesting effect: mice that were very 
susceptible to neuro-dermatitis developed 
the disease less frequently when a lysate of 

certain pathogens was applied on to the skin. 
The susceptibility of the lysate-treated mice 
to developing neuro-dermatitis was consider-
ably lower than that of control mice. More 
detailed analyses showed that the animals 
had a higher concentration of immune-
modulating interleukin-10 and a lower con-
centration of the pro-inflammatory mediator 
interferon-g. Interferon-g is secreted when the 
immune system recognizes foreign invaders 
and fine-tunes the immune system to effec-
tively rid it of foreign intruders. The secretion 
of interferon-g causes inflammatory reactions 
that create a hostile environment for the 
intruders, thereby initiating their elimination 
(Schultz-Larsen, 2002; Thomsen et al., 2007). 
Non-pathogenic and probiotic bacteria do not 
cause inflammation, but are nevertheless 
recognized by the human immune system. 
The elevated production of interleukin-10 in 
certain immune system cells leads to anti-
inflammatory reactions, which in turn creates 
an active immunological tolerance. This means 
that the human body is able to learn and 
tolerate self-peptides and harmless allergens 
when it is exposed to specific non-pathogenic 
microorganisms (Thomsen et al., 2007; Yan 
et al., 2007).

It has also been observed that use of probi-
otic bacteria or lysates of non-pathogenic micro-
organisms leads to a significant and permanent 
improvement in neuro-dermatitis. The applica-
tion of non-pathogenic or probiotic bacteria 
to the skin is more effective in reducing the 
recurrence of diseases following the successful 
primary treatment of diseases such as neuro-
dermatitis. The bacterium leads to permanent 
stabilization of the immune system once gluco-
corticoid treatment has alleviated the acute 
reaction (Sicherer and Sampson, 1999).

Probiotics are perceived to exert benefi-
cial effects in the prevention and treatment of 
allergic diseases via modifying the gut eco-
system. The effect of ingestion of fermented 
milk containing Lactobacillus paracasei-33 
(LP-33) was observed on patients with perennial 
allergic rhinitis and it was found that inges-
tion of LP-33-fortified fermented milk can 
effectively and safely improve the quality of 
life of patients with allergic rhinitis, and may 
serve as an alternative treatment (Sanders, 
2000; Wang et al., 2004).
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6.13 Microbes as Source 
of Natural Colours

The production of synthetic colours is eco-
nomically efficient and technically advanced 
but many of them cause various hazardous 
effects on health. Various types of microor-
ganisms such as bacteria, fungi, yeasts and 
algae may be potential sources of natural col-
ours. The major pigments produced by microbes 
are red, yellow and blue. Most research has 
been focused on yellow and red pigment 
production, such as monascue produced by 
Monascus sp., carotenoids from Phaffia rhodozyma, 
Micrococcus roseus, Brevibacterium linens and 
Bradyrhizobium sp. and xanthomonadin from 
Xanthomonas campestris pathovars (Hayman et al., 
1995; Chattopadhyay et al., 2008). Actinorhodine-
related blue pigments are produced by 
Streptomyces coelicolor A3(2), mixture of viola-
cein and deoxybiolacein by Chromobacterium 
violaceum and Janthinobacterium lividum (Dufosse, 
2009). In addition to its application in dyeing 
fabrics, violacein also exhibits cytotoxic activ-
ity in human colon cancer cells, and antileish-
manial, anti-ulcerogenic, antiviral, antibiotic, 
antitumoral and anti-Trypanosoma cruzi activi-
ties (Joshi and Attri, 2006). The major natural 
biocolours of microbial origin include the 
following.

6.13.1 Moulds

Fungal carotenoids have also been recently 
approved as future food colourants by the 
European Union for the production of poly-
ketide azaphilone pigments. The main advan-
tages of using colourants from fungal source 
is that it makes the manufacturer independ-
ent of the seasonal supply of raw materials, 
thus minimizing batch to batch variations. 
Non-toxigenic fungal strains like Penicillium
and Epicoccum sp. can be used as food colour-
ants (Mapari et al., 2010).

Monascus

Monascus species produce monascus pig-
ments that are used in production of tradi-
tional East Asian foods, such as red rice wine 
and red bean curd. ‘Ang-Khak’, a traditional 

fermentation product in China, produced by 
fermenting rice with Monascus purpureus, is 
ground and its powdered form used as food 
colourant or spice. The pigments responsible 
for coloration in Monascus are ankaflavine, 
monascine and monascoavin (yellow), rubro-
punctatine and monascorubrin (orange) and 
rubropunctamine and monascorubramine 
(purple) (Nakanishi, 2006). These pigments 
are secondary metabolites of Monascus fer-
mentation and produced mainly in cell-
bound state. The variation in colour is 
influenced by the culture conditions, in par-
ticular pH and the phosphorus and nitrogen 
source in the substrate (Nelis and de Leenheer, 
1991). It is used in processed meat products, 
marine products, tomato ketchup etc.

Blakeslea trispora

This fungus thrives in symbiosis with tropi-
cal plants and many of its strains can pro-
duce high levels of carotene. The production 
of carotene from this mould includes two 
steps: (i) the glucose, maize steep liquor or 
whey are used as substrates for aerobic sub-
merged fermentation to produce the bio-
mass; and (ii) the biomass is isolated and 
transformed into a form suitable for the iso-
lation of carotene. It is then extracted using 
ethyl acetate and subsequently purified and 
concentrated. Carotene from B. trispora is 
mainly trans-bcarotene with approximately 
3% other carotenoids (Marshall and Wilmoth, 
1981; Naguib, 2000).

Ashbya gossypii, Candida sp., Bacillus sp.

These microbes produce riboflavin (vitamin B2). 
It possesses a yellow or yellow-orange col-
our and is being used as a food colourant 
and as a nutrient supplement in food prod-
ucts. In the food industry, it is used in baby 
foods, breakfast cereals, pasta, sauces and 
processed cheese etc. Various biotechnolog-
ical processes have been developed for 
industrial scale production of riboflavin. The 
riboflavin fermentation could be produced 
by bacteria Clostridium acetobutylicum, yeast 
Candida gulliiermundii or fungi Ashbya gos-
sypii (Ozbas and Kutsal, 1986; Koizumi et al., 
2000; Stahmann et al., 2000).
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6.13.2 Yeast

Xanthophyllomyces dendrorhous (Phaffia rhodozyma)
yeast is known for the production of astaxan-
thin pigment. It is widely distributed in nature 
and is a principal pigment in crustaceans and 
salmonids. These carotenoid pigments impart 
an orange-red colour to farm animal species 
when supplemented in their feeds (Naguib, 
2000). The carotenoids produced by the yeast 
Rhodotorula are torulene, torularhodin and caro-
tene (Parajo et al., 1997). It is a common environ-
mental inhabitant and can be cultured from soil, 
water and air samples.

6.13.3 Bacteria

Multifaceted secondary metabolites are pro-
duced by Serratia marcescens, Pseudomonas 
magneslorubra, Vibrio psychroerythrous, S. rubi-
daea, Vibrio gazogenes, Alteromonas rubra, 
Rugamonas rubra and Gram-positive actino-
mycetes such as Streptoverticillium rubrireticuli
and Streptomyces longisporus. The actinomy-
cete Streptomyces coelicolor A3 produces a 
closely related linear tripyrrole, undecyl-
prodigiosin, and a cyclic derivative, butyl-
meta-cycloheptyl-prodiginine in a 2:1 ratio 
(Harris et al., 2004). The red pigment of 
S. marcescens was isolated and named as pro-
digiosine (Venil and Lakshmanaperumalsamy, 
2009), which is a multifaceted secondary 
metabolite produced by S. marcescens, V. psychro-
erythrous, S. rubidaea, V. gazogenes, A. rubra, 
Lugomonas rubra and Gram-positive Actino-
mycetes such as S. rubrireticuli and S. longisporus
(Khanafari et al., 2006). This promising pig-
ment possesses antifungal, immunosuppres-
sive, antiproliferative and anticancer activity 
(Pandey et al., 2007). The microbial produc-
tion of carotenoids when compared with 
extraction from vegetables or chemical syn-
thesis seems to be a better option because of 
the problems of seasonal and geographic 
variability. Microbial colours are used in the 
fish industry to enhance the pink colour of 
farmed salmon. Microorganisms produce 
various pigments such as carotenoids, mela-
nins, flavins, quinones, prodigiosins and 
more specifically monascins, violacin or 

indigo as mentioned in Table 6.2 (Dufosse, 
2009; Venil and Lakshmanaperumalsamy, 2009).

Microorganisms such as Monascus,
Rhodotorula, Bacillus, Achromobacter, Yarrowia
and Phaffia produce a large number of pig-
ments. Improvements in stability, safety and 
solubility can certainly lead to widespread 
use of microbial pigments in the food indus-
try (Joshi et al., 2003; Joshi and Attri, 2006).

Examples of some important food grade 
biocolourants that can be produced on a large 
scale by fermentation and bioprocess engi-
neering are given in Table 6.3 (Chattopadhyay 
et al., 2008).

6.14 Microbes as Source of Vitamins

Most vitamins are essential for the metabo-
lism of all living organisms, and they are syn-
thesized by microorganisms and plants.

6.14.1 Water-soluble vitamins

Riboflavin (vitamin B2) and 
related coenzymes

Riboflavin is produced by both synthetic and 
fermentation processes. Two closely related 
ascomycete fungi, Eremothecium ashbyii and 
Ashbya gossypii, are mainly used for indus-
trial production (Ozbas and Kutsal, 1986; 
Stahmann et al., 2000). Yeasts (Candida flaeri, 
C. famata etc.) and bacteria can also be used 
for practical production. Riboflavin produc-
tion by genetically engineered Bacillus subtilis
and Corynebacterium ammoniagenes over-express 
genes of the enzymes involved in riboflavin 
biosynthesis. Several tonnes of flavin adenine 
dinucleotides (FADs) are annually produced 
by chemical synthesis or by microbial trans-
formation. The latter uses flavin mononucleo-
tide (FMN) and adenosine-5b-triphosphate 
(ATP) as the substrates and C. ammoniagenes
cells as a source of FMN adenylyltransferase 
(Koizumi et al., 2000).

Nicotinic acid and nicotinamide

Bacterial nitrilase has been shown to be useful
for nicotinic acid production. For example, 
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3-cyanopyridine is almost stoichiometrically 
converted to nicotinic acid on incubation 
with the nitrilase over-expressed Rhodococcus
rhodochrous J1 cells (Nagasawa and Yamada, 
1989). The same R. rhodochrous enzyme can be 
used for the production of p-aminobenzoic
acid from p-aminobenzonitrile. Nicotinamide 
is available from partial hydrolysis of 
3-cyanopyridine, which is performed by both 
chemical and enzymatic processes. The enzy-
matic process uses nitrile hydratase as the 
catalyst (Asano et al., 1980). The Co-containing 
enzyme from R. rhodochrous J1 hydrates vari-
ous kinds of aliphatic and aromatic nitriles to 
the corresponding amides and has been 
shown to be useful for the production of use-
ful amides (Yamada and Kobayashi, 1996). 

The enzymatic process surpasses the chemi-
cal process in regard to several points such as 
stoichiometric conversion of high concentra-
tion of the substrate and the quality of the 
product actually with zero contents of by-
products (Shimizu et al., 1997; Shimizu and 
Kataoka, 1999). Some notable examples of 
vitamins that are produced by various micro-
organisms are given in Table 6.4.

6.15 Microbes as Source 
of Synbiotics

Synbiotics are probiotics including both pro-
biotics and prebiotics. According to WHO, 

Table 6.2. Some metabolites and colours produced by microorganisms.

Microorganism Metabolites Colour

Alteromonas rubra Prodigiosin-like pigment Red
Ashbya gossypii Riboflavin Yellow
Blakeslea trispora Lycopene Red

b-carotene Yellow-orange
Bradyrhizobium sp. Canthaxanthin Orange/dark red
Cordyceps unilateralis Naphtoquinone Deep blood red
Corynebacterium insidiosum Indigoidine Blue
Dunaliella salina b-carotene Orange
Flavobacterium spp. Zeaxanthin Yellow
Haematococcus pluvialis Astaxanthin Red
Janthinobacterium lividum Violacein Purple
Monascus roseus Canthaxanthin Orange, pink
Monascus spp. Ankaflavin Yellow

Monascorubramin Red
Rubropunctatin Orange

Pacilomyces farinosus Anthraquinone Red
Paecilomyces sinclairii
Penicillium oxalicum Anthraquinone Red
P. purpurogenum
Phaffia rhodozyma Astaxanthin Red
Pseudomonas aeruginosa Pyocyanin Blue Green
Rhodotorula spp. Torularhodin Orange-red
Rugamonas rubra Prodigiosin-like pigment Red
Saccharomyces neoformans Melanin Black
Serratia marcescens Prodigiosin Red
Serratia rubidaea Prodigiosin-like pigment Red
Staphylococcus aureus Zeaxanthin Yellow
Streptomyces echinoruber Rubrolone Red
Streptoverticillium rubrireticuli Prodigiosin-like pigment Red
Vibrio gaogenes Prodigiosin-like pigment Red
Xanthophyllomyces dendrorhous Astaxanthin Pink-red
Xanthomonas oryzae Xanthomonadin Yellow
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Table 6.3. Important food-grade biocolourants.

Food grade biocolourants (original source) Biotechnological source

Monascorubramine (Monascus purpureus) –
Astaxanthin (plants) Fungus: Xanthophyllomyces dendrorhous

Algae: Haematococcus lacustris, H. pluvialis
Arpink red Fungus: Penicillium oxalicum var. armeniaca CCM 8242
b-Carotene (Daucus carota) Fungus: Blakeslea trispora, Phycomyces blakesleeanus car 

S mutant
Algae: Dunaliella salina, D. bardwil
GM plant: Golden rice

Riboflavin (milk) Moulds: Ashbya gossypii, Eremothecium ashbyii
Yeast: Candida guilliermondii, Debaryomyces subglobosus
Bacteria: Clostridium acetobutylicum

Betanin (Beta vulgaris) Higher yielding plant generated through somaclonal 
variation, hairy root culture

Canthaxanthin Algae: Haematococcus lacustris
Bacteria: Bradyrhizobium sp.

Cyanidin and Peonidin (cherry, cranberry) Higher yielding plant generated through somaclonal variation
Cell culture

Lycopene (tomato) GM fungus: Fusarium sporotrichioides
GM bacteria: Erwinia uredovora

Zeaxanthin (maize) Bacteria: Flavobacterium sp.

Table 6.4. Microbial production of water-soluble vitamins.

Vitamin Enzyme/Microorganism Process

Biotin Fermentation (Serratia marcescens) Fermentation of glucose by a genetically 
engineered bacterium

Multiple enzyme system (Bacillus
sphaericus)

Conversion from diaminopimelic acid using 
the biotin biosynthesis enzyme system 
of a mutant of B. sphaericus

Nicotinamide Nitrile hydratase (Rhodococcus
rhodochrous)

Hydration of 3-cyano-pyridine

Nicotinic acid Nitrilase (Rhodococcus rhodochrous) Hydrolysis of 3-cyanopyridine to form 
nicotinic acid and ammonia

Pantothenic acid Lactono-hydrolase (Fusarium 
oxysporum)

Resolution of D,L-pantolactone to D-pantoic 
acid and L-pantolactone by 
stereoselective hydrolysis

Riboflavin Fermentation (Eremothecium ashbyii, 
Ashbya gossypii, Bacillus sp., etc.)

Fermentation of glucose

Vitamin B12 Fermentation (Propionibacterium 
shermanii, Pseudomonas
denitrificans)

Fermentation of glucose

Vitamin C 2,5-diketo-D-gulonic acid reductase 
(Corynebacterium sp.)

Enzymatic conversion of 2,5-diketo-
D-gluconate by fermentation to 2-keto-
L-gulonic, followed by chemical 
conversion to L-ascorbic acid

probiotics are live microorganisms, which, 
when administered in adequate amounts, con-
fer a health benefit on the host. The microor-
ganisms must be alive (they are not alive in 

products that are pasteurized after fermenta-
tion), present in high numbers (generally more 
than 1 billion per daily ingested dose), with 
scientifically established human health benefits. 
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Some probiotics belong to the genera Lacto-
bacillus and Bifidobacterium and are isolated 
from dairy products or from human or animal 
intestinal tracts (Flinterman et al., 2007).

Prebiotics are non-digestible carbohy-
drates that survive digestion, enter the colon 
and selectively enhance the growth or activity 
of the body’s own native beneficial bacteria. 
Prebiotics change the composition of faecal 
bacteria by: (i) increasing beneficial bacteria – 
such as lactobacilli and bifidobacteria – that 
help modulate the activity of the immune sys-
tem; and (ii) by decreasing organisms such as 
clostridia and protein-degrading Bacteroides,
which can produce tumour promoters from 
metabolism of proteins that escaped digestion 
in the upper gut (Kadooka et al., 2010). Because 
prebiotics are non-digestible carbohydrates, they 
help normalize bowel conditions due to an 
osmotic effect or other effects on indigenous 
microbes. Prebiotics are found naturally in 
some plants or are produced enzymatically 
from sucrose, and often are used in dietary 
supplements. Unlike probiotics, which need to 
be in a viable state to maximize biological activ-
ity, prebiotics are not alive and can be formu-
lated into a wide range of food formulations 
and products prior to cooking (De Roos and 
Katan, 2000). Synbiotics are one of the most 
promising approaches to manage correct bal-
ance of gut microflora. They also improve sur-
vival of bacteria during storage and passage of 
the upper part of the GI tract, thereby enhanc-
ing their health effects in the large intestine. 
The combined effects of synbiotics can be addi-
tive or even synergistic (Resta-Lenert and 
Barrett, 2003). Some applications of synbiotic 
foods are in the manufacture of infant formulae 
and weaning foods (Rizzello et al., 2007). It 
would be of great interest to produce prebiotics 
with high selectivity towards growth of bifido-
bacteria (probiotic bacteria) that are present in 
the gut of breast-fed infants as the basis of 
novel infant food formulations (Hugenholtz 
and Smid, 2002; Li and Gatlin, 2003).

6.15.1 Functional foods for 
healthy ageing

It is known that the bifidobacterial popula-
tion decreases markedly in the colon of the 

elderly person. Species of Bifidobacterium like 
B. infantis and B. breve are predominant in 
infants, whereas B. adolescentis and B. longum
are predominant in adults. Decrease in bifido-
bacterial numbers results in reduction in 
resistance to GI infections and thus elderly 
people suffer more with such ailments. The 
criterion of designing functional foods for 
healthy ageing is through the development of 
a targeted prebiotic that promotes the probi-
otic strains that are able to inhibit GI pathogens, 
viz. E. coli, Salmonella sp. and Campylobacter 
jejuni (De Roos and Katan, 2000; Rizzello 
et al., 2007).

6.16 Microbes for Production of Low 
Calorie/Natural Sweetener

Xylitol, a natural low calorie sweetener, can be 
produced from genetically engineered bacteria 
that utilize hemicellulose in maize fibre and 
other sources (Vazquez et al., 1998). At USDA-
ARS Fermentation Biotechnology Research 
Unit, scientists used metabolic pathway engi-
neering to re-tool the enzyme-making mac-
hinery of E. coli bacteria so that they could 
convert two hemicellulose sugars, xylose and 
arabinose, into xylitol. Another sweetener, 
aspartame, found in thousands of products 
worldwide, can also be created using GM bac-
teria. Monsanto, the largest biotech corpora-
tion in the world, uses GM bacteria to produce 
aspartame in their US production plants. The 
process in which aspartame is created involves 
combining an amino acid phenylalanine with 
aspartic acid. The bacteria require aspartame 
for the sole purpose of producing phenylala-
nine. Monsanto discovered that through genet-
ically altering the bacteria, phenylalanine could 
be created much more quickly.

6.17 Chalcones, Flavonoids 
and Stilbenes from Lignin using 

Microbial Biosynthesis

Microbial biosynthesis of chalcones, stilbenes 
and flavonoids in engineered microbes offers 
a production route with greater selectivity 
and purity than current methods that rely on 
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7.1 Introduction

Cacti are xerophyte plants, which present a 
wide variability in germplasm. These plants 
have developed phenological, physiological 
and structural adaptations to survive in arid 
regions where water is the main limiting factor 
for vegetal species. Thus, cacti have evolved 
in harsh environments and hard stressed con-
ditions by developing special physiological 
traits and distinctive appearances, such as 
stem morphology, spine presence, succu-
lence, nocturnal stomatal opening (CAM 
plants) and attractive flowers (Nobel and De 
la Barrera, 2003).

Cacti belong to the Cactaceae family, con-
stituted by more than 1600 species (Gibson 
and Nobel, 1986; Barthlott and Hunt, 1993). 
Among them, the Opuntia genus comprises 
about 300 species. They are native to 
Mesoamerica, although, nowadays, they are 
globally spread as wild or cultivated species. 
These plants grow in arid and semi-arid 
regions of the world where many traditional 
plants have few possibilities to survive.

Cactus plants can be considered as multi-
purpose crops, since they provide not only 
food and feed but they are also sources of 
health-promoting substances. These properties, 

known by ancient civilizations, have gained 
interest among the scientific community in 
recent years.

7.2 Uses of Cactus in Traditional 
and Popular Medicine

Cactus plants have been used by ancient civi-
lizations to cure diseases and heal wounds 
for thousands of years. The origin and history 
of cacti are closely related to the ancient 
Mesoamerican civilizations. For over 12,000 
years, fresh cactus has been consumed by the 
natives for its nutritional qualities and heal-
ing properties. Cactus cladodes, fruits, seeds 
and flowers have been used as folk medicines 
in several countries for centuries. The use of 
cactus flower petals to treat urological prob-
lems is well known in Sicily. Kidney colic 
treatment with Opuntia ficus-indica flowers 
was mentioned by Pitrè (1896). They are also 
recognized for the properties of the infusions 
of dried flowers to prevent prostate cancer. 
Among the most recognized popular uses of 
cactus flowers include the depurative and 
diuretic effects and renal calculus expulsion. 
Cladodes have also been used in many 
countries to take advantage of their wound 
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healing properties, cicatrizing activity, emol-
lient and moisturizing effects. A decoction of 
plant roots is used in folk medicine for diar-
rhoea and gonorrhoea. The consumption of 
cactus fruits and their juices has traditionally 
been recommended in terms of their diuretic 
effect, their functions as hypoglycaemic agent, 
hypocholesterolaemic factor, anti-allergic, 
analgesic and anti-inflammatory actions and 
for gastritis relief. Cactus products have 
also been used to treat indigestion and to alle-
viate alcohol hangover symptoms (Nefzaoui 
et al., 2008).

7.3 Cactus Plant as a Source 
of Phytochemicals

Several reports indicate that a diet rich in 
fruits and vegetables is related to lower inci-
dences of heart conditions and some types 
of cancer, suggesting that this kind of diet 
has positive effects on health (Bazzano et al.,
2002). These beneficial effects have been asso-
ciated to the action of some antioxidant com-
ponents present in the natural food and not 
only to their vitamin content (Hertog et al.,
1995; Terry et al., 2002).

In today’s lifestyle the human body is 
exposed to the deleterious action of numer-
ous sources of pro-oxidants. Reactive oxy-
gen species (ROS) and free radicals are 
constantly formed in the human body by 
normal metabolic function. When the gener-
ation of harmful agents greatly exceeds the 
cell’s protective system, serious oxidative 
stress occurs, and the accumulation of dam-
age will result in pathophysiologic events. 
Antioxidant phytochemicals are involved in 
the redox balance of normal physiological 
functions and against the pathogenesis of 
various diseases such as neurodegenerative 
disorders, e.g. Alzheimer’s and Parkinson’s 
diseases, heart conditions, cataracts, cancer, 
inflammatory processes, premature ageing 
and atherosclerosis, among others (Halliwell 
and Gutteridge, 1999).

Phytochemicals with antioxidant proper-
ties promote a healthy status by protecting 
against the oxidative damage induced by 
ROS (Prakash and Gupta, 2009). There are 

many groups of bioactive compounds such as 
carotenoids, betalains, flavonoids and other 
phenolic compounds occurring in nature with 
these properties. Most of them are derived 
from plants and widely spread in fruits, veg-
etables and tea, so they are incorporated fre-
quently as part of a diet. Natural bioactive 
substances can be used in the food industry to 
replace synthetic additives, antioxidant and 
colourants (Nazareno et al., 2011).

Remarkable progress has been made 
over the past decades in disease prevention 
with the use of fruit, vegetables and herbs. In 
recent years there has been a global trend 
toward the use of natural phytochemicals 
obtained from plant resources, such as fruit, 
vegetables, oilseeds and herbs, as antioxidants 
and functional foods. These plant-derived 
foods are promising raw materials to obtain 
bioactive compounds of nutraceutical impor-
tance. It is estimated that over 80% of the 
world population uses medicinal plants for 
their health care as phytotherapeutic sub-
stances and phytomedicines. Phytotherapeutic 
substances utilise the medicinal properties 
obtained from plants used for alternative 
therapies or natural medicine. On the other 
hand, phytomedicines are drugs, whose 
active ingredient is a plant extract, developed 
and standardized according to traditional 
pharmaceutical forms and with demon-
strated biological activity.

Nowadays, there is increasing evidence 
that the use of these substances may have 
beneficial effects on consumers’ health 
beyond their nutritive action. The growing 
demand for nutraceuticals correlates to an 
increased effort in developing natural prod-
ucts for the prevention or treatment of human 
diseases. Moreover, the discovery of new 
compounds obtained from natural sources 
with high antioxidant activity is a constant 
challenge for researchers.

In the search for health-promoting sub-
stances, the assessment of a relative activity 
scale is necessary. However, antioxidants pre-
sent different behaviour depending on the 
nature of the oxidative species since different 
mechanisms of action take place for their 
deactivation, radical scavenging or inhibition 
of pro-oxidant enzymes. Scientific investiga-
tions confirmed that cacti may be efficiently 
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used as a source of several phytochemicals of 
nutraceutical importance, such as mucilage, 
fibres, pigments and vitamins. Recent data 
have revealed high contents of these chemical 
constituents in fruits, cladodes, seeds and flow-
ers. Figure 7.1 shows typical cactus plants with 
their corresponding fruits.

The cactus plant can be fully exploited in 
an integrated manner since its bioactive com-
ponents can be extracted from different parts of 
its anatomy: flowers, fruit, cladodes, roots and 
seeds. According to several studies demon-
strating both cactus fruit and cladode yield 
high values of important nutrients, minerals, 
vitamins, as well as further antioxidants, the 
cactus plant appears to be an excellent candi-
date as a source of phytochemicals of nutraceu-
tical importance as shown in Table 7.1.

7.4 Fruits

There are about 100 cactus species, mainly of 
the genus Opuntia, that yield edible fruits. 
Their successful cultivation may be achieved 
in arid lands, where only few plants can sur-
vive (Pimienta-Barrios, 1994). Currently, most 
of the cactus fruits offered in the global mar-
ket belong to the Opuntia ficus-indica species, 
whose fruits are known as ‘cactus pear’. These 
fruits have as major constituents of their dry 
matter sugars, fibre, mucilage and pectins, 
and as minor constituents amino acids and 
proteins, vitamins, minerals, phenolic com-
pounds and pigments.

Habibi and co-workers investigated the 
composition of the polysaccharide fraction of 
the fruit skins, discovered they are composed 
of galactose and arabinose with 6.3:3.3 ratio, 
and classified them as arabinogalactane (Habibi 
et al., 2003, 2004a, b, 2005a). Lipid fraction in 
fruit skins has been described by Ramadan 
and Mörsel (2003a). They reported the pres-
ence of unsaturated fatty acids, vitamins and 
sterols.

7.5 Cladodes

In general, cladodes are rich in pectins, muci-
lages and minerals. Chemical composition of 
fresh young cladodes has been reported by 
Sáenz (2002), indicating a 91% (w/w) moisture 
content and 1.5 and 0.2% for protein and fat 
contents w/w dry basis, respectively. Ash con-
tent represented 1.3%, calcium being about 
90% of this component. They also contain 11 mg 
vitamin C 100 g−1 and 30 mg of carotenoids 
100 g−1; their fibre content (1.1% fresh weight 
basis) is comparable to that of spinach.

7.6 Seeds

Seeds are a good source of nutrients as lipids 
and proteins. Seeds constitute about 10–15% 
of the edible pulp and are usually discarded 
as waste after extraction of the pulp. Seed oil 
represents 7–15% of the seed weight (Ramadan 

Fig. 7.1. Different cactus plants with their fruits: (a) Opuntia ficus-indica; (b) Harrisia pomanensis and 
(c) Cereus forbesii.
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Table 7.1. Major functional constituents of the different parts of the cactus plant.

Plant parts Major phytochemicals Main phytochemical identified References

Fruits Betalains Indicaxanthin (betaxanthin), betanin, 
isobetanin (betacyanins)

a

Polyphenols Ferulic acid and isorhamnetin glycosides b
Vitamin C Ascorbic acid b
Fibre c
Mucilage d
Minerals K, Ca, Mg c, e
Tocopherols d-tocopherol f
Phytosterols b-sitosterol f

Fruit skin Polysaccharides Arabinan-rich polysaccharides g, h, i
Lipids Unsaturated lipids j

Cladodes or pads Mucilage and pectins Polysaccharides k, l, e, m
Dietary fibre Insoluble dietary fibre n
Chlorophylls Chlorophyll-a n
Minerals K, Ca, Mg n
Flavonoids Kaempherol, isorhamnetin glycosides o
Phenolic compounds Gallic acid, cumaric acid, 3,4-dihydroxy-

benzoic acid, 4-hydroxybenzoic acid, 
ferulic acid and salicylic acid, iso-quercitrin, 
isorhamnetin-3-O-glucoside, nicotiflorin, 
narcissin and rutin

p

Seeds Lipids Polyunsaturated fatty acids (linoleic acid), 
monounsaturated fatty acids (oleic acid)

q, r

Phytosterols b-sitosterol f
Tocopherols g-tocopherol f
Polysaccharides Arabinan-rich polysaccharides s

Flowers Flavonoids Quercetin, isorhamnetin and kaempherol 
glycosides

t, u, v

Betalains Betanin, phyllocactin w
Root Flavonoids x

References: (a) Castellanos-Santiago and Yahia, 2008, (b) Galati et al., 2003, (c) Díaz Medina et al., 2007, (d) Matsuhiro 
et al., 2006, (e) Sepúlveda et al., 2007, (f) Ramadan and Mörsel, 2003a, (g) Habibi et al., 2004a, (h) Habibi et al., 2004b, 
(i) Habibi et al., 2005a, (j) Ramadan and Mörsel, 2003b, (k) Trachtenberg and Mayer, 1981, (l) Karawya et al., 1980, 
(m) Madjdoub et al., 2001, (n) Ayadi et al., 2009, (o) Valente et al., 2010, (p) Guevara-Figueroa et al., 2010, (q) Ennouri 
et al., 2005, (r) Labuschagne and Hugo, 2010, (s) Habibi et al., 2005b, (t) Clark et al., 1980, (u) Ahmed et al., 2005, 
(v) De Léo et al., 2010, (w) Piattelli and Imperato, 1969, (x) Alimi et al., 2010.

and Mörsel, 2003b). This oil is constituted by 
polyunsaturated fatty acids, mainly linoleic 
acid and monounsaturated fatty acids such as 
oleic acid (Ennouri et al., 2005; Labuschagne 
and Hugo, 2010). Other minor compounds 
found in this valuable oil are b-sitosterol and 
g-tocopherol (Ramadan and Mörsel, 2003a). 
The seed endosperm is rich in arabinan poly-
saccharides while the main component of the 
seed coat is D-xylan (Habibi et al., 2005b). 
Besides being rich in lipids, seeds have been 
reported to accumulate proanthocyanidins 
(Nieto, 1987).

7.7 Flowers

Cactus flowers accumulate betalains as well 
as colourless phenolic compounds (Piattelli 
and Imperato, 1969; Clark et al., 1980; Ahmed 
et al., 2005). The chemical composition of 
Opuntia ficus-indica and Opuntia stricta flow-
ers extracted at four flowering stage has been 
studied by Ammar et al. (2012). The ethanolic 
as well as hexane extracts have also been ana-
lysed and their corresponding antiradical, anti-
bacterial and antifungal activities have been 
determined. Phenolic content varies markedly 
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with flowering stage, the maximum level of 
these active constituents being detected dur-
ing post-flowering stage. De Léo et al. (2010) 
have reported the chemical profile of methanol 
extract of O. ficus-indica flowers. The volatile 
fraction composition of three Opuntia species 
(O. lindheimeri, O. macrohiza and O. microdasys)
obtained from aqueous distillation have been 
reported by Bergaoui et al. (2007).

7.8 Functional Phytochemicals 
of Cacti

7.8.1 Polysaccharides and mucilage

The major components of cladodes are carbo-
hydrate-containing polymers, which consist of 
a mixture of mucilage and pectins (Karawya 
et al., 1980; Trachtenberg and Mayer, 1981). 
The mucilage is a biopolymer present in spe-
cialized storage cells or free within cells or 
intracellular spaces of the chlorenchymatic 
and parenchymatic tissue of the cladodes 
(Ting, 1997; Terrazas-Salgado and Mausseth, 
2002). Mucilage is a high molecular weight 
polysaccharide (Cárdenas et al., 1997), which 
contains arabinose, galactose, xylose, galac-
turonic acid and rhamnose (Majdoub et al., 
2001). The dried mucilage has in average 
5.6% moisture, 7.3% protein, 37.3% ash, 1.14% 
nitrogen, 9.86% calcium and 1.55% potassium 
(Sepúlveda et al., 2007).

Because of its high ability to retain water 
it is considered as a hydrocolloid. Hydrocolloids 
are biopolymers, which can modify the prop-
erties of aqueous media by forming colloidal 
solutions due to their water affinity. As such, 
they can exhibit thickening, gelling, stabiliz-
ing and emulsifying properties, which make 
them ingredients frequently used in formu-
lated food products. Lyophilized cladodes 
have significant anti-ulcer effect, a protective 
effect against gastric lesions as well as anti-
inflammatory activity. Galati et al. (2001) pro-
posed that O. ficus-indica cladodes stimulate a 
protective response from the gastric mucosa, 
which prevents the development of ethanol-
induced ulcers (preventive treatment) and pro-
motes a faster recovery (curative treatment). 
The cytoprotective effect of O. ficus-indica

cladodes has been ascribed to the physico-
chemical properties of the mucilage (Galati 
et al., 2001). Opuntia ficus-indica cladodes pro-
duce cyto-protection by increasing mucus 
secretion in the gastric mucosa of rats affected 
by ethanol-induced ulcers (Galati et al., 2002). 
Cactus cladode administration has been rec-
ommended for preventive as well as for cura-
tive treatments of gastric ulcers.

The mucilage from fruits of O. ficus-indica
has been characterized by Matsuhiro et al.
(2006). The pectins are abundant in fruits and 
can be used as food or cosmetic additives as a 
gelling agent and with low calories. Nopal 
flour is a rich source of dietary fibre, reaching 
up to 43% on a dry basis (Sáenz-Hernández 
et al., 2002). Fibres have been recognized for 
health benefits such as control of obesity, dia-
betes and cholesterol. Soluble fibres, including 
mucilages, gums, pectins and hemicelluloses, 
have been associated with reduced levels of 
glucose and cholesterol in blood and to regu-
late intestinal transit (Fernández et al., 1994). 
Moreover, the insoluble fibres are known for 
their ability to retain water, ion exchange and 
promote the absorption of bile salts, minerals 
and vitamins (Sáenz et al., 2004). The dry 
cladode powder contains about 43% fibre, 
28.5% of which is insoluble. Some functional 
foods elaborated with cladodes are commer-
cially available in Mexico and other countries 
such as Morocco and Tunisia. These products 
are prepared from young cladodes (3–6 months) 
and are low in insoluble fibre. This powder 
is used in the production of various foods 
such as cookies, creams and other desserts 
(Sáenz, 2002).

7.8.2 Betalains

Betalains are found in only ten families of 
the Caryophyllaleae. Betalains are nitrogen-
containing pigments widely used in the food 
industry. Betalain presence has been reported 
in different parts of the plants such as in fruits 
(Wybraniec and Mizrahi, 2002; Stintzing et al.,
2005), in roots (Nemzer et al., 2011), as well 
as in flowers (Stintzing and Carle, 2004). The 
occurrence of betalains has been ascribed to a 
great variety of functions (Stintzing and Carle, 
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2004). Interest in betalains has grown since 
they have been characterized as good free-
radical scavengers (Escribano et al., 1998; 
Kanner et al., 2001). They are widely used as 
additives in the food industry because of 
their natural tinctorial properties and absence 
of toxicity, even at high concentrations 
(Schwartz et al., 1983).

According to their chemical structures, 
betalains are classified into two different 
groups: (i) betaxanthins, yellow and orange 
coloured substances; and (ii) betacyanins, red 
to purple coloured (Hendry and Houghton, 
1996). Figure 7.2 shows the typical chemical 
structure of betaxanthins and betacyanins. 
They differ only in the chemical group linked 
to the betalamic acid moiety. Betacyanins are 
ammonium conjugates of betalamic acid with 
cyclo-DOPA (e.g. betanin) while betaxanthins 
are conjugates with amino acids or amines 
(e.g. indicaxanthin). Betalainic fraction com-
position has been characterized in cactus pear 
fruit (Stintzing et al., 2005). A varied composi-
tion of betalains has been also found in col-
oured cactus flowers (Kobayashi et al., 2000).

Evolution of external and internal fruit 
colours has been studied during ripening of 
Opuntia megacantha fruits showing that the 

chlorophyll content decreased in the fruit 
skins and pulps at different rates, while beta-
lain biogenesis progressed faster in the pulp. 
A good correlation has been observed between 
the betalain content increase and the antirad-
ical activity variation (Coria-Cayupán et al.,
2011). Different coloured fruits of Opuntia mega-
cantha and Opuntia ficus-indica are shown in 
Fig. 7.3 as examples of the great variety of 
hues found in these fruits, caused by the mix-
tures of different levels of betaxanthins and 
betacyanins.

In addition to colour, these pigments have 
other interesting properties from the techno-
logical point of view, due to their antioxidant 
capacities. Moreover, these properties are 
higher than that of ascorbic acid (Butera et al.,
2002; Stintzing et al., 2005). Antioxidant abili-
ties of a group of betalains have been studied 
by Zacharova and Petrova (1998) and a rela-
tion between the chemical structure and their 
activities has been proposed. In contrast to 
anthocyanins, betalains are stable in a wider 
pH range (Stintzing and Carle, 2004). This 
property makes the latter ideal for their use as 
food colourants in low acidity products 
(Stintzing et al., 2001). Due to the wide structural 
variety, and hence colour diversity, betalains 
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Fig. 7.2. Chemical structure of betalains: (a) betaxanthins and (b) betacyanins.

Fig. 7.3. Cactus pears of the Opuntia genus.
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constitute a very promising source of natural 
compounds to be used as functional food col-
ourants. Compared with red-beets, cactus 
pear offers a wider range of colours and, due 
to its natural character, can be used free of 
certification (Stintzing et al., 2002).

Betalains have been reported to exert an 
important role in preventing oxidative dam-
age. The effect of cactus betalains on oxida-
tive stress in humans has been studied by 
Tesoriere et al. (2004). Oxidation of low (LDL) 
and very low (VLDL) density lipoproteins are 
crucial steps in atherosclerotic lesion forma-
tion. They reported that fruit ingestion pro-
duced a decrease of oxidative stress markers, 
inhibited LDL oxidation and increased the 
resistance to oxidative haemolysis of red 
blood cells in ex vivo experiments. Budinsky 
et al. (2001) indicated that regular consump-
tion of Opuntia robusta reduces oxidative inju-
ries in humans. Betalains have also been 
reported to increase the resistance to human 
LDL oxidation (Tesoriere et al., 2003). They 
are able to bind to LDL and this interaction 
prevents their oxidation. After cactus pear 
consumption, LDL extracted from plasma in 
this condition indicated that 3 h after intake, 
indica xanthin was incorporated in 98 pmol 
mg−1 of protein diminishing in 5 h and it had 
completely disappeared in 8 h. Betanin was 
detected only 3 h after fruit consumption and 
the lag time of LDL oxidation induced by 
copper was longer compared with control.

The protective effect of cactus fruit inges-
tion on the oxidative haemolysis of human 
red blood cells induced by free radicals has 
been studied in an ex vivo assay. Blood sam-
ples were taken from volunteers after inges-
tion of cactus fruits. Results indicated that cell 
resistance to haemolysis increased up to 3 h 
after the fruit intake corresponding to the 
highest plasma level of betalains (Tesoriere 
et al., 2005). Methanolic extract containing 1 to 
5 mg of Opuntia ficus-indica pulp inhibited 
malondialdehyde (MDA) formation in 4 h 
incubation of blood cells exposed to organic 
hydroperoxides as a free radical source.

The main interests of investigations are 
focused to determine not only the betalain 
contents and antioxidant effects in vivo but 
also their absorption, since antioxidant effi-
ciency in vivo fundamentally depends on its 

bioavailability. Experiments have demon-
strated that red beet betalains have been 
detected in urine after 2 or 3 h of ingestion, 
recovering 0.5 to 0.9% of the total intake. 
Betalains have also been detected in blood 
after 3 h of ingestion of 500 g fresh cactus 
pulp. After this period, pigment concentra-
tion decreased progressively and almost dis-
appeared in 8 h (Tesoriere et al., 2005). Betalain 
levels were also measured in human body 
fluids after intake of cactus pear fruits. Urine 
recovery after 12 h was about 76% for indi-
caxanthin and 3.7% for betanin. Pigment peak 
concentrations were reached in plasma 3 h 
after ingestion for both of them and com-
pletely disappeared 12 h after ingestion.

7.8.3 Flavonoids

Flavonoids are naturally occurring phenolic 
compounds present in fruits and vegetables 
and are an integral part of the human diet. 
Consumption of flavonoid-rich foods is 
inversely correlated with the risk of coronary 
heart disease (Hertog et al., 1995). Moreover, 
the antioxidant and free-radical-scavenging 
properties of flavonoids have been proposed 
to contribute to this chemopreventive effect 
(Geleijnse et al., 2002).

Neuroprotective action of Opuntia ficus-
indica var. Saboten flavonoid extract has been 
evaluated against neuronal oxidative injuries 
in rat cortical cells (Dok-Go et al., 2003). They 
evaluated their protective effects against oxi-
dative neuronal injuries induced in primary 
cultured rat cortical cells and their antioxi-
dant activities. They found that quercetin inhib-
its H2O2

- or xanthine (X)/xanthine oxidase 
(XO)-induced oxidative neuronal cell injury. 
Moreover, Quercetin-3-methyl-ether potently 
and dramatically inhibited H2O2

- and X/XO- 
induced neuronal injuries. Kuti (2004) has 
reported an antioxidative effect due to 
the major flavonoids found in cactus fruits 
(quercetin, kaempferol and isorhamnetin). 
Flavonol derivatives detected in Opuntia ssp. 
have been well reviewed by Stintzing and 
Carle (2007). Lee et al. (2002) found that the 
flavonoids quercetin, (+)-dihydroquercetin 
and quercetin-3-methyl-ether, isolated from 
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Opuntia ficus-indica var. Saboten are also effec-
tive in protecting plasmid DNA against the 
strand breakage induced by hydroxyl radicals. 
All above mentioned flavonoids markedly 
inhibited lipid peroxidation and scavenged 
1,1-diphenyl-2-picrylhydrazyl free radicals. 
These results indicate that these are the active 
constituents in the fruits and cladodes of 
Opuntia ficus-indica var. Saboten. Furthermore, 
quercetin-3-methyl-ether appears to be the 
most potent neuroprotectant of the three fla-
vonoids isolated from this plant. Guevara-
Figueroa et al. (2010) analysed commercial 
and wild Opuntia spp. cladodes from Mexico 
and evaluated the polyphenolic and flavo-
noid profiles of fresh nopal and their pro-
cessed products. The wild morado, tempranillo, 
blanco and cristalino varieties had the highest 
total phenolic acid content, while the commer-
cial varieties had the highest total flavonoids. 
The presence of five major flavonoids (iso-
quercitrin, isorhamnetin-3-O-glucoside, nicoti-
florin, rutin and narcissin) has been observed 
in all varieties, with nicotiflorin being predom-
inant. Cactus flowers are also rich in active 
compounds such as flavonoids. Several flavo-
noids were identified in Opuntia flowers 
by chromatographic methods as quercetin-
3-glucoside, quercetin 3-rutinoside and 
kaempferol-3-glucoside (Clark et al., 1980). 
Quercetin-3-galactoside (hyperin) and the isor-
hamnetin 3-rutinoside (narcissin), 3-galactoside 
and 3-rhamnogalactoside were found in the 
flowers of O. lindheimeri (Rösler et al., 1966). 
The aqueous ethanolic extract obtained from 
the fresh cladodes of Opuntia dillenii exerts 
potent radical scavenging activity; this was 
ascribed to three compounds, opuntioside I, 
4-ethoxyl-6-hydroxymethyl-alpha-pyrone and 
a kaempferol glycoside, isolated and identified 
from the extract (Qiu et al., 2002).

7.8.4 Vitamin C

Among other nutrients like sugars, cactus fruits 
are good sources of vitamin C (Kuti, 2004). 
Cactus fruit has a higher concentration of 
vitamin C than other common fruits, such as 
apple, pear, grape and banana. Significant 
amounts of ascorbic acid are present in Opuntia

ficus-indica, ranging from 180 to 300 mg kg−1.
Cactus fruits have a high antioxidant activ-
ity ascribed to the presence of vitamin C, 
b-carotene, flavonoids and betalains (Galati 
et al., 2003; Kuti, 2004). Fruit antioxidant activ-
ity is twice as high as pears, apples, tomato, 
bananas, white grapes, and similar to red 
grapes and grapefruit (Butera et al., 2002).

7.8.5 Vitamin E

Tocopherols, the fat soluble vitamins, are 
found in the lipid fraction of both the cactus 
fruit seed and pulp. The vitamin E homologue 
isoforms gamma- and delta-tocopherol are 
the main components in seed and pulp 
oils, respectively, amounting to about 80% 
of the total vitamin E content. Similar to 
b-carotene, it is predominant in pulp lipids 
(Ramadan and Morsel, 2003b).

A comparative study was carried out to 
evaluate the effect of O. ficus-indica intake and 
vitamin C supplementation in the oxidative 
status of healthy volunteers. Results showed 
that the consumption of 250 g fresh fruit pulp 
as well as its equivalent, 75 mg vitamin C 
supplementation, produced an increase in 
vitamin C and E levels. No changes were 
found in vitamin A content or trolox equiva-
lent antioxidant capacity (TEAC) value in 
plasma. Differences between both treatments 
become relevant in oxidative stress biomarker 
levels. After fruit intake, 8-epi-PGF2a and MDA 
plasma values decreased in 30 and 75%, 
respectively, while glutation redox-status 
relation (GSH:GSSG) in red blood cells was 
enhanced since the reduced form increased. 
LDL-conjugated dienes hydroperoxide level 
was significantly reduced as was LDL oxida-
tion. Vitamin C supplementation does not 
produce changes in oxidative stress markers, 
indicating that cactus fruit efficiency is due to 
antioxidant combination including vitamin C 
and other co-nutrients such as betalains.

7.8.6 Lipids

Cactus lipids are distributed in the fruit peel, 
pulp and seeds. Fruit peel contains appreciable 
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amounts of polyunsaturated fatty acids, mainly 
linoleic acid, as well as other fat-soluble com-
pounds such as sterols, b-carotene and vita-
min K1, the main sterol being b-sitosterol 
(Ramadan and Mörsel, 2003b). On the other 
hand, after fruit processing in juice and jam 
preparation, great amounts of seeds are usu-
ally discarded. The cactus pear fruit contains 
many hard-coated seeds that represent 
10–15% of the pulp weight. The fruits contain 
a large number of seeds although their oil 
content is relatively low (7–15%). Seeds from 
11 commercial cactus pear cultivars were ana-
lysed for oil content and fatty acid composi-
tion by South African researchers. They 
reported a palmitic acid content ranging 
between 11.4 and 15.9%, considerably lower 
than that of cotton oil. Linoleic acid content 
varied between 61.4 and 68.9%. The a-linolenic 
acid of all the cultivars was less than 1%. The 
oleic acid content varied between 12.4 and 
16.5% (lower than that of cotton seed). 
Unsaturated fatty acids made up about 80% 
of all fatty acids (Ennouri et al., 2005). 
Therefore, although the seed oil content is 
relatively low, the fatty acid composition 
indicates that it has potential as an oil for the 
health and cosmetic market (Labuschagne 
and Hugo, 2010). The seeds can be ground or 
pressed to obtain the oil as a lucrative part of 

the plant. It takes approximately 1 t of these 
tiny seeds to make 1 l of oil. The Opuntia seed 
oil is obtained by cool pressed seeds and 
some of its main applications are being devel-
oped by the cosmetic industry. The seed oil is 
actually destined for cosmetic product pro-
duction, and it sells at a very high price as 
organic oil for anti-ageing and anti-wrinkle 
purposes.

7.9 Nutraceutical Products

Diverse functional foods are prepared using 
cactus fruits as ingredients for juices, marma-
lades, candies, liquors and syrups and are 
offered as health foods. Cereal bars, dessert 
preparations, soups and other foods manu-
factured using dehydrated cladodes and cac-
tus fruits are proposed to take benefits from 
the medicinal properties of cactus plants. 
Nowadays, dietary supplements based on 
dehydrated nopal flour are also commercially 
available. Several manufactured products are 
currently available in the nutraceutical mar-
ket, and consumer interest in these beneficial 
products is growing globally. Some examples 
of cactus nutraceutical products are shown 
in Fig. 7.4.

Fig. 7.4. Cactus products currently available in the global market.
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7.10 Conclusions

Cacti can be considered an important source 
of bioactive substances and excellent candi-
dates for nutraceutical and functional food 
preparation. Scientific data revealed a high 
content of some chemical constituents in fruits, 
cladodes, seeds and flowers, which can add 

value to cactus products. Additionally, some 
of their constituents show promising char-
acteristics in terms of functionality as 
health-promoting substances. Several man-
ufactured products are currently available 
in the nutraceutical market to promote 
health benefits from the medicinal proper-
ties of cactus.
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8.1 Introduction

Fat and oil structures correspond to triacylg-
lycerol (TAG), in which three fatty acids (FA) 
are incorporated in one glycerol molecule 
through an ester union. The distribution of 
FA in the three positions has great importance 
from the physiological and technological point 
of view, such as in digestion, absorption and 
physical properties such as melting point, solid 
content and spread properties. Depending 
on the FA composition, there is either simple 
or mixed TAG. Three homologous series of 
FA exist, saturated (SAT), monounsaturated 
(MUFA; with one double bond in the hydro-
carbon chain) and polyunsaturated (PUFA; with 
two or more double bonds) (Henry, 2009).

On the basis of chain length and number 
of double bonds, PUFA can either be as 
long chain polyunsaturated (LCPUFA) or as 
highly long chain polyunsaturated fatty 
acids (HUFA). When double bonds are pre-
sent in the hydrocarbon chain, positional and 
geometric isomers are formed. These isomers 
are responsible for important physiological 
and technological functions (Kraweczk, 2001). 
MUFA and PUFA are further subdivided 
according to the position of the first double 
bond starting from the terminal CH3, then 

oleic n-9 or w-9, linoleic (LA) n-6 or w-6,
a-linolenic acid (ALA) n-3 or w-3 families 
(Ruiz-Rodriguez et al., 2010).

LA 18:2 9c, 12c, n-6, ALA 18:3 9c, 12c, 15c, 
n-3 are essential for human organisms as our 
physiology does not have biological systems 
to introduce double bonds into the hydrocar-
bon chain between n-9 position and terminal 
FA CH3. Therefore our diet must provide 
these two preformed fatty acids that are nec-
essary to synthesize the LCPUFAs through 
elongase and D5 and D6 desaturase, to intro-
duce successive double bonds between n-9 
carbon and FA carbon-1 carboxylic group, to 
synthesize LCPUFAs 20, 22 carbon atoms 
with three to six double bonds. HUFAs are 
highly specific and they play an essential 
physiological role in the human organism 
(Ferrucci et al., 2006)

It is important to note that a competition 
in the biosynthesis pathways between LA 
and ALA through the D5 and D6 desaturase 
enzymatic system synthesizes arachidonic 
acid 20:4 n-6 (AA) and eicosapentaenoic acid 
20:5 n-3 (EPA), respectively. These essential 
fatty acids have special significance in the 
diet (Simopoulos, 2002).

AA and EPA are the parent molecules for 
eicosanoid synthesis, which regulates many 
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physiological and important functions in the 
human organism. From the point of view of 
human physiology, it is necessary that there 
should be equilibrium in the synthesis of both 
parent FA, AA and EPA, which is regulated 
by the daily dietary intake of LA and ALA 
(Tapiero et al., 2002). Nowadays, there is a 
great concern related to the dietary fat con-
sumed by many populations, especially in 
the occidental world, which presents a great 
imbalance between its LA and its ALA con-
tent. These can have unhealthy effects on 
populations specifically with regard to non-
transmission diseases such as cardiovascular 
risks (Lands, 2005a).

The role of dietary fats and oils in health 
is a matter of permanent attention and it con-
tinues to be in the first line of biological 
research. Dietary fats and oils are related with 
the different physiological roles in human 
health and development and are associated 
with cardiovascular risks, inflammatory pro-
cess, neurological disorders, etc. (Burlingame 
et al., 2009).

Thus in consideration with the impor-
tance of these two essential FAs, this chapter 
contains more specific information in relation 
to their healthy implications, metabolism and 
bioconversion, principal physiological roles, 
the n-6 n-3 imbalance in dietary sources, daily 
intake recommendations and common die-
tary sources in the occidental world. Some 
special oils are also discussed in the chapter.

8.2 Essential Fatty Acids: Linoleic 
and a-Linolenic

Until 1929, fats and oils were only considered 
as the principal and unique source of ener-
getic reserve for humans, but thereafter, the 
whole scenario changed as fats and oils were 
found to be a good source of essential fatty 
acids (EFA) for the animal kingdom. The 
essential fatty acids identified were linoleic 
acid (LA) and arachidonic acid (AA), which 
must be provided daily through the fat intake 
(Burr and Burr, 1929, 1930). This biological 
discovery initiated a strong scientific research 
interest on fats and oils for establishing daily 
recommendations and physiological functions 

(FAO, 2010). It was found that the clinical 
deficiency of essential fatty acids in humans 
leads to the appearance of characteristic 
symptoms like dry skin, scale formation, irri-
tation, particularly in the pediatric area, 
when infants received prolonged parenteral 
fat-free alimentation. The plasma FA profile 
showed an increase of eicosatrienoic acid 
20:3 n-9 and a great decrease in AA. The rela-
tionship between trienic and tetraenic FA 
increased; this ratio is a biological marker of 
this deficiency (Caldwell et al., 1972; Paulsrud 
et al., 1972).

Linoleic acid (LA) was considered as the 
most important essential fatty acid as the 
human body could synthesize AA from it. 
Later ALA was also incorporated as an essen-
tial fatty acid (Sinclair et al., 2000). It has been 
proved that both LA and ALA are essential, 
since they play an important role in many 
physiological conditions that require FA with 
longer carbon chains, belonging to both fami-
lies of fatty acid, i.e. n-6 and n-3 (Barceló-
Coblijn and Murphy, 2009). A critical position 
about essential FA, definitions and different 
physiological roles has been discussed by 
Cunnane (2003).

8.3 Metabolism of LA and ALA, 
Conversion to HUFAs

8.3.1 General considerations

b-oxidation is the biological mechanism for 
producing energy in humans from fatty 
acids. The oxidation rate is related to their 
structure as short chains oxidize faster than 
medium and long chain fatty acids (DeLany 
et al., 2000). Saturated palmitic acid 16:0 is
synthesized by ‘de novo’ biological mecha-
nism, in a biological process involving 
successive elongation. Then, new elonga-
tion can occur and stearic acid 18:0 is pro-
duced followed by the action of enzyme 
D9-desaturase that introduces a double bond 
at position 9, thus forming oleic acid 18:1 9c, 
which is not an essential fatty acid (Strawford 
et al., 2004).

Both LA and ALA are essential fatty acids 
and they must be provided through the diet. 
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LA and ALA are metabolized producing two 
families of HUFAs, w6 or n-6 derived from 
LA, w3 or n-3 derived from ALA. FA in these 
two families, with terminal structure n-6 and 
n-3 respectively, have the same initial 9 cis
structure, however LA has two cis double 
bonds at positions 9 and 12, while ALA 18:3 
n-3 or w3, has three cis double bonds in posi-
tions 9, 12 and 15 (Sanders, 2009) (Fig. 8.1). 
These two structural chemical configurations 
LA and ALA are converted by the enzyme 
‘elongases’ and D5 and D6 ‘desaturases’, into 
the HUFAs belonging to each family n-6 and 
n-3, respectively (Sprecher, 2000). The capac-
ity to metabolize ALA 18:3 n-3 to its longer and 
polyunsaturated metabolites as 20:5 n-3 EPA, 
22:5 n-3 DPA and 22:6 n-3 DHA (HUFAs) 
is considered an important nutritional and 
physiological event. In addition, a certain 
ratio between n-3 and n-6 HUFAs is funda-
mental for maintaining a good physiologi-
cal equilibrium (Brenna, 2002; Burdge and 
Wootton, 2003).

Due to the direct effect of desaturase 
enzyme, they suffer inhibition by the same 
unsaturated FA produced; diets high in PUFAs 
show a tendency to decrease HUFA synthesis 
through the elongases and D5 and D6 desatu-
rase enzymatic systems. Probably there exists 
a narrow regulation mechanism for auto con-
trol in the synthesis of HUFAs that have the 
most labile chemical structure for suffering 
oxidation in vitro and in vivo, generating free 
radicals, which are very aggressive molecules. 
From the biological point of view, it is correct 
that HUFA synthesis be auto-controlled at the 
first level (Blair, 2001).

LA from the n-6 family produces specific 
fatty acid as dihomo-gamma-linolenic acid 20:3 
n-6 (DHGLnA) through the enzymatic elonga-
tion system and then arachidonic acid 20:4 
n-6 (AA). Both represent the parent molecules 
for the synthesis of specific eicosanoids. New 

elongations and unsaturation continues and 
docosapentaenoic acid 22:5 n-6 is formed 
(Lands, 2005a). For the n-3 family, the same 
metabolic route is available, the same enzy-
matic elongation and D5 and D6 desaturases 
work for the synthesis of the n-3 HUFAs 
through the route stearidonic acid 18:4 n-3, 
20:4 n-3, EPA 20:5 n-3, docosapentaenoic 
acid n-3 DPA 22:5 n-3, followed by 24:5 
n-3, 24:6 n-3, finishing with DHA 22:6 n-3 
(Sprecher, 2000; Burdge and Wootton, 2002).

Dietary ALA has two different biological 
routes: a fast energy source through b-oxidation 
or to enter biochemical pathways to synthe-
size their HUFAs metabolites. The percentage 
of ALA involved in b-oxidation is around 
30% of the intake value according to other n-3 
PUFAs. This is a normal biochemistry pro-
cess called carbon recycling. It means that 
carbons coming from b-oxidation can be 
used through de novo synthesis of other FA 
needed (Cunnane et al., 2003). The conver-
sion of ALA to palmitic, palmitoleic, stearic 
and oleic acids in men and women has been 
described by Burdge and Wootton (2003). 
The priority decision of each one of these 
physiological alternatives is determined by 
the specific physiological situations that 
humans must afford during their different 
development steps, from newborn until old 
age. DHA and AA are so important for human 
development that both are biosynthesized 
from their 18 carbon precursors in human 
infants (Salem et al., 1996). It has been reported 
that gender can have a role in ALA conversion 
to DHA in young women; this conversion was 
higher than in men. This result is related to the 
presence of oestrogens, which could stimu-
late the D6 and elongase enzymatic systems 
activity (Burdge et al., 2002). Burdge and 
Wooton (2002) considered a mean ALA intake 
of 1.5 g day−1 for both sexes, the reserve for 
men would be around for 53 days and for 
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Fig. 8.1. (a) Structure of a-linolenic acid and (b) linoleic acid.
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women around 70 days, suggesting a possible 
gender difference related to ALA metabolism; 
it is possible that during pregnancy the con-
version of ALA to DHA is more efficient 
(Burdge, 2004). This high synthesis of DHA in 
pregnant and lactating women has been 
related with the high demands from the fetus 
for DHA for the brain, adipose tissue and 
liver. Vegans show a higher activity of D6 and 
D5 desaturases, which probably favours the 
conversion of ALA to DHA. Its absorption in 
the human intestine is considered good and 
its bioavailability is efficient (Burdge and 
Calder, 2005; Burdge, 2006).

8.3.2 Conversion ALA to HUFAs n-3

Conversion steps n-6 and n-3 are similar but 
independent. Both use the same enzymatic 
systems, with each substrate LA and ALA 
competing between them for the synthesis 
of their respective HUFAs. As LA is more 
abundant in the majority of the vegetable 
oils consumed in the world, LA dietary 
intake is higher than ALA, and as a biologi-
cal consequence more HUFAs n-6 are 
formed related to n-3 HUFAs synthesized 
(D’Andrea et al., 2002).

The biochemistry pathways for LA and 
ALA conversion to their respective HUFAs 
are clearly known in humans but the question 
is how much ALA is converted to LCPUFAs. 
A competition exists between n-6 and n-3 fam-
ilies; the step for ALA 18:3 n-3 conversion to 
18:4 n-3, stearidonic acid, by the D6 desaturase, 
is considered the limiting reaction, D6 desatu-
rase presenting more affinity for ALA than 
LA (Simopoulos, 2002; Burdge and Calder, 
2005). At cellular level, if LA is at a higher con-
centration than ALA, then the conversion to 
its next n-6 PUFA metabolite is preferred, 
confirming that the relationship between die-
tary LA and ALA influences the conversion to 
their respective PUFAs metabolites (Barceló-
Coblijn and Murphy, 2009). In the conversion 
of n-3 to DHA, after 24:6 n-3 FA is synthe-
sized, only one b-oxidation cycle is produced, 
and DHA 22:6 n-3 is formed; it represents the 
critical point for the metabolic regulation that 
controls DHA synthesis independent of the 

previous steps (Sprecher, 2000). Goyens et al.
(2006) have demonstrated that the total ALA 
and LA amounts in diets have a higher influ-
ence in the ALA conversion to their derivatives 
than the ratio ALA:LA. Diets supplemented 
with high amounts of ALA showed low but 
significant increases in EPA and DPA in blood 
level; conversion of ALA to DHA in infants 
was around 1%, very low in adults. The con-
version of ALA to LCPUFAs was decreased by 
high ratios LA/ALA, while n-3 PUFA levels 
can be improved by increasing ALA or 
decreasing LA intake (Brenna et al., 2009). 
Dietary DHA increased blood and tissue lev-
els much more than any n-3 precursor. The 
bioconversion from ALA to DHA is low; the 
percentage range is between 0.05% and 4%; 
the conversion of ALA to EPA is also low, 
i.e. around 8% (Barceló-Coblijn and Murphy, 
2009). Using the stable isotopes procedure, it 
has been estimated that the conversion per-
centage from ALA to EPA is 0.2%, to DPA n-3 
is 0.13% and to DHA 0.5% (Emken, 2001; 
Pawlosky et al., 2001). ALA has seven meta-
bolic pathways to finally generate DHA; each 
one has its own conversion percentage, and 
each FA formed in this cascade has its own 
biological function and its own metabolism. 
LA has only two metabolic pathways to form 
AA and it is superior to ALA in the habitual 
occidental diet (Burdge, 2006; Barceló-Coblijn 
and Murphy, 2009).

In other studies where the diet was mod-
ified and supplemented with different amounts 
of ALA or using special oil rich in this essen-
tial fatty acid, some improvements in HUFA 
levels were observed (Blank et al., 2002; Brenna, 
2002; Ghafoorunissa et al., 2002). Austria et al.
(2008) studied the ALA availability from whole 
flaxseed, milled flaxseed and flaxseed oil in 
subjects; the results indicated that milled 
flaxseed and flaxseed oil delivered significant 
levels of ALA to the plasma compared to whole 
flaxseed; some subjects presented adverse 
gastrointestinal effects with whole flaxseed 
and flaxseed oil preparation. Artenburg et al.
(2006), considering that in humans plasma 
lipids represent the dietary intake of LCPUFAs, 
studied the effect of diet supplemented with 
n-3 FA; for EPA the increase was linear; for 
DHA the maximal plasma response was 
obtained with a dose of approximately 2 g 
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DHA day−1; with ALA supplementation EPA
increased but not DHA.

In relationship to the conversion efficiency 
and the ratio LA:ALA in the diet, studies in 
animals have shown that the best results were 
obtained with the ratio between LA:ALA 4:1 
to 2:1 (Blank et al., 2002). Abbott et al. (2010) 
studied rat skeletal muscle FA phospholipids 
using 12 moderated fat diets with a wide 
range of percentages of LA and ALA. The 
results indicated that the low diet PUFA 
balance had the greater influence in the FA 
composition than LA and ALA alone, which 
means both FA are necessary but in an ade-
quate proportion. On the other hand, the 
hepatic bioconversion of ALA to EPA and 
DHA was tested in rats fed with two seed 
oils with a high content of ALA and a differ-
ent ratio LA:ALA: chia (Salvia hispanica) and 
rosa mosqueta (Rosa rubiginosa) (González-
Mañan et al., 2012; Valenzuela et al., 2012). The 
results indicated that hepatic levels of ALA, 
EPA and DHA increased, compared with the 
control oils used; with sunflower and a mix of 
olive oil with fish oil, the ratio n-6:n-3 decreased 
with respect to sunflower oil; hepatic damage 
was also observed and rat liver conversion 
has also been studied (Fei et al., 2011; Gibson 
et al., 2012). In rats, DHA synthesis from ALA 
is inhibited by diets high in PUFAs. The scien-
tists assayed different blends of plant oils 
in rats with increasing PUFA content and 
demonstrated that DHA levels were maxi-
mum when PUFAs represented less than 2% 
energy; this means that the present human 
diet is exceeded in 18 carbon PUFAs (Tu et al.,
2010). Gibson et al. (2012) reported that the 
synthesis of HUFA n-3 is more regulated by 
the level of the substrate than by gene expres-
sion (Burdge and Calder, 2005; Barceló-Coblijn 
and Murphy, 2009).

8.4 Eicosanoids and Docosanoids

Eicosanoids are a group of molecules with 
20 carbons derived from three HUFAs: arachi-
donic acid (AA) 20:4 n-6, dihomogammalino-
lenic acid (DHGLnA) 20:3 n-6 and EPA 20:5 
n-3; the more active eicosanoids are formed 
from AA and EPA. Two enzymes participate in 
eicosanoid synthesis: cyclooxygenase forms 

the prostanoids known as prostaglandins, 
prostacyclines and thromboxanes; lipooxyge-
nase produces hydroxyperoxytetraenoic acids, 
which pass to leukotrienes, hydroxyeicosa-
tetraenoic acids and lipoxins (Lands, 2005b). 
The three parent fatty acids, AA, DHGLnA 
and EPA, are incorporated in cellular mem-
brane phospholipids normally in the 2 posi-
tion; they must be liberated by the 
phospholipase in a competitive way accord-
ing to their concentration in the respective 
phospholipid membrane. Normally AA is 
more abundant than EPA, DHGLnA and 
DHA, in which case the first option will be the 
synthesis of eicosanoids from AA; if the diet is 
high in EPA and DHA, these HUFAs n-3 can 
inhibit AA eicosanoid synthesis (Lands, 2008). 
New docosanoids synthesized from DHA 
called resolvins and protectines have been 
described by Serhan et al. (2002).

The principal biological functions of the 
eicosanoids from n-6 and n-3 HUFAs are related 
with AA in pro-inflammatory processes and 
with EPA and DHA in anti-inflammatory pro-
cesses, respectively, affecting the inflammatory 
activity of cytokines. They are also involved 
in enzymes related with lipid metabolism 
through the gene activation of fatty acid 
transport and oxidation (Duplus et al., 2000). 
Eicosanoids represent the molecules involved 
in a complex net of cell communication in the 
animal organism, mediators in the central nerv-
ous system with inflammatory process regu-
lation, tissue constriction, relaxation, immune 
response and platelet aggregation. Some n-3 
eicosanoids have the opposite effect related to 
those n-6 eicosanoids, which requires that 
at the membrane of the specific tissue, both 
parent molecules LA and ALA be present in 
the adequate relationship. This antagonism is 
the key for getting the expected harmonized 
physiological response (Bazan, 2007).

8.5 Healthy Biological Effects 
of n-6 and n-3 Fatty Acids

8.5.1 Cardiovascular disease

This has been the most investigated subject 
of the physiological role that different FA 
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could play in this non-transmissible disease 
(CVD) (Lands, 2003b; WHO, 2003). The posi-
tive effect of LA in human diet is to decrease 
LDL-cholesterol, one important biomarker of 
cardiovascular risk. This effect was first pub-
lished by Hegsted et al. (1965) and Keys et al.
(1965) and since then it has been demon-
strated in numerous publications. It was rec-
ommended that the consumption of saturated 
FA with carbon chain superior to 10 should be 
decreased due to some saturated FA that 
increased plasma LDL; and the daily intake of 
LA n-6 present in high amounts in vegetable 
oils such as maize, sunflower, safflower, should 
be increased where ALA is practically absent 
(Masson and Mella, 1985). These recommen-
dations had a very important impact in the 
change of consumers’ diet through to the 
present day. The result has been due to an 
imbalance between LA and ALA that induced a 
more inflammatory response. High contro-
versy and discussion about this imbalance has 
been produced in recent years and will be com-
mented on later (Lands, 2003a; Simopoulos, 
2006, 2008).

N-3 FA also has a positive biological 
effect in CVD (Mozaffarian, 2005). It is there-
fore necessary to differentiate between the 
beneficial effects of ALA from EPA and DHA. 
In the case of ALA, the dietary intake of mod-
erate amounts of essential FA has beneficial 
effects related with prevention of coronary 
heart disease (Djousse et al., 2001; Hu et al.,
2001). Bloedon et al. (2008) used flaxseed 
meal, which has ALA, to test cardiovascular 
risk factors in humans; the results indicated 
a modest and short effect lowering LDL-
cholesterol. In an another study by Bhathena 
et al. (2003) using flaxseed meal, to test the 
effect in hypertriglyceridaemia and liver stea-
tosis in an animal model, the results indicated 
positive effects. Vuksan et al. (2007) supple-
mented conventional therapy with grain of 
Salvia hispanica, a seed with very high ALA 
content, in individuals with type-2 diabetes; 
the results indicated an improvement in major 
and emerging cardiovascular risk factors in 
type-2 diabetes. Ayerza and Coates (2005) 
tested chia seed and chia oil in rats and their 
effects in plasma lipids and fatty acids. The 
results indicated that chia diets decreased 
TAG levels, increased HDL-cholesterol and 

w-3 FA content in rat serum. Similarly, Chicco 
et al. (2009) demonstrated that chia seed rich 
in a-linolenic acid reduced adiposity and nor-
malized hypertriacylglycerolaemia and insu-
lin resistance in the dyslipaemic rats studied.

In relation to LCPUFAs n-3, EPA and 
DHA, it is important to note that when in 
1970 marine origin oil appeared as the main 
source of LCPUFAs n-3, particularly EPA and 
DHA, ALA took another biological dimen-
sion. Bang and Dyerberg (1972) published 
their results related to an Eskimo population 
that had a high fat intake, around 40% of total 
energy. They have very low ALA and thus are 
more prone to bleeding by accidents; their 
levels of serum cholesterol, LDL and HDL 
were more equilibrated than a Danish popu-
lation. In addition, the dietary cholesterol intake 
was more than the double the recommended 
daily intake, due to their high consumption of 
marine mammals. The explanation was found 
in the quality of the dietary fat. Marine fats 
have a predominance of n-3 FA, the most 
important being 20:5 n-3 (EPA) and 22:6 n-3 
(DHA); in addition they contain different n-3 
as 22:5 n-3 DPA, stearidonic acid 18:4 n-3, 
very low ALA, and from n-6 family they con-
tain AA 20:4 n-6 and very low LA (Lands, 
2005b; Moreau and Kamal-Eldin, 2009; Rincón-
Cervera et al., 2009).

Studies on the protective role of fish lipids 
in cardiovascular disease proved that fish 
lipids play an important role in the prevention 
of cardiovascular diseases and atherogenesis 
principally by lowering serum triacylglycerol 
level, along with other beneficial effects (Masson 
et al., 1990; Gissi, 2008; Strijbosch et al., 2008). 
EPA is the parent molecule for the synthesis 
of the parallel AA eicosanoids cascade; throm-
boxane TXA3 had an opposite effect to TXA2 
produced from AA on platelet aggregation, 
which explained why the Eskimo population 
suffered more frequent accidents by bleeding 
than thrombosis. They had a contrary imbal-
ance; n-3 intake was higher than n-6, with their 
high consumption of marine foods and low 
sources of LA. It was also shown that the 
LCPUAs n-3 pre-formed, present in marine 
origin foods as EPA and DHA, were funda-
mental for human health and they are part of 
many important physiological process (Hu 
et al., 2001).
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DHA has its own highly specific physio-
logical and fundamental functions in CVD. It 
has been concluded that DHA can have anti-
inflammatory activity and anti-arrhythmic 
effect due to the presence of resolvins and 
protectines (Serhan et al., 2002, 2008). Various 
cardiologist societies have emphasized their 
importance and have recommended the con-
sumption of EPA and DHA for the prevention 
of cardiovascular complications. Perpetual 
intake is recommended for individuals suf-
fering from myocardial infarct and for prevent-
ing sudden death by cardiovascular failure 
(Gebauer et al., 2006). Therefore it is recom-
mended for all populations to increase their fish 
intake, especially fatty fish, which are excellent 
dietary sources of EPA and DHA, such as sar-
dine, anchovy, horse mackerel, trout, salmon, 
etc. According to production in every country, 
its consumption has been enhanced and consid-
ered in the plans for improving health of the 
population (Burlingame et al., 2009). Presently, 
functional foods, enriched in DHA and struc-
tured lipids with EPA and DHA, are being 
developed (Villeneuve et al., 2000).

8.5.2 Pregnancy and lactation

There are two transcendent and important 
physiological statuses for women, pregnancy 
and lactation. During these periods there is a 
mandatory requirement of n-3 HUFAs, mainly 
pre-formed DHA, for brain formation and 
development, vision, together with AA n-6 
(Brenna et al., 2007). The DHA transfer from the 
pregnant woman to the fetus via the placenta 
and for the infant during the lactating period 
through maternal milk is a point of high 
relevance for infant development (Uauy et al.,
2000a, b). The enrichment of milk formulas 
with DHA and other foods enriched with EPA 
and DHA have been developed (FAO, 2010). 
According to Sanders and Reddy (1992), diet 
supplementation with ALA is not effective for 
increasing the DHA breast milk level and 
vegetarian’s breast milk has a low DHA con-
tent, therefore their recommended intakes will 
be commented on separately. In rats, the mater-
nal intake of flaxseed-based diets improved 
spatial memory to the detriment of growth; 

the authors recommend caution in encourag-
ing maternal intake of flaxseed during human 
pregnancy and lactation (Fernandes et al., 2011).

8.5.3 Inflammatory processes

In humans, asthma, inflammatory bowel dis-
ease and rheumatoid arthritis are related to 
AA, EPA and DHA. Eicosanoids and doc-
osenoids play an important physiological 
role. Special interest has been focused on 
resolvins and protectins due to their relation-
ship with HUFAs and anti-inflammatory activ-
ity (Serhan et al., 2002, 2008; Calder, 2006, 
2009; Bazan, 2007).

8.5.4 Brain

Another important physiological role of 
HUFAs n-3 and n-6 in humans is related to 
brain development, functions and its composi-
tion (Innis, 2000). It has been shown that EFAs 
are fundamental in early life for structural and 
functional roles in brain and visual functions; 
in pre-term infants DHA demand is very high 
and must be present in infant formulas. The 
ratio between dietary LA:ALA intake was also 
evaluated in growth and visual function in 
term infants (Uauy et al., 2000a, b).

According to Crawford et al. (1976), the 
diet should provide a proportion of n-6:n-3 
between 2:1 and 1:1. Brenna et al. (2009) have 
discussed the DHA requirements for brain 
and ALA conversion. Estimation for adult’s 
brain requirement for HUFAs is around 18 mg 
of AA and 5 mg of DHA per day. A cross-
national comparison of seafood consumption 
and rates of bipolar disorders is described by 
Noaghiul and Hibbein (2003). Different dis-
orders can affect brain functions with adverse 
health consequences for human health as in 
Alzheimer’s disease, macular degeneration, 
different expressions of depression, etc., 
where HUFAs can have an important role 
(Freeman et al., 2006). DHA is the most impor-
tant brain lipid due to its specific physiologi-
cal role in vision and the retina, other organs 
and seminal glands. In pre-term infants with 
very low weight, serious alterations in the 
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retina have been detected, which can be 
reverted by supplementing their diet with 
DHA. All these important physiological events 
where LCPUFAs are participating in specific 
physiological and pathological events, seri-
ously affect the human organism (Cunnane, 
2000; Sinclair et al., 2000); DHA intake through 
diet is therefore important (Brenna et al., 2009).

Much research related to brain lipid 
classes and their fatty acid composition has 
been carried out in experimental animals. 
Sjövall et al. (2004) studied the spatial imag-
ing of lipids in rat brain tissue applying time-
of-flight secondary ion mass spectrometry 
(TOF-SIMS). The results showed a localization 
of high cholesterol and phosphatidyl-choline 
and large variations in the lipid composition 
in different regions. Kim et al. (2011) studied 
PUFA metabolism in rat brain with dietary 
n-3 PUFA deprivation; the results indicated 
that brain maintains the control of DHA con-
centration. Rapoport et al. (2011) published 
a very interesting review related to DHA 
incorporated into the brain of rodents and 
humans, thus developing a method to obtain 
images. DHA brain content and metabolism 
is dependent on the diet and the ability of 
liver to synthesize DHA from circulating 
ALA. Due to the complex matrix associated 
with brain lipids, improved analytical meth-
odologies have been developed, coupled and 
applied to brain lipid analysis in animals 
such as Matrix-Assisted Laser Desorption 
Ionization Time-of-Flight Mass Spectrometry 
and High-Performance TLC (Fuchs et al., 2008). 
This methodology known as MALDI-TOF-MS 
has the advantage of minor fragmentation of 
the sample. It was applied to a crude extract 
of porcine brain lipids. The principal phos-
pholipid classes were separated and the 
two FA present were detected; for example in 
phosphatidyl-choline 16:0/16:0; 16:0/18:1; 
18:0/18:1; in phosphatidyl-ethanolamine 
16:0/18:1; 18:1/20:4; 18:0/18:1; in sphingomie-
line 24:1; in galactosyl-ceramide 24:0/18:1 etc. 
Detailed information about the methods is 
included in the publication but quantification 
was not considered. Astigarraga et al. (2008) 
studied brain and liver tissues in rats using 
MALDI-TOF-MS methodology. They identi-
fied a large number of lipid species. Using 
the novel methodologies in lipid analysis, 

especially in complex matrix such as brain, 
lipidomics permits the study of the composi-
tion of intact molecular species in biological 
systems combining different advanced instru-
mentation techniques as different mass spec-
trometry procedures, stable isotopes labeling, 
mass spectrometric imaging, data analysis and 
bioinformatics, etc. (Wenk, 2005; Postle, 2012).

In addition, docosapentaenoic acid n-3 
and n-6 (DPA), also present in fish oils, have 
been studied for their biochemical properties 
(Simopoulos, 2008). Other novel physiological 
roles of HUFAs from fish oils related to their 
functional effect to modify the membrane 
lipid rafts, improving flexibility and produc-
ing low affinity for cholesterol and saturated 
acyl chains; the possibility to apply these find-
ings in clinics is described by Shaikh (2012).

8.5.5 Cancer

There are several publications related to n-6, 
n-3 FA and cancer and it is estimated that can-
cer can have a relationship with inflammatory 
processes as a response to oxidative tissue 
damage (Kushi and Giovanuce, 2002; Espada 
et al., 2007). The effects of chia oil (Salvia his-
panica), which is high in ALA, safflower oil 
(Carthamus tinctorious), which is high in LA, 
and a control diet were compared in mice, in 
relation to eicosanoids and metastasis of a 
murine mammary gland adenocarcinoma. The 
results indicated that chia oil diet inhibited 
growth and metastasis in the tumour model.

8.6 Dietary Recommendation 
for n-6 and n-3 Fatty Acids

FAO (2010) contains dietary recommendations 
for total fat, saturated, trans-, polyunsaturated 
FA, LA, ALA and their metabolites EPA and 
DHA, for adults, pregnant and lactating 
women, infants 0–2 years old and children 
2–18 years old. The recommendations are 
expressed as energy percentage. For adults, 
total fat intake 20–35% (Elmadfa and 
Kornstainer, 2009), minimum intake for LA 
and ALA to prevent deficiency is 2.5% plus 
0.5%, respectively; minimum total PUFAs 
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for reducing cardiovascular risk is 6%. 
Another international report is also available 
in Eurodiet (2000).

All the recommendations are given in 
percentage of energy for specific and separate 
fatty acids. Each fat and oil has its own FA 
composition and own TAG fatty acid distri-
bution, considering that position-2 has also 
biological significance.

8.7 Dietary Imbalance LA:ALA

The LA:ALA imbalance principally in the 
occidental diet is an actual controversy. 
According to Simopoulos (2006, 2008), the 
occidental diet is high in LA intake compared 
with ALA intake. The high oilseed production 
in the world has contributed to this situation. 
The ratio LA:ALA has increased many times, 
producing an unfavourable physiological 
condition for inducing high synthesis of AA 
and more inflammatory events. In ancient 
times, the equilibrium in the human diet 
between n-6 and n-3 PUFAs was around 1:1 
(Crawford et al., 1976; Eaton and Konner, 
1985). The principal PUFAs in foods are LA 
and ALA; their HUFA metabolites can be 
mediators affecting diet-dependent diseases. 
Ethnic groups in Japan have maintained their 
diet on n-3 HUFAs as 53% and n-6 HUFAs as 
47% in plasma phospholipids. In the individ-
uals of Detroit, this is inverse: 18% n-3 and 
82% n-6. Cardiovascular deaths are correlated 
with these inverted percentages (Lands, 2008).

Pischon et al. (2003) compared the intake 
of EPA and DHA in a group of healthy men 
and women with inflammatory response in 
plasma, measuring different biomarkers. EPA 
+ DHA intake in men was around 55–1120 mg 
day−1, for women it was around 22–471 mg 
day−1, LA intake in men was around 12 g day−1

and in women around 9 g day−1; in both groups 
ALA intake was around 1 g day−1. The results 
indicated an inverse relationship between 
EPA+DHA n-3 intake and inflammatory bio-
markers in plasma, combining both types 
of FA n-6 and n-3 lowest levels of inflam-
mations. Hibbeln et al. (2006) estimated a 
healthy dietary allowance for n-3 LCFAs for 
the US population. They evaluated LA, AA, 

ALA, EPA, DPA and DHA content of food 
commodities in 38 countries and correlated 
the composition tissue data to each illness 
according to a model. Fish and seafoods con-
tinued to be the best dietary source of 
EPA+DHA; seed oils, eggs, poultry and pig 
meat had the greatest amounts of n-6 FA. 
The n-3 LCPUFA intake in Japan is 0.37% 
energy corresponding to 750 mg day−1 and 
met the criteria for uniformly protecting 
>98% of the population worldwide. Ambring 
et al. (2006) investigated Mediterranean diet 
(MID) in serum PL n-6, n-3 FA content inflam-
matory endothelial indexes in healthy sub-
jects in the Gotemburg area compared with 
traditional Sweden diet (OSD). The difference 
between MID and OSD diet was in the higher 
fibre, more antioxidants, fat quality, twice 
amount of n-3 FA, one-half saturated FA, one-
half cholesterol, and sterol esters 2 g day−1

were included in margarine. Results of MID 
diet indicated reduced platelets, leucocytes 
and VECF concentration thus indicating a ben-
eficial influence of MID diet in these inflam-
matory parameters, which may be linked to 
the ratio n-6:n-3 FA reduction.

Ramsden et al. (2010) critiqued a con-
sumption of at least 5–10% of energy as n-6 
PUFA to reduce CHD risk, based on the results 
of randomized controlled trials (RCT). The 
authors reviewed all the RCT that increased 
PUFAs and, after the detailed evaluation, they 
concluded that n-6 specific PUFA diets tended 
to increase CHD risks. They recommended 
decreasing the intake of n-6 PUFA in the diet. 
Blasbalg et al. (2011) evaluated essential FA 
consumption changes in the USA during the 
years 1909–1999 and it was found that appar-
ent increased consumption of LA, primarily 
from soybean oil, decreased EPA and DHA in 
tissues during the 20th century. In this impor-
tant debate, Harris et al. (2009) presented the 
position of the American Heart Association 
(AHA) relating to proposals recommending 
the reduction of omega-6 PUFA in diet without 
considering many publications suggesting 
that higher intakes of n-6 PUFAs reduce CHD 
risk. The current AHA recommendations for 
LA are 5–10% total energy. Kriss-Etherton et al.
(2010) supported the same concept related to 
maintain higher LA dietary intake, as per AHA 
recommendations.
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The presence of both precursors LA and 
ALA in adequate proportion is fundamental 
to reach a harmonized physiological status 
(Kushi and Giovanuce, 2002; Serhan et al.,
2002; Simopoulos, 2002; Lands, 2003b, 2008; 
Calder, 2006; Bazán, 2007; Sanders, 2009).

8.8 Dietary Sources of LA and ALA

8.8.1 Vegetable sources

As it has been commented above that the 
occidental diet has changed principally in 
the LA n-6:ALA n-3 ratio probably from 1:1 
to a high predominance of LA, the world 
production of vegetable oils according to 
FAO (2010) indicates four species, palm 
(Elaeis guineensis), soybean oil (Glycine hisp-
ida) canola, rapeseed oil (Brassica sp.) and 
sunflower seed oil (Helianthus annus) as 
principal oil crops. There are other oil 
sources produced on a minor scale. Their FA 
composition and LA:ALA ratio are as fol-
lows: palm oil is principally saturated, ratio 
50:1; soybean oil principally polyunsatu-
rated, ratio 8:1; Canola oil more equilibrated 
FA composition, highly monounsaturated, 
ratio 2.5:1; and sunflower seed oil highly 
polyunsaturated ratio 345:1 (Masson and 
Mella, 1985). The consumers do not have 
much option for selecting a more diversified 
fatty acid composition.

Some alternatives are to stimulate the 
culture of seed oils with a better FA profile, 
to combine oils and to search in nature for 
other better options that can be present in 
some uncommon seeds (Simopoulos, 2004; 
Rodriguez-Pérez, 2005; Masson et al., 2008; 
Moreau and Kamal-Eldin, 2009).

A classification of 80 vegetable oils 
according to their principal and secondary FA 
related cholesterol-lipoproteins effect was 
carried out by Dubois et al. (2007). There are 
three main classes, SAT, MUFA and PUFA, 
that are further subdivided into sub-classes. 
In the PUFA class, there are five sub-classes: 
LA>60%, LA+SAT, LA+MUFA, ALA+MUFA 
and ALA+LA. This classification gives a wide 
view of the great diversity in nature for FA 
composition in seeds and fruits and can 

help to search special seed oils whose fatty 
acid composition and ratio LA:ALA is very 
particular.

There are some special seed oils with 
more than 7% ALA, whose n-6:n-3 ratio are 
the following: quinoa (Chenopodium quinoa
Wild.) ratio 6:1; walnut (Juglans regia) ratio 
5.5:1; rapsberry (Rubus idaeus) ratio 2.4:1; 
lupine (Lupinus albus) ratio 2.4:1; rosa mos-
queta (Rosa rubiginosa) ratio 1.3:1; linseed or 
flaxseed (Linum usitatissimum) ratio 0.4:1 
(Masson and Mella, 1985); perilla (Perilla
frutescens L.) ratio 0.3:1; hempseed (Cannabis
sativa) ratio 3:1 (Firestone, 2006; Moreau and 
Kamal-Eldin, 2009); and chia (Salvia hispanica)
ratio 0.3:1 (Peiretti and Gai, 2009). Some of 
these high ALA content seed oils have been 
assayed by researchers in humans and experi-
mental animals to search their biological 
behaviour compared with traditional oils. 
Martin et al. (2006) published a selection of 
different Brazilian foods giving the n-6:n-3 
ratio of their lipids.

8.8.2 LA and ALA: animal terrestrial 
and marine sources

The sources are principally meats from dif-
ferent origins like avian, marine, rivers, 
lakes, ruminants, herbivores, omnivores, 
hen eggs, milk and their derivatives (Speedy, 
2003). Ruminant animal depot fats are low 
in LA and much lower in ALA (Masson and 
Mella, 1985). In fish and seafoods, princi-
pally EPA, DPA and DHA are present; 
amongst fat fishes sardine, anchovy, horse 
mackerel, caballa, salmon and trout are rec-
ognized as the best food sources (Firestone, 
2006; Moreau and Kamal-Eldin, 2009). Each 
species has its own FA profile; in large scale 
production, the diet is formulated with 
raw material available in the respective cou-
ntry or region and the fat depots reflect die-
tary fats (Speedy, 2003; Scollan et al., 2006; 
Wood et al., 2008). The FA composition can 
present a wide variation amongst the same 
food produced by different food indus-
tries and the composition depends on the 
formulation of industrially processed foods 
(Paeratakul et al., 2003). Non-traditional 
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sources of EPA and DHA are micro-algal, 
some of which are good sources of these 
HUFAS (Guil-Guerrero et al., 2000; Andrich 
et al., 2005; Moreau and Kamal-Eldin, 2009).

8.9 Conclusion

Fats and oils are important macronutrients 
for human health. They are the only source of 
energy to survive in extreme physiological 
conditions and are the dietary source of the 
parent essential fatty acids linoleic n-6 and 
a-linolenic n-3. Many important beneficial 
physiological functions are performed by 
both essential FA and their long chain poly-
unsaturated derivatives, principally AA, EPA 
and DHA and the eicosanoids and docosa-
noids synthesized from these parent mole-
cules. AA, EPA and DHA also have proper 
physiological functions in important human 
tissues, especially AA and DHA in brain 
development and function. The requirements 

to maintain equilibrium between dietary 
intake and tissue storage are not so high, but 
the important thing is that in the diet equi-
librium must exist between both LA and 
ALA because human physiology was geneti-
cally organized in an environmental media 
where the intake of both FA was equilibrated. 
This equilibrium has been broken in the last 
100 years. The human physiological response 
has been according to this imbalance produc-
ing more inflammation compounds, which can 
stimulate the induction of non-transmissible 
diseases among different populations. This 
problem affects principally occidental coun-
tries with the exception of the Mediterranean 
region. Some action must be taken to advise 
the population to decrease LA intake, to 
stimulate the intake of natural sources of 
ALA and to enhance the consumption of fish 
and seafoods.

Nature provides the highest biodiversity in 
food supplies, using their intelligence; men 
must select the best choices for a healthy life.

References

Abbott, S.K., Else, P.L. and Hulbert, A.J. (2010) Membrane fatty acid composition of rat skeletal muscle is most 
responsive to the balance of dietary n-3 and n-6 PUFA. British Journal of Nutrition 103, 522–529.

Ambring, A., Johansson, M., Axelsen, M., Gan, L.M., Strandvik, B. and Friberg, P. (2006) Mediterranean-
inspired diet lowers the ratio of serum phospholipids n-6 to n-3 fatty acids, the number of leukocytes and 
platelets, and vascular endothelial growth factor in healthy subjects. American Journal of Clinical 
Nutrition 83, 575–581.

Andrich, G., Nesti, U., Venturi, F., Zinnai, A. and Fiorentini, A. (2005) Supercritical fluid extraction of bioac-
tive lipids from the microalga Nannochloropsis sp. European Journal Lipid Science Technology 107, 381–386.

Artenburg, L.M., Hall, E.B. and Oken, H. (2006) Distribution, interconversion and dose response of n-3 fatty 
acids in humans. American Journal of Clinical Nutrition 83(Suppl.), 1467S–1476S.

Astigarraga, E., Barreda-Gómez, G., Lombardero, L., Fresnedo, O., Castaño, F., Giralt, M.T., Ochoa, B., 
Rodriguez-Puertas, R. and Fernàndez, J.A. (2008) Profiling and Imaging of Lipids on Brain and Liver 
Tissue by Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry Using 2. Mercaptobenzothi-
azole as a Matrix. Analytical Chemistry 80, 9105–9114.

Austria, J.A., Richard, M.N., Chahine, M.N., Edel, A.L., Malcolmsom, L.J., Dupasquier, C.M.C. and Pierce, G.N. 
(2008) Bioavailabity of Alpha-Linolenic Acid in Subjects after Ingestion of Three Different Forms of 
Flaxseed. Journal of the American College of Nutrition 27, 214–221.

Ayerza, R. and Coates, W. (2005) Ground chia seed and chia oil effects on plasma and fatty acids in the rat. 
Nutrition Research 25, 995–1003.

Bang, H. and Dyerberg, J. (1972) Plasma lipids and lipoprotein in Greenlandic west coast Eskimos. Acta 
Medica Scandinava 192, 85–94.

Barceló-Coblijn, G. and Murphy, E.J. (2009) Alpha-linolenic acid and its conversion to longer chain n-3 fatty 
acids. Benefits for human health and a role in maintaining tissue n-3 fatty acids level. Progress in Lipid 
Research 48, 355–374.

Bazan, N.G. (2007) Omega 3 fatty acids pro-inflammatory signaling and neuroprotection. Current Opinion 
Clinical Nutrition Metabolism Care 10, 136–141.



Omega 3 and Omega 6 Fatty Acids in Human Health 127

Bhathena, S.J., Ali, A.A., Haudenschild, C., Latham, P., Ranich, T., Mohamed, A.I., Hansen, C.T. and 
Velasquez, M.T. (2003) Dietary Flaxseed Meal is More Protective Than Soy Protein Concentrate Against 
Hypertriglyceridemia and Steatosis of the Liver in an Animal Model of Obesity. Journal of the American 
College of Nutrition 22, 157–164.

Blair, I.A. (2001) Lipid Hydroperoxide–Mediated DNA Damage. Experimental Gerontology 36, 1473–1481.
Blank, C., Neumann, M.A., Makrides, M. and Gibson, R.A. (2002) Optimizing DHA levels in by lowering the 

linoleic acid to a-linolenic acid acid ratio. Journal of Lipid Research 43, 1537–1543.
Blasbalg, T.L., Hibbeln, J.R., Ramsden, C.E., Majchrrrzak, S.F. and Rawlings, R.R. (2011) Changes in consumption 

of omega-3 and omega-6 fatty acids in the United States during the 20th century. American Journal of 
Clinical Nutrition 93, 950–962.

Bloedon, L.T., Bulikai, S., Chittans, J., Cunnane, S.C., Berlin, J.A., Rader, D.J., Philippe, M.D. and Szapary, O. 
(2008) Flaxeed and Cardiovascular Risk Factors: Resuts from a Double Blind, Randomized, Controlled 
Clinical Trial. Journal of the American College of Nutrition 27, 65–74.

Brenna, J.T. (2002) Efficiency of conversion alpha-linoleic acid to long chain n-3 fatty acids in man. Current 
Opinion Clinical Nutrition Metabolism Care 5, 127–132.

Brenna, J.T., Varamini, B., Jensen, R.J., Diersen-Schade, D.A., Boettcher, J.A. and Arterburn, L.M. (2007) 
Docosahexaenoic acid and arachidonic acid concentrations in human breast milk worldwide. American
Journal of Clinical Nutrition 85, 1457–1464.

Brenna, J.T., Salem, N. Jr, Sinclair, A.J. and Cunnane, S.C. (2009) a-Linolenic acid supplementation and conver-
sion to n-3 long chain polyunsaturated fatty acids in humans. Prostaglandins, Leukotrienes and Essential 
Fatty Acids 80, 85–91.

Burdge G.C. (2004) Alpha-linolenic acid metabolism in men and women: nutritional and biological implications. 
Current Opinion Clinical Nutrition Metabolism Care 7, 137–144.

Burdge, G.C. (2006) Metabolism of alpha-linolenic acid in human. Prostaglandins, Leukotrienes and Essential 
Fatty Acids 75, 161–168.

Burdge, G.C. and Calder, P.C. (2005) Review. Conversion of a-linolenic acid to longer-chain polyunsaturated 
fatty acids in human adults. Reproductive Nutrition Development 45, 581–597.

Burdge, G.C. and Wootton, S.A. (2002) Conversion of a-linolenic acid to eicosapentaenoic, docosapentaenoic 
and docosahexaenoic acids in young women. British Journal of Nutrition 88, 411–420.

Burdge, G.C. and Wootton, S.A. (2003) Conversion of a linolenic acid to palmitic, palmitoleic, stearic and 
oleic acids in men and women. Prostaglandins, Leukotrienes and Essential Fatty Acids 69, 283–290.

Burdge, G.C., Jones, A.E. and Wootton, S.A. (2002) Eicosapentaenoic and docosapentae are the principal 
products of a-linolenic acid metabolim in young women. British Journal of Nutrition 88, 355–363.

Burlingame, B., Mishida, C., Uauy, R. and Weissel, R. (2009) Fats and Fatty Acids in Human Nutrition. Joint 
FAO/WHO. Expert Consultation. Annals Nutrition Metabolism 55, 1–3.

Burr, G. and Burr, M. (1929) A new deficiency disease produced by the rigid exclusion of fat from the diet. 
Journal of Biological Chemistry 82, 345–367.

Burr, G. and Burr, M. (1930) On the nature and role of fatty acids essential in nutrition. Journal of Biological 
Chemistry 82, 587.

Calder, P.C. (2006) N-3 polyunsaturated fatty acids inflammation and inflammatory diseases. American
Journal of Clinical Nutrition 83(Suppl.), 1505S–1519S.

Calder, P.C. (2009) Polyunsaturated fatty acids and inflammatory processes: new twists in an old tale. 
Biochimie 91, 791–795.

Caldwell, M.D., Johnson, H.T. and Othersen, H.B. (1972) Essential fatty acid deficiency in an infant receiving 
prolonged parenteral alimentation. Journal of Pediatric 81, 894–898.

Chicco, A.G., D’Alessandro, M.E., Hein, G.H., Oliva, M.E. and Lombardo, Y.B. (2009) Dietary chia seed 
(Salvia hispanica L.) rich in a-linoleic acid improves adiposity and normalises hypertriacylglyceroaemia 
and insulin resistance in dyslipaemic rats. British Journal of Nutrition 101, 41–50.

Crawford, M.A., Casperd, N.M. and Sinclair, A.J. (1976) The long chain metabolites of linoleic and linolenic acid 
in liver and brain in hervivores and carnivores. Comparative Biochemistry Physiology 54B, 395–401.

Cunnane, S.C. (2000) The Conditional Nature of the Dietary Need for Polyunsaturated: a Proposal to Reclassify 
‘Essential Fatty acids’ as ‘Conditionally-Indispensable’ or ‘Conditionally-Dispensable’ Fatty Acids. British
Journal of Nutrition 84, 803–812.

Cunnane, S.C. (2003) Problems with Essential Fatty Acids: Time for a New Paradigm? Progress in Lipid 
Research 42, 544–568.

Cunnane, S.C., Ryan, M.A., Nadeau C.R., Bazinet, R.P., Musa-Veloso, K. and McCloy, U. (2003) Why is carbon 
from some polyunsaturated extensively recycled in lipid synthesis? Lipids 38, 47–484.



128 L. Masson

D’Andrea, S., Guillou, H., Jan, S., Catheline, D., Thibault, J.-N., Bouriel, M., Rioux, V. and Bray, G.A. (2002) 
The same D6-desaturase not only acts on 18- but also on 24-carbon fatty acids in very-long chain poly-
unsaturated fatty acids in humans. Biochemistry Journal 364, 49–55.

DeLany, J.P., Windhauser, M.M., Champagne, C.M. and Bray, G.A. (2000) Differencial oxidation of individual 
dietary fatty acids in humans. American Journal of Clinical Nutrition 72, 905–911.

Djousse, L., Pankow, J.H., Eckfeldt, J.S., Folsom, A.R., Hopkins, P.N., Province, M.A., Hong, Y. and Ellison, R.C. 
(2001) Relation Between Dietary Linolenic Acid and Coronary Artery Disease in the National Heart, 
Lung and Blood Institute Family Heart Study. American Journal of Clinical Nutrition 74, 612–619.

Dubois, V., Breton, S., Linder, M., Fanni, J. and Parmentier, M. (2007) Fatty acid profiles of 80 vegetable oils 
with regard to their nutritional potential. European Journal of Lipid Science Technology 109, 710–732.

Duplus, E., Glorian, M. and Forest, C. (2000) Fatty acid regulation of gene transcription. Journal of Biological 
Chemistry 275, 30749–30752.

Eaton, S.B. and Konner, M. (1985) Paleolithic nutrition. A consideration of its nature and current implications. 
New England Journal of Medicine 312, 283–289.

Elmadfa, I. and Kornstainer, M. (2009) Fats and fatty acids requirements for adults. Annals Nutrition Metabolism
55, 57–75.

Emken, E.A. (2001) Stable isotope approach, applications and issues related to polyunsaturated fatty acids 
metabolism studies. Lipids 36, 965–1073.

Espada, C.E., Berra, M.A., Martinez, M.J., Eynard, A.R. and Pasqualini, M.E. (2007) Effect of Chia oil (Salvia
hispanica) rich in w-3 fatty acids on the eicosanoid release, apoptosis and T-lymphocytes tumor infil-
tration in a murine mammary gland adenocarcinoma. Prostaglandins, Leukotrienes and Essential Fatty 
Acids 77, 21–28.

Eurodiet (2000) Eurodiet core report. European dietary guidelines. Available at: http://eurodiet.med.uoc.gr/
eurodietcorereport.pdf

FAO (2010) Fats and fatty acids in human nutrition. Report of an expert consultation. FAO, Food Nutrition 
Paper 91, Food and Agriculture Organization of the United Nations, Rome, Italy.

Fei, G., Hyung Wook, K., Miki, I., Iragashi, M., Kiesenwetter, D., Chang, L., Kaizong, M. and Rappaport, S. (2011) 
Liver conversion of docosahexaenoic and arachidonic acids from their 18-carbon precursors in rats on a 
DHA-free but a LNA-containing n-3 Pufa adequate diet. Biochimica et Biophysica Acta 1811, 484–489.

Fernandes, F.S., Santos de Souza, A., Tavares do Carmo, M.G. and Boaventura, G.T. (2011) Maternal intake of 
flaxseed-based diet (Linum usitatissimum) on hippocampus fatty acids: Implications for growth, locomo-
tor activity and spatial memory. Nutrition 27, 1040–1047.

Ferrucci, L., Cherubini, A., Bandinelli, S., Bartali, B., Corsi, A. and Lauretani, F. (2006) Relationship of plasma 
polyunsaturated fatty acids to circulating inflammatory markers. Journal of Clinical Endocrinology 
Metabolism 91, 439–446.

Firestone, D. (ed.) (2006) Physical and Chemical Characteristics of Oils, Fat, and Waxes, 2nd edn. AOCS Press, 
USA, pp. 3–237.

Freeman, M.P., Hibbeln, J.R., Wisner, K.L., Davis, J.M., Mischoulon, D., Peet, M., Keck, P.E. Jr, Marangell, L.B., 
Richardson, A.J., Lake, J. and Stoll, A.L. (2006) N-3 fatty acids: evidence basis for treatment and future 
research in psychiatry. Journal of Clinical Psychiatry 67, 1954–1967.

Fuchs, B., Nimptsch, A., Sur, R. and Schiller, J. (2008) Analysis of Brain Lipids by Direct Coupled Matrix-
Assisted Laser Desorption Ionization Time-of-Flight Mass spectrometry and High-performance Thin-Layer 
Chromatography. Journal of AOAC International 91, 1227–1236.

Gebauer, S.K., Psote, T.L., Harris, W.-S. and Kris-Etherton, P.M. (2006) n-3 fatty acids dietary recommenda-
tions and food sources to achieve essentiality and cardiovascular benefits. American Journal of Clinical 
Nutrition 83, 1526S–1535S.

Ghafoorunissa, A., Vanni, R., Laxmi, R. and Sesikeran, B. (2002) Effects of dietary alpha-linolenic acid from 
bended oils on biochemical indices of coronary heart disease in Indians. Lipids 37, 1007–1086.

Gibson, R.A., Neumann, M.A., Lien, E.L., Boyd, K.A. and Tu, W.C. (2012) Docosahexaenoic acid synthesis 
from alpha-linoleic acid is inhibited by diets high polyunsaturated fatty acids. Prostaglandins, Leukotrienes 
and Essential Fatty Acids. Available at: http://dx.doi.org/10.1016/j.plfa.2012.04.003.

Gissi, H.J. (2008) Effect of n-3 polyunsaturated fatty acids in patients with chronic heart failure, a randomised 
double blind placebo controlled trial. Lancet 372, 1223–1230.

González-Mañan, D., Tapia, G., Gormaz, J.G., Espesailles, A.D., Espinoza, A., Masson, L., Varela, P., Valenzuela, A. 
and Valenzuela, R. (2012) Bioconversion of a-linolenic acid to n-3 LCPUFA and expression of PPAR-
alpha, acylcoenzyme A oxidase 1 and carnitine acyl transferase 1 are incremented after feeding rats with 
a-linolenic acid-rich oils. Food and Function DOI: 10.1039/c2fo30012e.

http://eurodiet.med.uoc.gr/eurodietcorereport.pdf
http://eurodiet.med.uoc.gr/eurodietcorereport.pdf
http://dx.doi.org/10.1016/j.plfa.2012.04.003


Omega 3 and Omega 6 Fatty Acids in Human Health 129

Goyens, P.L., Spilker, M.E., Zock, P.L., Katan, M.B. and Mensink, R.P. (2006) Conversion of a-linolenic acid 
in humans is influenced by the absolute amounts of a-linolenic acid and linoleic acid in the diet and not 
by the ratio. American Journal of Clinical Nutrition 84, 44–53.

Guil-Guerrero, J.L., Belabi, E.-H. and Rebolloso Fuentes, M.N. (2000) Eicosapentaenoic and arachidonic 
acids purification from red microalga Porphyridium creuntum. Bioseparation 9, 299–306.

Harris, W.S., Mozzaffarian, D., Rimm, E., Kriss-Etherton, P., Rudel, L.L., Appel, L.J., Engler, M.M., Engler, M.B. 
and Sacks, F. (2009) Omega-6 Fatty acids and risk for Cardiovascular Disease. Circulation 119, 902–907.

Hegsted, D., McGandy, R., Myers, M. and Stare, F. (1965) Quantitative effects of dietary fat on serum choles-
terol in man. American Journal of Clinical Nutrition 17, 281–295.

Henry, J. (2009) Processing, manufacturing, uses and labelling of fats in the food supply. Annals Nutrition 
Metabolism 55, 273–300.

Hibbeln, J.R., Nieminen, L.R.G., Blasbalg, T.L., Riggs, J.A. and Lands, W.E.M. (2006) Healthy intakes of n-3 
and n-6 fatty acids: estimations considering worldwide diversity. American Journal of Clinical Nutrition
83(Suppl.), 1483S–1493S.

Hu, F.B., Manson, J.E. and Willet, W.C. (2001) Types of dietary fat and risk of coronary heart disease a critical 
review. Journal American Collaboration Nutrition 20, 5–19.

Innis, S.M. (2000) The role of dietary n-6 and n-3 fatty acids in the developing brains. Development 
Neuroscience 22, 474–480.

Keys, A., Anderson, J. and Grande, F. (1965) Serum cholesterol response to changes in diet. IV. Particular satu-
rated fatty acids in the diet. Metabolism 14, 776–787.

Kim, H.-W., Jagadeesh, S.R., Rapaport, S. and Igarachi, M.I. (2011) Regulation of rat brain polyunsaturated 
fatty acids (PUFA) metabolism during grades dietary n-3 deprivation. Prostaglandins, Leukotrienes and 
Essential Fatty Acids doi: 10.1016/j.plefa.2011.08.002.

Kraweczk, T. (2001) Fat in Dietary Guidelines Around the World. Inform 12, 132–140.
Kriss-Etherton, P., Fleming, J. and Harris, W. (2010) The Debate about n-6 Polyunsaturated Fatty Acid 

Recommendations for Cardiovascular Health. Journal of the American Dietetic Association 110, 201–204.
Kushi, L. and Giovanuce, E. (2002) Dietary fat and cancer. American Journal of Medicine 113(Suppl. 98), 

635–705.
Lands, B. (2008) A critique of paradoxes in current advise on dietary lipids. Review. Progress in Lipid Research

47, 77–106.
Lands, W.E.M. (2003a) Diets could prevent many diseases. Lipids 18, 317–321.
Lands, W.E.M. (2003b) Primary prevention in cardiovascular disease: moving out of the shadows of the truth 

about death. Nutrition Metabolism and Cardiovascular Disease 13, 154–164.
Lands, W.E.M. (2005a) Dietary fat and health: the evidence and the politics of prevention; careful use dietary 

fats can improve life and prevent disease. Annals of the New York Academy of Sciences 1055, 
179–192.

Lands, W.E.M. (2005b) Fish, Omega-3 and Human Health, 2nd edn. AOCS Press, Urbana, Illinois, pp. 3–220.
Martin, C.A., Almeida, V.V., Ruiz, M.R., Visentainer, J.E.L., Matshushita, M., Souza, N.E. and Visentainer, J.V. 

(2006) Acidos graxos poliinsaturados omega-3 e omega-6: importancia e ocurrencia em alimentos. 
Revista de Nutrición, Campinas, Brasil 19, 761–770.

Masson, L. and Mella, M.A. (1985) Materias Grasas de Consumo Habitual y Potencial en Chile. Composición 
en Ácidos Grasos. Universidad de Chile, Santiago, Chile. Editorial Universitaria, Inscripción N° 60.867, 
pp. 1–31.

Masson, L., Chamorro, H., Generini, G., Donoso, V., Pérez-Olea, J. and Mella, M. (1990) Fish oil intake in 
coronary artery disease patients, serum lipid profiles and progression of coronary heart disease. Medical
Science Research 18, 905–907.

Masson, L., Camilo, C., González, K., Cáceres, A., Jorge, N. and Torija, M.E. (2008) New Sources of Oilseeds 
from Latin American Native Fruits. Natural Product Communication 3, 357–362.

Moreau, A. and Kamal-Eldin, A. (eds) (2009) Gourmet and Health Promoting Specialty Oils, Chapter 4, 
Hall III, C., Fitzpatrick, C. and Kamal-Eldin, A. Flax, Perilla, and Camelina Seed Oils: a-Linolenic Acid-
Rich Oils, pp 151–183; Chapter 5, Callaway, J.C. and Pats, D.W. Heempseed Oil, pp 185–213, Chapter 19. 
Astiazarán, I. and Ansorema, D. Algal Oil, pp 491–513; Chapter 20, Pickova, J. Fish Oils, pp 515–526.
AOCS Press, Urbana, Illinois.

Mozaffarian, D. (2005) Review. Does alpha-linolenic acid intakes reduce the risk of coronary heart disease? 
A review of the evidence. Alternative Therapeutic Health Medicine 11, 24–30.

Noaghiul, S. and Hibbein, J.R. (2003) Cross-national comparison of seafood consumption and rates of bipolar 
disorders. American Journal of Psychiatry 160, 2222–2227.



130 L. Masson

Paeratakul, S., Ferdinand, D.P., Champagne, C.M., Ryan, D.H. and Bray, G.A. (2003) Fast-Food consumption 
among US adults and children. Dietary and nutrient intake profile. Journal of the American Dietetic 
Association 1023, 1332–1338.

Paulsrud, J., Pensler, L., Whitten, C., Stewart, S. and Holman, R. (1972) Essential fatty acid deficiency in infants 
by fat-free intravenous feeding. American Journal of Clinical Nutrition 25, 897–904.

Pawlosky, R.J., Hibbein, J.R., Novotny, J.A. and Salem, N. Jr, (2001) Physiological compartmental analysis of 
a-linolenic acid metabolism in adult humans. Journal of Lipid Research 42, 1257–1265.

Peiretti, P.G. and Gai, F. (2009) Fatty acid and nutritive quality of chia (Salvia hispanica L.) seeds and plant 
during growth. Animal Science and Technology 148, 267–275.

Pischon, T., Hankinson, S.E., Hotamisligil, G.S., Rifai, N., Willet, W.C. and Rimm, E.B. (2003) Habitual Dietary 
Intake of n-3 and n-6 Fatty Acids in Relation to Inflammatory Markers Among US Men and Women. 
Circulation 108, 155–160.

Postle, A.D. (2012) Lipidomics. Current Opinion in Clinical Nutrition Metabolism Care 15, 127–133.
Ramsden, C.F., Hibbeln, J.R., Majchrzak, S.F. and Davis, J.M. (2010) n/6 Fatty acid-specific and mixed poly-

unsaturated dietary interventions have different effects on CHD risk: a meta-analysis of randomized 
controlled trials. British Journal of Nutrition 104, 1586–1600.

Rapoport, S.L., Ramadan, E. and Basselin, M. (2011) Docosahexaenoic acid (DHA) incorporation into the 
brain from plasma, as an in vivo biomarker of brain DHA metabolim and neurotransmission. 
Prostaglandins and Other Lipids Mediators, doi:10.1016/j.prostaglandins.2011.06.003.

Rincón-Cervera, M.A., Suárez-Medina, M.D. and Guil-Guerrero, J.L. (2009) Fatty acid composition of selected 
roes from some marine species. European Journal of Lipid Research 111, 920–925.

Rodríguez-Pérez, W. (2005) Estudio comparativo de la composición en ácidos grasos del aceite de semillas 
de plantas de la Amazonía colombiana. Momentos de la Ciencia 2, 75–81.

Ruiz-Rodriguez, A., Reglero, G. and Ibañez, E. (2010) Recent trends in the advanced analysis of bioactive fatty 
acids. Journal of Pharmaceutical and Biomedical Analysis 51, 305–326.

Salem, N., Jr, Wegher, B., Mena, P. and Uauy, R. (1996) Arachidonic and docosaheaenoic acids are biosyn-
thesized from their 18-carbons precursors in human infants. Proceedings of the National Academy of 
Sciences 93, 49–54.

Sanders, T.A. (2009) Fat and fatty acid intake and metabolic effects in the human body. Annals Nutrition 
Metabolism 55, 162–172.

Sanders, T.A. and Reddy, S. (1992) The influence of a vegetarian diet on the fatty acid composition of human 
milk and the essential fatty acids status of the infant. Journal of Pediatrics 120 (4Pt 2), S71–S77.

Scollan, N., Hocquette, J.-F., Nuernberg, K., Dannenberger, D., Richardson, I. and Moloney, A. (2006) 
Innovation in beef production systems that enhance the nutritional and health value of beef lipids and 
their relationship with meat quality. Meat Science 74, 17–33.

Serhan, C.N., Hong, S., Gronest, K., Colgan, S.P., Devch, P.R., Manick, G. and Moussigne, R.L. (2002) 
Resolvins – a family of bioactive products of omega-3 fatty acids transformation circuits initiated by 
aspirin treatment that counter proinflammation signals. Journal of Experimental Medicine 196, 
1025–1037.

Serhan, C.N., Ciang, N. and Van Dyke, T.E. (2008) Resolving inflammation dual anti-inflammatory and pro-
resolution lipid. Nature Reviews/Immunology 8, 349–361.

Shaikh, S.R. (2012) Biophysical and biochemical mechanism by which dietary N-3 polyunsaturated fatty 
acids from fish oil disrupt membrane lipid rafts. Journal of Nutritional Biochemistry 23, 101–105.

Simopoulos, A.P. (2002) The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomedicine
and Pharmakotherapy 56, 365–379.

Simopoulos, A.P. (2004) Omega-3 Fatty acids and Antioxidants in edible Wild Plants. Biological Research 37, 
263–277.

Simopoulos, A.P. (2006) Evolutionary aspects of diet, the omega-6/omega-3 ratio and genetic variation: nutri-
tional implications for chronic diseases. Biomedical Pharmacotherapy 60, 502–507.

Simopoulos, A.P. (2008) The importance of the omega-6/omega-3 fatty acid ratio in cardiovascular disease 
and other chronic diseases. Experimental Biology Medicine 233, 674–688.

Sinclair, A.J., Attar-Bashi, N.M. and Li, D. (2000) What is the role of a-linolenic acid for mammals? Lipids 37, 
1113–1123.

Sjövall, P., Lausmaa, J. and Jhoansson, B. (2004) Mass Spectrometric Imaging of Lipids in Brain Tissue. 
Analytical Chemistry 76, 4271–4278.

Speedy, A.W. (2003) Global production and consumption of animal source foods. Journal of Nutrition 133, 
4048S–4053S.



Omega 3 and Omega 6 Fatty Acids in Human Health 131

Sprecher, H. (2000) Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochimical et Biophysica Acta
1486, 219–231.

Strawford, A., Antelo, F., Christiansen, M. and Hellerstein, M.K. (2004) Adipose tissue trygliceride turn over, 
de novo lipogenesis, and cell proliferation in humans measured with 2H2O. American Journal Physiology 
Endrocrinology Metabolism 286, E577–E588.

Strijbosch, R.A., Lee, S., Arsenault, D.A., Andersson, C., Gura, K.M., Bistrian, B.R. and Puder, M. (2008) Fish 
oil prevents essential fatty acids deficiency and enhances growth, clinical and biochemical implications. 
Metabolism 57, 698–707.

Tapiero, H., Ba, G.N., Couvreur, P. and Tew, K.D. (2002) Polyunsaturated Fatty Acids (PUFA) and Eicosanoids 
in Human Health and Pathologies. Biomedicine and Pharmacotherapy 56, 216–222.

Tu, W.C., Cook-Jhonson, R.J., James, M.J., Muhlhausler, B.S. and Gibson, R.A. (2012) Omega-3 long chain 
fatty acids synthesis is regulated more by substrate levels then gene expression. Prostaglandins, 
Leukotrienes and Essential Fatty Acids 83, 61–68.

Uauy, R., Mena, R. and Rojas, C. (2000a) Essential fatty acids in early life: structural and functional role. 
Proceedings of the Nutrition Society 59, 3–15.

Uauy, R., Mena, P., Wegher, B., Nieto, S. and Salem, N. Jr, (2000b) Long chain polyunsaturated fatty acids 
formation effect of gestational age and intrauterine growth. Pediatric Research 47, 127–135.

Valenzuela, R., Gormaz, J.G., Masson, L., Vizcarra, M., Cornejo, Z., Valenzuela, A. and Tapia, G. (2012) 
Evaluation of the hepatic bioconversion of a-linolenic acid (ALA) to eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) in rats fed with oils drom chia (Salvia hispanica) or rosa mosqueta (Rosa 
rubiginosa). Grasas y Aceites 63, 61–69.

Villeneuve, P., Muderhwa, J., Graille, J. and Haas, M. (2000) Customizing lipases for biocatalysis. A survey of 
chemical, physical and molecular biological approaches. Journal of Molecular Catalysis, B: Enzymatic 9, 
113–148.

Vuksan, V., Whithtam, D., Sievenpiper, J.L., Jenkins, A.L., Rocovick, A.L., Bazinet, R.P., Vidgen, E. and Hanna, A. 
(2007) Supplementation of Conventional Therapy With the Novel Grain Salba (Salvia hispanica L.) 
improves Major and Emerging Cardiovascular Risks Factors in Type 2 Diabetes. Diabetes Care 30, 
2804–2809.

Wenk, M.R. (2005) The Emerging Field of Lipidomics. Nature Reviews Drug Discovery 4, 594–610.
WHO (2003) Diet, Nutrition and the Prevention of Chronic Diseases. Report of the WHO/FAO Consultation 

Technical Report, Series 916, WHO, Geneva.
Wood, J.D., Enser, M., Fisher, A.V., Nute, G.R., Sheard, P.R., Richardson, R.I., Hughes, S.I. and Whittington, F.M. 

(2008) Fat deposition, fatty acids composition and meat quality: a review. Meat Science 78, 343–358.



© CAB International 2014. Phytochemicals of Nutraceutical Importance
132 (eds D. Prakash and G. Sharma)

9.1 Introduction

The edible plants within the Brassica genus 
(family Brassicaceae) contain an important 
health-promoting group of compounds known 
as glucosinolates (GLSs) (Fig. 9.1) and are b-D-
thioglucoside-N-hydroxysulfates (Tsiafoulis et al., 
2003). They are a well-studied example of a 
structurally diverse class of defence compounds 
(Fahey et al., 2001; Mithen, 2001). These are 
generally classified as alkyl, aliphatic, alkenyl, 
hydroxyalkenyl, aromatic, or indole (Bennett 
et al., 2004) and are limited to the order of 
Caparales, which includes the agriculturally 
important oilseed rape, vegetable crops, such 
as broccoli and various cabbages, as well as 
Arabidopsis thaliana and Barbarea vulgaris
(Brown et al., 2003). GLSs are derived from 
amino acids and can thus be divided into three 
groups according to their amino acid precur-
sor: aliphatic GLSs, derived from Ala, Leu, Ile, 
Val and Met; benzenic GLSs, derived from 
Phe or Tyr; and indolic GLSs, derived from 
Trp. Biosynthesis proceeds through three inde-
pendent stages: (i) chain elongation of selected 
precursor amino acids (only Met and Phe); 
(ii) formation of the core glucosinolate structure; 
and (iii) secondary modifications of the amino 
acid side chain.

GLSs and their metabolites such as 
isothiocyanates (ITCs), show anticarcino-
genic action and these phytochemicals, in 
concert with other constituents such as flavo-
noids, vitamins and minerals, could be the 
major efficacious agents (Barillari et al., 2005; 
Hintze et al., 2005). Foods having chemopre-
ventive properties have attracted a lot of 
interest amongst common man. Most of the 
drugs contain the bioactive chemicals origi-
nally discovered in plant foods. Epide-
miological evidences show that consumption 
of cruciferous vegetables can significantly 
reduce the risk of a number of tumours and 
cancers (Lampe and Peterson, 2002; Vallejo 
et al., 2002, 2003; Jones et al., 2006; Oerlemans 
et al., 2006).

9.1.1 Occurrence

GLSs constitute a well-defined group of 
secondary plant metabolites in cruciferous 
plants. They undergo hydrolysis, catalysed 
by an endogenous plant enzyme, known as 
myrosinase, into a range of biologically active 
compounds (Bones and Rossiter, 2006; Cartea 
and Velasco, 2008). The unique properties 
of GLSs and ITCs were first reported at the 
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beginning of the 17th century in an effort to 
understand the chemical origin of the sharp 
taste of mustard seeds. Earlier researches have 
highlighted the negative aspects of these com-
pounds because of the prevalence of certain 
antinutritional or goitrogenic GLSs in the 
protein-rich defatted seed meals from widely 
grown oilseed crops and in some vegetables. 
There is, however, an opposite and positive 
side of this picture represented by the thera-
peutic and prophylactic properties of GLSs as 
nutritional or functional properties. To date, 
more than 120 GLSs have been characterized 
and their potent odour and taste suggests a 
role in herbivore and microbial defence. GLSs 
and their breakdown products are now known 
for their fungicidal, bactericidal, nematocidal 
and allelopathic properties. They are a major 
constituent of folk medicines and have recently 
attracted intense research interest because of 
their cancer chemoprotective attributes (Fahey 
et al., 2001; Anilakumar et al., 2006). The genes 
involved in the biosynthesis of all three phases 
of their biosynthesis, i.e. side-chain elongation 
of precursor amino acids, formation of the core 
glucosinolate structure and side-chain decora-
tion, has been unveiled. Major breakthroughs 
include the ability to produce glucosinolates 
in Nicotiana benthamiana, the finding that spe-
cific GLSs play a key role in Arabidopsis innate 
immune response, and a better understanding 
of the link between primary sulfur metabo-
lism and glucosinolate biosynthesis (Sønderby 
et al., 2010).

GLSs are exclusively found in dicotyle-
donous plants, although closely related taxo-
nomic groups contain only a small number of 
such compounds. Family Brassicaceae (syn. 
Cruciferae; including Brassica sp. and Raphanus sp.) 
genus Brassica alone contains more than 
350 genera and 3000 species (Fahey et al., 2001, 
2002). Crucifers contain very high concen-
tration of GLSs. Many commonly consumed 
vegetables, condiments, forages and oil-
containing plants, such as cabbage, broccoli, 
cauliflower, collards, kale, mustard, Brussels 
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Fig. 9.1. General structure of glucosinolate.

sprouts and rapeseeds are good sources of 
GLSs (Song et al., 2005; Oerlemans et al., 
2006). Broccoli derived from a species of 
wild cabbage, Brassica oleracea, is consumed 
widely in Europe (Margen, 2002). These 
vegetables are an excellent dietary source 
of phytochemicals including GLSs and its 
breakdown products, phenolics and other 
antioxidants such as vitamins C and K, as 
well as dietary essential minerals (Finley et al., 
2001; Jeffery and Araya, 2009). Hundreds of 
cruciferous species that have been investi-
gated are able to synthesize GLSs. However, 
GLSs are by no means confined to crucifers; 
at least 500 species of non-cruciferous dicoty-
ledonous angiosperms have been reported to 
contain one or more of the over 120 known 
GLSs. Some of the important sources of GLSs 
are Arabis hirsuta, Barbarea praecox, B. vulgaris, 
Brassica campestris, B. juncea, B. napus, B. nigra, 
B. oleracea var. botrytis subvar. cymosa, Conringia 
orientalis, Isatis tinctoria, Lepidium sativum, 
Nasturtium officinalis, Reseda luteola, Reseda alba, 
Sibara virginica and Tropaeolum majus (Fahey 
et al., 2001, 2002). Most GLS-containing gen-
era are clustered within the Brassicaceae, 
Capparaceae and Caricaceae, these including 
the largest number of GLS-containing spe-
cies (Table 9.1).

9.1.2 Localization of glucosinolates 
in plant tissues

It has been found in a recent study on A. thaliana
that glucosinolates are accumulated differen-
tially in specific cells of reproductive organs. 
Using matrix-assisted laser desorption/ioni-
zation (MALDI) mass spectrometry imag-
ing (MSI), distribution patterns of three 
selected compounds, 4-methyl-sulfinyl-butyl 
(glucoraphanin), indol-3-ylmethyl (glucobras-
sicin) and 4-benzoyloxybutyl glucosinolates, 
were mapped in the tissues of whole flower 
buds, sepals and siliques. The results showed 
that tissue localization patterns of aliphatic glu-
cosinolate glucoraphanin and 4-benzoyloxybutyl 
glucosinolate were similar, but indole glucosi-
nolate glucobrassicin had different localization, 
indicating a possible difference in function 
(Sarsby et al., 2012).
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9.1.3 Structure

GLSs are b-thioglucoside N-hydroxysulfates 
(also known as (Z)-(or cis)-N-hydroximinosul-
fate esters or S-glucopyranosyl thiohydroxi-
mates), with a side chain (R) and a sulfur-linked 
b-D-glucopyranose moiety. A thioglycosylated 
sulfated oxime is an important structural fea-
ture of all known GLSs, which are mainly dis-
tinguished by variations in the amino acid 
derived carbon skeleton known as the ‘side 
chain’ (Mithen et al., 2000; Rungapamestry 
et al., 2007). GLSs share a similar basic struc-
ture consisting of a D-thioglucose group, a sul-
fonated oxime group and a side chain derived 
from methionine, phenylalanine, tryptophan 
or branched-chain amino acids.

Maximum GLSs contain either straight 
or branched carbon chains. Many of these 
compounds also contain double bonds (ole-
fins), hydroxyl or carbonyl groups, or sulfur 
linkages in various oxidation states. The larg-
est single group (one-third of all GLSs) con-
tains a sulfur atom in various states of 
oxidation (e.g. methyl-thio-alkyl- or methyl-
sulfonyl-alkyl-). Another small group of ben-
zyl GLSs has an additional sugar moiety like 
rhamnose or arabinose, in glycosidic linkage 
to the aromatic ring. The presence of these 
sugars is of unknown significance, although 
it is intriguing that they are present in two 

families of plants (Moringaceae and Resedaceae)
containing certain genera that are widely 
exploited for their pharmacological proper-
ties. Additionally, a number of sinapoyl and 
cinnamoyl salts and esters of some of the 
common GLSs are substituted on the thioglu-
coside moiety (Fahey et al., 2001, 2002; West 
et al., 2004).

9.1.4 Classification

GLSs have been classified according to their 
structure as aliphatic, aromatic, a-methyl-thio-
alkyl and heterocyclic, e.g. indole (Fahey et al.,
2001; Cartea and Velasco, 2008). There are seven 
major classes of GLSs:

1. Methyl-sulfonyl-alkyl GLSs (glucoiberin, 
glucoraphanin and glycoalyssin).
2. Olefenic GLSs (sinigrin, gluconapin and 
progoitrin).
3. Aromatic GLSs (gluconasturtiin).
4. Ketonic GLSs (glucocappasalin, gluco-
pangulin).
5. Alcoholic GLSs (gluconapoleiferin, progoi-
trin, epiprogoitrin).
6. w-Hydroxyalkyl (benzoates) GLSs (gluco-
malcomiin, glucobenzosisymbrin).
7. Heterocyclic (indole) GLSs (glucobrassicin, 
neoglucobrassicin).

Table 9.1. Important plant families of GLS-containing angiosperms (Fahey et al., 2001).

Family Chemical class Glucosinolates

Brassicaceae Sulfur in side chain, olefins, alcohols, ketones, 
aromatic, benzoates, indole, aliphatic straight 
and branch chain, multiple glycosylates

Sinigrin, glucobrassicanapin, 
glucopangulin, glucoalyssin, 
glucoerucin

Capparaceae Sulfur-containing side chain, alcohols, ketones, 
aromatic, indole olefins, aliphatic straight and 
branch chain

Glucocappasalin, glucoiberin, 
gluconapin

Caricaceae Aromatic Glucotropaeolin
Limnanthaceae Aliphatic alcohols, aromatic Glucolimnanthin
Moringaceae Olefins, aliphatic alcohols, aromatic, multiple 

glycosylates
Glucosisymbrin

Phytolaccaceae Olefins, aliphatic alcohols, aromatic Glucolepigramin
Resedaceae Aliphatic alcohols, aromatic, indole, multiple 

glycosylates
Gluconasturtiin

Salvadoraceae Olefins, aromatic Glucoputranjivin
Tovariaceae Olefins Neoglucobrassicin
Tropaeolaceae Aliphatic straight chain, olefins, aliphatic 

alcohols, aromatic
Glucoaubrietin
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9.2 Biosynthesis of Glucosinolates

GLSs are sulfur-rich secondary metabolites 
characteristic of the Brassicales order with 
important biological and economic roles in 
plant defence and human nutrition. Application 
of systems biology tools continues to identify 
genes involved in the biosynthesis of GLSs. 
Recent progress includes genes in all three 
phases of the pathway, i.e. side-chain elonga-
tion of precursor amino acids, formation of the 
core GLS structure and side-chain decoration 
(Sønderby et al., 2010). Biosynthesis of GLSs 
proceeds in three stages: (i) side-chain elon-
gation of amino acids; (ii) development of the 
core structure; and (iii) secondary side-chain 
modifications. Gene identification in Arabidopsis
followed by in vitro and in vivo characteriza-
tion of the gene products have confirmed the 
tripartite biosynthetic concept derived from 
early biochemical studies (Mikkelsen et al., 
2002; Wittstock and Halkier, 2002). The core 
pathway, common to all GLSs, has received 
the most study in Arabidopsis. Side-chain elon-
gation and modification strongly influence 
the bioactivities of GLS breakdown products. 
The evolution and ecological relevance of 
GLS variation has been reviewed (Kliebenstein 
et al., 2005).

Synthesis of primary glucosinolates is 
accomplished in five steps and begins with 
the oxidation of precursor amino acids to 
aldoximes by side chain-specific cytochrome 
P450 mono-oxygenases (cytochromes P450) 
of the CYP79 family. The initial oxidation is 
not necessarily a committed step because 
the tryptophan-derived aldoxime is also an 
intermediate in the synthesis of indole-3-
acetic acid (IAA) and camalexin (Glawischnig 
et al., 2004; Hansen and Halkier, 2005). 
Region-specific post-aldoxime enzymes are 
less specific for the side chain because they 
transform non-endogenous and even artifi-
cial aldoximes into GLSs. The aldoximes 
are further oxidized by cytochromes P450 
of the CYP83 family to aci-nitro compounds 
or nitrile oxides, strong electrophiles that 
spontaneously react with thiols to form 
S-alkylthiohydroximate conjugates (Hansen 
et al., 2001). Cysteine is the likely thiol donor 
in vivo; however, it is not clear whether this 

conjugation is enzyme-mediated (Mikkelsen 
et al., 2002). S-alkylthiohydroximate conju-
gates are cleaved by a C-S lyase into thiohy-
droximates, pyruvate and ammonia. This 
indicates that only one C-S lyase acts in GLS 
synthesis, and that this enzyme lacks side-
chain specificity (Mikkelsen et al., 2004).

Precursor amino acid elongation is anal-
ogous to the valine-to-leucine conversion 
and requires five reactions: an initial and 
final transamination, acetyl-CoA condensa-
tion, isomerization and oxidative decarbox-
ylation (Mikkelsen et al., 2002; Wittstock and 
Halkier, 2002). Labelling studies have con-
firmed this pathway (Graser et al., 2001) and 
methylthioalkylmalate (MAM) synthases, 
which catalyse the condensation reaction 
(Textor et al., 2004). Predicted plastid target-
ing signals for MAM gene products, purifi-
cation of MAM synthase activities from 
enriched chloroplast preparations, and cata-
lytic properties reminiscent of stromal 
enzyme regulation by light (basic pH opti-
mum, dependence on ATP and divalent 
metal ions) strongly suggest that methio-
nine side-chain elongation occurs in the 
chloroplast (Textor et al., 2004). The chain-
elongated a-keto acid can be transaminated 
and enter the core pathway, or it can pass 
through additional elongation cycles that 
insert up to nine methylene units. Given that 
the core pathway is proposed to be cytosolic 
(Chen et al., 2003), chain-elongated a-amino 
(or a-keto) acids are likely to be exported 
from the chloroplast. Three partially redun-
dant MAM genes control the variation in 
side-chain length of methionine-derived 
GLSs (Kroymann et al., 2003). Secondary 
modification of the side chain is generally 
considered to be the final stage in GLS syn-
thesis; however, desulfoglucosinolates could 
be the true substrates in some cases (Graser 
et al., 2001). Side-chain decorations entail 
various kinds of oxidations, eliminations, 
alkylations and esterifications (Mikkelsen 
et al., 2002; Wittstock and Halkier, 2002).

Methionine-derived GLSs are exten-
sively modified; in Arabidopsis, this structural 
variety is generated by four polymorphic 
genetic loci. The substantial natural variation 
of aliphatic glucosinolates in Arabidopsis has 
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expedited identification of two a-ketoglutarate-
dependent dioxygenases, encoded by the 
tightly linked and duplicated AOP2 and 
AOP3 genes, which control production of 
alkenyl and hydroxyalkyl GLSs, respectively. 
The AOP enzymes and their orthologues in 
Brassica oleracea act after the methyl-thio to 
methyl-sulfinyl side-chain oxidation. Enzymes 
responsible for sulfur oxidation as well as 
for the methoxylations of indolyl glucosi-
nolates remain to be identified, which is 
likely to be facilitated by comparative QTL 
mapping (Kliebenstein et al., 2001a, b; Gao 
et al., 2004).

9.3 Properties of Glucosinolates

9.3.1 Glucosinolates as phagostimulants

Aphids are phloem sap feeders and aphids 
such as Brevicoryne brassicae are specialists, 
feeding only on plants that contain glucosi-
nolates. GLSs are, therefore, crucial feeding 
stimulants (phagostimulants) and this was 
elegantly proved by inducing feeding on 
broad bean (Vicia faba, not a host for the cab-
bage aphid) with the cut stem dipped in a 
solution containing 2-propenyl glucosi-
nolate. The study strongly suggested that 
B. brassicae has a mechanism for sequestering 
GLSs, while in contrast Myzus persicae accu-
mulates little GLS (which is instead found in 
the excreted honeydew). The actual location 
of GLSs in the aphid is not known, although 
circulation in the haemolymph is a distinct 
possibility, much as cyanogenic glycosides 
do in the larvae of Zygaena trifolii (Bridges 
et al., 2002).

9.3.2 Hydrolysed products

Hydrolysis of GLSs is catalysed by an end-
ogenous plant enzyme myrosinase (thioglu-
cohydrolase; E.C. 3.2.1.147). Although GLSs 
are not protective themselves, they are con-
verted by the co-existing myrosinases to bit-
ter isothiocyanates (ITC), which defend the 
plant against predators (Fahey et al., 2012). 
A wide range of biologically active breakdown 

products such as nitriles, ITCs, thiocyanates, 
epithionitriles and vinyl oxazolidinethiones 
are produced. Some compounds, for exam-
ple ITCs, indoles, thiocyanates or nitriles, 
showed anticarcinogenic activity by induc-
ing phase II biotransformation enzyme activ-
ity (Rungapamestry et al., 2006).

Early studies reported that myrosinase is 
localized in the cytoplasm of specialized plant 
cells, myrosin cells. GLSs and myrosinase are 
segregated in intact plants (Brandt et al., 2004; 
Sarikamiş et al., 2009). Autolysis or tissue dam-
age during freezing and thawing, chopping 
or chewing brings myrosinase in contact with 
GLSs and hydrolysis occurs (Rungapamestry 
et al., 2007). The products of hydrolysis have 
important roles in the plant defence system 
against insects, fungi and microorganism infec-
tions. Similarly, in animals consuming plants, 
GLSs are not bioactive until they have been 
hydrolysed to an associated ITC (Rouzaud 
et al., 2003) by myrosinase enzyme. The latter 
is released by disruption of the plant cell 
through harvesting, processing, or mastica-
tion (Finley, 2005). Myrosinase activity results 
in the release of the glucose moiety leaving 
behind an unstable intermediate, which spon-
taneously rearranges to produce several prod-
ucts (Mithen et al., 2000; Oerlemans et al.,
2006). The type of product formed depends 
on several factors, such as pH, substrate or 
availability of ferrous ions (Kristal and 
Lampe, 2002; Lund, 2003; Guerrera, 2005; 
Shapiro et al., 2006).

Several ITCs produced in hydrolysis and 
through rearrangement of GLSs are nutrition-
ally important products (Song and Thornalley, 
2007).The decreased risk of cancer linked to a 
diet rich in Brassica vegetables is widely asso-
ciated to ITCs absorbed following ingestion 
of GLSs. ITC reacts with free amino and sulfhy-
dryl groups of various proteins. These prod-
ucts are also responsible for the characteristic 
flavour and odour of Brassica vegetables (Das 
et al., 2000) and for the biting taste of impor-
tant condiments such as horseradish and 
mustard. Sinigrin and progoitrin, important 
GLSs, are related to bitterness in Brussels 
sprouts (Traka and Mithen, 2009), while in 
cooked cauliflower sinigrin and neogluco-
brassicin are responsible for the bitter taste. 
The characteristic odour and taste of radish is 
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due to the formation of 4-methyl-thio-3-
butenyl ITC-derived GLSs (Engel et al., 2002; 
Anilakumar et al., 2006; Volden et al., 2008).

The breakdown products of indolyl-
methyl GLSs consist of indole-3-acetonitrile, 
indole-3-carbinol (I-3-C) and 3,3′-diindoyl-
methane. Progoitrin, a major component of 
cabbage, cauliflower, Brussels sprouts and 
kale have antithyroidal properties because of 
their two reactive metabolites progoitrin ITC 
(2-hydroxy-3-butenyl) and goitrin (5-vinyloxa-
zolidine-2-thione). The latter is produced from 
the former in cyclization reaction (Anilakumar 
et al., 2006; Vandermeiren et al., 2009). Sulforaphane 
(1-isothiocyanato-C (methyl-sulfinyl)-butane) 
has been identified in broccoli as a product of 
enzymatic or acid hydrolysis of the correspond-
ing w-(methyl-sulfinyl)-alkyl-GLS (glucorapha-
nin) (Rungapamestry et al., 2007). Sulforaphane 
reduces the incidence of a number of forms of 
tumour in various experimental models and 
cell cultures. The chemoprotective effect of sul-
foraphane was thought to be due solely to its 
ability to behave as a mono-functional inducer 
of phase II enzymes, which are known to rep-
resent the most important group of detoxica-
tion enzymes of the human organism. 
However, sulforaphane has also been shown 
to inhibit the CYP2EI isoenzyme of the 
cytochrome P450, thus emerging as an inhibi-
tor of phase I enzymes. Natural bioactives, 
GLSs breakdown products in broccoli such 
as I-3-C, benzyl ITC and phentyl ITC, may also 
be responsible for selective induction of apop-
tosis in cancer cells (Kristal and Lampe, 2002; 
Jackson and Singletary, 2004; Finley, 2005; 
Bialecki et al., 2010).

9.3.3 Myrosinase

Myrosinase has been purified and character-
ized from several sources, including white 
mustard (Sinapis alba), cress (Lepidium sativum),
yellow mustard (Brassica juncea), rapeseed 
(Brassica napus) and wasabi (Wasabia japonica).
They are activated to various degrees by 
ascorbic acid and in some instances the 
enzyme is almost inactive in its absence. It 
has been suggested that ascorbate provides a 
nucleophilic catalytic group and activation is 

not dependent on the redox reactivity of 
ascorbate. Early work had shown that ascor-
bate creates an allosteric effect on the activity 
of the enzyme. Subsequently it was shown 
that ascorbate acts as a catalytic base.

Evidence strongly suggests that upon 
ingestion by humans, b-thioglucosidase activ-
ity of gut microflora is largely responsible for 
converting ingested GLSs to ITCs. Similar 
observations have also been made in numer-
ous animal studies. After hydrolytic cleavage 
of the b-glucosyl moiety, the sulfate moiety is 
released non-enzymatically to form the thio-
hydroxamate-O-sulfonate from both aliphatic 
and aromatic GLSs. This unstable intermedi-
ate then rearranges to form ITCs, or other 
breakdown products (e.g. thiocyanates, nitriles, 
epithionitriles, oxazolidine-2-thiones) in a 
manner that depends upon the GLS substrate 
as well as the reaction conditions such as pH, 
or the presence of Fe2+ or epithiospecifier pro-
tein (Burmeister et al., 2000; Volden et al., 2008; 
Traka and Mithen, 2009).

9.3.4 Ascorbigens (ABG)

Some indole products of GLS are claimed to 
demonstrate breast cancer-preventing actions, 
due to their affinity and ability to bind with 
oestrogen receptors. Such an activity has been 
displayed by 3,3′-diindolylmethane, I-3-C and 
indolo(3,2-b) carbazole, which is formed from 
ascorbigen (ABG) (Fig. 9.2a) or I-3-C in a 
strongly acidic environment upon the activity 
of gastric juice (Horn et al., 2002; Traka and 
Mithen, 2009). ABG is a natural derivative of 
L-ascorbic acid (AA) and was identified as a 
biotransformation product of the alkaloid 
glucobrassicin. ABG can be isolated from some 
fresh, non-fresh or sour cruciferous vegetable 
tissues (cabbage, kohlrabi, savoy cabbage, etc.). 
Their biological evaluation showed that the 
most active substance is 1′-methyl-ascorbigen
(MeABG) (Fig. 9.2b) that inhibits tumour 
growth in animals, protects animals from 
some bacterial and viral infections and also 
has an immunomodulating activity. MeABG 
has a pronounced apoptotic effect in which 
formaldehyde from the methyl group of 
MeABG plays a crucial role (Moldrup et al.,
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2011). Ascorbigen is able to induce phase I 
and II enzymes that are centrally involved in 
the detoxification of xenobiotics. Cosme-
ceuticals containing ABG as an active principle 
are becoming increasingly popular, although 
the underlying cellular and molecular mecha-
nisms regarding its potential anti-ageing and 
ultraviolet-protective properties have not been 
fully established (Wagner and Rimbach, 2009).

9.4 Biological Activity 
of Glucosinolates

GLSs are a highly diverse and variable group 
of phytochemicals. Studies show that they 
cause an increase in the activities of bio-
transformation enzymes in various tissues 
(Anilakumar et al., 2006; Halkier and 
Gershenzon, 2006; Kos et al., 2011). The anti-
oxidant enzymes such as glutathione per-
oxidases (GSH-Px), glutathione reductase 
(GSSGR), glutathione S-transferase (GST) and 
superoxide dismutase (SOD) play an impor-
tant role in cellular oxidative stress. It was 
noted that I-3-C at normal dietary levels does 
not induce the oxidative enzymes. However, 
in mice fed on semi-purified diets containing 
I-3-C, there was a significant increase in both 
hepatic and intestinal GST. I-3-C was found 
to reduce GSSGR and induce GSH-Px and 
SOD in rat liver. Glucoraphanin also induced 
hepatic quinone reductase (QR) and GST in 
mice (Guerrera, 2005; Anilakumar et al., 2006).

9.4.1 Anticarcinogenic activities

In recent years, cancer prevention by natural 
products has received considerable attention. 
The potential protective role of Brassica vege-
tables and bioactive phytochemicals of these 
vegetables, such as flavonoids (e.g. quercetin), 
minerals (e.g. selenium) and vitamins 
(e.g. vitamin C) are well established. ITCs and 
I-3-C have been extensively studied and have 
shown chemoprotective activities during ini-
tiation and promotion phases of cancer devel-
opment (Cartea and Velasco, 2008; Jeffery and 
Araya, 2009). Results clearly point towards a 
positive correlation between cancer preven-
tion in many target organs and consumption 
of Brassica vegetables or their bioactive phyto-
chemicals. The epidemiological literature also 
supports the hypothesis that high intakes of 
Brassica vegetables reduce prostate, lung and 
gastrointestinal tract cancer risk. There are 
clear indications that they block tumour initia-
tion by modulating the activities of Phase I and 
Phase II biotransformation enzymes and 
suppress tumours by apoptosis (Moldrup 
et al., 2011). In vitro and in vivo studies have 
reported that ITCs affect many steps of can-
cer development, including modulation of 
phases I and II detoxification enzymes. They 
function as a direct or indirect antioxidant by 
phase II enzyme induction thus modulating 
cell signalling, induction of apoptosis, control 
of the cell cycle and reduction of Helicobacter
infections.
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Fig. 9.2. Chemical structures of (a) ascorbigen (ABG) and (b) 1′-methyl-ascorbigen (MeABG).
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Mechanism of action

Dietary glucosinolates have been reported to 
block formation of endogenous or exogenous 
carcinogens for preventing initiation of car-
cinogenesis (Vig et al., 2009). It is well known 
that living organisms are continuously exposed 
to a number of naturally occurring chemicals. 
The ability of the carcinogens to exert their 
effects depends largely on the interaction 
between activating and deactivating enzymes. 
Any imbalance will result in a change in the 
biological effect. Glucosinolates and their 
hydrolytic products modulate the activity 
of xenobiotic metabolizing phase I and II 
enzymes. Phase I enzymes generally increase 
the reactivity of the lipophilic compounds. 
On the other hand, phase II enzymes increase 
the water solubility and facilitate the removal 
of metabolites from the body. For the protec-
tion of cells against DNA damage by carcino-
gens and reactive oxygen species, inhibition 
of phase I and induction of phase II enzymes 
are required.

The genes for the phase II enzyme con-
tain a specific sequence of DNA called antioxi-
dant response element (ARE). Activities of 
phase II enzymes have been reported to be 
enhanced by glucosinolates and their hydro-
lytic products (Holst and Williamson, 2004). 
Isothiocyanates are an important group of 
breakdown products of glucosinolates and act 
at a number of points in the tumour develop-
ment by blocking the metabolism of carcino-
genic compounds through biotransformation. 
They generally enhanced the activity of phase II 
enzymes and inhibited phase I enzymes 
(Tawfiq et al., 1995; Fahey et al., 1997), thereby 
reducing the carcinogenic activity and enhanc-
ing the detoxification and clearance of carcin-
ogens. Further, they serve as suppressors 
during the promotion phase of neo-plastic 
process. Induction of apoptosis and action of 
signal transduction pathways within the cell 
activities of glucosinolates has also been 
reported (Smith et al., 2004).

Benzyl-p-hydroxybenzyl- and 2-hydroxy-
but-3-enyl glucosinolates have been reported to 
induce mammalian phase 2 enzymes of detoxi-
fication (Tawfiq et al., 1995; Fahey et al., 1997). 
Sulforaphane (SFN), the enzymatic degrada-
tion product of glucosinolate glucoraphenin, 

activated gene expression, thereby helping to 
clear carcinogenic substances from the body. 
SFN also increased levels of mammalian phase 2 
enzymes through antioxidant response ele-
ment (ARE)-mediated transcriptional activa-
tion (Hwang and Jeffery, 2005; Khor et al., 2006). 
SFN supported a healthy immune system by 
significantly enhancing the production of chem-
icals involved in immune response (Thejass and 
Kuttan, 2006). In a study in which animals were 
genetically bred to develop intestinal polyps, 
a condition that led to tumour formation, the 
group of animals that were fed SFN had higher 
rates of apoptosis (cell suicide) and smaller 
tumours growing more slowly than animals 
not receiving SFN (Wang et al., 2004).

Watercress and broccoli are reported to 
be rich sources of phenethyl isothiocyanate 
(PEITC), which may block the cytochrome 
P450-mediated metabolic activation of the 
common nitrosoamine to its potent carcino-
genic forms (Palaniswamy et al., 2003). Extracts 
of watercress and broccoli suppressed metal-
loproteinase-9, an enzyme closely associated 
with invasive potential of breast cancer 
(Conaway et al., 1996). It also suppressed pro-
duction of pro-inflammatory compounds 
such as nitric oxide (NO) and prostaglandins 
(Ribnicky et al., 2001). PEITC also inhibited 
induction of lung and oesophagus cancer in 
both rat and mouse tumours (Stoner and 
Morse, 1996).

Indole-3-carbinol (I-3-C) is produced 
from indole-3-glucosinolates such as gluco-
brassicin through hydrolysis. Under acidic 
conditions I-3-C and elemental sulfur are 
formed. Anticarcinogenic, antioxidant and 
anti-atherogenic activities of I-3-C have been 
reported (Jongen, 1996). Further, I-3-C modu-
lates the activities of both phase I and II 
enzymes. It suppressed cancer growth and 
induced programmed cell deaths in tumours 
of the breast, prostate, leukaemia, cervix and 
colon because of its ability to favourably 
influence the human body’s balance of oes-
trogens. I-3-C also inhibited cancer cell growth 
by interfering in the production of proteins 
involved in abnormal cellular reproduction 
and by promoting the production of tumour 
suppressor proteins (Aggarwal and Ichikawa, 
2005). I-3-C has also been reported to prevent 
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cancer by interfering with angiogenesis, pro-
cess of formation of new blood vessels that 
tumours require for their survival and spread 
(Wu et al., 2005). 3-3′-diindolyl methane (DIM), 
a condensation product of I-3-C, enhanced 
beneficial effects of I-3-C by influencing the 
expression of genes involved in carcinogene-
sis, cell survival and physiological behaviour 
(Pappa et al., 2007; Pledgie-Tracy et al., 2007).

The most characterized GLS compounds 
are sulforaphane, phenethyl ITC, allyl ITC 
and I-3-C, but many other ITCs that are pre-
sent in lower quantities may also contribute to 
the anticarcinogenic properties of Brassicaceae
(Song and Thornalley, 2007). Various cited 
examples of dietary anticancer bioactives from 
broccoli include antiproliferative effects of 
sulforaphane in human breast cancer (Jackson 
and Singletary, 2004; Brandi et al., 2005), 
reduced risk of cancer via decreased damage 
to DNA (Gill et al., 2004; Jeffery and Araya, 
2009), effects on the regulation of intestinal 
cell growth and death in colon cancer (Parnaud 
et al., 2004), as well as the cancer-protective 
effect of high-selenium broccoli (Shapiro 
et al., 2006) or the exertion of a protective 
effect in prostatic tumours (Giovannucci et al.,
2003; Canene-Adams et al., 2005). For exam-
ple, sulforaphane-induced apoptosis in pros-
tate cancer cells is initiated by reactive oxygen 
species generation and the fact that both 
intrinsic and extrinsic caspase cascades con-
tribute to the cell death caused by this highly 
promising cancer chemopreventive agent 
(Singh et al., 2005). Additional effects of bioac-
tives like ITCs from broccoli on bladder carci-
noma cells (Munday and Munday, 2002; Tang 
and Zhang, 2004), on antioxidant capacity 
and on cellular oxidative stress, as well as 
cholesterol lowering effects (Suido et al., 2003) 
and protective effects on cardiovascular dis-
ease (Sesso et al., 2003) and Helicobacter pylori
infections (Galan et al., 2004), support the fact 
that the dose level of bioactives may be effec-
tive through human consumption of Brassica
vegetables. So this could contribute to the lower 
incidence of different types of cancer and dis-
eases in individuals who regularly consume 
such vegetables. Unfortunately, the biological 
activity of these molecules is compromised 
by the removal of the sulfate. After desulfa-
tion, they can no longer serve as substrates for 

myrosinase and thus their cognate ITCs 
are not available for bioassay or for direct 
measurement by cyclo-condensation-key 
tools in the study of the pharmacokinetics, 
pharmacodynamics and bioactivity of these 
compounds.

Selenium (Se) is a nutritionally essential 
element and its deficiency results in disease 
conditions in humans and domestic livestock 
(Raskin et al., 2002). There are evidences that 
Se intake offers protection against cancer 
(Combs et al., 2001). Se-methylated amino 
acids such as Se-methyl-selenocysteine 
(SeMSC) are metabolized primarily in the 
excretory pathway, and data suggest that 
methyl-selenol generated in this pathway is 
the metabolite, which is most responsible for 
preventing cancer (Cartea and Velasco, 2008). 
Broccoli accumulates Se in methylated forms 
and many other Brassicaceae species also 
accumulate Se (Finley, 2005). It has been 
reported that I-3-C has an inhibitory effect on 
cell growth in human cervical and endo-
metrial cancer cells (Chinni et al., 2001; 
Anilakumar et al., 2006). It was shown that 
the ITC metabolite of sulforane was a major 
inducer of quinone reductase (QR) and phe-
nylethyl isothiocynate (PEIT), a hydrolysed 
product of gluconasturtiin, was effective 
against nitrosamine-induced raise in oesoph-
ageal cancer (Traka and Mithen, 2009).

Little is known about the direct effect of 
broccoli sprouts on human health, even though 
in vitro and in vivo data provided evidence 
that supports the belief that young crucifer-
ous sprouts with their high concentrations 
of phytochemicals may be a potent source of 
protective chemicals against cancer (Gill et al.,
2004). Recently, a phase I study of multiple 
biomarkers for metabolism and oxidative 
stress after 1-week intake of broccoli sprouts 
was carried out and it revealed that only 
1 week of broccoli sprouts intake improved 
cholesterol metabolism and decreased oxida-
tive stress markers (Murashima et al., 2004). 
Broccoli sprouts are a rich source of GLSs 
and ITCs that induce phase II detoxication 
enzymes, boost antioxidant status and protect 
animals against chemically induced cancer. 
The ITCs are about six times more bioavail-
able than GLSs, which must first be hydro-
lysed. Thorough chewing of fresh sprouts 
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exposes the GLSs to plant myrosinase 
and significantly increases dithiocarbamate 
excretion.

The anticarcinogenic properties of crucif-
erous vegetables have been attributed to I-3-C 
content while the protective effect has been 
attributed to induction of enzymes such as 
cytochrome P-450. A high urinary excretion 
of ITCs from Brussels sprouts conferred a 
low risk of lung cancer in a Cohort study of 
Chinese men (London et al., 2000). The effect 
of broccoli extract on oxidative stress in 
HepG2 cells using the dichlorofluorescein-
diacetate assay (Kurilich et al., 2003) is 
reported. This study confirms the association 
between broccoli extracts and enhanced anti-
oxidant activity while providing additional 
evidence for protection against reactive oxy-
gen species at the cellular level (Anilakumar 
et al., 2006).

9.4.2 Disease prevention by plant 
glucosinolates

Plant-based diets that are rich in cruciferous 
vegetables are found to be effective in prevent-
ing cancer and other chronic diseases. Crucifers 
contain a very high concentration of glucosi-
nolates. Although they are not protective 
by themselves, glucosinolates are converted 
by coexisting myrosinases to bitter isothiocy-
anates (ITC), which defend plants against 
predators. Coincidentally, ITC also induce 
mammalian genes that regulate defences 
against oxidative stress, inflammation, and 
DNA-damaging electrophiles. Consequently, 
the efficiency of conversion of GLS to ITC may 
be critical in controlling the health-promoting 
benefits of crucifers. If myrosinase is heat-
inactivated by cooking, the gastrointestinal 
microflora converts GLS to ITC, a process 
abolished by enteric antibiotics and bowel 
cleansing (Fahey et al., 2012).

9.4.3 Antinutritional activities

It has been reported that GLSs have been 
condemned due to their goitrogenic and 
growth retardation activities. GLS breakdown 

products (oxazolidine-2-thiones) found in 
several oil meals may induce morphologi-
cal and histological abnormalities of internal 
organs (Brandt et al., 2004; Halkier and 
Gershenzon, 2006) as exemplified in increased 
thyroid weight in pigs and poultry, as well as 
depressed growth, goiters, poor egg produc-
tion and liver damage. Goitrogenic activity 
has been associated with 5-vinyl oxozolidine-
2-thione (goitrin) and thiocyanate ions. Goitrin 
shows its effect by interfering with thyroid 
hormone synthesis. In contrast, thiocyanate 
ion, derived from glucobrassicin, competes 
with iodine for uptake by the thyroid gland. 
Another possible hazard from indoles is their 
ability to react with nitriles to form carcino-
genic N-nitroso compounds. Indole acetroni-
trile (IAN) can react with nitrite in vitro to 
form compounds that have been found to be 
mutagenic. It is likely that the extraction pro-
cess would have destroyed the ascorbic acid, 
a key factor to regulate their bioactivity.

ITCs are the most toxic among the 
hydrolysis products, because they even affect 
herbivores (Agrawal and Kurashige, 2003; 
Kos et al., 2011). Nitriles and thiocyanates 
have a lesser toxicity to insects (Lambrix et al.,
2001; Husebye et al., 2005), whereas hardly 
anything is known about the biological effects 
of GLS-derived epithionitriles and oxazolidine-
2-thiones on insect herbivores (Wittstock 
et al., 2003; Moldrup et al., 2011). It was also 
reported that growth retardation, liver lesions 
and necrosis as well as thyroid hypertrophy 
or hyperplasia appeared to occur when rab-
bits consumed diet containing 2–5 mg g−1 of 
GLSs. It is reported that I-3-C acts as scaven-
ger of free radicals and reactive electrophiles 
and stabilizes biological membranes against 
fluidity changes. However, its antinutritional 
effects cannot be ruled out as indicated by its 
potential to enhance carcinogenic promotion 
in mouse skin, producing hepatotoxicity and 
neurological impairment (Lund, 2003; Halkier 
and Gershenzon, 2006). There are various evi-
dences available from the studies carried out 
in countries like Egypt and Japan about the 
antinutritional factors in glucosinolates, com-
monly referred to as goitrogens. Intact glu-
cosinolates are apparently free of toxicity, but 
on hydrolysis by an endogenous enzyme, 
myrosinase (thioglucoside glucohydrolase, 
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E.C.3.2.3.1), present in the seed and unheated 
meal, yield undesirable and potentially toxic 
products. Some of these products are goitro-
genic; others are potentially hepatotoxic, 
whilst the majority are volatile and strongly 
pungent and responsible for the ‘bite’ of 
mustard, radish and horseradish (Hill, 1991). 
Other symptoms of the ingestion of large 
amounts of glucosinolates in animals and 
poultry include hyper-thyroidism, reduced 
feed intake and performance, enlarged thy-
roid gland and reduced levels of circulating 
thyroid hormones (Darroch and Bell, 1991).

9.5 Conclusions

The era of structural gene discovery in glucosi-
nolate research, greatly aided by a combina-
tion of molecular, genetic and genomic 
approaches in Arabidopsis, has passed its peak. 
Early biochemical models of glucosinolate 
synthesis, which provided the first guidance in 
this area of research, have largely been con-
firmed. Current research increasingly focuses 
on glucosinolate transport and turnover, on 
regulatory mechanisms of glucosinolate bio-
synthesis, and on the feasibility of customizing 
glucosinolate profiles by molecular breeding 
and transgenic approaches. Furthermore, vir-
tually nothing is known about the transport 
of glucosinolates from their production site 
to the proper storage site. Regulation of flux 
through the pathway might be affected by 
post-translational regulation of the enzymes 
either directly by e.g. phosphorylation or 

indirectly through a shift in redox potential. 
The regulatory network that controls glucosi-
nolate accumulation includes primary sulfur 
and amino acid metabolism as well as biotic 
and abiotic signalling cascades. This empha-
sizes the importance of changing our think-
ing from a linear biosynthetic pathway to 
more complex integrated networks. A thor-
ough understanding of glucosinolate path-
way regulation will not only require the study 
of pathway gene expression in response to 
internal and external factors and their corre-
sponding signalling networks, but also have 
to address ‘neoclassic’ questions of enzyme 
biochemistry, such as subcellular localiza-
tion of enzymes, intracellular trafficking 
and channelling of intermediates, metabolon 
organization and flux control, regulation of 
enzyme activity by effectors and covalent 
modification, or protein structure–function 
relationships as recently reported for myrosi-
nase. One of the next goals in glucosinolate 
research would be to understand the chan-
nelling of intermediates to the final product, 
which may be enabled by the presence of 
a biosynthetic multi-enzyme complex, also 
termed ‘metabolon’. Understanding the dynam-
ics of the glucosinolate network will not only 
advance our basic knowledge about second-
ary metabolites but also facilitate future efforts 
in metabolic engineering. Thus in the long 
term, by the usage of metabolic engineering 
of customized glucosinolate profiles, plant 
protection can be enhanced and functional 
foods with a nutritional and cancer-prevention 
strategy could be designed.
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10.1 Introduction

Phytoestrogens (PE) are non-steroidal 
oestrogen-like chemical compounds produced 
by plants and present in many natural dietary 
sources, such as soybeans, wheat, barley, maize, 
lucerne and oats. They structurally or func-
tionally mimic mammalian oestrogens and 
therefore are considered to play an important 
role in the prevention of cancers, heart dis-
eases, menopausal symptoms and osteoporosis 
(Setchell, 1998; Adlercreutz, 2002; Kronenberg 
and Fugh-Berman, 2002). Oestrogens influence 
the growth and functioning of female and 
male reproductive tissues, maintain the skele-
tal and central nervous system, provide cardio-
protective effects and protect against colon 
cancer and ageing of skin (Gruber et al., 2002; 
Ruggiero and Likis, 2002). Plants with oestrogen-
like biological activity are being used in tra-
ditional systems of medicine and folklore, for 
example, the pomegranate is associated with 
fertility, the Thai vine Pueraria mirifica as reju-
venator and aphrodisiac and hops were used 
to lower libido by the German clergy in the 
middle ages. To the present time, several 
hundred plants have been found to exhibit 
oestrogenic activity due to the presence of 
phytochemicals called phytoestrogens. They 

are recommended for the prevention of dis-
turbed hormone-related diseases (Price and 
Fenwick, 1985; Murkies et al., 1998).

Phytoestrogens are substances that pro-
mote oestrogenic actions in mammals and 
structurally are similar to mammalian oestro-
gen 17b-oestradiol (E2) (Price and Fenwick, 
1985; Knight and Eden, 1996). The diverse 
biological activity of PE is due in part to their 
ability to act oestrogenically as oestrogen ago-
nists and anti-oestrogenically as antagonists. 
They can mimic endogenous oestrogens and 
cause oestrogenic effects. As oestrogen antag-
onists, they may block or alter oestrogen recep-
tors (ER) and prevent oestrogenic activity, 
causing anti-oestrogenic effects (Brzezinski 
and Debi, 1999). Mechanistically, PE have been 
shown to bind to two types of oestrogen 
receptors: oestrogen receptor a (ERa) and oes-
trogen receptor b (ERb) (Kuiper et al., 1996). 
The two receptors differ in their tissue distri-
bution and affinity to ligands, yet there is 
some overlap. Phytoestrogens show a lower 
binding affinity than E2 and some show a 
higher binding affinity for ERb than for ERa,
which may suggest different pathways for 
their actions and explain tissue-specific vari-
ability of phytoestrogenic action (Kuiper 
et al., 1998; Setchell, 1998).
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Both genomic and non-genomic mecha-
nisms have been proposed to explain phyto-
estrogenic effects on human health (Anderson 
et al., 1999). PE are able to interact with enzymes 
and receptors, and because of their stable struc-
ture and low molecular weight they can pass 
through cell membranes (Adlercreutz, 1998). 
These interactions allow them to bind to ERs, 
induce specific oestrogen-responsive gene 
products, stimulate ER-positive breast cancer 
cell growth (Kurzer and Xu, 1997), interfere 
with steroid hormone metabolism or action 
(Adlercreutz, 1998) and alter ER structure and 
affect transcription (Santti et al., 1998). Some 
genomic mechanisms of action include oestro-
genic and anti-oestrogenic effects on ERs, while 
other effects may not involve direct interac-
tion with ERs (Messina and Loprinzi, 2001). 
Non-genomic effects that do not involve ERs 
include: induction of cancer cell differentia-
tion, inhibition of tyrosine kinase and DNA 
topoisomerase activities, suppression of angi-
ogenesis and antioxidant effects of PE (Kurzer 
and Xu, 1997). Other effects can take place 
at the cellular and molecular level and poten-
tially influence the biosynthesis and metabo-
lism of steroids and fatty acids, the serum 
steroid carrier proteins (sex steroid binding 
proteins and a-fetoprotein), and the intracel-
lular and trans-membrane transfer of hor-
mones to a membrane and to nuclear receptors 
(Benassayag et al., 2002). The different activi-
ties and the bioavailability of PE vary 
depending on such factors as the form of 
administration, dosage, individual metabo-
lism and the ingestion of other pharmacologi-
cal substances (Kelly et al., 1995; Wiseman, 
1999). Target tissue, concentration depend-
ency, number and type of ER and the pres-
ence or absence of endogenous oestrogens 
also influence the effect of PE (Glazier and 
Bowman, 2001).

There are several classes of PE: steroidal 
oestrogens, found in few plants and the more 
ubiquitous phenolic oestrogens, isoflavones, 
stilbenes, coumestans and lignans. Other 
classes of PE that have been reported include: 
anthraquinones (Matsuda et al., 2001), chal-
cones (Rafi et al., 2000), flavones (Milligan 
et al., 1999), prenylflavonoids (Kitaoka et al.,
1998) and saponins (Chan et al., 2002). 
Phytoestrogens have been categorized based 

on their chemical structures, which resemble E2.
Oestrogen receptors bind with steroidal as 
well as numerous non-steroidal compounds. 
An aromatic ring and a hydroxyl group are 
important for binding effectiveness and the 
remainder of the ER will accept hydrophobic 
groups (Anstead et al., 1997).

The mechanisms through which the PE 
may influence sex hormone production, metab-
olism and biological activity could depend, 
at least in part, on their mixed oestrogen 
agonist/antagonist properties and binding to 
oestrogen receptors. Furthermore, these weakly 
oestrogenic molecules have been demon-
strated to affect intracellular enzymes, pro-
tein synthesis, growth factor action, malignant 
cell proliferation, cell differentiation, cell adhe-
sion, angiogenesis and apoptosis. Experimental 
studies in animals suggest that both lignans 
and isoflavonoids are among the dietary fac-
tors affording protection against atheroscle-
rotic vascular disease and cancer (Clarkson 
and Anthony, 1998; Murkies et al., 1998; Tham 
et al., 1998).

Important features that enable chemicals 
to bind to an ER are the steric and hydropho-
bic properties of a compound, as well as the 
hydrogen bonding between the phenolic 
hydroxyl group and the ER binding site (Hu 
and Aizawa, 2003). Oestrogenic flavonoids 
are similar in structure to E2. They are com-
posed of a planar ring system that includes a 
p-hydroxy-substituted aromatic ring that is 
approximately 12 Å away from a second in-
plane hydroxyl group (Hu and Aizawa, 2003). 
Two ring structures separated with two car-
bon atoms as well as spacing between hydro-
phobic and hydrogen bond interactions are 
also important in binding affinity to ERs 
(Brzozowski et al., 1997). Other characteristics 
for ER-binding affinity of a chemical are the 
degree and size of branching of the alkyl 
group and its location on the phenolic ring 
and the distribution range of electron density 
on the A ring (Hu and Aizawa, 2003). The bio-
logical activity of individual PE varies and is 
often reported as less active than mammal or 
synthetic oestrogens (Knight and Eden, 1996; 
Tham et al., 1998). Differences in oestrogenic 
activity of similarly classified chemicals may 
be due to the structural features or deviations 
in those structures. Some phytoestrogenic 
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compounds may show different oestrogenic-
ity due to the bioassay employed (Messina 
and Loprinzi, 2001) and others may not show 
oestrogenic activity in bioassays because only 
their metabolized derivatives are hormonally 
active (Miksicek, 1994).

10.2 The Naturally Occurring Groups 
of Phytoestrogens

The major PE groups are isoflavones, fla-
vones, stilbenes, lignans and coumestans 
(Table 10.1). As studies continue to evaluate 
the biological effects of PE on human 
health, the complexity is more evident as 
oestrogenic and anti-oestrogenic effects are 
observed as well as a variety of mechanisms 
of action.

10.2.1 Isoflavones

Isoflavones (Fig. 10.1) are the most studied 
group of PE. These are found exclusively in 
the family Fabaceae (Leguminosae) (King and 
Young, 1999). Soybeans are a very rich source 
of isoflavones and contain approximately 2 g 
of isoflavones kg−1 fresh weight (Reinli and 
Block, 1996). The isoflavonoids encompass 
several structurally and biosynthetically 
related classes such as flavonols, anthocya-
nins, flavanones, coumestans and chalcones. 
Isoflavonoids differ structurally from other 
classes of flavonoids in having the phenyl ring 

attached at the 3- rather than at the 2-position 
of the heterocyclic ring. In addition, isoflavo-
noids differ on account of their greater struc-
tural variation and the greater frequency of 
isoprenoid substitution. Isoflavones have 
similar structure to oestrogen and have the 
capacity to exert both oestrogenic and anti-
oestrogenic effects, they may block the effects 
of oestrogen in some tissues, e.g. the breast 
and womb lining, but act like an oestrogen in 
providing possible protection against bone 
loss and heart diseases. In this subclass, the 
most thoroughly investigated and interesting 
compounds with regard to oestrogenicity are 
genistein (Fig. 10.1a), daidzein (Fig. 10.1b), 
biochanin A (Fig. 10.1c) and formononetin 
(Fig. 10.1d) (Shutt and Braden, 1968).

The main isoflavones, genistein and daid-
zein, commonly exist as inactive glucosides. 
They are also derived from precursors, bio-
chanin A and formononetin, which are con-
verted to genistein and daidzein, respectively, 
after breakdown by intestinal glucosidases. 
Daidzein is further partially metabolized to 
O-desmethyl-angiolensin (O-DMA) (Fig. 10.2) 
and equol (Fig. 10.3). Because of their non-
steroidal skeleton and different special 
structure, PE when bound to the oestrogen 
receptors (ER) were expected to act totally 
differently. They share structural features with 
oestrogen, in the sense that the presence of 
particular hydroxyl groups that can be posi-
tioned in a stereochemical alignment virtu-
ally identical to one of the oestrogen. They 
can exist as glucosides or as aglycones, the 
glucosides being readily hydrolysed in the 

Table 10.1. Dietary phytoestrogens of human interest and their food sources.

Class Phytoestrogens Food sources

Isoflavones Genistein, biochanin A, diadzein (with its 
metabolites: O-DMA and equol), 
formononetin, glycetin

Soy, groundnut, clover, sunflower seed, 
walnut

Flavones Apigenin, chrysin, quercetogetin, luteolin, 
tricetin

Parsley, celery, citrus peels, capsicum, 
pepper

Stilbenes Resveratrol Grape, groundnut
Lignans Secoisolariciresinol, matairesional, 

enterodiol, enterolactone
Soybean, groundnut, broccoli, cashew 

nut, kiwi, pomegranate, triticale straw, 
flaxseed, cereals

Coumestans Coumestrol Mung beans or soy sprouts, lucerne 
sprouts, clover
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gut to their aglycones. The aglycones are 
easily transported across intestinal epithelial 
cells. Once ingested, the absorption of these 
compounds requires initial hydrolysis of the 
sugar moiety or demethylation, respectively, 
by gut/bacteria-released intestinal enzymes in 
the digestive tract. The metabolization of iso-
flavones to equol and O-desmethyl-angolensin 
(O-DMA) for daidzein and to 2-(4-hydroxy-
phenyl) propanoic acid and tri-hydroxyben-
zene (THB) for genistein by gut bacteria are 
subjects of large inter-individual variation, 
depending on gastrointestinal microflora 
and diet.

The oestrogen effect of isoflavones is 
much less powerful than the oestrogen hor-
mones. This is why isoflavones and PE exer-
cise a balancing effect when the level of 
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Fig. 10.1. Chemical structures of some isoflavones: 
R1 = OH, R2 = OH, genistein; R1 = H, R2 = OH, 
daidzein; R1 = OH, R2 = OMe, biochanin A; and 
R1 = H, R2 = OMe, formononetin.
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Fig. 10.2. O-Desmethyl-angiolensin (O-DMA).
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Fig. 10.3. Equol.

oestrogens is low, such as during the meno-
pause, and cause less menopause symptoms. 
Isoflavones can also reduce the effect of 
the oestrogen on cells and skin layers when 
the hormone levels are high, and then essen-
tially reduce the risk of oestrogen-linked 
cancers. Some isoflavones are termed as 
antioxidants because of their ability to trap 
singlet oxygen (Heber et al., 2008). Some iso-
flavones, in particular soy isoflavones, when 
studied in populations eating soy protein, 
have indicated that there is a lower incidence 
of breast cancer and other common cancers 
because of its role in influencing sex hor-
mone metabolism and biological activity 
through intracellular enzymes, protein syn-
thesis, growth factor actions, malignant cell 
proliferations, differentiation and angiogen-
esis (Heber et al., 2008). Their main food 
sources (Table 10.2) are soy cheese, soy flour, 
soybean, tofu and legumes.

Genistein is one of the several known 
isoflavones. It is found in a number of plants 
including lupin, fava beans, soybeans and 
tofu (Kaufman et al., 1997), Flemingia vestita
(Rao and Reddy, 1991) and coffee (Alves et al.,
2010). Soybeans, a cholesterol-free, high-
protein legume, contain the most genistein. 
Other legumes, such as chickpeas (garbanzo 
beans), contain small amounts of genistein. 
Genistein can be found in many food prod-
ucts containing soy such as soy-based infant 
formulas, tofu, soymilk, soy flour, textured 
soy protein, soy protein isolates and tempeh 
as well as over-the-counter dietary supple-
ments. Genistein was first isolated in 1899 
from the dyer’s broom Genista tinctoria; hence, 
the chemical name derived from the generic 
name. Genistein is a PE that binds to oestro-
gen receptors and has both weak oestrogenic 
and weak anti-oestrogenic effects. In vitro
studies have shown that the growth of both 
oestrogen receptor-positive breast cancer 
cells and oestrogen receptor-negative breast 
cancer cells is inhibited when high levels of 
genistein (>10 mM) are added to the culture 
medium; however, the growth of oestrogen 
receptor-positive breast cancer cells is actu-
ally stimulated when low and physiologi-
cally relevant concentrations of genistein are 
added (Messina et al., 2006). The association 
between genistein and breast cancer risk 
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Table 10.2. Isoflavonoid contents of some commonly used foods.

Sources Isoflavones (mg g−1) Sources Isoflavones (mg g−1)

Soy 610–2440 Kidney bean 0.1–4.1
Soy sprouts 250–530 Black gram 6.4–12.6
Soy protein 465–1993 Green gram 7.0
Soymilk 13–211 Red gram 2–5.6
Soy cheese 33–593 Beans 0.3–1.3
Tofu 79–635 Lentil 0.23–0.4
Miso 227–892 Barley 0.21
Soy sauce 12.7–23.0 Peas 0.4
Groundnut 3.5–8.4 Coconut 0.19
Tea 2.34 Currants 2.25
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Fig. 10.4. 8-Prenyl-naringenin.

in vitro is complex and depends on both the 
concentration of genistein and the concen-
tration of oestrogen. Genistein has consist-
ently been shown to inhibit the development 
of oestrogen-sensitive mammary tumours 
when given to prepubertal rats (Trock 
et al., 2006).

The isoflavones such as genistein found 
in soy should be an integral part of every-
one’s diet. They help to reduce cholesterol, 
prevent atherosclerosis, protect or slow 
prostate and breast cancer growth, prevent 
the kind of cell mutation that causes DNA 
damage, inhibit blood supply to already 
existing tumours, ease menopause and 
lower the risk of osteoporosis. Genistein is 
considered the natural analogue to the drug 
tamoxifen, which is an anti-oestrogen com-
pound used to treat breast cancer. Genistein 
has also shown the ability to destroy certain 
cancer gene enzymes that can change a nor-
mal cell into a cancer cell, which simultane-
ously inhibit blood vessel growth to larger 
tumours. Genistein can diminish the possi-
bilities of cellular mutations which can result 
in malignant tumours, especially in tissue 
which is oestrogen-sensitive. Genistein is 
the isoflavone that bumps oestrogen away 
from oestrogen receptor sites on cells and 
inhibits an enzyme called tyrosine kinase, 
which is involved in the formation of malig-
nant tumours (Padilla-Banks, 2006; Trock 
et al., 2006).

A closely related compound to the isofla-
vonoids is 8-prenyl-naringenin (Fig. 10.4), an 
isoflavanone, found in hops (Humulus lupulus),
an ingredient used in beer. Populations in 

China, Japan, Taiwan and Korea are estimated 
to consume high quantities of isoflavones 
and women of these countries complain of 
fewer incidences of osteoporosis and related 
health problems, especially hot flushes, car-
diovascular diseases, lower incidence of 
hormone-dependent breast and uterine can-
cer. Isoflavones have also been reported to 
inhibit angiogenesis, cell cycle progression, 
aromatase enzyme inhibition, stimulation of 
sex hormone binding globulin (SHBG) syn-
thesis and digitalis-like activity.

10.2.2 Flavones

The flavones are a group of naturally occur-
ring chemical compounds widely distri-
buted in plants. Natural flavones include 
apigenin, chrysin, quercetogetin, luteolin and 



Role of Phytoestrogens in Human Health 153

tricetin. Their major food sources are parsley, 
celery, citrus peels, capsicum and pepper. 
Apigenin (4′,5,7-trihydroxyflavone) (Fig. 10.5) 
is commonly present in fruits and vegetables 
with proven anti-inflammatory and anticar-
cinogenic effects in various animal tumour 
model systems (Birt et al., 1986; Liang et al., 
1999). It has been shown to suppress angio-
genesis in melanoma and carcinoma of the 
breast, skin and colon (Caltagirone et al., 
2000; Liu et al., 2005). The effects of apigenin 
seem to be primarily mediated through 
suppression of the expression of hypoxia-
inducible factor 1-a, cyclooxygenase-2, nitric 
oxide synthase-2, vascular endothelial growth 
factor, and lipoxygenase (Liang et al., 1999; 
Fang et al., 2005). Apigenin has shown 
potential to inhibit growth in several human 
cancer cells, including breast, colon, skin, 
thyroid, leukaemia and prostate (Wang et al., 
1999, 2000; Knowles et al., 2000; Yin et al.,
2001). These cell inhibitory effects are medi-
ated via cell cycle arrest and induction of 
apoptosis. The molecular targets of apigenin-
mediated cell growth inhibition and apoptosis 
are through activation of caspases, inhibition 
of fatty acid synthase, topoisomerase inhibi-
tion, nuclear factor-nB inhibition, and mod-
ulation in Bax and Bcl-2 ratio (Wang et al.,
1999; Brusselmans et al., 2005). Apigenin is a 
potent inhibitor of several protein tyrosine 
kinases, including epidermal growth factor 
receptor and src tyrosine kinase. Apigenin 
has also been shown to inhibit activation 
of phosphatidylinositol 3-kinase, protein 
kinase B/Akt, mitogen-activated protein 
kinase/extracellular signal-regulated kinase 
1/2, casein kinase-2, and other upstream 
kinases involved in the development and 
progression of cancer (Llorens et al., 2004; 
Way et al., 2004).

10.2.3 Stilbenes

In biochemical terms, stilbenes (Fig. 10.6) 
belong to the family of phenylpropanoids 
and share most of their biosynthesis pathway 
with chalcones (Sobolev et al., 2006). An 
example of stilbene is resveratrol (Fig. 10.6a) 
found in grapes which has several health bene-
fits (Jang et al., 1997). It exists in two struc-
tural isomeric forms, cis and trans, with the 
trans form being more common and possess-
ing greater biological activity. One of the rich-
est sources of this is Polygonum cuspidatum,
a weed that is used in traditional Chinese and 
Japanese medicines. Trees such as Eucalyptus
and spruce have also been found to contain 
resveratrol (Rolfs and Kindle, 1984). The 
primary dietary sources in the human diet 
(Table 10. 3) are groundnuts, grapes and wine.

The potential health benefits of resvera-
trol depend upon its absorption, bioavailabil-
ity and metabolism. Using the Caco-2 human 
intestinal cell model, Kaldas et al. (2003) dem-
onstrated that resveratrol uptake remained 
linear, for 1 h, and transportation was non-
directional. Metabolites identified in the 
Caco-2 cells were resveratrol sulfate and res-
veratrol glucuronide, with the former being 
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Fig. 10.6. Chemical structures of some stilbenes: 
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predominant. It has exhibited antioxidant, cardio-
protective, chemopreventive, anti-inflammatory 
and oestrogenic properties, as well as inter-
action with signal transduction pathways. It 
has been shown to inhibit oxidative-induced 
apoptosis in a variety of cell lines including 
Swiss 3T3 mouse fibroblasts, human peripheral 
blood mononuclear (PBM) and human reti-
nal pigment epithelium (RPE) cells (Kutuk 
et al., 2004; King et al., 2005). Reduced oxidative 
stress in RPE cells by resveratrol may be asso-
ciated with reduced incidence of age-related 
macular degeneration (AMD), a leading cause 
of blindness in the elderly. The antioxidant 
activity of resveratrol may also be associated 
with protection against the progression of 
atherosclerosis.

Red wine is one of the few dietary sources 
of resveratrol and it is believed that this com-
pound is responsible, in part, for the positive 
cardiovascular effects associated with moder-
ate wine consumption (Constant, 1997). The 
most accepted mechanism of cardioprotection 
by resveratrol is the inhibition of platelet aggre-
gation (Bhat et al., 2001). Excessive aggregation 
can lead to the development of cardiovascular 
disease. Pretreatment of platelets with resvera-
trol has been shown to inhibit lipopolysaccha-
ride (LPS) and LPS + thrombin-stimulated 
platelet adhesion to collagen and fibrinogen in 
a non-dose-dependent manner (Olas et al., 2002; 
Wang et al., 2002).

The antiproliferative activity of resvera-
trol has been observed in a number of cancer 
cell lines and may be due, in part, to the induc-
tion of apoptosis (Ding and Adrian, 2002). 
Proliferation inhibition may also be caused by 

Table 10.3. Resveratrol content of some foods.

Sources Resveratrol (mg g−1)

Wine 0.316–15.348
Peanut butter 0.015–0.982
Groundnuts 0.003–0.0725
Green groundnuts 0.183–0.716
Polygonum cuspidatum 296–377
Green grapes 0.016–0.318
Black grapes 0.945–1.874
Raisins 0.0005–0.003
Grape juice – black Traces–0.087
Grape juice – green Traces–0.0015

the arrest of the cell cycle (Castello and Tessitore, 
2005). Piceatannol, a naturally occurring ana-
logue of resveratrol, has been observed to 
inhibit the proliferation of cancer cell lines via 
apoptosis and cell cycle arrest (Wolter et al.,
2002; Larrosa et al., 2004). Resveratrol has also 
been observed to decrease induced COX-2 
activity by inhibiting the expression of the 
enzyme via signal transduction pathways. 
Resveratrol also inhibits the inflammatory 
actions of cytokines, such as tumour necrosis 
factor-a (TNF-a) and interleukin-1b (IL-1b)
(Culpitt et al., 2003).

The structural similarity of resveratrol 
to the synthetic oestrogen diethyl-stilbestrol 
(DES) (Fig. 10.6b) suggests that it may have 
oestrogenic activity, cardioprotection and pre-
vention of oestrogen-dependent cancers. The 
oestrogenic activity of resveratrol may also 
help prevent bone loss in post-menopausal 
women. Resveratrol was shown to increase 
the proliferation of osteoblastic MC3T3-E1 
cells and induce alkaline phosphatase activity, 
an enzyme believed to be involved in bone 
mineralization (Liu et al., 2005).

Resveratrol has been shown to exert neuro-
protective effects (de Ruvo et al., 2000), as well 
as beneficial effects on the cardiovascular sys-
tem (Pendurthi et al., 1999). These effects are 
mostly attributed to its antioxidant properties. 
Resveratrol acts on the process of carcinogen-
esis by affecting the three phases: tumour ini-
tiation, promotion and progression phases, 
and suppresses the final steps of carcinogen-
esis, i.e. angiogenesis and metastasis. It is also 
able to activate apoptosis, arrest the cell cycle 
or inhibit kinase pathways. Most noticeable 
biological activities are antithrombogenic, 
anti-inflammatory, cardioprotective, neuro-
protective, anti-ageing and cancer preventive 
and therapeutic activities. The trans-resveratrol 
can also act as a preventive agent against 
vascular diseases, cancers, viral infection or 
neurodegenerative processes. Resveratrol 
inhibits the proliferation and induces apop-
totic cell death in multiple cancer cell types 
in vitro (Kim et al., 2002; Pozo-Guisado et al.,
2002); moreover, in animal models of cancer, 
resveratrol has been shown to inhibit angio-
genesis and delay tumour growth (Tseng et al.,
2004), impede carcinogenesis (Gusman et al.,
2001) and reduce experimental metastasis 
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(Busquets et al., 2007). It is produced in huge 
amounts in grape skin in response to infection 
by Botrytis cinerea. This production of resvera-
trol blocks the proliferation of the pathogen, 
thereby acting as a natural antibiotic.

10.2.4 Lignans

The lignan (Fig. 10.7) family is a large group of 
naturally abundant molecules that can be 
found in a plethora of superior plants of which 
flaxseed is a particularly rich source (Table 10.4). 
Lignans, along with isoflavones and coumes-
tans, comprise the three major classes of 
PE. When plant lignans are consumed, intesti-
nal bacteria convert some into two mamma-
lian lignans, enterolactone (Fig. 10.7a) and 
enterodiol (Fig. 10.7b). These compounds are 
absorbed from the digestive tract, circulate 
and are excreted in the urine (Beejmohun et al., 
2007; Bonzanini et al., 2009; Hosseinian and 
Mazza, 2009; Attoumbre et al., 2010).

Among lignans, secoisolariciresinol 
(SECO) (Fig. 10.7c) and matairesinol (Fig. 10.7d) 
are of particular interest. Secoisolariciresinol 
and matairesinol are two lignan dimers that 
are not oestrogenic by themselves, but readily 
convert to the mammalian lignans, enterodiol 
and enterolactone, respectively, which are oes-
trogenic. These are of great interest because of 
their oestrogenic, anti-oestrogenic, anticarci-
nogenic, antiviral, antifungal and antioxidant 
activities. Particularly abundant in flaxseed, 
these molecules can also be found, for example, 
in soybean, groundnut (Mazur and Adlercreutz, 
1998), broccoli, cashew nut (Schwartz and 
Sontag, 2006), kiwi (Milder et al., 2005) and 
pomegranate (Bonzanini et al., 2009), triticale 
straw (Hosseinian and Mazza, 2009), greater 
burdock (Cai et al., 2006) or Forsythia intermedia
(Umezawa et al., 1991), asparagus, whole 
grains and tea.

SECO, like other lignans, may occur in 
different natural forms. They can be free 
(aglycone) or attached to other molecules 
such as glucose or organic acids to form more 
complex structures. In flaxseed, SECO is 
mostly mono- or diglycosylated (SMG or SDG). 
SMG and SDG are linked by 3-hydroxy-3-
methyl-glutaryl units (HMG), derived from 
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Fig. 10.7. Chemical structures of some lignans: 
(a) enterolactone, (b) enterodiol, (c) secoisolariciresinol 
and (d) matairesinol.
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3-hydroxy-3-methyl-glutaric acid (HMGA), 
to form an ester-linked biopolymer (Ford 
et al., 2001). SECO is known to have many 
physiological properties and health benefits. 
Indeed, SECO is converted into enterolignans 
(enterodiol (END) and enterolactones (ENL)) 
by the anaerobic intestinal microflora (Wang 
et al., 2010). Three other components of flaxseed, 
matairesinol (MATA), lariciresinol (LARI) 
and pinoresinol (PINO), are also converted into 
enterolignans. These are mammalian oestro-
gen precursors, also called PE (Raffaelli et al.,
2002; Bartkiene et al., 2011).

Due to the structural similarity of entero-
lignans with mammalian oestrogens, these 
compounds are potentially interesting for 
combating some hormone-dependent can-
cers (Apers et al., 2003; Duncan et al., 2003; 
Boccardo et al., 2006; Albertazzi and Purdie, 
2008). Some epidemiologic investigations 
have shown that the risk of breast, prostate 
and colon cancers is lower in countries or 
regions in which the diet is particularly rich in 
lignans. Lignans could influence ER-negative 
and ER-positive tumours by decreasing 
insulin-like growth factor-1 (IGF-1), epidermal 
growth factor receptor (EGFR), HER2 and the 
vascular endothelial growth factor (VEGF), 
which supports angiogenesis (Bergman et al., 
2007; Chen et al., 2007). One trial that involved 
up to 15 g flaxseed day−1 suggests that flax-
seed’s impact on serum oestrogens may be 
greater among overweight and obese post-
menopausal women than those of normal 
weight (Sturgeon et al., 2008); these women 
generally have higher levels of circulating 

oestrogen. The range in response to lignans 
may also reflect polymorphisms in genes related 
to hormone metabolism (McCann et al., 2007).

The protective role of lignans can be in 
part explained by the fact that they can bind 
to oestrogen receptors. They can stimulate the 
production of the sex hormone-binding glob-
ulin in the liver, which results in reducing the 
concentration of free hormones in the plasma. 
They interact with sex steroid binding protein 
and act as inhibitors of several steroid metab-
olizing enzymes such as aromatase and cho-
lesterol 7a-hydrolase, these inhibitions being 
positive against breast and colon cancers, 
respectively. Their antioxidant activity is also 
one of the possible anticarcinogenic mecha-
nisms of the compounds. For example, they 
can reduce the endogenous generation of oxi-
dized DNA bases. SECO, SDG, END and ENL 
were demonstrated to have antioxidant activity 
(Hu et al., 2007).

10.2.5 Coumestans

Coumestans (Fig. 10.8) are another important 
group of plant (family Fabaceae) phenols that 
show oestrogenic activity. The main coumes-
tans with phytoestrogenic effects are coume-
strol (Fig. 10.8a) and 4′-methoxy-coumestrol 
(Fig. 10.8b). Coumestrol was first isolated from 
ladino clover (Trifolium repens L.), strawberry 
clover (Trifolium fragiferum L.) and lucerne 
(Medicago sativa L.). Coumestrol and genistein 
have higher binding affinities to ER-b than 

Table 10.4. Lignan content of some commonly used foods.

Sources Lignans (mg g−1) Sources Lignans (mg g−1)

Soybean 9.6 Banana 2.8
Flaxseed 347.5–1140.3 Orange 2.1
Lentils 19.6 Apple 2.5
Cowpea 1.9 Mango 1.7
Green gram 1.7 Carrot 29.3
Walnut 1.7 Cabbage 18.6
Cashew 2.6 Cauliflower 16.2
Groundnut 1.8 Onion 10.3
Wheat 0.8–2.8 Garlic 10.5
Rice 0.2–6.0 Potato 4.1
Barley 1.3 Cucumber 5.9
Strawberry 7.7 Tomato 3.3
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the other PE compounds (Whitten and Naftolin, 
1998). Under in vitro conditions, coumestrol has 
been reported to inhibit bone resorption and 
to stimulate bone mineralization (Tsutsumi, 
1995). Coumestans are less common in the 
human diet than isoflavones (Ibarreta et al.,
2001) yet similar to isoflavones, in that they 
are also found in legumes, particularly sprouts 
of lucerne and mung bean (Vigna radiata)
(Adams, 1995; Mazur and Adlercreutz, 1998) 
and they are especially high in clover (Franke 
et al., 1995). Soy sprouts also show high levels 
of coumestrol (71.1mg g−1) (Ibarreta et al., 2001), 
however low levels have been reported in 
Brussels sprouts and spinach.

10.2.6 Terpenoids

Ikeda et al. (2000) surveyed oestrogenic 
and anti-oestrogenic activities of terpenoid 
(Fig. 10.9) phytochemicals found in the Umbel-
liferae family and revealed that three com-
pounds, tschimgine (Fig. 10.9a), tschimganidine 
(Fig. 10.9b) and ferutinine (Fig. 10.9c), have 
agonistic and/or antagonistic activities for 
ER-a and ER-b. Ferutinine and tschimgani-
dine are sesquiterpenoids and tschimgine is 
a monoterpenoid. The structures and biosyn-
thesis of these terpenoids are distinct from the 
well-known PE such as isoflavones (Mazur 
and Adlercreutz, 2000). Ferutinine isolated from 
Ferula jaeschkeana was reported to increase 
uterine weight and prevent pregnancy when 
administered orally in rats. It may modulate 
oestrogen signalling similar to PE, specifi-
cally oestrogen receptor subtype selective PE, 
and may be useful as natural SERMs. It is an 
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Fig. 10.8. Chemical structures of some coumestans: 
R = H, coumestrol; R = Me, 4′-methoxy-coumestrol.

agonist for ER-a and an agonist/antagonist for 
ER-b, tschimgine is an agonist for both ER-a
and ER-b and tschimganidine is an agonist 
for ER-a only. It was assumed that they affect 
the endocrine system similar to other man-
made endocrine disrupters to exert their effects 
through oestrogen receptors, specifically ER-a
and ER-b (Cherdshewasart et al., 2009).

10.3 Human Health 
and Phytoestrogens

Researchers have proposed the hypothesis 
that lowered cardiovascular diseases, osteo-
porotic fractures and rates of breast cancer in 
Asian populations are related to a diet rich in 
soy or in other words PE (Adlercreutz, 1998, 
2002). However, when evaluating this rela-
tionship, confounding factors such as life-
style, diet, socio-cultural and morphological 
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differences that distinguish Asian and Western 
populations must be considered in the analy-
sis (This et al., 2001). Several studies have dis-
cussed the potential effects of PE in treating 
breast cancer, prostate cancer, endometrial 
cancer and liver disease (Adlercreutz et al.,
2000b; Lei et al., 2002). Additional research 
has shown that intestinal bacteria are seen as 
important in the metabolism of PE and have 
the ability to refine PE into compounds simi-
lar in structure to E2 that protect against can-
cer (Xu et al., 1995). Some of the proposed 
mechanisms by which PE may inhibit cancer 
cells are: inhibition of DNA topoisomerase, 
suppression of angiogenesis, induction of dif-
ferentiation in cancer cell lines and induction 
of apoptosis (Glazier and Bowman, 2001). 
As studies continue to evaluate the biological 
effects of PE on human health, the complex-
ity is more evident as oestrogenic and anti-
oestrogenic effects are observed as well as a 
variety of mechanisms of action (Kronenberg 
and Hughes, 1999). More clinical trials are 
needed to assess the beneficial effects of PE 
on health (Naftolin and Stanbury, 2002).

10.3.1 Breast cancer

In the Western world, breast cancer is the most 
common cancer affecting women. Historically, 
the risk of breast cancer was much higher in 
American women than in Asian women prior 
to the influence of Western foods in Asian cul-
tures (Bouker and Hilakivi-Clarke, 2000). 
Epidemiological studies of breast cancer and 
the dietary intake of soy and lignin have been 
reviewed (Peeters et al., 2003), as well as the 
mechanisms of phytoestrogenic action in 
breast tissue (Adlercreutz, 2003). One task has 
been to find an oestrogen replacement ther-
apy for women at risk for breast cancer or 
who have survived breast cancer. A diet rich 
in PE has been suggested as a preventive 
agent against breast cancer although there is 
conflicting evidence (Wagner et al., 2001). 
Phytoestrogens act as weak oestrogens and 
exhibit oestrogenic activity in a low-oestrogen 
environment; therefore it has been postu-
lated that they show anti-oestrogenic activity 
in a high-oestrogen environment (Messina and 

Loprinzi, 2001). This explanation suggests 
that prior to menopause when there is a high-
oestrogen environment PE may protect against 
breast cancer and after menopause when 
there is a low oestrogen environment they may 
stimulate breast cancer (Anderson et al., 1999). 
A commonly reported study found that die-
tary genistein may stimulate the growth of 
oestrogen-dependent tumours in humans 
with low oestrogen levels (Hsieh et al., 1998). 
There are several isoforms of ER that may 
play a role in ER-b hetero-dimerization with 
ER-a resulting in decreased oestrogenic effects 
(Adlercreutz, 2002). Additional mechanisms 
proposed are: inhibition of tyrosine as well as 
other protein kinases, inhibition of angiogen-
esis, alteration of growth-factor activity and 
binding proteins (Adlercreutz, 2002).

10.3.2 Prostate cancer

Prostate cancer is one of most common cancers 
for men in the USA, however, little is known 
about its aetiology. In vitro studies using human 
prostate cancer cells have shown the inhibi-
tion of cell growth with high concentrations 
of PE (Adlercreutz et al., 2000a). Rats consum-
ing soy and rye bran had delayed growth 
of implanted prostate tumours (Landstrom 
et al., 1998). Further testing with the same PE 
increased apoptosis of the tumours and reduced 
tumour growth in nude mice implanted with 
human prostate tumours. However, oestro-
gen has shown controversial effects, such as 
growth of prostate cancer and benign pros-
tatic hyperplasia and, therefore, PE may 
have similar effects (Adlercreutz et al., 2000a). 
Adlercreutz (2002) reviewed some of the 
more recent studies on prostate cancer and 
stated that findings support the hypothesis 
that soy consumption prevents prostate can-
cer, yet more studies are needed.

Several epidemiological studies suggest 
the beneficial use of PE in reducing prostate 
cancer (Severson et al., 1989; Jacobsen et al.,
1998; Strom et al., 1999). A human study of 
83 cases and 107 controls used a dietary ques-
tionnaire to evaluate PE consumption for pros-
tate cancer risk (Strom et al., 1999). The results 
showed slightly protective effects on prostate 
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cancer risk with greater consumption of PE. 
Severson et al. (1989) showed that increased 
tofu consumption was associated with a 
decreased risk of prostate cancer in men of 
Japanese ancestry living in Hawaii. Another 
study reported that Adventist men who con-
sumed soy milk daily were at lower risk for 
prostate cancer (Jacobsen et al., 1998). A herbal 
mixture including liquorice and ginseng as 
well as six other herbs has shown oestrogenic 
activity and was effective in two cases of 
hormone-refractory prostate cancer (de la 
Taille et al., 2000). Other studies have evalu-
ated alternative therapies, such as soy, black 
cohosh, vitamin E and red clover for their 
potential use in alleviating hot flushes for 
prostate cancer patients (Moyad, 2002). A ran-
domized cross-over study on soy food con-
sumption and serum prostate specific antigen 
(PSA) in men with hyperlipidaemia showed 
lowered LDL, no significant effects on serum 
PSA, and a reduced calculated risk for coro-
nary heart disease (Jenkins et al., 2003).

10.3.3 Cardiovascular disease

The leading cause of death in women in indus-
trialized nations is coronary heart disease 
(CHD). In menopause the risk of CHD greatly 
increases, which may be due to the loss of oes-
trogen (Wroblewski and Cooke, 2000). Lipid 
profiles, vascular reactivity, cellular prolifera-
tion and thrombosis are factors that affect 
CHD and on which PE have shown beneficial 
effects (Anderson et al., 1999). Mechanisms 
suggested explaining the prevention of cardio-
vascular disease and the reduction of athero-
sclerosis are: improvement of plasma lipid 
concentrations, reduction of thrombus forma-
tion such as inhibition of platelet action, 
improvement of systemic arterial compliance 
and antioxidant activity (van der Schouw et al.,
2000). Studies suggest that isoflavones as anti-
oxidants may affect atherogenesis by reducing 
the oxidation of LDL (Ruiz-Larrea et al., 1997). 
Kurzer and Xu (1997) reported that soy isofla-
vones act as antioxidants by directly or indi-
rectly enhancing the activities of catalase, 
superoxide dismutase, glutathione peroxidase 
and glutathione reductase enzymes. Hwang 

et al. (2001) reported that extracts of soy, 
lucerne and acerola cherry (Malpighia glabra L., 
Malpighiaceae) may synergistically interact to 
prevent LDL oxidation.

10.3.4 Osteoporosis/bone health

Osteoporosis is often associated with meno-
pause. The evidence supports ERT in the pre-
vention of osteoporosis in post-menopausal 
women and therefore PE have been evaluated 
for their effects on bone mineral density. 
Researchers hypothesize that a diet rich in 
isoflavones has a protective effect on bone 
(Tham et al., 1998). Ipriflavone, a synthetic iso-
flavone derivative (7-isopropoxy-isoflavone), 
has been used extensively in animal and human 
studies to evaluate bone health and PE with 
beneficial results (Scheiber and Rebar, 1999). 
Vincent and Fitzpatrick (2000) observed that 
genistein has a biphasic effect, lower doses 
improved bone mineral as opposed to high 
doses, on bone mineral density in ovariect-
omized rats. Van der Shouw et al. (2000) 
reviewed three studies in bone mineral den-
sity with PE consumption that were con-
ducted with post-menopausal women. Two 
of the studies showed an increase in bone 
mineral density and the third study, a 10-year 
follow up study conducted in the Netherlands, 
reported a loss of bone associated with higher 
urinary equol and enterolactone excretion. 
Kurzer and Xu (1997) reviewed several other 
studies that include possible mechanisms 
of action to explain the beneficial effect of 
PE on bone loss. These mechanisms include 
preventing urinary calcium loss, beneficial 
effects on osteoblasts, and influences on the 
secretion of calcitonin which suppresses 
bone resorption.

10.3.5 Menopausal symptoms

The symptoms associated with menopause 
may cause many women to seek medical care. 
Hormone replacement therapy (HRT) has 
proven effective in the reduction of hot 
flushes, yet it is still controversial if HRT may 
be associated with increased risks of breast 
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and endometrial cancers. Initial findings from 
the WHI randomized controlled trial in which 
women received a daily dose of conjugated 
equine oestrogen (0.625 mg) and medroxy-
progesterone acetate (2.5 mg) have shown an 
increased risks to benefits ratio (Rossouw et al.,
2002). The investigators detected increased 
risks for invasive breast cancer and CHD 
with the consumption of the combined hor-
mone preparation after 5.2 years of average 
follow up. Due to controversial evidence on 
HRTs, alternative therapies have been sought, 
such as PE and SERMs. Some botanicals used 
in Western countries for menopausal syndromes 
are black cohosh, dong quai, ginseng, red clo-
ver, hops (Humulus lupulus L., Cannabaceae),
oil of evening of primrose (Oenothera biennis L., 
Onagraceae) and chasteberry (Vitex agnus-
castus L., Verbenaceae) (Kronenberg and Fugh-
Berman, 2002). Several reviews have discussed 
studies conducted on PE and menopausal 
symptoms and still much contradictory evi-
dence exists as to the benefits of PE (Glazier 
and Bowman, 2001; Merritt, 2001; Kronenberg 
and Fugh-Berman, 2002).

10.3.6 Cognition

Cognition and memory functioning have been 
reported to decrease around menopause, and 
therefore studies have investigated the asso-
ciation of ERT and cognition, as well as PE 
and cognition (Vincent and Fitzpatrick, 2000). 
However, limited studies are available on 
the effects of PE on cognitive functioning. 
The mechanisms are not understood, but it 
has been suggested that PE act as oestrogen 
agonists and may increase spine density and 
synapse formation in the hippocampus of 
adults. In addition, PE may interact with 
the transcription of neurotrophin genes (File 
et al., 2003).

10.4 Herbal Sources of 
Phytoestrogens

There is a higher concentration of PE in legu-
minous plants even though they are also 
found in grains, vegetables and fruits. The most 

common PE found in legumes are isoflavo-
noids (Dewick, 1993). Of the monocotyle-
dons, species of Iris (Iridaceae) are a major 
source of isoflavonoids. Of the gymnosperms, 
the genera Juniperus and Podocarpus have been 
reported to produce isoflavonoids (Dewick, 
1993). Cucurbitales contains Cucurbitaceae
(pumpkin), Rosales contains Cannabaceae
(hops) and Fabales contains Fabaceae (soy, 
liquorice, red clover) and Malpighiales (flax). 
Other plant species that have shown oestro-
genic activity are found in different orders 
located at basal positions from the initial 
group discussed: Myrtales (evening primrose), 
Apiales (dong quai, ginseng) and Lamiales 
(chasteberry) (Daly et al., 2001).

10.4.1 Soybean

Soybean (Glycine max, Fabaceae) is a good 
source of genistein, its glycosides and daidzein, 
which possess oestrogenic activity. A detailed 
discussion of soy for women who have sur-
vived breast cancer has been presented 
(Messina and Loprinzi, 2001). It is unclear 
whether soy protein with trace amounts of 
isoflavones, PE-intact soy protein, or a combi-
nation of both causes the beneficial choles-
terol effects seen in animal studies (van der 
Schouw et al., 2000). Consumption of soy pro-
tein has shown a decrease in lipid peroxida-
tion compared with the case in consumption 
in post-menopausal cynomolgus monkeys and 
lowered atherosclerosis in rabbits (Wagner 
et al., 1997; van der Schouw et al., 2000). 
Isoflavone-intact soy protein has lowered 
LDL and raised high density lipids (HDL) 
cholesterol suggesting that the active compo-
nents are found in the extractable protein 
portion (Clarkson and Anthony, 1998).

10.4.2 Black cohosh

Black cohosh (Actaea racemosa, Cimicifuga rac-
emosa, family Ranunculaceae) grows in eastern 
North America, from southern Maine to 
Georgia. It is also known as baneberry, black 
snakeroot and rattle weed. Native Americans 
used the roots and rhizomes for a variety of 
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indications such as stimulation of menstrual 
flow, dysmenorrhea, suppression of cough, 
treatment of diarrhoea, childbirth and rheu-
matism (Foster and Tyler, 1999). It contains a 
number of compounds with potential bioac-
tivity including triterpene, glycosides, resin, 
salicylates, isoferulic acid, sterols and alka-
loids. It contain formononectin, biochanin A, 
genistein 4′-methyl ether, flavonoids, such as 
kaempferol, that are thought to account for 
the reported reduction in hot flushes and 
menopausal symptoms (McCoy and Kelly, 
1996; Kronenberg and Fugh-Berman, 2002). 
Black cohosh does not appear to alter the hor-
monal pattern associated with menopause, 
low oestrogen accompanied by elevated lute-
inizing hormone (LH) and follicle-stimulating 
hormone (FSH). It is possible that it affects the 
pathway downstream from the oestrogen 
(Blumenthal, 2004). Clinical trials on effects 
of Actaea racemosa extracts on menopausal 
symptoms have yielded excellent efficacy 
against classic menopausal complaints and 
osteoprotective properties, and extracts were 
deemed safe even when the dosage was 
increased threefold. Furthermore, several stud-
ies suggest that its extracts might help control 
psychic problems typically found during 
menopausal transition (Viereck et al., 2005). 
The study by Liske et al. (2002) suggested that 
C. racemosa extract is associated with improve-
ment in menopause symptoms without evi-
dence of any significant side effects.

10.4.3 Flax

Flax (Linum usitatissimum, family Linaceae) seeds 
contain dietary lignan secoisolariciresinol 
diglucoside (SDG), present in high concentra-
tions, and its metabolites enterolactone and 
enterodiol are thought to decrease the risk of 
hormone-dependent cancers, cardiovascular 
disease and other ‘welfare’ diseases. Flaxseed 
also contains other biologically active phe-
nolic compounds, such as phenolic acids. The 
SDG (Bambagiotti-Alberti et al., 1994a) is often 
referred to as secoisolariciresinol or SECO, 
the aglycone of SDG (Mazur et al., 1996); it 
exists in two isomeric forms in flaxseed 
(Bambagiotti-Alberti et al., 1994b). Smaller 

quantities of matairesinol, isolariciresinol, 
lariciresinol, demethoxy-secoisolariciresinol 
and pinoresinol have also been identified in 
flaxseed (Meagher et al., 1999; Sicilia et al., 2003). 
Flaxseed oil contains polyunsaturated fatty 
acids such as a-linolenic acid, which may 
lower cholesterol and have antioxidant effects 
for health. The lignan content in flaxseed dif-
fer between varieties but is also dependent on 
growing location and year (Thompson et al.,
1997). The SDG levels remain unchanged 
during the manufacture of breads and cookies 
that contained flaxseed (Muir and Westcott, 
2000). Flaxseed is considered one of the rich-
est sources of lignan PE (Thompson et al.,
1991). A study of 145 women with climacteric 
complaints showed a reduction in menopau-
sal symptoms (including hot flush and vagi-
nal dryness) with the consumption of a diet 
rich in PE (Brzezinski et al., 1997).

Role of flaxseed in obesity and diabetes

In hyperlipidaemic subjects, ingestion of whole 
flaxseed lowers serum cholesterol and post-
prandial glucose (Cunnane et al., 1995). This 
effect may be due to the presence of n-3-a-
linolenic acid in flaxseed oil. It also improved 
insulin sensitivity, increased HDL cholesterol 
and decreased LDL oxidation (Nestel et al.,
1997). However, Jenkins et al. (1999) reported 
that in non-obese, non-diabetic, hypercholes-
terolaemic subjects, diets supplemented with 
partially defatted flaxseed lowered total and 
LDL cholesterol but had no effect on serum 
HDL cholesterol, possibly a result of the fibre 
present in defatted flaxseed. Because partially 
defatted flaxseed is low in a-linolenic acid, 
the hypocholesterolaemic effect may be due 
to other ingredients in flaxseed. Prasad et al.
(1998) further showed that secoisolaricires-
inol diglucoside, a lignan present in flaxseed, 
also lowers serum total cholesterol and LDL 
cholesterol and reduces hypercholesterolae-
mic atherosclerosis in rabbits.

Like soy isoflavones, lignans have anti-
oxidant activity (Xue et al., 1992). However, 
whole flaxseed had no significant effect on 
markers of lipid peroxidation in humans 
(Cunnane et al., 1995), but partially defatted 
flaxseed lowered serum protein thiol groups, 
indicating increased oxidation (Jenkins et al.,
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1999). Secoisolariciresinol diglucoside (Prasad, 
1997), the lignan present in flaxseed, and its 
mammalian metabolites secoisolariciresinol, 
enterodiol and enterolactone have been 
shown to have antioxidant activity. The anti-
oxidant activity of secoisolariciresinol and 
enterodiol is higher than that of vitamin E 
or the parent glucoside present in flaxseed 
(Prasad, 2000).

10.4.4 Red clover

Red clover (Trifolium pratense, family Fabaceae)
is a legume rich in isoflavonoid PE includ-
ing genistein, daidzein, formononetin and 
biochanin-A, phytochemicals that are now 
recognized for supporting critical hormone 
levels without having any negative side effects 
(Mazur and Adlercreutz, 1998). Controlled clin-
ical trials show that PE from red clover help 
to maintain proper bone density in menopau-
sal women, as well as relieving hot flushes 
and night sweats. Red clover has been a val-
ued medicine since ancient times and was 
particularly valued for treating respiratory 
problems, colds, flu and infections in the 19th 
century. Red clover is recognized as a detoxi-
fication herb or ‘blood cleanser’. The in vivo
oestrogenic and anti-oestrogenic effects of red 
clover extract have been studied in the uterus, 
vaginal cells and mammary glands of ova-
riectomized Sprague-Dawley rats (Burdette 
et al., 2002). Red clover is considered to have 
an advantage compared to other plants con-
taining PE as it is the only plant having four 
of the most important isoflavones (biokain A, 
daidzein, formononetin and genistein) char-
acterized by pro-oestrogenic activity, by 
rapid intestinal absorption and increased 
receptor affinity (Beck et al., 2005). Red clover 
has been reviewed for menopausal symp-
toms (Kronenberg and Fugh-Berman, 2002), 
showing reduced hot flush count (van der 
Weijer and Barentsen, 2002) and was also 
found to have a favourable metabolic impact 
on serum lipids in post-menopausal women 
(Terzic et al., 2012). In another recent study, 
the effect of red clover supplementation on 
menopausal women’s quality of life showed 
no difference with the placebo (Ehsanpour 

et al., 2012). Additional studies are needed 
to further elucidate the benefits or adverse 
effects of red clover.

10.4.5 Hops

Hops (Humulus lupulus, family Cannabaceae)
medicinally has been valued as a sedative, for 
inflammation and as a tonic (Foster and Tyler, 
1999). Menstrual disturbances were frequently 
observed in women hop pickers and their 
oestrogenic activity was associated with the 
plant (Verzele, 1986). The female flowers of 
hops are considered oestrogenic. The most 
potent PE in hops is 8-prenyl-naringenin 
(8-PN), which is found in beer in low quanti-
ties (Milligan et al., 1999). Other studies have 
tested the presence of hops in dietary supple-
ments used for breast enhancement (Coldham 
and Sauer, 2001). In vitro and animal data sug-
gest that 8-PN might exhibit several biologi-
cal activities (Diel et al., 2004; Effenberger et al.,
2005; Humpel et al., 2005), and hop-containing 
dietary supplements are marketed to reduce 
menopausal complaints and used for breast 
enhancement (Coldham and Sauer, 2001).

An important factor influencing the bio-
availability and activity of PE is their metabolic 
fate upon ingestion. In general, after reaching 
the colon, flavonoids are partially degraded, 
depending on their structure, thereby leading 
to lower bioavailability (Simons et al., 2005). 
However, microbial transformation in the 
colon may also increase the biological activity 
of the ingested compounds, a process that 
has been described for different PE (Rowland 
et al., 1999). For hops, isoxanthohumol (IX) is 
the prevailing prenyl-flavonoid in beer and is 
10–30 times more abundant as 8-PN (Stevens 
et al., 1999). Schaefer et al. (2005) noted the 
activation of IX into the PE 8-PN inside the 
human body. The intestinal microbial com-
munity might be responsible for this produc-
tion of 8-PN after IX consumption (Possemiers 
et al., 2005). Microbial O-demethylation of IX 
in the human intestine could readily increase 
intestinal prenyl-flavonoids (8-PN) concen-
trations ten-fold (Possemiers et al., 2005), 
leading to the uptake of active oestrogen 
doses after moderate beer consumption that 
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might fall within the range of biological 
activities (Prestwood et al., 2003).

10.4.6 Dong quai

Dong quai (Angelica sinensis, family Apiaceae)
has been referred to as the ‘female ginseng’ and 
is used for a variety of conditions such as a 
blood tonic and decongestant for body organs 
(Hardy, 2000). Its roots are used for women as a 
tonic often in combination with other herbs. 
Other women’s conditions treated with dong 
quai are dysmenorrhea, irregular menstrua-
tion, constipation, anaemia and abdominal 
pain. In vitro it has acted as a growth inhibitor 
with breast cancer cell lines (Zava et al., 1998; 
Dixon-Shanies and Shaikh, 1999) but has also 
been observed to stimulate the growth of 
MCF-7 cells (Amato et al., 2002). Dong quai has 
shown weak binding affinity for ER-a and 
ER-b and weak stimulation of progesterone 
receptor (PR) expression (Liu et al., 2001).

10.4.7 Liquorice

The root of liquorice (Glycyrrhiza glabra, family 
Fabaceae) has been consumed for thousands of 
years in China for its health benefits and 
detoxification effects as well as its use as a fla-
vouring and sweetening agent (Wang and 
Nixon, 2001). Medicinally it has been used as 
a demulcent, expectorant and has been shown 
to have antioxidant and antimicrobial activity. 
The main components of liquorice are glycyr-
rhizin (glycyrrhizinic acid), which is sweeter 
than sugar, and glycyrrhetinic acid. Both have 
been clinically used in the treatment of hyper-
lipidaemia, allergic inflammation, atopic der-
matitis and atherosclerosis (Tamir et al., 2001). 
The PE in liquorice have a mild oestrogenic 
effect, making the herb potentially useful in 
easing certain symptoms of premenstrual 
syndrome, such as irritability, bloating and 
breast tenderness. Although the glycyrrhizin 
in liquorice actually inhibits the effect of the 
body’s own oestrogens, the mild oestrogenic 
effect produced by liquorice’s PE manages 
to override this inhibiting action. Another 
compound in liquorice, licochalcone-A, has 

shown oestrogenic activity with ERs and 
induced apoptosis in MCF-7 and HL-60 cell 
lines (Rafi et al., 2000).

10.4.8 Other herbal sources

Other botanical sources with oestrogenic effects 
and potential health benefits are evening 
primrose oil (Oenothera biennis, Onagraceae),
chasteberry (Vitex agnus-castus, Verbenaceae),
lucerne (Medicago sativa, Fabaceae) and ginseng 
(Panax spp. and Eleutherococcus senticosus, 
Araliaceae) (Glazier and Bowman, 2001; Liu 
et al., 2001; Amato et al., 2002; Kronenberg and 
Fugh-Berman, 2002). Coffee (Coffea arabica L., 
Rubiaceae) has also shown weak oestrogenic 
activity (Kitts, 1987). Evening primrose is a 
common herb in North America that has been 
used medicinally by the Native Americans. 
Coumestrol was the first PE identified in 
lucerne and is considered one of the richest 
food sources for this PE (Kurzer and Xu, 1997). 
Ginseng has a long history of medicinal use 
in Asia as a tonic and stimulant. There are 
several different plants that are referred to as 
ginseng and all are in the Araliaceae family: 
Panax ginseng C.A. Mey. (Chinese or Korean 
ginseng), P. quinquefolium L. (American gin-
seng) and Eleutherococcus senticosus (Siberian 
ginseng).

10.5 Adverse Effects of 
Phytoestrogens

Some concerns have been discussed about the 
risks associated with PE, such as increased 
plasma concentration of isoflavones in babies 
that ingest soymilk, the ability of non-hormonal 
secondary plant metabolites to modify sex 
steroid metabolism, and the effects of PE on 
the thyroid (Ibarreta et al., 2001). In addition, 
the genetic toxicity potential of PE has been 
reviewed (Kulling et al., 2002). It has been 
reported that sheep consuming large amounts 
of clover which has with high amounts of PE 
showed infertility and reproductive disorders 
(Adams, 1995). Cheetahs in captivity also had 
reduced fertility rates when consuming a 
feline diet composed of a soybean product, 
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which was reversed when it was removed 
from the diet (Setchell et al., 1987). Toxicities 
associated with herbal medicines that include 
PE have also been presented in the literature 
(Sheehan, 1998).

As potential endocrine disrupters, PE may 
act as anti-oestrogens and harm the repro-
ductive health of males (Santti et al., 1998). 
Reduced sperm quality, undescended testes 
and urogenital tract abnormalities were 
increased in the sons of mothers taking 
diethyl-stilbestrol (DES) compared with those 
who did not take the miscarriage preventa-
tive drug (Sheehan, 1998). Studies in cultured 
human lymphoblastoid cells reported that 
coumestrol was mutagenic and clastogenic 
(Domon et al., 2001). Other concerns related 
to PE are their effect on thyroxine, insulin 
and glucagon (Ohno et al., 1993). Hypothyroid 
cases were associated with infants fed 
soybean diets (Fort et al., 1990). In the USA, 
regulation is limited on standardization, 
preparation and extraction methods of the 
PE products being sold and marketed as 
nutritional supplements. As nutritional sup-
plements these products are not supported 
by clinical trials and, therefore, should be 

administered and taken with this in mind 
(This et al., 2001).

10.6 Conclusions

Diets rich in plant-derived products may 
supply a variety of phytoestrogens capable of 
producing a range of pharmacological effects 
in the human body. As people live longer, 
women are spending more of their lives in 
menopause, affected by a variety of oestrogen-
related conditions such as osteoporosis, cog-
nitive and cardiovascular disease, increased 
risk of breast cancer and other symptoms that 
decrease the overall quality of life. Epidemio-
logical evidence and experimental data from 
animal studies are highly suggestive of the 
beneficial effects of PE on human health, but 
the clinical data supportive of such effects are 
either not available, or are awaiting design 
and execution of appropriate prospective 
large-scale clinical studies. Due to the func-
tional and structural differences of PE, their 
biological activities are also highly variable 
and there may be other effects that have not 
yet been studied.
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11.1 Introduction

Phytosterols (PS) are related to cyclopenta-
phenanthren with four condensed rings of 
28 or 29 carbons. They are classified according 
to the presence or absence of a methyl group on 
carbon 4, and a hydroxyl group on position 3. 
The principal active constituents present in 
plant seed oils are b-sitosterol, stigmasterol, 
D5-avenasterol, campesterol, D7-avenasterol 
and brassicasterol. They correspond to the 
4-desmethylsterols; cholesterol is 4-desmethyl-
sterol. All have a side chain with 9–10 carbons; 
b-sitosterol, stigmasterol, D5-avenasterol and 
D7-avenasterol have 29 carbons and an ethyl 
group in the side chain; campesterol and 
brassicasterol have 28 carbons and a methyl 
group in the side chain (Bloch, 1988). PS are 
unsaturated or saturated, in which case they 
are designated as phytostanols. Figure 11.1 
shows the structure of the principal phytoster-
ols and phytostanols, compared with choles-
terol. The function of PS in the plant kingdom 
is similar to the function of cholesterol in ani-
mal cells, i.e. they are part of the cell mem-
brane and stabilize the phospholipid bilayer 
(Hartman and Benveniste, 1987; Piironen et al., 
2000; Moreau et al., 2002; Katan et al., 2003; 

Dutta, 2004; Kritchevsky and Chen, 2005; Patel 
and Thompson, 2006).

This chapter throws an insight on princi-
pal natural sources of PS and their role in 
human health through their action as a func-
tional component in foods by decreasing cho-
lesterol absorption, and as a consequence to 
reduce total cholesterol and LDL-cholesterol 
plasma levels.

11.2 Principal Natural Sources

PS are natural components present in the 
unsaponifiable matter of fats and oils from 
vegetal origin. They are part of the cellular 
membrane of all plant organisms. They are 
produced by ‘de novo synthesis’ and gener-
ally are called vegetal sterols or more properly 
phytosterols, although frequently sterols and 
stanols are included together. A large number 
of different PS and related compounds pre-
sent in plants have been described, however, 
b-sitosterol, stigmasterol, D5-avenasterol, camp-
esterol, D7-avenasterol and brassicasterol are 
the more abundant (Plumb et al., 2011). Their 
basic chemical structure is similar to cholesterol, 
with a difference in the side carbon chain. 
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Naturally they are in free form, esterified 
with fatty acids or conjugated as stearyl gly-
cosides; their hydrogenation produce stanols, 
which are less abundant in nature, but they 
can be produced by the hydrogenation of the 
double bond present in the second ring, form-
ing sitostanol, campestanol, stigmastanol, etc. 
The PS are not synthesized by mammals and 
their presence in humans is exclusively pro-
vided by the diet (Grunwald, 1975). Plant oils 
are the principal sources of PS; normally, 
three are more abundant in the order b-sitos-
terol, which contributes around 80–90% of 
total PS, then campesterol, followed by stig-
masterol. The other PS such as D5-avenasterol 
and D7-avenasterol only occur in minor 
fractions. Some exceptions occur in nature, 

e.g. brassicasterol is present in Brassica species 
(Weihrauch and Gadner, 1978).

In relation to their general distribution and 
occurrence in plants, and their oilseed world 
production, soybean oil is the one of the princi-
pal sources of PS in the common diet, followed 
by sunflower, canola rapeseed, maize, cotton 
and sesame oils (Moreau and Kamal-Eldin, 
2009). Another source of PS is from groundnuts, 
but they have a lower consumption (Francisco 
and Resurrección, 2008).

Jiménes-Escrig et al. (2006) published the 
common sources of PS in the Spanish diet 
and listed the PS content of 54 foods. The 
estimated daily intake was 276 mg with 
b-sitosterol as usually the highest contribu-
tion. The highest values by group from major 
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to minor were: sunflower oil, olive oil, 
then nuts with pistachio, sunflower seeds 
and almonds, followed by legumes. Among 
24 vegetables, artichoke and cauliflower had 
the highest values and amongst 16 fruits, 
olives, white grapes and oranges were the 
highest. Cereals have been also considered as 
a good source of PS. Normén et al. (2002) 
studied 76 foods based on cereals that are 
consumed in Sweden and the Netherlands 
including flours, grains, germs, processed cere-
als, pasta, spreads, biscuits, cakes, etc., and confir-
med that they are also a good dietary source of 
PS and phytostanols. Normén et al. (2007) pub-
lished a PS database for fatty foods consumed 
in Sweden and the Netherlands; 87 items were 
included; the highest contribution was again 
by b-sitosterol. The maximum total PS content 
was 775 mg 100 g−1 in a fat spread; amongst 
oils, maize oil presented the highest value.

Nurmi et al. (2008) studied the PS content 
in wheat genotypes. Information of PS content 
in new natural alternatives such as special 
plant seed oils or fruit pulp has also been 
published. PS present in avocado oil is espe-
cially rich in sitosterol (Woolf et al., 2009); another 
source is maize fibre oil (Moreau et al., 2009). 
The sterols characterization in refined borage 
was published by Wretensjo and Kalberg 
(2002). The unsaponifiable composition of 
five Amazonian palm kernel oils was given 
by Bereau et al. (2003). PS content in the oil 
extracted from four seeds of native Latin 
American fruits, cherimola (Annona cherimola), 
prickly pear (Opuntia ficus-indica), mountain 
papaw (Carica pubescens) and palm coconut 
(Jubaea chilensis (Molina) Baillon) has been 
described by Masson et al. (2008a, b).

11.3 Industrial Sources of 
Phytosterols

There are two principal raw materials of PS 
that are available for use as ingredients in 
functional foods, cosmetics and pharmaceuti-
cal forms. Rich sources of PS are soybean oil 
with around 1.5% of unsaponifiable matter 
content, which is a convenient raw material 
and has the world’s highest production, and 
from tall oil, a by-product obtained in Kraft 

cellulose procedure with high unsaponifiable 
matter of around 12%. Different industrial 
processes protected under patent were devel-
oped to recover PS, principally sitosterol and 
campesterol, from deodorized soybean oil dis-
tillates and from tall oil (Fernandes and Cabral, 
2007). Supercritical CO2 has been assayed for 
this purpose (Eisenmenger and Dunford, 
2008). During the industrial refining process 
of the plant oils, alterations can be produced 
in PS (Ferrari et al., 1997).

11.4 Nutritional and Health 
Benefits of Phytosterols

From the nutritional and health point of view, 
it has been proved that the ingestion of PS 
in higher amounts than the usual contribu-
tion by diet intake decreases cholesterol and 
LDL-cholesterol concentrations in plasma. Its 
absorption is inhibited in the intestine at the 
micelle structure level by reduction of the 
cholesterol solubility (Ellegárd et al., 2007). 
Nguyen (1999) reported the effect of plant stanol 
esters for lowering cholesterol. Cholesterol 
absorption presents a great variation among 
individuals of between 30 and 80%, with a 
mean estimated close to 50% (Miettinen and 
Kesaniemi, 1989). On the other hand, PS 
absorption is very low, with a variation of 
around 0.1–5% depending on the specific 
PS structure. By increasing the amount of 
PS intake, the inhibition of cholesterol 
absorption also increases. It was shown that 
around 2–3 g of PS in a normal or low fat diet 
produced a reduction of total plasma choles-
terol of around 7% and in the order of 10% 
of LDL-cholesterol reduction (Kozlowska-
Wojciechowska et al., 2003). This potential of 
PS as a dietary tool for decreasing plasma and 
LDL-cholesterol has been explained by Ling 
and Jones (1995) and Jones et al. (1997).

An evaluation of clinical trials in patients 
with hypercholesterolaemia and PS balance 
was done by Lees et al. (1997). Jones et al. (1998) 
assayed PS from tall oil source in patients 
with different cholesterol levels and obtained 
good results. Neil and Huxley (2002) studied 
the efficacy and therapeutic potential of PS, 
confirming that a daily intake of around 2–2.5 g 
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of sterol or stanol esters can lower LDL-
cholesterol level by 10–15%. Andersson et al.
(2004) used a database of PS content of around 
350 foods to relate PS intake of the habitual 
diet with serum cholesterol level. The results 
indicated an inverse relationship between PS 
intake and total serum cholesterol and LDL-
cholesterol. The daily PS intake for the UK 
population was around 300 mg day−1 for both 
sexes and ranged between 100 and 700 mg day−1.
These findings suggested that natural PS in 
diet have a positive effect (Ellégard et al.,
2007). Ostlund Jr (2007) described different 
types of PS, their mechanism of action, PS 
supplements, PS and their natural sources. 
Francisco and Resurrección (2008) also worked 
on groundnuts as natural sources of PS. The 
data published for an occidental diet showed 
variation between 200 and 400 mg day−1

(Kozlowska-Wojciechowska et al., 2003). For 
Asian populations and vegetarian people, 
the values reported are higher, ranging 
between 345 and 499 mg day−1 (Francisco and 
Resurrección, 2008). Chan et al. (2006) studied 
other aspects of plant sterol physiology and 
its possible relation on coronary heart disease. 
Studies have shown that PS is not absorbed 
and they are present in small amounts in diet. 
For decreasing the absorption of cholesterol, 
high amounts of PS are required. Studies on 
the possible increase of PS plasma concentra-
tion related with cardiovascular disease were 
also evaluated. A possible positive effect of 
PS in cancer has been studied by Awad and 
Fink (2000).

11.5 Phytosterols as Functional 
Ingredient to Decrease Plasma 

Cholesterol and LDL-Cholesterol Levels

Research has shown that the amounts of PS or 
phytostanols required for reducing plasma 
cholesterol and LDL-cholesterol in humans are 
high, ranging between 2 and 3 g (Kozlowska-
Wojciechowska et al., 2003). Industrial proce-
dures were developed to produce concentrated 
PS of high purity and safety for human con-
sumption (Thompson and Grundy, 2005); 
e.g. margarine with 1.8 g day−1 of phytostanol 
ester is a good example of a functional food 

that was developed after overcoming several 
physiological and technological difficulties. 
The main steps were to understand the mech-
anisms for lowering plasma cholesterol by PS 
and phytostanols, to select the best source of 
PS, to synthesize phytostanol esters that could 
be dispersed in a fat margarine phase, to 
develop the product, and to test dose and fre-
quency. Related to safety, these functional 
foods are considered Generally Recognized as 
Safe (GRAS) by the USA and the European 
Union (Thomson and Grundy, 2005).

Another study published by Salo et al.
(2005) is related to the production of stanol 
esters, their physical properties and chemical 
behaviour of the newly synthesized com-
pounds. If margarine is the target product then 
a more rigid structure at a certain temperature 
range is necessary, but it must be spreadable in 
a wide range of temperatures. Different assays 
were done including oxidative stability; like-
wise, food applications were developed for 
12 different food products.

Another development was to deliver PS or 
phytostanols ester as a nutraceutical. Earnest 
et al. (2007) assayed the effect of PS esters in 
capsules in adults suffering from hypercho-
lesterolaemia. The daily dose was 2.6 g of 
PS ester divided into four capsules of 0.650 g 
each containing 88% PS ester: sitosterol 
40–58%, campesterol 20–28% and stigmasterol 
14–23%. Total time treatment for sample and 
placebo was 12 weeks. The results showed a 
moderate LDL-cholesterol reduction com-
pared with placebo by using the developed 
functional foods.

A number of other studies have con-
firmed the role of PS and phytostanol in 
reducing plasma total cholesterol and LDL-
cholesterol in humans with the consumption 
of different functional foods enriched with 
these compounds. Some other work done by 
Linchtenstein and Deckelbaum (2001) stud-
ied the stanol/sterol ester-content in foods 
and blood cholesterol levels. Christiansen 
et al. (2001) assayed yoghurt enriched in PS 
in patients with moderate hypertriglyceri-
daemia and obtained good results. Volpe 
et al. (2001) studied the effect of yoghurt 
enriched with PS on serum lipids in patients 
with moderated hypercholesterolaemia with 
positive results. De Graaf et al. (2002) used 
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PS from tall oil in a chocolate matrix and a 
significant decrease in plasma cholesterol 
and LDL-cholesterol was obtained. Nestel 
et al. (2001) obtained a positive effect on 
lowering cholesterol plasma using PS ester 
and free stanol in margarine, butter and 
low-fat foods.

Mensink et al. (2002) evaluated the effect 
of stanol esters incorporated in low-fat 
yoghurt on serum lipids and lipoproteins. 
After 1 week of treatment, a positive response 
was obtained and reduction in plasma 
tocopherol was observed along with a 
decrease in carotene. Ground beef added to 
soybean PS also showed a positive response 
(Matvienko et al., 2002). Jones et al. (2003) 
assayed PS in low- and non-fat beverages as 
part of a controlled diet to test the response 
in this low-fat medium but reduction in 
plasma lipid levels was not observed. 
Kozlowska-Wojciechowsk et al. (2003) evalu-
ated the results using margarine enriched 
with PS on blood lipids, platelet function and 
fibrinogen level in young men and obtained 
promising results. St-Onge et al. (2003) stud-
ied the consumption of a functional oil rich 
in PS and medium chain triglyceride oil, 
which improved plasma lipid profiles in 
men. Clifton et al. (2004) measured the rela-
tive effects of the intake equivalent to 1.6 g of 
PS as ester, using four low-fat foods, milk, 
yoghurt, bread and cereal, to test the influ-
ence of the matrix in the lowering cholesterol 
effects in plasma. The results showed that 
the four food matrix enriched with PS gave 
positive response, and milk gave the best 
response. Carotene pigments were measured 
and some small changes were observed 
considering the normal variability. Davaraj 
et al. (2004) assayed orange juice fortified 
with PS; the response was positive in mildly 
hypercholesterolaemic healthy individuals. 
Simojoki et al. (2005) used margarine enriched 
with stanol ester among persons with and 
without cardiovascular disease for the 
adoption of functional food in Finland. The 
results were positive, but a decrease in 
plasma carotene pigments was observed. 
According to researchers, the beneficial or 
adverse effects on health in long term use of 
a phytostanol ester in enriched margarine 
have to be studied further.

11.6 Health Benefits and Safety

Although chemical component(s) are present 
in nature, it does not mean that it is safe 
for human consumption, especially in larger 
amounts than those normally found in the 
common daily diet and specially when human 
physiology has restrictions to their absorp-
tion. This is exactly the situation for PS: they 
have a very similar cholesterol chemical struc-
ture, but they do not have an active transport 
mechanism for absorption at the intestine level, 
as for cholesterol (De Jong et al., 2003).

Piironen et al. (2000) studied biosynthe-
sis, biological function and human nutrition. 
The biological role of PS in plant cell mem-
branes, mean daily intake and its serum cho-
lesterol lowering effect was investigated 
along with chemical and physical properties, 
chemical structures and biosynthesis. Fats, 
oils and cereals as the principal sources along 
with their daily intake values were included. 
Changes in ripening, postharvest processing 
and PS lost during oil refining, bleaching and 
deodorization are commented on. Methods of 
extraction and analysis are described. It fin-
ishes with information about PS bioavailabil-
ity and physiological effects.

Moreau et al. (2002) described the struc-
tural diversity, occurrence and metabolism, 
quantification methods, healthy effects, action 
mechanisms, clinical studies, lowering efficacy 
on LDL-cholesterol, anticancer properties, 
effects on absorption of fat soluble vitamins 
and antioxidants of PS. There are evidences 
that PS and phytostanol esters reduce absorp-
tion of a-tocopherol, b-carotene and lycopene. 
They can also protect LDL-cholesterol oxida-
tion. The researchers also observed that PS 
esters can increase PS absorption appearing as 
oxidized compounds, which can induce ath-
erosclerotic damage, and they are cytotoxic. PS 
are considered GRAS substances.

Katan et al. (2003) reported randomized 
double-blind trials comparing foods with and 
without added plant stanols and sterols. 
According to the age, the percentage of LDL-
cholesterol decreased between 8 and 16%. 
The effect of formulation, intake frequency, 
subgroups responses, effects related with 
diet, drugs to reduce cholesterol and poten-
tial effect for cardiovascular risk reduction 
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was also discussed. No adverse effect had yet 
been reported. Toxicological studies in ani-
mals, absorption of PS and phytostanols, rela-
tion with possible atherosclerosis promotion, 
reduction of plasma fat-soluble vitamins and 
risk involved were also presented.

11.7 Conclusion

Phytosterols and synthesized phytostanols 
have been used in humans as functional ingre-
dients to decrease serum cholesterol and 
LDL-cholesterol. The numerous publications 
related to this interesting subject using differ-
ent food matrixes have showed positive 
effects, but it is necessary to incorporate some 
fat in the formulations of these functional 
foods to improve the positive effects. As the 

persons must have a high intake dose of PS to 
be effective, it is important to continue the 
evaluation if some decrease of cholesterol and 
LDL-cholesterol is obtained with a moderated 
or high direct dietary intake of PS. It is impor-
tant to create the awareness amongst the new 
generation about the importance of PS content 
in foods by introducing new databases that 
can permit a better evaluation of PS in natural 
and processed foods for local populations. The 
principal concern related to a decrease of the 
absorption of fat-soluble antioxidants needs 
more evaluation; the potential risks to induce 
phytosterolaemia seems not to be so critical, 
but the research must continue. Phytosterols 
and phytostanols have been catalogued as 
GRAS by International Food Agencies.

Nature is so selective and wise in its 
decisions, that the door is not opened for all.
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12.1 Introduction

The term ‘nutraceutical’ combines ‘nutrition’ 
and ‘pharmaceutical’ to signify that food 
extracts can be used as preventive drugs. The 
nutraceuticals are foods or bioactive ingredi-
ents in foods that protect or promote health 
and occupy a place at the intersection of food 
and pharmaceuticals. Their main ingredients 
are the phytochemicals, which play a key 
role in the efficacy of nutraceuticals as health 
protective and disease preventive agents. 
These phytochemicals include terpenes, phy-
tosterols, indoles, phenols and thiols etc. 
Identification is based on the protective func-
tions, physical and chemical characteristics 
of the molecules, e.g. carotenoids, the precur-
sor of vitamin A, have preventive action against 
many eye diseases and cancer. Isoprenoids are 
active against free radicals, while, omega-3 and 
omega-6 fatty acids support cardiovascular 
health. Thus, in humans and animals carote-
noids play an important role in protection 
against photo-oxidative processes (Demming-
Adams and Adams, 2002) by acting as oxygen 
and peroxyl radical scavengers. Their synergis-
tic action with other antioxidants makes them 
even more potent compounds.

Carotenoids, the basic source of yellow, 
orange and red plant pigments, are widely dis-
tributed in nature. Carotenoids are ubiquitous 
phytochemicals playing a role in a range of 
special processes. Thus, they are regarded as 
essential compounds for life mainly due to 
their various roles. Carotenoids are present in 
all living organisms, from bacteria and algae to 
higher plants, in both non-photosynthetic and 
photosynthetic tissues and are present in most 
commonly consumed vegetables and fruits.

The group of carotenoids consists of more 
than 700 phytochemicals, which constitute 
photosynthetic membranes and produce col-
ours in plants and animals. Out of these, only 
about 24 commonly occur in human foodstuffs. 
The most-studied carotenoids are α-carotene 
(Fig. 12.1), b-carotene (Fig. 12.2), lycopene 
(Fig. 12.3), lutein (Fig. 12.4) and zeaxanthin 
(Fig. 12.5). The principal carotenoids of foods 
are b-carotene, b-cryptoxanthin (Fig. 12.6), 
lycopene and lutein. Carotenoid pigments, 
which are abundant in many fruits and vegeta-
bles, have been studied for their diverse roles 
in phytochemistry and phytomedicine (Dutta 
et al., 2005).

Carotenoids are mainly C40 isoprenoids, 
consisting of eight isoprene units. There are 
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two main groups of carotenoids: (i) carotenes 
(b-carotene, lycopene) contain only hydro-
gen and carbon and may be cyclic or linear; 
(ii) oxycarotenoids (xanthophylls, lutein) con-
tain hydrogen, carbon and oxygen in the form 
of hydroxy, epoxy, or oxy groups. The polyene 
chain in carotenoids contains up to 15 conju-
gated double bonds, which are responsible 
for their characteristic absorption spectra and 
specific photochemical properties (Britton, 
1995; Olson and Krinsky, 1995; Britton et al.,
1998). They might be responsible for quench-
ing singlet oxygen and for intercepting dele-
terious free radicals and reactive oxygen 
species (ROS). These properties make them a 
part in diverse antioxidant defence systems. 
Most carotenoids are found in linear or all-
trans configuration. Exposure to light or heat 
may facilitate the trans to cis isomerization of 
one or more double bonds (Krinsky, 1989). 
The physico-chemical properties and the bio-
logical activities of carotenoids are intimately 
related to their structures. Carotenoids with 
known structure can be conclusively identi-
fied by the combined use of chromatographic 
behaviour, UV-visible absorption spectra and 
specific group chemical reactions to confirm 
the type, location and number of functional 
groups in xanthophylls (Azevedo-Meleiro 
and Rodriguez-Amaya, 2004). The following 
structural properties of carotenoids (Papas, 
1999) might be responsible for their antioxi-
dant functions: (i) a multiplicity of closely 
spaced energy levels between the excited 

state and ground state, such that they can dis-
sipate excited state energy via small collisional 
exchanges with the solvent; (ii) minimal ten-
dency for their excited-state to sensitize other 
molecules; (iii) resonance states in the excited 
state by allowing delocalization and stabiliza-
tion of the excited state; and (iv) multiple 
potential sites on the carotenoids for attack by 
active oxygen. Each double bond in their pol-
yene chain can exist in two configurations, 
trans or cis geometrical isomers. In nature 
they occur predominantly or entirely in all-
trans form. The presence of a cis double bond 
creates greater steric hindrance between nearby 
hydrogen atoms and/or methyl groups, so 
that cis isomers are generally less stable ther-
modynamically than that of trans forms (Dutta 
et al., 2005).

Carotenoids are the precursors for bio-
synthesis of plant growth regulators and pro-
tect photosynthetic apparatus by quenching 
harmful ROS (Sarry et al., 1994; Papas, 1999). 
Among the carotenes, only a- (Agarwal 
and Rao, 1998), b- and e-carotene (Fig. 12.7) 
(Auldridge et al., 2006) possess vitamin A 
activity, out of which b-carotene is the most 
active. Alpha-carotene possesses 50–54% and 
e-carotene 42–50% of the antioxidant activity 
as compared to b-carotene. These carotenes 
along with g- (Fig. 12.8) (Britton et al., 1998), 
d- (Fig. 12.9) and z-carotene (Fig. 12.10) (Krinsky, 
1989), lycopene (di Mascio et al., 1989) and 
lutein (García-Limones et al., 2008), which 
do not convert to vitamin A, seem to offer 
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protection against lung, colorectal, breast, 
uterine and prostate cancers. They are tissue 
specific in protection but overall protective 
effects are greater when all carotenes are 
taken together.

Dietary carotenoids are obtained from a 
number of fruits and vegetables, such as green 
leafy vegetables, spinach, carrots, peaches, 
apricots and sweet potatoes. Human diet 
supplemented with carotenoids is beneficial 
in reducing chronic conditions related to cor-
onary heart diseases (CHD), certain cancers 
and macular degeneration (Sarry et al., 1994; 
Mayne, 1996; Woodl et al., 1997; van het Hof 
et al., 1999, 2002). Carotenoids accumulate 
in light exposed tissues, such as skin, and 
as such have gained increased value in the 
cosmetic industries as suitable compounds 
for photoprotection due to their scavenging 
action on ROS and anti-inflammatory proper-
ties (Stahl and Sies, 2007). Photo-oxidative 
damage affects cellular lipids, proteins and 

DNA and is involved in the patho-biochemistry 
of erythema formation, premature ageing of 
the skin, development of photodermatoses and 
skin cancer. Evidence shows that b-carotene, 
lutein and perhaps even lycopene can pre-
vent UV-induced erythema formation and 
contribute to lifelong protection against expo-
sure to harmful effects of sunlight (Stahl and 
Sies, 2007).

The nutraceutical industry synthetically 
manufactures five major carotenoids on an 
industrial scale (e.g. lycopene, b-carotene, 
canthaxanthin, zeaxanthin and astaxanthin) 
for use in a range of food products and cosmet-
ics, such as vitamin supplements and health 
products and as feed additives for poultry, 
livestock, fish and crustaceans (del Campo 
et al., 2007; Jackson et al., 2008). One of the 
most commercially valuable pigments, astax-
anthin (Fig. 12.11), is primarily synthesized 
by marine microorganisms, such as the green 
alga Haematococcus pluvialis and accumulates 
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in fish such as salmon, thus colouring their 
flesh red. Astaxanthin has been implicated as 
a potential therapeutic agent treating cardio-
vascular disease and prostate cancer (Fassett 
and Coombes, 2011).

12.2 Accumulation, Storage 
and Insights from Biofortification

The storage of carotenoids requires a lipo-
philic environment, usually within the mem-
branes of plastid organelles, which behave as 
a sink for their accumulation. Carotenoids 
are usually synthesized de novo in differenti-
ated plastids of roots, flowers, fruits and 
seeds, accumulated mostly in chloroplasts, 
chromoplasts, and amyloplasts (starch-storing 
plastids), leucoplasts (colourless plastids), eti-
oplasts (dark-brown precursors of the chlo-
roplast) and elaioplasts (lipid-storing plastids) 
(Cazzonelli and Pogson, 2010; Pogson and 
Albrecht, 2011).

There are links between changes in carot-
enoid composition and plastid biogenesis, 
morphology and protein translocation; in 
particular, it is noteworthy that carotenoids 
(e.g. lutein) are necessary for the differentia-
tion of an etioplast into a chloroplast. The 
regulation of carotenoids targeting, storage 
and sequestration within various plastid 
types is a process to modulate a sink for carot-
enoid accumulation (Lu et al., 2006; Cuttriss 
et al., 2007). A naturally occurring mutation 
in the Brassica oleracea orange-curd (or) gene 
changes a normally white cauliflower curd 
into an orange Or mutant, which accumu-
lates high levels of b-carotene (Lu and Li, 
2008). Carotenoids accumulate in lipoprotein 

structures within the chromoplast (Bartley 
and Scolnik, 1995; Vishnevetsky et al., 1999), 
which might allow for additional carotenoid 
biosynthesis. Therefore chromoplasts serve 
as a metabolic sink to control carotenoid accu-
mulation in plants and reveal the importance 
of plastid differentiation in controlling their 
accumulation in plants (Lu et al., 2006; Li and 
van Eck, 2007).

Xanthophylls mostly found in green 
vegetables and yellow fruits are stored in the 
retina of the eye. They are expected to protect 
vitamin A, E and other carotenoids from 
oxidation and skin from adverse effects of 
sunlight. Lutein and zeaxanthin (van het Hof 
et al., 1999) protect photoreceptor cells from 
light-generated oxygen radicals. They are more 
effective than a-, b-carotenes and lycopene in 
chemopreventive activity. Lycopene exerts 
greater antioxidant activity compared to 
b-carotene and it has also been reported to 
protect cholesterol against oxidative damage 
(di Mascio et al., 1989; Mayne, 1996; Woodl 
et al., 1997; Papas, 1999; van het Hof et al.,
1999). It does not convert to vitamin A but 
may provide important health benefits such 
as protection against cancer by quenching 
the destructive potential of singlet oxygen. 
b-cryptoxanthin (Sarry et al., 1994) occurs in 
oranges, mango, papaya, cantaloupe, peaches, 
prunes and squash etc. It exhibits provitamin 
A activity. Astaxanthin (Woodl et al., 1997) 
and capsanthin (Fig. 12.12) (Krinsky, 1993) are 
other naturally occurring xanthophylls with 
potent antioxidant properties. Their antioxi-
dant effects enable these compounds to play a 
vital role in protecting organisms against the 
damage of photoradiation during photosyn-
thesis. They function as antioxidants by pro-
tecting lipid peroxidation, blood and other 
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body fluids from free ROS including singlet 
oxygen, hydroxyl, peroxide and superoxide 
radicals (Krinsky, 1989; Sarry et al., 1994; 
Papas, 1999). Thus the all-trans isomer of 
b-carotene is the major source of retinol 
(Fig. 12.13) (di Mascio et al., 1989) due to its 
high provitamin A activity. One molecule of 
it can theoretically provide two molecules 
of trans-retinaldehyde or retinal (Fig. 12.13) 
(Mayne, 1996). It quenches singlet oxygen, 
induces gap junction communication and 
inhibits lipid peroxidation. Its high serum 
levels are correlated with low incidences of 
cancer. It is similar to b-carotene in biological 
activity, but quenches reactive oxygen more 
effectively (di Mascio et al., 1989; Krinsky, 
1993; Krinsky et al., 2003; Rissanen et al., 2003).

12.3 Turnover and Degradation of 
Carotenoids

Carotenoids are relatively stable compounds 
that accumulate in diverse types of tissues 
(photosynthetic and non-photosynthetic). 
Recently, it was demonstrated by 14CO2 uptake 
experiments that their turnover appears to be 
much greater than expected (Beisel et al., 2010). 
Given the continued synthesis in mature 
leaves, the active degradation of carotenoids 
by CCD (carotenoid cleavage dioxygenases) 
and NCED (9-cis-epoxycarotenoid dioxyge-
nase) enzymatic turnover has become an 
exciting area of discovery (Bouvier et al., 2005; 
Lewinsohn et al., 2005; Walter et al., 2010). 
Members of these gene families are involved 
in the biosynthesis of the phyto-hormone 
ABA (NCEDs), which controls abiotic stress 
signalling pathways and strigolactone (CCDs) 

which controls shoot growth and root–
mycorrhizal symbiosis.

The CCD gene family (CCD1, 4, 7 and 8)
play essential roles in synthesis of colour, 
apo-carotenoids flavour, aroma volatiles and 
phytohormones such as strigolactone. The 
active degradation of the xanthophylls by CCD 
activity can reduce lutein content in strawber-
ries as well as cause changes in the pigmenta-
tion in chrysanthemums from white to yellow 
(Ohmiya et al., 2006; García-Limones et al.,
2008). In maturing Arabidopsis seeds a loss of 
function of CCD1 activity leads to higher 
carotenoids level and may have a role in syn-
thesis of apo-carotenoids flavour and aroma 
volatiles (Auldridge et al., 2006). Similarly, in 
tomato (Lycopersicon esculentum) LeCCD1 activ-
ity contributes to the formation of the flavour 
volatiles b-ionone, pseudoionone and gera-
nylacetone (Simkin et al., 2004). Two of the 
genes that affect shoot branching encoding 
CCD7 and CCD8 can sequentially cleave 
b-carotene to form the C18 compound, i.e. 
13-apo-carotenone (Schwartz et al., 2004). 
CCD7 appears to be a biosynthetic cross 
point, controlling both strigolactone and 
AM-induced C13 cyclohexenone and C14 
mycorradicin apo-carotenoids. Finally, there 
are examples of cross talk where inhibition of 
ABA biosynthesis reduces CCD7 and CCD8
transcript abundance as well as strigolactone 
levels (Lopez-Raez et al., 2010).

12.4 Properties of Carotenoids

Carotenoids perform several functions; they 
are involved in light harvesting, but also con-
tribute to stabilize the structure and aid in the 

Fig. 12.13. R=CH2OH, retinol; R=CHO, retinal; and R=COOH, retinoic acid.
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function of photosynthetic complexes, besides 
quenching chlorophyll triplet states, scaveng-
ing free radicals and dissipating excess energy 
(Guedes et al., 2011). The intrinsic antioxidant 
activity of carotenoids constitutes the basis 
for their protective action against oxidative 
stress; however, not all biological activities 
claimed for carotenoids relate to their ability 
to inactivate free radicals and ROS. The lyco-
pene molecule represents the basic structure 
of the carotenoids. It is composed of 40 carbon 
atoms arranged in a long structure with alter-
nating single and double bonds. The distinc-
tive pattern of alternating single and double 
bonds in the polyene backbone of carotenoids 
allows them to absorb excess energy from 
other molecules, while the nature of the spe-
cific end groups on carotenoids may influ-
ence their polarity. The former may account 
for their antioxidant properties and the latter 
may explain the differences of ionic interaction 
with biological membranes (Krinsky, 1993; 
Britton, 1995; Krinsky et al., 2003). Carotenoids 
can undergo many reactions with a wide 
variety of chemical reagents; some of them 
might be similar to chemicals found in bio-
logical systems. The process that draws much 
attention is the oxidation of carotenoids, dur-
ing which they may function as biological 
antioxidants. Their ability to react with radi-
cal species has served as the basis for the 
determination of various lipoxygenase activi-
ties. They inhibit lipid peroxidation, enhance 
eye health and immune systems and reduce 
the risk of certain cancers. The basis for the 
assay involves an oxidative interruption of 
the conjugated double-bond system, which 
is invariably accompanied by a loss of the vis-
ible absorption, or a ‘bleaching’ of the carote-
noids. Carotenoids are heat stable up to 50°C 
and degrade rapidly above this temperature. 
On heating, the naturally occurring trans-
double-bond configuration rearranges to 
cis- configuration. This causes a slight shift in 
the absorbance maxima. Common unit ope-
rations of food processing, blanching, retort-
ing and freezing etc., in general have either 
minor or no effect on their degradation. Fro-
zen and heat-sterilized foods, with few excep-
tions, exhibit excellent stability. They are also 
stable in foods over a pH range of 2 to 7 (Stahl 
et al., 1997; Clinton, 1998; Cooper et al., 1999; 

Papas, 1999; van den Berg, 1999; Anonymous, 
2001; Holick et al., 2002; Krinsky et al., 2003).

12.5 Carotenoids as Antioxidants

Free radicals can damage the body’s DNA, 
RNA, enzymes, carbohydrates, proteins, 
lipids and cell membranes and thus weaken 
the natural defences. DNA damage can cause 
cancer while damage in arteries may cause 
hardening and increase the risk of heart 
attack, several other diseases, premature age-
ing and death (Mayne, 1996; Papas, 1999; 
Rissanen et al., 2001). Halliwell and Gutteridge 
(1995) defined an antioxidant as ‘any sub-
stance when present at low concentrations 
compared to those of an oxidizable substrate, 
significantly delays or prevents oxidation’. 
Antioxidants, such as carotenoids, polyphe-
nols, vitamins C and E are known to have 
synergistic interactions through their recy-
cling mechanisms (Papas, 1999; Anonymous, 
2000; Flood et al., 2002). Antioxidants help 
to control free radicals by quenching, by 
donating electrons to molecules before they 
damage other cells. Antioxidants may have 
additional activities, such as reducing the 
energy of a free radical or stopping it from 
forming by interrupting an oxidizing chain 
reaction. They may also trap free radicals and 
lipid peroxides, delaying the onset of lipid per-
oxidation, stopping production of further free 
radicals and inhibiting the damaging effects of 
certain enzymes that can degrade connective 
tissues. The mechanisms of reactions between 
carotenoids and radical species may involve 
radical addition, hydrogen abstraction and 
electron transfer, but its precise mechanisms 
remain unclear (Liebler, 1993; Agarwal and 
Rao, 1998; Papas, 1999).

A large number of the evidences support 
the hypothesis that lipid oxidation or oxida-
tive stress may be the underlying mechanism 
in chronic diseases and that b-carotene acts as 
an antioxidant in vivo (Liebler, 1993; Krinsky, 
1998). Carotenoids have been considered as 
antioxidants, rather than pro-oxidants, based 
on in vitro experimental evidence. The antioxi-
dant and/or pro-oxidant properties of carot-
enoids are affected by their concentration, 
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oxygen partial pressure and the nature of 
the environment. Such actions of carotenoids 
on lipid oxidation have been of interest in 
food lipids as well as in biological membrane 
lipids. Since the major constituents of biologi-
cal membranes are lipid and proteins, oxida-
tion can damage membrane lipids. In foods, 
extensive investigation has been focused on 
lipid oxidation, which is of importance as it 
leads to rancidity. In all, b-carotene has been 
the prototype for examining the antioxidant 
action of carotenoids in different in vitro lipid 
models (Jung and Min, 1991; Levy et al., 1995; 
Young and Lowe, 2001).

Research has been focused upon manip-
ulation of carotenoid content and composition 
in crop plants through biotechnological tech-
niques to improve their nutritional value for 
human consumption. The genes and cDNAs 
encoding enzymes of the pathway have been 
identified, sequenced and characterized. Thus, 
the enormous progress in cloning caroteno-
genic genes has opened up the possibility of 
genetic manipulation of the carotenoid bio-
synthetic pathway in plants (Bertram, 1999; 
Naik et al., 2003).

12.6 Light Absorption and Energy 
Transfer

The best-known property of carotenoids is 
their ability to absorb light. The ultraviolet 
and visible spectrum is the first diagnostic 
tool for the identification of carotenoids. The 
evidence of this is all through nature, in the 
various colours of plants and animals. The 
process of absorbing light involves the forma-
tion of singlet state carotenoids (1carotenoids) 
and subsequently transfer of this excitation 
energy to a photoresponsive pigment, chlo-
rophyll, to initiate the process of photosyn-
thesis. This type of process can effectively 
extend the wavelength of light available to 
an organism for photosynthesis, since the 
bulk of carotenoids present in photosynthe-
sizing systems absorb at wavelengths differ-
ent from those of the photoactive chlorophylls 
or bacterio-chlorophylls (Bartley and Scolnik, 
1995; Papas, 1999). In addition to absorbing 
light directly, they can also be excited by an 

energy transfer reaction to form the triplet 
state species (3carotenoids). The important reac-
tions are the transfer of energy from a suitable 
triplet sensitizer or excitation energy from sin-
glet oxygen (1O2) to carotenoids. In each case, 
3carotenoid species are formed.

Carotenoids + hn ® 3Carotenoids
3Carotenoids + Chlorophyll ® Carotenoids 

+ 3Chlorophyll

12.6.1 Photosynthesis

Life on Earth is based on the energy of solar 
radiation, which is captured by higher plants, 
algae and photosynthetic bacteria. These 
organisms contain photosynthetic pigments 
such as chlorophylls, phycobilins and carote-
noids, which absorb light in a wide range 
of wavelengths, covering the whole visible 
region and extending even to the near infra-
red region (Paavo and Tuomo, 2001). Finally, 
the energy is stored in the form of carbohy-
drates and other hydrogen-containing organic 
compounds.

12.6.2 Singlet oxygen scavenging

Carotenoids have a wonderful ability to inter-
act with and neutralize oxidants, chemically 
reactive oxygen species known as singlet oxy-
gen and free radicals. Natural astaxanthin has 
the greatest ability to serve in this antioxidant 
function, which is why it is the world’s 
strongest natural antioxidant. But many other 
carotenoids also have an antioxidant effect 
(Paavo and Tuomo, 2001). Scavenging of free 
radicals may be by obtaining its missing elec-
tron by removing an electron from another 
molecule or to add itself to another to pair 
its single electron, forming an adduct. In either 
case, the electron-rich character of carotenoids 
make them attractive to radicals, thus sparing 
other cell components (lipids, proteins, DNA) 
from radical damage. For example, the nitro-
gen dioxide radical (NO2

−) may obtain an 
electron from a carotenoid, resulting in the 
formation of a cationic (positively charged) 
radical. The observed order of reactivity with 
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NO2
− was (lycopene = zeaxanthin) > lutein > 

(astaxanthin = crypothaxanthin).
Carotenoids ‘quench’ singlet oxygen pri-

marily by a physical mechanism, in which the 
excess energy of singlet oxygen is transferred 
to the carotenoid’s electron-rich structure. The 
carotenoid is excited by this added energy 
into a triplet state (3Car*), and then relaxes 
into its ground state (1Car) by losing the 
extra energy as heat. During this physical 
mechanism the carotenoid structure remains 
unchanged to protect against further singlet 
oxygen. The conjugated system of alternating 
double and single bond in which the electrons 
are effectively delocalized over the entire 
length of polyene chain is responsible for the 
physical and chemical properties of carote-
noids and is primarily responsible for the 
excellent ability of carotenoids to physically 
quench singlet oxygen without degradation.

1O2
* + 1Car ® 3O2 + 3Car*

3Car* ® 1Car + Heat

12.7 Sources of Carotenoids

Because plants are able to synthesize carote-
noids de novo, they are widely distributed in 
plant-derived foods and the composition is 
enriched by the presence of small amounts 
of biosynthetic precursors and derivatives of 
the major carotenoids. In general the level of 
carotenoids is directly proportional to the 
intensity of colour. Egg yolks, dairy products, 
fruits, vegetables, legumes, grains and seeds 
are the major food sources. In green leafy 
vegetables, b-carotene is predominant while 
in the orange-coloured fruits and vegeta-
bles such as carrots, apricots, mangoes, yams, 
winter-squash, other carotenoids typically 
predominate. Yellow vegetables have higher 
concentrations of xanthophylls with a low 
provitamin A activity, but some of these com-
pounds, such as lutein, may have significant 
health benefits. The red and purple vegeta-
bles and fruits such as tomatoes, red cabbage, 
berries and plums contain a large portion of 
non-vitamin A active carotenoids. Tomato and 
watermelon are major sources of lycopene 
(del Campo et al., 2007).

Carotenoids constitute a class of terpenoid 
pigments, derived from a 40-carbon polyene 
chain, which can be envisaged as their molec-
ular backbone – indeed, it provides carote-
noids with distinctive molecular structures, 
and the associated chemical properties includ-
ing light-absorption features that are essential 
for photosynthesis and, in general, for life in 
the presence of oxygen (del Campo et al.,
2007). The aforementioned backbone may be 
complemented by cyclic groups (rings) and 
oxygen-containing functional groups. Hence, 
hydrocarbon carotenoids are denoted as caro-
tenes as a whole, but oxygenated derivatives 
are known specifically as xanthophylls; with 
oxygen being present as −OH groups (e.g. 
lutein), as oxi-groups (e.g. cantaxanthin) or as 
a combination of both (e.g. astaxanthin) (del 
Campo et al., 2007). All xanthophylls synthe-
sized by higher plants (e.g. violaxanthin, anthe-
raxanthin, zeaxanthin, neoxanthin and lutein) 
can also be synthesized by green microalgae; 
however, these possess additional xantho-
phylls (e.g. loroxanthin, astaxanthin and can-
thaxanthin). Diatoxanthin, diadinoxanthin and 
fucoxanthin can also be produced by brown 
algae or diatoms (Eonseon et al., 2003).

The large number of existing species of 
microalgae constitutes a unique reservoir of 
biodiversity, which supports potential com-
mercial exploitation of many novel products 
besides vitamins, pigments and polyunsatu-
rated fatty acids. The key factor for their 
eventual economic feasibility is the possibil-
ity of operating large photobioreactors, able 
to handle biomass and metabolites to suffi-
ciently high levels (Sanchez et al., 2008). A dis-
tinction is usually made between primary 
and secondary carotenoids: primary carote-
noids (i.e. xanthophylls) are structural and 
functional components of the cellular photo-
synthetic apparatus, so they are essential for 
survival (Eonseon et al., 2003; Guedes et al.,
2011), whereas secondary ones encompass 
those produced by microalgae to large levels, 
but only after exposure to specific environ-
mental stimuli (via carotenogenesis).

Xanthophylls are relatively hydrophobic 
molecules, so they are typically associated 
with membranes and/or involved in non-
covalent binding to specific proteins; they are 
usually localized in the thylakoid membrane, 
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whereas secondary carotenoids are found in 
lipid vesicles, in either the plastid stroma or 
the cytosol. Most xanthophylls in cyanobacte-
ria and oxygenic photosynthetic bacteria are 
associated with chlorophyll-binding polypep-
tides of the photosynthetic apparatus, how-
ever, in most green microalgae, carotenes and 
xanthophylls are synthesized within plastids, 
and accumulate therein only. Conversely, sec-
ondary xanthophylls in some green microal-
gae (e.g. astaxanthin in Haematococcus sp.) 
accumulate in the cytoplasm; this realization 
raises the possibility of an extra-plastidic site 
of carotenoid biosynthesis in that genus. 
Alternatively, xanthophylls synthesized in the 
chloroplast may be exported, and conse-
quently accumulate in the cytoplasm (Tardy 
and Havaux, 1996; Rabbani et al., 1998; 
Eonseon et al., 2003) so they may be found in 
essentially all cellular compartments.

12.8 Health Benefits and Concerns 
about Carotenoids

Carotenoids are generally regarded as safe, 
based primarily on studies with b-carotene. 
Increased consumption of carotenoids may 
cause the skin to turn orange or yellow, known 
as carotenodermia. This occurrence is com-
pletely benign and is unrelated to jaundice 
that can result from liver disease or other 
causes. Vitamin A plays an important role in 
vision, bone growth, reproduction, cell divi-
sion and differentiation. However, unlike 
b-carotene, high doses have a negative impact 
on bone health and increase levels of retinoic 
acid (Fig. 12.13) (Rissanen et al., 2003). It can 
also affect the ability of vitamin D to maintain 
normal calcium levels in the body, resulting 
in weakened bone structure. Hypervita-
minosis can result in dry, itchy skin, head-
ache, fatigue, vomiting, liver damage, loss of 
hair and appetite. It maintains the surface 
linings of eye and respiratory, urinary and 
intestinal tracts. When those linings break 
down, bacteria can enter the body and cause 
infection. The immune system helps to pre-
vent or fight off infections by making 
white blood cells that destroy harmful bac-
teria and viruses. It may help lymphocytes 

function more effectively in fighting against 
infections, prevent bacteria and viruses from 
entering the integrity of skin and mucous 
membranes (Reaven et al., 1994; Gaziano 
et al., 1995).

Vitamin A deficiency is still a major pub-
lic health problem in the developing world. It 
is most often associated with protein/calorie 
malnutrition and affects over 120 million 
children worldwide. In countries where immu-
nization programmes are not effectively mon-
itored, its deficiency is common, leading to 
the death of millions of children each year 
from complications of childhood blindness, 
infectious diseases such as measles, xeroph-
thalmia and pneumonia etc. As a result of the 
worldwide significance of vitamin A defi-
ciency in children, the WHO and the UNICEF 
recommend its administration for all children 
diagnosed with measles in communities 
where its deficiency is a serious problem and 
death from measles is greater than 1% (West 
et al., 1989).

Lycopene, a- and b-carotenes help to 
prevent heart disease by inhibiting the for-
mation of harmful LDL cholesterol (Reaven 
et al., 1994). Cataracts are caused, at least in 
part, by long-term free radical damage to eyes. 
Carotenoids may delay that risk by scaveng-
ing free radicals. Mixed carotenoid supple-
ment along with vitamins C and E reduces 
the risk of developing diabetes and fights 
against Alzheimer’s disease by protecting 
nerve cells in the brain from deterioration. 
They may protect sperm from damage by 
free radicals, so can be used as treatment for 
male infertility. b-carotene may also protect 
against chromosome abnormalities and/or 
their damage. It suppresses the activity of a 
gene involved in inflammation and redden-
ing of skin, which is a marker for oxidative 
stress. Lower intakes of carotenoids in the 
body are associated with a higher risk of colo-
rectal cancer. It has been found that high 
supplemental intakes of lutein, zeaxanthin, 
cryptoxanthin, a- and b-carotene etc. reduced 
the risk of breast, cervical and lung cancer. 
Lycopene appears to be particularly effective 
against cancers of the prostate, digestive tract 
and lungs and may also protect the body against 
the effects of chemotherapy or radiation. They 
protect against sun damage because of their 
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effect on the immune system, scavenger role 
towards oxidative substances and shield-
like influence on the skin (West et al., 1989; 
Stahl et al., 1992; Reaven et al., 1994; Gaziano 
et al., 1995; Khachik et al., 1997; Palozza, 
1998; Cooper et al., 1999; Papas, 1999; Holick 
et al., 2002).

Most oxidation reactions in foods are 
deleterious, e.g. degradation of vitamins, 
pigments and lipids, with consequent loss 
of nutritional value and development of 
off-flavours (Halliwell and Gutteridge, 2007; 
Guedes et al., 2011). Antioxidants, which are 
adventitious in, or deliberately added to 
foods, can inhibit oxidation or slow down ini-
tiation by free alkyl radicals, as well as inter-
rupt propagation of such free radical chains. 
On the other hand, carotenoids are particu-
larly strong dyes, even at levels of parts per 
million. Specifically, canthaxanthin, astaxan-
thin and lutein from Chlorella have been in 
regular use as pigments, and have accord-
ingly been included as ingredients of feed for 
salmonid fish and trout, as well as poultry, to 
enhance the reddish colour of fish or the yel-
lowish colour of egg yolk (Guerin et al., 2003; 
Cysewski and Lorenz, 2004; Plaza et al., 2009).

The dietary b-carotene is a protective 
agent against cancer, therefore carotenoids 
have received wide research interest as poten-
tial antioxidants in both in vitro studies and 
animal models (Krinsky, 1998; Krinsky et al.,
2003). In the early 1980s, scientific knowledge 
of the antioxidant action of b-carotene was 
mainly based on observational studies, which 
widely reported that a higher consumption 
of carotenoid-rich vegetables and fruits was 
associated with a lower risk of cancer and 
cardiovascular disease (Krinsky, 1998; Rapola 
et al., 1998). Contrary to observational stud-
ies, the major intervention trials on b-carotene 
supplementation have reported a lack of pro-
tection against cancer and cardiovascular dis-
ease. In Finland, the a-tocopherol, b-carotene 
(ATBC) cancer study reported that supple-
mental b-carotene may in fact have harmful 
effects, whereas dietary b-carotene had an 
adverse protective effect among smokers 
(Anonymous, 1994; Albanes et al., 1997). In 
addition, the supplementation of b-carotene 
did not protect healthy men or smokers and 
workers exposed to asbestos. On the other 

hand, the supplementation with the combina-
tion of b-carotene, vitamin E and selenium 
may inhibit cancer development. The Linxian 
trial observed a significant reduction in total 
mortality, due mostly to a lowered risk of can-
cer, among general adult population receiv-
ing the combination of b-carotene, vitamin E 
and selenium (Hennekens et al., 1996; Omenn 
et al., 1996; Albanes et al., 1997; Krinsky, 1998; 
Rapola et al., 1998; Krinsky et al., 2003). Mayne 
(1996) and Omaye et al. (1997) stated that 
more evidence is needed to understand many 
of the associations between carotenoids and 
the observed effects in risks of disease. Mayne 
(1996) stated that it is difficult to interpret 
whether the apparent benefits are due to anti-
oxidant vitamins, nutrients, dietary habits 
or other non-dietary lifestyle characteristics. 
Much more experimentation is needed to 
establish the important dietary antioxidants 
and their optimal intake. In human beings, 
carotenoids can serve several important func-
tions (Blot, 1993; Krinsky, 1998). The most 
widely studied and well-understood nutri-
tional role for carotenoids is their provitamin 
A activity. It has been shown that pro- and 
non-provitamin A carotenoids are capable of 
inhibiting the growth of transformed fibro-
blasts (Omaye et al., 1997; Papas, 1999). There 
is increasing evidence that growth arrest is 
due to the stimulation of gap-junctional com-
munication between transformed and sur-
rounding normal cells. These findings suggest 
that carotenoids or their derivatives play a 
role in intercellular signals involved in growth 
control. Inhibitory effects of b-carotene and 
lycopene on cell proliferation have also been 
described for several human cancer cell lines 
(Bartley and Scolnik, 1995; Bertram and 
Bortkiewicz, 1995; Sharoni and Levi, 1996; 
Halliwell, 1997; Osborne et al., 1997).

As potent biological antioxidants, carot-
enoids are able to absorb the excitation 
energy of singlet oxygen radicals into their 
complex ringed chain, thus promoting 
energy dissipation, while protecting tissues 
from chemical damage. They can also delay 
propagation of such chain reactions as those 
initiated by degradation of polyunsaturated 
fatty acids, which are known to dramati-
cally contribute to the decay of lipid mem-
branes, thus seriously hampering cell integrity 
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(Guerin et al., 2003). Carotenoids have also 
the ability to stimulate the immune system, 
thus being potentially involved in more than 
60 life-threatening diseases, including vari-
ous form of cancer, coronary heart diseases, 
premature ageing and arthritis (Mojaat 
et al., 2008); this is specifically the case for 
canthaxanthin and astaxanthin, and other 
non-provitamin A carotenoids.

Although it is tempting to formulate a 
cocktail of carotenoids with the desire to pro-
vide a full spectrum of health benefits, it is 
advised to take into consideration the specific 
health benefit to be targeted. For example, it 
might not be beneficial to include lycopene 
for an eye health formula because it has not 
been demonstrated to improve vision. The 
significance of pro-oxidant actions of carote-
noids in biological systems remains to be 
investigated. To achieve a better understand-
ing of carotenoids and dietary antioxidants, 

further investigations should concentrate on 
the interactions between carotenoids and 
tocopherols as well as other complex interac-
tions between naturally occurring compo-
nents of foods (Gaziano et al., 1995; Cooper 
et al., 1999; Holick et al., 2002).

Carotenoids are ubiquitous and are essen-
tial in nature, clearly serving numerous func-
tions during animal and plant development. 
At present, there is growing research interest 
in the interactions between carotenoids and a 
variety of free radicals involved in oxidative 
stresses. Knowledge on the antioxidant/pro-
oxidant properties of carotenoids at the gene 
level would be of interest. On the other hand, 
the current in vitro and in vivo evidence of pro-
oxidant activity of carotenoids has awakened a 
new area of interest in this field. Future 
research prospects should deal with the com-
plexities of diet, genetics and environment in 
the disease process (Papas, 1999).
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13.1 Introduction

The word antioxidant is related with a function 
or activity that can have a chemical structure 
to interfere in any natural oxidative process 
that happens in vivo or in vitro and to delay the 
process until the compound that presents this 
activity is consumed as part of its protective 
activity (Choe and Min, 2005). On the other 
hand, oxidative processes are part of natural 
living organisms generating chemical com-
pounds that are highly reactive and necessary 
in some physiological events, and in other 
events can produce damage to tissues struc-
tures. They must be neutralized by the anti-
oxidants present in the medium. Normally 
compounds with antioxidant activity are pre-
sent in very small amounts related to the oxi-
dative substrate (Becker et al., 2004).

From a human nutrition perspective, two 
biological systems need antioxidant protection: 
food and human tissues. As a consequence, 
two different fields for their presence, activity 
and application are distinguished: in vitro for 
food and in vivo for humans. In both systems, 
adequate chemical or biological markers must 
be selected for evaluating the antioxidant 
activity. It is easier to test the protection of an 

antioxidant in a food matrix than in a live 
organism due to natural difficulties associ-
ated with the intake dose, biotransformation, 
absorption, metabolism, excretion, biomarker 
used, etc. (Kenner and Lapidot, 2001). Many 
organic compounds can present antioxidant 
activity. In general, the safer chemical structure 
associated with an antioxidant activity in foods 
and in humans is the phenol ring. The more 
labile substrates to suffer oxidative alteration 
are lipids due to their chemical structure 
(Frankel et al., 1993).

The oxidation rate is related with the 
fatty acid structure, saturated fatty acids being 
more stable. The presence of one double bond 
in the carbon chain is enough to increase the 
oxidative process. Two or more double bonds 
enhance the susceptibility according to an 
exponential rate. Polyunsaturated fatty acids 
present in any matrix, in vitro or in vivo, have 
the highest susceptibility for suffering oxida-
tive alteration and if the matrix is not natu-
rally protected, adequate and safe synthetic 
or natural antioxidants will be used (Pokorny, 
1991). Normally, unsaturated fatty acids are 
oxidized by the mechanism of free radical 
formation followed by a propagation step, 
starting a chain reaction self-catalysed with 
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production of more free radicals. Normally 
phenolic antioxidants act in this step as a 
chain-breaking step, donating its hydrogen as 
electron donors, acting as free radicals scaven-
gers to stop the chain reaction, and they are 
oxidized to stable structures according to this 
chemical reaction (Sthal, 2000).

Phenolic acids are described as natural 
antioxidants belonging to an abundant and 
wide group of chemical structures where a 
phenol ring is always present. They are con-
stituents of vegetal structure, principally in 
fruits, seeds, leaves and flowers, where they 
exert different functions such as antioxidants, 
antimicrobials, contribution to colour, fla-
vour, etc. (Kuhnau, 1976). Some have a very 
complex structure that is highly polymerized; 
others are simpler as in the case of phenolic 
acids. Phenolic acids can be part of more com-
plex compounds that are divided into different 
groups according to some common phenolic 
structures. Phenolic acids are sub-grouped 
into a number of common simple phenolic 
molecules with a carboxylic group and with 
phenolic OH. For this reason they are named 
hydroxy acids, and they can also have a meth-
oxy group associated with the phenolic ring 
(Hermann, 1989). Interest in these phenolic 
acids has increased from the biological point of 
view related to their possible protective anti-
oxidant activity for preventing or delaying 
some diseases related to the oxidative lipid tis-
sue processes, such as atherosclerosis caused 
by LDL-cholesterol oxidation. In a more gen-
eral way, they can act at cellular level as a free 
radical scavenging agent, protecting the tissue 
from these aggressive biological compounds 
generated in the human organism by lipid oxi-
dation (Sroka and Cisowski, 2003).

This chapter deals with the structure, 
presence in plant kingdom and foods, aspects 
related with their antioxidant, physiological 
functions, applications and bioavailability of 
phenolic compounds.

13.2 Structure and 
Antioxidant activity

Phenolic acids belong to a large family of plant 
compounds quite common in the plant kingdom 
designated as phenolic compounds with a 

more complex structure, but maintaining a 
phenolic ring in their molecules (Bravo, 1998). 
The interest in these phenolic molecules arises 
from the biological point of view because 
they are considered as the important source 
of natural antioxidants for humans (Del Rio 
et al., 2010). From phenolic acids, two chemical 
structures corresponding to benzoic and cin-
namic acids (hydroxybenzoic and hydroxycin-
namic acid) are the parent molecules which 
originated from two families: the benzoic acid 
(hydroxybenzoic) family with seven carbons; 
p-hydroxybenzoic, protocatechuic, vanillic, 
syringic and gallic acids belong to this family. 
The other family formed by cinnamic acid 
(p-hydroxycinnamic) with nine carbons and 
two carbon chains with one double bond is 
linked to the carboxylic group. This family is 
constituted principally by p-cumaric, ferulic, 
caffeic and sinapic acids; when caffeic acid is 
associated with quinic acid, chlorogenic acid 
is formed (Cuvelier et al., 1992). A relation-
ship between antioxidant capacity and chem-
ical structures of these phenolic acids exists 
(Fig. 13.1). The parent acids have an important 
difference: p-hydroxycinnamic has a group 
-CH=CH-COOH, which replaces the -COOH 
in benzoic acid, contributing to a better 
phenolic ring stabilization; the presence of 
phenolic OH groups in the ‘ortho’ or ‘para’ 
position, or both, improves the antioxidant 
activity of the respective phenolic acid. In 
addition, the presence of one or two -OCH3

groups, favour the antioxidant behaviour of 
the respective phenolic acid (Rice-Evans et al.,
1996). According to these chemical structures, 
in general, the cinnamic acid family must 
have a better antioxidant activity than the 
benzoic family, and following with this crite-
ria in the benzoic family, 3,4-dihydroxyben-
zoic and syringic acid should present the 
highest antioxidant activity. On the other 
hand, in the cinnamic family, caffeic and 
sinapic acid should be the most potent. 
Comparing the two families, caffeic acid 
should have the best antioxidant capacity 
(Natella et al., 1999).

These phenolic acids are widely spread 
in the plant kingdom; they are part of our 
daily diet through vegetables, fruits and 
grains. The interest in human health is related 
with their chemical structure corresponding 
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to primary antioxidants and the biological 
possibility that they can have some protec-
tive effects to prevent or delay some non-
transmissible diseases such as cardiovascular 
disease and cancer, which affects many people 
in the world population (Cheng et al., 2007).

13.3 Occurrence in the 
Plant Kingdom

It has been described that phenolic acids 
are produced in plants as a defensive response 
to any aggressive environmental situation. 
In addition, different factors can influence the 
concentration of phenolic acids in a fruit or 
vegetable, such as climate, variety, culture 
conditions and state of maturity (Asami et al.,
2003). As an example, phenolic acids decrease 
during ripening; this situation means that the 
phenolic acid content in determined species 
can present variations among the same species. 
Different studies have been conducted to 

modify phenol content or profile (Clifford, 
1999; Parr and Boldwell, 2000). Storage con-
ditions, domestic and industrial processing 
can also change the phenolic content of fruits 
or vegetables such as apple, pear, grape 
juice and potato (Spanos and Wrolstad, 1992; 
Friedman, 1997). The two families of phenolic 
acids are present in fruits, vegetables and grains 
such as cereals. The hydroxybenzoic acid 
family is less abundant compared with the 
hydroxycinnamic acid family. The changes 
produced in natural and industrialized fruits 
and vegetables and the consumers’ prefer-
ence influence the phenolic acid intake for 
caffeic acid and has been estimated around 
500–1000 mg day−1 (Clifford, 2000). Onions, some 
red fruits such as strawberries, raspberries, 
blackberries and black radish contain mem-
bers of the hydroxybenzoic acids family; gal-
lic acid being one of the most important and it 
is also present in leaves. This family is present 
in more complex phenolic molecules such as 
gallotanins in mango fruit and in ellagitanins 
(Clifford and Scalbert, 2000). As a consequence 
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Fig. 13.1. Structure of some phenolic acids and their methoxy derivatives.
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of this direct contribution to the daily human 
diet, the studies of the hydroxybenzoic acid 
family is less relevant. The other family of 
hydroxycinnamic acids is more abundant in 
nature, principally in the external part of the 
foods, in fruits bonded with glucose, or ester-
ified with three acids: quinic, shikimic or tar-
taric (Naczj and Shahidi, 2006). Phenolic acids 
principally from the hydroxycinnamic family 
are present in berries. They are considered as 
the principal dietary source and they can con-
stitute around 70–85% of the total phenolic 
compounds; more than 20 phenolic acids can 
be present in berries. Their content can change 
due to many circumstances such as cultivars, 
ripening and pre- and postharvest manage-
ment (Zadenowski et al., 2005). Beans are also 
a source of phenolic acids (Lutria and Pastor-
Corrales, 2006).

Caffeic and ferulic acids are the principal 
representatives of the hydroxycinnamic fam-
ily in plant foods. Caffeic acid can be in a free 
form or a combined form. It is the principal 
phenolic acid in fruits. One of the important 
esterified structures of caffeic acid is with quinic 
acid corresponding to chlorogenic acid. It is 
found in a high amount in coffee and berries 
such as strawberries, raspberries and black-
berries (Farah and Donangelo, 2006). Humans 
do not have the esterase to liberate caffeic acid 
from quinic acid, but it can pass to the free 
form by the intestinal microflora or by pro-
cessing such as with a low or high tempera-
ture and fermentation (Plumb et al., 1999). 
The second important hydroxycinnamic acid 
is ferulic acid; it can be present free or conju-
gated associated with dietary fibre and linked 
with an ester bond to hemicelluloses. Cereals 
are the principal dietary sources, especially 
wheat germ (Kroon el al., 1996, 1997; Kroon 
and Williamson, 1999). Distribution is not 
uniform; the external layer and bran are the 
richest parts. Therefore it is recommended to 
increase the consumption of integral grains 
(Nystrom et al., 2005). Wheat flour is refined, 
which removes outer bran and external layers 
thereby decreasing ferulic acid content. Maize 
grains have the highest content among cereals; 
normally ferulic acid is bonded to hemicellu-
loses. Detailed ferulic acid content in grains, 
peel fruits and vegetables such as potato, 
commercial foods and beverages and other 

hydroxycinnamic acids have been studied 
(Hermann, 1989; Clifford, 1999, 2000; Scalbert 
and Williamson, 2000; Manach et al., 2004; 
Mattila et al., 2006; Mattila and Hellstrom, 
2007; Zhao and Moghadassian, 2008).

13.4 Occurrence in Some 
Foods and Beverages

Potatoes have been widely studied due to 
their importance as one of the more relevant 
crops in the world. In addition to their tradi-
tional nutritive value, potatoes represent a 
good source of phytochemicals with healthy 
properties as phenolics compounds: flavo-
noids, anthocyanins and carotenoids pig-
ments (Malmberg and Theander, 1985). 
Among phenolic acids, chlorogenic acid is the 
principal with the highest percentage, and 
skin of potato is a better source of phenolic 
acids than pulp (Lewis et al., 1999). 
Lukascewicz et al. (2004) reported that purple 
red skin potatoes contain twice the phenolic 
acid concentration as to white skin tubers; 
purple or red pulp cultivars contain three or 
four times the phenolic acid concentration 
compared with white potato pulp. The pre-
dominating phenolic acid is chlorogenic acid 
followed by protocatechuic, vanillic and 
p-cumaric acid. Peel, an industrial waste 
from potato processing, can be used as ‘added 
value’ to other food products. Transgenic 
approaches have demonstrated that it is pos-
sible to increase phenolic acids in potato culti-
vars. Andre et al. (2007) have reported high 
variations, up to 11-fold in total phenolic con-
tent in native Andean potato, signalling that 
genotype has a high influence in this content.

Other contributions by potato are the 
phytochemicals present in skin and pulp 
including flavonoids, folate and carotenoids. 
Factors influencing the phytochemical con-
tent and stability are genotypes, agronomic 
factors, postharvest storage, cooking, pro-
cessing and co-pigmentation. The antioxidant 
activity of the compounds depends on their 
chemical structure. Human health benefits 
along with methods for determining these 
bioactive components were also discussed. 
Potato is not only starch, it also contains 
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many phytochemicals that function as health 
promoters; they should be an important part 
of the daily human diet (Ezekiel et al., 2011).

Flowers can also be a good source of 
phenolic acids, such as Hemerocallis. This 
flower, known as Chinese day lily, is part of 
the traditional Chinese food products. The 
chlorogenic acids in this flower were ana-
lysed by LC-MS. Three chlorogenic acids, 
three p-coumaroilquinic acids and two feru-
loilquinic acids were also identified. The 
extract is especially rich in the 3 and 4-acyl 
chlorogenic acids, making it a good source of 
these phenolic acids (Clifford et al., 2006).

Total and individual phenolic acids were 
studied in 34 commercial beers in China. They 
protected beer from oxidation during storage, 
contributing to flavour. The individual phe-
nolic acids were determined by HPLC: gal-
lic, protocatechuic, vanillic, caffeic, syringic, 
p-cumaric and ferulic acids were quantified; 
gallic and ferulic acids were the principal. 
A great variation in the values among beers 
was obtained. The results will permit the 
improvement of beer flavour, stability and 
protecting endogenous antioxidants in the 
raw materials and beers, through selectively 
raising certain varieties with improved phe-
nolic acid contents (Zhao et al., 2010).

Coffee, an important beverage con-
sumed all around the world, is a good source 
of chlorogenic acid. An analysis of 17 green 
coffee seeds from Brazilian Arabica cultivars 
and progenies, 4 Arabica and 13 hybrids was 
obtained after wet and semi-dry postharvest 
procedures. Chlorogenic acid was deter-
mined by HPLC and structure by HPLC-MS. 
The results indicated an increase of chloro-
genic acid in the seeds obtained by the 
wet procedure. Sensory analysis was done to 
test if the difference in chlorogenic acid had 
any influence on sensory parameters (Duarte 
et al., 2010).

Palm oil is an important commodity and 
during processing water-soluble waste con-
tains phenolic antioxidants. Phenolic com-
pounds present in Malaysian fruit oil palm 
(Elaeis guineensis) in soluble-free, insoluble-
bound and esterified forms were studied. 
Eight phenolic acids were determined: feru-
lic, p-hydroxybenzoic and p-cumaric were 
the most important; as minor acids gallic, 

protocatechuic, vanillic, caffeic, syringic were 
determined by HPLC/MS/MS; the antioxi-
dant capacities of the fractions were also 
determined. The results indicated that the 
principal phenolic content obtained from 
palm fruit oil is in the insoluble-bound form 
(Neo et al., 2010).

Cereals are other good sources of phenolic 
acids. The profile was determined in the flour 
from two Canadian wheat varieties ‘Western 
Red Spring’ and ‘Western Amber Durum’ at 
different sprout degrees by UPLC method. 
Seven phenolic acids in both wheat varieties 
were determined: 4-hydroxybenzoic, vanillic, 
caffeic, syringic, p-cumaric, ferulic and 
sinapic acids. Syringic and ferulic acids were 
the principal acids in both wheat varieties. 
During germination, syringic acid increased, 
and it was concluded that sprouted wheat 
had better nutritional properties, which could 
improve the nutritive value in food products 
(Van Hung et al., 2011).

Phenolic acids together with small amounts 
of proteins in white wines can produce tur-
bidity or precipitate in bottled white wines 
affecting its commercial value. A Sauvignon 
white wine produced experimentally and bot-
tled was studied. Phenolic compounds were 
analysed by GLC/MS and HPLC/ESI-TOF. 
Eight acids were quantified: tyrosol, vanillic, 
protocatechuic, syringic, trans-p-cumaric, gal-
lic, ferulic and trans-caffeic acids. Differences 
in the concentration before and after the pro-
tein precipitate were found: gallic and shikimic 
acids decreased and syringic and p-cumaric 
increased. Phenolic compounds can be 
involved in turbid appearance in white wines 
(Esteruelas et al., 2011).

13.5 Bioavailability

Phenolic acids are widely distributed in the 
plant kingdom because they are considered 
secondary metabolites of higher molecular 
weight phenolic compounds. Chemically 
they can be free or esterified or in the form of 
glycoside. They are recognized as potent anti-
oxidants in vitro and in vivo, through different 
mechanisms (Silva et al., 2000; Nystrom et al.,
2005; Amorati et al., 2006). Their antioxidant 
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activity has been evaluated in LDL oxida-
tive protection (Laranjinha et al., 1994; 
Cheng et al., 2007; Srinivasan et al., 2007; Wu 
et al., 2007; Maurya and Devasagayam, 
2010). They can also present pro-oxidant 
properties (Inoue et al., 1994). As in nature 
they are found in different forms, free or 
bound, this affects their bioavailability and 
their distribution is not uniform among 
foods. There is a great dependence between 
the dietary habits of the population and 
their possible biological functions (Kylli 
et al., 2008).

Manach et al. (2004, 2005) studied the bio-
availability of polyphenols in humans, includ-
ing general information on the two families 
of phenolic acids. Work on ferulic acid was 
published by Zhao and Moghadasian (2008). 
These studies showed valuable information 
about occurrence, dietary intake and pharma-
cokinetic properties of these natural phenol 
acids. With regard to absorption in nature, the 
occurrence of hydroxycinnamic acids, as caf-
feic and ferulic acid principally as esters with
sugars, organic acids and lipids has some 
effects on biological properties such as intesti-
nal absorption (Kroon et al., 1996, 1997). It has 
been described that humans do not have 
specific esterases in their tissues to hydrolyse 
this ester union. Chlorogenic acid, the ester 
formed by caffeic acid and quinic acid, is quite 
abundant in plant foods and seeds. As caffeic 
and ferulic ester derivatives are practically 
not absorbed in the small intestine, the possi-
bility for absorption and to be metabolized is 
with the participation of enzymatic systems 
such as xylanases and esterases of the intesti-
nal microflora (Plumb et al., 1999). The metab-
olism of phenolic acids by rat microflora was 
studied by Scheline (1968). Nardini et al.
(2002) studied the absorption of phenolic 
acids in humans after coffee ingestion. Caffeic 
acid and other related metabolites were 
detected in plasma, confirming that the chlo-
rogenic absorption occurred mainly in the 
colon after hydrolysis by the microflora. 
Hydroxybenzoic acids are well absorbed and 
gallic acid has been determined in plasma. 
Nardini et al. (2009) studied the absorption 
of hydroxycinnamic acids present in white 
wine in humans. The bioavailability was 
good: caffeic, ferulic and p-cumaric acids 

were absorbed as tartaric acid esters, and 
metabolized as conjugated glucoronides or 
sulfates. Zhao et al. (2003a, b, 2004) have con-
firmed that the bonded form of ferulic acid is 
mandatorily related to its absorption, as the 
free form is rapidly absorbed in the plasma 
and excreted in the urine. Zhang et al. (2010) 
determined chlorogenic and cinnamic acids 
in plasma and studied their pharmacological 
application using liquid chromatography tan-
dem MS assay.

13.6 Biological Importance 
and Applications

Phenolic acids are natural antioxidants and 
act as trapping reactive oxygen species 
(ROS), avoiding oxidation of cellular struc-
tures (Blair, 2001) and food matrixes (Choe 
and Min, 2005). Singh et al. (2008) published 
detailed information of oxidative stress, 
uptake and metabolism in the brain, mecha-
nism of action and dietary intake of these 
compounds.

The biological effect of the phenolic acids 
in humans are directly related with their bioa-
vailability, which can present different levels 
related principally with the chemical bonded 
structure in nature and after the absorption 
with their metabolic and excretion routes 
(Manach et al., 2004, 2005). In general, free phe-
nolic acids as more simple chemical structures 
are absorbed in the intestine and rapidly 
metabolized as conjugated derivatives but, for 
bonded structures, the absorption occurs 
mainly in the colon after hydrolysis by the 
intestinal microflora (Nardini et al., 2009).

Studies on neurodegenerative disorders 
and natural antioxidant activity were carried 
out by Sultana (2011). This is a new research 
area with the possibility to control Alzheimer’s 
disease oxidative stress as a neurodegenera-
tive disease by searching the protective effect 
of a natural product such as ferulic acid ethyl 
ester, improving its capacity to cross cell mem-
branes that are rich in lipids, such as in the 
brain. This ferulic ethyl ester maintains the 
antioxidant activity for scavenging biologi-
cally generated free radicals and represents a 
potential nutraceutical product.
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A novel application of cinnamic acid 
derivatives is in treatment of different diseases 
such as cancer. Qian et al. (2010) developed a 
complete procedure for the synthesis of cin-
namic acid metronidazole ester derivatives. 
The corresponding assays for inhibitory and 
cell proliferation were performed; one of the 
synthesized compounds presented a great 
inhibitory activity in tumour growth, which 
could be a new potential agent against cancer.

Ota et al. (2011) studied the interactions of 
three cinnamic acids: p-cumaric, caffeic and 
ferulic, using liposomes as a membrane lipid 
model and their styrene derivatives for testing 
their comparative effect in membrane struc-
tural properties. p-Cumaric acid, which is less 
polar than the others, presented the highest 
destabilization effect on membrane lipid 
structure, followed by caffeic and ferulic.

Maurya and Devasagayam (2010) stud-
ied the antioxidant and possible pro-oxidant 
activity of ferulic and caffeic acids due to 
their beneficial effect for protecting different 
tissues from excessive generated free radicals. 
Ferulic acid showed a better antioxidant activ-
ity than caffeic acid in front of nitric oxide 
and ABTS. Both presented a pro-oxidative 
behaviour in Fenton reaction above a limit 
concentration. The study suggested that both 
phenolic acids are good antioxidants at low 
concentrations.

Ferulic acid belonging to the cinnamic 
acid family, and is one of the more common 
phenolic acids present in the plant kingdom 
in seeds, leaves, fruits and vegetables. It exhib-
its antioxidant activity by means of electron 
donation due to its chemical structure. 
Srinivasan et al. (2007) reviewed its bioavail-
ability and potential antioxidant activity in 
different physiological situations as protec-
tive agent in inflammatory process such as 
atherosclerosis, cancer, brain and pulmonary 
alterations, and as skin protector, concluding 
that ferulic acid can have different protective 
biological applications.

Caffeic acid is the third phenolic acid of 
the cinnamic acid family. It is a potent pri-
mary antioxidant scavenging free radicals. 
Important research in cardiovascular disease 
has been carried out. Kumaran and Prince 
(2010) studied its antioxidant effect in infarct 
Wistar male rats. Three doses were used to 

determine dose-response in isoproterenol 
(ISO-induced myocardial-infarcted rats). The 
highest dose was selected for the assay; differ-
ent biological markers were determined. 
Heart histopathology studies were also done. 
In conclusion, the authors considered that caf-
feic acid had an effective and safe response as 
antioxidant in the experimental animal model.

Physiological effects of caffeic acids, related 
with inflammatory process and damage in 
Parkinson’s disease, was studied in rats by 
Tsai et al. (2011). Three concentrations were 
used to observe inflammatory injury, measur-
ing neurothophic factors. Results indicated 
a positive effect to elevate caffeic acid in the 
brain, alleviated inflammatory damage and 
dopamine loss. It was suggested that caffeic 
acid is a neuroprotective agent in the case 
of Parkinson’s disease; it is recommended 
to study its effects at higher doses and for a 
longer period.

Another recent research line associated 
with caffeic and cinnamic acids is their hypo-
glycaemic effect in mice promoting glucose 
utilization (Huang and Shen, 2012). This 
activity can have an effect on type-2 diabetes 
treatments. Mouse FL83B cells treated with 
tumour necrosis factor-x (TNF-x) to induce 
insulin resistance, were used to test the hypo-
glycaemic effect of caffeic and cinnamic acids; 
glycogen and phosphoenol pyruvate carbox-
ylase were determined. The results indicated 
that both phenolic acids were effective to 
improve glucose utilization in these induced 
insulin resistant mouse hepatocytes.

Other biological activity of caffeic 
acid and its amides is related with its anti-
microbial potency (Fu et al., 2010). A total 
of 23 amides were synthesized and tested 
against Bacillus subtilis, Escherichia coli, Pseu-
domonas fluorescens, Staphylococcus aureus
and some fungi such as Aspergillus niger, 
Candida albicans and Trichophyton rubrum.
Five of these amides were effective and those 
with caffeic anilide group had the better 
inhibitory activities. In the same area, Zhao, M. 
et al. (2010) studied the antimicrobial activ-
ity of chlorogenic acid extracted from tobacco 
leaves, a good natural source of this deri-
ved phenolic acid. To improve its stability, 
the authors prepared an inclusion complex 
with b-cyclodextrin; free and complexed 
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chlorogenic acid were tested for their antimi-
crobial activity against E. coli, B. subtilis and 
S. aureus. The results showed no difference 
between chlorogenic acid forms, but the 
authors considered that the inclusion complex 
form is more convenient for its application.

One of the principal activities of phenolic 
acids, their antioxidant power, was investi-
gated using chlorogenic acid and its metabo-
lite caffeic acid (Sato et al., 2011). In vitro assays 
in Caco-2 cells were used; caffeic acid showed 
stronger antioxidant activity than chlorogenic 
acid. Considering that caffeic acid is a metabo-
lite of chlorogenic acid produced at intestine 
level, the authors commented that the chloro-
genic antioxidant activity could be related to 
the liberated caffeic acid.

Aytekin et al. (2011) evaluated the antioxi-
dant activities of different molecular weight 
synthetic chitosan-caffeic acid derivatives with 
the purpose of increasing chitosan antioxidant 
properties. The procedures for measuring anti-
oxidant activity were based on reactions by 
radical-scavenging activity and reducing 
power. The results showed that caffeic acid 
was the principal component with antioxidant 
activity in the developed synthetic products.

Other biological activity investigated in 
phenolic acids is related with their possible 
positive anticancer action. El-Refaei and 
El-Naa (2010) studied the anti-tumour effect 
of caffeic acid phenethyl ester against animal 
carcinogenesis. The procedure consisted of 
implanting tumour Ehrlich carcinoma cells 
in vivo into a Swiss mice strain and to admin-
ister a dose of the caffeic acid phenethyl ester. 
The results showed a significant decrease of 
tumour and an improvement in the survival 
of the animal; this may be related with an 
apoptotic effect.

A study comparing the antioxidant activ-
ity of the whole hydroxycinnamic phenolic 
acids family including chlorogenic acid was 
carried out by Cheng et al. (2007). Caffeic, chlo-
rogenic, sinapic, ferulic and p-cumaric were 
evaluated in an in vitro peroxidation human 
LDL model using AAPH or cupric ion. The 
kinetic analysis for APPH showed this order: 
caffeic similar chlorogenic > sinapic > ferulic > 
p-cumaric; for cupric ion: caffeic similar chlo-
rogenic > sinapic similar ferulic similar 
p-cumaric; these different activities are related 

with the presence of ortho-dihydroxyl or 
4-hydroxy-3 methoxyl groups in the respective 
molecules of the phenolic acids tested.

Related to the other phenolic acid family 
of p-hydroxybenzoic acid, vanillic acid was 
studied relating to its protective effect in iso-
proterenol-induced cardiotoxic rats. It was 
assayed at two dose levels; the highest dose 
had better results with regard to protective 
antioxidant effect. The mechanisms involved 
were free radical scavenging, antioxidant and 
anti-inflammatory properties (Prince et al., 2011).

13.7 Applications of Phenolic 
Acids in Food

Applications of the antioxidant properties of 
phenolic acids were tested in stripped sun-
flower triacylglycerols. Syringic, 3,4-dihydroxy-
benzoic, sinapic and caffeic acids were 
studied at different concentrations at 22 and 
90°C. According to the results, the effectiveness 
increased in this order: syringic > 3,4-dihydrox-
ibenzoic > sinapic > caffeic acids. Sinapic and 
caffeic acids showed a higher activity at 90°C 
(Marinova and Yanishlieva, 2003). In the sec-
ond finding, caffeic and chlorogenic acids were 
tested in stripped sunflower triacylglycerols at 
different concentrations; the fatty acid profile 
was determined by GLC. The samples with the 
phenolic antioxidants were heated at 100°C. 
The results indicated that at the same concen-
tration both phenolic acids had the same pro-
tective behaviour, but at higher concentrations, 
caffeic acid presented a better protection against 
oxidative processes (Marinova et al., 2009).

Other applications of phenolic acids 
have been done in fish products. Caffeic acid 
was tested in minced fish muscle with and 
without addition of wheat dietary fibre, 
which showed a pro-oxidant effect in the fish. 
The addition of caffeic acid during the stor-
age period improved the stability. The mecha-
nism could be the regeneration of endogenous 
a-tocopherol in a redox cycle involving endog-
enous ascorbic acid. These results were consid-
ered promising by the authors, for using caffeic 
acid as a natural antioxidant in new restruc-
tured minced fish products (Sanchez-Alonso 
et al., 2011).
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Recent studies on caffeic acid activity in 
fish lipids matrices were done by Medina 
et al. (2012). The different aspects related to 
caffeic acid in marine lipids as effects of lipid 
oxidation were analysed. Special discussion 
was included related to caffeic acid activity 
in different fish lipid systems including 
liposomes, emulsions and minced fish mus-
cle. In conclusion, caffeic acid was an effec-
tive antioxidant in fish minces stored at cold 
temperatures in liposomes and bulk fish oil.

Two procedures for phenolic acid extrac-
tion have been reported for ferulic and chlo-
rogenic acids. Salleh et al. (2011) used waste 
material from paddy straw rice in Malaysia 
optimizing the ferulic acid extraction accord-
ing to the developed model. The other procedure 
was applied for chlorogenic acid extraction 
from green coffee beans by microwave-assisted 
extraction (Upadhyay et al., 2012). According 
to researchers, these procedures constitute a 
potential alternative to conventional solvent 
extraction. The yields were higher than those 

obtained by the conventional extraction 
method. The extracts showed a high radical-
scavenging activity; they proposed that these 
processes can be projected for industrial 
application.

13.8 Conclusions

Phenolic acids constitute a group of natural 
chemical compounds that by their structure 
have antioxidant activity. They are organized 
in two families, widely distributed in the 
plant kingdom. Humans are suffering from 
many physiological disorders that can have a 
direct link with oxidative stress and through 
the use of these natural and simple molecules, 
such conditions can be alleviated. They are 
already present in fruits, grains and vegeta-
bles, and maybe now we are discovering the 
secret of their presence in our life.

Simple things can have high impact in our life
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14.1 Introduction

Antioxidants are known to defuse free radicals 
leading to limited risk of oxidative stress 
and associated disorders. Phytochemicals 
with antioxidant capacity naturally present 
in food are of great interest due to their ben-
eficial effects on human health as they offer 
protection against oxidative deterioration 
(Scalbert and Williamson, 2000; Tiwari, 2001). 
Epidemiological and animal studies sug-
gest that the regular consumption of fruits, 
vegetables and whole grains reduces the 
risk of chronic diseases associated with 
oxidative damage (Kris-etherton et al., 2002; 
Nichenametla et al., 2006). Carotenoids, toco-
pherols, ascorbates, lipoic acids and poly-
phenols are strong natural antioxidants with 
free-radical scavenging activity. Synthetic 
antioxidants such as butylated hydroxy ani-
sole (BHA) and butylated hydroxy toluene 
(BHT) play a useful role in food and pharma-
ceutical industries (Escarpa and Gonzalez, 
2001; Kondratyuk and Pezzuto, 2004; Scalbert 
et al., 2005).

Polyphenols are a large family of naturally 
occurring plant products that are widely 
distributed in plant foods, including fruits, 
vegetables, nuts, seeds, flowers and bark. 

A wide variety of dietary plants including 
grains, berries, legumes, tea, grapes, olive oil, 
cocoa, walnuts, groundnuts, spices, fruits, 
vegetables etc. contain polyphenols (Bravo, 
1998). Polyphenols, with approximately 
8000 structural variants, are characterized by 
the presence of aromatic rings bearing one or 
more hydroxyl moieties, which have proven 
pivotal roles in mediating their properties 
(Leiro et al., 2004). Although the knowledge 
of absorption, bioavailability and metabolism 
of polyphenols is not entirely known, it 
appears that some polyphenols are bioactive 
and are absorbed in their native or modified 
form by the microflora of the intestine. The 
active components of dietary phytochemicals 
(e.g. curcumin, resveratrol, capsaicin, catechins, 
vitamins and b-carotene) are believed to sup-
press the inflammatory processes, moderate 
cell signalling pathways, proliferation, apop-
tosis, redox balance and most often appear 
to be protective against cancer, neurodegen-
erative disorders and cardiovascular dis-
eases among others (Aggarwal and Shishodia, 
2006; Rahman et al., 2006).

Polyphenols are known for their unique 
property of activation at multiple levels, 
through the modulation of MAPK, Akt and 
NF-kB signalling pathways, inhibiting the 
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production of inflammatory cytokines and 
chemokines, suppressing the activity of COX 
and iNOS and decreasing the production of 
free radicals (Chang et al., 2003). Several phyto-
chemicals, including genistein (Li and Sarkar, 
2002), curcuminoids (Aggarwal and Shishodia, 
2006) and catechins (Tang et al., 2003), are 
known to suppress the activation of Akt, thus 
inhibiting cancer cell growth. Some phenols 
such as resveratrol, curcumin and green tea cat-
echins have been shown to suppress COX-2, 
giving the benefit of decreasing the production 
of reactive oxygen species (Gerhauser et al., 
2003; Babu and Liu, 2008).

Furthermore, several polyphenols sup-
press lipid peroxidation to maintain the 
cellular status of antioxidant enzymes like 
superoxide dismutase, catalase and glu-
tathione peroxidase (Labinskyy et al., 2006). 
Due to the NF-kB suppressing effect of poly-
phenols, some of them (e.g. curcumin, res-
veratrol, quercetin and green tea polyphenols) 
have been shown to decrease the expression 
of chemokines and cytokines (Hidaka et al., 
2002; Kowalski et al., 2005). Polyphenols pre-
sent in healthy foods or drinks are readily 
metabolized to phenolic acids and aldehydes 
by the microflora of the intestine, raising the 
possibility that these metabolites are respon-
sible for their anti-inflammatory properties 
(Rios et al., 2003). A wide variety of polyphe-
nols, most of which are dietary supplements, 
have been reported to possess substantial 
skin photoprotective effects (Nichols and 
Katiyar, 2010).

In the recent years, there has been much 
awareness about functional foods and nutra-
ceuticals fortified with natural polyphenols 
and their health benefits like their potent 
antioxidant activity, anticarcinogenic, anti-
inflammatory, antineurodegenerative, anti-
diabetic, antiviral, skin photoprotective, 
anti-allergic, antiplatelet, anti-ageing, cyto-
protective and DNA-protective properties.

14.2 Natural Polyphenols and their 
Potential Health Benefits

Polyphenols comprise several distinct groups 
based on their chemical structures: flavonoid 

polyphenols like epigallocatechin-3-gallate 
(EGCG) from green tea and quercetin from 
apples, and non-flavonoid polyphenols such 
as curcumin from tumeric and resveratrol 
from grapes. Flavonoids are polyphenolic 
compounds that are ubiquitous in nature and 
are categorized according to their chemical 
structures into distinct groups, i.e. flavonols, 
flavones, flavanones, flavanols, isoflavones, 
and anthocyanins. Over 4000 flavonoids have 
been identified, many of which occur in widely 
occurring fruits, vegetables and beverages 
(tea, coffee, beer, wine and fruit drinks). The 
flavonoids have been of considerable inter-
est because of their potential health effects. 
The compounds based on C6–C3 backbone 
represent another important class, the non-
flavonoids. These compounds are directly 
linked to lignin (polymer phenyl propanoid) 
biosynthesis in vascular plants. The most 
important examples are curcumin and resver-
atrol. Phenolic acids are non-flavonoid poly-
phenolic compounds, which can be further 
divided into two main types, benzoic acid and 
cinnamic acid derivatives based on C1–C6 
and C3–C6 backbones. While fruits and vege-
tables contain many free phenolic acids, in 
grains and seeds, particularly in the bran or 
hull, phenolic acids are often in the bound 
form (Adom and Liu, 2002; Kim et al., 2006).

14.2.1 Flavonoids

Flavonoids are polyphenolic compounds pre-
sent in berries, legumes, tea, grapes, olive oil, 
cocoa, walnuts, groundnuts, spices, fruits and 
vegetables. In particular, green vegetables, 
onion, apple, berries and tea are rich sources of 
flavonoids. Flavonoids have received the most 
attention and have been studied extensively, 
since they have many curative effects such as 
antibacterial, antioxidant, antiviral, analgesic 
activities, etc. (Burda and Oleszek, 2001). 
Flavonoids form a group of many different 
compounds of which more than 5000 have 
been currently characterized. Flavonoids can 
be classified into several distinct subclasses 
(Table 14.1) based on their chemical structures 
and exert various health promoting effects in 
the human body for disease prevention.
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Table 14.1. Dietary sources of polyphenols.

Classes/subclasses Polyphenols Sources

Anthocyanidins, 
Flavonoids

Cyanidin 3-glycosides 
Delphinidin, malvidin, 
pelargonidin

Blackberries, black currant, black grape, 
blueberries, cherries, cranberry, plums, 
pomegranate, raspberry, red wine, 
strawberries

Anthoxanthins 
Flavonols

Fisetin, isorhamnetin, 
kaempferol, myricetin, 
quercetin

Apples, apricots, beans, berries, black 
currant, broccoli, buckwheat, celery, 
cherries, cherry tomatoes, chives, 
cocoa, grapes, kale, lettuce, onions, 
peppers, plums, red wine, spinach, 
sweet potato, tea

Flavanones Hesperetin, naringenin, 
eriodictyol

Citrus fruits and their juices, grapes, 
tangerine juice

Flavones Apigenin, luteolin Celery, fresh parsley, olives, oregano, 
peppers, rosemary

Flavanols 
(Flavan-3-ols)

Epicatechin and their gallates, 
morin, procyanidins, 
prodelphinidins, catechin

Apples, apricots, berries, cherries, 
chocolate, grapes, peaches, pears, 
plums, raisins, red wine, tea

Isoflavones 
(Flavans)

Daidzein, equol, genistein Grape seeds/skin, soy cheese and 
sauces, soy products, soybean

Flavonoid 
glycoside

Hesperidin, naringin, rutin Grapefruit, lemon, orange juice, orange, 
tangerine juice

Phenolic acids Caffeic acid, chlorogenic acid, 
ferulic acid, p-cumaric acid

Apple, apple juice, blueberry, cider, 
cranberry, grapefruit, lemon, lettuce, 
coffee beans, orange, peach, pear, 
cherry, potato, spinach, tea

Hydroxybenzoic 
acids

Ellagic and gallic acids Grape juice, pomegranate juice, raspberry 
juice, longan seed, strawberry

Trihydroxy-stilbenes Resveratrol Grapes, groundnuts, red wine
Tannins Catechin, epicatechin 

polymers, ellagitannins, 
proanthocyanidins, 
tannic acids

Apple juice, blackberry, chick pea, cocoa, 
coffee, grape seeds and skin, lentils, 
olive, peach, peas, plum, pomegranate, 
raspberries, red wine, strawberries, tea, 
walnuts

Diferuloylmethane Curcumin Turmeric

Flavonols

Flavonols (Fig. 14.1) are a class of flavonoids 
that have the 3-hydroxyflavone backbone. 
Their diversity stems from the different posi-
tions of the phenolic OH groups. Good 
sources of flavonols are onion, curly kale, 
leek, cherry, tomato, broccoli, apple, green 
and black tea, black grapes and blueberries. 
The common compounds of this group are 
kaempferol, quercetin, quercetrin, rutin and 
myricetin. Quercetin, a dietary polyphenol, 
is beneficial in cancer prevention and therapy 
because different concentrations of querce-
tin counter the transformation and growth 

processes of cancer (Watjen et al., 2005). 
Malignant tumours result from uncontrolled 
cell growth due to mutations. Mutations are a 
result of DNA damage, which is commonly 
incurred through exposure to reactive oxygen 
species (ROS). Quercetin is able to donate 
electrons to ROS (Awad et al., 2000) and thereby 
reduces their ability to damage cellular DNA. 
Quercetin can trigger apoptotic cascades by 
multiple mechanisms and via both the mito-
chondrial and death-domain pathways in var-
ious cell lines (Siegelin et al., 2009). It occurs in 
food as glycoside and its dietary sources are 
red onions, fennel, cherries, blueberries, black 
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and green tea, capers, red grapes, red wine 
and apples (de Boer et al., 2005). Quercetin 
shows anti-inflammatory action by its direct 
antioxidant activity and inhibition of inflam-
matory mediators and enzymes, such as lipoxy-
genase. It also has the ability to prevent the 
oxidation of low-density lipoproteins (LDL) 
by scavenging free radicals and chelating 
transition metal ions. As a result, quercetin 
may aid in the prevention of certain diseases, 
such as atherosclerosis, and chronic inflam-
mation. In addition, quercetin has anticarci-
nogenic and anti-inflammatory properties. 

These actions have been attributed to querce-
tin’s potential for reducing the occurrence of 
cardiovascular, metabolic and neurodegener-
ative diseases and cancers (Murota and Terao, 
2003; Davis et al., 2009; Davis, 2010).

Flavones

Flavones (Fig. 14.2) are a class of flavonoids 
based on the backbone of 2-phenylchromen-
4-one (2-phenyl-1-benzopyran-4-one). The fla-
vones are a group of naturally occurring 
chemical compounds widely distributed in 
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Fig. 14.2. Structure of flavones.
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the plant world. Natural flavones include api-
genin, vitexin, isovitexin and luteolin. Their 
major food sources are parsley, celery, capsi-
cum and pepper. Apigenin (4′,5,7-trihydroxy-
flavone) is commonly present in fruits and 
vegetables with proven anti-inflammatory 
and anticarcinogenic effects in various animal 
models. It has been shown to suppress angio-
genesis in melanoma and carcinoma of the 
breast, skin and colon (Caltagirone et al., 2000; 
Liu, L.Z. et al., 2005).

Flavanones

Flavanones (Fig. 14.3) are a particular type of 
flavonoids, polyphenolic compounds that act as 
pigments giving colour to plants. Flavanones, 
such as naringenin and hesperidin have a more 
restricted distribution than other flavonoid 
compounds and are specific to citrus fruits. 
Citrus flavonoids have anti-inflammatory, 
anticarcinogenic and antitumour activities. 
Naringenin (naringenin-7-rhamnoglucoside) 
is the predominant flavanone in grapefruit 
(Citrus paradisi) and is responsible for the bit-
terness of grapefruit juices. A cohort study 
found that the intake of hesperidin and narin-
genin reduces the risk of chronic diseases 
such as cerebro-vascular disease and asthma 
(Benavente-Garcia et al., 1997; Montanari 
et al., 1998; Knekt et al., 2002). Hesperidin and 
naringenin directly inhibit TNF-a-stimulated
FFA secretion and may be useful for develop-
ing treatments to ameliorate FFA-induced 
insulin resistance (Yoshida et al., 2010).
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Fig. 14.3. Structure of flavanones.

Flavanols (catechins)

These flavanols (Fig. 14.4) include the cate-
chins and the catechin gallates. The major 
compounds are catechin, epicatechin, cate-
chin gallate and epicatechin gallate. Their 
primary food sources are chocolate, beans, 
apricot, cherry, grapes, peach, red wine, 
cider, green tea, black tea, blackberry, and 
cocoa beverages. The flavanols have bio-
logical effects, including antimutagenicity, 
antitumourigenesis, free radical scaveng-
ing etc. The green tea catechins make up 
approximately 60–80% weight of tea poly-
phenols. (-)-Epigallocatechin-gallate (EGCG) 
is the most abundant of the four major 
catechins, which also include (-)-epicatechin 
gallate (ECG), (-)-epigallocatechin (EGC) 
and (-)-epicatechin (EC). EGCG is also the 
most active component of green tea leaves 
and has antimutagenic, antitumour, anti-
inflammatory and free-radical scavenging 
activities. It also inhibits lipid peroxidation 
and induces of apoptosis of malignant cells 
by regulating various signal pathways 
(Azam et al., 2004; He et al., 2009; Khalatbary 
et al., 2010). Numerous studies support the 
antioxidant potential of polyphenols as free 
radical scavengers and disease-preventative 
characteristics, such as antimicrobial, anti-
inflammatory, anticancer, cardiovascular 
and the capacity to modulate blood glucose. 
Quercetin and EGCG are flavonoids that 
exhibit all these properties (Cheplick et al., 
2010; Xiao et al., 2010).

Isoflavones

Isoflavones (Fig. 14.5) are secondary vegeta-
ble substances, which can act as oestrogens in 
the body and have protective functions. They 
exercise a balancing effect when the level of 
oestrogens is low, such as during the meno-
pause, and cause less menopause systems. 
Isoflavones can also reduce the effect of oes-
trogen on cells and skin layers when the hor-
mone levels are high, and then essentially 
reduce the risk of oestrogen-linked cancers. 
Some isoflavones are termed as antioxidants, 
in particular soy isoflavones; when studied in 
populations eating soy protein, there are indi-
cations that there is a lower incidence of breast 
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cancer and other common cancers because of 
its role in influencing sex hormone metabo-
lism and biological activity through intracel-
lular enzymes, protein synthesis, growth 
factor actions, malignant cell proliferations, 
differentiation and angiogenesis (Heber et al.,
2008). Isoflavones are produced almost exclu-
sively by the members of the Fabaceae
(Leguminosae) family. Their main food sources 
are soy cheese, soy flour, soybean and tofu. 
Daidzein and genistein (Fig. 14.5) are among 
several known isoflavones. They should be 
an integral part of everyone’s diet as they help 
to reduce cholesterol, prevent atherosclerosis, 
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Fig. 14.4. Structure of flavanols (flavan-3-ols). a, catechin; b, epicatechin; c, catechin gallate and 
d, epicatechin gallate.

protect or slow prostate and breast cancer 
growth, prevent the kind of cell mutation that 
causes DNA damage, inhibit blood supply to 
already existing tumours, ease menopause 
and lower the risk of osteoporosis (Trock 
et al., 2006).

Anthocyanins

Anthocyanins (Fig. 14.6) are the largest group 
of water-soluble pigments in the plant king-
dom. They have been demonstrated to have 
potential health benefits and disease prev-
ention properties and are known as poten-
tial antioxidants (Zafra-Stone et al., 2007). 
Consumption of anthocyanin-enriched 
foods is associated with a reduced risk of 
several diseases such as atherosclerosis (Xia 
et al., 2006), dyslipidaemia (Qin et al., 2009) 
and diabetes (Ghosh and Konishi, 2007). 
Anthocyanins may appear red, purple, or 
blue depending on the pH. They are synthe-
sized via the phenylpropanoid pathway; 
they are odourless and nearly flavourless, 
contributing to taste as a moderately 
astringent sensation. Anthocyanins occur 
in all tissues of higher plants, including 
leaves, stems, roots, flowers and fruits. 

Fig. 14.5. Structure of isoflavones.
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Anthocyanins are derivatives of antho-
cyanidins, which include pendant sugars. 
Plants rich in anthocyanins are Vaccinium
species, such as blueberry, cranberry, black-
berry, cherry and red cabbage. The highest 
recorded amount appears to be especially 
in the seedcoat of black soybean (Choung 
et al., 2001). Anthocyanins are considered 
secondary metabolites as a food additive. 
They are approved for use as a food addi-
tive in the European Union, Australia and 
New Zealand. The main anthocyanin com-
pounds (Fig. 14.6) are pelargonidin, cyani-
din and delphinidin. Cyanidin and its 
glycosides are naturally dietary pigments, 
which have been found with promising 
potential benefits to humans, especially in 
the prevention and treatment of diabetes 
mellitus (Ghosh and Konishi, 2007; 
Akkarachiyasit et al., 2010).

14.3 Non-flavonoids

14.3.1 Curcuminoids

Curcuminoids are natural polyphenols and a 
mixture of curcumin, demethoxycurcumin and 
bisdemethoxycurcumin. Curcuminoids pro-
duce a pronounced yellow colour and are 
beneficial for health. Curcumin (Fig. 14.7), 
chemically known as diferuloylmethane, is 
a polyphenol present in the rhizomes of 

Curcuma longa and is one of its major com-
ponents, being responsible for its various bio-
logical actions. In vitro, it exhibits antiparasitic, 
antispasmodic, anti-inflammatory, anticarci-
nogenic and gastrointestinal, antifungal, 
antiviral, antiprotozoal and nematocidal 
properties (Cui et al., 2007). In vivo, it has 
shown antiparasitic and anti-inflammatory 
activity (Araujo and Leon, 2001; Pérez-Arriaga 
et al., 2006). Curcumin has also been exten-
sively studied as a potential drug for the 
treatment of lung fibrosis. The mechanism of 
blocking fibrosis by curcumin is related to 
decreasing collagen accumulation in the 
lungs (Smith et al., 2010), which is attributed 
to its anti-inflammatory and antioxidant 
activities (Lee et al., 2010; Zhang et al., 2011). 
Ample evidence exists to support curcumin’s 
use in cancer prevention through its antipro-
liferative and anticarcinogenic properties or 
as an adjunct in overall cancer treatment 
(Hasima and Aggarwal, 2012). Curcumin is 
generally regarded as safe in a clinical trial of 
cancer patients and marketed as a dietary 
supplement (Cheng et al., 2001). Curcumin 
has been shown to possess apoptotic activity 
against human colon cancer cells (Agarwal 
et al., 2003), stomach and skin tumours 
(Azuine and Bhide, 1992), breast cancer cells 
(Ramachandran et al., 2002) and prostate can-
cer cells (Dorai et al., 2001). Curcumin also has 
the ability to suppress UV irradiation-induced 
DNA mutagenesis and induction of cellular 
SOS functions (Wilken et al., 2011).

Fig. 14.6. Structure of anthocyanins.
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Riva et al. (2008) characterized the action 
of curcumin on HIV-1 persistently-infected 
CD4+ T-cells as a model for HIV cell reservoirs 
and found that curcumin interferes with viral 
production. It is able to inhibit the genotoxic 
and histochemical changes induced in the 
experimental animals by various chemical 
agents as it reduced the percentages of micro-
nucleated polychromatic erythrocytes in bone 
marrow cells of mice and inhibited chromo-
somal aberrations, micronuclei formation and 
sister chromatid exchanges (SCEs) incidences 
in mouse bone marrow cells induced by 
benzo(a)pyrene (Shukla et al., 2003) and lead 
acetate (Ramadan et al., 2012). Studies carried 
out both in vitro and in vivo indicated that cur-
cumin possesses a moderate antimalarial 
activity (Mimche, 2010). Konatham et al. (2010) 
reported the potential beneficial effects of cur-
cumin against diabetes. In their study, cur-
cumin has been shown to reduce 
hyperlipidaemia, delay the development of 
cataract, ameliorate renal lesions, and reduce 
the cross-linking of collagen in a streptozotocin-
treated diabetic animal model. Curcumin has 
also been shown to lower blood glucose lev-
els in type-2 diabetic KK-Ay mice (Nishiyama 
et al., 2005). The anti-inflammatory and anti-
oxidant properties of turmeric also have been 
proposed to lessen insulin resistance and pre-
vent type-2 diabetes in a mice model by 
dampening the inflammatory response 
caused by obesity. It was also found that die-
tary curcumin could increase the expression 
of adiponectin, which in turn improves insu-
lin sensitivity in insulin-resistant animal mod-
els (Weisberg et al., 2008). Asai and Miyasawa 
(2001) reported that the dietary curcumi-
noids prevent high-fat diet-induced lipid 
accumulation in rat liver and epididymal 

Fig. 14.7. Structure of curcumin: 1, phenolics groups; 2, keto groups; and 3, double bonds.
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adipose tissue. Wu et al. (2008) found that cur-
cumin significantly reduced the plasma and 
hepatic cholesterol and triglyceride levels in 
rats. Manjunatha and Srinivasan (2007) have 
reported lowering of serum and liver choles-
terol levels in induced hypercholesterolaemic 
rats. Curcumin showed reduction of lipid lev-
els in peritoneal macrophages in LDL receptor 
knockout mice fed with a high fat diet (Zingg 
et al., 2012).

14.3.2 Stilbenoids

Stilbenoids are secondary products of 
heartwood formation in trees that can act as 
phytoalexins. In chemical terms, they are 
hydroxylated derivatives of stilbene. In bio-
chemical terms, they belong to the family 
of phenylpropanoids and share most of 
their biosynthesis pathway with chalcones 
(Sobolev et al., 2006). An example of a stilbe-
noid is resveratrol (Fig. 14.8), which is found 
in grapes and which has been suggested to 
have many health benefits (Jang et al., 1997). 
It exists in two structural isomeric forms, cis
and trans, with the trans form being more 
common and possessing greater biological 
activity. One of the richest sources of this com-
pound is Polygonum cuspidatum, a weed that is 
used in traditional Chinese and Japanese 
medicines. Trees such as Eucalyptus and spruce 
have also been found to contain resveratrol 
(Rolfs and Kindl, 1984). The primary dietary 
sources in the human diet are groundnuts, 
grapes and wine.

The potential health benefits of resvera-
trol depend upon its absorption, bioavailabil-
ity and metabolism (Kaldas et al., 2003). It has 
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exhibited antioxidant, cardioprotective, chemo-
preventative, anti-inflammatory and oestro-
genic properties, as well as interaction with 
signal transduction pathways. As an antioxi-
dant, resveratrol may delay and/or prevent 
oxidative stress-induced cellular damage and 
disease. Excessive damage induced by oxida-
tive stress can induce cells to undergo apop-
tosis. Resveratrol has been shown to inhibit 
oxidative-induced apoptosis in a variety of 
cell lines including Swiss 3T3 mouse fibro-
blasts, human peripheral blood mononuclear 
(PBM) and human retinal pigment epithe-
lium (RPE) cells (Jang and Surh, 2001; Kutuk 
et al., 2004; King et al., 2005). Red wine is one 
of the few dietary sources of resveratrol and 
it is believed that this compound is responsi-
ble, in part, for the positive cardiovascular 
effects associated with moderate wine con-
sumption (Constant, 1997). The most accepted 
mechanism of cardioprotection by resveratrol 
is the inhibition of platelet aggregation (Bhat 
et al., 2001).

The antiproliferative activity of resvera-
trol has been observed in a number of cancer 
cell lines and may be due, in part, to the 
induction of apoptosis (Ding and Adrian, 
2002). Proliferation inhibition may also be 
caused by the arrest of the cell cycle (Castello 
and Tessitore, 2005). Piceatannol, a naturally 
occurring analogue of resveratrol, has been 
observed to inhibit the proliferation of cancer 
cell lines via apoptosis and cell cycle arrest 
(Wolter et al., 2002; Larrosa et al., 2004). 
Resveratrol has also been observed to 
decrease induced COX-2 activity by inhibit-
ing the expression of the enzyme via signal 
transduction pathways (Kundu et al., 2004). 
Resveratrol also inhibits the inflammatory 
actions of cytokines, such as tumour necrosis 
factor-a (TNF-a) and interleukin-1b (IL-1b)
(Culpitt et al., 2003).

The structural similarity of resveratrol to 
the synthetic oestrogen diethyl-stilbestrol 
(DES) suggests that it may have oestrogenic 
activity. The oestrogenic activity of resvera-
trol has been proposed as a mechanism for 
cardioprotection and prevention of oestrogen-
dependent cancers. The oestrogenic activity 
of resveratrol may also help prevent bone 
loss in post-menopausal women (Liu, Z.P. 
et al., 2005).

Resveratrol has been shown to exert 
neuroprotective effects (de Ruvo et al., 2000), 
as well as beneficial effects on the cardiovas-
cular system (Pendurthi et al., 1999). These 
effects are mostly attributed to its antioxi-
dant properties. It inhibits the proliferation 
and induces apoptotic cell death in multiple 
cancer cell types in vitro (Kim et al., 2002; 
Pozo-Guisado et al., 2002); moreover, in ani-
mal models of cancer, resveratrol has been 
shown to inhibit angiogenesis and delay 
tumour growth (Tseng et al., 2004), impede 
carcinogenesis (Gusman et al., 2001) and 
reduce experimental metastasis (Busquets 
et al., 2007).

14.3.3 Phenolic acids

Phenolic acids (Fig. 14.9) are a group of sec-
ondary plant metabolites that encompasses 
approximately 8000 naturally occurring 
compounds, all of which possess one com-
mon structural feature, a phenol (an aro-
matic ring bearing at least one hydroxyl 
group) (Croteau et al., 2000). Current classi-
fication divides the broad category of phe-
nolics into polyphenols and simple phenols, 
based solely on the number of phenol sub-
units present (Clifford, 1999). Polyphenols 
possessing at least two phenol subunits 
include the flavonoids, and those compounds 
possessing three or more phenol subunits 
are referred to as the tannins (hydrolysable 
and non-hydrolysable). The major com-
pounds (Fig. 14.9) are protocatechuic acid, 
gallic acid, syringic acid, vanillic acid, 
p-cumaric acid, caffeic acid, ferulic acid and 
chlorogenic acid. Phenolics behave as anti-
oxidants, due to the reactivity of the phenol 
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Fig. 14.8. Structure of resveratrol.
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moiety (hydroxyl substituent on the aro-
matic ring). Although there are several 
mechanisms, the predominant mode of anti-
oxidant activity is believed to be radical 
scavenging via hydrogen atom donation. 
Other established antioxidant, radical quen-
ching mechanisms are through electron dona-
tion and singlet oxygen quenching (Shahidi 
and Wanasundara, 1992). Substituents on the 
aromatic ring affect the stabilization and 
therefore affect the radical-quenching abil-
ity of these phenolic acids. Different acids 
therefore have different antioxidant activity 
(Chalas et al., 2001).

The naturally occurring phenolic acids 
contain two distinguishing constitutive car-
bon frameworks: the hydroxycinnamic and 
hydroxybenzoic structures. Phenolic acids have 
received considerable attention due to their 
various biological activities, including anti-
oxidant, anti-apoptotic and anti-inflammatory 
capacities (Manach et al., 2004). Phenolic acids 
have been associated with colour, sensory 
qualities, and nutritional and antioxidant 
properties of foods. They play an important 
role in the organoleptic properties such as 
flavour, astringency and hardness of foods 
(Clifford, 1999; Tan, 2000).

Hydroxycinnamic acids

The most common hydroxycinnamic acid 
(Fig. 14.9) derivatives are p-cumaric acid, caf-
feic acid and ferulic acid, which frequently 
occur in foods as simple esters with quinic 
acid or glucose.

p-Cumaric acid is a hydroxycinnamic 
acid, an organic compound that is a hydroxy-
derivative of cinnamic acid. There are three 
isomers, o-cumaric acid, m-cumaric acid and 
p-cumaric acid that differ by the position of the 
hydroxy substitution of the phenyl group. 
p-Cumaric acid is the most abundant isomer 
of the three in nature. p-Cumaric acid can 
be found in a wide variety of edible plants 
and widely exists in fruits, such as apples 
and pears, and in vegetables and plant prod-
ucts, such as beans, potatoes, tomatoes and 
tea (Galvez et al., 1994). It was reported that 
p-cumaric acid in vitro can provide antioxidant 
protection to LDL as a result of its chain-
breaking activity (Castelluccio et al., 1996). 
Diet supplementation with a crude extract of 
p-cumaric acid isolated from pulses resulted 
in the reduction of ester cholesterol, provid-
ing a protective mechanism against the deve-
lopment of atherosclerosis (Sharma, 1979). 
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The ability of p-cumaric acid to prevent exces-
sive lipid peroxidation on the basis of its 
chain-breaking activity of a-tocopherol oxi-
dation has also been demonstrated 
(Laranjinha et al., 1996). Castelluccio et al.
(1996) reported that p-cumaric acid was 
effective in enhancing the resistance of LDL to 
oxidation. If p-cumaric acid is an efficient anti-
oxidant for LDL, it may play a key role in the 
purported effect of oxidized lipoprotein on 
platelet activity to inhibit atherogenesis. In 
addition, the dehydrogenation polymer of 
p-cumaric acid was reported to have anti-
human immunodeficiency virus activity 
(Shimizu et al., 1993).

Caffeic acid (Fig. 14.9) is abundantly 
found in fruits, leaves and other tissues of 
numerous dicotyledenous plant species from 
the families Caprifoliaceae, Compositae, Cruciferae, 
Cucurbitaceae, Labiatae, Leguminosae, Polygonaceae, 
Saxifragaceae, Solanaceae, Theaceae, Umbelliferae
and Valerianaceae (Litvinenko et al., 1975). It is 
abundantly found in plants because it is a key 
intermediate in the biosynthesis of lignin, one 
of the principal sources of biomass. It exists in 
cis and trans forms; the trans form is the pre-
dominant one in nature. The uses of caffeic 
acid for treating asthma and allergies have 
been extensively investigated (Koshihara et al., 
1984; Murota and Koshihara, 1985). Caffeic 
acid is supposed to catalyse the integration of 
viral DNA into the host chromatin. Its deriva-
tives (e.g. dicaffeoylquinic and dicaffeolytar-
taric acids) have been shown to be potent and 
selective inhibitors of human immunodefi-
ciency virus type 1 (HIV-1) integrase (King 
et al., 1999). Caffeic acid is a potent antioxi-
dant, metal chelating, free radical scavenger, 
anti-inflammatory, inhibitor of the lipoxyge-
nase and antidiabetic agent (Psotova et al.,
2003; Gulcin, 2006; Chao et al., 2010).

Ferulic acid (Fig. 14.9) is a potent phe-
nolic antioxidant found ubiquitously and at 
high concentrations in plants (Rice-Evans 
et al., 1996). Ferulic acid (4-hydroxy-3-methoxy 
cinnamic acid) is commonly found in fruits 
such as oranges and in vegetables such as 
tomato, carrot, sweetcorn and rice bran. Ferulic 
acid is beneficial for human health due to its 
antibacterial, anti-inflammatory, hepatopro-
tective, anticancer, antidiabetic, neuroprotective, 
anti-atherogenic and antioxidant properties 

(Srinivasan et al., 2007). Partially, because of 
its antioxidant and anti-inflammatory activ-
ity, ferulic acid is considered as a potential 
therapeutic agent against various diseases 
such as cancer, diabetes, cardiovascular dys-
function, inflammatory diseases and neuro-
degenerative diseases. Furthermore, it has 
been found that ferulic acid stays in the blood 
for longer than other antioxidants such as 
vitamin C and has higher bioavailability than 
that of other dietary flavonoids and mono-
phenolics studied so far (Beecher, 1998).

Ferulic acid is a potent antioxidant with 
synergistic interactions with ascorbic acid 
(Trombino et al., 2004). It readily forms a reso-
nance stabilized phenoxy radical, which 
accounts for its potent antioxidant potential 
(Graf, 1992). Ferulic acid protected membranes 
from lipid peroxidation and neutralized 
alkoxyl and peroxyl radicals (Trombino et al.,
2004). It protected against iron-induced oxida-
tive damage (Hynes and O’Coinceanainn, 
2004). Ferulic acid scavenged hydroxyl radical, 
nitric oxide (Wenk et al., 2004), peroxynitrite 
(Dinis et al., 2002) and superoxide radical 
(Kikuzaki et al., 2002). It was antimutagenic 
(Ferguson et al., 2003), protected against 
menadione-induced oxidative DNA damage 
(Burdette et al., 2002) and demonstrated anti-
carcinogenic effects in animal models of pul-
monary and colon carcinoma (Wargovich et al., 
2000). Topical application of ferulic acid inhib-
ited UVB-induced erythema (Saija et al., 2000).

Chlorogenic acid constitutes up to 90% 
of the total phenolic content of potato tubers 
and its main function is presumably as a 
defence against phytopathogens (Friedman, 
1997). The chlorogenic acid is most likely 
metabolized by the colonic microflora and it 
serves as a potent anti-inflammatory agent 
alternative to conventional chemotherapeu-
tics. Chlorogenic acid is therapeutically use-
ful for mitigating the pathogenic effects 
of staphylococcal exotoxins (SE). It has been 
found that chlorogenic acid inhibited 
SE-induced T-cell proliferation (by 98%) 
and production of IL-1b tumour necrosis 
factor, IL-6, interferon-g, monocyte chemotac-
tic protein I (MCP-l), macrophage inflam-
matory protein (MIP)-l-a, and MIP-l-b by 
human peripheral blood mononuclear cells 
(Kraukauer, 2002).
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Hydroxybenzoic acids

Hydroxybenzoic acids (Fig. 14.10), the phe-
nolic derivatives of benzoic acid, are found 
naturally in cocoa (Cocos nucifera) (Dey et al., 
2005). They are popular antioxidants and have 
very low toxicity. Salicylic acid (Fig. 14.10) is 
a principle hydroxybenzoic acid derivative. 
Fruits and vegetables are natural sources of 
salicylic acid (SA), with fruits having large 
amounts of salicylates, particularly berries. 
The prime food sources of salicylic acid 
include radish, tomato, green pepper, olive 
oil, mushrooms, broccoli, cucumber, spinach 
and fruits such as blackberries, blueber-
ries, cantaloupe, dates, apricot and guava. 
A moderate to small quantity is also available 
in lentil, green peas, beans, celery, cabbage 
and cauliflower. SA is known for its ability to 
ease aches and pains and reduce fever. These 
medicinal properties, particularly fever 
relief, have been known since ancient times, 
and it is used as an anti-inflammatory drug 
(Mackowiak, 2000). In modern medicine, sali-
cylic acid and its derivatives are used as con-
stituents of some rubefacient products. For 
example, methyl salicylate is used as a lini-
ment to soothe joint and muscle pain, and 
choline salicylate is used topically to relieve 
the pain of aphthous ulcers. SA is a key ingre-
dient in many skin-care products for the treat-
ment of seborrhoeic dermatitis, acne, psoriasis, 
calluses, keratosis and warts (Steele et al., 
1988). Salicylic acid is also used as a food pre-
servative, bactericidal and antiseptic.

14.4 Natural Sources of Polyphenols

Polyphenols are considered to be the most 
effective antioxidants; they can also intensify 
the activity of other antioxidants. The most 
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Fig. 14.10. Structure of phenolic acids: 
hydroxybenzoic acids, e.g. salicylic acid.

popular polyphenols are flavonoids, among 
which quercetin, kaempferol and apigenin 
glycosides dominate. Epidemiological and 
animal studies suggest that the regular con-
sumption of fruits, vegetables and whole 
grains reduces the risk of chronic diseases 
associated with oxidative damage (Prakash 
and Gupta, 2009). A whole variety of phenolic 
compounds, in addition to flavonoids, are 
widely distributed in nature (Table 14.1).

14.4.1 Fruits

The majority of fruits are rich sources of vita-
min C, carotenoids and polyphenols. Phenolic 
compounds present in seeds and peel of 
grapes are mainly anthocyanins and deri-
vatives of hydroxycinnamic acid, flavonols 
and stilbenoids. Among polyphenols present 
in grape seeds are gallic acid, catechins and 
epicatechins, while in peel ellagic acid, myrice-
tin, quercetin, kaempferol and trans-resveratrol 
predominate. In black currant fruits phenols 
present are mainly anthocyanins (Kammerer 
et al., 2004). Aronia melanocarpa fruits are con-
sidered as rich source of polyphenols (40–70 
mg g−1) with over 50% share for anthocyanins. 
The other polyphenols are the derivatives of 
hydroxycinnamic acid, mainly chlorogenic 
and neochlorogenic acids and epicatechins. In 
mature guava leaves, the greatest concentra-
tions of flavonoids found were myricetin 
(208.44 mg kg−1), quercetin (2883.08 mg kg−1), 
luteolin (51.22 mg kg−1) and kaempferol (97.25 
mg kg−1). The antioxidant phytochemicals of 
strawberry fruits were phenols (20 mg g−1),
with anthocyanins, ellagic acid, their glycoside 
and ellagitannin derivatives. Among antho-
cyanins, mainly pelargonidin-3-glucoside and 
cyanidin-3-glucoside are present. Ellagic acid 
makes up also over a half of the amount of 
polyphenols in raspberries. Bilberries, a very 
popular fruit, contain vitamin C and carote-
noids, but the most important antioxidants are 
phenols (30 mg g−1) with 70% consisting of 
anthocyans and about 10% derivatives of 
hydroxycinnamic acid (Aaby et al., 2005; 
Anttonen and Karjalainen, 2005). The other 
rich sources of phenolic compounds are cran-
berries (20 mg g−1). They contain anthocyanins 



220 D. Prakash and C. Gupta

(peonidin and cyanidin), flavanones and pro-
cyanidin, and from flavonols, quercetin, 
myricetin and derivatives of hydroxycin-
namic acid are present (Maatta-Riihinen et al.,
2004). Crowberry fruits also contain phenols 
(26–46 mg g−1). Among phenols, flavanols 
and procyanidins, cinnamic acid, trans-res-
veratrol and p-cumaric acid dominate. 
Polyphenolics (23 mg g−1) of blackberry are 
mainly responsible for its antioxidant activity 
(Reyes-Carmona et al., 2005). Besides antho-
cyanins and flavonols, ellagic acid has the 
biggest share and the next in turn are procya-
nidins and epicatechins in seeds (Reyes-
Carmona et al., 2005). Citrus fruits, grapes, 
lemons and oranges are rich sources of anti-
oxidant phenols, among which flavanones 
(hesperitin, naringenin, eriodictyol) predomi-
nate (Cieslik et al., 2006). Apples are a source 
of phenols (5.0 g kg−1), with about seven-fold 
higher content in peel than that in pulp. 
Almost 80% of apple polyphenols contain 
polymeric procyanidins and monomeric fla-
vanols, with dominating epicatechin and its 
dimer procyanidin. The other phytochemi-
cals are phenolic acids, dihydrochalcons and 
flavonols. The main phenolic acid in apples is 
chlorogenic acid, among dihydrochalcons 
(phloridzin and phloretin-2-xyloglucoside) 
and they influence juice quality, especially 
colour and taste (Lu and Foo, 2000; Cieslik 
et al., 2006).

14.4.2 Vegetables

Anthocyanin pigments found in vegetables 
are acyl derivatives of cyanidin (red cabbage, 
red onion, radish and lettuce), pelargonidin 
(radish and potatoes) and delphinidin (auber-
gine). Generally, the flavonoids group 
dominates among vegetable polyphenols 
(Bahorun et al., 2004). Among glycosides of fla-
vonol in onion, 4-glucoside of quercetin and 
3,4-glucoside of quercetin were identified 
(Stewart et al., 2000; Marotti and Piccaglia, 
2002). Derivatives of quercetin were found 
also in lettuce. Main polyphenol compounds 
of broccoli are quercetin-3-sophoroside and 
kaempferol-3-sophoroside (Marotti and Piccaglia, 
2002). Over 20 compounds of quercetin and 

kaempferol were found in cabbage. In red pep-
per, two derivatives of quercetin, three deriva-
tives of luteolin and one derivative of apigenin 
were found (Materska and Perucka, 2005). 
Chlorogenic acids in potatoes constitute 90% 
of all phenolic compounds. In the case of carrot, 
the amount of chlorogenic acid depends on vege-
table colour, with the highest amount in carrots 
with a purple colour and the lower in yellow 
and white. Chlorogenic acid is also present in 
aubergine and tomatoes. Neochlorogenic acid 
is present in a high amount in broccoli. In car-
rot, besides chlorogenic acid, caffeic acid and 
its derivatives were identified (Mattila and 
Hellstrom, 2007). Tomatoes are source of poly-
phenols such as quercetin and kaempferol 
(Stewart et al., 2000). Brassica vegetables also 
contain derivatives of hydroxycinnamic acids 
such as caffeic, chlorogenic, ferulic and sinapic 
acids and flavonols (Kopsell et al., 2004).

14.4.3 Cereals, legumes and beverages

Among the polyphenols found in cereal grains, 
phenolic acids play an important role and 
especially ferulic acid is dominant in grains 
(wheat and rye). Besides this compound, van-
illic and p-cumaric acids play an important 
role, even though they are present in smaller 
amounts. In the case of oats and buckwheat, 
avertramidin and rutin were reported, respec-
tively. Phenolic acids are present as ester and 
glycoside forms. Cereal grains are also a source 
of catechins; the higher amounts of these com-
pounds were found in seeds of buckwheat, 
oats, rye and wheat (Peterson et al., 2001; 
Holasova et al., 2002). Catechins are present 
in seeds of beans, which contain phenolic acids 
(ferulic, sinapic), quercetin, tannins, anthocya-
nins and isoflavones (genistein, daidzein, gly-
citein), of which soybean is the richest source 
(Prakash et al., 2007; Sikora et al., 2008).

Extracted oilseed meals consist of phe-
nolic acids, either free or esterified or in 
condensed forms. Another important anti-
oxidant fraction is flavonoids, which can be 
detected in nearly all extracted meals, at 
least in small amounts. Some substances 
possessing antioxidant activities have been 
detected in most expeller cakes and extracted 
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meals, such as phenolic acids, like caffeic, 
dihydrocaffeic acids, ferulic and sinapic acids, 
or flavonoids. Rapeseed meal is very rich in 
phenols (77–81 mg kg−1), mainly sinapic acid 
(Amarowicz et al., 2001). Soybean flour or 
defatted flour has been used as an antioxidant 
due to the presence of isoflavones and cin-
namic acid derivatives. The antioxidant activity 
of aqueous extracts is attributed to genistein 
and glycitein-7-O-monoglucosides. The anti-
oxidant activity of groundnuts is mainly due 
to phenolic acids. Defatted sunflower meal 
contained 3.0–3.5 g kg−1 phenolics; chlorogenic 
and caffeic acids constitute about 70% of phe-
nolic antioxidants. Defatted grape seed meal 
contains a mixture of catechins and procyani-
dins (Saito et al., 1998). Evening primrose seeds 
are used for the extraction of oil and extracted 
meal is rich in phenols such as proanthocyani-
dins, catechins, polymerized polyphenols and 
isoflavones (Shahidi et al., 1997). The main pre-
cursors of sesame seed antioxidants are lig-
nans, such as sesamolin. The defatted extract 
of sesame flour contained 41 mg kg−1 free phe-
nolic acids, 325 mg kg−1 esterified acids and 
14 mg kg−1 insoluble phenolic acids. Olive fruit 
is rich in phenolic antioxidants (Ninfali et al., 
2001), such as hydroxytyrosol, tyrosol, secoiri-
doids, such as oleoeuropein and its aglycone, 
flavonoids and lignans (Shahidi et al., 1997; 
Ninfali et al., 2001).

Beverages, such as cocoa, coffee, tea, red 
wine and beer can supply high amount of 
antioxidants. Phenols are present in high 
amounts (12–18%) in cocoa seeds and procy-
anidins consist of about 60%, with quercetin 
and its glycosides in smaller quantities. 
These flavonols and procyanidins are also 
present in chocolate and their contents 
depend on the kind and colour of chocolate. 
The contents of phenols in roasted coffee 
reach 8%, from which chlorogenic acid is 
dominant. Main phenolic compounds pre-
sent in tea are catechins and, generally, green 
tea contains more of these compounds. Red 
wine is a very good source of antioxidants, 
and contains resveratrol, a valuable polyphe-
nol. Antioxidant phenols present in beer are 
mainly derived from barley, malt and hop. 
The most important phenolic compounds 
present in beer are phenolic acids such as 
cinnamic, chlorogenic, vanillic, ferulic, gallic, 

caffeic, syringic, o- and p-cumaric acids, 
derivatives of flavan-3-ol such as catechin, epi-
catechin, procyanidin, prodelphinidin and flavo-
noglycosides (Rupasinghe and Clegg, 2007).

14.5 Conclusions

The natural polyphenols are phytochemicals 
of nutraceutical importance with antioxidant 
activity that may play a key role to control sev-
eral diseases induced by oxidative stress and 
might aid in the design of novel therapies 
targeting the respective molecular pathways. 
Antioxidants can also offer suitable answers 
to the question of the anticancer, antidiabetic, 
anti-ulcer, anti-inflammatory and antimuta-
genic effects and other oxidative stress-related 
health problems. Several clinical evidences, 
together with epidemiologic observations, 
suggest that for example tomato consumption 
may have protective effects on tumour devel-
opment, tumour dissemination, neuro-
degenerative and cardiovascular diseases. In a 
number of clinical trials the importance of 
daily consumption of whole grains, fruits, 
vegetables, nuts and vegetable oils that are 
rich in unsaturated fatty acids  in the preven-
tion or treatment of various diseases has 
been observed. Randomized clinical trials and 
evidence from epidemiological studies on nat-
urally occurring antioxidants have shown pro-
tective effects. Thus the future of polyphenolic 
antioxidants holds a great promise to ensure 
a better disease-free lifestyle for mankind by 
scavenging free radicals and consequently 
preventing mutagenic changes and associated 
disorders. More recently, advancement in 
molecular biology and genomics technology 
have provided additional understanding of 
the mechanisms underlying the synthesis of 
these compounds with special emphasis on 
the regulation of gene expression. Many inter-
esting findings indicate towards strongly posi-
tive correlations between the dietary intake of 
polyphenol-containing food and the preven-
tion of many chronic diseases. The future of 
phenolic research will likely include surpris-
ing and unexpected advances in the charac-
terization of new structures, new functions 
and new exploitations in human health.
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15.1 Introduction

Cancer is one of the leading causes of death 
around the world. In 2008, 13 million people lost 
their lives due to cancer (Borek, 2004). According 
to the WHO, ‘cancer is an uncontrolled growth 
and spread of cells which can affect almost 
any part of the body. A cancer cell often invades 
surrounding tissues and can metastasize to 
distant sites’. Many factors such as smoking, 
chemicals, hereditary inheritance, alcohol con-
sumption, radiation and life style contribute to 
cancer development. Available treatments for 
cancer include removal by surgery, radiother-
apy, chemotherapy, immunotherapy, gene ther-
apy and bone marrow transplantation. These 
approaches of treatment are widely used but they 
have shown limitations and ineffectiveness at 
several points of time. To overcome some limita-
tions like cytotoxicity to normal cells and other 
side effects, the use of dietary phytochemicals/
antioxidants have been utilized to prevent can-
cer development. They have been a part of 
household and traditional practices. Recently, 
these phytochemicals have caught the attention 
of many investigators because of their relatively 
fewer side effects, natural production, afforda-
bility and easy availability.

People have used plant products for pre-
ventive or therapeutic purposes to prevent or 
treat various abnormalities and diseases from 
ancient times. The normal diet includes many 
components that have various properties such as 
chemopreventive and anticancer activities. These 
plant products, also known as ‘phytochemicals’, 
have been used successfully for the management 
of many diseases, including cancer. Antioxidant 
phytochemicals prevent cell damage resulting 
from free radicals, which are the major events in 
the initiation of carcinogenesis. Large numbers 
of animal studies have reported the role of anti-
oxidants as anticancer agents. Thus, the higher 
intake of antioxidants in diet may be a good 
approach to protect us from many deadly dis-
eases. Many of these phytochemicals interact 
with the signal transduction pathways, alter 
hormonal/growth factor activities by activation/ 
inhibition of regulatory genes, restore the immune 
system, induce terminal differentiation and apop-
tosis, inhibit angiogenesis and inflammation 
(Manson, 2003; Pan and Ho, 2008). The plant 
polyphenolics, which form a major group of 
dietary components, function as regulators of 
detoxifying enzymes including haem-oxygenase, 
GST, NADH, quinine oxidoreductase and man-
ganese superoxide dismutase (MnSOD).
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Recently, it has been reported that the anti-
oxidant response elements (ARE) and electro-
phile response elements (EpRe) regulate the 
expression of genes such as cyclooxygenase 2 
(COX2) and apo-lipoprotein A-1. Many path-
ways including MAPK, PI3K, JNK and PKC 
can lead to the activation of ARE/EpRe. Hence, 
it might be possible that these phytochemicals 
would be able to regulate these response ele-
ments by modulating those pathways.

Phytochemicals can act at multiple levels 
of carcinogenesis by inhibition of one or more 
than one step of initiation, promotion and pro-
gression of the cancer. This may be brought 
about by induction of cell cycle arrest, and 
inhibition of proliferation, inflammation, angi-
ogenesis and metastasis, and induction of 
apoptosis, epigenetic changes and regulation 
of biochemical pathways. They arrest cell cycle 
progression via controlling the expression of 
cyclins and cyclin-dependent kinases (CDKs) 
or through CDK inhibitors (CDKI). For exam-
ple, in prostate cancer treatment, silymarin 
causes cell cycle arrest at G1 phase by inducing 
the expression of CDKI Cip1/p21 and Kip1/p27. 
These CDKIs inhibit the CDK2 and CDK4 
and related kinase activities (Deep and 
Agarwal, 2007). Genistein arrests the cell cycle 
at G2/M phase by targeting the activity of 
CDC2 and cyclin B1 activity in both prostate 
and lung cancer (Banerjee et al., 2008). The 
treatment of prostate cancer cell lines by IP6 
causes the hypophosphorylation of retino-
blastoma (Rb) protein at serine 780, 807 and 
811 sites or Rb-related proteins and enhances 
the interaction of E2F1, E2F4, and E2F5 with Rb 
or Rb-related protein, and these transcription 
factors became unavailable for transcription of 
genes (Agarwal et al., 2004). Epigallocatechin-
gallate (EGCG) and curcumin promote 
apoptosis by activation of caspase 3, caspase 8, 
caspase 9 and by decreasing the expression of 
anti-apoptotic compounds like Bcl2, both of 
which increase the cleavage of PARP leading 
to cell death (Khan et al., 2009; Shehzad et al.,
2010). Inhibition of angiogenesis and metas-
tasis are promoted by resveratrol through 
decrease in the expression of VEGF, MMP-2, 
MMP-9, ERK1/2 and HIF-1a (Bishayee, 2009). 
Carnosol shows anti-inflammatory action 
through suppression of iNOS, which leads to 
the inhibition of NF-kB, p38, ERK1/2; apart 

from this carnosol hinders the protein kinase C 
signalling pathway and prevents binding 
of AP1 to COX-2 promoter (Johnson, 2011). 
Phytochemicals can also inhibit the growth 
of a tumour by hampering the different bio-
chemical pathways, including NF-kB, Akt, 
PI3K, MAPK, Ras and GFR (Ramos, 2008). 
EGCG shows its effect on the epigenetic regu-
lation through suppression of the expression 
of hTERT (Berletch et al., 2008), and increases 
the methylation of p15 (INK), p16 (INK) and 
oestrogen receptor-I (Berner et al., 2010).

However, most of the studies on phyto-
chemicals have been focused on their antioxi-
dant and anticancer activities, but the major 
concerns include lower efficacy, potency, spec-
ificity, bioavailability and solubility in water 
(Siddiqui et al., 2010). Many phytochemicals 
have been shown to induce cytotoxic effects 
on normal cells at higher concentrations; after 
metabolism in the liver they become more 
toxic, interact with other dietary components, 
become less biocompatible, have a destructive 
effect on intestinal microflora and also induce 
cell survival pathways, which may promote 
tumour growth rather than inhibiting it. 
Apart from this, most of the dietary phyto-
chemicals are present in conjugated forms or 
are effective only when present with other 
plant components, which may have synergis-
tic effects. The properties of phytochemicals 
have been tested mostly on cancer cell lines or 
other in vitro systems and in vivo in animals, 
which are given a high dose of these phyto-
chemicals/antioxidants, which normally does 
not happen in normal human diet. The admin-
istration timing also differs between experi-
mental and normal conditions. Exposure of 
carcinogens and treatment with phytochemi-
cals is usually performed simultaneously in 
experimental conditions, but it does not happen 
in normal human situation, where carcinogens 
may enter the system before the phytochemi-
cals are administered (Hodek et al., 2009).

15.2 Antioxidants as 
Anticancer Agents

Higher intake of fruits and vegetables is 
believed to have a beneficial effect on our 
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health; the fruits and vegetables have dietary 
polyphenols, which are known to act as anti-
oxidant and anticancer agents and, along 
with these activities, they also show activity 
against cardiovascular and neurodegenerative 
diseases (Surh, 2003; Ouédraogo et al., 2011). 
Antioxidants are molecules formed through 
oxidation that may prevent cells from free 
radical damage in our body. Oxidation is a 
reaction in which oxygen is transferred to a 
higher unstable ionization state from mole-
cules such as proteins, DNA, lipids and car-
bohydrates. These free radicals initiate many 
chain reactions, resulting in cell damage or 
cell death (Sies, 1997). Antioxidants inhibit 
these chain reactions thus preventing cells 
from damage; they prevent oxidation reac-
tions by oxidizing themselves, so they are 
also known as reducing agents (Sies, 1997; 
Hurrell, 2003). Oxidation reactions are critical 
to human life; plants and animals maintain 
very complicated systems with antioxidants/
phytochemicals, including vitamin E, vitamin C 
and glutathione and with many other enzymes 
such as superoxide dismutase (SOD), catalase 
and peroxidases. Antioxidants have been 
studied extensively for pharmaceutics, par-
ticularly in heart stroke and neurodegenera-
tive diseases (Bjelakovic et al., 2007). Reactive 
oxygen species (ROS) are a by-product of nor-
mal oxygen metabolism, which is important 
in cell signal transduction and homeostasis. 
During environmental stress such as UV and 
heat exposure, the ROS level increases; it 
leads to severe damage to the cells, which is 
cumulatively known as oxidative stress. ROS 
can also be generated by exogenous sources 
such as ionization radiations (Devasagayam 
et al., 2004). Usually cells try to defend against 
oxidizing agents/ROS with the help of 
several enzymes and other small molecules, 
which act as antioxidants, such as ascorbic 
acid, glutathione, uric acid, carotenoids, poly-
phenols and tocopherols. ROS are not only 
involved in apoptosis but also have some 
positive effects, such as induction of the 
defence system and mobilization of the ion 
transport systems. Thus, they are also known 
as redox signalling or oxidative signalling. 
Platelets, which have been found to be 
involved in wound healing and blood home-
ostasis, release ROS to recruit more platelets. 

The immune system is also believed to be 
linked with ROS in order to recruit leucocytes 
(Conner et al., 2002; Rada and Leto, 2008). 
ROS has been associated with many inflam-
matory responses, cardiovascular diseases 
and hearing impairment, and has also been 
implicated in apoptosis, specifically in stroke 
and heart attack. General oxidation results in 
DNA damage, oxidation of proteins and oxi-
dation of the polyunsaturated fatty acid of 
lipids and oxidation of enzymes/cofactors 
(Bergström et al., 2012).

15.3 Sources of Antioxidant 
Phytochemicals

The distribution of antioxidants in nature is 
very diverse and ranges from dietary to non-
dietary compounds. Antioxidants are found in 
large amount in fruits and vegetables, includ-
ing agricultural by-products, herbal tea, coffee, 
some beverages, cold-pressed vegetable oil, 
table olives, sesame seed, nuts and grains, which 
are particularly rich in polyphenolic com-
pounds (Surh, 2003). Major component of poly-
phenols are flavonoids, and total polyphenolic 
intake is estimated as 1 g day−1 from fruit juice, 
green tea, coffee, chocolate and beer and to 
a lesser extent from dry legumes, cereals and 
vegetables (Scalbert and Williamson, 2000; 
Ramos, 2007). Epidemiological studies have 
shown that people who are more dependent on 
plant products for diet have a higher intake of 
polyphenolic compounds. Several in vitro and 
in vivo studies have shown the potential of poly-
phenols against many diseases including cancer. 
Notable anticancer polyphenolic examples are 
resveratrol, green tea catechins, curcumin, silib-
inin and genistein (Scalbert and Williamson, 
2000; Ramos, 2007; Vauzour et al., 2010).

15.4 Mode of Action

15.4.1 ROS-independent action

There are several small molecules or antioxi-
dants that show their anticancer activity inde-
pendent of ROS mechanism, including EGCG, 
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silibinin, curcumin, gallic acid and resveratrol. 
Chemotherapy in combination with these 
antioxidants increases the beneficial effect of 
the therapies (Borek, 2004). Antioxidants pos-
sess a scavenger effect, which plays impor-
tant roles in cancer prevention. They can alter 
cancer signal transduction pathways: modu-
late antioxidant enzyme activities, such as 
up-regulation of GST, NQO1, catalase, GPx 
and/or phase II enzymes. In addition, they 
show cell cycle arrest and induction of apop-
tosis (Pan and Ho, 2008; Vauzour et al., 2010). 
Polyphenolic antioxidants also modulate 
Nrf2 and NF-kB pathways. MAPK and PI3K 
signalling pathways are important targets in 
anticancer approaches, because many cancers 
become dependent for growth and survival 
on these pathways (Surh, 2008). Studies have 
shown that polyphenols can modulate MAPK 
and PI3K signalling pathways. However, the 
dietary polyphenols at different concentra-
tions may show an opposite effect, e.g. cur-
cumin, EGCG, quercetin and green tea at low 
concentration may activate the MAPK, c-Jun
N-terminal kinase (JNK), and can lead to the 
activation of survival genes such as c-fos and 
c-jun (Yu et al., 1997); on the other hand at 
higher concentrations quercetin and EGCG 
can activate caspase-dependent apoptosis 
(Spencer et al., 2003).

Apoptosis (programmed cell death) also 
plays an important role in cancer prevention. 
It includes intrinsic and extrinsic pathways. 
The intrinsic pathway involves mitochondria, 
whereas extrinsic pathways involve activa-
tion of death receptors. Both pathways pro-
mote the activation of caspases, which can 
be classified as the initiator caspases (cas-
pases 2, 8, 9 and 10) and effector caspases 
(caspases 3, 6 and 7). Intrinsic and extrinsic 
pathways in combination induce the activation 
of caspase 3 leading to apoptosis (Thornberry, 
1998; Thornberry and Lazebnik, 1998). Various 
in vitro and in vivo studies have reported that 
phytochemicals including resveratrol, gen-
istein, luteolin, quercetin and apigenin induce 
apoptosis in cancer cells and in animal mod-
els (Manson, 2003; Vauzour et al., 2010). For 
example, EGCG induces apoptosis by induc-
ing the expression of Fas, caspase-3, caspase-8
and caspase-9 and down-regulating the expres-
sion of anti-apoptotic proteins, including 

Bcl-2, Bcl-xL and BH3 (Nishikawa et al., 2006). 
Ellagic acid was found to induce apoptosis in 
a caspase-independent manner and decreased 
the expression of Bcl-xL and release of 
cytochrome-c (Mertens-Talcott and Percival, 
2005; Larrosa et al., 2006).

15.4.2 ROS-dependent action

Antioxidants are reducing agents that can 
also act as pro-oxidants. Pro-oxidants induce 
oxidative stress, either creating reactive oxy-
gen species or inhibiting antioxidant systems. 
Many polyphenols show pro-oxidant activi-
ties, especially at higher doses. The pro-oxidant 
activity of polyphenols may be due to chemi-
cal instability of polyphenols, mobilization of 
cellular copper ions and deletion of cellular 
glutathione (GSH) (Dai and Mumper, 2010). 
Pro-oxidant activities are more prominent 
in vitro, such as at high pH, at higher concen-
tration of transition metals and oxygen mole-
cules. Small molecules of polyphenols like 
quercetin and gallic acid become oxidized 
easily, and are good pro-oxidants; on the other 
hand, high molecular weight polyphenols 
like tannins do not get oxidized easily, and 
are less pro-oxidant (Halliwell, 2008). Some 
polyphenolic phytochemicals are unstable 
in structure and spontaneously become oxi-
dized enzymatically in the presence of metal 
ions, particularly in cell culture condition, 
and form ROS species (Halliwell, 2003). For 
example, EGCG and green tea produce H2O2

in cell culture conditions and are toxic to the 
cells (Akagawa et al., 2003; Chai et al., 2003). 
Cell culture media contain many transition 
metals; for example, DMEM medium has 
iron, usually in the form of Fe(NO3)3, that 
results in higher pro-oxidant activity. In addi-
tion, the cells grow in culture in higher 
oxygen content, 95% air, 5% CO2 and about 
150 mm Hg pressure and higher concentra-
tions of vitamin E, vitamin C and selenium 
(Halliwell, 2008).

Many polyphenols are believed to have 
a role in depletion of cellular glutathione, 
which results in the induction of apoptosis in 
cancer cells. Chrysin and 2¢, 5¢ DHC (a kinase 
inhibitor) have shown cytotoxicity due to 
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their pro-oxidant activity, leading to dys-
function of mitochondrial membrane poten-
tial, depletion of mitochondrial glutathione 
and an increase in the mitochondrial 
cytochrome-c release. Luteolin and quercetin 
act as pro-oxidant by depleting GSH. Green 
tea catechins and phenolic acid cause mito-
chondrial dysfunction and formation of ROS 
species in rat hepatocytes (Kachadourian 
and Day, 2006). Polyphenols including res-
veratrol and caffeic acid show cytotoxicity 
to cancer cells, via DNA damage by the 
immobilization of endogenous copper ions, 
probably chromatin-bound copper ions, 
which results in ROS production (Ullah et al., 
2011). The copper accumulation mechanism 
is not well known so far, however, it has been 
observed that copper transporter 1 is highly 
efficient in humans and it becomes over-
expressed in malignant cells, causing accu-
mulation of copper in the cancer cells. In 
addition, it has been proposed that copper 
accumulation may be required for cerulo-
plasmin, a copper binding protein, highly 
expressed in cancer cells (Hrgovcic et al., 
1973). There are studies that show that cur-
cumin induces lipid detoxification, probably 
through copper ion interaction in rats (Nair 
et al., 2005).

15.4.3 Phytochemicals and 
their efficacy

Compounds having antioxidant activity show 
different potency to different cancer types 
(Table 15.1). It has been shown that 50 mM of 
EGCG is required for inhibition of lung, cervi-
cal, and head and neck cancer, whereas 100 mM
is required for pancreatic and prostate cancer 
and 200 mM for breast cancer cells in vitro
(Table 15.1). On the other hand, in vivo activity 
of EGCG requires relatively high concentra-
tions of the drug in experimental animal 
models (Li et al., 2010). Efficacy may decrease 
further in natural conditions. Clinical studies 
have shown that oral intake of 400 mg day−1

of EGCG had maximum plasma level, i.e. 111.8 ± 
98.6 (ng ml−1), with half-life (T1/2) of 162.3 ± 
84.3 min. It was found in its derivative form 
in urine but not in intact form (Nakagawa 

et al., 1997; Chow et al., 2001; Wang et al., 2008; 
Williamson and Renouf, 2011).

Curcumin is a very well-known chemo-
preventive as well as chemotherapeutic 
agent. Curcumin concentration ranges from 
10 mM for ovary cancer to 50 mM for other 
cancers types for its in vitro activity. These 
variations in the requirement of concentra-
tion of curcumin also vary in vivo models 
(Table 15.1). Curcumin has not been approved 
as a therapeutic because of less bioavail-
ability. The bioavailability of curcumin in an 
in vivo study is reported to be approximately 
40% from 400 mg kg−1 oral administration to 
rats, and the remaining was eliminated via 
faeces in intact unchanged form, even though 
traces were found in kidneys and portal 
blood (Ravindranath and Chandrasekhara, 
1980). Efficient action of the drug requires the 
proper administration and bioavailability of 
the drug into the body. In another study, it 
was reported that 10 mg kg−1 delivery of cur-
cumin intravenously into the rats showed 
0.36 ± 0.05 mg ml−1, whereas 50 times higher dose 
given orally showed only 0.06 ± 0.01 mg ml−1

maximum serum level (Maiti et al., 2007; Yang 
et al., 2007). The clinical studies of curcumin 
in humans reported that after taking a 3.6 g
capsule orally, the Cmax value was about 
8.9 ± 0.7 nM l−1 and about 1.3 mM intact cur-
cumin was observed in urine (Sharma et al.,
2004; Dhillon et al., 2008). Requirement of the 
concentration of silibinin for its action ranges 
from 10 mM to 200 mM in vitro and varies from 
80 mg kg−1 to 742 mg kg−1 in vivo (Ramasamy 
et al., 2011).

The clinical studies of resveratrol found 
538.8 ± 72.5 (ng ml−1) plasma level after taking 
5 g day−1 oral tablets, with T1/2 511.2 ± 95.8 min;
approximately 0.4% intact resveratrol along 
with its derivatives were found in urine 
(Boocock et al., 2007). Oral administration of 
genistein in clinical studies with 11.3 mg/cap-
sule, showed 261.84 ± 110.68 (ng ml−1) plasma 
level of the drug, with T1/2 477.6 ± 136.8 min, 
and around 1.2 mM of intact genistein found 
in urine along with its other derivatives 
(Watanabe et al., 1998; Anupongsanugool 
et al., 2005). These studies show that there is 
plenty of scope to improve the bioavailability 
and stability of these compounds to increase 
their efficacy.
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Table 15.1. Phytochemicals and their mechanisms of action in cancers in vitro and in vivo.

In vitro In vivo

Phytochemicals
Cancer
type Cell line Dose Mechanisms Animal model Dose

Route of 
administration Mechanisms References

Epigallocatechin-gallate Lung H1299 50 mM �p53; �P21/ Cip1;
�P27/ Kip1; �ROS

Male NCr nu/nu 
mice with 
H1299 cells 
xenograft

30 mg kg−1 Intraperitoneal 
injection

�8-OHdG;
�8-H2AX;
�Caspase-3

Qin et al.,
2008; 
Li et al.,
2010

 (EGCG)

OH OH

OH

OH

OH

OH

OH

HO O

O

O

Molar mass: 458.37 g mol−1

Soluble in water

Breast MCF-7 200 mM ¯HSP70 & 90; 
�P21/ Cip1;
�P27/ Kip1; 
¯Skp2; 
¯Cyclin D1; ¯Bcl-2

BALB/c mice with 
MCF-7 cells 
xenograft

10 mg kg−1 Intraperitoneal 
injection

¯HSP70, 90; 
�P21/ Cip1;
�P27/ Kip1

Huang et al., 
2008; Hsieh 
and Wu, 
2008; Tran 
et al., 2010

Colorectal HCT-116
HT 29

35 mg l−1 ¯Telomerase; ¯TROP-2; 
¯NF-kB; ¯COX-2; 
�P21/ Cip1;
�P27/ Kip1

Female BALB/c 
nude mice with 
HCT-L2 and 
HCT-S2R cells 
xenograft

0.04% w/v 
ECGC as 
sole source 
of drinking 
water

Through
drinking 
water

¯Telomerase; 
�P21/ Cip1;
�P27/ Kip1

Naasani et al.,
2003; Park 
et al., 2009; 
Sukhthankar
et al., 2010

Pancreas AsPC-1
BxPC-3

100 mM ¯Focal Adhesion 
Kinase, ¯IGFR –I, 
¯MAPK, ¯Akt,
¯N-cadherin

– – – – Vu et al., 2010

Liver BEL7404/ADM,
BEL7402/5-FU

150 mg l−1 ¯172 genes;
�38 genes

– – – – Tang et al.,
2008

Prostate TRAMP-C1 100 mM ¯Cell Proliferation;
¯MMP-2,9; 
�P21/ Cip1;
�P27/ Kip1;¯IGF-1;
¯COX-2; ¯iNOS

C57/Bl Mice with 
TRAMP- C1 
xenograft

0.06% EGCG 
in drinking 
water

Oral ¯Cell
Proliferation;
¯MMP-2,9; 
�P21/ Cip1;
�P27/ Kip1;

Sartor et al.,
2004; Harper 
et al., 2007

Skin A431 60 mM ¯Ezh2; ¯Suz12; ¯Bim-1; 
�P21/ Cip1; �P27/
Kip1; ¯CDK4; 
¯CDK2; ¯Cyclin D1

– – – – Bhatia et al., 2001; 
Balasubra-
manian et al., 
2010

Ovary SKOV-3 80 mg ml−1 �P21/ Cip1; 
�P27/ Kip1; ¯CDK2; 
¯Cyclin D1; �p53; 
¯PCNA; ¯Bcl-xL;
¯E2F-1/4; ¯Rb

– – – – Kim et al., 2004; 
Rao and 
Pagidas, 2010
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Cervical HeLa 50 mM ¯TFIIIB subunit Brf1,2; 

�p53; ¯NF-kB; ¯Akt; 
�Cytochrome-c ; 
�Caspase-3/9

– – – – Jacob et al., 
2007; Singh 
et al., 2011

Head and 
Neck

Tu686/M4e 30 mM ¯MMP-2,9; �RECK; 
�P21/ Cip1; �P27/
Kip1; �p53; �Bim; 
¯NF-kB; ¯p65

– – – – Kato et al.,
2008; Amin 
et al., 2009

Curcumin

O
O OH

HO

CH3

OCH3

OH

Molar mass: 368.38 g mol−1

Insoluble in water

Lung A549
H1299

20 mM �P21/ Cip1;
�P27/ Kip1; 
¯MMP-2/9/14; 
�JNK; �AP-1

SCID mice with 
CL1-5, A549, 
H1975 cell 
xenograft

1g kg−1 Diet
supplement

¯MMP-2/9/14; 
¯Integrina6/b4; 
¯MEKK3; 
¯ERK; ¯NCAM; 
�HLJ1; 
�E-cadherin; 
�JNK; �AP-1

Lin et al., 2009; 
Lee et al., 
2011; Ko 
et al., 2011

Breast MDA-MB-231 50 mM ¯VEGF; ¯MMP-2/9; 
¯b-FGF; �TIMP-I; 
�P21/ Cip1;
�P27/ Kip1

Female CD1 
athymic nude 
mice with 
MDA-MB-231 
cell xenograft

200 mg kg−1 Oral ¯MMP-2/9; 
¯b-FGF; 
�TIMP-I; �P21/ 
Cip1; �ROS; 
�JNK

Shao et al.,
2002; 
Somers-
Edgar et al.,
2008

Colorectal HT-29 80 mM �Bax; ¯Bcl-2; ¯Bcl-xL; 
�Bad; �Caspase-3; 
¯PARP; ¯Survivin; 
¯COX-2

Male athymic 
nude mice with 
HCT-116 cell 
xenograft

30 mg kg−1 Intraperitoneal 
injection

¯COX-2; ¯Akt Subramaniam 
et al., 2008; 
Wang et al.,
2009; Lee 
et al., 2009

Pancreas Panc28 L3.6pL 50 mM ¯NF-kB; ¯Cyclin D1; 
¯c-myc; ¯bcl-2; 
¯Cytochrome-c; 
¯Survivin; ¯VEGF; 
¯ROS

Female athymic 
nude mice with 
PaCa-2 cell 
xenograft

1 g kg−1 Oral ¯NF-kB; 
¯Survivin; 
¯VEGF; 
¯Bcl-2; ¯Bcl-xL; 
¯Procaspase
-3/9; ¯COX-2

Kunnumakkara 
et al., 2007; 
Jutooru 
et al., 2010

Liver SK-Hep-1 40 mM �P21/ Cip1;
�P27/ Kip1; 
¯Survivin; ¯Notch1; 
¯Bcl-xL; ¯MMP-2,9

Nu/nu mice with 
SK-Hep-1 cell 
xenograft

100 mg kg−1 Intraperitoneal 
injection

�P21/ Cip1;
�P27/ Kip1; 
¯Notch1

Lin et al., 1998; 
Ning et al.,
2009;Wang 
et al., 2010

Prostate LNCaP
PC-3

50 mM ¯VEGF; ¯Cyclin D1; 
¯uPA, ¯MMP-2/9;
¯Bcl-2; ¯Bcl-xL; �P21/ 
Cip1; �P27/ Kip1; 
¯PCNA; �TRAIL-R1/
DR4; �TRAIL-R2/DR5; 
�Bax; �Bak; ¯Akt

Male TRAMP 
mice

2% w/w Diet
supplement

¯VEGF; ¯Akt; 
¯MMP-2/9; 
¯Bcl-2; 
¯Bcl-xL; �P21/
Cip1; �P27/
Kip1; ¯PCNA

Dorai et al.,
2001; 
Deng et al.,
2008; 
Shankar
et al., 2008

Continued
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Table 15.1. Continued.

In vitro In vivo

Phytochemicals
Cancer
type Cell line Dose Mechanisms Animal model Dose

Route of 
administration Mechanisms References

Skin Keratinocytes 
from human 
foreskin

50 mM ¯Bcl-xL; �P21/ Cip1; 
�p16; 
¯Procaspase-9/8/3; 
¯Cyclin D1

– – – – Balasubra-
manian and
Eckert, 2007

Ovary HeyA8 10 mM �P21/ Cip1; �P27/
Kip1;¯VEGF; ¯IL-8; 
¯MMP-9; ¯NF-kB; 
¯COX-2; ¯Bcl-2; 
¯Bcl-xL

Female athymic 
nude mice with 
HeyA8 cells

500 mg kg−1 Gavage �P21/ Cip1;
�P27/ Kip1,
¯VEGF; ¯IL-8; 
¯MMP-9; 
¯NF-kB;
¯COX-2; 
¯Bcl-2; ¯Bcl-xL

Lin et al., 2007

Cervical HeLa 50 mM ¯PCNA; ¯Cyclin D1; 
¯Telomerase; �p53; 
�Survivin; ¯NF-kB

– – – – Singh and 
Singh, 2011; 
Bava et al.,
2011

Head and 
Neck

 CCL 23
CAL 27
UM-SCC1

50 mM ¯IKKb; ¯NF-kB; �p53; 
¯Cyclin D1; ¯c-Myc; 
¯Cyclooxygenase-2; 
¯MMP-9; ¯Bcl-2; 
¯Bcl-xL; ¯Mcl-1L/1S

– – – – Wang et al., 
2008; Duarte 
et al., 2010; 
Meyer et al., 
2011

Silibinin

OH

OH

OH

HO

OH CH3

O O

O
O

O

Lung H460
H1299

75 mM �P18/INK4C; 
�P21/ Cip1;
�P27/ Kip1; ¯CDK2;
¯CDK4; ¯pRb

Male B6/129-
Nos2tm1Lau

(iNOS-/-)
&B6/129PF2
WT mice

742 mg kg−1

body
weight

Dietary 
supplement

¯VEGFR2; 
¯STAT3; 
¯NF-kB

Mateen et al.,
2010; 
Ramasamy 
et al., 2011

Breast MCF-7 200 mM �p53; �RNS; �ROS; 
¯MMP-9; ¯COX-2; 
¯VEGF; ¯Raf/MEK/
ERK;
¯IGF-1; ¯SIRT1

– – – – Kim et al.,
2009; Noh 
et al., 2011
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Molar mass: 482.44 g mol−1

Poorly water soluble
Colorectal SW480,

HCT116
200 mM ¯b-catenin;

¯Cyclin D1;
¯c-Myc; ¯CDK8;
�Caspase-3;8;10; 
¯VEGF; ¯iNOS; 
¯Survivin

Athymic (nu/nu) 
male nude 
mice with 
SW480 cell 
xenograft

200 mg kg−1 Dietary 
supplement

¯b-catenin; 
¯Cyclin D1; 
¯c-Myc; 
¯CDK8; 
�Apoptosis

Kaur et al.,
2010; 
Velmurugan 
et al., 2010

Pancreas No study – – – – – – –
Liver BEL-7402/

5-FU
200 mM ¯CDK2; ¯CDK4; 

¯CDC2; �P21/ Cip1; 
¯NF-kB;
�P27/ Kip1; ¯pRb

Nude mice with 
HCC cell 
xenograft

80 mg kg−1 Gavage �PTEN; 
¯p-Akt; 
¯p-ERK; 
¯PI3K/Akt; 
�P27/ Kip1; 
¯NF-kB

Varghese 
et al.,
2005; Cui 
et al., 2009

Prostate PC-3
DU145

20–
100 mM

¯CDK2;4;6; ¯CDC2; 
¯Cyclin D1; D2; A; 
�P21/ Cip1;�P27/
Kip1; ¯JNK-1/2; ¯Akt; 
¯STAT1; ¯STAT3; 
¯STAT5; �Caspase-3; 
�ERK-1/2; ¯IGF-1; 
¯NF-kB

Athymic mice 
with PC-3 and 
DU145 cell 
xenograft

100 mg kg−1 Gavage ¯CDK2;4;6; 
¯CDC2; 
¯Cyclin D1; 
D2; A; 
¯JNK-1/2; 
¯Akt; ¯STAT1; 
¯STAT3; 
¯STAT5; 
�Caspase-3; 
�ERK-1/2

Singh and 
Agarwal, 
2006; Singh 
et al., 2009

Skin HaCaT
keratino-
cytes

50 mM �Caspase-3;
�P21/ Cip1;
�P27/ Kip1;
�p53; ¯Akt;
¯COX-2; ¯HIF-1a;
¯iNOS; ¯NF-kB;
¯E2F1,2,3; ¯p65;
¯VEGF; ¯ROS

SKH-1 hairless 
mice

9 mg/200 mM
acetone/
mouse

Topical 
application

¯VEGF; 
¯HIF-1a;
¯iNOS; 
¯COX-2; 
¯p65;
¯NF-kB; 
¯E2F1,2,3; 
¯Akt;
�P21/ Cip1;
�P27/ Kip1; 
�p53

Gu et al.,
2006, 2007; 
Svobodová 
et al., 2007

Ovary No study – – – – – – –
Cervical HeLa 250–500

mM
¯HIF-1a; ¯mTOR; 
¯PI3K/Akt; ¯VEGF

– – – – García-Maceira 
and Mateo, 
2009

Head and 
Neck

SCC-4 100 mM ¯MMP-2; ¯ERK-1/2; 
¯TIMP-2; ¯Survivin

– – – – Chen et al.,
2006

Arrows indicate an increase (�) or decrease (¯) in the levels of protein expression/activation, genetic and epigenetic expression.
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15.5 Applications of Antioxidant 
Phytochemicals in Therapeutics

Usually, the higher intake of antioxidants in 
diet increases the lifespan of humans by neu-
tralizing/stabilizing free radicals in the body. 
The continuous intake or exposure of oxidation-
inducing foods may lead to the generation of 
free radicals, such as intake of over-cooked and 
re-used oil shows a higher amount of free 
radicals (Halliwell, 2008). These cause oxi-
dation to important cellular macromolecules 
such as proteins, DNA, lipid, carbohydrates 
and associated tissues, which can lead to 
health hazards. For example, smoking and 
chronic alcoholism increase the free radical 
formation and decrease the level of antioxi-
dants in serum, which ultimately can cause 
severe damage to the body (Diplock et al.,
1998). Thus dietary antioxidants play a major 
role in chemoprevention. They are also used 
in body lotion, as they protect skin from UV 
radiation in the sunlight, decrease skin rough-
ness and also protect from UV-induced skin 
cancer and swelling of the skin (Borek, 2004).

15.6. Limitations of Uses of 
Phytochemicals/Antioxidants

15.6.1 Bioavailability and 
physico-chemical property

Bioavailability is the degree to which a drug 
or other substance becomes available to the 
target tissue after administration. There are 
several factors that affect the bioavailabil-
ity of the drugs, such as physico-chemical
properties including hydrophobicity, pKa 
value and solubility, etc. (Moorthi et al., 2011). 
The other factors include different meta-
bolic rates, chemical degradation and enzyme 
induction/inhibition by other drugs/food 
and inter-individualistic differences in meta-
bolism (Hodek et al., 2009), formulation of 
drugs and effect of the intestinal microflora. 
Some phytochemicals have big polycyclic 
structures, due to which the homogeneous 
distributions of drugs become difficult. For 
instance, in vitro studies with resveratrol have 
shown inhibition of proliferation, induction 

of apoptosis and hindrance in cell cycle of 
human cancer cell lines, including those of 
colon, breast, lung, prostate, liver and pancre-
atic cancers. But most of the drug (resvera-
trol) is excreted in the urine in metabolic state, 
which causes less amount of drug to be avail-
able to the targeted tissues (Walle et al., 2004). 
Physico-chemical and molecular intricacy of 
drugs and their low availability to target 
tissues provide a huge challenge to investiga-
tors. Many phytochemicals are hydrophobic 
in nature, thus show low bioavailability. Thus 
to overcome these obstacles, formulation of 
new delivery systems is required, which 
should also be less toxic to normal cells 
(Moorthi et al., 2011).

Several approaches have been exploited 
to overcome the problem of bioavailability, 
including solubilization, inclusion and compl-
exation of compounds. Complexation includes 
the encapsulation of the drug with hydrophilic 
compounds such as poly-acetic acid, lactic acid 
and glycolic acid, and relatively hydropho-
bic compounds such as albumin-based nano-
particles, liposome formulation, polymeric 
micelles cyclodextrin and chitosan-based nan-
oparticles (Wischke and Schwendeman, 2008). 
The ionization state of a drug can alter its 
behaviour, for example an increase in the 
solubility of a drug in water will decrease its 
lipophilicity and vice-versa. PKa value plays 
an important role in the partition coefficient 
and directly affects the hydrophobicity and 
drug distribution (Avdeef, 2001, 2003; Jia, 2005).

On the other hand, the problem of excess 
accumulation of drugs in the body can be 
overcome by using nano-carriers, which are 
biodegradable and biocompatible including 
polylactic acid (PLA), poly-DL-lactide-co-
glycolide acid (PLGA), starch, chitosan and 
protein-based carriers such as apotransferrin 
and lactoferrin nanoparticles (Peer et al., 2007; 
Golla et al., 2012). Some of the nano-carriers
have been proved safe, biocompatible and 
provide the flexibility to control the sustaina-
ble release and dose formulation of the drugs, 
i.e. protein-based nanoparticles with doxoru-
bicin has been found safe in vivo and in vitro
(Siddiqui et al., 2010; Golla et al., 2012). It has 
been proved that the nano-EGCG, at IC50

value 2.5 mM, inhibits proliferation, induces 
apoptosis in 22Rv1 prostate carcinoma cell 
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lines, in comparison with IC50 value 35 mM of 
EGCG alone (Siddiqui et al., 2009; Siddiqui 
and Mukhtar, 2010).

For proper exposure of targeted tissues 
the drug should have a slow metabolic rate in 
the body and higher half-life, so that it will 
have sufficient time to reach its target site. 
Thus, faster metabolism of the drug leads to 
less bioavailability at the target site and 
decreases the efficacy of the drug. Liver and 
kidney metabolism play a major role in the 
phytochemical degradation, which includes 
phase I reactions such as oxidation and reduc-
tion of the drug, hydrolysis and phase II reac-
tion such as conjugation (Gibson and Skett, 
2001a, b). Curcumin, which is an anticancer and 
anti-inflammatory agent, has less amount of 
availability at the target site in vivo studies and 
most of the drug becomes metabolized through 
conjugation including glucuronidation, sulfa-
tion and reduction (Pfeiffer et al., 2007; Vareed 
et al., 2008). This limitation of curcumin has 
been solved with the help of nanoparticles such 
as curcumin tagged with human serum albu-
min nanoparticles (CCM-HSA-NPs).When the 
efficacy of this conjugate was tested, it was 
found that the drug was 14 times more effec-
tive against tumours than that of curcumin 
alone. CCM-HSA-NPs showed 5.5 times more 
anti-angiogenic activity than curcumin alone, 
and it was observed that the nanoparticle con-
jugate shows 32% higher anticancer activity 
in comparison to curcuminin HCT116 tumour 
xenograft model (Kim et al., 2011). These stud-
ies indicate that such strategies may help cur-
cumin to escape from metabolic degradation 
and become more available to the target sites.

15.6.2 Interaction of 
phytochemicals and drugs

Pure phytochemicals frequently show dif-
ferent potency to cancer to that of phyto-
chemicals in combination, such as extract of 
Curcuma longa (which includes curcuminoids, 
demethoxycurcumin, bisdemethoxycurcumin 
and a-turmerone) shows higher anticancer 
activity than curcumin alone (Yue et al., 2010). 
Acombination study of indol-3-carbinol (300 mM) 
and genistein (40 mM) on human colon cancer 

HT-29 cells showed reduced cell viability up 
to 87% after 24 h of treatment. Both of them were 
relatively less effective at these concentrations 
when cells were treated with either of the phy-
tochemicals alone (Nakamura et al., 2009). In 
combination with doxorubicin and silibinin, a 
flavonoid, it inhibited the growth of lung can-
cer and reduced the systemic toxicity of doxoru-
bicin with an enhanced therapeutic efficacy most 
likely via an inhibition of doxorubicin-induced 
chemo-resistance involving NF-kb signalling 
in vivo (Singh et al., 2004).

15.6.3 Interaction of phytochemicals 
with microflora

The mode of administration of most of the phy-
tochemicals and antioxidants is oral as many 
of these are dietary components. The intestinal 
microflora plays a major role in the metabolism 
of these compounds by their secretory enzymes 
and affects their bioavailability. Reduction, 
hydrolysis and ring fission are three common 
mechanisms by which flavonoids are metabo-
lized in the GI by microflora (Gao and Hu, 
2010). Flavonoids, which occur as glycosides, 
undergo bacterial degradation by glucosidases 
and glucuronidases, which convert them to 
toxic aglycones. Flavonoids that have antimi-
crobial activity can be detrimental to normal 
microbiota, and may also provide advantage to 
the harmful bacteria. Moreover, the biochemical 
transformation by microbiota will increase 
the intestinal absorption of phytochemicals 
(Woting et al., 2010). For example, about 50% of 
the resveratrol was removed after metabolic 
degradation by the microflora (Walle, 2011). 
Furthermore, some functional food compounds 
influence the growth and metabolic activity of 
the gut microbiota, and thereby influence the 
behaviour and functions of the drug.

15.6.4 Effect of phytochemicals on 
cytochrome P450 metabolizing enzymes

Cytochrome P450 (CYPs) contributes up to 
80% of all phase I xenobiotic metabolizing 
enzymes. Expressions of CYPs play a major 
role in metabolism of phytochemicals. Many 
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compounds induce or suppress the expres-
sion of CYPs, which affects the overall 
chemopreventive efficacy of phytochemicals. 
The expression of CYPs may be beneficial or 
detrimental depending on time and tissue- 
specific expression (Nebert and Dalton, 
2006). Benzopyrene (B[a]P), a known carcino-
gen, when metabolized by CYP1A1 gets con-
verted into 7,8-epoxy-7,8-dihydro-B[a]P, which 
acts as carcinogen. Natural polyphenolic com-
pounds inhibit the activity of CYP1A1, which 
reduces B[a]P carcinogenicity (Schwarz and 
Roots, 2003). Some CYPs are activated, while 
others are inhibited by the same compound. 
Dietary curcumin suppresses oesophageal and 
gastric cancer by activating CYP2B1/2 and 
CYP2E1, but enhances large intestinal carcino-
genesis. Induction of CYPs expression is also 
dependent on the dose and time of phytochem-
ical administration. Certain flavonoids act as 
phytoestrogens and inhibit CYP19 involved in 
oestrogen biosynthesis, shifting the overall hor-
monal balance (Hodek et al., 2009). Thus 
cytochrome P450 and phase II enzyme systems 
play an important role in determining the 
biological activity of phytochemicals.

15.7 Solubility of Phytochemicals

The solubility of phytochemicals is a major 
concern in their chemopreventive efficacy. 
Since phytochemicals are orally administered 
their absorption and effective bioavailability 
depends upon their solubility in water. For 
examples, ellagic acid and resveratrol are 
poorly absorbed because of their low solubility 
in aqueous solutions (Lei et al., 2003; López-
Nicolás and García-Carmona, 2008). Many bio-
active phytochemicals possess polyaromatic 
rings with one or more hydroxyl groups. The 
bulkiness and lipophilicity of these aromatic 
rings make these compounds less soluble. 
However, researchers are trying to develop ana-
logues of these compounds that will improve 
their solubility in aqueous environments with 
the same biological activity, and likely the 
solubility of resveratrol can be increased by 
the addition of the salt moiety to the resvera-
trol structure (Anderson et al., 2001). It has 
been reported that various delivery systems 
can increase the solubility of phytochemicals, 

e.g. phytosome complexes have been used to 
increase the solubilization of phytochemicals in 
aqueous medium (Semalty et al., 2010).

15.8 Stability of Phytochemicals

The stability of phytochemicals is greatly 
influenced by their micro-environment such 
as metabolic enzyme concentrations, pH and 
temperature. It has been shown that antho-
cyanins are unstable in alkaline conditions. 
Catechins in green tea and flavonoids 
were also shown to have lower half-life in 
alkaline conditions than in acidic conditions. 
Temperature-dependent degradation has 
been also observed for some compounds. For 
example, lutein and g-tocopherol get degraded 
at room temperature faster than at 4°C and 
−80°C. Thus, the micro-environment of phy-
tochemicals or antioxidants can significantly 
affect the overall biological activity of phyto-
chemicals and antioxidants.

15.9 Conclusions

Cancer and other chronological diseases have 
become prevalent, causing unmanageable suf-
fering and loss of human life worldwide. Many 
strategies have been employed to treat cancer, 
but the current available approaches have 
many limitations. This drives investigators to 
explore other efficient methods that are more 
effective and less expensive. Many phytochem-
icals have both chemopreventive as well as 
chemotherapeutic properties, which can target 
several stages of carcinogenesis, including cell
proliferation, angiogenesis, metastasis and 
apoptosis for cell death. Further, the use of anti-
oxidant phytochemicals should be done care-
fully in different pathological conditions, for 
example antioxidant agents should not be 
combined with radiotherapy. But there are sev-
eral limitations with phytochemicals, which 
need to be studied, such as poor bioavailability, 
problem of pharmacokinetics, biotransfor-
mation by microflora and their structural 
and physical properties. The application of 
structural, biochemical and material sciences 
including nanotechnology should be collec-
tively employed to tackle these limitations.



Antioxidant Phytochemicals in Cancer Chemoprevention 241

References

Agarwal, C., Dhanalakshmi, S., Singh, R.P. and Agarwal, R. (2004) Inositol hexaphosphate inhibits growth 
and induces G1 arrest and apoptotic death of androgen-dependent human prostate carcinoma LNCaP 
cells. Neoplasia 6, 646–659.

Akagawa, M., Shigemitsu, T. and Suyama, K. (2003) Production of hydrogen peroxide by polyphenols and 
polyphenol-rich beverages under quasi-physiological conditions. Bioscience, Biotechnology and 
Biochemistry 67, 2632–2640.

Amin, A.R., Khuri, F.R., Chen, Z.G. and Shin, D.M. (2009) Synergistic growth inhibition of squamous cell 
carcinoma of the head and neck by erlotinib and epigallocatechin-3-gallate: the role of p53-dependent 
inhibition of nuclear factor-kappaB. Cancer Prevention Research (Philadelphia, Pa.) 2, 538–545.

Anderson, A., Belelli, D., Bennett, D., Buchanan, K.I., Casula, A. and Al, A.C. (2001) Alpha-amino acid phe-
nolic ester derivatives: novel water-soluble general anesthetic agents which allosterically modulate 
GABA (A) receptors. Journal of Medicinal Chemistry 44, 3582–3591.

Anupongsanugool, E., Teekachunhatean, S., Rojanasthien, N., Pongsatha, S. and Sangdee, C. (2005) 
Pharmacokinetics of isoflavones, daidzein and genistein, after ingestion of soy beverage compared with 
soy extract capsules in postmenopausal Thai women. BMC Clinical Pharmacology 5, 2.

Avdeef, A. (2001) Physicochemical profiling (solubility, permeability and charge state). Current Topics in 
Medicinal Chemistry 1, 277–351.

Avdeef, A. (2003) Absorption and Drug Development: solubility, permeability, and charge state. Wiley, New York.
Balasubramanian, S. and Eckert, R.L. (2007) Curcumin suppresses AP1 transcription factor-dependent differ-

entiation and activates apoptosis in human epidermal keratinocytes. The Journal Of Biological Chemistry
282, 6707–6715.

Balasubramanian, S., Adhikary, G. and Eckert, R.L. (2010) The Bmi-1 polycomb protein antagonizes the (-)-
epigallocatechin-3-gallate-dependent suppression of skin cancer cell survival. Carcinogenesis 31, 
496–503.

Banerjee, S., Li, Y., Wang, Z. and Sarkar, F.H. (2008) Multi-targeted therapy of cancer by genistein. Cancer
Letters 269, 226–242.

Bava, S.V., Sreekanth, C.N., Thulasidasan, A.K., Anto, N.P., Cheriyan, V.T., Puliyappadamba, V.T., Menon, S.G., 
Ravichandran, S.D. and Anto, R.J. (2011) Akt is upstream and MAPKs are downstream of NF-kB in 
paclitaxel-induced survival signaling events, which are down-regulated by curcumin contributing to 
their synergism. The International Journal of Biochemistry and Cell Biology 43, 331–341.

Bergström, T., Ersson, C., Bergman, J. and Möller, L. (2012) Vitamins at physiological levels cause oxidation to the 
DNA nucleoside deoxyguanosine and to DNA-alone or in synergism with metals. Mutagenesis 27, 511–517.

Berletch, J.B., Liu, C., Love, W.K., Andrews, L.G., Katiyar, S.K. and Tollefsbol, T.O. (2008) Epigenetic and 
genetic mechanisms contribute to telomerase inhibition by EGCG. Journal of Cellular Biochemistry 103, 
509–519.

Berner, C., Aumüller, E., Gnauck, A., Nestelberger, M., Just, A. and Haslberger, A.G. (2010) Epigenetic control 
of estrogen receptor expression and tumor suppressor genes is modulated by bioactive food compounds. 
Annals of Nutrtion and Metabolism 57, 183–189.

Bhatia, N., Agarwal, C. and Agarwal, R. (2001) Differential responses of skin cancer-chemopreventive agents 
silibinin, quercetin, and epigallocatechin 3-gallate on mitogenic signaling and cell cycle regulators in 
human epidermoid carcinoma A431 cells. Nutrtion and Cancer 39, 292–299.

Bishayee, A. (2009) Cancer prevention and treatment with resveratrol: from rodent studies to clinical trials. 
Cancer Prevention Research (Philadelphia, Pa.) 2, 409–418.

Bjelakovic, G., Nikolova, D., Gluud, L.L., Simonetti, R.G. and Gluud, C. (2007) Mortality in randomized trials 
of antioxidant supplements for primary and secondary prevention: systematic review and meta-analysis. 
The Journal of The American Medical Association 297, 842–857.

Boocock, D.J., Faust, G.E., Patel, K.R., Schinas, M., Brown, V.A., Ducharme, M.P., Booth, T.D., Crowell, J.A., 
Perloff, M., Gescher, A.J., Steward, W.P. and Brenner, D.E. (2007) Phase I dose escalation pharmacoki-
netic study in healthy volunteers of resveratrol, a potential cancer chemopreventive agent. Cancer
Epidemiology, Biomarkers and Prevention 16, 1246–1252.

Borek, C. (2004) Dietary antioxidants and human cancer. Integrative Cancer Therapies 4, 333–341.
Chai, P.C., Long, L.H. and Halliwell, B. (2003) Contribution of hydrogen peroxide to the cytotoxicity of green 

tea and red wines. Biochemical and Biophysical Research Communications 304, 650–654.
Chen, P.N., Hsieh, Y.S., Chiang, C.L., Chiou, H.L., Yang, S.F. and Chu, S.C. (2006) Silibinin inhibits invasion 

of oral cancer cells by suppressing the MAPK pathway. Journal of Dental Research 83, 220–225.



242 N. Singh et al.

Chow, H.H., Cai, Y., Alberts, D.S., Hakim, I., Dorr, R., Shahi, F., Crowell, J.A., Yang, C.S. and Hara, Y. (2001) 
Phase I pharmacokinetic study of tea polyphenols following single-dose administration of epigallocate-
chin gallate and polyphenon E. Cancer Epidemiology, Biomarker and Prevention 10, 53–58.

Conner, G.E., Salathe, M. and Forteza, R. (2002) Lactoperoxidase and hydrogen peroxide metabolism in the 
airway. American Journal of Respiratory and Critical Care Medicine 166(12 Pt 2), S57–61.

Cui, W., Gu, F. and Hu, K.Q. (2009) Effects and mechanisms of silibinin on human hepatocellular carcinoma 
xenografts in nude mice. World Journal of Gastroenterology 15, 1943–1950.

Dai, J. and Mumper, R.J. (2010) Plant phenolics: extraction, analysis and their antioxidant and anticancer 
properties. Molecules 15, 7313–7352.

Deep, G. and Agarwal, R. (2007) Chemopreventive efficacy of silymarin in skin and prostate cancer. 
Intergrative Cancer Therapies 6, 130–145.

Deng, G., Yu, J.H., Ye, Z.Q. and Hu, Z.Q. (2008) Curcumin inhibits the expression of vascular endothelial growth 
factor and androgen-independent prostate cancer cell line PC-3 in vitro. Zhonghua Nan Ke Xue 14, 116–121.

Devasagayam, T.P., Tilak, J.C., Boloor, K.K., Sane, K.S., Ghaskadbi, S.S. and Lele, R.D. (2004) Free radicals and 
antioxidants in human health: current status and future prospects. The Journal of The Association of 
Physicians of India 52, 794–804.

Dhillon, N., Aggarwal, B.B., Newman, R.A., Wolff, R.A., Kunnumakkara, A.B., Abbruzzese, J.L., Ng, C.S., 
Badmaev, V. and Kurzrock, R. (2008) Phase II trial of curcumin in patients with advanced pancreatic 
cancer. Clinical Cancer Research 14, 4491–4499.

Diplock, A.T., Charleux, L., Crozier-Willi, G., Kok, F.J., Rice-Evans, C., Roberfroid, M., Stahl, W. and Vina-
Ribes, J. (1998) Functional food science and defence against reactive oxidative species. The British 
Journal of Nutrition 80, S77–112.

Dorai, T., Cao, Y.C., Dorai, B., Buttyan, R. and Katz, A.E. (2001) Therapeutic potential of curcumin in human 
prostate cancer. III. Curcumin inhibits proliferation, induces apoptosis, and inhibits angiogenesis of 
LNCaP prostate cancer cells in vivo. The Prostate 47, 293–303.

Duarte, V.M., Han, E., Veena, M.S., Salvado, A., Suh, J.D., Liang, L.J., Faull, K.F., Srivatsan, E.S. and Wang M.B. 
(2010) Curcumin enhances the effect of cisplatin in suppression of head and neck squamous cell carci-
noma via inhibition of IKKb protein of the NFkB pathway. Molecular Cancer Therapeutics 9, 2665–2675.

Gao, S. and Hu, M. (2010) Bioavailability challenges associated with development of anti-cancer phenolics. 
Mini Reviews in Medicinal Chemistry 10, 550–567.

García-Maceira, P. and Mateo, J. (2009) Silibinin inhibits hypoxia-inducible factor-1alpha and mTOR/
p70S6K/4E-BP1 signalling pathway in human cervical and hepatoma cancer cells: implications for anti-
cancer therapy. Oncogene 28, 313–324.

Gibson, G.G. and Skett, P. (2001a) Enzymology and molecular mechnism of drug metaboloism reaction. In: 
Gibson, G.G. and Skett, P. (eds) Introduction to Drug Metabolism, 3rd edn. Nelson Thornes, London, 
pp. 37–84.

Gibson, G.G. and Skett, P. (2001b) Pathways of drug metabolism. In: Gibson, G.G. and Skett, P. (eds) 
Introduction to Drug Metabolism, 3rd edn. Nelson Thornes, London, pp. 1–34.

Golla, K., Cherukuvada, B., Ahmed, F. and Kondapi, A.K. (2012) Efficacy, safety and anticancer activity of 
protein nanoparticle-based delivery of doxorubicin through intravenous administration in rats. PLoS One
7(12), e51960.

Gu, M., Singh, R.P., Dhanalakshmi, S., Agarwal, C. and Agarwal, R. (2007) Silibinin inhibits inflammatory and 
angiogenic attributes in photocarcinogenesis in SKH-1 hairless mice. Cancer Research 67, 3483–3491.

Gu, M., Singh, R.P., Dhanalakshmi, S., Mohan, S. and Agarwal, R. (2006) Differential effect of silibinin on E2F 
transcription factors and associated biological events in chronically UVB-exposed skin versus tumors in 
SKH-1 hairless mice. Molecular Cancer Therapeutics 5, 2121–2129.

Halliwell, B. (2003) Oxidative stress in cell culture: an under-appreciated problem? FEBS Letters 540, 3–6.
Halliwell, B. (2008) Are polyphenols antioxidants or pro-oxidants? What do we learn from cell culture and 

in vivo studies? Archives of Biochemistry and Biophysics 476, 107–112.
Harper, C.E., Patel, B.B., Wang, J., Eltoum, I.A. and Lamartiniere, C.A. (2007) Epigallocatechin-3-Gallate sup-

presses early stage, but not late stage prostate cancer in TRAMP mice: mechanisms of action. Prostate
67, 1576–1589.

Hodek, P., Krízková, J., Burdová, K., Sulc, M., Kizek, R., Hudecek, J., Wahed, A.S., Belle, S.H., Afdhal, N.H., 
Navarro, V.J., Berman, J., Liu, Q.Y., Doo, E., Fried, M.W. and SyNCH Trial Group (2009) Chemopreventive 
compounds – view from the other side. Chemico-Biological Interactions 180, 1–9.

Hrgovcic, M., Tessmer, C.F., Thomas, F.B., Ong, P.S., Gamble, J.F. and Shullenberger, C.C. (1973) Serum 
copper observations in patients with malignant lymphoma. Cancer 32, 1512–1524.



Antioxidant Phytochemicals in Cancer Chemoprevention 243

Hsieh, T.C. and Wu, J.M. (2008) Suppression of cell proliferation and gene expression by combinatorial 
synergy of EGCG, resveratrol and gamma-tocotrienol in estrogen receptor-positive MCF-7 breast cancer 
cells. International Journal of Oncology 33, 851–859.

Huang, H.C., Way, T.D., Lin, C.L. and Lin, J.K. (2008) EGCG stabilizes p27kip1 in E2-stimulated MCF-7 cells 
through down-regulation of the Skp2 protein. Endocrinology 49, 5972–5983.

Hurrell, R.F. (2003) Influence of vegetable protein sources on trace element and mineral bioavailability. 
The Journal of Nutrition 133, 2973S–2977S.

Jacob, J., Cabarcas, S., Veras, I., Zaveri, N. and Schramm, L. (2007) The green tea component EGCG inhibits 
RNA polymerase III transcription. Biochemical and Biophysical Research Communications 360, 
778–783.

Jia, L. (2005) Nanoparticle Formulation Increases Oral Bioavailability of Poorly Soluble Drugs: Approaches 
Experimental Evidences and Theory. Current Nanosciences 1, 237–243.

Johnson, J.J. (2011) Carnosol: a promising anti-cancer and anti-inflammatory agent. Cancer Letter 305, 1–7.
Jutooru, I., Chadalapaka, G., Lei, P. and Safe, S. (2010) Inhibition of NFkappaB and pancreatic cancer cell and 

tumor growth by curcumin is dependent on specificity protein down-regulation. The Journal of Biological 
Chemistry 285, 25332–25344.

Kachadourian, R. and Day, B.J. (2006) Flavonoid-induced glutathione depletion: potential implications for 
cancer treatment. Free Radical Biology and Medicine 41, 65–76.

Kato, K., Long, N.K., Makita, H., Toida, M., Yamashita, T., Hatakeyama, D., Hara, A., Mori, H. and Shibata, T. 
(2008) Effects of green tea polyphenol on methylation status of RECK gene and cancer cell invasion in 
oral squamous cell carcinoma cells. British Journal of Cancer 99, 647–654.

Kaur, M., Velmurugan, B., Tyagi, A., Agarwal, C., Singh, R.P. and Agarwal, R. (2010) Silibinin suppresses 
growth of human colorectal carcinoma SW480 cells in culture and xenograft through down-regulation 
of beta-catenin-dependent signaling. Neoplasia 12, 415–424.

Khan, N., Adhami, V. and Mukhtar, H. (2009) Green tea polyphenols in chemoprevention of prostate cancer: 
preclinical and clinical studies. Nutrition and Cancer 61, 836–841.

Kim, S., Choi, J.H., Lim, H.I., Lee, S.K., Kim, W.W., Kim, J.S., Kim, J.H., Choe, J.H., Yang, J.H., Nam, S.J. and 
Lee, J.E. (2009) Silibinin prevents TPA-induced MMP-9 expression and VEGF secretion by inactivation 
of the Raf/MEK/ERK pathway in MCF-7 human breast cancer cells. Phytomedicine 16, 573–580.

Kim, T.H., Jiang, H.H., Youn, Y.S., Park, C.W., Tak, K.K., Lee, S., Kim, H., Jon, S., Chen, X. and Lee, K.C. (2011) 
Preparation and characterization of water-soluble albumin-bound curcumin nanoparticles with 
improved antitumor activity. International Journal of Pharmaceutics 403, 285–291.

Kim, Y.W., Bae, S.M., Lee, J.M., Namkoong, S.E., Han, S.J., Lee, B.R., Lee, I.P., Kim, S.H., Lee, Y.J., Kim, C.K., 
Kim, Y.W. and Ahn, W.S. (2004) Activity of green tea polyphenol epigallocatechin-3-gallate against ovarian 
carcinoma cell lines. Cancer Research and Treatment 36, 315–323.

Ko, J.C., Tsai, M.S., Weng, S.H., Kuo, Y.H., Chiu, Y.F. and Lin, Y.W. (2011) Curcumin enhances the mitomycin 
C-induced cytotoxicity via downregulation of MKK1/2-ERK1/2-mediated Rad51 expression in non-small 
cell lung cancer cells. Toxicology and Applied Pharmacology 255, 327–338.

Kunnumakkara, A.B., Guha, S., Krishnan, S., Diagaradjane, P., Gelovani, J. and Aggarwal, B.B. (2007) 
Curcumin potentiates antitumor activity of gemcitabine in an orthotopic model of pancreatic cancer 
through suppression of proliferation, angiogenesis, and inhibition of nuclear factor-kappaB-regulated 
gene products. Cancer Research 67, 3853–3861.

Larrosa, M., Tomás-Barberán, F.A. and Espín, J.C. (2006) The dietary hydrolysable tannin punicalagin releases 
ellagic acid that induces apoptosis in human colon adenocarcinoma Caco-2 cells by using the mito-
chondrial pathway. The Journal of Nutritional Biochemistry 17, 611–625.

Lee, J.Y., Lee, Y.M., Chang, G.C., Yu, S.L., Hsieh, W.Y., Chen, J.J., Chen, J.J., Chen, H.W. and Yang, P.C. (2011) 
Curcumin Induces EGFR Degradation in Lung Adenocarcinoma and Modulates p38 Activation in 
Intestine: The Versatile Adjuvant for Gefitinib Therapy. PLoS One 6(8), e23756.

Lee, Y.K., Park, S.Y., Kim, Y.M. and Park, O.J. (2009) Regulatory effect of the AMPK-COX-2 signaling pathway 
in curcumin-induced apoptosis in HT-29 colon cancer cells. Annals of the New York Academy of 
Sciences 1171, 489–494.

Lei, F., Xing, D.M., Xiang, L., Zhao, Y.N., Wang, W., Zhang, L.J. and Du, L.J. (2003) Pharmacokinetic study of 
ellagic acid in rat after oral administration of pomegranate leaf extract. Journal of Chromatography, 
B. Analytical Technologies Biomedical and Life Sciences 796, 189–194.

Li, G.X., Chen, Y.K., Hou, Z., Xiao, H., Jin, H., Lu, G., Lee, M.J., Liu, B., Guan, F., Yang, Z., Yu, A. and Yang, C.S. 
(2010) Pro-oxidative activities and dose-response relationship of (-)-epigallocatechin-3-gallate in the inhi-
bition of lung cancer cell growth: a comparative study in vivo and in vitro. Carcinogenesis 31, 902–910.



244 N. Singh et al.

Lin, L.I., Ke, Y.F., Ko, Y.C. and Lin, J.K. (1998) Curcumin inhibits SK-Hep-1 hepatocellular carcinoma cell 
invasion in vitro and suppresses matrix metalloproteinase-9 secretion. Oncology 55, 349–353.

Lin, S.S., Lai, K.C., Hsu, S.C., Yang, J.S., Kuo, C.L., Lin, J.P., Ma, Y.S., Wu, C.C and Chung, J.G. (2009) Curcumin 
inhibits the migration and invasion of human A549 lung cancer cells through the inhibition of matrix met-
alloproteinase-2 and -9 and Vascular Endothelial Growth Factor (VEGF). Cancer Letters 285, 127–133.

Lin, Y.G., Kunnumakkara, A.B., Nair, A., Merritt, W.M., Han, L.Y., Armaiz-Pena, G.N., Kamat, A.A., Spannuth, W.A., 
Gershenson, D.M., Lutgendorf, S.K., Aggarwal, B.B. and Sood, A.K. (2007) Curcumin inhibits tumor 
growth and angiogenesis in ovarian carcinoma by targeting the nuclear factor-kappaB pathway. Clinical
Cancer Research 13, 3423–3430.

López-Nicolás, J.M. and García-Carmona, F. (2008) Aggregation state and pKa values of (E)-resveratrol as 
determined by fluorescence spectroscopy and UV-visible absorption. Journal of Agricultural and Food 
Chemistry 56, 7600–7605.

Maiti, K., Mukherjee, K., Gantait, A., Saha, B.P. and Mukherjee, P.K. (2007) Curcumin-phospholipid complex: 
preparation, therapeutic evaluation and pharmacokinetic study in rats. International Journal of 
Pharmaceutics 330, 155–163.

Manson, M.M. (2003) Cancer prevention – the potential for diet to modulate molecular signalling. Trends In 
Molecular Medicine 9, 11–18.

Mateen, S., Tyagi, A., Agarwal, C., Singh, R.P. and Agarwal, R. (2010) Silibinin inhibits human nonsmall cell 
lung cancer cell growth through cell-cycle arrest by modulating expression and function of key cell-
cycle regulators. Molecular Carcinogenesis 49(3), 247–258.

Mertens-Talcott, S.U. and Percival, S.S. (2005) Ellagic acid and quercetin interact synergistically with resvera-
trol in the induction of apoptosis and cause transient cell cycle arrest in human leukemia cells. Cancer
Letters 218, 141–151.

Meyer, C., Pries, R. and Wollenberg, B. (2011) Established and novel NF-kB inhibitors lead to downregulation 
of TLR3 and the proliferation and cytokine secretion in HNSCC. Oral Oncology 47, 818–826.

Moorthi, C., Manavalan, R. and Kathiresan, K. (2011) Nanotherapeutics to Overcome Conventional Cancer 
Chemotherapy. Journal of Pharmacy and Pharmaceutical Sciences 14, 67–77.

Naasani, I., Oh-Hashi, F., Oh-Hara, T., Feng, W., Johnston, J., Chan, K. and Tsuruo, T. (2003) Blocking telom-
erase by dietary polyphenols is a major mechanism for limiting the growth of human cancer cells in vitro
and in vivo. Cancer Research 63, 824–830.

Nair, J., Strand, S., Frank, N., Knauft, J., Wesch, H., Galle, P.R. and Bartsch, H. (2005) Apoptosis and age-dependant 
induction of nuclear and mitochondrial etheno-DNA adducts in Long-Evans Cinnamon (LEC) rats: enhanced 
DNA damage by dietary curcumin upon copper accumulation. Carcinogenesis 26, 1307–1315.

Nakagawa, K., Okuda, S. and Miyazawa, T. (1997) Dose-dependent incorporation of tea catechins, (-)-
epigallocatechin-3-gallate and (-)-epigallocatechin, into human plasma. Bioscience, Biotechnology and 
Biochemistry 61, 1981–1985.

Nakamura, Y., Yogosawa, S., Izutani, Y., Watanabe, H., Otsuji, E. and Sakai, T. (2009) A combination of indol-
carbinol and genistein synergistically induces apoptosis in human colon cancer HT29 cells by inhibiting 
Akt phosphorylation and progression of autophagy. Molecular Cancer 12, 100.

Nebert, D.W. and Dalton, T.P. (2006) The role of cytochrome P450 enzymes in endogenous signalling path-
ways and environmental carcinogenesis. Nature Reviews Cancer 6(12), 947–960.

Ning, L., Wentworth, L., Chen, H. and Weber, S.M. (2009) Down-regulation of Notch1 signaling inhibits tumor 
growth in human hepatocellular carcinoma. American Journal of Translational Research 1, 358–366.

Nishikawa, T., Nakajima, T., Moriguchi, M., Jo, M., Sekoguchi, S., Ishii, M., Takashima, H., Katagishi, T., 
Kimura, H., Minami, M., Itoh, Y., Kagawa, K. and Okanoue, T. (2006) A green tea polyphenol, epigalo-
catechin-3-gallate, induces apoptosis of human hepatocellular carcinoma, possibly through inhibition 
of Bcl-2 family proteins. Journal of Hepatology 44, 1074–1082.

Noh, E.M., Yi, M.S., Youn, H.J., Lee, B.K., Lee, Y.R., Han, J.H., Yu, H.N., Kim, J.S. and Jung, S.H. (2011) 
Silibinin enhances ultraviolet B-induced apoptosis in mcf-7 human breast cancer cells. Journal of Breast 
Cancer 14, 8–13.

Ouédraogo, M., Charles, C., Ouédraogo, M., Guissou, I.P., Stévigny, C. and Duez, P. (2011) An overview of 
cancer chemopreventive potential and safety of proanthocyanidins. Nutrition and Cancer 63, 1163–1173.

Pan, M.H. and Ho, C.T. (2008) Chemopreventive effects of natural dietary compounds on cancer develop-
ment. Chemical Society Reviews 37, 2558–2574.

Park, I.J., Lee, Y.K., Hwang, J.T., Kwon, D.Y., Ha, J. and Park, O.J. (2009) Green tea catechin controls apoptosis 
in colon cancer cells by attenuation of H2O2-stimulated COX-2 expression via the AMPK signaling 
pathway at low-dose H2O2. Annals of the New York Academy of Sciences 1171, 538–544.



Antioxidant Phytochemicals in Cancer Chemoprevention 245

Peer, D., Karp, J.M., Hong, S., Farokhzad, O.C., Margalit, R. and Langer, R. (2007) Nanocarriers as an 
emerging platform for cancer therapy. Nature Nanotechnology 2, 751–760.

Pfeiffer, E., Hoehle, S.I., Walch, S.G., Riess, A., Sólyom, A.M., and Metzler, M. (2007) Curcuminoids form 
reactive glucuronides in vitro. Journal of Agricultural and Food Chemistry 55, 538–544.

Qin, J., Chen, H.G., Yan, Q., Deng, M., Liu, J., Doerge, S., Ma, W., Dong, Z. and Li, D.W. (2008) Protein 
phosphatase-2A is a target of epigallocatechin-3-gallate and modulates p53-Bak apoptotic pathway. 
Cancer Research 68, 4150–4162.

Rada, B. and Leto, T.L. (2008) Oxidative innate immune defenses by Nox/Duox family NADPH oxidases. 
Contributions to Microbiology 15, 164–187.

Ramasamy, K., Dwyer-Nield, L.D., Serkova, N.J., Hasebroock, K.M., Tyagi, A., Raina, K., Singh, R.P., 
Malkinson, A.M. and Agarwal, R. (2011) Silibinin prevents lung tumorigenesis in wild-type but not in 
iNOS-/- mice: potential of real-time micro-CT in lung cancer chemoprevention studies. Clincal Cancer 
Research 17, 753–761.

Ramos, S. (2007) Effects of dietary flavonoids on apoptotic pathways related to cancer chemoprevention. 
The Journal of Nutritional Biochemistry 18, 427–442.

Ramos, S. (2008) Cancer chemoprevention and chemotherapy: dietary polyphenols and signalling pathways. 
Molecular Nutrition and Food Research 52, 507–526.

Rao, S.D. and Pagidas, K. (2010) Epigallocatechin-3-gallate, a natural polyphenol, inhibits cell proliferation 
and induces apoptosis in human ovarian cancer cells. Anticancer Research 30, 2519–2523.

Ravindranath, V. and Chandrasekhara, N. (1980) Absorption and tissue distribution of curcumin in rats. 
Toxicology 16, 259–265.

Sartor, L., Pezzato, E., Donà, M., Dell’Aica, I., Calabrese, F., Morini, M., Albini, A. and Garbisa, S. (2004) 
Prostate carcinoma and green tea: (-)epigallocatechin-3-gallate inhibits inflammation-triggered MMP-2 
activation and invasion in murine TRAMP model. International Journal of Cancer 112, 823–829.

Scalbert, A. and Williamson, G. (2000) Dietary intake and bioavailability of polyphenols. The Journal of 
Nutrition 130, 2073S–2085S.

Schwarz, D. and Roots, I. (2003) In vitro assessment of inhibition by natural polyphenols of metabolic activation of 
procarcinogens by human CYP1A1. Biochemical and Biophysical Research Communications 303, 902–907.

Semalty, A., Semalty, M., Rawat, M.S. and Franceschi, F. (2010) Supramolecular phospholipids-polyphenolics 
interactions: the PHYTOSOME strategy to improve the bioavailability of phytochemicals. Fitoterapia 81, 
306–314.

Shankar, S., Ganapathy, S., Chen, Q. and Srivastava, R.K. (2008) Curcumin sensitizes TRAIL-resistant 
xenografts: molecular mechanisms of apoptosis, metastasis and angiogenesis. Molecular Cancer 7, 16.

Shao, Z.M., Shen, Z.Z., Liu, C.H., Sartippour, M.R., Go, V.L., Heber, D. et al. (2002) Curcumin exerts mul-
tiple suppressive effects on human breast carcinoma cells. International Journal of Cancer 98(2), 
234–240.

Sharma, R.A., Euden, S.A., Platton, S.L., Cooke, D.N., Shafayat, A., Hewitt, H.R., Marczylo, T.H., Morgan, B., 
Hemingway, D., Plummer, S.M., Pirmohamed, M., Gescher, A.J. and Steward, W.P. (2004) Phase I Clinical 
Trial of Oral Curcumin: Biomarkers of Systemic Activity and Compliance. Clinical Cancer Research 10, 
6847–6854.

Shehzad, A., Wahid, F. and Lee, Y.S. (2010) Curcumin in cancer chemoprevention: molecular targets, phar-
macokinetics, bioavailability, and clinical trials. Archiv Der Pharmazei (Weinheim) 343, 489–499.

Siddiqui, I.A. and Mukhtar, H. (2010) Nanochemoprevention by bioactive food components: a perspective. 
Pharmaceutical Research 26, 1054–1060.

Siddiqui, I., Adhami, V., Bharali, D., Hafeez, B.B., Asim, M., Khwaja, S.I., Ahmad, N., Cui, H., Mousa, S.A. and 
Mukhtar, H. (2009) Introducing nanochemoprevention as a novel approach for cancer control: proof of 
principle with green tea polyphenol epigallocatechin-3-gallate. Cancer Research 69(5), 1712–1716.

Siddiqui, I.A., Adhami, V.M., Ahmad, N. and Mukhtar, H. (2010) Nanochemoprevention: sustained release 
of bioactive food components for cancer prevention. Nutrition and Cancer 62, 883–890.

Sies, H. (1997) Oxidative stress: oxidants and antioxidants. Experimental Physiology 82, 291–295.
Singh, M. and Singh, N. (2011) Curcumin counteracts the proliferative effect of estradiol and induces apoptosis 

in cervical cancer cells. Molecular and Cellular Biochemistry 347, 1–11.
Singh, M., Singh, R., Bhui, K., Tyagi, S., Mahmood, Z. and Shukla, Y. (2011) Tea polyphenols induce apoptosis 

through mitochondrial pathway and by inhibiting nuclear factor-kappaB and Akt activation in human 
cervical cancer cells. Oncology Research 19, 245–257.

Singh, R.P. and Agarwal, R. (2006) Prostate cancer chemoprevention by silibinin: bench to bedside. Molecular
Carcinogenesis 45, 436–442.



246 N. Singh et al.

Singh, R.P., Mallikarjuna, G.U., Sharma, G., Dhanalakshmi, S., Tyagi, A.K., Chan, D.C., Agarwal, C. and 
Agarwal, R. (2004) Oral silibinin inhibits lung tumor growth in athymic nude mice and forms a novel 
chemocombination with doxorubicin targeting nuclear factor kappa B-mediated inducible chemo-
resistance. Clinical Cancer Research 10, 8641–8647.

Singh, R.P., Raina, K., Deep, G., Chan, D. and Agarwal, R. (2009) Silibinin suppresses growth of human pros-
tate carcinoma PC-3 orthotopic xenograft via activation of ERK1/2 and inhibition of STAT signaling. 
Clinical Cancer Research 15, 613–621.

Somers-Edgar, T.J., Scandlyn, M.J., Stuart, E.C., Nedelec, M.L., Valentine, S.P. and Rosengren, R.J. (2008) 
The combination of epigallocatechin gallate and curcumin suppresses ER alpha-breast cancer cell 
growth in vitro and in vivo. International Journal of Cancer 122, 1966–1971.

Spencer, J.P.E., Rice-Evans, C. and Williams, R.J. (2003) Modulation of pro-survival Akt/protein kinase B and 
ERK1/2 signaling cascades by quercetin and its in vivo metabolites underlie their action on neuronal 
viability. The Journal of Biological Chemistry 278, 34783–34793.

Subramaniam, D., May, R., Sureban, S.M., Lee, K.B., George, R., Kuppusamy, P., Ramanujam, R.P., Hideg, K., 
Dieckgraefe, B.K., Houchen, C.W. and Anant, S. (2008) Diphenyl difluoroketone: a curcumin derivative 
with potent in vivo anticancer activity. Cancer Research 68, 1962–1969.

Sukhthankar, M., Alberti, S. and Baek, S.J. (2010) (-)-Epigallocatechin-3-gallate (EGCG) post-transcriptionally 
and post-translationally suppresses the cell proliferative protein TROP2 in human colorectal cancer 
cells. Anticancer Research 30, 2497–2503.

Surh, Y.J. (2003) Cancer chemoprevention with dietary phytochemicals. Nature Reviews Cancer 3, 768–780.
Surh, Y.J. (2008) NF-kappa B and Nrf2 as potential chemopreventive targets of some anti-inflammatory and 

antioxidative phytonutrients with anti-inflammatory and antioxidative activities. Asia Pacific Journal of 
Clinical Nutrition 17, 269–272.

Svobodová, A., Zdarilová, A., Walterová, D. and Vostálová, J. (2007) Flavonolignans from Silybum marianum
moderate UVA-induced oxidative damage to HaCaT keratinocytes. Journal of Dermatological Science 
48, 213–224.

Tang, H.H., Zhou, M. and Liang, G. (2008) Impact of epigallocatechin gallate on gene expression profiles of 
human hepatocellular carcinoma cell lines BEL7404/ADM and BEL7402/5-FU. Ai Zheng 27, 325–332.

Thornberry, N.A. (1998) Caspases: key mediators of apoptosis. Chemistry and Biology 5, R97–103.
Thornberry, N.A. and Lazebnik, Y. (1998) Caspases: enemies within. Science 281, 1312–1316.
Tran, P.L., Kim, S.A., Choi, H.S., Yoon, J.H. and Ahn, S.G. (2010) Epigallocatechin-3-gallate suppresses the 

expression of HSP70 and HSP90 and exhibits anti-tumor activity in vitro and in vivo. BMC Cancer 10, 276.
Ullah, M.F., Ahmad, A., Zubair, H., Khan, H.Y., Wang, Z., Sarkar, F.H. and Hadi, S.M. (2011) Soy isoflavone 

genistein induces cell death in breast cancer cells through mobilization of endogenous copper ions and 
generation of reactive oxygen species. Molecular Nutrition and Food Research 55, 553–559.

Vareed, S.K., Kakarala, M., Ruffin, M.T., Crowell, J.A., Normolle, D.P., Djuric, Z. and Brenner, D.E. (2008) 
Pharmacokinetics of curcumin conjugate metabolites in healthy human subjects. Cancer Epidemiology, 
Biomarkers and Prevention 17, 1411–1417.

Varghese, L., Agarwal, C., Tyagi, A., Singh, R.P. and Agarwal, R. (2005) Silibinin efficacy against human hepa-
tocellular carcinoma. Clinical Cancer Research 11, 8441–8448.

Vauzour, D., Rodriguez-Mateos, A., Corona, G., Oruna-Concha, M.J. and Spencer, J.P.E. (2010) Polyphenols 
and human health: prevention of disease and mechanisms of action. Nutrients 2, 1106–1131.

Velmurugan, B., Gangar, S.C., Kaur, M., Tyagi, A., Deep, G. and Agarwal, R. (2010) Silibinin exerts sustained 
growth suppressive effect against human colon carcinoma SW480 xenograft by targeting multiple signal-
ing molecules. Pharmaceutical Research 27, 2085–2097.

Vu, H.A., Beppu, Y., Chi, H.T., Sasaki, K., Yamamoto, H., Xinh, P.T. et al. (2010) Green tea epigallocatechin gallate 
exhibits anticancer effect in human pancreatic carcinoma cells via the inhibition of both focal adhesion 
kinase and insulin-like growth factor-I receptor. Journal of Biomedicine and Biotechnology 2010, 290516.

Walle, T. (2011) Bioavailability of resveratrol. Annals of the New York Academy of Sciences 1215, 9–15.
Walle, T., Hsieh, F., DeLegge, M.H., Otis, J.E. Jr and Walle, U.K. (2004) High absorption but very low bioavail-

ability of oral resveratrol in humans. Drug Metabolism and Disposition: The Biological Fate of Chemicals
32, 1377–1382.

Wang, J.B., Qi, L.L., Zheng, S.D. and Wu, T.X. (2009) Curcumin induces apoptosis through the mitochondria-
mediated apoptotic pathway in HT-29 cells. Journal of Zhejiang University Science B 10, 93–102.

Wang, J.S., Luo, H., Wang, P., Tang, L., Yu, J., Huang, T., Cox, S. and Gao, W. (2008) Validation of green tea 
polyphenol biomarkers in a phase II human intervention trial. Food and Chemical Toxicology 46, 
232–240.



Antioxidant Phytochemicals in Cancer Chemoprevention 247

Wang, W., Zhang, B., Chen, H. and Zhang, L. (2010) Anticancer activities of curcumin on human hepato-
carcinoma cell line Sk-hep-1. Zhongguo Zhong Yao Za Zhi 35, 485–488.

Watanabe, S., Yamaguchi, M., Sobue, T., Takahashi, T., Miura, T., Arai, Y., Mazur, W., Wahala, K. and 
Adlercreutz, H. (1998) Pharmacokinetics of soybean isoflavones in plasma, urine and feces of men after 
ingestion of 60 g baked soybean powder (kinako). The Journal of Nutrition 128, 1710–1715.

Williamson G.F.D. and Renouf, M. (2011) Flavanols from green tea and phenolic acids from coffee: critical 
quantitative evaluation of the pharmacokinetic data in humans after consumption of single doses of 
beverages. Molecular Nutrition and Food Research 55, 864–873.

Wischke, C. and Schwendeman, S.P. (2008) Principles of encapsulating hydrophobic drugs in PLA/PLGA 
microparticles. International Journal of Pharmaceutics 364, 298–327.

Woting, A., Clavel, T., Loh, G. and Blaut, M. (2010) Bacterial transformation of dietary lignans in gnotobiotic 
rats. FEMS Microbiology Ecology 72, 507–514.

Yang, K.Y., Lin, L.C., Tseng, T.Y., Wang, S.C. and Tsai, T.H. (2007) Oral bioavailability of curcumin in rat and 
the herbal analysis from Curcuma longa by LC-MS/MS. Journal of Chromatography. B, Analytical 
Technologies in the Biomedical and Life Sciences 853, 183–189.

Yu, R., Jiao, J.J., Duh, J.L., Gudehithlu, K., Tan, T.H. and Kong, A.N. (1997) Activation of mitogen-activated 
protein kinases by green tea polyphenols: potential signaling pathways in the regulation of antioxidant-
responsive element-mediated phase II enzyme gene expression. Carcinogenesis 18, 451–456.

Yue, G.G., Chan, B., Hon, P.M., Lee, M.Y., Fung, K.P., Leung, P. and Lau, C.B. (2010) Evaluation of in vitro
anti-proliferative and immunomodulatory activities of compounds isolated from Curcuma longa. Food 
and Chemical Toxicology 48, 2011–2020.



© CAB International 2014. Phytochemicals of Nutraceutical Importance
248 (eds D. Prakash and G. Sharma)

16.1 Introduction

An important field of research today is the 
control of ‘free radicals’ generation or redox 
status with the properties of food and food 
components. Reactive oxygen species (ROS) 
may interact with cellular macromolecules 
and modify several cellular proteins, lipids 
and DNA, which results in altered target 
cell functions. Oxidative stress occurs in 
a cell or tissue when the ROS generation 
level exceeds the antioxidant capability 
of that cell (Kumar et al., 2011). ROS can be 
produced both endogenously and exoge-
nously. Endogenous oxidative stress can 
be the result of normal cellular metabolism 
and oxidative phosphorylation. Exogenous 
sources of ROS can also impact on the over-
all oxidative status of a cell. Drugs, hor-
mones and other xenobiotic chemicals can 
produce ROS by either direct or indirect 
mechanisms (Kakkar and Singh, 2007). 
Several human chronic disease states, 
including cancer, have been associated with 
oxidative stress produced through either an 
increased free radical generation and/or a 
decreased antioxidant level in the target 
cells and tissues (Rice-Evans and Burdon, 
1993). Natural antioxidants present in the 

diet increase the resistance toward oxidative 
damages and they may have a substantial 
impact on human health. It has been 
reported that a diet rich in antioxidant 
phytochemicals, such as polyphenolics, 
carotenoids, terpenoids and flavonoids, pro-
tects against cellular damage due to ability 
to quench oxygen-derived free radicals 
(Dhakarey et al., 2005; Singh, P., 2008; Singh, 
B.N., 2009a). If antioxidant defence systems 
are not sufficiently present in critical situa-
tions like oxidative stress, contamination, 
UV exposure etc., the production of free 
radicals increases significantly (Singh, U. 
et al., 2008). Non-enzymatic (vitamin E, 
vitamin C, glutathione (GSH), etc.) and 
enzymatic (superoxide dismutase, GSH per-
oxides, glutathione-S-transferase and cata-
lase) antioxidant levels in the cell can be 
decreased through modification in gene 
expression, decreased antioxidant uptake 
in the diet, or can be overloaded in ROS pro-
duction, which creates a net increase in the 
amount of oxygen free radicals present in 
the cell. It has been reported that with the 
administration of antioxidants, cells are 
protected against carcinogen-induced dam-
age (Kumar et al., 2011). Mechanisms of 
protection could be effective against a wide 
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range of dietary carcinogens possibly influ-
encing several cancer sites. Antioxidant 
enzymes are detoxification/biotransforma-
tion enzymes that are involved in the detoxi-
fication of toxic substances such as xenobiotics, 
carcinogens, free radicals and peroxides by 
conjugating these substances with GSH 
(Tripathi et al., 2010).

Traditional medicine all over the world is 
nowadays being revalued by an extensive 
amount of research on different plant species 
and their therapeutic principles. Experimental 
evidence suggests that free radicals (FR) and 
ROS can be involved in a high number of dis-
eases (Richards and Sharma, 1991). As plants 
produce a lot of antioxidants to control the 
oxidative stress caused by sunlight and oxy-
gen, they can represent a source of new com-
pounds with antioxidant activity. One of the 
clinical specialities of Ayurveda is Rasayana. 
Rasayana is not only a drug therapy but is a 
specialized procedure practised in the form of 
rejuvenating recipes and dietary regimen 
promoting good habit. The purpose of 
Rasayana is two-fold: prevention of disease 
and counteraction of ageing processes which 
result from optimization of homeostasis. The 
meaning of the word Rasayana (rasa: essence, 
water; ayana: going) essentially refers to 
nutrition and its acquisition, movement, cir-
culation and perfusion in the body tissues 
(Singh, 1992). With regard to Rasayana drug 
therapy, Sharma et al. (1992) reported the 
strong antioxidant activity of any Rasayana: 
these compounds were found to be 1000 times 
more potent than ascorbic acid, a-tocopherol 
and probucol.

16.2 Antioxidants

In living cells, two antioxidant defence sys-
tem are present against free radical damage. 
The first line of defence includes antioxidant 
enzymes (such as superoxide dismutase, cat-
alase, GSH peroxidase), whereas the second 
defence system includes low molecular non-
enzymatic antioxidants (thioredoxin, GSH, 
vitamins A, C, E, lycopene, lutein, quercetin 
etc.). These antioxidants inhibit the formation 

of FRs by breaking the chain reaction or 
can reduce the concentration of FR by donat-
ing hydrogen and an electron. They also act 
as peroxide decomposers (vitamin E), enzyme 
inhibitors, singlet oxygen quenchers (vitamin 
E), synergists and metal-chelating agents 
(tranferritin). To provide maximum intracel-
lular protection, antioxidants are strategically 
compartmentalized throughout the cell. As 
FR are produced intracellularly and extracellu-
larly during metabolism, both enzymatic and 
non-enzymatic antioxidants are able to detox-
ify FRs.

Certain antioxidant enzymes (superox-
ide dismutase, catalase and glutathione per-
oxidase) are produced within the body. Other 
antioxidant agents are found in foods, such as 
green leafy vegetables, and it is believed that 
diets rich in antioxidant (such as b-carotene 
and vitamins A, C and E) are beneficial to 
human health (Halliwell and Gutteridge, 
1989). Therefore, antioxidant naturally pre-
sent in the body or supplied in the form of 
diet (phytonutrients) plays an important role 
to  control various diseases resulting from 
oxidative stress. Fresh fruits and vegetables 
are of more importance than cooked, because 
of the high concentration and maximum 
absorption of antioxidants. In recent years, 
researchers have been researching the rela-
tionship between antioxidants and preven-
tion of some diseases, such as cardiovascular
disease and cancer (Kubola and Siriamornpun, 
2008).

As soon as these FRs are generated in 
the body, they are trapped by antioxidants 
present in extracellular and intracellular 
defence system. If the generation of free 
radicals is much more than the concentra-
tion of antioxidants then oxidative stress 
arises. As a result of oxidative stress, arthri-
tis in joints, emphysema and bronchitis in 
lungs, atherosclerosis or heart disease in the 
blood vessels, peptic ulcer in the stomach, 
ageing and wrinkling in the skin are caused. 
In the nucleus, it also alters the sequence 
of nucleotide base pairs, strand breaks etc. in 
the DNA resulting in transformed and 
mutated DNA. Mutated DNA will produce 
diseases like cancer, leukaemia and lym-
phoma (Prakash et al., 2012).
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16.2.1 Antioxidant enzymes

Three groups of enzymes play significant 
roles in protecting cells from oxidative stress.

Superoxide dismutase

Superoxide dismutase (SOD) has been recog-
nized to play an important role in the body 
defence mechanism against the deleterious 
effect of superoxide FR in the biological sys-
tem. It acts on two superoxide molecules and 
converts them into hydrogen peroxide and 
oxygen. The beneficial aspect of this reaction 
is that it produces less toxic hydrogen perox-
ide. The organisms that resist oxygen toxicity 
must have the SOD enzyme. On the basis 
of metal cofactor, the organism has three dis-
tinct types of SOD. In eukaryotes, cytosol has 
the copper- and zinc-containing form of SOD 
while mitochondria and bacterial cells have 
the manganese-containing form of SOD (Table 
16.1). Iron-containing SOD is found in bacte-
ria, cyanobacteria and some plants. Newly 
discovered forms of SOD, also found in bacte-
ria, contain nickel as a cofactor. Interestingly, 
SODs are inducible enzymes, i.e. with the 
increase in the concentration of oxygen in the 
environment of the cell, the concentration of 

SOD enzyme also increases. The main source 
of naturally occurring SOD enzyme is green 
vegetables such as in broccoli, Brussels sprouts 
and cabbage, as well as barley, wheat and 
most green plants (Gassen and Youdim, 1999).

Catalase

The catalase activity of mammalian tissue var-
ies greatly. It is highest in liver and kidney and 
low in connective tissue. In the cell, it is mainly 
particle bound (in mitochondria and peroxi-
somes) whereas in erythrocytes it exists in a 
soluble state. Catalase activity has received 
much attention for its role in oxidative metabo-
lism as well as protective function by acting as a 
H2O2 scavenger. Catalase located in the orga-
nelles acts as a regulator of H2O2 levels and, on 
the other hand, in erythrocytes, catalase and 
GSH peroxidase jointly exert a protective func-
tion for haemoglobin and other SH-protein. It 
degrades hydrogen peroxide to water and oxy-
gen, and hence finishes the detoxification reac-
tion started by SOD (Gassen and Youdim, 1999).

Glutathione peroxidase

GSH peroxidase is a member of family of 
GPx enzymes, whose function is to detoxify 

Table16.1. Important enzymatic and non-enzymatic physiological antioxidants.

Antioxidants Location Properties

Enzymatic
Superoxide dismutase Mitochondria, cytosol Dismutase superoxide radicals
Glutathione peroxidase Mitochondria, cytosol Removes hydrogen peroxide and organic 

hydroperoxides
Catalase Mitochondria, cytosol Removes hydrogen peroxide
Non-enzymatic
Vitamin E Cell membrane Chain-breaking antioxidant in cell membrane
Vitamin C Aqueous phase of cell

Sap
Acts as free radical scavenger and 

recycles vitamin E
a-Lipoic acid Endogenous thiol Effective in recycling vitamin C, may also 

be an effective glutathione substitute
Carotenoids Membrane tissue Scavengers of reactive oxygen species, 

singlet oxygen quencher
Bilirubin Blood Extracellular antioxidant
Ubiquinones Mitochondria Reduced forms are efficient antioxidants
Metals ions sequestration: 

transferrin, ferritin, 
lactoferrin

Chelating metals ions, responsible for 
Fenton reactions

Nitric oxide Free radical scavenger, inhibitor of LP
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peroxide in the cell. Peroxides decompose to 
form highly reactive free radicals, which can 
damage the macromolecules like protein, 
DNA and lipid. GPx enzyme plays an impor-
tant role in the protection of cells from this 
damage, particularly lipid peroxidation. GSH 
peroxidase contains selenium as a cofactor. 
The synthesis of GSH peroxidase in humans 
appears to be very important in scavenging 
H2O2 (Cheng et al., 2003).

16.2.2 Antioxidant phytochemicals

There are more than a thousand phytochemi-
cals that have been identified with antioxidant 
properties. Plants produce these chemicals to 
protect themselves from microorganisms and 
oxidative stress, but now several evidences 
suggest that these phytochemicals also protect 
humans against various diseases caused by 
FRs. Some of the well-known phytochemicals 
are lycopene (tomatoes), isoflavones (in soy), 
flavanoids (in fruits, vegetables), allyl sulfides 
(onions, leeks, garlic), carotenoids (fruits, car-
rots) and polyphenols (tea, grapes). Medicinal 
plant parts are commonly rich in phenolic 
compounds, such as flavonoids, phenolic 
acids, stilbenes, tannins, cumarins, lignans 
and lignins. These compounds have multiple 
biological effects including antioxidant activ-
ity (Shukla et al., 2009). The antioxidant activ-
ity of phytochemicals is mainly due to their 
redox properties, which can play an impor-
tant role in adsorbing and neutralizing free 
radicals, quenching oxygen, or decomposing 
peroxides.

Flavonoids

Flavonoids are the most common secondary 
metabolites in higher plants, and can directly 
scavenge the superoxide ion, hydroxyl radi-
cal and H2O2. These include more than 
4000 phenolic compounds that occur natu-
rally in plants.

Flavonols

The main flavonol is quercetin, followed 
by myricetin, kaempferol, laricitrin, isor-
hamnetin and syringetin. The main sources 

of flavonols are onion, kale, broccoli, lettuce, 
tomato, apple, grape, berries, tea and red 
wine. High contents of flavonols are pre-
sent in greener leaves (Manach et al., 2004). 
Flavonols have multiple biological health 
benefits. They reduce risk of cardiovascular 
diseases, cancer, improve endothelial 
function and reduce platelet activity. This 
property is mainly attributed to their anti-
oxidant properties (Patel, 2008). Further-
more, flavonols also help to prevent oxidative 
damage to cells, lipids and DNA. The anti-
oxidant properties of flavonols are drawn 
from the presence of aromatic rings of the 
flavonoid molecule, which allows the dona-
tion and acceptance of electrons from FR 
species.

Anthocyanins

Anthocyanins are violet, blue and purple pig-
ments, which are mainly present in fruits, 
berries and flowers. The major dietary antho-
cyanins include cyanidin, delphinidin, malvi-
din, pelargonidin, peonidin and petunidin 
(Manach et al., 2004). Anthocyanins and their 
derivatives have the capacity to scavenge FRs 
through a number of mechanisms, thereby 
reducing the oxidative stress. Anthocyanins 
present in red cabbage reduce the oxidative 
stress caused by the toxin paraquat (Igarashi 
et al., 2000). Tsuda (2000) reported that cyani-
din, which is found in most fruit sources, has 
potential antioxidant activity under in vivo
conditions. In another animal study, Tsuda 
(1998) reported that cyanidins protect cell 
membrane lipids from oxidation by a variety 
of harmful substances.

Tannins

Tannins are commonly present in fruits 
(grapes, persimmon, blueberry, etc.), tea, 
chocolate, legume forages and legume trees 
(Acacia sp., Sesbania spp. etc.) and grasses 
(sorghum, maize, etc.). Tannins include proan-
thocyanidins, gallotannins and ellagitannins. 
At high temperatures in alcohol solutions 
or in a strong mineral acid, proanthocyanidins 
release anthocyanidins, which have antioxi-
dant properties. Gallotannins and ellagitannins 
are both hydrolysable tannins. Gallotannins 
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constitute galloyl esters of glucose or quinic 
acid whereas ellagitannins are derivatives of 
hexahydroxydiphenic acid (HHDP). Another 
form of tannin is phloroglucinols, which are 
subunits of phlorotannins and present in 
marine brown algae only. Tannins give an 
astringent or bitter taste to foods and bever-
ages (e.g. some red wines, teas and unripe 
fruits). The basic function of tannin is not as a 
primary antioxidant (i.e. they donate hydro-
gen atom or electrons) but they act as second-
ary antioxidants (i.e. interfere with the chain 
reaction or by chelating the metal ions such as 
Fe(II) thereby retarding oxidation or Fenton 
reaction). Zhang et al. (2004) showed that 
the inhibition of lipid peroxidation by tan-
nin constituents can act via the inhibition of 
cyclooxygenase.

Phenolic acids

Phenolic acids are a major class of phenolic 
compounds, widely occurring in the plant 
kingdom. Predominant phenolic acids 
include hydroxybenzoic acids (e.g. gallic 
acid, p-hydroxybenzoic acid, protocatechuic 
acid, vanillic acid and syringic acid) and 
hydroxycinnamic acids (e.g. ferulic acid, caf-
feic acid, p-cumaric acid, chlorogenic acid 
and sinapic acid) (Wrigstedt et al., 2010). 
Ferulic, caffeic and p-cumaric acid are pre-
sent in many medicinal herbs and dietary 
spices, fruits, vegetables and grains. Wheat 
bran is a good source of ferulic acids. 
Hydroxycinnamic acids (non-flavonoid phe-
nolics) are characterized by the C6–C3 struc-
ture. Plants use these compounds in both 
structural and chemical defence strategies 
against microbial flora as well as oxidative 
stress (Cartea et al., 2011). Naturally occur-
ring hydroxycinnamic acids possess greater 
antioxidant activity in comparison to hydroxy-
benzoic acid due to increased possibilities 
for delocalization of the phenoxy radical 
(Beer et al., 2002). Phenolic compounds have 
the potential to function as antioxidants by 
scavenging the superoxide anion, hydroxyl 
radical, peroxy radical or quenching singlet 
oxygen and inhibiting lipid peroxidation in 
biological systems (Izunya et al., 2010). At 
low temperatures during the maturity of 

leaves, the leaves have been shown to 
increase the phenols and flavonoids content 
(Singh, P. et al., 2008; Singh, B.N., 2009c).

16.2.3 Antioxidant nutrients

Vitamin E

Vitamin E is the main lipid-soluble antioxi-
dant and plays a vital role in protecting 
membranes from lipid peroxidation. Primary 
function of vitamin E is to trap peroxy radi-
cal formation during lipid peroxidation 
in cellular membranes. It is mainly present 
in nuts, seeds, vegetables, fish oils, whole 
grains (especially wheat germ), fortified 
cereals and apricots (Glenville, 2006). Current 
recommended daily allowance (RDA) is 
15 IU day−1 for men and 12 IU day−1 for women.

Vitamin C or ascorbic acid

Vitamin C or ascorbic acid is a water-soluble 
antioxidant that can reduce a variety of free 
radicals. It acts as a synergist for tocopherol 
by converting the oxidized tocopherols 
back to their reduced status. Ascorbic acid 
can also act as a pro-oxidant under certain 
circumstances and helps regeneration of 
membrane-bound oxidized vitamin E. 
Vitamin C reacts with the a-tocopheroxyl 
radical and is oxidized to dehydroascorbic 
acid. Humans lack L-gulono-g-lactone oxi-
dase, which is a key enzyme in ascorbic acid 
synthesis, hence it cannot be synthesized in 
the body and must be acquired from dietary 
sources. Ascorbic acid is mainly present in 
citrus fruits and juices, kiwi, cabbage, green 
peppers, spinach, broccoli, kale, cantaloupe 
and strawberries. The RDA for vitamin C is 
60 mg day−1. If taken in high dosages it may 
be excreted out due to its water-soluble 
nature but may cause adverse side effects in 
some individuals. The efficiency of ascorbic 
acid as scavenger of superoxide in mamma-
lian tissue is not less than the SOD enzyme. 
The ascorbic acid level in extracellular fluids
is higher than those of glutathione. So, ascor-
bate probably plays a predominant role in 
extracellular antioxidant protection. Vitamin C 
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reacts with the superoxide radical to form 
dehydroascorbic acid and it returns to its 
original state (vitamin C) with the help of 
gluthathione (Prakash et al., 2012).

Glutathione

Glutathione, a tripeptide (glutamyl-cysteinyl-
glycine) antioxidant, is the most important 
intracellular defence against damage by 
ROS. It is widely distributed among living 
cells and apparently involved in many bio-
logical functions. Glutathione present in the 
oxidized (GSSH) form is converted to 
the reduced GSH by enzyme glutathione 
reductase. It has been reported that 
reduced GSH is mainly present in tissue. 
The free sulfhydryl (SH) is a very reactive 
group in cysteine, providing a target for 
radical attack. Reduced glutathione is oxi-
dized when it reacts with free radicals and 
it gets back to the reduced state by redox 
cycle involving GSH reductase and the 
electron acceptor NADPH (Gassen and 
Youdim, 1999).

Selenium

Selenium, an essential element for antioxi-
dation reactions, is required only in small 
amounts in humans and animals (Thomson, 
2004). Selenoproteins (proteins containing 
selenium) are important antioxidant 
enzymes. There are nearly 30 known seleno-
proteins, mainly containing selenocysteine. 
The active site of GSH peroxidase (the 
most abundant selenoprotein in mammals) 
and thioredoxin reductase enzyme has sele-
nocysteine. Thioredoxin reductase not only 
maintains cell proteins in a reduced state 
but also provides deoxyribonucleases 
required for DNA synthesis (Holmgren, 
1989). At low concentrations it acts as an 
antioxidant, inhibiting lipid peroxidation, 
whereas at higher concentrations it behaves 
as pro-oxidant, enhancing the accumulation 
of lipid peroxidation products. The antioxi-
dant properties of selenoproteins help to 
regulate thyroid function, play an important 
role in the immune system and prevent cel-
lular damage from free radicals (Corvilain 

et al., 1993). Selenium deficiency may cause 
a form of heart disease, hypothyroidism and 
a weakened immune system (Zimmerman 
and Kohrle, 2002).

b-Carotene

b-carotene (precursor to vitamin A, retinol) is 
present in liver, egg yolk, butter, milk, spin-
ach, squash, carrots, broccoli, tomato, yams, 
cantaloupe, peaches and grains. b-carotene is 
converted to vitamin A by the body. The 
carotenoids (fat-soluble antioxidant) are one 
of the most common pigments found in 
nature (Daun, 1988). b-carotene (one of the 
best known carotenoids) is necessary for the 
synthesis of vitamin A. Some other related 
pigments include a-carotene, lutein, lyco-
pene and astaxanthin. There is evidence that 
a diet containing fruit and vegetables is asso-
ciated with lower incidences of cancer 
(Giovannucci, 1999). b-carotene has the capac-
ity to quench reactive oxygen (stop oxidative 
mechanisms), making them chemoprotec-
tive against cancer. There is strong evidence 
that b-carotene increases the detoxifi-
cation of carcinogens present in the liver, 
thereby reducing the development of cancer 
(Solomons, 2001).

Metal-binding protein

Transition metals are tightly bound to vari-
ous proteins that prevent them from reacting 
with peroxides to form free radicals. These 
include the following.

Ceruloplasmin

Ceruloplasmin is an effective antioxidant with 
potent peroxidase property. It decomposes 
hydrogen peroxide in the presence of reduced 
glutathione. Ceruloplasmin is expressed mainly 
in the liver but has been found to be expressed 
in the lungs (Fleming et al., 1991) and mam-
mary glands. The role of ceruloplasmin as 
antioxidant is against organic and inorganic 
oxygen radicals from iron and ascorbate. 
It contains 90–95% of the circulating copper 
in normal mammals. The concentration of 
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ceruloplasmin increases by a factor of 2 to 3 
during pregnancy and hormonal conditions.
It also inhibits lipid peroxidation induced by 
ferrous ion by way of decomposing lipid per-
oxides (Verma et al., 2005).

Lactoferrin

Lactoferrin belongs to the iron transporter or 
transferrin family of glycoproteins and is 
mainly present in whey and exocrine secre-
tions from mammals and is released from 
neutrophil granules during inflammation. 
Human breast milk may contain as much as 
15% lactoferrin while cow’s milk may have 
only 0.5% to 1.0%. It has two important roles: 
(i) it shows antibacterial, antiviral, antifungal, 
anti-inflammatory, antioxidant and immu-
nomodulatory activities; and (ii) lactoferrin 
plays an important role in the uptake and 
absorption of iron through the intestinal 
mucosa. Its ability to bind iron probably con-
tributes to both its antioxidant properties and 
its antibacterial action (Gupta et al., 2012).

Metallothionein

Metallothionein (MT) consists of four low-
molecular-weight (6000–7000), metal-binding 
proteins with high cysteine content. Metal-
lothioneins (MTs) are sulfhydryl-rich proteins, 
which specifically neutralize hydroxyl radi-
cals (Viarengo et al., 2000). Antioxidant prop-
erties of MTs are mainly due to sulfhydryl 
nucleophilicity. In vitro studies have revealed 
that it reacts directly with ROS including 
superoxide and hydroxyl radicals and hydro-
gen peroxide. Binding of transition metals (Fe, 
Cu) to the protein reduce the Fenton reactiv-
ity, resulting in reduced oxidative stress.

Transferrin

Transferrin (iron-binding blood plasma gly-
coprotein) has a molecular weight of 
approximately 80 kDa and binds iron very 
tightly but reversibly and hence controls the 
level of free iron in biological fluids (Crichton 
and Charloteaux-Wauters, 1987). It has two 
specific high-affinity Fe(III) binding sites. 
Iron present in the body is always found in 

protein-bound form and never in a free state. 
If iron is being transported or stored it must 
be chelated in very specific ways by transfer-
rin or ferritin. Transferrin is mainly present in 
serum, but it is also found in other body flu-
ids at lower concentrations (Chauhan et al.,
2004). The antioxidant activity of transferrin 
is due to its reducing properties. It reduces 
the concentration of free ferrous ion that 
catalyses the conversion of hydrogen perox-
ide to highly toxic hydroxyl radicals by 
Fenton reaction. Transferrin is a universal 
iron carrier and is able to deliver iron to cells 
without formation of free radicals.

Ferritin

Ferritin (a globular protein complex consist-
ing of 24 protein subunits) is a ubiquitous 
intracellular protein that stores iron and 
releases it in a controlled fashion. Ferritin is 
synthesized by almost all living organisms, 
including algae, bacteria, higher plants and 
animals. Intracellular iron is stored in the fer-
ritin in both prokaryotes and eukaryotes and 
released into cells when needed; hence it acts 
as buffer against iron deficiency. Ferritin that 
is not combined with iron is called apoferri-
tin. Ferritin converts ferrous (Fe2+) to ferric 
(Fe3+) form by ferroxidase activity, thereby 
reducing the chance of the deleterious reac-
tion that occurs between ferrous iron and 
hydrogen peroxide known as the Fenton 
reaction, which produces the highly damag-
ing hydroxyl radical (Sarma et al., 2010).

16.3 Some Commonly Measured 
Analytes with Antioxidant and 

Pro-oxidant Activities

16.3.1 Gamma-glutamyltransferase

Gamma-glutamyl transpeptidase (also known 
as g-glutamyltransferase, GGT, GGTP, gamma-
GT) (EC 2.3.2.2) is an enzyme that transfers 
g-glutamyl functional groups. It is the first 
enzyme of the g-glutamyl cycle that regulates 
the antioxidant glutathione; hence it is a criti-
cal enzyme in glutathione homeostasis. GGT 
is present in the cell membrane of many 
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tissues, including the kidney, bile duct, pan-
creas, gallbladder, spleen, heart, brain and 
seminal vesicle (Sarma et al., 2010).

16.3.2 Uric acid

Uric acid, the end product of purine metabo-
lism, works as an antioxidant. It is the most 
abundant aqueous antioxidant in humans 
and contributes as much as two-thirds of all 
free-radical scavenging capacity in plasma. It 
is particularly effective in quenching hydroxyl, 
superoxide and singlet oxygen and peroxy-
nitrite radicals and may play a protective physi-
ological role by preventing lipid peroxidation. 
The major antioxidant role of uric acid is its 
ability to bind and inactivate peroxynitrite. 
At physiological concentrations, urate pro-
tects erythrocyte ghosts against lipid peroxi-
dation leading to lysis of erythrocytes. Urate 
is found to be about as effective an antioxi-
dant as ascorbate in these experiments. Urate 
is much more easily oxidized than deoxynu-
cleosides by singlet oxygen and is destroyed 
by hydroxyl radicals at a comparable rate 
(Nieto et al., 2000).

16.3.3 Bilirubin

Bilirubin, the end product of haem metabo-
lism, has the ability to function as an antioxi-
dant in the brain, scavenging free radicals and 
reducing oxidative damage. It is reported that 
bilirubin protects oxidation of lipids such as 
linoleic acid and vitamin A. Stocker et al. (1987) 
demonstrated that bilirubin has more of an 
antioxidant effect than vitamin E towards lipid 
peroxidation. It has also been experimentally 
proved that a higher concentration of serum 
bilirubin increases its antioxidant capacity.

16.3.4 High-density lipoprotein

High-density lipoprotein (HDL) has long 
been known as the ‘good cholesterol’, protect-
ing against heart disease and atherosclerosis. 
It has been experimentally found that HDL 

has powerful antioxidant properties, similar 
to vitamin C and vitamin E. An enzyme related 
to synthesis of HDL cholesterol, lecithin-
cholesterol acyltransferase, is a powerful anti-
oxidant enzyme that blocks the oxidization of 
low-density lipoprotein (LDL) cholesterol. 
Cholesterol is beneficial if it is not oxidized. 
Barter et al. (2007) suggested that a low level 
of HDL increases the risk of diseases even 
in people with very low LDL levels. Jafri 
et al. (2010) suggested that there is an inverse 
relationship between high HDL and cancer 
occurrence.

16.3.5 Nitric oxide

Nitric oxide is an uncharged lipophilic mole-
cule that behaves like an amphoteric mole-
cule, i.e. NO could function as an electron 
donor (oxidant) or an electron acceptor (anti-
oxidant) (Drew and Leeuwenburgh, 2002). It 
contains a single unpaired electron (NO•), 
which reacts with other molecules, such as 
oxygen, GSH and superoxide radicals. They 
prevent free radicals from stealing electrons 
from other molecules.

16.4 Sources of Natural Antioxidants

Dietary antioxidants include ascorbate, toco-
pherols, carotenoids and bioactive plant phe-
nols. The health benefits of fruits and 
vegetables are largely due to the antioxidant 
vitamins supported by the large number of 
phytochemicals, some with greater antioxi-
dant properties. Sources of tocopherols, carot-
enoids and ascorbic acid are well known and 
there are plenty of publications related to their 
roles in health. Exogenous dietary antioxi-
dants capable of scavenging free radicals are 
of great interest in combating oxidative stress-
induced cell damage. Plants containing a high 
content of polyphenols and flavonoids are 
considered as potential antioxidants and can 
be used as adjuvant therapy. These plant poly-
phenols and flavonoids are multifunctional 
and can act as reducing agents, hydrogen 
donors, singlet oxygen quenchers and metal 
ion chelators (Gassen and Youdim, 1999).
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Several natural antioxidants such as sily-
marin, grape seed extract, resveratrol, cur-
cumin etc., are known to reduce oxidative 
stress and protect from hepatic damage. 
Ulusoy et al. (2012) reported antioxidant and 
anti-apoptotic effects of proanthocyanidine 
from grape seed extract. Silymarin, a flavonoid 
complex from Silybum marianum, has been 
used in the treatment of hepatitis, liver cirrho-
sis, viral hepatitis and fatty liver. It has been 
shown to have antioxidant, antilipid peroxida-
tive, anti-inflammatory and liver regenerative 
effects. Lupeol, a pentacyclic triterpenoid, 
found in many plants such as crataeva, mango, 
olive etc., received much attention due to its 
wide spectrum of medicinal properties that 
include antiprotozoal, anti-inflammatory, anti-
carcinogenic, cardioprotective and antimicro-
bial activities. Hepatoprotective action of 
lupeol against aflatoxin B1-induced toxicity 
has been reported by Preetha et al. (2006).

Cymbopogon citratus D. Stapf., commonly 
known as lemongrass, contains volatile oil 
consisting of citral, a monoterpene (a mixture 
of two isomeric aldehydes, neral and geranial 
in the ratio of 2:3), as a major component, 
which is used in various perfume and cos-
metic industries (Rauber et al., 2005). The 
plant is reported to possess antifungal, mos-
quito repellent, insecticidal, antidiabetic, anti-
septic, antimutagenic and anticarcinogenic 
activity (Masuda et al., 2008).

Fumaria parviflora Lam. (Fp) is used for 
dermatological diseases, stimulation of liver 
function and gall bladder, as antiscabies, anti-
scorbite, antibronchite, diuretic, expectorant, 
antipyretic, diaphoretic, appetizer and anti-
neoplastic agent. Its antinoceceptive effect 
has also been worked out (Heidari et al.,
2004). Phytochemical analysis of Fp indicated 
presence of organic acids and isoquinoline 
alkaloids, namely: fumaric acid, protropine, 
cryptopine, sinactine, stylopine, dihydro-
fumariline, per-fumidine and dihydrosan-
guirine (Suau et al., 2002). Acetylcholinesterase 
and butyrylcholinesterase inhibitory activity 
of Fp has also been reported (Orhan et al.,
2004). Significant oral antipyretic activity has 
been shown by hexane-chloroform and water-
soluble extracts of Fp in rabbits (Akhtar et al.,
1984). A 50% ethanolic extract of Fp was also 
tested to discover the role of mitochondria 

and ROS/oxidative stress in cytoprotective 
and anti-apoptotic effects against nimesulide-
induced hepatotoxicity (Tripathi et al., 2010).

Glycyrrhiza glabra (liquorice) possesses 
triterpene, saponins, glycyrrhizin/glycyrrhi-
zic acid and glycyrrhetic acid. Glycyrrhizic 
acid (GA), a biologically active constituent of 
liquorice root with a structure of 20b-carboxy-
11-oxo-30-norolean-12en-3-b-yl-2-o-b-D-glu-
copyranosiduronic acid, is believed to be partly 
responsible for antiulcer, anti-inflammatory, 
antidiuretic, anti-epileptic, anti-allergic, anti-
dote, antitumour, antiviral, antihypotensive 
and several other properties of the plant 
(Baltina, 2003). Hypocholesterolaemic and 
hypoglycaemic activities have also been 
reported (Sitohy et al., 1991).

Bacopa monnieri Linn. (syn. Herpestis mon-
nieri Linn. H.B. and K) is used as a nerve tonic, 
brain tonic, memory enhancer, laxative, astrin-
gent, antipyretic, anti-inflammatory and lep-
rosy healer. It is also useful in renal disorders, 
blood diseases, cough, anaemia and poison-
ing. The plant also finds various applications 
in central nervous system depressant activity. 
Its major constituents including two saponins 
(bacoside A and bacoside B) have been isolated 
and characterized (Chowdhuri et al., 2002).

Geraniol, an acyclic monoterpenoid, is an 
important constituent of essential oils of gin-
ger, lemon, lime, lavender, nutmeg, orange, 
rose and palmarosa. It is reported to prevent 
cancer. Camphene, another component, is a 
bicyclic monoterpene with a pungent smell. 
It constitutes a minor part of many essential 
oils including turpentine oil, cypress oil, cit-
ronella oil, ginger oil etc., and is known to 
possess antilithic and expectorant properties. 
Camphene is also present in apricot, carrots, 
cinnamon, ginger, cumin seed, nutmeg, car-
damom and turmeric. It is used as a food 
additive for flavouring as well as in the prep-
aration of fragrances, plasticizers for resins 
and lacquers (Verschueren, 2001).

Free radicals generated in diabetes may 
lead to several kinds of diabetic complica-
tions including nephropathy, neuropathy, 
cardiopathy and many more. Many herbal 
medicines as single agents or in different 
oral formulations have been recommended 
for diabetes mellitus due to the fact that 
they are less toxic than oral hypoglycaemic 
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agents such as sulfonylureas, metformin, etc. 
(Ponnachan et al., 1993).

Anthocyanins have been shown to be 
natural anti-inflammatory agents and pain 
relievers. Chronic inflammation has also 
been associated with an increased risk of can-
cer, but anti-inflammatory drugs are not 
effective for reducing this type of inflamma-
tion (Singh, B.N. et al., 2009b). Some impor-
tant sources of antioxidants are presented in 
Table 16.2.

16.5 Roles of Antioxidants in the 
Prevention of Diseases

Plants have numerous natural antioxidants to 
control the oxidative stress induced by these 
free radicals (Pacher et al., 1997; Sarma et al., 
2010). Free radicals have been implicated in the 
pathogenesis of over 100 human diseases such 
as cancer, heart disease, stroke, Alzheimer’s 
disease, diabetes, premature ageing, high 
blood pressure and sepsis, to name a few.

16.5.1 Cancer

Antioxidants protect DNA thereby reducing 
the oxidative DNA damage caused by the 
free radical and ultimately control the 
increased abnormal cell division, the main 
characteristic of carcinogenesis. Experimental 
evidence using cell culture and animal mod-
els indicate that antioxidants either slow or 
prevent the development of cancer through 
their action as free-radical scavengers (Rock 
et al., 1996). Using in vitro and an animal 
model system, it was experimentally found 
that plant-derived phytochemicals, such as 
allyl sulfides, isothiocyanates and sulfora-
phene, inhibit the various steps of tumour 
development (Milner, 1994). Blot et al. (1993) 
and Sardas (2003) reported that a combina-
tion of b-carotene, vitamin E and selenium 
significantly reduces the chance of cancer 
development especially in the case of gastric 
cancer. Experimental evidence also suggests 
that b-carotene with a-tocopherol/retinol 
significantly reduced the chance of lung can-
cer (Omenn et al., 1994).

16.5.2 Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by 
progressive loss of memory as the major clini-
cal manifestation. Studies on free radicals 
suggest that oxidative stress causes neurode-
generative disorders, including AD. Metal 
ions also play an important role in the devel-
opment of AD. Nutraceutical antioxidants 
such as b-carotene, curcumin, lutein, lyco-
pene, turmerin etc., showed positive effects 
by reducing oxidative stress, mitochondrial 
dysfunction and various forms of neural 
degeneration (Glenville, 2006). It has been 
observed that a lower activity of antioxidant 
enzyme such as superoxide dismutase is 
related to occurrence of Alzheimer’s disease 
in humans (Thome et al., 1997). Kontush et al.
(2001) reported that supplementation with 
vitamins E and C to the patient significantly 
increases the concentration of vitamins in 
plasma and decreases the oxidation of lipo-
protein, while vitamin E alone does not have 
any significant effects. High intake of nutraceu-
tical postpones the development of demen-
tias such as AD (Haider and Bhutta, 2006).

16.5.3 Atherosclerosis

Atherosclerosis is a common cardiovascular 
disease, which occurs due to deposition of 
oxidized fatty acid to the arteries in the form 
of plaque. Approximately two-thirds of the 
serum cholesterol pool in a normal subject is 
low-density lipoprotein-cholesterol (LDL-C), 
which is believed to play an important role 
in the development of atherosclerosis (Shukla 
et al., 2011).

Flavonoids and other plant-derived poly-
phenols, present in fresh fruits and vegetables, 
have been shown to be powerful antioxidants 
capable of preventing LDL oxidation induced 
by free radicals. Recommended daily allow-
ance for the flavonoids is 1 g in an ordinary 
diet, which is sufficient for the antioxidant 
defence system. Interestingly, it has been 
found that the antioxidant activity of some of 
flavonoids synergistically increases when they 
are supplemented with ascorbic acid to pre-
vent LDL oxidation. The beneficial properties 



258
R

.L. Singh et al.
Table 16.2. Some important sources of antioxidants.

Plant Antioxidants References

Medicinal plants
Terminalia chebula (Bahera) Casuarinin, chebulanin and chebulinic acid Cheng et al., 2003
Cassia fistula (Amaltas) Lupeol, b-sitosterol, hexacosanol, kaempferol, proanthocyanidin, 

bianthraquinone glycoside, anthraquinones, flavonoids, 
flavan-3-ol derivatives, sennoside A, sennoside B

Akiremi et al., 2000

Withania somnifera
(Ashwagandha)

Withanolides, cuscohygrine, anahygrine, tropane, pseudotropine, 
anaferine, dl-iso-pllatierine, withanine, withasominine, withaninine, 
somniferin, pseudowithanine, tropanol, pseudotropanol, 
cuscokygrene, 3-tigioyloxytropana, isopelletierine

Sangwan, 2004; Mohammad and Elisabeth, 2009; 
Kushwaha and Karanjekar, 2011

Fruits
Berries (Sarashphal) Flavanols, hydroxycinammic acids, hydroxybenzoic acids, 

anthocyanins
Wang and Lin, 2000; Yanishlieva-Maslarova and 

Heinonen, 2001
Citrus fruits Flavanones, flavonols, phenolic acids Yanishlieva-Maslarova and Heinonen, 2001; 

Manach et al., 2004
Black grapes Anthocyanins, flavonols Belitz and Grosch, 1999; Yanishlieva-Maslarova 

and Heinonen, 2001
Cherries Hydroxycinnamic acids, anthocyanins Belitz and Grosch, 1999; Yanishlieva-Maslarova 

and Heinonen, 2001
Plums (Jamun), apples, 

pears
Hydroxycinnamic acids, catechin Belitz and Grosch, 1999; Yanishlieva-Maslarova 

and Heinonen, 2001
Vegetables

Allium sativum (Garlic) Aliin, allicin, ajoene, allylpropyl disulfide, diallyl trisulfide, sallylcysteine, 
vinyldithiines, S-allylmercaptocystein, S-allylcysteine, S-allyl 
mercaptocysteine, saponins

Kemper, 2000; Amagase, 2006

Allium cepa (Onion) Phenolic acids, flavonoids, cepaenes, thiosulfinates, anthocyanins, 
sulfur compounds, saponins, quercetrin

Singh, B.N. et al., 2009a; Panduranga Murthy 
et al., 2011

Trigonella foenum-graecum
(Fenugreek)

Cumarin, fenugreekine, nicotinic acid, sapogenins, phytic acid, 
scopoletin, trigonelline, L-tryptophan-rich proteins and saponins

Yoshikawa et al., 1997

Daucus carota (Carrot) Carotol, daucene, germacrene D, bergamotene, selinene, carotol, 
daucol, copaenol

Ozcan and Chalchat, 2007

Sweet potato leaves Flavonols, flavones, Chu et al., 2000
Yellow onion Flavonols Manach et al., 2004
Beans Flavanols Manach et al., 2004
Spinach Flavonoids, p-cumaric acid Bergman et al., 2001
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Flours

Oats, wheat, rice Caffeic, ferulic acids Yanishlieva-Maslarova and Heinonen, 2001
Drinks

Orange juice Flavanols Manach et al., 2004
Coffee Hydroxycinnamic acids Manach et al., 2004
Chocolate Flavanols Manach et al., 2004
Red wine Flavan-3-ols, flavonols, anthocyanins Manach et al., 2004

Herbs and spices
Sage, carnosol Carnosic acid, lateolin, rosmanul, rosmarinic acid Yanishlieva-Maslarova and Heinonen, 2001
Foeniculum vulgare (Fennel) Essential oil (trans-anethole, α-phellandrene, α-pinene), dipentene, 

methyl chavicol, feniculun, anisaldehyde and anisic acid
Piccaglia and Marotti, 2001; Mimica-Dukic et al.,

2003; Araque et al., 2007
Rosemary Carnosic acid, carnosol, rosmarinic acid, rosmanol Yanishlieva-Maslarova and Heinonen, 2001; 

Ibanez et al., 2003
Thyme Thymol, carvacrol, flavonoids, lubeolin Exarchou et al., 2002
Ginger Gingerol and related compounds Moure et al., 2001; Yanishlieva-Maslarova and 

Heinonen, 2001
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of certain plants may be explained by the pres-
ence of some especially effective flavonoids 
like resveratrol, which has also been found in 
red wines. Probucol, a hypocholesterolaemic 
drug, has significant antioxidant activity and 
an in vivo study on rabbit showed that it has 
protective effects against atherosclerosis. In 
animal studies, aspirin has also been shown to 
prevent atherosclerosis (Jaichander et al., 2008).

16.5.4 Heart diseases

There are several factors such as high choles-
terol level, hypertension, diabetes, cigarette 
smoking etc. that provide a platform for the 
development of heart disease. Oxidation of 
low density lipoprotein (LDL-cholesterol) 
causes deposition of fatty acid in arteries lead-
ing to development of atherosclerosis, which 
ultimately causes heart disease (Anderson 
et al., 1995). Heart disease is acquired with age 
because oxidized fatty acid gets more ‘sticky’ 
and easier to adhere to the artery walls. It is 
believed that high intake of ascorbic acid 
reconstitutes the endothelial dysfunctions 
(Ting et al., 1997) and protects the circulating 
lipoprotein from free radicals.

16.5.5 Diabetes

Diabetes mellitus (DM) is characterized by 
hyperglycaemia (Grill and Bjorklund, 2000). 
Oxidative stress due to lack of antioxidant 
defences may also cause diabetes (Cross et al., 
1987; Maxwell et al., 1997; Keaney and 
Loscalzo, 1999; Bonnefont-Rousselot et al., 
2000; West, 2000). It is hypothesized that if 
ROS are involved in the genesis of diabetes, 
then antioxidants may be an effective approach 
in prevention of diabetes (Giugliano et al., 
1996). Reaven (1995) revealed that supplemen-
tation of vitamin E reduces the sensitivity of 
LDL to in vitro oxidation and availability of 
oxidized LDL in type-2 diabetics as well as in 
healthy subjects (Liao et al., 1995). It is hypoth-
esized that imbalance between generation and 
scavenging of free radicals is the main cause 
associated with diabetes. Insulin increases 
the uptake of vitamin C in to the cell but in 

hyperglycaemic conditions this process is 
inhibited resulting in a condition known as 
‘tissue scurvy’. Supplementation of vitamin C 
alone controls the blood glucose level, 
improves endothelium-dependent vasodila-
tion and increases the resistance of lipoprotein 
towards oxidation in the patient with either 
type-1 or type-2 diabetes mellitus (Ting et al., 
1996; Timimi et al., 1998; Kawano et al., 1999).

16.5.6 Parkinson’s disease

Parkinson’s disease (PD) results from damage 
in neuronal cells in certain regions of the 
brain, and is characterized by muscle rigidity, 
shaking and difficulty in walking (Losso, 
2003). Latif et al. (2007) reported that vitamin E 
in food may be protective against PD. 
Glutathione has also shown some promising 
results in preliminary studies to treat PD but 
appropriate long-term dosing, side-effects and 
the most effective method of administration 
are not yet clear.

16.6 Conclusions

Antioxidants may be a promising source for 
the prevention and or treatment of free radical-
generated diseases such as atherosclerosis, 
hypertension, diabetes, cancer, Parkinson’s 
and Alzheimer’s diseases etc. Evidence also 
indicates that antioxidants protect/cure the 
diseases by involving a number of biological 
processes, including signal transduction path-
ways, activation of antioxidant defences, cell 
proliferation, cell survival-associated gene 
expression, differentiation and preservation 
of mitochondrial integrity. To protect the cells 
and organ systems of the body against reac-
tive oxygen species, humans have evolved a 
highly sophisticated and complex antioxidant 
protection system. It involves a variety of anti-
oxidant components, both endogenous and 
exogenous in origin, that function interac-
tively and synergistically to neutralize free 
radicals. Increasing dietary intake of antioxi-
dants may help to maintain an adequate anti-
oxidant status and, therefore, the normal 
physiological function of human beings.



Antioxidants: Their Health Benefits and Plant Sources 261

References

Akhtar, M.S., Khan, Q.M. and Khaliq, T. (1984) Effects of Euphorbia prostrata and Fumaria parviflora in nor-
moglycemic and alloxan-treated hyperglycaemic rabbits. Planta Medica 50, 138–142.

Akiremi, A.A., Omobuwajo, O.R. and Elujoba, A.A. (2000) Pharmcopieal standards for the fruits of Cassia
fistula and Cassia podocarpa. Nigerian Journal of Natural Products and Medicine 4, 23–26.

Amagase, H. (2006) Clarifying the real bioactive constituents of garlic. Journal of Nutrition 136, 716S–725S.
Anderson, T.J., Meredith, I.T., Yeung, A.C., Frei, B., Selwyn, A.P. and Ganz, P. (1995) The effect of cholesterol-

lowering and antioxidant therapy on endothelium-dependent coronary vasomotion. The New England 
Journal of Medicine 332, 488–493.

Araque, M., Rojas, L.B. and Usubillaga, A.D. (2007) Antibacterial activity of essential oil of Foeniculum 
vulgare Miller against multi resistant gram-negative bacilli from nosocomial infections. Ciencia 15, 
366–370.

Baltina, L.A. (2003) Chemical modification of glycyrrhizic acid as a route to new bioactive compounds for 
medicine. Current Medicinal Chemistry 10, 155–171.

Barter, P., Gotto, A.M., LaRosa, J.C., Maroni, J., Szarek, M., Grundy, S.M., Kastelein, J.J.P., Bittner, V., Fruchart, J.C. 
and Treating to New Targets Investigators (2007) HDL cholesterol, very low levels of LDL cholesterol, 
and cardiovascular events. New England Journal of Medicine 357, 1301–1310.

Beer, D.D., Joubert, E., Gelderblom, W.C.A. and Mandey, M. (2002) Phenolic compounds: a review of their 
possible role as in vivo antioxidant of wine. South African Journal of Enology 23, 48–61.

Belitz, H.D. and Grosch, W. (1999) Phenolic compounds. In: Food Chemistry, 2nd edn. Springer, Berlin, 
pp. 764–775.

Bergman, M., Vershavsky, L., Gottlieb, H.E. and Grossman, S. (2001) The antioxidant activity of aqueous 
spinach extract: chemical identification of active fractions. Phytochemistry 58, 143–152.

Blot, W.J., Li, J.Y., Taylor, P.R., Guo, W., Dawsey, S., Qingang, G., Yang, C.S., Zheng, S.F., Gail, M., Li, G.Y., 
Yu, Y., Liu, B., Tangrea, J., Sun, Y.H., Liu, F., Fraumeni, J.F., Zhang, Jr Y.H. and Li, B. (1993) Nutrition 
intervention trials in Linxian, China: supplementation with specific vitamin/mineral combinations, can-
cer incidence, and disease-specific mortality in the general population. Journal of the National Cancer 
Institute 85, 1483–1491.

Bonnefont-Rousselot, D., Bastard, J.P., Jaudon, M.C. and Delattre, J. (2000) Consequences of the diabetic 
status on the oxidant/antioxidant balance. Diabetes & Metabolism 26, 163–176.

Cartea, M.E., Francisco, M., Soengas, P. and Velasco, P. (2011) Phenolic Compounds in Brassica Vegetables. 
Molecules 16, 251–280.

Chauhan, A., Chauhan, V., Brown, W.T. and Cohen, I. (2004) Oxidative stress in autism: Increased lipid per-
oxidation and reduced serum levels of ceruloplasmin and transferrin – the antioxidant proteins. Life
Sciences 75, 2539–2549.

Cheng, H.Y., Lin, T.C., Yu, K.H., Yang, C.M. and Lin, C.C. (2003) Antioxidant and Free Radical Scavenging 
activities of Terminalia chebula. Biological and Pharmaceutical Bulletin 26, 1331–1335.

Chowdhuri, D.K., Parmar, D., Kakkar, P., Shukla, R., Seth, P.K. and Srimal, R.C. (2002) Antistress effects of 
bacosides of Bacopa monnieri: modulation of Hsp70 expression, superoxide dismutase and cytochrome 
P450 activity in rat brain. Phytotherapy Research 16, 639–645.

Chu, Y.H., Chang, C.L. and Hsu, H.F. (2000) Flavonoid content of several vegetables and their antioxidant 
activity. Journal of the Science of Food and Agriculture 80, 561–566.

Corvilain, B., Contempre, B., Longombe, A.O., Goyens, P., Gervy-Decoster, C., Lamy, F., Vanderpas, J.B. and 
Dumont, J.E. (1993) Selenium and the thyroid: How the relationship was established. American Journal 
of Clinical Nutrition 57, 244–248.

Crichton, R.R. and Charloteaux-Wauters, M. (1987) Iron transport and storage. European Journal of 
Biochemistry 164, 485–506.

Cross, C.E., Halliwell, B. and Borish, E.T. (1987) Oxygen radicals and human disease. Annals of Internal 
Medicine 107, 526–545.

Daun, H. (1988) The chemistry of carotenoids and their importance in food. Clinical Nutrition 7, 97.
Dhakarey, R., Uppadhyay, G., Singh, B.N., Singh, H.B., Prakash, D., Kumar, S., Singh, K.K. and Singh, R.L. 

(2005) Phenolic content and antioxidant potential of Rhododendron species. Indian Society of 
Agricultural Biochemists 18, 40–43.

Drew, B. and Leeuwenburgh, C. (2002) Aging and the role of reactive nitrogen species. Annals of the New York 
Academy of Sciences 959, 66–81.



262 R.L. Singh et al.

Exarchou, V., Nenadis, N., Tsimidou, M., Gerothanassis, I.P., Troganis, A. and Boskou, D. (2002) Antioxidant 
activities and phenolic composition of extracts from Greek oregano, Greek sage and summer savory. 
Journal of Agricultural and Food Chemistry 50, 5294–5299.

Fleming, R.E., Whitman, I.P. and Gitlin, J.D. (1991) Induction of ceruloplasmin in rat lung during hyperoxia. 
American Journal of Physiology 260, 68–74.

Gassen, M. and Youdim, M.B. (1999) Free radical scavengers: chemical concept and chemical relevance. 
Journal of Neural Transmission. Supplementa 56, 193–210.

Giovannucci, E. (1999) Tomatoes, tomato-based products, lycopene, and cancer: review of the epidemiologic 
literature. Journal of the National Cancer Institute 91, 317.

Giugliano, D., Ceriello, A. and Paolisso, G. (1996) Oxidative stress and diabetic vascular complications. 
Diabetes Care 19, 257–267.

Glenville, M. (2006) Nutritional supplements in pregnancy: commercial push or evidence based. Current 
Opinion in Obstetrics and Gynecology 18, 642–647.

Grill, V. and Bjorklund, A. (2000) Dysfunctional insulin secretion in type 2 diabetes: role of metabolic abnor-
malities. Cellular and Molecular Life Sciences 57, 429–440.

Gupta, C., Prakash, D., Garg, A.P. and Gupta, S. (2012) Whey Proteins: A novel source of Bioceuticals. 
Middle-East Journal of Scientific Research 12, 365–375.

Haider, B.A. and Bhutta, Z.A. (2006) Multiple-micronutrient supplementation for women during pregnancy. 
Cochrane Database of Systematic Reviews 18, CD004905.

Halliwell, B. and Gutteridge, J.M.C. (1989) Free Radicals in Biology and Medicine, 2nd edn. Clarendon Press, 
Oxford, UK.

Heidari, R.M., Mandgary, A. and Enayati, M. (2004) Antinociceptive effects and toxicity of Fumaria parviflora
Lam. in mice and rats. DARU 12, 136–140.

Holmgren, A. (1989) Thioredoxin and glutaredoxin systems. Journal of Biological Chemistry 264, 13963–13966.
Ibanez, E., Kubatova, A., Senorans, F.J., Cavero, S., Regiero, G. and Hawthorn, S.B. (2003) Subcritical water 

extraction of antioxidant compounds from rosemary plants. Journal of Agricultural and Food Chemistry
571, 375–382.

Igarashi, K., Kimura, Y. and Takenaka, A. (2000) Preventive effects of dietary cabbage acylated anthocyanins 
on paraquat-induced oxidative stress in rats. Bioscience Biotechnology and Biochemistry 64, 
1600–1607.

Izunya, A.M., Nwaopara, A.O., Aigbiremolen, A., Odike, M.A.C., Oaikhena, G.A., Bankole, J.K. and Ogarah, P.A. 
(2010) Morphological and biochemical effects of crude aqueous extract of mangifera indica l. (mango) 
stem bark on the liver in wistar rats. Research Journal of Applied Sciences, Engineering and Technology 2, 
460–465.

Jafri, H., Alsheikh-Ali, A.A. and Karas, R.H. (2010) Baseline and on-treatment high-density lipoprotein choles-
terol and the risk of cancer in randomized controlled trials of lipid-altering therapy. Journal of the 
American College of Cardiology 55, 2846–2854.

Jaichander, P., Selvarajan, K., Garelnabi, M. and Parthasarathy, S. (2008) Induction of paraoxonase 1 and 
apolipoprotein A1 gene expression by aspirin. Journal of Lipid Research 49, 2142–2148.

Kakkar, P. and Singh, B.K. (2007) Mitochondria: a hub of redox activities and cellular distress control. 
Molecular and Cellular Biochemistry 305, 235–253.

Kawano, H., Motoyama, T., Hirashima, O., Hirai, N., Miyao, Y., Sakamoto, T., Kugiyama, K., Ogawa, H. and 
Yasue, H. (1999) Hyperglycemia rapidly suppresses flow-mediated endothelium-dependent vasodilation 
of brachial artery. Journal of the American College of Cardiology 34, 146–154.

Keaney, J.F. and Loscalzo, J. (1999) Diabetes, Oxidative Stress, and Platelet Activation. Circulation 99, 89–191.
Kemper, K.J. (2000) Garlic (Allium sativum). Available at: http://www.mcp.edu/herbal/default.htm (accessed 

25 April 2013).
Kontush, A., Mann, U., Arlt, S., Ujeyl, A., Lührs, C., Müller-Thomsen, T. and Beisiegel, U. (2001) Influence of 

vitamin E and C supplementation on lipoprotein oxidation in patients with Alzheimer’s disease. Free 
Radical Biology and Medicine 31, 345–354.

Kubola, J. and Siriamornpun, S. (2008) Phenolic contents and antioxidant activities of bitter gourd (Momordica
charantia L.) leaf, stem and fruit fraction extracts in vitro. Food Chemistry 110, 881–890.

Kumar, M., Kumar, S. and Kaur, S. (2011) Investigations on DNA protective and antioxidant potential of chlo-
roform and ethyl acetate fractions of Koelreuteria paniculata Laxm. African Journal of Pharmacy and 
Pharmacology 5, 421–427.

Kushwaha, R. and Karanjekar, S. (2011) Standardization of Ashwagandharishta formulation by TLC Method. 
International Journal of Chem Tech Research 3, 1033–1036.

http://www.mcp.edu/herbal/default.htm


Antioxidants: Their Health Benefits and Plant Sources 263

Latif, S., Anwar, F., Ashraf, M. and Gilani, A.H. (2007) Moringa oleifera: a food plant with multiple medicinal 
uses. Phytotherapy Research 21, 17–25.

Liao, J.K., Shin, W.S., Lee, W.Y. and Clark, S. (1995) Oxidized LDL decreases the expression of eNOS. Journal
of Biological Chemistry 270, 319–324.

Losso, J.N. (2003) Targeting excessive angiogenesis with functional foods and nutraceuticals. Trends in Food 
Science & Technology 14, 455–468.

Manach, C., Scalbert, A., Morand, C., Remesy, C. and Jimenez, L. (2004) Polyphenols: food sources and bio-
availability. American Journal of Clinical Nutrition 79, 727–747.

Masuda, T., Odaka, Y., Ogawa, N., Nakamoto, K. and Kuninaga, H. (2008) Identification of geranic acid, a 
tyrosinase inhibitor in lemongrass Cymbopogon citratus. Journal of Agricultural and Food Chemistry 56, 
597–601.

Maxwell, S.R., Thomason, H., Sandler, D., Leguen, C., Baxter, M.A., Thorpe, G.H., Jones, A.F. and Barnett, A.H. 
(1997) Antioxidant status in patients with uncomplicated insulin-dependent and non-insulin-dependent 
diabetes mellitus. European Society for Clinical Investigation 27, 484–490.

Milner, J.A. (1994) Reducing the Risk of Cancer. In: Goldberg, I. (ed.) Functional Foods. Chapman and Hall, 
New York, pp. 39–70.

Mimica-Dukic, N., Kujundzic, S., Sokovic, M. and Couladis, M. (2003) Essential oil composition and anti-
fungal activity of Foeniculum vulgare Mill obtained by different distillation conditions. Phytotherapy 
Research 17, 368–371.

Mohammad, H.M. and Elisabeth, M. (2009) Steroidal Lactones from Withania somnifera, an Ancient Plant for 
Novel Medicine. Molecules 14, 2373–2393.

Moure, A., Cruz, J.M., Franco, D., Dominguez, J.M., Sineiro, J., Dominguez, H., Numez, M.J. and Parajo, J.C. 
(2001) Natural antioxidants from residual sources. Food Chemistry 72, 145–171.

Nieto, F.J., Iribarren, C., Gross, M.D., Comstock, G.W. and Cutler, R.G. (2000) Uric acid and serum antioxi-
dant capacity: a reaction to atherosclerosis? Atherosclerosis 148, 131–139.

Omenn, G.S., Goodman, G., Thornquist, M., Grizzle, J., Rosenstock, L., Barnhart, S., Balmes, J., Cherniack, M.G., 
Cullen, M.R. and Glass, A. (1994) The beta-carotene and retinol efficacy trial (CARET) for chemopreven-
tion of lung cancer in high risk populations: smokers and asbestos-exposed workers. Cancer Research
54, 2038s–2043s.

Orhan, I., Sener, B., Choudhary, M.I. and Khalid, A. (2004) Acetylcholinesterase and butyrylcholinesterase 
inhibitory activity of some Turkish medicinal plants. Journal of Ethnopharmacology 91, 57–60.

Ozcan, M.M. and Chalchat, J.C. (2007) Chemical composition of carrot seeds (Daucus carota L.) cultivated 
in Turkey: characterization of the seed oil and essential oil. Grasasy Aceites 58, 359–365.

Pacher, P., Beckman, J.S. and Liaudet, L. (1997) Nitric oxide and peroxynitrite in health and disease. 
Physiological Reviews 87, 315–424.

Panduranga Murthy, G., Mamtharani, D.R., Tejas, T.S. and Suarlikerimath, N.M. (2011) Phytochemical analysis,
in vitro anti-bacterial and antioxidant activities of wild onion sps. International Journal of Pharma and 
Bio Sciences 2, 230–237.

Patel, J.M. (2008) A Review of Potential Health Benefits of Flavonoids. Lethbridge Undergraduate Research 
Journal. Vol. 3, Number 2. Available at: http://www.lurj.org/article.php/vol3n2/flavonoids.xml (accessed 
25 April 2013).

Piccaglia, R. and Marotti, M. (2001) Characterization of some Italian types of wild fennel (Foeniculum 
vulgare Mill.). Journal of Agricultural and Food Chemistry 49, 239–244.

Ponnachan, P.T.C., Paulose, C.S. and Panikar, K.R. (1993) Effect of leaf extract of Aegle marmelose in diabetic 
rats. Indian Journal of Experimental Biology 31, 345–347.

Prakash, D., Upadhyay, G., Gupta, C., Pushpangadan, P. and Singh, K.K. (2012) Antioxidant and Free Radical 
scavenging activities of some promising wild edible fruits. International Food Research Journal 19, 
1109–1116.

Preetha, S.P., Kanniappan, M., Selvakumar, E., Nagaraj, M. and Varalakshmi, P. (2006) Lupeol ameliorates 
aflatoxin B1-induced peroxidative hepatic damage in rats. Comparative Biochemistry and Physiology 
Part C: Toxicology & Pharmacology 143, 333–339.

Rauber, C.S., Guterrs, S.S. and Schapoval, E.E.S. (2005) LC determination of citral in Cymbopogon citratus
volatile oil. Journal of Pharmaceutical and Biomedical Analysis 37, 597–601.

Reaven, P. (1995) Dietary and pharmacologic regimens to reduce lipid peroxidation in noninsulin-dependent 
diabetes mellitus. American Journal of Clinical Nutrition 62, 1483S–1489S.

Rice-Evans, C. and Burdon, R. (1993) Free radical-lipid interactions and their pathological consequences. 
Progress in Lipid Research 32, 71–110.

http://www.lurj.org/article.php/vol3n2/flavonoids.xml


264 R.L. Singh et al.

Richards, R.T. and Sharma, H.M. (1991) Free radicals in health and disease. Indian Journal of Clinical Practice 2, 
15–26.

Rock, C.L., Jacob, R.A. and Bowen, P.E. (1996) Update on the biological characteristics of the antioxidant 
micronutrients: vitamin C, vitamin E, and the carotenoids. Journal of the American Dietetic Association
96, 693–702.

Sangwan, R.S. (2004) Photochemical variability in commercial herbal products and preparations of Withania
somnifera. Current Science 10, 461.

Sardas, S. (2003) The role of antioxidants in cancer prevention and treatment. Indoor Built Environment 12, 
401–404.

Sarma, A.D., Mallick, A.R. and Ghosh, A.K. (2010) Free Radicals and Their Role in Different Clinical 
Conditions: An Overview. International Journal of Pharma Sciences and Research 1, 185–192.

Sharma, H.M., Hanna, A.N., Kauffman, E.M. and Newman, H.A.I. (1992) Inhibition of human low-density 
lipoprotein oxidation in vitro by Maharishi Ayurveda herbal mixtures. Pharmacology Biochemistry and 
Behavior 43, 1175–1182.

Shukla, M., Singh, U., Singh, P. and Singh, R.L. (2009) Nutraceutical properties of agrowaste part of some 
citrus plants. Journal of Ecophysiology and Occupational Health 9, 97–103.

Shukla, M., Singh, S.V., Singh, P., Singh, U., Vishwakerma, S.P., Khanna, A.A., Sexana, J.K. and Singh, R.L. 
(2011) Anti-dyslipidimic and antioxidant activity of hydro-ethanolic fruit extract of Ficus glomerota. 
Asian Journal of Pharmaceutical and Clinical Research 4, 145–148.

Singh, B.N., Singh, B.R., Singh, R.L., Prakash, D., Dhakarey, R., Uppadhyay, G. and Singh, H.B. (2009a) 
Oxidative DNA damage protective activity, antioxidant and antiquorum sensing potential of Moringa 
olifera. Food Chemistry and Toxicology 47, 1109–1116.

Singh, B.N., Singh, B.R., Singh, R.L., Prakash, D., Sarma, B.K. and Singh, H.B. (2009b) Antioxidant antiquo-
rum sensing activities of green pod of Acacia nilotica L. Food Chemistry and Toxicology 47, 
778–786.

Singh, B.N., Singh, B.R., Singh, R.L., Prakash, D., Singh, D.P., Sarma, B.K., Uppadhyay, G. and Singh, H.B. 
(2009c) Polyphenolics from various extracts/fractions of red onion (Allium cepa) peel with potent anti-
oxidant and antimutagenic activities. Food Chemistry and Toxicology 47, 1161–1167.

Singh, P., Singh, U., Shukla, M. and Singh, R.L. (2008) Antioxidant activity imparting biomolecules in Cassia
fistula. Advances in Life Sciences 2, 23–28.

Singh, R.H. (1992) Rasayana and Vajikarana. In: Sharma, P.V. (ed.) History of Medicine in India. Indian 
National Science Academy, New Delhi.

Singh, U., Singh, P., Shukla, M. and Singh, R.L. (2008) Antioxidant activity of vegetables belonging to Papilionaceae 
family. Advances in Life Sciences 2, 31–36.

Sitohy, M.Z., el-Massry, R.A., el-Saadany, S.S. and Labib, S.M. (1991) Metabolic effect of licorice roots 
(Glycyrrhiza glabra) on lipid distribution pattern, liver and renal functions of albino rats. Nahrung 35, 
799–806.

Solomons, N.W. (2001) Vitamin A and carotenoids. In: Present Knowledge in Nutrition, 8th edn. ISLI Press, 
Washington, DC.

Stocker, R., Glazer, A.N. and Ames, B.N. (1987) Antioxidant activity of albumin-bound bilirubin. Proceedings 
of the National Academy of Sciences of the United States of America 84, 5918–5922.

Suau, R., Cabezudo, B., Rico, R., Nájera, F. and López-Romero, J.M. (2002) Direct determination of alkaloid 
contents in Fumaria species by GC–MS. Phytochemical Analysis 13, 363–367.

Thome, J., Gsell, W., Rösler, M., Kornhuber, J., Frölich, L., Hashimoto, E., Zielke, B., Wiesbeck, G.A. and 
Riederer, P. (1997) Oxidative-stress associated parameters (lactoferrin, superoxide dismutases) in serum 
of patients with Alzheimer’s disease. Life Science 60, 13–19.

Thomson, C.D. (2004) Assessment of requirements for selenium and adequacy of selenium status: a review. 
European Journal of Clinical Nutrition 58, 391–402.

Timimi, F.K., Ting, H.H., Haley, E.A., Roddy, M.A., Ganz, P. and Creager, M.A. (1998) Vitamin C improves 
endothelium-dependent vasodilation in patients with insulin-dependent diabetes mellitus. Journal of the 
American College of Cardiology 31, 552–557.

Ting, H.H.,Timimi, F.K., Boles, K.S., Creager, S.H.J., Gans, P. and Creager, M.A. (1996) Vitamin C improves 
endothelium-dependent vasodilation in patients with non-insulin-dependent diabetes mellitus. Journal
of Clinical Investigation 97, 22–28.

Ting, H.H., Timimi, F.K., Haley, E.A., Roddy, M.A., Ganz, P. and Creager, M.A. (1997) Vitamin C improves 
endothelium-dependent vasodilation in forearm resistance vessels of humans with hypercholester-
olemia. Circulation 95, 2617–2622.



Antioxidants: Their Health Benefits and Plant Sources 265

Tripathi, M., Singh, B.K., Mishra, C., Raisuddin, S. and Kakkar, P. (2010) Involvement of mitochondria mediated 
pathways in hepatoprotection conferred by Fumaria parviflora Lam. extract against nimesulide induced 
apoptosis in vitro. Toxicology In Vitro 24, 495–508.

Tsuda, T. (1998) Dietary cyanidin 3-0-beta-D-glucoside increases ex vivo oxidative resistance of serum in rats. 
Lipids 33, 583–588.

Tsuda, T. (2000) The role of anthocyanins as an antioxidant under oxidative stress in rats. Biofactors 13, 
133–139.

Ulusoy, S., Ozkan, G., Yucesan, F.B., Ersoz, S., Orem, A., Alkanat, M., Yulug, E., Kaynar, K. and Al, S. (2012) 
Anti-apoptotic and antioxidant effects of grape seed proanthocyanidin extract (GSPE) in preventing 
cyclosporine A-induced nephropathy. Nephrology http://dx.doi.org/10.1111/j.1440-1797.2012.01565.x.

Verma, V.K., Ramesh, V., Tewari, S., Gupta, R.K., Sinha, N. and Pandey, C.M. (2005) Role of bilirubin, vitamin c 
and ceruloplasmin as antioxidants in coronary artery disease [CAD]. Indian Journal of Clinical 
Biochemistry 20, 68–74.

Verschueren, K. (2001) Handbook of Environmental Data on Organic Chemicals, 4th edn, vols 1–2. John 
Wiley and Sons, New York, 419 pp.

Viarengo, A., Burlando, B., Ceratto, N. and Panfoli, I. (2000) Antioxidant role of metallothioneins: a compara-
tive overview. Cellular and Molecular Biology (Noisy-le-grand) 46, 407–417.

Wang, S.Y. and Lin, H.S. (2000) Antioxidant activity in fruits and leaves of blackberry, raspberry, and strawberry 
varies with cultivar and development stage. Journal of Agricultural and Food Chemistry 48, 140–146.

West, I.C. (2000) Radicals and oxidative stress in diabetes. Diabetic Medicine 17, 171–180.
Wrigstedt, P., Kylli, P., Pitkanen, L., Nousiainen, P., Tenkanen, M. and Sipila, J. (2010) Synthesis and antioxi-

dant activity of hydroxycinnamic acid xylan esters. Journal of Agricultural and Food Chemistry 58, 
6937–6943.

Yanishlieva-Maslarova, N.N. and Heinonen, M. (2001) Sources of natural antioxidants. In: Pokorny, J., 
Yanishlieva, N. and Gordon, M. (eds) Antioxidants in Food. CRC Press, Boca Raton, Florida, 
pp. 210–249.

Yoshikawa, M., Murakami, T., Komatsu, H., Murakami, N., Yamahara, J. and Matsuda, H. (1997) Medicinal 
Foodstuffs: IV. Fenugreek seeds (1): structures of trigoneosides Ia, Ib, IIb, IIIa and IIIb new furostanol 
saponins from the seeds of Indian Trigonella foenum- graecum L. Chemistry and Pharmacology Bulletin
45, 81–87.

Zhang, Y.J., DeWitt, D.L., Murugesan, S. and Nair, M.G. (2004) Novel lipid-peroxidation and cyclooxygenase 
inhibitory tannins from Picrorhiza kurrora seeds. Chemistry & Biodiversity 1, 426–441.

Zimmerman, M.B. and Kohrle, J. (2002) The impact of iron and selenium deficiencies on iodine and thyroid 
metabolism: biochemistry and relevance to public health. Thyroid 12, 867–878.

http://dx.doi.org/10.1111/j.1440-1797.2012.01565.x


© CAB International 2014. Phytochemicals of Nutraceutical Importance
266 (eds D. Prakash and G. Sharma)

17.1 Introduction

Curcuma longa L. syn. C. domestica Val. (‘Haldi’) 
family Zingiberaceae is extensively cultivated 
for its rhizomes, which are dried, powdered 
and used as turmeric. It is a perennial herb dis-
tributed throughout tropical and subtropical 
regions of the world like India, Pakistan, 
Sri Lanka, China, Bangladesh and Indonesia 
(Reema et al., 2006). The pharmacologic safety 
of curcumin (Fig. 17.1) is well demonstrated by 
the fact that people in certain countries have 
been consuming curcumin as a dietary spice 
for centuries (Ammon and Wahl, 1991). Its rhi-
zomes are harvested, washed and boiled in 
mild alkaline water to soften and then dried in 
the sun or in electric driers. It is used as colour-
ing matter in pharmacy, food industry and 
confectionery, and for dyeing wool, silk, cotton 
and in combination with other natural dyes 
to obtain different shades (Lawhavinit et al., 
2011). Rhizomes are used as cosmeceutical, 
expectorant, antiseptic, blood purifier, in lep-
rosy, spleen disorders, rheumatism, bronchitis, 
cough and cold, insecticide, spasmolytic, 
hypotensive, cholera and syphilis (Yu et al., 
2002; Gayatri and Rajani, 2011). It is a minor 
ingredient of the ‘Ayurvedic’ drug for malarial 

fever; indigenous antifatigue drug Geriforte 
(Geri Care/Stress Care), Unani drug Majnoon-
E-Falsfa, Vitafix, Opthacare, Purime (Hemo 
Care), V-Gel, Fem Care Gel, Acne-n-Pimple 
Cream, Anti-Wrinkle Cream, Blood purifier 
Capsules and Syrup, Foot care Cream, Dibecon 
(Gluco Care), Curcumin-97 and Curcumin 
900 MG; in modern pharmaceutical products 
it is an ingredient of ‘Geriforte’, which is effec-
tive in senile pruritus, insecticide, spasmolytic, 
hypotensive, antifungal, anti-inflammatory, 
antibacterial and to fight decaying metabolism 
to prevent cancer (Johnson and Mukhtar, 2007; 
Goel et al., 2008; Jurenka, 2009; Ronita et al., 
2009; Lee et al., 2010).

17.2 Chemical Constituents 
of Curcuma longa L.

Turmeric contains protein (6.3%), fat (5.1%), 
minerals (3.5%), carbohydrates (69.4%) and 
moisture (13.1%). It contains several polyphe-
nolic compounds within the range of 3–6% 
beneficial for health, collectively known as 
curcuminoids, which is a mixture of curcumin 
(Fig. 17.1), demethoxycurcumin (Fig. 17.2) and 
bisdemethoxycurcumin (Fig. 17.3) (Satyavati 
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et al., 1976; Ravindranath and Satyanarayana, 
1980). The main colouring principle of tur-
meric rhizomes is curcumin, which has a bril-
liant yellow hue at pH 2.5–7 and takes on a 
red hue at pH >7 (Ishita et al., 2004). Other 
phenolic compounds present in rhizomes are 
1-hydroxy,1,7-bis(4-hydroxy-3-methoxyphenyl)-
(6E)-6-heptene-3,5-dione (Fig. 17.4), 1-(4- 
hydroxy-3 ,5 -dimethoxyphenyl ) -7 - (4 -
hydroxy-3-methoxyphenyl)-(1E,6E)-1,6-
heptadiene-3,4-dione (Fig. 17.5), 1,5-bis 
(4-hydroxy-3-methoxyphenyl)-penta-(1E,4E)-
1,4-dien-3-one (Fig. 17.6), 1-(4-hydroxy-3-
methoxyphenyl-5-(4-hydroxyphenyl)-
penta-(1E,4E)-1,4-dien-3-one (Fig. 17.7), 
1-(4-hydroxy-3-methoxyphenyl)-7-(3,4-
dihydroxyphenyl)-1,6-heptadiene-3,5-dione 
(Fig. 17.8) and 1,7-bis(4-hydroxyphenyl)-1,4,6-
heptatrien-3-one (Fig. 17.9) (Nakayama et al.,

1993). The pale yellow to orange-yellow vola-
tile oil (4–6%) obtained from C. longa consists 
of a number of mono- and sesquiterpenes. 
The sesquiterpenes were named as curcu-
menone (Fig. 17.10), dehydrocurdione (Fig. 
17.11), (4S,5S)-germacrone 4,5-epoxide (Fig. 
17.12), bisabola 3,10-diene 2-one (Fig. 17.13), 
ar-turmerone (Fig. 17.14) (Roth et al., 1998), 
bisacumol (Fig. 17.15), bisacurone (Fig. 17.16), 
curcumenol (Fig. 17.17), isoprocurcumenol 
(Fig. 17.18), zedoaronediol (Fig. 17.19), pro-
curcumenol (Fig. 17.20), epiprocurcumenol 
(Fig. 17.21), germacrone-13-al (Fig. 17.22), 
4-hydroxybisabola-2,10-diene-9-one (Fig. 17.23), 
4,5-dihydroxybisabola-2,10-diene (Fig. 17.24), 
4-methoxy-5-hydroxybisabola-2,10-diene-
9-one (Fig. 17.25), 2,5-dihydroxybisabola-
3,10-diene (Fig. 17.26) and procurcumadiol 
(Fig. 17.27) (Ohshiro et al., 1990). Some other 
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Fig. 17.5. 1-(4-hydroxy-3,5-dimethoxyphenyl)-7-(4-hydroxy-3-methoxyphenyl)-(1E,6E)-1,6-heptadiene-
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Fig. 17.7. 1-(4-hydroxy-3-methoxyphenyl-5-(4-hydroxyphenyl)-penta-(1E,4E)-1,4-dien-3-one.
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Fig. 17.8. 1-(4-hydroxy-3-methoxyphenyl)-7-(3,4-dihydroxyphenyl)-1,6-heptadiene-3,5-dione.
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Fig. 17.9. 1,7-bis(4-hydroxyphenyl)-1,4,6-heptatrien-3-one.
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Fig. 17.13. Bisabola 3,10-diene 2-one.

compounds named as curlone (Fig. 17.28) 
(Kiso et al., 1983), a-turmerone (Fig. 17.29), 
b-turmerone (Fig. 17.30), terpinolene 
(Fig. 17.31), a-phellandrene (Fig. 17.32), 
curcumadiol (Fig. 17.33), lambda-8(17)-
diene-15,16-dial (Fig. 17.34) and three acidic 
polysaccharides named as Ukon A, B and 
C. They were composed of L-arabinose, 
D-xylose, D-galactose, D-glucose, L-rhamnose 
and D-galacturonic acid in the molar ratio 
12:4:12:1:4:10, (Ukon A), 12:4:12:1:2:4 (Ukon B) 
and 8:3:6:14:2:3 (Ukon C). The polysaccharide 
named as Ukon D was composed of 
L-arabinose, D-galactose, D-glucose and 
D-mannose in the molar ratio of 1:1:12:2. 
The water soluble peptide was named as 
turmerin with an amino acid composition 
as aspartic acid/asparagine, glutamic acid/

glutamine, serine, glycine, arginine, pro-
line, alanine, tyrosine, valine, methionine, 
leucine, isoleucine and phenylalanine in 
the ratio: 1:2:3:8:1:1:1:3:2:6:3:4:5:3 (Rastogi 
and Mehrotra, 1990, 1991, 1993, 1995, 1998; 
Srinivas et al., 1992; Rohman, 2012).

17.3 Biological Activity of 
Curcuma longa L.

A great variety of pharmacological activities of 
C. longa has been reported. Curcumin is one of 
its major components being responsible for its 
various biological actions. In vitro, it exhibits 
antiparasitic, antispasmodic, anti-inflammatory, 
anticarcinogenic and gastrointestinal, antifun-
gal, antiviral, antiprotozoal and nematocidal 
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Fig. 17.29. a-Turmerone a b = D, R=Me.

properties (Cui et al., 2007). In vivo, it has 
shown antiparasitic and anti-inflammatory 
activity through oral application in animal 
models (Araujo and Leon, 2001; Pérez-Arriaga 
et al., 2006). As the principle active compound 
of C. longa, curcumin has been shown to inter-
act with a wide variety of proteins, modifying 

their expression and regulating their functions 
(Chen et al., 2011). Curcumin alone has poor 
oral bioavailability due to glucuronidation in 
the small intestine. Piperine from black pepper 
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(Piper nigrum seeds) enhances the bioavailability 
of curcumin by 2000% in humans, due to an 
inhibition of this glucuronidation and slowing 
the gastrointestinal transit (Shoba et al., 1998; 
Rohman, 2012).

17.3.1 Anti-inflammatory activity

Curcumin is a highly pleiotropic molecule 
capable of interacting with numerous molec-
ular targets involved in inflammation. Chronic 
inflammation leads to destruction of normal 
tissue injury. Production of inflammation medi-
ators through up-regulation of several induci-
ble gene products, such as inducible nitric 
oxide synthase (iNOS) and cyclooxygenase-2 
(COX-2), contributes to inflammatory res-
ponses and tissue damage. Lee et al. (2005) 
have prepared four diaryl-heptanoid and a 
series of new diaryl-heptalamine analogue 
derivatives from curcumin and evaluated anti- 
inflammatory activity by using LPS-stimulated 
macrophages for induction of iNOS and COX-2 
as a model system. Curcumin modulates the 
inflammatory response by down-regulating 
the activity of COX-2, lipoxygenase and iNOS 
enzymes; inhibits the production of the inflam-
matory cytokines tumour necrosis factor-alpha 
(TNF-a), interleukin (IL)-1, -2, -6, -8 and -12, 
monocyte chemo-attractant protein (MCP) 
and migration inhibitory protein; and 
down-regulates mitogen-activated and Janus 
kinases (Goel et al., 2008). In vitro studies indi-
cate that the curcumin regulates activation of 
certain transcription factors such as activating 
protein-1 (AP-1) and NF-kB in stimulated 
monocytes and alveolar macrophages, thereby 
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blocking expression of cytokine gene expres-
sion. Down-regulation of intercellular signalling 
proteins, such as protein kinase C, may be 
another way in which curcumin inhibits cytokine 
production (Jurenka, 2009). Venkatesan et al.
(2007) studied the anti-inflammatory activity 
of curcumin, diacetyl curcumin, triethyl curcumin, 
tetrahydrocurcumin and phenylbutazone by 
using carrageenan-induced rat paw oedema. 
The curcumin analogues decreased the 
carrageenan-induced paw oedema. Yamamoto 
et al. (1997) hypothesized that the anti-
inflammatory action of curcumin is partly 
due to the inhibition of the enzyme G protein 
mediated phospholipase D (PLD). Curcumin 
inhibits 12-O-tetradeconoylphorbel-13 in a dose 
dependent manner that suggests that PLD 
inhibition may contribute to the mechanism 
of chemopreventive action of it. Xu et al. (1997) 
evaluated the effects of curcumin on chemotac-
tic cytokines or chemokine expression in bone 
marrow cells. Regulatory effects on chemokine 
expression by IL-1a was measured and was 
found that it lowered mRNA levels by inhibi-
tion of the transcription of chemokine genes, 
affecting immunomodulation. Awasthi (1996) 
found that local application of turmeric in eye 
inflammatory condition and bacterial con-
junctivitis showed significant improvement. 
Curcumin has also been extensively studied as 
a potential drug for the treatment of lung 
fibrosis (Zhang et al., 2011). Recent research indi-
cates that the mechanism of blocking fibrosis 
by curcumin is related to decreasing collagen 
accumulation in the lungs (Smith et al., 2010), 
which is attributed to its antioxidant (Li et al., 
2008; Guzel et al., 2009; Lee et al., 2010) and anti-
inflammatory activities (Venkatesan et al., 2007).

17.3.2 Antioxidant activity

Unnikrishnan and Rao (1995) reported pro-
tection of haemoglobin from oxidation, 
inhibition of lipid peroxidation, erythrocyte 
membranes and brain homogenates. Curcumin 
is capable of scavenging oxygen free radicals 
such as superoxide anions and hydroxyl radi-
cals, which are important to inhibit the lipid 
peroxidation (Selvem et al., 1995; Sreejayan 
and Rao, 1996, 1997; Stano et al., 2000). Curcumin 

has been shown to scavenge various reactive 
oxygen species (ROS) produced by macrophages 
(including superoxide anions, hydrogen perox-
ide and nitrite radicals) both in vitro as well as 
in vivo using rat peritoneal macrophages as a 
model. Inducible nitric oxide synthase (iNOS) 
is an enzyme found in macrophages that gen-
erates large amounts of NO to provide the 
‘oxidative burst’ necessary for defence against 
pathogens. iNOS is induced in response to an 
oxidative environment, and the NO gener-
ated can react with superoxide radicals to 
form peroxynitrite, which is highly toxic to 
cells. Curcumin down-regulates the iNOS 
activity in macrophages, thus reducing the 
amount of ROS generated in response to oxi-
dative stress (Chan et al., 1998). Jayaprakasha 
et al. (2006) and Ramsewak et al. (2000) repor-
ted antioxidant activity of individual cur-
cuminoids by in vitro model systems. Its capacities 
as ascorbic acid equivalent (mmol g−1) were in 
the order of curcumin > demethoxycurcumin > 
bisdemethoxycurcumin. The phenolic and 
the methoxy group on the phenyl ring and 
the 1,3-diketone systems seem to play a major 
role and potent ligand for metals. The antioxi-
dant activity increases when phenolic and 
methoxy groups are on the ortho- position. 
Masuda et al. (1999) and Venkatesan and Rao 
(2000) showed that the phenolic group is the 
most important for the free radical reaction of 
curcumin that enhances antioxidant proper-
ties to a significant extent. There was direct 
evidence for involvement of curcumin in 
reducing arsenic- and lead-induced oxidative 
stress in Swiss albino mice by virtue of its anti-
oxidant potential and trapping of free radi-
cals (Jaydip et al., 2010; Murphy et al., 2010). 
Curcumin reduces pathogenesis of opisthor-
chiasis and prevents oxidative and nitrative 
stress (Kaewsamut et al., 2007).

17.3.3 Anticancer activity

Ample evidence exists to support curcumin’s 
use in cancer prevention through its antiprolif-
erative and anticarcinogenic properties or as an 
adjunct in overall cancer treatment. Curcumin 
is generally regarded as safe in a phase I clinical 
trial of cancer patients and marketed as a die-
tary supplement (Cheng et al., 2001). Curcumin 
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has been shown to possess apoptotic activity 
against human colon cancer cells (Agarwal 
et al., 2003), stomach and skin tumours 
(Azuine and Bhide, 1992), breast cancer 
cells (Ramachandran et al., 2002) and prostate 
cancer cells (Dorai et al., 2001). A recent study 
reported that curcumin inhibited proliferation 
of colon cancer cell lines (HT-29 and HCT-15) 
by accumulating cells in G2-M phase (Hanif 
et al., 1997). Curcumin also induced apoptosis 
in NIH3T3 and leukaemic cell line HL-60 
(Jiang et al., 1996). Huang et al. (1988, 1991, 
1992) reported that turmeric inhibits the epi-
dermal ornithine decarboxylase (ODC) and 
epidermal DNA synthesis on tumour promotion 
in mouse skin. According to Lin et al. (2000), 
curcumin was found to enhance cytotoxicity 
of chemotherapeutic agents in prostate cancer 
cells and has the ability to block colon tumour 
initiation. Synergistic effects were observed 
when curcumin was combined with standard 
chemotherapeutic agents. It effectively inhib-
its UV radiation-induced damage and thereby 
reduces the incidence of skin cancer by virtue 
of its free radical quenching action. It was 
found to inhibit the proliferation of human 
breast cancer cells in vitro (Soudamini, 1988; 
Azuin and Bhide, 1994). The development of 
cancerous and precancerous lesions in the 
glandular stomach was decreased by expo-
sure to pure curcumin as compared to con-
trols and was found to exert chemopreventive 
effects in rats (Lal et al., 2000). Curcumin is a 
potent inhibitor of the transcriptional factors 
activated protein 1 and NF-kB. These factors 
are known to play important functional roles 
in the survival of osteoclast. Curcumin was 
shown to stimulate osteoclast apoptosis in a 
dose-dependent and time-dependent man-
ner. It also inhibited osteoclastic bone resorp-
tion, supporting the results that it stimulates 
osteoclasts apoptosis (Ozaki et al., 2000; 
Hasima and Aggarwal, 2012).

The mechanisms by which curcumin 
exerts its anticancer effects are comprehen-
sive and diverse, targeting many levels of 
regulation in the processes of cellular growth 
and apoptosis. Curcumin’s potent antioxi-
dant and free radical quenching properties 
play an important role in the inhibitory effects 
of the compound on the initial stages of car-
cinogenesis. It has been shown that curcumin 

has the ability to suppress UV irradiation-
induced DNA mutagenesis and induction of 
cellular SOS functions (Wilken et al., 2011). 
Curcumin’s inhibitory effect on carcinogene-
sis has been demonstrated in several animal 
models of various tumour types including 
oral cancer, mammary carcinoma and intesti-
nal tumours (Collett et al., 2001; Maheshwari 
et al., 2006; Johnson and Mukhtar, 2007; Sharma 
et al., 2007; Goel et al., 2008). Bachmeier et al.
(2007) found that curcumin induces apoptosis 
and inhibits the formation of breast cancer 
metastasis while Li et al. (2008) showed that it 
prevents lung cancer from Quartz particles in 
rat lung epithelial cell lines.

17.3.4 Anti-HIV activity

Vlietinck (1998) reported the inhibition of the 
virus cell fusion stage in the replication cycle 
of HIV. Mazumber et al. (1995, 1997) and De 
Clercq (2002) demonstrated the antiviral activ-
ity, being a HIV-1 integrase inhibitor (IC50=40mM) 
and suggested that its analogues such as 
dicaffeoylmethane and rosmarinic acid may 
be developed as anti-AIDS drugs. Rafael et al.
(1993), Jorden and Drew (1996) and Eigner and 
Scholz (1999) showed that curcumin was 
claimed for anti-HIV-1 and HIV-2 activities. 
In a study, Riva et al. (2008) characterized the 
action of curcumin on HIV-1 persistently 
infected CD4+ T-cells as a model for HIV cell 
reservoirs. The results presented in this study 
suggest that curcumin interferes with viral 
production. Since the appearance of resistance 
to antiretroviral treatment is unavoidable, the 
use of an immunomodulator with a different 
mechanism of action could help to reduce the 
persisting replication observed in the presence 
of antiviral therapy and the selection of resist-
ant HIV-1 variants.

Curcumin has been reported to inhibit 
HIV-1 integrase (Mazumber et al., 1995). Dicaffe-
oylquinic acids inhibit HIV-1 integrase at 
submicromolecular concentrations (Robinson 
etal., 1996a). The dicaffeoylquinic and L-chicoric 
acids were reported to inhibit HIV-1 inte-
grase and HIV-1 replication in cell cultures 
(Robinson et al., 1996b). Curcumin analogues 
such as dicaffeoylmethane and rosmarinic acid 
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both inhibit activities of integrase with IC50

values below 10 mM (Mazumber et al., 1997). 
In follow-up studies, dicaffeoylquinic acids 
(DCQAs) and dicaffeoyltartaric acids (DCTAs) 
were found to inhibit HIV-1 integrase and 
HIV replication; no inhibition of gp120 bind-
ing to CD4 was noted. Likewise, no inhibition 
of reverse transcription or RNase H was 
noted, and it was concluded that the DCQAs 
and DCTAs act as specific integrase inhibi-
tors, and that their activity against integrase 
is consistent with their observed anti-HIV 
activity in cell cultures (McDougall et al.,
1998). That integrase would be an excellent 
target for combination chemotherapy of HIV 
infection was further ascertained by combi-
nation experiments where L-chicoric acid, the 
putative integrase inhibitor, was combined 
with a protease inhibitor (AG1350) and zido-
vudine. Arguing for an integrase-targeted 
action was the finding that introduction of 
the mutant integrase containing a single Gly-
Ser substitution at position 140 into the 
native, L-chicoric acid-sensitive virus was 
found to be sufficient to confer resistance to 
L-chicoric acid (King and Robinson, 1998).

17.3.5 Antimutagenic potential

Li et al. (1998) and Shukla (2002) evaluated 
the antimutagenic effects in vitro using chro-
mosomal aberration assay in Wister rats, 
induced by cyclophosphamide, a known 
carcinogen. When curcumin was given at a 
dose of 100 and 200 mg kg−1 body weight 
through gastric intubation for 7 consecutive 
days before cyclophosphamide treatment, 
the incidence of aberrant cells was found to 
be reduced with both doses of curcumin 
when compared to a control group treated 
with phosphamide alone. It was concluded 
that curcumin has antigenotoxic potential 
against cyclophosphamide-induced chro-
mosomal mutations. Curcumin is able to 
inhibit the genotoxic and histochemical 
changes induced in the experimental ani-
mals by various chemical agents, as it 
reduced the percentages of micronucleated 
polychromatic erythrocytes in bone marrow 
cells of mice and inhibited chromosomal 

aberrations, micronuclei formation and sis-
ter chromatid exchanges (SCEs) incidences 
in mouse bone marrow cells induced by 
benzo(a)pyrene (Shukla et al., 2003) and lead 
acetate (El-Ashmawy et al., 2006; Ramadan 
et al., 2012).

The antimutagenic potential of curcumin 
has been widely reported. It has been sugges-
ted that the hydroxy groups on the benzene 
rings, double bonds in the alkene portion of 
the molecule and/or the central diketone 
moeity could be responsible for the high bio-
logical activity of curcumin (Huang et al.,
1991). Curcumin inhibited the mutagenic 
activity of 2-acetamidofluorene and pre-
vented crotean oil-induced skin tumour and 
papilloma formation in mice (Anto et al.,
1996). They significantly reduced tumour size 
in Swiss albino mice implanted with solid 
tumours (Ruby et al., 1995).

17.3.6 Antibacterial, antifungal 
and antiprotozoal activity

Curcuma oil showed inhibition of Staphy-
lococcus aureus growth in the concentration of 
1 to 5000 ppm. Activity of turmeric against 
some intestinal bacteria in vitro and a total 
inhibition of Lactobacilli growth were found. 
Antifungal effect against Candida albicans, 
C. kruseii, C. parapsilosis, isolates of dermato-
phytes, yeast and pathogenic moulds was 
reported (Apisariakul et al., 1995). Nose 
(1998) found the weak growth and toxigene-
sis of selected Aspergillus flavus strains on cur-
cumin, indicating its antifungal effects and 
inhibition of aflatoxin production. It was 
found to have marked antiparasitic activity, 
showing cytotoxicity against African trypano-
somes in vitro. Saleheen (2002) found the IC50

of 5.3 mM against prostagotes of various leish-
manial strains, which was much lower as 
compared to pentamidine. Antiprotozoal 
activity was reported in the ethanolic extract 
of C. longa against Plasmodium falciparum and 
Leishmania major, which was able to inhibit 
the in vitro growth of these parasites 
(Rasmussen et al., 2000). There are reports on 
synthesis of mono-carbonyl analogues of cur-
cumin (Liang et al., 2008) or preparation of 
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bioactive conjugates of curcumin (Dubey et al., 
2008) in order to increase antimicrobial activ-
ity. Ronita et al. (2009) conducted a study to 
evaluate the antimicrobial activity of cur-
cumin against Helicobacter pylori isolates from 
India. Their study highlighted the potential 
antibacterial activity of curcumin against 
H. pylori in vitro, as curcumin was highly 
effective in inhibiting H. pylori growth irre-
spective of the genetic makeup of the strains. 
Cytotoxic and parasiticidal effects of cur-
cumin on protozoan parasites have been 
demonstrated in cultures against Leishmania, 
Trypanosoma, Giardia and Plasmodium falciparum
(Koide et al., 2002; Pérez-Arriaga et al., 2006). 
In vivo, curcumin has displayed potent activ-
ity against Plasmodium berghei (Nandakumar 
et al., 2006).

17.3.7 Antimalarial activity

In vitro and in vivo studies indicated that cur-
cumin possesses a moderate antimalarial 
activity (Cui et al., 2007) while its synthetic 
derivatives have demonstrated an increased 
activity (Mishra et al., 2008). It was found that 
this compound inhibits histone acetyltrans-
ferase (HAT) and increases the production of 
ROS in the malaria parasite (Cui et al., 2007). 
With extensive research efforts on-going to 
explore the clinical applications of curcumin 
in chronic inflammatory disorders, diabetes 
and cancer, the development of oral and par-
enteral curcumin formulations or curcumin 
analogues with improved bioavailability while 
retaining their immunomodulatory proper-
ties and more potent antimalarial activity 
have been investigated.

Curcumin is reported to have direct anti-
malarial activity and turmeric is reported 
as a component of traditional remedies for 
malaria and fever (Reddy et al., 2005). In 
combination with artemisinin, curcumin pre-
vents recrudescence of malaria parasites and 
death in animal models (Nandakumar et al., 
2006). In combination with Andrographis pan-
iculata and Hedyotis corymbosa extracts, cur-
cumin displayed a clear synergistic effect in 
vitro and in vivo in rodent malaria models 
(Mishra et al., 2009).

17.3.8 Antidiabetic activity

Administration of turmeric or curcumin to 
diabetic rats reduced the blood sugar and 
glycosylated haemoglobin level significantly 
(Arun and Nalini, 2002; Hussain, 2002). 
Oxidative stress was also reduced as deter-
mined by the standard TBARS test. The authors 
postulated that this could be due to decrease 
of glucose into the polyol pathway, leading to 
an increased NADPH/NADP ratio and ele-
vated activity of the antioxidant enzyme glu-
tathione peroxidase. Konatham et al. (2010) 
reported curcumin to reduce hyperlipidaemia, 
delay the development of cataracts, ameliorate 
renal lesions, and reduce the cross-linking of 
collagen in a streptozotocin-treated diabetic 
animal model. Curcumin has also been 
shown to lower blood glucose levels in type-2 
diabetic KK-Ay mice (Nishiyama et al., 2005). 
Jang et al. (2008) reported curcumin to have 
antidiabetic and antihyperlipidaemic activities. 
The mechanism of antidiabetic activity of tur-
meric was explained due to the beneficial 
effects of curcumin on the liver of diabetic 
animals. An important enzyme that converts 
glucose into glycogen was found in higher 
concentration in diabetic mice treated with 
curcumin compared to control mice. This 
enzyme was thought to inhibit the post-meal 
rise of glucose level.

The anti-inflammatory and antioxidant 
properties of turmeric also have been pro-
posed to lessen insulin resistance and prevent 
type-2 diabetes in a mice model by dampen-
ing the inflammatory response caused by obe-
sity. It was also found that dietary curcumin 
could increase the expression of adiponectin, 
which in turn improves insulin sensitivity in 
insulin-resistant animal models (Weisberg 
et al., 2008). Curcuma longa rhizomes have 
also been reported to possess blood glucose-
lowering activity in alloxan-induced diabetic 
rats (Shankar et al., 1980).

17.3.9 Anti-obesity activity

On a global scale, obesity has reached epi-
demic proportions and is a major contributor 
to several chronic diseases. At present, because 
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of dissatisfaction with high costs and poten-
tially hazardous side-effects, the potential of 
natural products for treating obesity may be 
an excellent alternative strategy for develop-
ing future effective, safe anti-obesity drugs 
(Mayer et al., 2009). Curcumin obtained from 
C. longa has been reported with potential anti-
obesity activities. It is known to decrease 
ATP biosynthesis resulting in an increase of 
AMP:ATP ratio and then activation of 5′-AMP 
kinase (AMPK). Activated AMPK would 
inhibit the synthesis of fatty acid and choles-
terol, which explains the anti-obesity effect of 
curcumin (Lim et al., 2009). It was also found 
to increase LDL receptor (LXR), which plays a 
role in elimination of LDL from blood (Peschel 
et al., 2007). Curcumin has a significant effect 
on adiposity and lipid metabolism through 
several mechanisms, including modulation of 
energy metabolism, inflammation, and sup-
pression of angiogenesis. It has been well 
established that angiogenesis plays pivotal 
roles in the growth and expansion of adipose 
tissue (Hausman and Richardson, 2004; Lijnen, 
2008). Therefore, curcumin may contribute to 
the prevention of adipogenesis through sup-
pression of angiogenesis into the adipose tissue 
(Rupnick et al., 2002). Several other studies in 
animal models of obesity have reported the 
beneficial effects of curcumin on body weight 
and fat, adiposity, and energy metabolism 
(Ruderman et al., 2003).

17.3.10 Antifibrinogen activity

Kang (2002) reported the effects of curcumin on 
the production of collagen and smooth muscle 
alpha proteins and of alpha collagen mRNA 
in vivo and in vitro and found reduced DNA 
synthesis in vitro and down-regulated smooth 
muscle alpha action, type I collagen expression 
and alpha collagen mRNA expression. It was 
concluded that curcumin might therefore 
prove to be a valuable antifibrinogenic agent. 
Ramirez et al. (2000) found a significant drop in 
elevated fibrinogen with Curcuma longa extract 
without any adverse side-effect. This new 
pharmacological activity of C. longa indicates 
that it may be an ideal drug for the treatment of 
atherosclerosis and cardiovascular diseases, 
without altering coagulation parameters.

17.3.11 Wound healing activity

Tissue repair and wound healing are complex 
processes that involve inflammation, granu-
lation and remoulding of the tissue. Sidhu 
et al. (1998) evaluated that the localization of 
transforming growth factor beta and fibronec-
tin, which are important criteria in wound 
healing, shows increase in curcumin-treated 
wounds. Phan (2001) investigated the effects 
of curcumin on hydrogen peroxide and 
hypoxanthine-xanthine oxidase-induced dam-
age to cultured human keratinocytes and 
fibroblasts, in an effort to elucidate the mech-
anism of wound healing action of curcumin. 
It was observed that exposure of human 
keratinocytes to curcumin (10 mg ml−1) offered 
significant protection against hydrogen per-
oxide. However, no protective effects were 
observed against hypoxanthine-xanthine oxidase 
injury. The authors concluded that curcumin 
is a powerful inhibitor of damage to human 
keratinocytes and fibroblasts by hydrogen 
peroxide. Significant wound healing activity 
of curcumin has been reported (Panchatcharam 
et al., 2006; Sundarananthavalli et al., 2011). 
The curcumin-treated wounds showed a faster 
rate of wound contraction compared with 
controls, which was further supported by his-
topathological studies. The gel formulations 
produced better healing compared with the 
emulsifying ointment formulations (Bhat 
et al., 2007).

17.3.12 Lipid lowering activity

Turmeric’s protective effects on the cardiovas-
cular system include lowering cholesterol and 
triglyceride levels, decreasing susceptibility of 
LDL to lipid peroxidation and inhibiting 
platelet aggregation. These effects have been 
noted even with low doses of turmeric. In ath-
erosclerotic rabbits, turmeric extract demon-
strated decreased susceptibility of LDL to lipid 
peroxidation, in addition to lower plasma 
cholesterol and triglyceride levels. The effect 
on cholesterol levels may be due to decreased 
cholesterol uptake in the intestines and increa-
sed conversion of cholesterol to bile acids in 
the liver. Inhibition of platelet aggregation 
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by C. longa constituents is thought to be via 
potentiation of prostacyclin synthesis and 
inhibition of thromboxane synthesis (Akram 
et al., 2010).

The effects of diet-supplemented curcumi-
noids (commercial grade curcumin: a mixture 
of curcumin (73.4%), demethoxycurcumin 
(16.1%) and bisdemethoxycurcumin (10.5%)) 
showed encouraging effects on triacylglycerol 
and cholesterol concentrations with lipid-
lowering potency (Shalini and Srinivas, 1987; 
Asai and Miyasawa, 2001). Sreejayan and Rao 
(1996) reported the ability of curcumin to 
scavenge electrophilic reactive intermediates 
found by metabolic activation of drug and 
lipid peroxidation. Venkatesan (1998) studied 
the protective effect against acute adriamycin 
myocardial toxicity. Curcumin treatment 
before and after adriamycin treatment signifi-
cantly inhibits lipid peroxidation and increa-
sed the levels of endogenous antioxidants. 
Asai and Miyasawa (2001) reported that the 
dietary curcuminoids prevent high-fat diet-
induced lipid accumulation in rat liver and 
epididymal adipose tissue. Wu et al. (2008) 
reported that curcumin significantly reduced 
the plasma and hepatic cholesterol and tri-
glyceride levels in rats. Manjunatha and 
Srinivasan (2007) have reported lowering of 
serum and liver cholesterol levels in induced 
hypercholesterolaemic rats. In a recent study 
conducted by Zingg et al. (2012), curcumin 
showed a trend for reduction of lipid levels in 
peritoneal macrophages in LDL receptor 
knockout mice fed a high fat diet for 4 months.

17.3.13 Hepatoprotective effects

Turmeric has been found to have a hepatopro-
tective characteristic similar to silymarin. 
Animal studies have demonstrated turmeric’s 
hepatoprotective effects from a variety of hepa-
totoxic insults, including carbon tetrachloride 
(CCl4), galactosamine (Donatus et al., 1990), 
acetaminophen (paracetamol) and Aspergillus
aflatoxin (Soni et al., 1992). Turmeric’s hepato-
protective effect is mainly a result of its antioxi-
dant properties, as well as its ability to decrease 
the formation of pro-inflammatory cytokines. 
In rats with CCl4-induced acute and subacute 

liver injury, curcumin administration signifi-
cantly decreased liver injury in test animals 
compared to controls. Turmeric extract inhib-
ited fungal aflatoxin production by 90% when 
given to ducklings infected with Aspergillus 
parasiticus. Turmeric and curcumin also rever-
sed biliary hyperplasia, fatty changes and 
necrosis induced by aflatoxin production. Sodium 
curcuminate also exerts choleretic effects by 
increasing biliary excretion of bile salts, choles-
terol and bilirubin, as well as increasing bile 
solubility, therefore possibly preventing and 
treating cholelithiasis (Akram et al., 2010).

17.3.14 Radioprotective activity

Curcumin was found to be effective in inhib-
iting radiation-induced protein kinase C 
(PKC) activity and was potentially useful as a 
chemopreventive agent. It is beneficial in 
reducing the risk of developing cancer, and 
provides protection from radiation-induced 
toxicity and harmful effects of organochlorine 
pesticides (Thresiamma, 1996; Cheng et al.,
2001). Varadkar (2001) reported curcumin to 
be potentially useful in preventing the devel-
opment of radio-resistance following radio-
therapy. Curcumin was found to be effective 
in inhibiting radiation-induced PKC activity. 
Activation of PKC is reported to be one of the 
means of conferring radio-resistance on a 
tumour cell. Therefore, suppression of PKC 
by curcumin may be a means of preventing 
the development of radio-resistance follow-
ing radiotherapy. In a study conducted by 
Shabon (2008), female albino rats were treated 
with oral administration of curcumin for 
14 days before g-irradiation. Serum total pro-
tein, albumin, globulins, cholesterol, triglycer-
ides, serum glutamic oxalo-acetic transaminase 
(SGOT) and serum glutamic pyruvic transami-
nase (SGPT) were determined. Curcuma was 
found to elevate the protein profile (total pro-
tein, albumin and globulin) and ameliorate 
the hyperlipidaemic effects of g-radiation.
Curcuma also improved the liver functions 
affected by g-irradiation, concluding that 
curcuma can be used as a radio-protector for 
occupationally exposed individuals.
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17.3.15 Immunomodulating activity

Curcumin has been found to modulate the 
growth and cellular response of various cell 
types of the immune system. Numerous lines 
of evidence suggest that curcumin can 
modulate both the proliferation and the 
activation of T cells. It inhibited the prolifera-
tion induced by concanavalin A (Con A), 
phyto-haemagglutinin (PHA) and phorbol-
12-myristate-13-acetate (PMA) of lympho-
cytes derived from fresh human spleen (Ranjan 
et al., 2004). Curcumin not only plays an 
important role in the immunomodulation of 
normal but also transformed T cells, where it 
adversely affects the cell proliferation of these 
cells by suppression of IL-2 gene expression 
and by inhibiting the activation of NF-k-light-
chain-enhancer of activated B cells (NF-kB) 
(Gertsch et al., 2003). In addition to affecting 
T cells, curcumin can also influence the prolif-
eration of B cells and B lymphocyte-mediated 
immune function. This effect of curcumin 
appears to be mediated through down-
regulation of oxidative stress induced by 
cyclosporine and hydrogen peroxide. Thus, 
post-transplant lympho-proliferative disorder 
(PLTD) associated with the use of cyclosporine 
during organ transplantation, can be reversed 
by curcumin (Ranjan et al., 1998). Many studies 
have shown curcumin’s ability to modulate the 
activation of macrophages. For example, cur-
cumin seems to regulate the immune function 
of mice in a dose-dependent fashion, as cur-
cumin treatment enhanced the phagocytosis 
of peritoneal macrophages and differentially 
regulates the proliferation of splenocytes (Li 
and Liu, 2005). Apart from cell proliferation, a 
daily diet of curcumin (30 mg kg−1 body weight 
day−1) for 2 weeks in rats, reportedly attenu-
ated the ability of macrophages to generate 
free radicals and secrete lysosomal enzymes 
collagenase, elastase and hyaluronidase (Joe 
and Lokesh, 2000). Curcumin can also appar-
ently modulate the activation of natural killer 
(NK) cells. Studies by South and his colleag-
ues in rats showed that curcumin at a dose of 
1 and 20 mg kg−1 body weight could not 
enhance the IgG levels in the NK cells, 
whereas a higher dose (40 mg kg−1) did elevate 
IgG levels significantly. More importantly, 

none of the three doses of curcumin signifi-
cantly enhanced either delayed-type hyper-
sensitivity or NK cell activity (South, 1997).

Kim et al. (2005) found that curcumin 
efficiently blocked the lipopolysaccharide-
induced expression of IL-12 and inflamma-
tory cytokines including IL-1b, IL-6 and 
TNF-a. Curcumin treatment enhanced the 
antigen capturing ability of dendritic cells via 
mannose receptor-mediated endocytosis. 
However, their Th1 and normal cell-mediated 
immune response was very poor. Further 
studies showed that treatment of dendritic 
cells with curcumin before lipopolysaccha-
ride stimulation completely suppressed the 
lipopolysaccharide-induced phosphorylation 
of mitogen-activated protein kinase (MAPK) 
and NF-kB nuclear translocation. The direct 
suppression of these activities by curcumin in 
dendritic cells may lead to the attenuated 
T cell-mediated immune responses by inter-
fering with handling and presentation of anti-
gens by dendritic cells.

17.4 Structure–Activity Relationships

Curcumin belongs to a class of curcuminoids 
and is very similar to diaryl-heptanoids. The 
anti-inflammatory activity of curcumin and 
its derivatives is due to the presence of 
hydroxyl and phenol groups in the molecule 
that are essential for the inhibition of prosta-
glandins (PG synthetase) and leucotrienes 
(LT) (Araujo and Leon, 2001). On the other 
hand, some authors suggested that the anti-
inflammatory action associated to the exist-
ence of the a-dicarbonylic system having the 
conjugated double bonds (dienes) is responsi-
ble for this activity. This system seems to be 
responsible for its anti-inflammatory and 
antiparasitic activity (Barclay et al., 2000). The 
presence of diene and keto system provides 
lipophilicity to the compounds and thus prob-
ably has better skin penetration. The presence 
of the diketone moiety in the curcumin mole-
cule seems to be essential for the inhibitory 
activity (Kiuchi et al., 1993; Simon et al., 1998). 
The highest antioxidant activity was obtained 
when the phenolic group was stearically hin-
dered by the introduction of two methyl 
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groups at the ortho- position. The phenolic 
group is essential for free radical scavenging 
activity, and the presence of the methoxy 
group further increases the activity (Sreejayan 
and Rao, 1996). Studies have shown that both 
antioxidant and pro-oxidant effects are deter-
mined by the same structural moieties of the 
curcuminoids (Ahsan et al., 1999).

17.5 Pharmacodynamic and 
Pharmacokinetics

Curcumin having low oral bioavailability in 
humans may undergo intestinal metabolism 
(Sharma et al., 2001). Curcumin when added 
to isolated hepatocytes is quickly metabo-
lized and the major biliary metabolites are 
glucuronides of tetrahydrocurcumin and 
hexahydrocurcumin. Pharmacokinetic stud-
ies in animals demonstrated that 40–85% of 
an oral dose of curcumin passes through the 
gastrointestinal tract unchanged, with most 
of the absorbed flavonoid being metabolized 
in the intestinal mucosa and liver. After 
metabolism in the liver it is mainly excreted 
through bile. In another study (Sharma et al.,
2007), preclinical data from animal models 
and phase I clinical studies performed with 
human volunteers and patients with cancer 
have demonstrated low systemic bioavaila-
bility following oral dosing. Efficient first-
pass metabolism and some degree of 
intestinal metabolism, particularly glucuroni-
dation and sulfation of curcumin, might 
explain its poor systemic availability when 
administered via the oral route. A dose esca-
lation pilot study revealed that Curcuma
extract could be administered safely to 
patients at doses of up to 2.2 g daily, equiva-
lent to approximately 180 mg of curcumin. 
Most of the biological activities of curcumin 
can be attributed to its potent antioxidant 
capacity at neutral and acidic pH, its inhibi-
tion of cell signalling pathways at multiple 
levels, its diverse effects on cellular enzymes 
and its effects on cell adhesion and angiogen-
esis. In particular, curcumin’s ability to alter gene 
transcription and induce apoptosis in preclin-
ical models advocates its potential utility in 
cancer chemoprevention and chemotherapy.

17.6 Safety and Dosage

Small doses of turmeric (curcumin) are taken 
daily as a spice by the population in many 
Asian countries. In one epidemiologic survey, 
in terms of its dietary use in Nepal, turmeric 
consumption was found to be up to 1500 mg 
per person per day, equivalent to approximately 
50 mg day−1 of curcumin (Eigner and Scholz, 
1999). In India, where the average intake of 
turmeric can be as high as 2000–2500 mg 
day−1 (approx. 100 mg of curcumin), no toxici-
ties or adverse effects have been reported 
(Chainani-Wu, 2003). However, the doses 
administered in clinical trials are expected to 
be rather higher than those normally con-
sumed in the diet. Based on repeated studies, 
turmeric is Generally Recognized as Safe 
(GRAS) by the US FDA, and curcumin has 
been granted an acceptable daily intake level 
of 0.1–3 mg kg−1 body weight by the Joint 
FAO/WHO Expert Committee on Food 
Additives. No significant toxicity has been 
reported following either acute or chronic 
administration of turmeric extracts at stand-
ard doses or very high doses (100 mg kg−1

body weight). Curcumin may be ulcerogenic 
in animals, as evidenced by one rat study 
(Ammon and Wahl, 1991). In phase I clinical 
trials, curcumin with doses up to 3600–
8000 mg day−1 for 4 months did not result 
in discernible toxicities except mild nausea 
and diarrhoea (Hsu and Cheng, 2007).

17.7 Conclusions

Curcuma longa has been used in the Ayurveda, 
Unani and Siddha systems of medicines from 
ancient times, and is known for various bio-
logical applications. A wide spectrum of 
pharmacological activities of turmeric either 
in the form of powder, extracts or in its iso-
lated compounds with minimum side effects 
has been reported. The methoxy group on the 
phenyl ring, phenolic and 1,3-diketone sys-
tems in curcumin play an important role for 
various pharmacological activities. Several 
products fortified with curcumin or turmeric 
have been launched in national and interna-
tional markets for various diseases. Changing 
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of route and medium of curcumin adminis-
tration, blocking of metabolic pathways by 
concomitant administration with other 
agents, developing novel delivery systems 
and structural modifications are the main 
strategies now being explored in attempts to 
improve the bioavailability of curcumin and 
avoiding acid degradation of the drug due to 

stomach acids. Enhanced bioavailability of 
curcumin and avoidance of stomach acid 
degradation in the near future is likely to 
bring this promising natural product to the 
forefront of therapeutic agents for treatment 
of human disease. Curcumin is considered to 
be a safe, non-toxic, strong natural antioxi-
dant in comparison to other phytochemicals.
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18.1 Introduction

There is an increasing interest in natural 
plant products as a source of new pharma-
ceuticals and other biologically active phyto-
chemicals. The major screens for biological 
activities of plant extracts have been carried 
out in the search for new anticancer, antiviral 
and antifertility drugs. The development of 
the rapid screening tests now in use in indus-
try has meant that many more plants can be 
evaluated for a wide range of biological 
activities. There still remains an urgent need 
to develop new clinical drugs and this can 
be exemplified by the numerous diseases 
like cancer, hypertension, obesity, diabetes 
and other age-related disorders. Natural 
products already have a proven track 
record for various activities and it is possi-
ble that there are further such drugs still to 
be found from nature. Unfortunately the 
results of such tests do not necessarily reach 
the public domain and are kept in locked 
industrial files. The present chapter deals 
with the latest advances and trends in a field 
that is becoming a commercially significant 
area of investigation for the pharmaceutical 
industry.

18.2 Aloe barbadensis (Aloe vera,
Ghritkumari, Family Liliaceae)

The name Aloe vera derives from the Arabic 
word ‘Alloeh’ meaning ‘shining bitter sub-
stance’, while ‘vera’ in Latin means ‘true’. 
It belongs to Asphodelaceae (Liliaceae) family, 
and is a shrubby or arborescent, perennial, 
xerophytic, succulent, pea-green colour plant. 
There has been partial historic documenta-
tion on the evolution of A. vera and its use in 
past times. It has been rumoured that 
Egyptian queens, such as Cleopatra and 
Nefertiti, used A. vera in their routine beauty 
regimens. Originating in Africa, A. barbadensis
then spread to the Americas after the expedi-
tions of Columbus and Vespucci. It grows 
mainly in the dry regions of Africa, Asia, 
Europe and America. There are over 400 spe-
cies of Aloe plants in the lily family. Aloe vera
has succulent, fleshy leaves of a mottled light 
green colour with delicate edges sometimes 
punctuated with a pink hue during the win-
ter months. These leaf-like structures have 
spiky edges that protect the plant from being 
consumed easily.

There are two parts of A. vera that are 
commonly used. The bitter exudate is used as 
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a natural drug for its cathartic effect and is 
widely employed as a bittering agent in alco-
holic beverages and as a laxative. The inner 
gel, or ‘pure gel,’ is the more readily known 
part of the A. vera plant. This is the section of 
the plant that is most commonly known to be 
used for treatments of sunburns. Many of the 
health benefits associated with A. vera have 
been attributed to the polysaccharides con-
tained in the gel of the leaves. These biologi-
cal activities include promotion of wound 
healing, antifungal activity, hypoglycaemic 
or antidiabetic effects, anti-inflammatory, 
anticancer, immunomodulatory and gastro-
protective properties (Hamman, 2008).

The predominant substance in this gel is 
the muco-polysaccharide acemannen, a com-
plex carbohydrate involved mainly in the pro-
cesses of immune-modulation, wound healing 
and anti-inflammatory reactions. The aloin con-
tained in the plant, an anthraquinone, has 
numerous actions, i.e. laxative, blood purifying 
and diuretic. Aloe vera contains 75 potentially 
active constituents: vitamins, enzymes, miner-
als, sugars, lignin, saponins, salicylic acids and 
amino acids (Shelton, 1991; Atherton, 1998).

Aloe vera is used in the food industry as a 
source of functional foods and as an ingredi-
ent in other food products, for the production 
of gel-containing health drinks and bever-
ages. In the cosmetic and toiletry industry, it 
has been used as base material for the pro-
duction of creams, lotions, soaps, shampoos, 
facial cleansers and other products (Hamman, 
2008). In the pharmaceutical industry, it has 
been used for the manufacture of topical 
products such as ointments and gel prepara-
tions, as well as in the production of tablets 
and capsules (Eshun and He, 2004; He et al.,
2005). Aloe vera gel and whole leaf extract has 
the ability to improve the bioavailability of 
co-administered vitamins in human subjects 
(Vinson et al., 2005).

18.3 Terminalia arjuna
(Arjun, Family Combretaceae)

Terminalia arjuna is a deciduous tree, and is 
found throughout India growing to a height 
of 60–90 feet. The thick, white to pinkish-grey 

bark has been used in India’s native Ayurvedic 
medicine for over three centuries, primarily 
as a cardiac tonic.

Clinical evaluation of this botanical medi-
cine indicates that it can be used in the treat-
ment of coronary artery disease, heart failure, 
and possibly hypercholesterolaemia. It is 
believed to have the ability to cure hepatic, uro-
genital, venereal and viral diseases (Kumar and 
Prabhakar, 1987). It also possesses antilipi-
daemic, antioxidant (Chander et al., 2004), 
anti-inflammatory, antinociceptive and immuno -
modulatory activities (Halder et al., 2009).

Terminalia’s active constituents include 
tannins, triterpenoid saponins (arjunic acid, 
arjunolic acid, arjungenin, arjunglycosides), 
flavonoids (arjunone, arjunolone, luteolin), 
gallic acid, ellagic acid, oligomeric proantho-
cyanidins (OPCs), phytosterols, calcium, mag-
nesium, zinc and copper (Kapoor, 1990; Bone, 
1996). Improvement of cardiac muscle function 
and subsequent improved pumping activity of 
the heart seems to be the primary benefit of 
Terminalia. It is thought that saponin glyco-
sides might be responsible for inotropic effects 
of Terminalia, while the flavonoids and OPCs 
provide free radical antioxidant activity and 
vascular strengthening. A dose-dependent 
decrease in heart rate and blood pressure was 
noted in dogs given Terminalia intravenously.

Terminalia arjuna is effective in many car-
diac disorders such as angina, myocardial 
infarction, hypertension, hypercholesteraemia, 
cardiac arrest etc. Experimental studies have 
revealed that its bark possesses significant ino-
tropic and hypotensive effects, increasing coro-
nary artery flow (Rose and Treadway, 2000; 
Khan and Balick, 2001). The ethanol extract 
of the bark has been found to be effective in 
lowering low-density lipoprotein (LDL) cho-
lesterol levels significantly (Alpana et al., 1997). 
Terminalia arjuna is reported to possess anti-
mutagenic activities. The bark of the plant is 
rich in polyphenols (60–70%) including fla-
vones, flavanols and tannins. The high contents 
of tannins and polyphenols are responsible for 
anticancer activities (Kaur et al., 2002). Terminalia 
arjuna bark extract has also been shown to have 
antioxidant effects on N-nitrosodiethylamine 
(DEN)-induced hepatocellular carcinoma in 
rats induced by a single intraperitonial injection 
of DEN (200 mg kg−1). Hence, the protective 
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effect is against DEN-induced liver cancer 
(Ramnath et al., 2007). Terminalia arjuna bark 
extract is known to have antibacterial activity 
against Escherichia coli, Plasmodium vulgaris and 
Plasmodium aerogenes (Aggarwal and Dutt, 1936).

18.4 Withania somnifera 
(Ashwagandha, Family Solanaceae)

Withania somnifera, commonly known in 
Sanskrit as Ashwagandha, is a perennial 
shrubby plant cultivated in India, parts of 
East Asia and Africa that offers tremendous 
potential as an energizing medicinal herb. 
Ayurvedic practitioners have used the roots 
of this plant for centuries with success as a 
tonic to increase vitality and longevity, as 
well as to treat health conditions as diverse as 
tumours and arthritis. Its leaves are used in 
Ayurvedic and Unani systems for treatment 
of tumours and tubercular glands (Chopra 
et al., 1992). The herb is termed a rasayana in 
Ayurvedic practice, which means it acts as a 
tonic for vitality and longevity.

Recent laboratory studies have begun to 
confirm what Ayurvedic practitioners have 
known for years – that W. somnifera deserves 
attention as a herbal therapy to ease or even 
eliminate many of today’s common health 
problems. Sometimes referred to as Indian 
ginseng because of its stimulating effects, 
Ashwagandha is used to calm the mind, relieve 
weakness and nervous exhaustion, build sexual 
energy and promote healthy sleep. The phar-
macological effects of the roots of W. somnifera
are attributed to the presence of withanolides, 
a group of steroidal lactones. A number of with-
anolide steroidal lactones have been isolated 
from the leaves of W. somnifera and exhibit anti-
bacterial, antifungal and antitumour properties 
(Devi et al., 1993). There are a number of reports 
elucidating the chemical and pharmacological 
properties of W. somnifera (Kandil et al., 1994). 
The roots of W. somnifera consist primarily of 
compounds known as withanolides, which are 
believed to account for its extraordinary medic-
inal properties. Withanolides are steroidal and 
bear a resemblance, both in their action and 
appearance, to the active constituents of Asian 
ginseng (Panax ginseng) known as ginsenosides. 

Ashwagandha’s withanolides have been resear-
ched in a variety of animal studies examining 
their effect on numerous conditions, including 
immune function and even cancer (Grandhi 
et al., 1994).

Chemical analysis of Ashwagandha 
shows its main constituents to be alkaloids 
and steroidal lactones. Among the various 
alkaloids, withanine is the main constituent. 
The other alkaloids are somniferine, somnine, 
somniferinine, withananine, pseudowitha-
nine, tropine, pseudotropine, 3-a-gloyloxytro-
pane, choline, cuscohygrine, isopelletierine, 
anaferine and anahydrine. Research results 
showed that both W. somnifera and P. ginseng
decreased the frequency and severity of stress-
induced ulcers, reversed stress-induced inhi-
bition of male sexual behaviour and inhibited 
the effects of chronic stress on retention of 
learned tasks. Both botanicals also reversed 
stress-induced immunosuppression, but only 
the Withania extract increased peritoneal mac-
rophage activity. Ashwagandha is reported 
to have anticarcinogenic effects. Research on 
animal cell cultures has shown that the herb 
decreases the levels of the nuclear factor 
kappa B (NF-kB), suppresses the intercellular 
tumour necrosis factor and potentiates apop-
totic signalling in cancerous cell lines (Prakash 
et al., 2002). One of the most exciting of the 
possible uses of Ashwagandha is its capacity 
to fight cancers by reducing tumour size 
(Jayaprakasam et al., 2003).

18.5 Acacia arabica
(Babul, Family Fabaceae)

Acacia species are commonly known as ‘Babul’ 
in India and ethno-medicinally have long been 
used for the treatment of skin, sexual, stomach 
and tooth problems. Commonly known as 
babul, kikar or Indian gum Arabic tree, it has 
been recognized worldwide as a multipurpose 
tree. It is widely distributed throughout arid 
and semi-arid zones of the world.

Acacia arabica has been proved as effective 
medicine in treatment of malaria, sore throat 
(aerial part) and toothache (bark) (Chowdhury 
et al., 1983; Kubmarawa et al., 2007). Researchers 
have tested the antifertility activity of A. arabica
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pods and nuts. The methanolic extracts of 
A. arabica pods have been claimed against 
HIV-PR (Hussein et al., 1999; Bessong and 
Obi, 2006). One study has reported the anti-
plasmodial activity of Acacia ethyl acetate 
extract against different chloroquine-resistant 
and -sensitive strains of Plasmodium falcipa-
rum (EI-Tahir et al., 1999). The fresh plant 
parts of this species have been reported to be 
most active against hepatitis C virus (Hussein 
et al., 2000). It is an important multipurpose 
tree that has been used extensively for the 
treatment of various diseases, e.g. colds, 
bronchitis, diarrhoea, dysentery, biliousness, 
bleeding piles and leucoderma.

18.6 Phyllanthus niruri (Bhumi Amla, 
Family Euphorbiaceae)

The annual herb Phyllanthus niruri is commonly 
known as Bhumi Amla. It grows 50 to 70 cm tall 
and bears ascending herbaceous branches. The 
bark is smooth and light green. Phyllanthus 
niruri is an important plant of the Indian 
Ayurvedic system of medicine and is used for 
problems of the stomach, genito-urinary sys-
tem, liver, kidney and spleen (Patel et al., 2011).

More than 50 compounds were identified 
in P. niruri including alkaloids, flavanoids, lig-
nans and triterpenes (Bagalkotkar et al., 2006). 
Among these substances, the triterpenes have 
been found to inhibit the cytotoxicity induced 
by calcium oxalate (Malini et al., 2000) as well 
as to reduce excretion of stone-forming con-
stituents (Vidya et al., 2002) and the markers of 
crystal deposition in the kidneys (Murugaiyah 
and Chan, 2006). According to Calixto et al.
(1998), alkaloids extracted from plants of the 
genus Phyllanthus present an antispasmodic 
activity leading to smooth muscle relaxation, 
mostly evidenced in the urinary tract, which 
would facilitate the elimination of urinary cal-
culi. These data strongly suggest that P. niruri
may be a potential source of many substances 
with antilithiasic properties.

A clinical study with P. niruri (Micali 
et al., 2006) indicated that it may reduce the 
levels of urinary calcium (Nishiura et al., 
2004). A subsequent study of 150 patients 
over a 6 month period indicated that an 

extract of this herb reduces the incidence of 
stone formation, and concluded that:

Regular self-administration of 
P. niruri after extracorporeal shock wave 
lithotripsy for renal stones results in an 
increased stone-free rate that appears 
statistically significant for lower caliceal 
location. Its efficacy and the absolute 
lack of side effects make this therapy 
suitable to improve overall outcomes 
after extracorporeal shock wave 
lithotripsy for lower pole stones.

Experimental and clinical studies performed by 
several groups have produced interesting and 
hopeful data concerning the potential therapeu-
tic use of P. niruri to treat and/or to prevent 
stone formation. A more recent rat study found 
that P. niruri has been shown to interfere with 
many stages of stone formation, reducing crys-
tals aggregation, modifying their structure and 
composition as well as altering the interaction of 
the crystals with tubular cells leading to reduced 
subsequent endocytosis (Boim et al., 2010).

18.7 Vaccinium spp. 
(Blueberry, Family Ericaceae)

Blueberries are perennial flowering plants 
with indigo-coloured berries. Blueberries are 
a native to North America. They are usually 
erect, but sometimes prostrate shrubs varying 
in size from 10 cm to 4 m. In commercial blue-
berry production, smaller species are known 
as ‘low bush blueberries’ (synonymous with 
‘wild’) and the larger species are known as 
‘high bush blueberries’. The fruit is a berry 
5–16 mm (0.20–0.63 in) in diameter with a 
flared crown at the end; they are pale greenish 
at first, then reddish purple and finally dark 
blue when ripe. They have a sweet taste when 
mature, with variable acidity. Blueberry 
bushes typically bear fruit in the middle of the 
growing season: fruiting times are affected by 
local conditions such as altitude and latitude, 
so the height of the crop can vary from May to 
August depending upon these conditions.

Blueberries are among the fruits that are 
best recognized for their anthocyanin and fla-
vonoid content, and for their potential health 
benefits. Natural plant-produced anthocyanin 
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pigments, the substances that are largely respon-
sible for the intense colours of blueberries, are 
considered to be responsible for a range of unique 
and broad-spectrum health benefits (Serafini 
et al., 1998). Although the reasons behind 
these disease-preventive properties are not fully 
understood, ample evidence suggests that these 
polyphenolic compounds are readily absorbed 
in vivo, are involved in antioxidant defences, and 
may play similar roles in combating both heart 
disease and various forms of cancer (de Groot 
and Rauen, 1998; Parthasarathy, 1998).

Blueberries are one of the richest sources 
of anthocyanins and flavonoid compounds, 
making them an exceptional whole food anti-
oxidant. Given the possibility that blueberries 
may reverse short-term memory loss and fore-
stall other effects of ageing, their potential 
may be even greater. The anthocyanins that 
give the fruit its blue hue are the major con-
tributors to its antioxidant activity (Seeram 
et al., 2008). The abundance of vitamin C is 
also a big factor for this as well. The studies 
have found that animals fed on a blueberry 
extract diet showed fewer age-related motor 
changes and outperformed their non-blueberry-
consuming peers on memory tests. The anti-
oxidant activity was measured by a standard 
test that measures fruit or vegetables’ ability 
to quench free radicals in vivo, called ORAC 
(oxygen radical absorbency capacity), which 
was used to measure both lipophilic and 
hydrophilic antioxidant capacity of blueber-
ries. The higher the ORAC value of an item, 
the higher ‘anti-ageing’ capacity it has (Wang 
et al., 2008). The thought is that the blueberries 
containing an abundant quantity of antioxi-
dants may act to protect the body against 
damage from ‘oxidative stress’, one of several 
biological processes associated with ageing 
and neurological diseases. In addition to anti-
ageing, wild blueberries also have been shown 
to have anti-inflammatory, pro-heart and pro-
vision properties (Seeram et al., 2008).

18.8 Caulophyllum thalictroides (Blue 
Cohosh Root, Family Berberidaceae)

Caulophyllum thalictroides is a small woodland 
perennial plant, native to the American north-
east. The medicinal effects of blue cohosh are 

derived from its root and rhizomes. Blue 
cohosh is also referred to as ‘papoose root’ or 
‘squaw root’, which reflects the use of this 
herbal medicine by Native American women 
who brewed blue cohosh as a tea to relieve 
menstrual cramps and to ease the pains associ-
ated with childbirth. Between 1882 and 1905, 
blue cohosh was listed in the United States 
Pharmacopoeia as a labour inducer (McFarlin 
et al., 1999). Blue cohosh is often part of a com-
bination of herbal medicines that have been 
traditionally used in the third trimester to pre-
pare a woman for delivery; this preparation is 
called ‘mother’s cordial’ or ‘partus preparatus’. 
In a 1999 survey of Certified Nurse Midwives 
in the USA, 64% claimed to use blue cohosh 
during labour (McFarlin et al., 1999).

Blue cohosh enhances oestradiol binding 
to oestrogen receptors and increases oestradiol-
induced transcription activity in oestrogen-
responsive cells (Jellin et al., 2002). Blue cohosh 
decreases luteinizing hormone (LH) levels 
and increases serum ceruloplasmin oxidase 
activity, which are measures of oestrogenic 
activity in the liver (Jellin et al., 2002). Pharma-
cological studies reported glycosides in blue 
cohosh have significant oxytocic activity 
(hastening childbirth) by acting as smooth 
muscle stimulant. Furthermore, the aglycone 
obtained from acid hydrolysis of the glyco-
sides matched with those obtained from cau-
losaponin. However, the glycosides also exert 
a toxic effect on cardiac muscle by constricting 
the coronary blood vessels. In addition, it is 
well known that blue cohosh has a number of 
toxic alkaloids including quinolizidine alka-
loids implicated as teratogens (Woldemariam 
et al., 1997). Among them, N-methylcytisine 
showed teratogenic activity in the REC (rat 
embryo culture) (Kennelly et al., 1999).

18.9 Bacopa monnieri 
(Brahmi, Family Plantaginaceae)

Bacopa monnieri Linn. is a herb that occurs 
naturally in India and has a long history of 
use in the Ayurvedic medicine tradition in the 
treatment of a number of disorders, particu-
larly those involving anxiety, intellect and 
poor memory (Singh and Dhawan, 1997). 
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Bacopa monnieri is used as a nerve tonic in the 
traditional medicinal system in India.

It is currently being marketed in Western 
countries as a memory-enhancing agent. 
Studies have shown that the herb contains 
many active constituents, including a number 
of alkaloids and saponins, however, the major 
constituents are the steroidal saponins, baco-
sides A and B. There are no published scien-
tific studies of the effects of Brahmi on 
memory in humans; however, there are some 
behavioural studies with rats. These studies 
have shown that it improves the rate of learn-
ing in a brightness discrimination task and a 
conditioned avoidance task, that it improves 
retention, as demonstrated by savings in 
relearning, and that it attenuates amnesia 
induced by immobilization, electroconvul-
sive shock and scopolamine (Singh and 
Dhawan, 1997). This later finding involved 
administration of the extracted bacosides, 
A and B, and suggests that they influence 
cholinergic systems. Recently, however, it has 
been reported that Brahmi has an antioxidant 
effect in the rat frontal cortex, striatum and 
hippocampus (Bhattacharya et al., 2000).

Its ethanolic extract contains a mixture 
of triterpenoid and steroidal saponins 
(Roodenrys et al., 2002; Jyoti and Sharma, 
2006). Bacoside A comprises a mixture of three 
saponins, bacogenin A1, A2 and A3, with A3 
being a major constituent (Russo and Borrelli, 
2005). Several other types of saponins have 
been isolated and characterized in the last few 
years (Russo and Borrelli, 2005). Bacopa mon-
nieri (BM) extract has earlier been reported to 
augment both the cognitive functions and 
mental retention capacity in different behaviour 
studies (Singh and Dhawan, 1997).

Ethanolic extract of B. monnieri has been 
found to increase the activity of antioxidative 
enzymes in different brain regions of the rat. 
This exhibits its antioxidative potential 
(Bhattacharya et al., 2000). It has been reported 
that ethanolic extract was also found to inhibit 
the amnesic effects of scopolamine, electro-
shock and immobilization stress (Singh and 
Dhawan, 1997) and can significantly improve 
the speed of visual processing, learning rate 
and memory consolidation (Russo and Borrelli, 
2005). This extract also reduces the different 
stress effect in rat brain by Hsp70 expression, 

superoxide dismutase activity and P450 
enzyme activity (Russo and Borrelli, 2005).

18.10 Rhamnus cathartica (Buckthorn 
Bark, Family Rhamnaceae)

Rhamnus cathartica is a shrub known from the 
14th century; R. cathartica is especially admin-
istrated as a laxative or purgative. Only the 
buckthorn bark is used for medicinal pur-
poses. The external surface is covered with 
irregular longitudinal cracks. The internal part 
is finely striated longitudinally. On a section it 
can be seen that the cut is smooth towards the 
exterior and fibrous towards the interior. The 
maximum thickness of the bark is 2 mm and 
the colour differs from the exterior where it is 
brown, to the interior, where it is light-orange 
or yellow-brown. If the external surface is 
scratched a red layer appears immediately 
inside. The taste is first mucilaginous, then bit-
ter and astringent, giving off a weak smell.

It is also a good cholagogue and choler-
etic. Its laxative action manifests within 10 h 
from the moment of administration by stimu-
lating mobility of the large intestine. The bark 
contains a mixture of anthraquinone deriva-
tives (anthranoids) of which the majority is 
present as glycosides. The total content of 
anthranoids is from 2 to 6%. It also contains 
glycosides of emodin such as glucofrangulin 
A and B and frangulin A and B. The free agly-
cones emodin, chrysophanol and physcion 
are also present in varying concentrations 
(Lichtensteiger et al., 1997). Buckthorn has also 
choleretic effects over the bile. It can relax the 
intestinal muscles and has vermifuge proper-
ties. The fruits contain vitamins, mineral sub-
stances and fatty acids and have an antioxidant, 
protective and regenerator action. Chronic and 
acute constipations can be treated by adminis-
trating buckthorn powder (1–3 g over 24 h) or 
warm tea before bedtime. The dose can be 
repeated in the morning, on the empty stom-
ach, if the problems persist. The quantity used 
depends on the constipation level, but it 
should always be low at the beginning of the 
cure. Buckthorn is also recommended for liver 
insufficiency in association with other herbs 
such as dandelion (Lichtensteiger et al., 1997). 
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It is used in the treatment of liver disorders 
and especially for the treatment of constipa-
tions caused by bile insufficiency.

In cases of obesity, the administration of 
buckthorn powder each morning can pro-
duce very good results. The buckthorn bark 
can increase bile secretion. It is recommended 
to combine it with chicory or dandelion in 
order to increase its effect. Other afflictions 
that can be treated with buckthorn are: 
Giardia, rheumatism, headaches followed by 
constipation, allergies and hepatitis. It can 
also be used for intestinal worms. Used as 
compresses, buckthorn helps in the treatment 
of skin diseases associated with constipation 
(acne, allergic eczema, psoriasis, infections) 
(Lichtensteiger et al., 1997).

18.11 Cinnamomum cassia
(Cinnamon, Family Lauraceae)

Cinnamomum cassia has been a favorite spice 
around the world not only because of its health 
benefits but also because it flavours and pre-
serves food. Cinnamon is native to southern 
Asia and South America. It is also now culti-
vated in many tropical countries such as India, 
China, Madagascar, Brazil, Mexico and the 
Caribbean. Cinnamon is also known as sweet 
wood (Chaudhary and Tariq, 2006).

It contains medicinally important essen-
tial oil in leaves, fruits, inner and outer bark. 
Much of cinnamon’s bioactivity resides in its 
oil content, which is about 90% cinnamalde-
hyde. It is used mainly in medicine, foods and 
cosmetics (Bown, 1995), and is employed in 
aromatherapy as a rub to promote blood circu-
lation. It also contains both antifungal and 
antibacterial principles that can be used to 
prevent food spoilage due to bacterial contam-
ination (Fabio et al., 2003). Research interest 
has focused on cinnamon that possesses 
chemopreventive, antispasmodic, anti-ulcer, 
choleretic, sedative, hypothermic, antifungal, 
antibacterial, antiviral, antipyretic, lipolytic, 
antiseptic, anaesthetic, anodyne, cytotoxic, 
hypolipidaemic and antiplatelet properties 
and also stimulates the immune system, which 
may be useful adjuncts in helping to reduce 
the risk of cardiovascular disease and cancer 
(Cralg, 1999).

18.12 Coleus forskohlii 
(Coleus, Family Lamiaceae)

Coleus forskohlii is part of the mint family and 
has long been cultivated in India, Thailand 
and parts of South-east Asia as a spice and as a 
condiment for heart ailments and stomach 
cramps. This species is a perennial herb with 
fleshy, fibrous roots that grows wild in the 
warm subtropical temperate areas in India, 
Burma and Thailand. In Ayurvedic medicine 
Coleus species have been used to treat heart 
disease, convulsions, spasmodic pain and 
painful urination. In traditional Ayurvedic 
systems of medicine, C. forskohlii has been used 
for treating heart diseases, abdominal colic, 
respiratory disorders, insomnia, convulsions, 
asthma, bronchitis, intestinal disorders, burn-
ing sensation, constipation, epilepsy and 
angina (Ammon and Muller, 1985). The roots 
are also used in treatment of worms and to 
alleviate burning in festering boils. When 
mixed with mustard oil, the root extract is 
applied to treat eczema and skin infections. 
The roots of the plant are a natural source of a 
diterpene alkaloid called forskolin, the only 
plant-derived compound known to directly 
stimulate the enzyme adenylate cyclase and 
subsequently cyclic AMP. Forskolin is 7b-ace-
toxy-8,13-epoxy-1a,6 b,9a-trihydroxylabd-14- 
en11-one (a diterpenoid compound), which 
directly activates adenylate cyclase (Ammon 
and Muller, 1985; De Souza and Shah, 1988).

The biological activities are antiglaucoma, 
antiplatelet, broncho-spasmolytic, cardio-
tonic, hypotensive, anti-ageing, anti-allergic, 
smooth muscle and arterial relaxant and 
anti-asthmatic.

Coleus also aids in weight loss due to its 
ability to break down stored fat as well as 
inhibit the synthesis of adipose tissue. 
Additionally, it increases thyroid hormone 
production thereby increasing metabolism. 
Forskolin is used for the treatment of eczema, 
asthma, psoriasis, cardiovascular disorders 
and hypertension, where decreased intracel-
lular cAMP level is believed to be a major fac-
tor in the development of the disease process 
(Rupp et al., 1986). It is being developed as a 
drug for hypertension, glaucoma, asthma, 
congestive heart failures and certain types of 
cancers. Forskolin is in great demand in Japan 
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and European countries for its medicinal use 
and related research purposes. The plant is 
also used for veterinary purposes (De Souza 
and Shah, 1988). Forskolin is also used in the 
preparation of medicines preventing hair 
greying and restoring grey hair to its normal 
colour. Though grouped as a medicinal plant, 
it also contains essential oil in tubers, which 
has a very attractive and delicate odour with 
spicy notes. The essential oil has potential uses 
in the food-flavouring industry and can be 
used as an antimicrobial agent.

Forskolin is reported to be antiglaucoma, 
antiplatelet, broncho-spasmolytic, cardio-
tonic, hypotensive, anti-ageing, and anti-
allergic, smooth muscle and arterial relaxant, 
and anti-asthmatic (Ammon and Muller, 
1985). The constituents of C. forskohlii-like
alkaloids (forskolin and its derivatives), 
phenols and tannins have been reported to 
exhibit some biological activities such as 
stimulating adenyl cyclase, inhibition of 
platelet aggregation, mast cell degranulation, 
relaxation of the arteries, increasing the insu-
lin secretion and thyroid function, decreasing 
adipose accumulation, reduction of body 
weight, treating skin diseases, cardiovascu-
lar disease and asthma, stimulating the secre-
tion of digestive enzymes and absorption of 
nutrients in the small intestine etc. (Badmaev 
et al., 2002; Murugesan et al., 2012). The diter-
penoids in Coleus have attracted interest 
on account of their antibacterial activity 
(Murugesan et al., 2012).

18.13 Eucalyptus globulus
(Eucalyptus, Family Myrtaceae)

Eucalyptus globulus is a member of one of the 
world’s important and most widely planted 
genera (Akin et al., 2010). It is a tall, evergreen 
tree, native to Australia and Tasmania, suc-
cessfully introduced worldwide, now exten-
sively planted in several countries (Mubita 
et al., 2008). Eucalyptus species are well known 
as medicinal plants because of their biological 
and pharmacological properties.

In the International Pharmacopeia, the 
most important and represented species is 
E. globulus, which is the main furnisher of 
essential oils (Bajaj, 1995). These essential 

oils are in great demand because of their 
applications as anaesthetic, anodyne, antisep-
tic, astringent, deodorant, expectorant, fumi-
gant, insect repellent and vermifuge, as a folk 
remedy for arthritis, boils, cancer, diabetes, 
diarrhoea, dysentery, encephalitis, inflamma-
tion, leprosy, malaria and wounds (Elliot and 
Jones, 1986). Sometimes their demand is also 
high in the soap and cosmetic industries 
(Bajaj, 1995).

Gende et al. (2010) reported the biological 
activity of E. globulus essential oils derived 
from plant material obtained from different 
geographic areas. They carried out in vitro
experiments on Paenibacillus larvae, Varroa 
destructor and Apis mellifera. The E. globulus
essential oils tested in this study featured 
high efficiency against V. destructor, yet their 
antimicrobial activity against Paenibacillus
larvae proved to be lower, and was innocu-
ous to bees. The physico-chemical properties, 
composition, antimicrobial and bioactivity of 
essential oils were studied. They observed 
that the essential oils differed in their compo-
sition, albeit their physico-chemical proper-
ties were similar. The bioautography method 
determined that limonene accounted for the 
greatest antimicrobial activity with respect to 
other compounds (Gende et al., 2010).

18.14 Zingiber officinale
(Ginger, Family Zingiberaceae)

Zingiber officinale is one of the most widely 
used species and is a common condiment for 
various foods and beverages. Ginger has a 
long history of medicinal use dating back 
2500 years in China and India for conditions 
such as headaches, nausea, rheumatism and 
colds (Grant and Lutz, 2000). Ginger contains 
a number of pungent constituents and active 
ingredients.

Steam distillation of powdered ginger 
produces ginger oil, which contains a high 
proportion of sesquiterpene hydrocarbons, 
predominantly zingiberene (Govindarajan, 
1982). The major pungent compounds in gin-
ger, from studies of the lipophilic rhizome 
extracts, have yielded potentially active gin-
gerols, which can be converted to shogaols, 
zingerone and paradol (Govindarajan, 1982). 
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The compound 6-gingerol appears to be res-
ponsible for its characteristic taste. Zingerone 
and shogaols are found in small amounts in 
fresh ginger and in larger amounts in dried or 
extracted products.

The mechanism underlying ginger’s 
anti-emetic activity is not clearly understood, 
but the aromatic, spasmolytic, carminative 
and absorbent properties of ginger suggest it 
has direct effects on the gastrointestinal tract 
(Tyler, 1986). The compounds 6-gingerol and 
6-shogaol have been shown to have a number 
of pharmacological activities, including anti-
pyretic, analgesic, antitussive and hypotensive 
effects (Suekawa et al., 1984). Ginger has long 
been used as a remedy to decrease nausea 
and vomiting associated with several condi-
tions. A randomized, double-blind, placebo-
controlled study was performed to assess the 
effects of ginger extracts on motion sickness 
and gastric slow-wave dysrhythmias induced 
by circular vection (Lien et al., 2003). No drug 
interactions are known; however, due to gin-
ger’s apparent effect on platelets, it should be 
used cautiously in individuals using antico-
agulants (Anonymous, 2003).

18.15 Gymnema sylvestre
(Gudmar, Family Asclepiadaceae)

Gymnema sylvestre is distributed throughout 
India in dry forests up to 600 m and also in Asia, 
tropical Africa, Malaysia and Sri Lanka. On 
account of its property of abolishing the taste of 
sugar it has been given the name of Gudmar, 
meaning sugar destroying, and it neutralizes 
the excess of sugar present in the body in diabe-
tes mellitus. In the Indian traditional medicine 
system it has been used mainly for its antidia-
betic properties (Warren et al., 1969).

The plant is also reported to be bitter, 
astringent, acrid, thermogenic, anti-inflamma-
tory, anodyne, digestive, liver tonic, emetic, 
diuretic, stomachic, stimulant, antihelmenthic, 
laxative, cardiotonic, expectorant, antipyretic 
and uterine tonic. It is useful in dyspepsia, 
constipation, jaundice, haemorrhoids, renal 
and vesical calculi, cardiopathy, asthma, bron-
chitis, amenorrhoea, conjunctivitis and leuco-
derma (Prakash et al., 1986). Its leaves contain 

triterpene saponins belonging to oleanane 
and dammarene classes. Oleanane saponins 
are gymnemic acids and gymnema saponins, 
while dammarene saponins are gymnema-
sides. Besides this, other plant constituents are 
flavones, anthraquinones, quercitol, lupeol, 
b-amyrin, stigmasterol, hentri-acontane, pen-
tatriacontane, phytin, resins, quercitol, lupeol, 
related glycosides and stigmasterol. The plant 
extract also tests positive for alkaloids. Leaves 
of this species yield acidic glycosides and 
anthraquinones and their derivatives (Dateo 
et al., 1973). Gymnemic acid (GA) is reported 
to have antidiabetic, antisweetener and anti-
inflammatory activities. GA I, II, III and IV are 
antisweet substances from the leaves of G. syl-
vestre. They all contain a glucuronic acid moiety, 
and the gymnemagenin aglycone esterified at 
position C-21 and C-28. A second series of 
gymnemic acid V–VII has also been reported. 
GA VII is the 3-O-glucuronide of gymnemagenin 
and GA V is the O-3-glycuronyl-22,21-bis-O-
tigloyl substitution pattern. GA VIII–IX are 
also esters of saponin, have an oxoglycoside 
moiety attached to the glucuronic acid residue. 
Gurmarin, another bioactive constituent of the 
leaves, and gymnemic acid have been shown 
to block sweet taste in humans. Some research-
ers have suggested gymnemic acid(s) and gur-
marin as possible candidates responsible for 
antidiabetic activity. These are considered as 
main bioactive constituents.

Gymnema sylvestre yields gymnemic acid, 
a glycoside isolated from its leaves, which is 
a destroyer of madhumeha (glycosuria) and 
other urinary disorders. It is believed that it 
neutralizes the excess of sugar present in the 
body in diabetes mellitus (Warren et al., 1969). It 
is useful in dyspepsia, constipation, jaundice, 
haemorrhoids, renal and vesical calculi, cardi-
opathy, asthma, bronchitis, amenorrhoea, con-
junctivitis and leucoderma (Prakash et al., 1986). 
The leaves are also noted for lowering serum 
cholesterol and triglycerides. The primary 
chemical constituents of Gymnema include 
gymnemic acid, gurmarin, stigmasterol, betaine 
and choline. The water-soluble acidic fractions 
reportedly provide the hypoglycaemic action. 
Gurmarin and gymnemic acid have been 
reported to block sweet taste in humans (Flier, 
2001; Steppan et al., 2001; Ramachandran et al., 
2003). Mosquito larvicidal effects of Gymnema
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were reported by Khanna and Kannabiran 
(2007). Sathya et al. (2008) provided experimen-
tal evidence for the herbal plant G. sylvestre in 
the prevention and curing of alloxan-induced 
diabetic rats without any side effects.

18.16 Panax ginseng
(Ginseng, Family Araliaceae)

In Asia, ginseng has a long history of traditional 
medicinal use as a general health-promoting 
tonic (Xiang et al., 2008; Jia and Zhao, 2009; Lu 
et al., 2009). Ginseng is found only in the north-
ern hemisphere, in North America and in 
eastern Asia. In the Korean tradition, several 
different ways of preparing and manufactur-
ing P. ginseng exist. Fresh ginseng is less than 
4 years old; white ginseng is 4–6 years old 
and is dried after peeling; red ginseng is har-
vested when it is 6 years old, subsequently it 
is not skinned but steamed and then dried.

The subject is further complicated by 
the fact that, according to several laboratory 
investigations, commercially available ginseng 
products are sometimes of less than optimal 
quality (Sievenpiper et al., 2004). There are 
extensive reports that have determined that 
ginseng has many pharmacological effects on 
the immune, cardiovascular, endocrine and 
central nervous systems (Nah et al., 1995; Attele 
et al., 1999). A blood glucose-lowering effect of 
ginseng root has also been found (Sotaniemi 
et al., 1995; Chung et al., 2001). However, despite 
the various reported functions of ginseng, no 
studies have yet reported the effects of ginseng 
on skin ageing. Chemically, the constituents of 
ginseng can be divided into saponin and non-
saponin fractions.

Panax ginseng was shown to possess a 
potent antisepticaemic activity through nitric 
oxide via cytokine production in stimulated 
macrophage (Zhao et al., 1995; Cohen, 2000; 
Muller-Kobold et al., 2000). These results sug-
gested that the polysaccharide from P. ginseng
augments the production of the cytokines 
(TNF-a, IL-1, IL-6 and IFN-a). Since cytokines 
such as TNF-a, IL-1, IL-6 and IFN-a are known 
to be potent macrophage activators as well as 
immunomodulating agents, it was, therefore, 
possible that the P. ginseng polysaccharide 

activated macrophages by up-regulating the 
synthesis and production of these cytokines 
(Corradin et al., 1991). When activated by 
cytokines, macrophages show enhanced ability 
to kill both invading extracellular as well as 
intracellular pathogens residing within these 
cells (Corradin et al., 1991), one of the primary 
and important pathways by which intracellu-
lar killing may be achieved.

18.17 Commiphora weightii
(Guggul, Family Burseraceae)

Commiphora weightii is one of the very ancient 
Ayurvedic drugs, having been first described 
in Atharva Veda (2000 BC). Commiphora weightii
is found extensively in the dry regions of the 
Indian subcontinent, mainly India, Pakistan 
and Bangladesh (Satyavati, 1988). According to 
Sushrut Samhita, C. weightii is, when taken 
orally, curative of obesity, liver dysfunction, 
internal tumours, malignant sores and ulcers, 
urinary complaints, fistula-in-ano, intestinal 
worms, leucoderma, sinus, oedema and sud-
den paralytic seizures. Guggul is the dry gum 
resin obtained from the bark of the Commiphora
tree. It is a mixture of diterpenes, sterols, ster-
oids, esters and higher alcohols.

The active components of the plant are 
the guggulsterones, specifically the stereoiso-
mers, guggulsterone E and guggulsterone Z. 
These are plant sterols with a high degree of 
human bioactivity, which have been shown 
to affect many biological processes. It is also 
considered a cardiac tonic (Satyavati, 1991). 
The oleo-gum-resin of the Guggul tree is a 
very complex mixture of gum, minerals, 
essential oils, terpenes, sterols, ferrulates, 
flavanones and sterones; several other 
unknown compounds have also been isolated. 
The resin yields two fractions upon ethyl ace-
tate extraction. The ethyl acetate-soluble frac-
tion contains 45% of the gum resin. The 
insoluble fraction consists of the carbohy-
drate gum, which is about 55% of the gum 
resin. The bioactive components have been 
found in the ethyl acetate-soluble fraction, 
whereas the insoluble carbohydrate fraction 
is devoid of any hypolipidaemic effects 
(Nityanand and Kapoor, 1975). The ethyl 
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acetate-soluble fraction consists of diterpe-
noids, triterpenoids, steroids, lignans and 
fatty tetrol esters (Dev, 1989). Pharmacological 
studies revealed that the pure guggulsterone 
isomers had pronounced hypolipidaemic 
activity (Satyavati, 1988).

Guggulsterone has been shown to induce 
apoptosis and suppress proliferation, inva-
sion, angiogenesis and metastasis of tumour 
cells. Various mechanisms have been sug-
gested to explain the anticarcinogenic effects 
of guggulsterone, including inhibition of 
ROI, suppression of inflammation and inhibi-
tion of nuclear receptors, transcription fac-
tors, inflammatory cytokines, anti-apoptotic 
proteins, cell survival pathways, COX-2, 
MMP-9, iNOS and cell cycle-related proteins.

Oxidative stress plays an important part 
in many human diseases. Although it is 
unknown whether oxidative stress is the 
cause or a consequence of disease, antioxi-
dants are widely used for maintaining health 
and preventing diseases. Guggulipid suppres-
ses formation of lipid peroxides (Singh et al., 
1994) and prevents oxidation of LDL in vitro
(Singh et al., 1997; Wang et al., 2004). In more 
recent studies, guggulsterone at concentrations 
of 5–20 mM effectively inhibited LDL peroxi-
dation and generation of free oxygen radicals 
(Chander et al., 2002, 2003). This finding indicates 
that guggulsterone may be of therapeutic bene-
fit in diseases associated with oxidative stress, 
such as myocardial ischaemia and neurodege-
nerative diseases. Several studies have reported 
the cardioprotective activity of guggulsterone 
(Kaul and Kapoor, 1989).

18.18 Myristica fragrans (Mace, 
Nutmeg, Family Myristicaceae)

Myristica fragrans is commonly known as 
‘mace’, and produces two spices: mace and 
nutmeg. Nutmeg is the seed kernel inside the 
fruit and mace is the red lacy covering (aril) 
on the kernel. Myristica species are natives of 
the Moluccas, indigenous to India, Indonesia 
and Sri Lanka and now cultivated in many 
tropical countries of both hemispheres as well 
as in South Africa (Pal et al., 2011). Myristica
fragrans is a spreading aromatic evergreen 

tree usually growing to about 5 to 13 m high. 
When the fruits are ripe, the succulent yellow 
fruit coat splits into two halves revealing a 
purplish brown, shiny seed (nutmeg) sur-
rounded by a red aril (mace). When fresh, the 
aril (mace) is bright scarlet becoming more 
horny, brittle and with a yellowish brown col-
our when dried.

Mace is popular as a spice and also pos-
sesses various therapeutic properties. Mace 
has a characteristic pleasant fragrance and a 
slightly warm taste. It is used to flavour many 
kinds of baked foods, confections, puddings, 
meats, sausages, sauces, vegetables and bev-
erages. It is also used as a component of curry 
powder, teas and soft drinks or mixed in milk 
and alcohol (Olaleye et al., 2006). For a long 
time, M. fragrans has been used as a folklore 
medicine for treating diarrhoea, mouth sores 
and insomnia (Somani and Singhai, 2008). 
Since the Middle Ages, mace has been used as 
a stomachic, stimulant and carminative as 
well as for intestinal catarrh and colic, to stim-
ulate appetite, to control flatulence and has a 
reputation as an emmenagogue and abortifa-
cient (Min et al., 2011). The essential oil of nut-
meg is used externally for rheumatism and 
possesses analgesic and anti-inflammatory 
properties (Olajide et al., 1999).

Compounds isolated from the seeds of 
this plant have been reported to possess strong 
platelet anti-aggregatory activity (Somani and 
Singhai, 2008). Mace also prevents hypercho-
lesterolaemia and atherosclerosis (Sharma 
et al., 1996). It has also been found to be useful 
as tonic for the heart and brain and also in sex-
ual and general debility (Olaleye et al., 2006). 
The presence of two compounds, myristicin 
and elemicin, is often related to intoxication 
and hallucinogenic action of nutmeg, while 
safrole has been suspected to be carcinogenic. 
However, the mechanism by which these com-
pounds act is still a subject of extensive 
research (Jukic et al., 2006).

18.19 Trigonella foenum-graecum 
(Fenugreek, Family Fabaceae)

Trigonella foenum-graecum is an annual plant, 
cultivated worldwide as a semi-arid crop and 
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is a common ingredient in dishes from the 
Indian subcontinent, where it is known as 
Methi or fenugreek. The largest producer 
of fenugreek in the world is India, where 
the major fenugreek-producing states 
are Rajasthan, Gujarat, Uttar Pradesh, 
Madhya Pradesh, Maharashtra, Haryana, 
Uttarakhand and Punjab. Rajasthan pro-
duces the largest share of India’s produc-
tion, accounting for over 80% of the nation’s 
total fenugreek output (Parthasarathy et al., 
2008). Trigonella foenum-graecum is an impor-
tant medicinal plant and its leaves and seeds 
have been used in various ailments and as a 
health tonic.

Trigonella foenum-graecum is a well-known 
spicy agent, which prevents ageing, labour 
pain, imparts immunity, improves mental 
function and adds vitality to the body and it is 
also used in nervous disorders, dyspepsia, inflam-
mation, tumours, cholesterolaemic, hypergly-
caemic and ulcer conditions (Subhashini 
et al., 2011). Its seeds are also used as herbal 
medicine in many parts of the world for their 
carminative, tonic and aphrodisiac effects. 
Various reports have demonstrated that T. foenum-
graecum seeds can lower blood glucose and 
cholesterol in type 1 and type 2 diabetics and 
experimental diabetic animals (Kumar et al., 
2005). Reports indicate that the pharmacologi-
cal activities of T. foenum-graecum include anti-
diabetic, antifertility, antifungal, analgesic, 
anti-inflammatory, antipyretic and immu-
nomodulatory activities (Ahmadiani et al., 2001; 
Bin-Hafeez et al., 2003).

18.20 Punica granatum
(Pomegranate, Family Lythraceae)

Punica granatum originated from Persia (Iran) 
and has been cultivated in central Asia, 
Georgia, Armenia and the Mediterranean 
region for several millennia, eventually mak-
ing its way to other parts of the world. 
Pomegranate (P. granatum) is used in the tra-
ditional medicine of different Asian cultures 
for the treatment of a variety of ailments. In 
Ayurvedic medicine the plant, described 
under its Sanskrit name ‘dalima’ (fruit), is 
considered as a ‘blood purifier’ and used to 

cure parasitic infections, aphthae (mouth 
ulcers), diarrhoea and ulcers (Jurenka, 2008).

Pomegranates are high in polyphenolic 
compounds, making its juice higher in anti-
oxidant activity than red wine and green tea 
(Malik et al., 2005). The most abundant of 
these compounds is ellagic acid, which has 
been shown in research to be the antioxidant 
responsible for the free-radical scavenging 
ability of pomegranate juice. In animal 
research, pomegranate extract has also been 
shown to protect the antioxidant enzymes 
catalase, peroxidase and superoxide dis-
mutase from the effects of toxic chemicals 
(Chidambara Murthy et al., 2002).

According to some researchers (Lansky 
and Newman, 2007), the actions of pome-
granate’s components suggest a wide range 
of clinical applications for the treatment and 
prevention of cancer, as well as other dis-
eases where chronic inflammation is belie-
ved to play an essential developmental role. 
Pomegranate extract has been shown to 
inhibit the growth of human prostate cancer 
cells cultured in laboratory dishes, as well as 
slow prostate cancer growth in mice (Malik 
et al., 2005). An advantage that pomegranate 
has is that it seems to be capable of interven-
ing at more than one critical pathway in the 
process of carcinogenesis (Afaq et al., 2005). In 
another study (Hora et al., 2003), mice pre-
treated with pomegranate extract showed 
70% less tumour incidence compared to mice 
that did not receive the extract. The authors 
of the study indicated pomegranate fruit 
extract ‘possesses anti-skin-tumor promoting 
effects’, and may possess chemopreventive 
activity ‘in a wide range of tumor models’. 
Additional research demonstrated that pome-
granate seed oil was a safe and effective agent 
against skin cancer and colon cancer tumours, 
and also inhibited the proliferation of human 
breast cancer cells up to 90% (Kim et al., 2002). 
Likewise, pomegranate juice polyphenols have 
been shown to inhibit cancerous lesion for-
mation by 47% in the mammary gland cells 
from mice (Kim et al., 2002).

Even more so than its antitumour/
anticancer effects, pomegranate is known for 
its cardiovascular benefits. Human research 
has shown pomegranate to be effective in 
reducing several heart risk factors. In one 
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study pomegranate inhibited the oxidation of 
LDL and slowed the development of athero-
sclerosis (Aviram et al., 2004). Ten patients 
supplemented with pomegranate juice for 
1 year experienced a 30% reduction in the nar-
rowing of the carotid artery walls. Likewise, 
diabetic patients with elevated blood lipids 
who were supplemented with pomegranate 
juice for 8 weeks experienced significant 
reductions in their total cholesterol, LDL, 
LDL: HDL (high-density lipoprotein) ratio, as 
well as total cholesterol and HDL ratio 
(Esmaillzadeh et al., 2004).

18.21 Boerhaavia diffusia
(Punarnava, Family Nyctaginaceae)

Boerhaavia diffusa is an herbaceous perennial 
plant, native of India and Brazil, where it was 
used for centuries as a medicinal plant by indig-
enous populations. The root, leaves, aerial 
parts or the whole plant of B. diffusa have been 
employed for the treatment of various disorders 
in Ayurvedic herbal medicine (used daily by 
millions of people in India, Nepal, Sri Lanka and 
indirectly through it being the major influence 
on Unani, Chinese and Tibetan medicines).

The first pharmacological studies have 
demonstrated that the root of Punarnava exhibits 
a wide range of properties: anti-inflammatory, 
diuretic, laxative, anti-urethritis, anticonvul-
sant, antinematodal, antifibrinolytic and anti-
bacterial (Olukoya et al., 1993), antihepatotoxic 
(Rawat et al., 1997), anthelminthic, febrifuge, 
antileprotic, anti-asthmatic, antiscabby and 
antistress activities. An aqueous extract of 
thinner roots of B. diffusa at a dose of 2 mg kg−1

exhibited the remarkable protection of various 
enzymes such as serum glutamic-oxaloacetic 
transaminase, serum glutamic pyruvic trans-
aminase, and bilirubin in serum against 
hepatic injury in rats (Rawat et al., 1997).

Currently, various parts of B. diffusa are 
being used for the treatment of numerous dis-
orders in different parts of India. The root of 
B. diffusa is used for the treatment of many 
diseases, such as liver disorders (jaundice, 
hepatitis, etc.), gastrointestinal disorders 
(as laxative), renal disorders (for calculi, cystitis 
and nephritis), and for the treatment of anaemia 

and of menstrual syndrome. The drug has 
recently been used as an adjuvant in an anti-
cancer therapy. Boerhaavia leaves are an 
important source of eicosanoids, stearic and 
ursolic acids, serine, liirodendrin carbohy-
drates, proteins and glycoproteins etc. (Aftab 
et al., 1996). The root of B. diffusa contains 
alkaloids (punarnavine), rotenoids (boeravi-
nones A–F), flavonoids, amino acids, lignans 
(liriodendrons), b-sitosterols and tetracosa-
noic, esacosanoic, stearic and ursolic acids.

The most interesting metabolites from 
the therapeutic point of view are the rote-
noids (known as boeravinones A–F) (Lami 
et al., 1992). The root is mainly used to treat 
gonorrhea, internal inflammation of all kinds, 
dyspepsia, oedema, jaundice, menstrual 
disorders, anaemia, liver, gall bladder and 
kidney disorders, enlargement of spleen, 
abdominal pain, abdominal tumours, and 
cancers, then as a diuretic, digestive aid, laxa-
tive and a menstrual promoter. The root pow-
der, when mixed with mamira (Thalictrum
foliolosum), is used to treat eye diseases. It 
cures corneal ulcers and night blindness, and 
helps restore virility in men. People in tribal 
areas use it to hasten childbirth. The juice of 
B. diffusa leaves serves as a lotion in ophthalmia. 
It is also administered orally as a blood puri-
fier and to relieve muscular pain.

Maximum diuretic and anti-inflammatory 
activities of Punarnava have been observed in 
samples collected during the rainy season. Due 
to the combination of these two activities, 
Punarnava is regarded therapeutically highly 
efficacious for the treatment of renal inflamma-
tory diseases and common clinical problems 
such as nephritic syndrome, oedema, and 
ascites developing at the early onset of liver 
cirrhosis and chronic peritonitis. The plant was 
reported to be efficient for the treatment of 
abdominal tumours and was proved to be use-
ful as a haematic and as a growth promoter in 
children fed with milk fortified with the plant 
drug. In the form of a powder or an aqueous 
decoction, the plant drug was proved to be 
beneficial in the treatment of nephritic syn-
drome and compared well with corticoster-
oids. It was also demonstrated that the drug 
decreased the albumin urea, increased the 
serum protein and lowered serum cholesterol 
level (Ramabhimaiah et al., 1984).
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18.22 Rosmarinus officinalis L. 
(Rosemary, Family Lamiaceae)

Rosmarinus officinalis, commonly known as 
rosemary, is a woody, perennial herb, native 
to the Mediterranean region. Rosemary is an 
aromatic evergreen shrub that has leaves sim-
ilar to hemlock needles. The leaves are used 
as flavouring agents in foods such as stuffing 
and roast lamb, pork, chicken and turkey. It is 
reasonably hardy in cool climates. It can with-
stand droughts, surviving a severe lack of 
water for lengthy periods.

The essential oil of rosemary contains 
several compounds at rather different con-
centrations. Debersac et al. (2001) reported 
that the major component of dried leaves of 
R. officinalis was monoterpene oxide 1,8 cine-
ole (36.1%). Many monoterpene and sesquit-
erpene hydrocarbons were present in large 
amounts (32.2%). All these compounds amoun-
ted to 93.4% (w/w) of essential oil. Essential 
oils derived from rosemary were shown to 
inhibit osteoclast activity and increase bone 
density in vitro (Putnam et al., 2006). Water-
soluble extract from rosemary leaves was rich 
in rosemarinic acid (1.3%) and flavonoids 
(3%). The chemical composition of rosemary 
essential oil can vary between regions and it 
depends mostly on climate, soil composition, 
plant organ, age and state of vegetative cycle 
(Faixova and Faix, 2008).

Bozin et al. (2007) tested the antimicrobial 
and antioxidant activities of the essential oils 
of R. officinalis. Their antimicrobial activity 
was tested against 13 bacterial strains and six 
fungi, including Candica albicans and five 
dermatocytes. The highest antibacterial activ-
ity of both essential oils was expressed on 
Escherichia coli, Salmonella typhi, S. enteritidis
and Shigella sonnei. Essential oil of rosemary 
exhibited a significant rate of antifungal 
activity. Fu et al. (2007) reported that essential 
oils from clove and rosemary alone and in 
combination exerted a significant antimicro-
bial effect against Staphylococcus epidermidis, 
E. coli and C. albicans. The cytotoxic effect of 
rosemary is of great importance in preserva-
tion of agricultural or marine products. The 
antimicrobial efficacy of plant essential oils 
depends on food composition. Gutierrez et al.
(2008) found out that essential oils might be 

more effective against food-borne pathogens 
and spoilage bacteria when applied to ready 
to use food containing a high protein level at 
acidic pH, as well as lower levels of fats or 
carbohydrates.

18.23 Senna alexandria
(Senna, Family Fabaceae)

Senna alexandria is an ornamental as well as 
medicinal plant. The bioactive compounds 
derived from senna are among one of the most 
commonly used laxative drugs in the Eastern 
and Western countries for the treatment of 
constipation (Anonymous, 2004). It is a native 
of Egypt in particular, in the Nubian region 
and near Sudan, where it is cultivated com-
mercially. It is also grown in India and Somalia. 
Historically S. alexandria was used in the form 
of senna pods, or as a tisane made from the 
leaves, as a laxative (Spiller et al., 2003).

Senna is known for its purgative action. 
The phyto-constituents principally responsible 
for its characteristic action are two anthraqui-
none glycosides, namely sennoside A and sen-
noside B. Sennoside A and B together are 
responsible for up to 40–60% activity of crude 
senna. Sennosides are not restricted to leaflets 
only; they are present in various vegetative 
and reproductive structures (underground as 
well as aerial). Maximum content of senno-
side B is found in aerial parts (Evans, 2002). 
Being b-o-linked glycosides, sennosides 
remain unabsorbed in the upper gut and unaf-
fected by digestive enzymes. Bacteria present 
in the large intestine convert these sennosides 
into the active metabolite, rheinanthrone, that 
is further oxidized into rhein and sennidins. 
Orally administered sennosides are mainly 
excreted as polyquinones in faecal matter. 
Few metabolites are excreted in urine and bile 
while some senna metabolites such as rhein 
accumulate in breast milk (Jafri and Pasricha, 
2001). Long-term laxative abuse may result in 
weakness and orthostatic hypotention in 
elderly patients. There have been conflicting 
reports on effects such as intestinal-neuronal 
damage (Agarwal and Bajpai, 2010).

Senna also contains small quantities of 
other anthraquinones such as sennosides C 
and D, rhein-8-glucoside, rhein-8-diglucoside, 
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aloe-emodin, 8-glucoside, anthrone digluco-
side and rhein. Additionally senna contains 
napthalene glycosides (tinnevellin glycoside 
and 6-hydroxy-musizin-glycoside), flavonoid 
(kaempferol), phytosterols, myricyl alcohol, 
salicylic acid, chrysophenic acid, mucilage, 
resin and calcium oxalate (Kar, 2003; Kokate 
et al., 2003).

18.24 Asparagus racemosus
(Shatavari, Family Liliaceae)

Asparagus generally occurs in tropical and 
subtropical regions up to an altitude of 1200 m 
(Dutta, 2007). By habit, it is a twining para-
sitic herb. The plant is a climber growing to 
1–2 m in length. The genus Asparagus has 
been recently moved from the subfamily 
Asparagae in the family Liliaceae to a newly 
created family Asparagaceae. Asparagus racem-
osus is recommended in Ayurvedic texts for 
prevention and treatment of gastric ulcers as 
galatogogue and nervine tonic.

The Asparagus genus is considered to be of 
medicinal importance because of the presence 
of steroidal saponins and sapogenins in various 
parts of the plant (Goyal et al., 2003). The decoc-
tion of root has been used in blood diseases, 
diarrhoea, dysentery, cough, bronchitis and 
general debility (Goyal et al., 2003). Reports 
indicate that the pharmacological activities of 
root extracts include anti-ulcer (Sairam et al., 
2003), antitussive (Mandal et al., 2000a), antioxi-
dant (Kamat et al., 2000) and antibacterial activi-
ties (Mandal et al., 2000b). Asparagus racemosus
has been used extensively as an adaptogen to 
increase the non-specific resistance of organ-
isms against a variety of stresses (Visavadiya 
et al., 2009). Besides use in the treatment of diar-
rhoea and dysentery, the plant also has antioxi-
dant, immune-stimulant, antidyspepsia and 
antitussive effects (Gautam et al., 2009; 
Visavadiya et al., 2009; Ojha et al., 2010).

18.25 Commiphora molmol
(Myrrh, Family Burseraceae)

Commiphora molmol is a small tree or large 
shrub up to 10 feet in height. It peels easily 

revealing a greenish cortex (inner bark). 
Myrrh grows along the Red Sea coast and is 
native to Somalia and Yemen. Over time the 
tree has been planted farther afield in Yemen, 
Omar, Somalia, Ethiopia, Egypt and Sudan. 
It is easily reproduced by cuttings and can 
be transplanted, but is seldom found in a 
commercial plantation setting.

There are many resin canals in the peri-
derm, which ooze gum resin when cut. Trees 
are induced to ooze gum resin by making 
deep slanted incisions in the thin periderm 
(outer bark). The newly exuded resin is clear 
yellow-brown in colour. It quickly hardens 
and oxidizes to be reddish in colour. True 
myrrh clumps have a crumbly, dark red 
interior with a whitish powdery exterior. 
The best myrrh has little scent and no oily 
texture.

In a recent study, treatment with C. molmol,
which was known commercially under the 
name of Mirazid (MZR) in the Egyptian 
pharmacies, showed insignificant activity 
against fascioliasis (Haridy et al., 2003; 
Botros et al., 2009). Also, it has been reported 
that myrrh had hypocholesteraemic, antipyretic, 
antihistaminic and antigastric ulcer proper-
ties (Nomicos, 2007). In Egypt, several stud-
ies have been conducted to evaluate the 
antischistosomal (Massoud et al., 1998) and 
antifascioliasis (Massoud et al., 2001) efficacy 
of myrrh.

18.26 Conclusions

There is growing interest in correlating the 
phytochemical constituents of a plant with 
its pharmacological activity. Scientists have 
even started correlating the botanical prop-
erties of plants with their pharmacological 
activity. In future, more coordinated multi-
dimensional research aimed at correlating 
botanical and phytochemical properties 
to specific pharmacological activities is 
expected. In addition to the proper utiliza-
tion of technological advances, a logical 
interpretation of the codified language of 
traditional medicine also becomes a neces-
sity in order to further promote research 
in this field.
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19.1 Introduction

Vitamins are organic compounds that are 
essential nutrients because the body cannot 
synthesize them. These are used as food or 
supplementation every day to maintain healthy 
life. The word vitamin arises from the Latin 
word ‘vita’ meaning life. Vitamins play impor-
tant roles in different metabolic processes 
throughout the body. For example, vitamins 
help to release energy from food, keep skin 
and nerves healthy, and also help to make 
red blood cells. In fact, hundreds of metabolic 
activities in the body depend upon enzymes, 
which are vitamin dependent. Vitamins include 
biotin, folic acid, niacin, pantothenic acid, ribo-
flavin, thiamine, vitamin A, B6, B12, C, D, E and 
K. They are required in very small amounts 
(Higdon, 2003). Our body fulfils its require-
ment of vitamins from our diet, with the 
exception of vitamin D, which can be synthe-
sized with the help of sunlight. Vitamin K is 
synthesized within the gastrointestinal (GI) 
tract as can be biotin. Vitamins A, D, E and K 
are fat soluble and excess quantities can be 
stored in the body, while vitamins C and those 
of the B complex, such as thiamine (B1), ribo-
flavin (B2), niacin (B3), pantothenic acid (B5)

vitamin B6, biotin (B7), folic acid (B9) and 
cyanocobalamin (B12), are water soluble and 
can not be stored in the body because they 
may be excreted through urine and transpira-
tion if they are in excess quantity (Ball, 2004). 
Dietary minerals are inorganic elements that 
are present in the soil and water. These are 
also essential for life. Minerals are absorbed 
by plants or ingested by animals. Dietary 
minerals are classified as bulk minerals and 
trace minerals. Bulk minerals are required in 
relatively larger amounts, and these include 
calcium, magnesium, phosphorus, potassium, 
sodium and sulfur. Trace minerals are needed 
only in very small amounts and include chro-
mium, cobalt, copper, fluorine, iodine, iron, 
manganese, molybdenum, selenium, zinc etc. 
(Higdon, 2003; Lieberman and Bruning, 2003). 
A balanced and varied diet provides the 
proper amount of vitamins and minerals nec-
essary for smooth functioning of the body.

19.2 Classification of Vitamins

Vitamins are usually classified on the basis 
of their solubility as either fat-soluble or 
water-soluble.
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19.2.1 Fat-soluble vitamins

Fat-soluble vitamins include vitamins A, D, 
E and K. These vitamins are absorbed along 
with ingested dietary fat by the small intes-
tines. They cannot be absorbed unless they 
are ingested with some fat. These are usually 
found dissolved in fat present in food and 
only a small amount of fat is needed to help 
absorb fat-soluble vitamins. Fat-soluble vita-
mins may accumulate in the body and lead 
to hypervitaminosis. Their functions and 
sources are described in Table 19.1.

19.2.2 Water-soluble vitamins

The water-soluble vitamins are the B com-
plex and vitamin C. The B-complex vitamins 
include thiamine (B1), riboflavin (B2), niacin 
(B3), vitamin B6, folate, vitamin B12, biotin 
and pantothenic acid. Excess water-soluble 
vitamins can not be stored in the body. 
These are absorbed along with water 
through the GI tract and dissolved in the 
body fluids such as urine and excreted from 

the body (Fukuwatari and Shibata, 2008). 
These are not as readily stored as fat-soluble 
vitamins, hence consistent daily intake is 
important for proper metabolic functioning. 
Water-soluble vitamins, their function and 
source are described in Table 19.2. Some 
water-soluble vitamins, such as vitamins B5 
and B7, are also synthesized by bacteria 
(Pseudomonas and Klebsiella sp.) (Said and 
Mohammed, 2006).

19.3 Vitamins as Cofactors

In many cases, vitamins act as cofactors 
(Table 19.3). They are needed in order to 
allow enzymes to perform their important 
work of facilitating metabolism in the body. 
In this case, the vitamins are called coenzyme.
Most of these cofactors are found in a large 
variety of species and some are universal to 
all forms of life. Some examples of coenzyme 
vitamins include vitamin B1 in the form of 
thiamine diphosphate (or cocarboxylase) 
and vitamin B6 in the form of pyridoxal 
5′-phosphate.

Table 19.1. Functions and sources of fat-soluble vitamins.

Vitamins Functions Sources

Vitamin A Plays an important role in the 
early embryonic development 
of all mammals and in proper 
functioning of the immune system, 
the rod cells in the retina of the 
eye and mucous membranes 
throughout the body

Plant sources: leafy, dark green vegetables; dark 
orange fruits (apricots, cantaloupe) and vegetables 
(carrots, winter squash, sweet potatoes, pumpkin)

Animal sources: fortified milk, cheese, cream, butter, 
fortified margarine, eggs, liver

Vitamin D Increases efficiency of absorption 
of calcium and phosphorus in 
the intestinal tract

Egg yolks, liver, fatty fish, fortified 
milk, fortified margarine; skin 
can make vitamin D when 
exposed to sunlight.

Vitamin E Acts as antioxidant, protects 
cell walls, modulation of gene 
expression and inflammatory 
responses

Plant sources: polyunsaturated plant oils (soybean, 
maize, cottonseed, safflower), leafy green 
vegetables, wheatgerm, whole-grain products, 
nuts and seeds

Animal sources: liver, egg yolks
Vitamin K Helps in blood coagulation and 

required for the activation of 
four clotting factors

Plant sources: leafy green 
vegetables, especially of cabbage family, and also 
produced in intestinal tract by bacteria

Animal sources: milk
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Table 19.2. Water-soluble vitamins, their function and sources.

Vitamins Functions Sources

Thiamine
(Vitamin B1)

Coenzyme in carbohydrate 
metabolism, helps to release 
the energy from food, important in 
normal functioning of heart, nerves 
and muscles

All nutritious foods in moderate 
amounts, such as whole-grain or 
enriched breads, cereals, legumes, 
nuts and seeds

Riboflavin 
(Vitamin B2)

Coenzyme in protein and energy 
metabolism, important for normal 
vision and skin health

Leafy green vegetables, whole-grain, 
enriched breads and cereals, milk 
and milk products

Niacin
(Vitamin B3)

Essential for protein and 
carbohydrate metabolism

Wheatgerm, rice bran, nuts, sunflower 
seeds, brown rice, green vegetables, 
Brewer’s/ tortula yeasts

Pantothenic acid 
(Vitamin B5)

Coenzyme in synthesis of fat, 
cholesterol, haem and amino acid 
activation

Legumes, broccoli, kale, sweet 
potatoes, sweet corn, liver, eggs, 
milk, beef, cheese also, intestinal 
bacteria synthesis

Pyridoxine 
(Vitamin B6)

Part of an enzyme (pyridoxal 
phosphatase) needed for protein 
metabolism; helps make 
red blood cells

Vegetables, fruits, meat, fish, poultry

Biotin
(Vitamin B7)

Part of an enzyme (carboxylase) 
needed for energy metabolism

Widespread in foods, also produced in 
intestinal tract by bacteria

Folic acid 
(Vitamin B9)

Part of an enzyme (pyruvate 
carboxylase) needed for making 
DNA and new cells, especially 
red blood cells

Leafy green vegetables, legumes, 
seeds, orange juice, liver

Cyanocobalamin 
(Vitamin B12)

Promotes growth in children. It aids in 
the production of erythrocytes (red 
blood cells). It also enables the body 
to process carbohydrates and fat

Sunflower seed, comfrey leaves, kelp, 
banana, groundnut, raw wheatgerm, 
fortified brewer’s yeast

Ascorbic acid 
(Vitamin C)

Acts as antioxidant, intercellular cement 
substance, helps in capillary walls and 
collagen formation and helps in iron 
absorption and release to tissues for 
red blood cell formation

Found only in fruits and vegetables, 
especially citrus fruits, vegetables in 
the cabbage family, cantaloupe, 
strawberries, peppers, tomatoes, 
potatoes, lettuce, papayas, 
mangoes, kiwifruit

Table 19.3. Vitamins as cofactors.

Vitamin Coenzyme form Reaction catalysed

Thiamine Thiamine pyrophosphate Aldehyde transfer
Riboflavin Flavin adenine dinucleotide (FAD) Oxidation reduction
Niacin Nicotinamide adenine dinucleotide (NAD+) Oxidation reduction
Panthothenic acid Coenzyme A Acyl group transfer
Pyridoxin Pyridoxal phosphate Group transfer from amino acid
Biotin Biotin-lysine complexes (biocytin) ATP dependent carboxylation and 

carboxyl group transfer
Folic acid Tetrahydrofolate Transfer of one carbon components, 

thymine synthesis
Cyanocobalamin 5′-Deoxyadenosyl cobalamin Transfer of methyl group, 

intramolecular rearrangements
Ascorbic acid Antioxidant
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19.4 Health Benefits of Vitamins

19.4.1 Vitamin A

Vitamin A (Fig. 19.1) is one of the most impor-
tant vitamins. It is not a single compound but 
exists in several forms such as retinol (an 
alcohol), retinal (an aldehyde), retinoic acid 
(an acid) and other related compounds (Ross, 
2006; Johnson and Russell, 2010). The chemi-
cal structure of vitamin A is shown in Fig. 19.1.
Vitamin A is needed for healthy gums, teeth, 
bones and for visual purple production, 
which is essential for night vision. It helps to 
prevent diseases such as lung and breast 
cancer (Mamede et al., 2011) and can also be 
used therapeutically in the treatment of reti-
nitis pigmentosa and leukaemia (Berson et al.,
1993). It also helps to promote growth and 
longevity, maintains health and vigour and it 
is essential for normal reproduction, lactation 
and bearing of children. It promotes appetite 
and digestion. Several studies showed that 
people suffering from cystic fibrosis have 
vitamin A deficiency (Borowitz et al., 2002). 
Hypervitaminosis or vitamin A toxicity can 
occur when a high dose of vitamin A is taken 
(21,600 IU day−1 or more) for an extended 
period of time. The main symptoms of hyper-
vitaminosis include abnormal softening of 
the skull bone, blurred vision, bone pain, 
decreased appetite, dizziness, headache, 
increased intracranial pressure, irritability, 
liver damage, nausea, skin and hair changes 
and vomiting. Complications include exces-
sive high levels of calcium (hypercalcaemia), 
kidney and liver damage.

19.4.2 Vitamin D

Vitamin D (Fig. 19.2) is essential for life in 
higher animals. It is an oil-soluble vitamin 

and is known as the sunshine vitamin because 
it is synthesized when the ultraviolet rays of 
the sun hit the skin. Cholesterol, a precursor 
of vitamin D, may change into cholecalciferol 
(D-3) in the skin, which is similar to naturally 
occurring vitamin D in fish liver oils. 
Chemical laboratories have managed to syn-
thesize D-3, as well as a number of stronger 
members of the vitamin D group including 
vitamin D-2, D-4, D-5 and D-6. Vitamin D is 
needed to regulate the absorption of calcium 
and phosphorus. Thus, it is important for the 
calcification of bones and teeth (Cranney 
et al., 2007), promotes growth in children 
and prevents rickets. Vitamin D is also 
involved in cell differentiation and growth 
of keratinocytes and cancer cells. It also 
plays an important role in the secretion of 
parathyroid and insulin (Alvarez and 
Ashraf, 2010). Requirement for vitamin D has 
never been precisely defined because vita-
min D is produced in the skin after exposure 
to sunlight. Vitamin D is essential for the 
treatment of osteoporosis, autoimmune dis-
eases, heart diseases, diabetes, hypertension 
and cancer (Guyton et al., 2003). Hyper-
vitaminosis or vitamin D toxicity is a condi-
tion that occurs after taking a high dose of 
vitamin D (50,000 IU day−1 or more) for sev-
eral months. This level is much higher than 
the recommended dietary allowance (RDA; 
2000 IU day−1 for adults). Due to excess of 
vitamin D, the calcium level increases abnor-
mally in the blood, which is termed hyper-
calcaemia (Vieth 2007). High levels of 
calcium cause bone damage and kidney 
failure. The main symptoms of hypervitami-
nosis include constipation, decreased appe-
tite (anorexia), dehydration, fatigue, irritability, 
muscle weakness and vomiting. Complications 
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include hypercalcaemia, dehydration and 
kidney damage due to stone formation.

19.4.3 Vitamin E

Vitamin E (tocopherol, Fig. 19.3) is found in 
cell membranes and fat depots. There are 
eight stereoisomers of each of the tocopherols, 
occurring in alpha, beta, gamma and delta 
forms. The chemical structure of vitamin E is 
shown in Fig. 19.3. It plays an important role in 
the protection of polyunsaturated fatty acids 
(PUFA) from oxidation (Clarke et al., 2008). 
PUFAs are particularly sensitive to oxidative 
damage and the protective role of vitamin E is 
supported by a similar antioxidant protection 
from vitamin C and selenium. One tocoph-
erol molecule can protect 100 or more PUFA 
molecules from autoxidative damage (Pryor, 
2001). The various forms of vitamin E have 
different biological activity. Many forms of 
vitamin E are not present naturally but they 
may be synthesized. The relative activities of 
each form are complex. Several studies indi-
cate that naturally occurring vitamin E has 
more (approximately twice) bioactivity in 
humans than synthetic vitamin E (Burton et al., 
1998). The RDA for vitamin E is 15 mg day−1 of 
naturally occurring α-tocopherol for adults 
above 19 years of age, during pregnancy 
15 mg day−1 is recommended and 19 mg day−1

for lactation. Vitamin E (tocopherol), besides 
a role in skin healing, is also involved in pre-
vention of cardiovascular diseases (Keaney 
et al., 1996) and cancer (Zhang et al., 2002). 
It also plays an important role in treatment 
of diabetes cataracts and enhances specific 
aspects of the immune response (Wang 
et al., 2004). Hypervitaminosis or vitamin E 
toxicity is a condition that occurs after tak-
ing higher doses of vitamin E (more than 
1600 IU day−1). This level is much higher 
than the RDA (1000 IU day−1 for adults). 

The main symptoms of hypervitaminosis 
include increased bleeding, increased tri-
glyceride, decreased production of thyroid 
hormones and decreased activity of vitamin K. 
Complications include haemorrhage, pros-
tate cancer and heart failure.

19.4.4 Vitamin K

Vitamin K (Fig. 19.4) is derived from the first 
letter of the German word Koagulation. The 
physiological role of vitamin K is in the pro-
cess of blood coagulation. Its plays an impor-
tant role in the formation of prothrombin 
and the bone-forming protein osteocalcin 
(Giammanco et al., 2012). Vitamin K is also 
synthesized by bacteria present in human 
gut but it may not maintain the status of 
vitamin K because it is biologically inactive. 
The drug warfarin, widely prescribed as an 
anticoagulant, functions through inhibition 
of vitamin K. As a result, alterations in 
vitamin K intake can influence the efficacy of 
warfarin. The recommended intake is based 
on an adequate daily intake of 120 mg day−1.
Vitamin K plays a role in the prevention of 
osteoporosis (Vermeer et al., 1998), vascular 
calcification (Schurgers et al., 2001) and car-
diovascular diseases. There is no adverse 
effect reported for higher levels of vitamin K 
intake from food or food supplements. Also, 
there are no reported toxicity symptoms for 
vitamin K. One important exception to these 
toxicity results involves a synthetic form of 
vitamin K called menadione. The main symp-
toms of menadione hypervitaminosis include 
thrombosis, vomiting and jaundice in the 
newborn. Complications include anaemia, 
nerve cell damage and haemolysis.

19.4.5 Vitamin B1 (thiamine)

Thiamine (Fig. 19.5) was the first vitamin to 
be identified. It is involved in the treatment 
of Alzheimer’s disease (Ahmed et al., 2011), 
congestive heart failure (Wilkinson et al.,
2000) and cancer (Comin-Anduix et al., 2001). 
In modern times, thiamine deficiency is seen 
most commonly in association with chronic 
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Fig. 19.3. Chemical structure of vitamin E.
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alcoholism. Only a small percentage of large 
doses are absorbed, and elevated serum lev-
els result in its active urinary excretion. After 
an oral dose of the vitamin, peak excretion 
occurs in about 2 h (Davis et al., 1984). Total 
body thiamine content in adults is approxi-
mately 30 mg with a half-life of 9 to 18 days. 
The RDA for thiamine in adult women is 
1.1 mg day−1 and in adult men it is 1.2 mg day−1.
The RDA under pregnancy and lactation is 
1.4 mg day−1. There are no reports of adverse 
effects from the consumption of excess thia-
mine consumed through food or supplements.

19.4.6 Vitamin B2 (riboflavin)

Riboflavin (Fig. 19.6) deficiency causes sore 
throat, redness and oedema of the throat and 
oral mucous membranes, cheilosis (cracking 
of the skin around the mouth) and glossitis 
(red tongue) (Rivlin, 2001). Vitamin B2 defi-
ciency most often occurs in combination with 
other nutrient deficiencies. The members of 
the vitamin-B complex are related to each 
other; for example, for niacin synthesis, ribo-
flavin is required, and riboflavin is necessary 
for vitamin B6 for conversion to the active 
coenzyme (Powers, 2003). Chemical structure 
of vitamin B2 is shown in Fig. 19.6. The RDA 
for riboflavin has been set at 1.3 mg day−1

for men and 1.1 mg day−1 for women age 
70 years and older. For pregnancy, the RDA 
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for riboflavin is set at 1.4 mg day−1 and it is 
1.6 mg day−1 for lactation. The excess ribofla-
vin is not stored in the body and is excreted 
through urine. No adverse effects associated 
with riboflavin consumption from food or 
supplements have been reported. Even a 
single dose of riboflavin (up to 60 mg oral and 
11.6 mg intravenous) has not shown any 
adverse effect (Zempleni et al., 1996).

19.4.7 Vitamin B3 (niacin)

Niacin (Fig. 19.7) is the name for both nicoti-
namide and nicotinic acid, either of which 
can act as a precursor of nicotinamide coen-
zymes. The chemical structure of vitamin B3

is given in Fig. 19.7. Niacin is required for the 
synthesis of two coenzyme molecules, NAD 
and NADP, which are involved in several 
metabolic functions such as fatty acid syn-
thesis etc. The coenzymes, the active form of 
niacin, are synthesized in all tissues of the 
body. The concentration of niacin is directly 
proportional to absorbed nicotinic acid and 
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nicotinamide, as well as conversion of the 
amino acid tryptophan (60 mg tryptophan = 
1 mg niacin). Pellagra is the classical manifes-
tation of niacin deficiency. The RDA for adult 
males is 16 mg day−1 of niacin equivalents, 
and the RDA for woman aged 19 to over 
70 is 14 mg day−1. In pregnant woman the 
RDA is 18 mg day−1 of niacin equivalents and 
in lactating women it is 17 mg day−1.

19.4.8 Vitamin B5 (pantothenic acid)

Pantothenic acid (Fig. 19.8) is widespread in 
our diet. The word pantothenic acid has been 
derived from the Greek word, meaning ‘from 
everywhere’. Animals and humans are unable 
to synthesize pantoic acid, a moiety of the vita-
min, so it is essential in our diet. Pantothenic 
acid plays an important role in wound heal-
ing (Vaxman et al., 1990). Pantothenic acid is 
also involved in several metabolic processes, 
such as oxidative metabolism, cell membrane 
formation, cholesterol and bile salt produc-
tion, energy storage and activation of some 
hormones (Miller et al., 2001; Braun and 
Cohen, 2005). Many health claims are made 
regarding the role of pantothenic acid in ame-
liorating rheumatoid arthritis, lowering cho-
lesterol, enhancing athletic performance and 
preventing greying of hair (Miller et al., 2001). 
The Food and Nutrition Board (1998) estab-
lished an adequate intake level (AI) for panto-
thenic acid of 5.0 mg day−1 for adult men and 
women, 6.0 mg day−1 during pregnancy and 
7.0 mg day−1 during lactation.

19.4.9 Vitamin B6 (pyridoxine)

Vitamin B6 (Fig. 19.9) can lower the concen-
tration of homocysteine and hence lower the 
risk of cardiovascular disease (Ebbing et al.,
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2010), kidney stones (Mackey et al., 2005) and 
improve cognitive functions (Balk et al., 2007). 
It may also be useful in the treatment of 
pathologies such as premenstrual syndrome 
(PMS), side effects of oral contraceptives, 
nausea and vomiting in pregnancy, depres-
sion and carpal tunnel syndrome. Vitamin B6

serves as a coenzyme and plays an important 
role in the metabolism of amino acids and 
glycogen. The synergistic effect of vitamin B6

and folate has been shown to reduce the 
plasma concentrations of homocysteine and 
decrease the risk of cardiovascular disease. 
The RDA for vitamin B6 is 1.3 mg day−1 for 
adult men and women up to the age 50 years. 
The RDA for people over 50 years of age is 1.7 mg 
day−1 for men and 1.5 mg day−1 for women. 
The RDA for pregnant women is 1.9 mg day−1

and for lactating women, 2.0 mg day−1.

19.4.10 Vitamin B7 (biotin)

Biotin (Fig. 19.10) plays an important role in 
fatty acid metabolism and gluconeogenesis 
because it acts as a coenzyme for this reaction. 
Besides its role as a carboxylase prosthetic 
group, it also affects gene expression and has 
a wide effect on biological functions (Mejia, 
2011). Biotin is present in a significant quan-
tity so deficiency is rare but it has been noted 
in patients on parenteral nutrition without 
biotin supplementation (Zempleni and Mock, 
1999). Lipoic acid and biotin have a similar 
structure, thus there is competition for intesti-
nal or cellular uptake. The Food and Nutrition 
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Board established an AI for biotin due to 
insufficient data to set an RDA. Adult men 
and women have an AI of 30 mg day−1. Biotin 
(vitamin H or B7) plays an important role in 
the prevention of some birth defects 
(Zempleni and Mock, 2000) and in the treat-
ment of diabetes (Larrieta et al., 2012), brittle 
fingernails (Scheinfeld et al., 2007) and sebor-
rheic dermatitis (Schwartz et al., 2006).

19.4.11 Vitamin B9 (folate)

Vitamin B9 (Fig. 19.11) is present in different 
chemical forms (Wagner, 1996). The most sta-
ble form of folate is folic acid, which rarely 
occurs in our diet. The main function of folate 
is in the synthesis of DNA and purine. Folate 
is also involved in amino acid metabolism. 
It plays an important role in conversion of 
homocysteine to methionine. This reaction 
may lower the risk of cardiovascular diseases 
because concentration of homocysteine is de-
creased in plasma (Bazzano, 2009). Pregnant 
women are at risk of developing folate defi-
ciency because of the heightened demands 
imposed by increased synthesis of DNA. Low 
folate status is associated with poor preg-
nancy outcome, low birth weight and fetal 
growth retardation (Scholl and Johnson, 2000).

19.4.12 Vitamin B12 (cyanocobalamin)

Cyanocobalamin is also known as vitamin B12

(Fig. 19.12). It is essential for normal blood for-
mation and neurological function. Vitamin B12 is 
absorbed in our body by different mechanisms, 
for example in the stomach it is dissociated 
from proteins in the presence of hydrochloric 
acid and then it binds with intrinsic factor in 
the intestine for absorption. If proper absorption 
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Fig. 19.10. Chemical structure of vitamin B7.

of this vitamin does not take place, malabsorp-
tion occurs and the resulting condition is called 
pernicious anaemia. The anaemia caused by 
deficiency of vitamin B12 (completely reversed 
by addition of B12) is different from anaemia 
caused by folate deficiency. The RDA of vitamin 
B12 for men and women is 2.4 mg day−1 intake 
from food or supplements. Vitamin B12 helps in 
the prevention of diseases concerning neural 
tube defects, cardiovascular disease, cancer, 
depression, Alzheimer’s disease and dementia.
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Fig. 19.12. Chemical structure of vitamin B12.
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19.4.13 Vitamin C (ascorbic acid)

Vitamin C (Fig. 19.13) is a water-soluble white 
crystalline solid. It has a –OH group and a 
mono anion which is the most favoured form 
and hence exists as an ascorbate. Plants and 
most animals can synthesize ascorbate but 
humans and other primates do not contain 
the enzyme gluconolactone oxidase, which is 
required in the final step of ascorbate synthe-
sis. Hence, humans have to derive ascorbic 
acid only from the diet. Deficiency of ascor-
bate in the diet causes scurvy. Ascorbic acid 
acts as an antioxidant under in vitro condi-
tions (Sebastian et al., 2003). Ascorbic acid is a 
potent antioxidant in animals and plants, and 
is important in the synthesis of collagen 
(Sharma et al., 2008). Some evidence indicates 
that vitamin C plays an important role in 
inhibiting viral replication (Johnston, 2001). 
Some epidemiological evidence indicates 
vitamin C also lower the risk for myocardial 
infarction (Padayatty and Levine, 2000). 
However, it has no effect on increasing iron 
absorption from haem iron (Johnston, 2001). 
The current requirement of vitamin C is 
90 mg day−1 for adult men and 75 mg day−1

for adult women. During pregnancy the 
RDA is 85 mg day−1 and 120 mg day−1 during 
lactation. The upper limit for vitamin C is 
2 g day−1. Vitamin C is involved in preven-
tion of some diseases such as scurvy, lead 
toxicity, cancer, cataracts and cardiovascular 
diseases such as coronary heart disease and 
stroke.

19.5 Dietary Minerals

Dietary minerals are inorganic substances 
that serve a variety of functions such as cofac-
tors in enzyme-catalysed reactions, in the 
regulation of acid–base balance (Riond, 2001; 
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Fig. 19.13. Chemical structure of ascorbic acid.

Heil, 2010), in nerve conduction and muscle 
irritability and as structural elements in the 
body. Some of the more important minerals 
are calcium, phosphorus, sodium, potas-
sium and iron. Minerals can be divided into 
two types: macro and micro. Macrominerals 
are needed in grams per day, whereas 
microminerals are needed in milligrams or 
parts per million (PPM). Microminerals are 
often called trace minerals. Dietary miner-
als and their sources are summarized in 
Table 19.4.

19.6 Functions of Dietary Minerals

19.6.1 Calcium

Calcium is the most common mineral in the 
human body. It helps in building bones, teeth, 
muscle and nerves. It counteracts acidity, aids 
in vitality and soothes the nerves thus 
decreasing nervousness. Calcium is needed 
for the contraction of all muscles. Calcium 
contracts the heart muscles whereas potas-
sium and sodium relax the heart muscles. 
Calcium toxicity is rare, but over consump-
tion of calcium supplements may lead to 
deposits of calcium phosphate in the soft tis-
sues of the body. Higher concentration of 
phosphate in body can cause hypocalcaemia 
and deposit of calcium phosphate crystals in 
various tissues of the body. Deficiency symp-
toms include osteoporosis (together with 
vitamin D) (Lanham-New, 2008), rickets 
(Pettifor, 2008) and osteomalacia (Bhambri 
et al., 2006).

19.6.2 Magnesium

Magnesium is important in the metaboliza-
tion of calcium and vitamin C, the mainte-
nance of structure of DNA and RNA, as an 
activator of enzymes and in the pH balance. 
Magnesium toxicity causes various GI symp-
toms, including diarrhoea, abdominal cramps 
and nausea. As magnesium levels increase, it 
can result in confusion, loss of appetite, diffi-
culty in breathing and low blood pressure. 
Deficiency symptoms include hypertension, 
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heart diseases (Bo and Pisu, 2008), osteoporosis 
(Tucker et al., 1999; Stendig-Lindberg et al.,
2004), migraine, headaches (Mauskop and 
Altura, 1998), hypocalcaemia and loss of 
appetite.

19.6.3 Potassium

Potassium, along with sodium, is needed 
for relaxation of the heart muscle, as well as 
for all muscles in the body. It aids in pro-
ducing alkalinity of the body, stimulates 
the liver, aids in the heartbeat and is also 
needed for proper functioning of the nerv-
ous system. Potassium toxicity can cause 
hyperkalaemia and cardiac arrhythmias or 
even death due to cardiac arrest. However, 
food consumption may cause mild increases 
in the concentration of potassium in the 
bloodstream. Mild higher levels do not 
causes toxicity due to continuous uptake 
of potassium by various cells of the body, 
as well as by the action of the kidneys, 
which transfer potassium ions from the 
blood to the urine. Deficiency symptoms 
include osteoporosis (Zhu et al., 2009), 
strokes (Bazzano et al., 2001), kidney stones 
(Melanie et al., 2009), hypertension and 
skin problems.

19.6.4 Chromium

Chromium is needed to maintain the blood 
sugar level, glucose metabolization and in the 
synthesis of fatty acids. Chromium toxicity 
mostly occurs in industrial workers and it 
causes irritation in the nose, ulcers or holes 
may develop in the nasal septum and stom-
ach also. If skin comes in contact with chro-
mium (VI) compounds, it can lead to skin 
ulcers, allergies, rashes, redness, itching and 
swelling in the affected area. It can cause res-
piratory problems such as difficulty in breath-
ing and coughing and may lead to bronchitis 
or asthma. Deficiency symptoms include car-
diovascular diseases (Kobla and Volpe, 2000) 
and diabetes (Sundaram et al., 2012).

19.6.5 Copper

Copper aids in iron metabolization, which is 
needed for skin and hair pigmentation, bone 
formation and in the synthesis of haemoglo-
bin and production of red blood cells. Copper 
toxicity occurs due to two genetic diseases, 
i.e. Wilson’s and Menkes’ disease, both of which 
are rare but occur 1 in 100,000 births. Both 
diseases involve mutations resulting in the 
synthesis of proteins that transport copper 

Table19.4. Different sources of dietary minerals.

Minerals Sources

Calcium Leafy green vegetables, soybeans, fish, meat, milk, egg etc.
Phosphorus Almonds, wheatgerm, soybeans, black beans, milk, peas, meat, fish, eggs, 

cottage cheese etc.
Potassium Spinach, beans, oranges, peas, fruits, nuts, butter, milk, meat etc.
Sodium Table salt, eggs, meat, milk, cheese, butter, margarine, bacon etc.
Sulfur Protein, e.g. meat, fish, milk
Manganese Vegetables and most other foods
Iron Green vegetables, lentils, potatoes, soybeans, chick peas, black beans, 

spinach, liver, eggs, meat etc.
Fluorine Water, milk etc.
Nitrogen Protein, e.g. meat, fish, milk etc.
Manganese Vegetables and most other foods; bone development (a growth factor)
Iodine Seafoods, e.g. fish, shellfish, fish oil
Molybdenum Brown rice, millet, buckwheat, brewer’s yeast, legumes, naturally hard water
Zinc Whole-grain breads, cereals, liver, eggs, seafood
Copper Almonds, peas, beans, green leafy vegetables, whole-grain products, 

prunes, raisins
Cobalt Liver, red meat
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through cell membranes. Wilson’s disease 
tends to occur in teenagers and in young 
adults. In this disease copper accumulates in 
the liver, kidney and brain resulting in damage 
to the liver and nervous system. Wilson’s dis-
ease can be successfully controlled by lifelong 
treatment with D-penicillamine. Treatment 
also involves avoiding foods that are high in 
copper, such as liver, nuts, chocolate and mol-
luscs. Wilson’s disease may be treated with 
zinc supplements to inhibit the absorption of 
dietary copper. Deficiency symptoms include 
impairment of immune system functions and 
osteoporosis (Eaton-Evans et al., 1996).

19.6.6 Fluorine

Fluorine plays an important role in strength-
ening the bones, teeth and enamel of the 
teeth and protects against infections. It also 
increases the metabolization of calcium. 
Fluoride toxicity occurs due to ingestion (acci-
dental or intentional) of fluoride-containing 
products. Ingested fluoride initially acts on the 
intestinal mucosa. It can form hydrofluoric 
acid in the stomach, which leads to GI irrita-
tion or corrosive effect. After absorption, fluo-
ride binds calcium ions and may lead to 
hypocalcaemia. Fluoride has direct cytotoxic 
effects and interferes with a number of enzyme 
systems such as oxidative phosphorylation, 
glycolysis, coagulation and neurotransmission. 
Deficiency symptoms include dental caries 
and osteoporosis (Riggs et al., 1990).

19.6.7 Iodine

Iodine is important in regulating the meta-
bolic function of the thyroid. It plays an 
important role in prevention of goitre and 
albuminous toxins in the blood. Iodine toxic-
ity results in impaired thyroid hormone for-
mation, resulting in lower levels of thyroid 
hormone in the bloodstream. Iodine toxic-
ity produces ulcers on the skin called ‘kelp 
acne’ because of its association with eating 
kelp, an ocean plant that contains high lev-
els of iodine. Iodine toxicity is common in 
Japan, where large quantities of seaweed are 

consumed as food source. Deficiency symp-
toms includes thyroid cancer (Zanzonico and 
Becker, 2000), goitre and cretinism.

19.6.8 Selenium

Selenium is a trace mineral that is required 
only in small amounts. Selenium is conjugated 
with proteins to make selenoproteins, which 
act as antioxidant. The antioxidant properties 
of selenoproteins help prevent cellular dam-
age from free radicals. Free radicals are natural 
by-products of oxygen metabolism that may 
contribute to the development of chronic dis-
eases such as cancer and heart disease. Other 
selenoproteins help regulate thyroid function 
and play an important role in functioning of 
immune system. Selenium toxicity occurs in 
some parts of China, where soils contain high 
levels of selenium that are then found in foods 
and water. Early signs of selenium toxicity 
include nausea, weakness and diarrhoea. 
Deficiency symptoms include general fatigue, 
hypothyroidism and mental fatigue.

19.6.9 Zinc

Zinc is essential in the synthesis of nucleic 
acids and aids in the metabolism of vitamins, 
especially the B-complex factors. It is found in 
the enzymes that aid digestion and metaboli-
zation. Zinc toxicity is rare but can occur in 
metal workers who are exposed to fumes 
containing zinc. Excessive dietary supple-
ments of zinc can result in nausea, vomiting, 
diarrhoea, and copper deficiency because 
zinc inhibits the absorption of copper. Defi-
ciency symptoms include disturbances of nor-
mal physiology, growth and development 
(Hambidge, 2000), hypozincaemia (abdominal 
pain, nausea, vomiting, diarrhoea, lethargy, 
anaemia and dizziness) and anorexia.

19.7 Conclusions

In conclusion, the literature on vitamins and 
minerals suggests that these are essential 
nutrients for proper functioning of our body 
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system. Some vitamins act as cofactors or in 
partnership with other vitamins, minerals, 
nutrients and other substances in the body 
such as enzymes. Two of the most essential 
and powerful vitamin partnerships are the 
group of eight vitamins that make up the 
nutritional powerhouse that is collectively 
known as the vitamin B complex and the 

group of two vitamins (C and E) that are 
known as antioxidant vitamins. In addition, 
there are varieties of other combinations of 
vitamins that serve essential purposes within 
the body thus preserving health and enhanc-
ing function. Nutritional supplements can 
ensure that our body has enough nutrients 
that support these important partnerships.
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20.1 Introduction

20.1.1 Definitions and terms

GENOMICS. The study of the genomes of 
organisms for determining the entire DNA 
sequence of organisms and fine-scale gene-
tic mapping (Balammal and Jayachandra 
Reddy, 2012), while the genome is the set 
of all genes, regulatory sequences and 
other information contained within the 
non-coding regions of DNA of an organism 
(Roth et al., 1998).

NUTRITIONAL GENOMICS. The science of the rela-
tionship between human genome, nutrition 
and health (Ordovas and Corella, 2004) or the 
genetic manipulation of plants to create vita-
mins and minerals that will improve human 
diet and analysis of an organism’s set of 
genes; hence, it is an area of science that looks 
at how environmental factors, such as diet, 
influence the genetic make-up (Ordovas and 
Mooser, 2004).

NUTRIGENETICS. Nutrigenetics is the inter-
play between nutrition and genetics of an 

individual, a branch of science concerned 
with the effect of heredity on diet and nutri-
tion (Simopoulos, 2010). The term ‘nutrige-
netics’ is used for scientific investigation of 
impact of changes in inherited traits of 
nuclear DNA due to any specific metabolic 
dysfunction that ultimately results in chronic 
disorder or damage (Simopoulos, 2010; 
Manzelli, 2012). According to WHO reports 
diet factors influence occurrence of more than 
two-thirds of diseases and most of these fac-
tors belong to the categories of nutrigenetics. 
In other words, nutrigenetics concerns indi-
vidual differences in the reaction to food 
based on the genetic factors and analyses 
direct influences of nutrients on gene expres-
sion (Svacina, 2007).

PROTEOMICS. The study of structures and func-
tions of protein and makes an analogy with 
genomics, so proteomics is the study of the 
genes while proteome is the entire comple-
ment of proteins, including the modifications 
made to a particular set of proteins produced 
by an organism or system. The word ‘pro-
teome’ was coined by Marc Wilkins in 1994 
by the blend of ‘protein’ and ‘genome’ 
(Wilkins et al., 1996; James, 1997).
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METABOLOMICS. The systematic study of the 
unique chemical fingerprints that specific 
cellular processes leave behind with study of 
their small-molecule metabolite profiles and 
increasingly being used in a variety of health 
applications including pharmacology, pre-
clinical drug trials, toxicology, transplant 
monitoring, newborn screening and clinical 
chemistry (Nanda et al., 2011), while the 
metabolome is the collection of all metabolites 
in a biological cell, tissue, organ or organism, 
and end products of cellular processes 
(Daviss, 2005).

GENE EXPRESSION. The process by which infor-
mation from a gene is used in the synthesis of 
a functional gene product like proteins, but in 
non-protein coding genes, such as ribosomal 
RNA (rRNA), transfer RNA (tRNA) or small 
nuclear RNA (snRNA) genes, the product is 
a functional RNA and this process is used 
by every living thing, including eukaryotes, 
prokaryotes and viruses, to generate the mac-
romolecules for their body. This process 
occurs in two major stages: (i) transcription, in 
which the gene is copied to produce an RNA 
molecule with essentially the same sequence 
as the gene; and (ii) protein synthesis, known 
as translation (Twyman, 2003; Brandenberg 
et al., 2011).

GENOTYPE. This is the genetic makeup of a 
cell, an organism, or an individual with ref-
erence to a specific character, which is the 
internally coded, inheritable information, 
carried by all living organisms and this 
stored information is used as a blueprint 
or set of instructions for building and 
maintaining a living creature (Brandenberg 
et al., 2011).

PHENOTYPE. The composite of an organism’s 
observable characteristics or traits such as its 
morphology, development, biochemical or 
physiological properties, phenology, behav-
iour and products of behaviour such as physi-
cal parts; the sum of the atoms, molecules, 
macromolecules, cells, structures, metabo-
lism, energy utilization, tissues, organs, 
reflexes and behaviours of a living organism 
(Brandenberg et al., 2011).

POLYMORPHISM. Polymorphism in biology occurs 
when two or more clearly different pheno-
types exist in the same population of a species; 
the occurrence of more than one form or 
morph (Brandenberg et al., 2011).

ALLELE. An allele is one of two or more forms 
of a gene or a genetic locus used for an abbre-
viation of allelomorph and different alleles 
can result in different observable phenotypic 
traits, such as different pigmentation 
(Brandenberg et al., 2011).

EPIGENETIC. A modification of gene expression 
that is independent of the DNA sequence of 
the gene (Egger et al., 2004). The current defi-
nition of epigenetics is the study of heritable 
changes in gene expression that occur inde-
pendent of changes in the primary DNA 
sequence and these heritable changes are 
established during differentiation and are 
stably maintained through multiple cycles 
of cell division, enabling cells to have dis-
tinct identities while containing the same 
genetic information. This heritability of gene 
expression patterns is mediated by epige-
netic modifications, which include methyla-
tion ofcytosine bases in DNA, post-translational 
modifications of histone proteins as well as 
the positioning of nucleosomes along the 
DNA (Sharma et al., 2010).

20.1.2 Nutrigenomics

Let food be thy medicine and medicine 
thy food

(Hippocrates 400 BC)

Nutrigenomics is the study of how naturally 
occurring chemicals in foods alter molecular 
expression of genetic information in each 
individual. The term nutrigenomics is used 
for changes in gene expression or its effects 
due to specific dietary pattern, functional 
food or supplement on a specific health out-
come (Fenech, 2005), so called as the ‘next 
frontier in the post genomic era’ (Castle and 
Ries, 2007). It can be described as the study of 
the relationship between genes, diet, life-
style and health, which may regulate gene 
function like transcription, translation and 
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metabolism, i.e. diet–gene interaction (Ordovas 
and Mooser, 2004).

Nutrigenomics focuses on the under-
standing that nutrition influences metabolism 
and maintenance of the internal equilibrium 
in the body, and this regulation affects diet-
related diseases (Ordovas and Corella, 2004) 
and offers a powerful and exiting approach to 
unravel the effect of diet on health. In the past, 
nutrition research concentrated on nutrient 
deficiency and impairment of health, but 
nutrigenomics creates a junction between 
healthy diet and genomics and it will pro-
motes an increased understanding of how 
nutrition influences metabolic pathways and 
homeostasis control.

Biomedical researchers, private sector 
firms, the public (Caulfield et al., 2008) and the 
food industry recognize the need for nutrig-
enomics research as a basis for developing the 
concept of ‘personalized diet’ for identifying 
molecular biomarkers. Over the past few 
years, there has been rapid increase in the 
interest in nutrigenomics as a research topic 
because it is an area that has been viewed as 
worthy of public funding, both as a topic of 
basic scientific inquiry and as a field with 
health care and commercialization possibili-
ties (Ordovas and Corella, 2004). The new sci-
entific understanding of nutrigenomics has 
led to the increase of commercial develop-
ment of nutraceutical and functional foods 
that can modify the negative health effect of 
individual genetic profiles (Marotta et al., 
2012).

The main aim of nutrigenomics is to 
improve dietary advice, development of 
health-promoting supplements, preventive 
strategies and the reduction of healthcare cost 
(Ordovas and Mooser, 2004). The coming 
years will likely require patience, realistic 
expectations and strong advocacy for the 
needed research funding, and a major focus 
of nutrition research is on prevention of 
chronic disease such as cardiovascular disease, 
metabolic disorders and cancer (Afman and 
Muller, 2006).

More than simply managing or treating 
disease or the symptoms associated with dis-
ease, nutrigenomics will be used to identify 
susceptibilities to disease and implement 
proactive measures to help individuals avoid 

contracting said disease in the first place, and 
we can say that nutrigenomics research will 
lead to development of evidence-based healthy 
food and lifestyle advice and dietary interven-
tion for contemporary humans (Ordovas and 
Mooser, 2004). The advent of modern science 
led to the realization that not only are certain 
nutrients essential but also that a specific 
quantity of each is necessary for optimal health, 
thereby leading to such notions as dietary rec-
ommendations, nutritional epidemiology, and 
the realization that food can directly contrib-
ute to disease onset. In this regard the onset 
of diseases during human development is 
clearly defined by both environmental influ-
ences like diet, smoking education, physical 
activity etc. and heredity, indicat  ing that 
both aspects must be considered to optimize 
health (Ordovas and Corella, 2004).

The excitement about nutrigenomics 
comes from a growing awareness of the 
potential for modifications of food or diet to 
support health and reduce the risk of diet-
related diseases, thus by identifying indi-
vidual genetic predispositions for chronic 
diseases and the potential for individual’s 
response to dietary intervention, these dis-
eases may be effectively prevented by proper 
dietary intake. For this, nutrigenomics brings 
together the science of bioinformatics nutri-
tion, molecular biology genomics, epidemiol-
ogy and molecular medicine (Neeha and 
Kinth, 2012).

Nutrigenomics is the application of high-
throughput genomics tools to the study of 
diet–gene interactions in order to identify 
dietetic components having beneficial or 
detrimental health effects (Miggiano and 
De Sanctis, 2006). Traditionally, biomarkers 
related to onset of disease or organ damage 
were used to quantify the effects, but now it 
becomes necessary to quantify phenotype 
changes that are very close or within the range 
of health state (Van Ommen et al., 2008) and 
has primarily focused on nutrient deficiencies 
and the relation between nutrition and health. 
The advent of genomics has created unprece-
dented opportunities for increased under-
standing of nutrients modulating gene and 
protein expression and ultimately influence 
cellular and organizational metabolism 
(Busstra et al., 2007).
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Normally nutrigenomics embodies three 
normative concepts: (i) food is exclusively 
interpreted in terms of disease prevention; 
(ii) striving for health is interpreted as the 
quantification of risks and prevention of dis-
eases through positive food–gene interac-
tions; and (iii) the normative idea is that 
disease prevention by the minimization of 
risks is an individual’s task (Korthals, 2011).

Nutritional factors are thought to be the 
cause of 30–60% of cancers; cases of diabetes, 
cardiovascular diseases and obesity are 
increasing rapidly (Zeisel, 2010). The concep-
tual basis for this new branch of genomic 
research can best be summarized by the fol-
lowing five tenets of nutrigenomics (DeBusk 
et al., 2005):

1. Under certain circumstances and in some 
individuals, diet can be a serious risk factor 
for a number of diseases.
2. Common dietary chemicals can act on the 
human genome, either directly or indirectly to 
alter gene expression or structure.
3. The degree to which diet influences the bal-
ance between healthy and disease states may 
depend on an individual’s genetic makeup.
4. Some diet-regulated genes are likely to 
play a role in the onset, incidence, progression 
and severity of chronic disease.
5. Dietary intervention based on knowledge 
of nutritional requirement, nutritional status 
and genotype can be used to prevent, mitigate 
or cure chronic diseases.

Nutrigenomics is therefore significant not 
only as a matter of improving public health 
but also becomes a tool in nutritional research.

20.1.3 Benefits of nutrigenomics

Scientific studies show that nutrients in food 
can cause changes in the behaviour of genes 
and some findings suggest that nutrients can 
reduce the risk of cancer and other diseases 
and through it, researchers hope to find ways 
to use food to prevent, cure and reduce the 
risk of diet-related disease; benefits include 
a growth in concern on one’s health and 
the chance to have a personalized nutrition 
optimized for good health, discovering 
genetic vulnerabilities, which can be a strong 

motivating factor to encourage people to 
make the necessary dietary and lifestyle 
changes, and the high chances of heeding the 
advice that they have paid for. Profiling and 
analysing one’s DNA may cost between 
US$300 and US$3000 and large-scale food cor-
porations are spending fortunes on nutrig-
enomics, and on development of enhanced or 
fortified products to deliver personalized 
diets, and multinational corporations special-
izing in skin care, anti-ageing and beauty 
products are using nutrigenomics (Castle and 
Ries, 2007).

The main aims of nutrigenomics are:

1. Obtaining a personalized dietary regimen 
may encourage people to become more health 
conscious.
2. People are more likely to heed advice that 
they pay for.
3. Discovering genetic susceptibilities can be 
a strong motivator for making dietary and 
lifestyle changes.
4. The safe upper and lower limits for essen-
tial macronutrients such as proteins, carbohy-
drates, fats and micronutrients such as 
vitamins and minerals will be better defined 
and understood.
5. Diseases may be avoided or ameliorated.
6. Unnecessary vitamins and other dietary 
supplements can be avoided.
7. People whose health is relatively unaf-
fected by diet can continue to eat foods that 
they enjoy.
8. Lifespan may be extended.

The following studies are responding to the 
established nutritional market for seeking 
new tools to enhance health.

Nutrigenomics: genes can tell us what to eat

The ability of cells to adapt to environmental 
change by regulation of gene expression is 
essential for organism survival and organisms 
vary their gene expression in the absence or 
presence of nutrients by increasing and 
decreasing production of cellular proteins 
necessary for life-sustaining function. A per-
fect example of this evolutionary process is 
the development of a gene mutation that 
alters the ability to tolerate lactose, and adult 
mammals typically are unable to digest lactose. 
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Ultimately, the science of nutrigenomics 
promises to offer health practitioners greater 
knowledge, enabling them to predict poten-
tial genetic responses to nutritional intake 
and to target and modify associated behav-
iour (Zeisel et al., 2005).

Nutrigenomics explains omega-3’s 
immune health benefits

Omega-3 fatty acids not only lower low-
density lipoprotein (LDL) cholesterol, but 
also help raise good high-density lipopro-
tein (HDL), cholesterol which can provide 
protection against certain cancers, heart 
diseases, arthritis, degenerative eye disease, 
and high blood pressure. These fatty acids 
are found in walnuts, canola oil, and flax-
seeds but the best source is cold-water fish. 
A specific omega-3 fatty acid called eicosa-
pentaenoic acid was shown to reduce 
expression of inflammatory genes in arthritic 
canine cells (Balk et al., 2006; Bouwens et al., 
2009; Bahadori et al., 2010).

Omega-3 fatty acids are highly concen-
trated in the brain and appear to be important 
for brain memory and performance and 
behavioural function. In fact, infants who do 
not get enough omega-3 fatty acids from their 
mothers during pregnancy are at risk for 
developing vision and nerve problems; 
symptoms of omega-3 fatty acid deficiency 
include fatigue, poor memory, dry skin, heart 
problems, mood swings or depression, and 
poor circulation. It is important to have the 
proper ratio of omega-3 and omega-6 in the 
diet because omega-3 fatty acids help reduce 
inflammation, and most omega-6 fatty acids 
tend to promote inflammation (Angerer and 
Von Schacky, 2000; Aronson et al., 2001; Aben 
and Danckaerts, 2010).

Nutrigenomics shows blood pressure 
benefits of cocoa

A new nutrigenomics study shows that the 
potential of polyphenol compounds in cocoa 
to reduce blood pressure is related to geno-
type. Activity of the antiotensin-converting 
enzyme (ACE), a target for blood pressure 
medication, was significantly inhibited by 
dark chocolate containing 72% cocoa, with 

the degree of inhibition dependent upon the 
genotype of the human subjects. ACE inhibi-
tors work by inhibiting the conversion of 
angiotensin-I to the potent vasoconstrictor, 
angiotensin-II, thereby improving blood flow 
and blood pressure (Daniells, 2011).

Nutrigenomics shows benefit of 
magnesium’s metabolic actions

Magnesium may up- and down-regulate a 
number of genes linked to metabolism and 
shows favourable effects on certain meta-
bolic pathways associated with changes in 
gene expression (Chacko et al., 2011), and 
magnesium supplementation was associ-
ated with a decrease in levels of C-peptide, 
a marker of improved insulin sensitivity. 
The mineral was also linked to down-
regulation of certain genes related to meta-
bolic and inflammatory pathways. The report 
also says that in terms of gene expression, 
24 genes were up-regulated and 36 genes 
were down-regulated in response to magne-
sium supplementation and some findings 
also indicated a systemic effect of magne-
sium supplementation gave measurable 
physiologic changes in the urinary proteome 
(Chacko et al., 2011).

Nutrigenomics supports evidence for 
health benefits of anthocyanins

Anthocyanins, a large subgroup of flavonoids 
present in many vegetables and fruits, are 
safe and potent antioxidants. They exhibit 
diverse potential health benefits including 
cardioprotection, anti-atherosclerotic activity, 
anticancer, antidiabetic, and anti-inflamma-
tion properties (Konczak and Zhang, 2004). 
Anthocyanins can cross the blood–brain bar-
rier and distribute in the central nervous sys-
tem. The studies indicate that anthocyanins 
represent novel neuroprotective agents and 
may be beneficial in ameliorating ethanol 
neurotoxicity (Chen and Luo, 2010). Recently, 
it was demonstrated that anthocyanins, 
which are pigments widespread in the plant 
kingdom, have the potency for anti-obesity in 
mice and the enhanced adipocytokine secre-
tion and adipocyte gene expression in adipo-
cytes (Tsuda et al., 2005).
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Nutrigenomics could provide 
nutrition-relevant biomarkers

Changes to messenger RNA and the corre-
sponding proteins control the transport of 
certain nutrients and metabolites in the 
biochemical pathway. Nutrigenomics could 
also provide a new set of biomarkers with 
relevance to nutrition (Van Der Werf et al., 
2006).

Benefits of nutrigenomics diet for skin

Many skin problems such as acne, eczema, 
psoriasis, dry skin and premature ageing of 
the skin are associated with diet, and inade-
quate nutrition substantially contributes to 
the deterioration of such skin conditions and 
vice versa; with a proper diet, the appearance 
and health of the skin can be significantly 
improved. Minimally processed fruits, vege-
tables, legumes, nuts and seeds, and fer-
mented products from unpasteurized and not 
homogenized milk contain nutrients neces-
sary for healthy skin, such as vitamins B and E 
and minerals such as calcium, magnesium, 
potassium, iron, copper and manganese for 
certain blood groups and genotypes, while 
the most advisable foods for all blood groups 
are flaxseed, almonds and walnuts. In the 
fruits, a great choice for all blood types is 
pineapple, blueberries, raspberries and cran-
berries. Turkey is the only generally available 
meat that is suitable for all blood types and 
genotypes. The leading way for beautiful and 
healthy skin are healthy diet, good lifestyle 
and products that are tailored to personal 
nutrigenomics diet profile (Subbiah, 2010).

Health economics of nutrigenomics in 
weight management

In a theoretical modelling study, Meshkin 
et al. (2008) sought to evaluate the health eco-
nomics implications of a nutrigenomic prod-
uct for weight loss for which they constructed 
a nutrigenomic economic model by linking 
the published study data related to the effi-
cacy of a product and/or ingredients and 
validated clinical assessments that have 
already been tied to health economics data 
with data involving condition prevalence 
and overall cost of illness. In this theoretical 

model, the demonstration is that LG839 
(DNA customized nutritional programme) 
variant positively reduces the cost of illness 
at the macroeconomic and microeconomic 
level based upon a cost-effectiveness and 
cost-benefit analysis, and has forecasted the 
prognostic health economic implications of a 
nutrigenomic intervention to demonstrate a 
theoretical model of nutrigenomic economics. 
This study is hypothesis-generating and 
should be used in the definition of protocols 
to prospectively test the health economic ben-
efits of nutrigenomics.

Nutrigenetic association of 
the 5-lipoxygenase gene with 

myocardial infarction

5-Lipoxygenase (5-LO) catalyses the rate-
limiting step of the biosynthesis of pro-
inflammatory leucotrienes from arachidonic 
acid and has been associated with atheroscle-
rosis in animal models and humans. Earlier 
reports stated that variants of a 5-LO pro-
moter repeat polymorphism were associated 
with carotid atherosclerosis in humans, an 
effect that was exacerbated by high dietary 
amino acids but mitigated by high dietary 
N-3 fatty acids. The 5-LO polymorphism was 
genotyped by Costa Rican case-control pairs 
and tested for association with myocardial 
infarction and, currently, scientists are work-
ing with powerful databases to identify vari-
ations among genes in individuals and are 
working to establish correlations for suscepti-
bility to various health conditions, as well as 
to understand the influence of such genetic 
variations on responses to dietary compo-
nents (Allayee et al., 2008).

20.1.4 Persons involved in nutrigenomics

Clinical pharmacologists, biostatisticians and 
clinicians need to give thoughtful considera-
tion to the type and quantity of evidence to 
support dosing changes in clinical practice or 
approved labels intended to improve either 
the efficacy or safety of a nutrigenomic treat-
ment (DeBusk et al., 2005; German et al., 2005; 
Afman and Muller, 2006; Trujillo et al., 2006; 
Lesko, 2007; DeBusk, 2012).
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Dieticians

The nutrigenomics practitioner will develop 
gene-directed nutrition approaches and coach 
people in how to use food, dietary supple-
ments and lifestyle choices in general in ways 
that are most appropriate for their genetic 
makeup. Disease management is expected to 
become increasingly effective as nutritional 
genomics is integrated into practice, and even 
more eagerly anticipated is the opening up of 
new horizons for healthcare professionals in 
terms of expertise in health promotion while 
the ability to identify disease susceptibilities 
for an individual provides a solid foundation 
for effective health promotion efforts in 
ways never before possible (DeBusk, 2012). 
Two men of the same age eat a diet low in 
fruits and vegetables and high in sodium 
and saturated fat; one develops hypertension, 
hypercholesterolaemia, and eventually ather-
osclerosis, while the other lives a long life 
without such chronic disease. In another case, 
two post-menopausal women consume simi-
lar diets low in choline; one develops liver 
dysfunction due to the choline deficiency, but 
the other does not. However, because there 
are several genes involved in the develop-
ment of these and other polygenic illnesses, 
dieticians and other healthcare professionals 
don’t fully understand the relationship 
between diet and disease risk, which stifles 
our ability to make personalized dietary 
recommendations as a preventive measure 
(Baumler, 2012).

Epidemiologists

Epidemiological studies have been helpful in 
identifying environmental factors associated 
with incidence or severity of certain diseases. 
However, these are statistical associations and, 
as such, do not indicate the exact cause of the 
disease. Indeed, as the number of environmen-
tal variables increases, there is a corresponding 
need for larger population sizes in order to 
discriminate between statistically significant 
and insignificant factors (Malats and Calafell, 
2003), so the meta-analysis may be helpful in this 
regard if studies record similar data elements 
and use similar environmental survey instru-
ments for their populations. Alternatively, 

well-designed laboratory animal studies and 
comparative genomics will be helpful in con-
firming and extending associations between 
diet and disease (Baumler, 2012).

Molecular biologists

The diverse tissue- and organ-specific effects 
of bioactive dietary components include gene 
expression patterns organization of the chro-
matin, protein expression patterns including 
post-translational modifications as well as 
metabolite profiles (Corthésy-Theulaz et al.,
2005) are the pioneer functions of the molecu-
lar biologist.

Physicians

The physician with the help of nutrigenomics 
can see the blueprints and better understand 
the raw materials required by the body 
because incomplete or bad food causes toxic 
by-products that accelerate the ageing and 
disease processes and free radicals produced 
by non-specific foods and supplements wreak 
havoc on our body. In the past two decades, 
physicians, geneticists and nutritionists have 
begun to study the effects of genetic variation 
and gene–nutrient interactions in the man-
agement of chronic diseases, such as coronary 
heart disease, hypertension, cancer, diabetes 
and obesity; and the role of nutrients in gene 
expression (Simopoulos, 2002).

Geneticists

Advances in molecular and recombinant 
DNA technology have led to exquisite studies 
in the field of genetics and the recognition in 
a much more specific way, through DNA 
sequencing and the extent to which genetic 
variation occurs. The importance of the effects 
of genetic variation has been extensively 
studied and applied by pharmacologists in 
drug development and evaluation of drug 
metabolism and adverse reactions to drugs 
(Simopoulos, 2002).

Bioinformatic specialists

The role of bioinformatics in nutrigenomics is 
multifold, i.e. to create nutrigenomic data-
bases, to set up special ontologies in using 
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available resources, set up and track labora-
tory samples being tested and their results, 
pattern recognition, classification and data 
mining, simulation of complex interactions 
between genomes, nutrition and health dis-
parities (Schaffer et al., 2006).

Food scientists

Food scientists may use nutrigenomics to 
provide a balanced and healthy diet for a per-
son and also apply the concept of personal-
ized diet. Steps to increase the nutritional 
quality of individual foods will assist in per-
sonalizing health and in guiding individuals 
to achieve superior health (German et al.,
2011). Modern food scientists are also associ-
ated with screening of novel functional bioac-
tives, safety evaluation of food ingredients, 
control of efficacy and spoilage of food with 
food processing.

20.1.5 Limitations of nutrigenomics

Nutrigenomics’ risks include the knowledge 
of disease susceptibility may cause high lev-
els of anxiety and stress, genetic testing raises 
privacy concerns and some companies 
already sell the results of their genetic profil-
ing to other companies, while those with 
known genetic susceptibilities may be dis-
criminated against in employment or health 
insurance. Physicians may not be qualified to 
interpret nutrigenomic reports and make 
appropriate decisions based on them, so the 
demand for nutrigenomic evaluations may 
eventually overtax the healthcare system. The 
high cost of the screening and genotype diag-
nosis of developing novel and functional 
foods and the poor availability of functional 
health systems make even the possibility of 
tailored diets an impossible dream for most 
populations relying on poorly functioning 
and poorly resourced health systems (Zeisel 
et al., 2005). Dietetic practitioners arguably 
stand to gain the most by developing compe-
tency in nutritional genomics. They already 
have competency in nutrition and profes-
sional skills in patient counselling regarding 
diet and health. As with physicians, financial 
and other barriers limit comprehensive 

genetics training in dietetic education, and 
dietetic practitioners face similar pressures in 
daily practice that will slow uptake of gene-
tics into their practice (Burton, 2003).

20.2 Technologies Involved 
in Nutrigenomics

20.2.1 Nutrigenetics

The study of genetic variations on the interac-
tion between diet and health with implica-
tions to susceptible subgroups such as people 
with an enzyme deficiency caused by muta-
tions in the enzyme phenylalanine hydroxy-
lase cannot metabolize foods containing the 
amino acid phenylalanine and must modify 
their diets to minimize consumption (Ordovas 
and Mooser, 2004). This process has several 
phases that have grown into corresponding 
new fields within nutrigenetics: transcrip-
tomics, proteinomics and metabolomics. This 
considers all metabolites in a human cell or 
organ, and is capable of generating large 
amounts of data at low cost that detects sub-
tle differences in metabolism that contribute 
to obesity as well as fluctuations in weight 
(Mutch et al., 2005).

20.2.2 Transcriptomics

Transcriptomics is the study of the complete 
set of RNA transcripts produced by the genome 
at a time, while transcriptome is the set of all 
RNA molecules, including mRNA, rRNA, 
tRNA, and other non-coding RNA produced 
in one or a population of cells (Hocquette 
et al., 2009). The transcriptome is the total set 
of transcripts in a given organism, or the spe-
cific subset of transcripts present in a particu-
lar cell type, which can vary with external 
environmental conditions. Because it includes 
all mRNA transcripts in the cell, the transcrip-
tome reflects the genes that are being actively 
expressed at any given time (Wang et al.,
2009). This technique is used for expression 
profiling, and examines the expression level of 
mRNAs in a given cell population, often 
using high-throughput techniques based on 
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DNA microarray technology. The use of next-
generation sequencing technology to study 
the transcriptome at the nucleotide level is 
known as RNA-Seq (Gupta et al., 2011).

The transcriptomes can be created by 
two methods: (i) maps sequence reads on to a 
reference genome of organism or related spe-
cies; and (ii) de novo transcriptome assembly, 
which utilizes algorithms to build assembly 
software for generation of transcripts from 
short sequence reads. DNA microarrays can 
provide a method for comparing on a 
genome-wide basis the abundance of DNA in 
the same samples and DNA in spots can only 
be PCR products that are specific for individ-
ual genes. A DNA copy of RNA is made 
using the enzyme reverse transcriptase and 
sequencing is now being used instead of gene 
arrays to quantify DNA levels, at least semi-
quantitatively (Katayama et al., 2005).

For understanding of the molecular 
mechanisms and signalling pathways control-
ling early embryonic development, the analy-
sis of the transcriptomes of human oocytes 
and embryos is used for proper embryo 
selection for in vitro fertilization (Subramanian 
et al., 2005). The analysis of relative mRNA 
expression levels can be complicated by the 
fact that relatively small changes in mRNA 
expression can produce large changes in the 
total amount of the corresponding protein 
present in the cell, can be done by Gene 
Set Enrichment Analysis which identifies 
co-regulated gene networks rather than indi-
vidual genes that are up- or down-regulated 
in different cell populations (Katayama et al.,
2005). The number of protein molecules syn-
thesized using a given mRNA molecule as a 
template is highly dependent on translation-
initiation features of the mRNA sequence 
and the ability of the translation initiation 
sequence is a key determinant in the recruit-
ing of ribosomes for protein translation 
(Velculescu et al., 1997).

20.2.3 Metabolomics

The quantitative measurement of the dynamic 
multi-parametric metabolic response of liv-
ing systems to pathophysiological stimuli or 

genetic modification is known as metabo-
lomics. The origin of the word is from the 
Greek meta meaning change and nomos mean-
ing a rule set or set of laws (Nicholson, 2006) 
for the scientific study of chemical processes 
involving metabolites or systematic study of 
the unique chemical fingerprints that specific 
cellular processes leave behind and the study 
of their small-molecule metabolite profiles 
(Daviss, 2005). Metabolome represents the 
collection of all metabolites and end products 
of cellular processes in a biological cell, tis-
sue, organ or organism (Jordan et al., 2009).

Metabolites are the intermediates or 
end-products of metabolism and in the 
context of metabolomics, a metabolite is 
usually defined as any molecule less than 
1 kDa in size (Samuelsson and Larsson, 
2008). However, there are exceptions to this 
depending on the sample and detection 
method; macromolecules such as lipopro-
teins and albumin are reliably detected in 
NMR-based metabolomics studies of blood 
plasma (Nicholson et al, 1995). In human-
based metabolomics, it is more common to 
describe metabolites as being either endoge-
nous or exogenous (Nordstrom et al., 2006). 
Metabolites of foreign substances such as 
drugs are termed xenometabolites (Crockford 
et al., 2008) and metabolome forms a large 
network of metabolic reactions, where out-
puts from one enzymatic chemical reaction 
are inputs to other chemical reactions. Such 
systems have been described as hypercycles 
and are used for toxicity assessment/toxicol-
ogy (Robertson, 2005). Metabolic profiling 
can be used to detect the physiological 
changes caused by toxic insult of a chemical 
and, in many cases, the observed changes 
can be related to specific syndromes such as 
a specific lesion in liver or kidney. This is of 
particular relevance to pharmaceutical 
companies wanting to test the toxicity of 
potential drug candidates and if a compound 
can be eliminated before it reaches clinical 
trials on the grounds of adverse toxicity, it 
saves the enormous expense of the trials 
(Saghatelian et al., 2004; Chiang et al., 2006). 
It can therefore be an excellent tool for deter-
mining the phenotype caused by a genetic 
manipulation such as gene deletion or inser-
tion (Gibney et al., 2005).
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20.2.4 Proteomics

Proteomics is the large scale study of proteins, 
particularly their structures and functions 
(Anderson and Anderson, 1998; Blackstock 
and Weir, 1999), and can give better under-
standing of an organism: (i) the level of tran-
scription of a gene gives only a rough estimate 
of its level of expression into a protein (Gygi 
et al., 1999) and an mRNA produced in abun-
dance may be degraded rapidly or translated 
inefficiently, resulting in a small amount of 
protein; (ii) many proteins experience post-
translational modifications that profoundly 
affect their activities, for example some pro-
teins are not active until they become phos-
phorylated and for study of post-translational 
modifications, phosphoproteomics and glyco-
proteomics methods are used; (iii) many tran-
scripts give rise to more than one protein 
through alternative splicing or alternative 
post-translational modifications; (iv) many 
proteins form complexes with other proteins 
or RNA molecules; and (v) protein degrada-
tion rate plays an important role in protein 
content (Belle et al., 2006).

The practical applications of proteomics 
are the identification of potential new drugs 
for the treatment of disease and this relies on 
genome and proteome information to iden-
tify proteins associated with a disease, which 
computer software can then use as targets 
for new drugs; e.g. if a certain protein is 
implicated in a disease and its 3D structure 
provides the information to design drugs 
to interfere with the action of the protein 
(Sreedhar et al., 2011). Another use of prot-
eomics is using specific protein biomarkers 
to diagnose disease and a number of tech-
niques allow testing for proteins produced 
during a particular disease, which helps 
to diagnose the disease quickly by many 
techniques including western blot, immune-
histochemical staining, enzyme-linked immuno-
sorbent assay (ELISA) or mass spectrometry 
(Klopfleisc et al., 2010).

Secretomics, a branch of proteomics, 
deals with studies of secretion pathways 
and secreted proteins using this proteomics 
approach, and is emerging as an important 
tool for the discovery of biomarkers of disease 
(Hathout, 2007). Proteomic technologies 

such as mass spectrometry are used for 
improving gene annotations and play an 
important role in drug discovery, diagnos-
tics and molecular medicine, because it 
reveals the link between genes, proteins and 
disease. Advances in proteomics may help 
scientists eventually create medications that 
are ‘personalized’ for different individuals 
to be more effective and have fewer side 
effects (Lesko, 2007).

20.3 Nutrients Modulating 
Genome Expression

Numerous dietary components can alter 
genetic events in addition to the essential 
nutrients, such as carbohydrates, amino 
acids, fatty acids, calcium, zinc, selenium, 
folate, and vitamins A, C and E. There is a 
variety of non-essential bioactive compo-
nents that seem to significantly influence 
health (Corthésy-Theulaz et al., 2005; Trujillo 
et al., 2006).

20.3.1 Effect of carbohydrate on 
gene expression

Glucose, the most abundant monosaccharide 
in nature, provides a very good example of 
how organisms have developed regulatory 
mechanisms to cope with a fluctuating level 
of nutrient supply (Vaulont et al., 2000). 
In mammals the response to dietary glucose 
is complex because it combines effects related 
to glucose metabolism itself and effects 
secondary to glucose-dependent hormonal 
modifications, mainly pancreatic stimulation 
of insulin secretion and inhibition of gluca-
gon secretion (Vaulont et al., 2000). In the 
pancreatic cells, glucose is the primary physio-
logical stimulus for the regulation of insulin. 
In the liver, glucose, in the presence of insulin,
induces expression of genes encoding glucose
transporters and glycolytic and lipogenic 
enzymes, e.g. L-type pyruvate kinase, acetyl-
CoA carboxylase and fatty acid synthase, and 
represses genes of the gluconeogenic path-
way, such as the phosphoenolpyruvate car-
boxykinase gene (King, 2012). Although 
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insulin and glucagon were long known as 
critical in regulating gene expression, it is only 
recently that glucose also has been shown 
to play a key role in transcriptional regulation 
synthesis and secretion (Vaulont et al., 2000).

Feeding high-energy diet to rats leads to 
early development of obesity and metabolic 
syndrome, apparently through an inability to 
cope with the energy density of the diet. 
Obesity is associated with decrease in mRNA 
levels for the oxygenic neuropeptides, neuro-
peptides Y, Agouti-related peptide etc., and 
the effect of hyperglycaemia on liver angio-
tensinogen gene expression has found that 
hyperglycaemia-activated AGT gene expres-
sion in liver increased approximately three-
fold (Gabriely et al., 2001).

20.3.2 Regulation of gene 
expression by dietary fat

In addition to its role as an energy source 
and its effects on membrane lipid composi-
tion, dietary fat has profound effects on gene 
expression, leading to changes in metabo-
lism, growth and cell differentiation. The 
effects of dietary fat on gene expression reflect 
an adaptive response to changes in the quan-
tity and type of fat ingested (Jump and Clarke, 
1999). In mammals, fatty acid regulated tran-
scription factors include peroxisome prolifer-
ator activated receptors (PPARa, -b and -g),
HNF-4a, NF-kB and SREBP1c (Nagao and 
Yanagita, 2008). These factors are regulated 
by: (i) direct binding of fatty acids, fatty acyl 
coenzyme A, or oxidized fatty acids; (ii) oxi-
dized fatty acid regulation of G-protein-
linked cell surface receptors and activation of 
signalling cascades targeting the nucleus; or 
(iii) oxidized fatty acid regulation of intracel-
lular calcium levels, which affect cell signal-
ling cascades targeting the nucleus (Jump and 
Clarke, 1999).

20.3.3 Role of PUFA on 
gene expression

Lipogenic enzymes in liver decreased as result 
of feeding a diet containing 60% linoleic acid. 

Fatty acids stimulated the expression of 
adipocyte fatty acid binding protein (ap2) 
mRNA. In the 3T3-L1 adipocyte cell line, ara-
chidonic acid (n-6) decreased SCD1 mRNA 
stability in a dose dependent manner (80% 
maximum repression), as did linoleic and 
eicosapentanoic acids (Tandon et al., 2012).

20.3.4 Effect of protein on 
gene expression

Protein is essential for growth, to develop 
immunity, normal maintenance of body func-
tion and structure apart from reproduction 
and production, and in many developing 
countries protein insufficiency still remains a 
major and serious problem (Tandon et al.,
2012). The function of protein in the body is 
not only at a macro level but it also functions 
at gene level, and a variety or number of 
genes respond to dietary protein; both pro-
tein quantity as well as quality influences 
gene expression. One study showed that 
insulin secretion was reduced in rats, which 
are fed with low protein diet due to reduction 
in pancreatic beta cell mass, lower response of 
remaining beta cells to nutrients and lowered 
protein kinase activity (PKA) (Ferreira et al.,
2004), which is involved in potentiating of 
glucose-induced insulin secretion by gastro-
intestinal hormones such as glucagon-like 
peptide-1 and glucose-dependent insulino-
tropic polypeptide (Jacobo et al., 2009). 
Feeding a low protein diet to rats altered the 
many genes expression, which are responsi-
ble for proteins related to insulin biosyn-
thesis, secretion and cellular remodelling. 
Normal insulin secretion is influenced by 
level of protein kinase C, K+ channel protein, 
calcium ion (Ca2+) and PKAa. An increased 
ATP to ADP ratio achieved through glucose 
metabolism, closes the K+ ATP channel, which 
leads to depolarization of b-cells. This results 
in opening of voltage-dependent Ca2+ chan-
nels, which results in influx of calcium 
leading to exocytosis of insulin granules. 
Feeding a low protein diet and increased 
expression of PFK in islets results in defective 
glucose metabolism and it further leads to 
deceased glucose induced insulin secretion and 
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decreases insulin level; it also acts through 
decreased movement of intracellular calcium 
(Tandon et al., 2012).

20.3.5 Influence of amino acids on 
gene expression

The first step of protein translation is the 
formation of the 43s pre-initiation complex 
containing methionyl tRNA, eukaroyotic 
elongation factor 2 (eIF2), GTP, followed by 
the association of methionyl tRNA and eIF2–
GTP that bind to the 40s ribosomal subunit. 
Then GTP is hydrolysed late in the initiation 
process, and eIF2 is released from the ribo-
some as an inactive eIF2–GTP complex. 
Formation of eIF2–GTP is mediated by the 
guanine nucleotide exchange factor eIF2B. 
The mechanism to regulate eIF2B activity 
may be at the level of the ribosomal protein S6 
and eEF-2, which is phosphorylated in 
response to many agents, including growth 
factors and hormones. Amino acids regulate 
protein translation through modulation of 
eIF2B activity, 4 E–BP phosphorylation and 
protein S6 phosphorylation (Tandon et al.,
2012).

20.3.6 Effect of minerals on 
gene expression

Zinc (Zn) is an essential trace element with 
cofactor functions in a large number of pro-
teins of intermediary metabolism, hormone 
secretion pathways and immune defence 
mechanism, and is involved in regulation of 
small intestinal, thymus and hepatocytes gene 
expression (Kindermann et al., 2004). MTF-I 
(metal responsive element factor-I) is a 
Zn-dependent transcriptional activator that 
regulates metalothionin I and II through MRE. 
Zn-dependent KLF4 transcription factor is 
involved in protein preparation of HT-29 cells. 
The other proteins that have Zn as a con-
stituent are ATP synathase, cytochrome-c, 
NADP dehydrogenase I and II. Deficiency of 
one or more minerals in the diet leads to 
impaired body functions. Geographical differ-
ences in mineral level of soil/plants, such as 

iron, iodine, selenium deficiency or excess of 
heavy metal ions, have effects up to gene level 
such as anaemia (Wu and Wu, 1987; Vallee 
and Auld, 1990).

20.3.7 Effect of vitamins on 
gene expression

Vitamins are micronutrients needed in very 
small quantity and are involved in gene 
expression. Vitamin A is involved in gene 
expression of phospho-enol-pyruvate-kinase 
(PEPCK) and insulin-like growth factor (IGF-9) 
(Tandon et al., 2012). Vitamin C is involved in 
hepatic gene expression. PEPCK is involved in 
conversion of oxaloacetate to phospho-enol-
pyruvate, one of the important steps in gluco-
neogenesis. Vitamin A deficiency condition 
leads to changes in chromosomal structure of 
retinoic acid responsive element (RARE), 
which further leads to change in co-regulator 
binding and activity. PEPCK-RARE and pre-
initiation complex interaction leads to RNA 
polymerase-II association with PEPCK pro-
moter being reduced due to vitamin A defi-
ciency and finally results in insufficient PEPCK 
or no PEPCK, which leads to improvement of 
gluconeogenesis. In vitamin A-sufficient mice 
PEPCK gene expression is highly induced in 
the food-deprived state, when blood glucose 
levels are reduced (Tandon et al., 2012).

Biotin is involved in various essential 
proteins’ or enzymes’ synthesis at gene level 
(Dakshinamurti, 2005). Vitamins B12, B6 and 
folic acid converge at the homocysteine 
metabolic junction where they support the 
activities of two key enzymes involved in 
intracellular homocysteine management, 
methionine synthase (MS) and cystathionine-
b-synthase. B12 supplementation does not 
alter mRNA or protein turnover rates but 
induces translational up-regulation of MS by 
shifting the mRNA from the ribonucleopro-
tein to the polysome pool. The B12-responsive 
element has been localized by deletion analy-
sis using a reporter gene assay to a 70 bp
region located at the 3′ end of the 5′-untrans-
lated region of the MS mRNA. The cellular 
consequence of the B12 response is a 2- and 
3.5-fold increase in the flux of homocysteine 
through the MS-dependent transmethylation 
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pathway in HepG2 and 293 cells, respectively 
(Oltean and Banerjee, 2003).

20.4 Nutrition Gene and Diseases

20.4.1 Metabolic hereditary diseases

Some hereditary disorders of metabolism can 
be diagnosed in the fetus by using amniocen-
tesis or chorionic villus sampling and blood 
test or examination of a tissue sample to 
determine whether a specific enzyme is defi-
cient or missing (Sanders, 2009).

In most inherited metabolic disorders, a 
single enzyme is either not produced by the 
body at all, or is produced in a non-working 
form. Depending on the function of that 
enzyme, toxic chemicals may build up, or an 
essential product may not be produced. The 
code or blueprint to produce an enzyme is 
usually contained on a pair of genes and most 
people with inherited metabolic disorders 
inherit two defective copies of the gene, one 
from each parent. Both parents are carriers of 
the bad gene, meaning they carry one defec-
tive copy and one normal copy. Inherited 
metabolic disorders may affect about 1 in 
1000 to 2500 newborns. The symptoms of 
genetic metabolic disorders vary widely 
depending on the metabolism problem pre-
sent, including lethargy, poor appetite, 
abdominal pain, vomiting, weight loss, jaun-
dice, failure to gain weight or grow, develop-
mental delay, seizures, coma, abnormal odour 
of urine, breath, sweat or saliva. Symptoms 
may be brought on by foods, medications, 
dehydration, minor illnesses, or other factors. 
Hundreds of inherited metabolic disorders 
have been identified, and new ones continue 
to be discovered. Some of the more common 
and important genetic metabolic disorders 
(Scriver, 2001) include lysosomal storage dis-
orders like Hurler syndrome, Niemann-Pick 
disease, Tay-Sachs disease, Gaucher disease, 
Fabry disease, Krabbe disease, galactosaemia, 
maple syrup urine disease in which defi-
ciency of an enzyme called branched-chain 
alpha-keto acid dehydrogenase causes build 
up of amino acids in the body and the urine 
smells like syrup (Muranjan and Agarwal, 

2010), phenylketonuria, where deficiency of 
the enzyme PAH results in high levels of phe-
nylalanine in the blood (Mitchell and Scriver, 
2010), glycogen storage diseases, Friedreich 
ataxia, i.e. problems related to a protein called 
frataxin causing nerve damage and often 
heart problems (Hasan, 2007).

Peroxisomal disorders include Zellweger 
syndrome (abnormal facial features, enlarged 
liver and nerve damage in infants) and adre-
noleucodystrophy, metal metabolism disor-
ders such as Wilson disease (toxic copper 
levels accumulate in the liver, brain and other 
organs) and haemochromatosis (the intes-
tines absorb excessive iron, which builds up 
in the liver, pancreas, joints and heart, caus-
ing damage), organic acidemias, urea cycle 
disorders including ornithine transcarb-
amylase deficiency and citrullinemia are a 
few examples of metabolic hereditary disor-
ders (Hasan, 2007) and inborn errors of 
metabolism referred as ‘silent killers’ because 
they can strike healthy-appearing full-term 
infants without warning and display hypo-
glycaemia or poor feeding (Enns, 2005).

Failures of energy production or utilization 
result from defects in the liver, myocardium, 
muscle, or brain and disrupt cytoplasmic or 
mitochondrial energy production. These include 
the fatty acid oxidation disorders and the con-
genital lactic acidemias, which present with a 
variety of findings, but a consistent symptom is 
hypoglycaemia with clinical features such as 
lactic acidosis, hypotonia and cardiac involve-
ment (Saudubray et al., 2002). Hypoglycaemia 
related to fasting can signal a fatty acid oxida-
tion disorder, while hypoglycaemia following 
eating is characteristic of hereditary fructose 
intolerance (Garganta and Smith, 2005).

20.4.2 Multifactorial diseases

A multifactorial disease has a combination 
of distinctive characteristics that can be dif-
ferentiated from clear-cut Mendelian or sex-
limited conditions; the disease can also 
occur in isolation and to affected children 
born to unaffected parents. Although famil-
ial aggregation is also common, there is 
no clear Mendelian pattern of inheritance. 
Environmental influences can increase or 
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decrease the risk of the disease; the disease 
occurs more frequently in one gender than in 
the other, but it is not a sex-limited trait. In 
addition, first-degree relatives of individuals 
belonging to the more rarely affected gen-
der have a higher risk of bearing the dis-
ease. The concordance rate is a measure of 
the rate at which both twins bear a specific 
disease. The disease occurs more frequently 
in a specific ethnic group (i.e. Caucasians, 
Africans, Asians, Hispanics, etc.) (Lobo, 2008) 
in monozygotic and dizygotic twins contra-
dicting Mendelian proportions. On a pedi-
gree (genealogical table), polygenic diseases 
do tend to run in families, but the inheritance 
does not fit simple patterns as with Mendelian 
diseases (Burmeister, 1999).

20.4.3 Monogenic and 
multigenic diseases

Monogenic diseases result from modifications 
in a single gene occurring in all cells of the 
body and they affect millions of people 
worldwide. Scientists currently estimate that 
over 10,000 human diseases are monogenic 
(Ikonen, 2006) and according to WHO, the 
global prevalence of all single gene or mono-
genic diseases at birth (dominant, recessive 
and x-linked) is approximately 10/1000 
(WHO, 2012). Thalassaemia is a blood-related 
genetic disorder which involves the absence 
of or errors in genes responsible for produc-
tion of haemoglobin, a protein present in the 
red blood cells. Sickle-cell anaemia is a blood-
related disorder that affects the haemoglobin 
molecule, and causes the entire blood cell to 
change shape under stressed conditions 
(Weatherall, 2000). Haemophilia is a heredi-
tary bleeding disorder, in which there is a par-
tial or total lack of an essential blood clotting 
factor, which results in excessive bleeding and 
frequent spontaneous bleeding. Haemophilia 
A is the most common form, referred to as 
classical haemophilia, and results from the 
deficiency in clotting factor 8, while haemo-
philia B is a deficiency in clotting factor 9, 
a sex-linked recessive disorder (WHO, 2012).

Cystic fibrosis is a genetic disorder that 
affects the respiratory, digestive and repro-
ductive systems and involves the production 

of abnormally thick mucous linings in the 
lungs and can lead to fatal lung infections 
resulting in various obstructions of the pan-
creas, hindering digestion (WHO, 2012). 
Another example is Tay-Sachs disease; a fatal 
genetic disorder in which harmful quantities 
of a fatty substance called ganglioside GM2 
accumulate in the nerve cells in the brain 
(WHO, 2012) caused by a decrease in the 
functioning of the hexosaminidase-A enzyme. 
Fragile X syndrome is caused by a ‘fragile’ 
site at the end of the long arm of the 
X-chromosome, and is a genetic disorder that 
manifests itself through a complex range of 
behavioural and cognitive phenotypes 
(McMillan, 2006).

20.5 Nutrigenomics and 
Communication

Nutrient–gene interactions are responsible for 
maintaining health and preventing or delay-
ing disease. Unbalanced diets for a given gen-
otype lead to chronic diseases such as obesity, 
diabetes and cardiovascular disease, and are 
likely to contribute to increased severity and/
or early-onset of many age-related diseases. 
Many nutrition and many genetic studies still 
fail to properly include both variables in the 
design, execution and analyses of human, 
laboratory animal, or cell-culture experiments 
(Kaput et al., 2006). The complexity of nutrient–
gene interactions has led to the realization 
that strategic international alliances are 
needed to improve the completeness of 
nutrigenomic studies, a task beyond the capa-
bilities of a single laboratory team. Eighty-
eight researchers from 22 countries recently 
outlined the issues and challenges for har-
nessing nutritional genomics for public and 
personal health. The next step in the process 
of forming productive international alliances 
is the development of a virtual centre for 
organizing collaborations and communica-
tions that foster resources sharing, best prac-
tices improvement and creation of databases. 
There is a requirement for a nutrigenomics 
information portal, a web-based resource for 
the international nutrigenomics society, and 
this portal aims at becoming the prime source 
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of information and interaction for nutrig-
enomics scientists through a collaborative 
effort (Kaput et al., 2006).

20.6 Nutrigenomics and 
Bioactive Nutrients

20.6.1 Elk antler velvet

Elk antler velvet (EAV) is the fast-growing, 
soft cartilaginous tissue that develops out of 
the frontal bone of Cervus species, which rises 
from skin-covered pedicles before it calicifies 
and hardens. Antlers are unique in nature 
and different from horns because they are 
naturally re-grown and cut off each year. Elk 
antler velvet, pumped tight with blood and 
pulsing with hormones, is the most regenera-
tive mammal tissue known, capable of grow-
ing over half an inch in 1 day. The active 
ingredients have been found to include a 
variety of minerals, proteins, collagens, fatty 
acids and glycosaminoglycans in varying 
concentrations with the effects of increased 
growth (Ko et al., 1986), improved immunity 
(Suh et al., 1999), antifungal (Park et al., 1998), 
cardiovascular effects (Clifford et al., 1979), 
promotion of rapid healing in tissues and 
bones, relief of symptoms in arthritis and 
gout, and pain reduction associated with dis-
ease or injury to muscles and joints. It is an 
excellent source of chondronitin sulfate, glu-
cosamine sulfate, type-II collagen and prosta-
glandins, and has benefits for a free-radical 
scavenger (Wang et al., 1988), arthritis, anti-
ulcer activity (Wang et al., 1985), anti-infective 
(Dai et al., 2011), reduces inflammation (Shin 
et al., 1989), antinarcotic addiction activity 
(Kim and Lim, 1999) and anti-ageing proper-
ties (Chen et al., 1992).

20.6.2 Vegan chyawanprash

India’s most famous anti-ageing recipe is 
chyawanprash, and according to Ayurveda, 
chyawanprash comes under the category of 
rasayana (Jose and Kuttan, 2000) used for 
maintaining youthfulness (Manjunatha et al., 
2001), vigour, vitality of the body, keeping 

away ageing processes, senility and debility, 
maintains the proper functioning of the cells, 
rejuvenates the cells and also keeps away dis-
eases (Jose and Kuttan, 2000). This Ayurvedic 
tonic consisting of about 35 natural herbs 
including amla (Embellica officinalis), the rich-
est natural source of vitamin C, works on the 
immune system of the body protecting the 
body against everyday infections such as 
cough, cold and fever and is hepatoprotective 
(Jose and Kuttan, 2000) and thus very useful 
in children, old persons, tubercular patients, 
bidi smokers (Yadav et al., 2003) and debili-
tated persons.

20.6.3 Mangosteen

Mangosteen is cultivated in Thailand under 
the most stringent conditions for this amaz-
ing superfood. It contains a class of naturally 
occurring polyphenolic compounds known 
as xanthones, which provide beneficial effects 
on cardiovascular diseases, including ischae-
mic heart disease, atherosclerosis and hyper-
tension (Lourith and Kanlayavattanukal, 
2011), anti-invasive activities (Wang et al.,
2012a) and thrombosis (Chin et al., 2011). 
Xanthones have unique antioxidant proper-
ties (Martinez et al., 2011), which help to heal 
cells damaged by free radicals (Robb-
Nicholson, 2012), slow ageing (Ngawhirunpat 
et al., 2010) and physical (Ryu et al., 2012) and 
mental deterioration (Robb-Nicholson, 2012). 
The rind of partially ripe mangosteen fruit 
yields a polyhydroxy-xanthone derivative 
termed mangostin and b-mangostin while 
fully ripe fruits contain the xanthones garta-
nin, b-disoxygartanin and normangostin, 
beneficial in various serious ailments such as 
antifatigue, anti-obesity, antidiabetic (Ryu 
et al., 2011), anti-anxiety (Shiozaki et al., 2012), 
antitumour (Kosem et al., 2012), antisebor-
rheic (Wang et al., 2012b), antiglaucoma, anti-
pyretic, anthelminthic (Keiser et al., 2012), 
antineuralgia (Reyes-Fermín et al., 2012), anti-
arthritis, anti-inflammatory (Jang et al., 2012; 
Liu et al., 2012), anti-ulcer and anticancer 
(Chang and Yang, 2012; Robb-Nicholson, 
2012). Mangosteen also shows inhibitory 
action against Mycobacterium tuberculosis
and Staphylococcus aureus (Koh et al., 2012) in 
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addition to its antibacterial (Temrangsee et al.,
2011), strong antifungal properties and is 
effective in boosting weak immune systems.

20.6.4 Kaunch

Mucuna prurita Baker (Fabaceae), Kaunch 
(seed) contains alkaloidal contents such as 
mucuadine, mucuadinine, mucucuadinine, 
pruriendine, mucunine, mucunadine and 
nicotine (Saksena and Dixit, 1987) and is 
used as an Ayurvedic medicine that increases 
testosterone, libido, reduces spasms, lowers 
blood sugar, lowers blood pressure, increases 
urination, relieves pain, reduces inflamma-
tion, kills parasites (Meena et al., 2009), calms 
nerves, reduces fever and lowers cholesterol. 
It is also used as an aphrodisiac, spermato-
genetic (Saksena and Dixit, 1987), andro-
genic, retentive, L-dopa alternative, menstrual 
promoter, uterine stimulant, nerve tonic, 
anti-Parkinson’s, (Meena et al., 2009), hypo-
glycaemic, anabolic etc. (Agrawal et al., 2010) 
and also produces an antidepressant effect in 
patients suffering from depressive neurosis. 
Due to the high concentration of L-dopa in 
the seeds, it is considered as an alternative to 
the pharmaceutical medication levodopa in 
Parkinson’s disease; it also has reported ana-
bolic and growth hormone stimulant proper-
ties (Agrawal et al., 2010).

20.6.5 Blue lotus flowers

Egyptian medicinal practitioners used this 
flower to stimulate blood flow, and as an 
anti-ageing treatment while traditionally it 
was used to relieve pain, increase memory, 
increase circulation, promote sexual desire, 
and create feelings of well-being, euphoria 
and ecstasy, without the use of narcotics 
(Emboden, 1981). Approximately 20 phyto-
constituents are isolated from Blue lotus 
(Nymphaea caerulea) flowers, for example 
2S, 3S, 4S-trihydroxypentanoic acid, and 
myricetin 3-O-(3′-O-acetyl)-a-L-rhamnoside, 
along with the known myricetin 3-O-a-L-
rhamnoside, myricetin 3-O-b-D-glucoside,
quercetin 3-O-(3′-O-acetyl)-a-L-rhamnoside, 

quercetin 3-O-a-L-rhamnoside, quercetin 
3-O-b-D-glucoside, kaempferol 3-O-(3′-O-
acetyl)-a-L-rhamnoside, kaempferol 3-O-b-
D-glucoside, naringenin, (S)-naringenin 5-O-b-
D-glucoside, isosalipurposide, b-sitosterol, 
b-sitosterol palmitate, 24-methylenecholes-
terol palmitate, 4 a-methyl-5-a-ergosta-7,24-
diene-3b, 4-b-diol, ethyl gallate, gallic acid, 
p-cumaric acid and 4-methoxybenzoic acid, 
used as a hypnotic, sedative, euphoric and 
antispasmodic and also produces an opiate-
like intoxication with antioxidant activity 
(Agnihotri et al., 2008).

20.6.6 Shilajit

Shilajit is a thick rich paste oozing out from 
the rocks (Agarwal et al., 2007) in the tower-
ing cliffs in the Himalayan mountains 
(Ghosal, 1990), and was used historically for 
general physical strengthening, anti-ageing 
(Gaikwad et al., 2012), libido, injury healing, 
urinary tract rejuvenation, enhanced brain 
functioning potency, bone healing, kidney 
rejuvenation, immune system strengthening 
(Ghosal, 1990), arthritis, hypertension 
(Gaikwad et al., 2012) and obesity and has 
unmatched powers of arresting and reversing 
the ageing process. Shilajit is spermatogenic 
and ovogenic (Park et al., 2006), and also 
counteracts diabetes and regulates the blood 
sugar level and purifies blood (Sharma et al.,
2003) and improves functioning of the pan-
creas, strengthens digestion and promotes the 
movement of minerals, especially calcium, 
phosphorus and magnesium, into muscle tis-
sue and bone. It also stimulates the immune 
system (Ghosal, 1990) and improves restora-
tion after exercise, so counteracting debility 
and general fatigue (Wilson et al., 2011).

20.6.7 Folate

A gene variant is responsible for increasing 
homocysteine levels in some people, subse-
quently leading to a higher risk of cardiovas-
cular diseases and certain cancers. Folate, 
however, helps to negate this risk. Therefore, 
people with this identified gene variant are 
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encouraged to consume plenty of folate-rich 
foods (Pfeiffer et al., 2008; Yang et al., 2008).

20.6.8 Green tea

Green tea is used in Crohn’s disease (Alic, 
1999), on thermogenesis and energy intake 
(Belza et al., 2009), human prostate cancer 
(Bettuzzi et al., 2006), gastrointestinal cancer 
(Borrelli et al., 2004), skin problems (Katiyar 
et al., 2000), on weight maintenance after 
body-weight loss (Kovacs et al., 2004); it 
reduces body fat and cardiovascular risks 
(Nagao et al., 2007) and helps prevent breast 
cancer (Inoue et al., 2001).

20.6.9 Turmeric

Turmeric is used as anti-inflammatory (Arora 
et al., 1971), for management of neurodegen-
erative disease (Auddy et al., 2003), on lipid 
profile (Desphande et al., 1997), cancer chem-
oprevention (Gescher et al., 2001), specific 
inhibition of cyclooxygenase-2 (COX-2) 
expression by dietary curcumin in HT-29 
human colon cancer cells (Goel et al., 2001) 
and inhibition of HIV-1 and HIV-2 proteases 
(Sui et al., 1993) with antidepressant activity 
(Yu et al., 2002). Turmeric suppresses a gene 
that makes inflammatory properties, which is 
possibly useful in preventing colon cancer 
and Alzheimer’s disease.

20.6.10 Vitamin D

Vitamin D is the sunshine vitamin, synthe-
sized in our skin during sun exposure; most 
relevant dietary sources of vitamin D are fatty 
fish and full-fat milk (Boullata, 2012). Most of 
the vitamin D in blood (80–90%) is bound to 
a-globulin and transported all over the body 
to the target organs. Variations in two more 
genes (DHCR7 and CYP2R1) have been con-
firmed for Caucasians and both genes encode 
key enzymes in the vitamin D metabolism 
pathway (Kulie et al., 2009). Vitamin D medi-
ates expression of human cathelicidin antimi-
crobial peptide in bronchial epithelial cells 

(Schrumpf et al., 2012) and modifies the sus-
ceptibility to schizophrenia bipolar mood 
disorder by regulation of dopamine D1 
receptor gene expression (Ahmadi et al., 
2012). It is also helpful in the management 
of Alzheimer’s disease (Annweiler et al., 
2012), multiple sclerosis (Bartosik-Psujek 
et al., 2010; Holmoy et al., 2012), blood pres-
sure (Caro et al., 2012), common cold (Linder, 
2012) and also prevents bone fractures 
(Paterson, 2012) and osteoporosis (Lakatos, 
2011; Curtis and Safford, 2012). Pharm-
acological studies show that vitamin D pre-
vents progression of peritoneal fibrosis 
(Hirose et al., 2012), vitiligo (Colucci et al., 
2012), asthma (Iqbal and Freishtat, 2011) 
and polyarthritis (Moghaddami et al., 2012) 
and enhances the action of the parathyroid 
gland (Bienaime et al., 2011). It is also useful 
in treatment of cancer, inflammation 
(Krishnan and Feldman, 2012) and kidney 
diseases (Eleftheriadis et al., 2010) and plays 
a major role in reducing insulin resistance 
(Teegarden and Donkin, 2009).

20.7 Ethical Considerations in 
Nutrigenomics

Nutrigenomics lies at the intersection of sev-
eral fields in which ethical, legal and social 
issues (ELSIs) arise, such as human genomics 
and genetics, the molecular nutritional sci-
ences, dietary supplement research and 
development, medicine and dietetics. As 
each of these fields progresses, periods of 
regulatory uncertainty are often encountered 
and emerging ELSIs must be identified and 
addressed. With growing investments in 
human genomics research, much attention 
has focused on ethical and legal protections 
for research subjects, including concerns 
about study design, the collection, use, reten-
tion and exchange of biological samples and 
personal information, the involvement of 
children or other vulnerable groups, and the 
obligations of researchers to report results to 
research subjects and their family members 
(Castle and Ries, 2007). The ‘biohype’ around 
the nutrigenomics foods and nutrigenetics 
tests is imminent and unavoidable, particu-
larly in the early stages of evolution of a new 
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idea. ‘Biohype’ is already taking place 
through the aggressive marketing of nutrig-
enomics tests to the public, which many con-
sider to be premature, raising concern over 
ELSIs. Five areas have been identified by 
international experts in the context of both 
basic nutrigenomics research and its clinical 
and commercial uses: (i) health claims benefits 
arising from nutrigenomics; (ii) managing 
nutrigenomics information; (iii) delivery 
methods of nutrigenomics services; (iv) nutri-
genomics products; and (v) equitable acces-
sibility to nutrigenomics. Hence it is 
important to elevate the depth of debate to 
understand and manage the gap between 
expectations associated with diet–gene inter-
actions using evidence-based research meth-
odologies (Ghosh, 2009).

Personalized nutrition, i.e. tailoring diet 
on the basis of genotype, is one possible appli-
cation of nutrigenomics research. However, 
until the scientific evidence concerning diet–
gene interactions is much more robust, the 
provision of personalized dietary advice on 
the basis of specific genotype remains ques-
tionable. From the ethical and social per-
spective, nutrigenomics offers significant 
opportunities to improve public health by 
enhancing understanding of the mecha-
nisms through which diet can be used to 
reduce the risk of common polygenic dis-
eases (Bergmann et al., 2008).

Nutrigenomics is thus surrounded by 
internal and external uncertainties and it is 
for end-users to better prepare themselves for 
a genomics future with fundamental uncer-
tainties than to expect that in the long run the 
uncertainties will disappear. The issue of 
uncertainties of genomics has been tackled 
earlier, e.g. from the perspective of policy 
making, science management and theory of 
science. Here we will concentrate on the 

impact of the uncertainties of nutrigenomics 
on citizens/consumers by exploring the fruit-
fulness of an ethical perspective that focuses 
on how citizens/consumers cope with funda-
mental uncertainties (Korthals and Komduur, 
2010). In terms of global health, the complex-
ity of potential prevention measures based on 
nutrigenomics knowledge but also ethical 
issues relating to social justice and to the 
risks of stigmatization and discrimination 
are major challenges on which this chapter 
focuses. While such issues are not unique to 
nutrigenomics, they appear with a particular 
strength when it comes to assess the promises 
of this new field of science (Godard and 
Hurlimann, 2009).

20.8 Market Implications of 
Nutrigenomics

Nutrigenomics may be used for people with 
specific issues such as obesity, diabetes, car-
diovascular disease and cancer, and will need 
medical foods and dietary advice tailored to 
their genetic profile and require the foods that 
reduce the risk of allergy and intolerance or 
new foods to re-set nutrition switches. 
Personalized functional foods, wellness and 
performance foods that enhance normal 
physiological processes, sports performance 
and mood foods manufacturing is the real 
implication of nutrigenomics (Ferguson, 
2012). Nutrigenomics may be used for in vitro
screening for new functional food bioactives, 
quality and authenticity of food processing in 
microbials, production of food ingredients 
from microbials and biomarker discovery for 
humans with genotyping of humans, safety 
testing in animals and efficacy testing in 
animals.
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potassium 319
selenium 320
zinc 320

omega 3 and 6 fatty acids
animal terrestrial and marine 125–126
LA:ALA imbalance 124–125
recommendation 123–124
vegetable sources 125

docosahexanoic acid (DHA)
and AA 118
to ALA conversion 119
brain 122–123
and CVD 122
and EPA see eicosapentaenoic acid (EPA)
22:6 n-3 118, 121
pregnancy and lactation 122
synthesis 119

EAV see Elk antler velvet (EAV)
eicosapentaenoic acid (EPA)

and AA 116–117
to ALA conversion 119–120
cardiovascular complications 122
EPA+DHA n-3 intake 124
fish and sea foods 125
foods enrichment 122

Elk antler velvet (EAV) 338
endogenous oxidative stress 248
end-stage kidney disease (ESKD) 20, 21
epigenetic 325
epiprocurcumenol 267, 270
Ericaceae 291–292
erythropoietin 81
ESKD see end-stage kidney disease (ESKD)
ethical, legal and social issues (ELSIs) 340–341
Eucalyptus 295
Eucalyptus globulus 295
Euphorbiaceae 291

Fabaceae
Acacia arabica 290–291
coumestans 156–157

isoflavones 150, 213
isoflavonoids 8
Kaunch 339
liquorice 163
red clover 162
Senna alexandria 301–302
soybean 160
Trigonella foenum-graecum 298–299

fat-soluble vitamins
functions and sources 311
vitamins A, D, E and K 311

Fenton reaction 254
fenugreek 298–299
ferritin 254
fibres 12–13
flavanols (catechins) 212, 213
flavanones 212
flavones

apigenin 153, 212
description 152–153
food sources 153
natural 212
structure 211

flavonoids
ACE 7
anthocyanins 213–214
biological activities 7
cactus 109–110
citrus fruits 6–7
classification 209–210
curative effects 209
description 209
EGCG 209
flavanols (catechins) 212, 213
flavanones 212
flavones 211–212
flavonols 210–211
food 6
hydroxyl groups 7–8
intake 7
isoflavones 212–213
quercetin and kaempferol 6
resveratrol 7
scavenging activity 7–8
secondary metabolites in higher plants 251

flavonols
compounds 210
health benefits 251
3-hydroxyflavone backbone 210
low-density lipoproteins (LDL) 211
malignant tumours 210
quercetin 210–211
structure 210, 211

fluorine 320
folate 317, 339–340
folic acid 81, 317
food coloration



Index 357

Ashbya gossypi 91
bacteria

food-grade biocolourants 92, 94
microorganisms 92, 93
secondary metabolites 92

Blakeslea trispora 89, 91
Candida sp. and Bacillus sp. 91
fungal carotenoids 91
Monascus sp. 91
pigments production 91
yeast 92

food scientists 331
FOS see fructo-oligosaccharides (FOS)
fructo-oligosaccharides (FOS) 65
Fumaria parviflora Lam. (Fp) 256

gamma-glutamyltransferase 254–255
garlic

cancer prevention 39
prebiotics 64–65

genistein
active ingredient in soy products 38
CKD 25
and coumestrol 156–157
and daidzein and soy 8
and glycitein-7-O-monoglucosides 221
isoflavones 150–152
tumour volumes 14

genomics 324
geraniol 256
GFR see glomerular filtration rate (GFR)
ginger

cancer prevention 38
nausea 38
Zingiber officinale 295–296

ginseng 297
glomerular filtration rate (GFR) 20
GLSs see glucosinolates (GLSs)
glucosinolates (GLSs)

amino acids 132
angiosperms 133, 134
Arabidopsis 142
biological activity

anticarcinogenic 138–141
antinutritional 141–142
bio-transformation, oxidative 

and anti-oxidant enzymes 138
disease prevention, plant 141
phytochemicals. 138

biosynthesis 132, 135–136
Brassica genus 132
classification 132, 134
compounds 132, 133
consumption 12
cruciferous plants 132
dicotyledonous plants 133

foods and drugs 132
ITCs 132
localization, plant tissues 133–134
metabolic engineering 142
metabolites 132
myrosinase 132
nutritional and cancer-prevention 142
prevalence 133
properties

ABG 137–138
hydrolysed products 136–137
myrosinase 137
phagostimulants 136

regulation 142
research 142
structure 133, 134
transport and turnover 142

glutathione
description 253
GSSH 253
peroxidase 250–251

gluten therapy-resistant celiac
autoimmune features 86–87
bacterial-derived peptidase 88
digestive proteases 87
elimination 87
enzymes 87
microbiome colonizing, human 87
oral administration, 

endopeptidases 87–88
prolyl-endopeptidases 87

Glycyrrhiza glabra (liquorice) 256
good cholesterol 255
green tea

cancer prevention 37–38
in Crohn’s disease 340

Grenada, Caribbean 35
Gudmar 296–297
Guggul 297–298
Gymnema sylvestre 296–297

HAT see histone acetyltransferase (HAT)
HDL see high-density lipoprotein (HDL)
heart diseases 260
herbal medicines, CKD 21
herbal sources, PE

black cohosh 160–161
dong quai 163
flax 161–162
Ginseng 163
hopes 162–163
leguminous plants 160
liquorice 163
primrose 163
red clover 162
soybean 160
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high-density lipoprotein (HDL) 255, 328
histone acetyltransferase (HAT) 276
hormone replacement therapy (HRT) 159
HRT see hormone replacement therapy (HRT)
hydroxybenzoic acids 219
hydroxycinnamic acids

caffeic acid 218
chlorogenic acid 218
description 217
ferulic acid 218
p-coumaric acid 217–218
structure 217

hyperuricaemia 22

IBD see inflammatory bowel disease (IBD)
IBS see irritable bowel syndrome (IBS)
I-3-C see indole-3-carbinol (I-3-C)
indole-3-carbinol (I-3-C) 139–140
inducible nitric acid synthase (iNOS) 272
inflammatory bowel disease (IBD) 73, 83
iNOS see inducible nitric acid synthase (iNOS)
iodine 320
iron deficiency 81
irritable bowel syndrome (IBS) 73, 83
ischaemia-reperfusion (I/R) injury 55
isoflavones

aglycones 150–151
classes 150
daidzein 150
equol 150, 151
food sources 152, 153, 213
genistein 150–152
O-DMA 150, 151
oestrogen effect 150, 151, 212
8-prenyl-naringenin 153
soybeans 150
structures 150, 151, 212, 213

isoprocurcumenol 267, 270
isothiocyanates (ITCs) 132, 140
ITCs see isothiocyanates (ITCs)

Kaunch 339

LAB see lactic acid bacteria (LAB)
lactation

EPA and DHA 122
RDA 315, 318

lactic acid bacteria (LAB) 81–82
Lactobacillus acidophilus 

(Lb. acido philus NCFB 1748) 82
lactoferrin 254
Lamiaceae 295, 301
Lauraceae 294
lemongrass 255

lignans
effects 156
enterolactone and enterodiol 155
enterolignans 156
epidemiology 156
foods 155, 156
plethora 155
protection 156
SECO and matairesinol 155–156
structures 155

Liliaceae 302
limonoids 10–11
linoleic (LA) and a-linolenic (ALA)

biosynthesis 117
b-oxidation 117
conversion, HUFAs n-3

consumption 119
diet 119–120
relationship 119, 120
steps 119

desaturase enzyme 118
dietary 118–119
energy 126
fish and sea foods 126
human organisms 117, 118
physiological functions 126

lipids, cactus 110–111
5-lipoxygenase (5-LO) 329
long-chain polyunsaturated fatty acids 

(LCPUFAs) 121
lupeol 256
Lythraceae 299–300

macrominerals 318
magnesium 318–319, 328
magnesium lithospermate B (MLB) 27
manganese superoxide dismutase 

(MnSOD) 229
mangosteen 338–339
menopause, PE 159–160
metabolic hereditary diseases 336
metabolomics 325, 332
metal-binding protein, antioxidants

ceruloplasmin 253–254
ferritin 254
lactoferrin 254
MTs 254
transferrin 254

metallothioneins (MTs) 254
microbes

adjunct therapy 79–80
antioxidants

aetiology 88–89
Aspergillus species 89
Penicillium 89
Streptococcus thermophilus 89
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biomass 80
cancer 84–86
chalcones, flavonoids and stilbenes 95–96
eating habits and nutritional differences 79
gut complications 79
low calorie/natural sweetener production 95
microbial production 79
natural colours 91–92
producers 79
SCP 80
synbiotics 93–95
treatment and prevention

AD 83–84
allergies 90
anaemia 81
bacterial-derived peptidase 88
CD 88
diabetes 89–90
diarrhoea 83
gluten therapy-resistant celiac 86–87
obesity and cholesterol 81–83
oral administration, bacterial 

endopeptidases 87–88
vitamins

nicotinic acid and nicotinamide 92–94
riboflavin 92

micro-minerals 318
minerals

dietary see dietary, minerals
macrominerals 318
micro-minerals 318
MTF-I 335
soil/plants (diet) 335
Zinc (Zn) 335

MLB see magnesium lithospermate B (MLB)
MnSOD see manganese superoxide 

dismutase (MnSOD)
molecular biology 221
monogenic and multigenic diseases 337
MTs see metallothioneins (MTs)
multifactorial disease 336–337
Myristicaceae 298
Myristica fragrans 298
Myrtaceae 295

nephrotoxicity, CKD 29
niacin 315–316
nicotinic acid and nicotinamide 92–94
nitric oxide (NO)

and ABTS 202
and prostaglandins 139
uncharged lipophilic molecule 255

non-flavonoids
curcuminoids 214–215
phenolic acids 216–219
stilbenoids 215–216

non-protein coding genes 325
nutrigenetics 324
nutrigenomics

allele 325
benefits

anthocyanins 328
blood pressure, cocoa 328
diet, skin 329
genes 327–328
health economics, weight management 329
5-LO gene with myocardial infarction 329
magnesium’s metabolic actions 328
nutrition-relevant biomarkers 329
objectives 327
omega-3’s immune health 328

and bioactive nutrients 338–340
biomarkers 326
clinical and commercial uses 341
and communication 337–338
concepts 327
dietary advice 326
diet–gene interactions 325–326
ELSIs 340–341
epigenetic 325
food/diet 326
genome expression

amino acids 335
carbohydrate 333–334
dietary fat 334
genotype 325
minerals 335
protein 334–335
PUFA 334
research 327
vitamins 335–336

human development 326
involvement, persons

bioinformatic specialists 330–331
clinical pharmacologists, biostatisticians 

and clinicians 329
dieticians 330
epidemiologists 330
food scientists 331
geneticists 330
molecular biologists 330
physicians 330

limitations 331
market implications 341
metabolic hereditary diseases 336
metabolism and maintenance 326
metabolomics 325
monogenic and multigenic diseases 337
multifactorial disease 336–337
‘next frontier in the post genomic era’ 325
nutrigenetics 324
nutritional genomics 324
‘personalized diet’ 326, 341
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nutrigenomics (continued )
phenotype 325
policy making 341
polymorphism 325
prevention of chronic disease 326
proteomics 324
technologies

metabolomics 332
nutrigenetics 331
proteomics 333
transcriptomics 331–332

treating disease/symptoms 326
Nyctaginaceae 300

obesity and cholesterol
energy intake 81
LAB 81–82
Lactobacillus acidophilus (Lb. acido 

philus NCFB 1748) 82
Lb. sporogenes 82
pregnancy 82–83
probiotic bacteria 81

ODC see ornithine decarboxylase (ODC)
O-desmethyl-angiolensin

(O-DMA) 150, 151
O-DMA see O-desmethyl-

angiolensin (O-DMA)
omega 3 and 6 fatty acids

biosynthesis 116–117
brain 122–123
cancer 123
cardiovascular disease 118, 120–122
dietary see dietary
distribution 116
eicosanoids and docosanoids 120
fat and oil structures 116
human organism 116
inflammatory bowel disease 122
linoleic and a-linolenic 117
pregnancy and lactation 122
rheumatoid arthritis 122
saturated 116

omega-3’s immune health 328
ornithine decarboxylase (ODC) 274
osteoporosis/bone health, PE 159
oxidative stress

aetiology of diabetic nephropathy 53
cactus betalains 109
cellular damage 8
CKD 22–23
control AD 201
DM 28
endogenous 248
in HepG2 cells 141
human diseases 298
TBARS test 276

Panax ginseng 297
pantothenic acid 316
Parkinson’s disease (PD) 260
parts per million (PPM) 318
p-coumaric acid 217–218
PD see Parkinson’s disease (PD)
PE see phyto-oestrogens (PE)
PEITC see phenethyl isothiocyanate (PEITC)
Penicillium 89
a-phellandrene 269, 272
phenethyl isothiocyanate (PEITC) 139
phenolic acids

antioxidants 216–217
applications, food

caffeic acid 203, 204
extraction 204
sinapic and chlorogenic acids 203

beverages and foods
flowers and coffee 200
oil and cereals 200
potatoes 199
white wine 200

bioavailability 200–201
biological activities 217
caffeic acid 202
chlorogenic acid 203
cinnamic acids 202
classification 216
compounds 216, 252
description 196, 216
ferulic acid 202
ferulic ethyl ester 201
human tissues and food 196
hydroxybenzoic acids 219
hydroxycinnamic acids 217–218
natural antioxidants 197, 201
organoleptic properties 217
oxidation rate 196
physiological effects 202
plant kingdom

caffeic and ferulic 199
hydroxybenzoic acid 198
hydroxycinnamic acids 199

polyunsaturated fatty acids 196
and structure 197–198, 216, 217

phospholipase D (PLD) 273
Phyllanthus niruri 291
phytochemicals

antioxidants
anthocyanins 251
and anticancer activities 230
description 251
flavonoids 251
flavonols 251
phenolic acids 252
phenolic compounds 251
tannins 251–252
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applications 238
awareness, nutraceutical benefits 2
bioavailability 238, 239
cancer and cardiovascular disease 14
cancers types in vitro and in vivo 233–237
capsaicin 14
carcinogenesis levels 230
carotenoids 10
clinical studies 233
curcumin 233
CYPs 239–240
depletion and risk 36–37
diets 14, 15
and drugs 239
EGCG 233
endogenous antioxidant enzymes 2
fibres 12–13
food and drugs 2
functions, human health 14
glucosinolates 12
health benefits 2–4
healthy food 15
limonoids 10–11
medicinal plants 15
with microflora 239
natural plant products 14
nutraceuticals 1–2
optimal immune response 1
osteoporosis 14–15
personalized medicine and diet 2
physico-chemical property 238, 239
phyto-oestrogens 8–9, 15
phytosterols 11–12
polyphenols see polyphenols
polysaccharides 13
properties 230
protective and health-beneficial effects 2
ROS-dependent action 232–233
ROS-independent action 231–232
saponins 13–14
solubility 240
sources 2–4, 231
stability 240
synthetic antioxidants 2
terpenoids 9–10
therapeutic properties 2, 5
traditional medicine see traditional medicine
tumour growth 230
vitamins and minerals 2

phyto-oestrogens (PE)
adverse effects 163–164
biological activity 148
chemical compounds 148
coumestans 156–157
dietary 150, 164
differences 149–150
effects 148

ER binding site 149
flavones 152–153
functions 149
genomic and non-genomic mechanisms 149
herbal sources see herbal sources, PE
and human health

breast cancer 158
CHD 159
cognition 160
evaluation 157–158
menopausal symptoms 159–160
osteoporosis/bone health 159
prostate cancer 158–159

interactions 149
isoflavones 150–152
lignans 155–156
mammalian 148
reproductive tissues 148
sex hormone production 149
steroidal 149
stilbenes 153–155
terpenoids 157

phytosterols (PS)
cereals 175
cholesterol and phytostanols 173, 174
description 173
health benefits and safety

biological role 177
cardiovascular risk reduction 177–178
chemical component(s) 177
and phytostanol esters 177

industrial sources 175
nutritional and health benefits

cholesterol absorption 175
hypercholesterolaemia 175
serum cholesterol 176

plant oils 174
plasma and LDL-cholesterol

carotene pigments 177
phytostanol ester 176
stanol esters 176, 177
sterol/stanol ester-content 176

b-sitosterol 174
sources 11–12
vegetal origin 173
wheat genotypes 175

piperine 271–272
Plantaginaceae 292–293
PLD see phospholipase D (PLD)
poly-DL-lactide-co-glycolide acid (PLGA) 238
polyherb sairei-to (ST) 27
polylactic acid (PLA) 238
polyphenol antioxidants

activation properties 208–209
active components of dietary 

phytochemicals 208
characterization 208
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polyphenol antioxidants (continued )
clinical trials 221
flavonoids see flavonoids
lipid peroxidation suppression 209
molecular biology and genomics technology 221
natural sources

beverages 221
cereal grains and legumes 220–221
dietary sources 210, 219
fruits 219–220
vegetables 220

non-flavonoids 214–219
in plant foods 208

polyphenols
anthocyanidins 8
antinutrients 5–6
compounds 5
detection 6
dietary 5, 6
ferulic and caffeic acid 6
flavonoids see flavonoids
green tea 6
isoflavonoids 8
plant 5
quercetin 6

polysaccharides
arabinan 106
biological activities 13
description 13
enzyme hydrolysis 68
GA3 85–86
and mucilage 107

polyunsaturated fatty acids (PUFAs)
description 51
in foods 124
gene expression 334
low diet 120
metabolism in rat brain 123
protection 314

pomegranate
cancer prevention 39
Punica granatum 299–300

potassium 319
PPM see parts per million (PPM)
pregnancy

EPA and DHA 122
RDA 315
uterine weight 157

probiotic bacteria 81
procurcumadiol 267, 271
procurcumenol 267, 270
prostate cancer, PE 158–159
protein

function 334
insulin secretion 334–335

protein kinase C (PKC) 273
proteomics 324, 333

PS see phytosterols (PS)
Punarnava 300
Punica granatum 299–300
pyridoxine 316

quercetin 25

rasayana 249
RDA see recommended daily allowance (RDA)
reactive oxygen species (ROS)

cell signal transduction and homeostasis 231
exogenous sources 231
inflammatory responses 231
macrophages 273
ROS-dependent action

cell culture media 232
chrysin and 2’, 5’ DHC 232–233
copper accumulation mechanism 233
luteolin and quercetin act 233
polyphenols 232–233
pro-oxidant activity, polyphenols 232

ROS-independent action
apoptosis 232
cancer signal transduction pathways 232
chemotherapy 232
description 231–232
dietary polyphenols 232
in vitro and in vivo studies 232
intrinsic and extrinsic pathways 232
MAPK and PI3K signalling pathways 232

recommended daily allowance (RDA) 252
redox/oxidative signalling 231
resveratrol

anticarcinogenic agents 52
anti-inflammatory 55
antineoplastic and phytogenic agents 52
antioxidants 50–51
arthritis 52–53
chemical structure 47–49
CKD 24–25
CVD 53
diabetes 53
dosage 55
early 1990s 47
enzyme inhibitors 51–52
fatty liver/liver protection 53–54
gnetol 49
immunosuppressive property 55
I/R injury 55
longevity 54
metabolism and bioavailability 50
microcirculation occlusion and cytokine 

over-production 54–55
monomethyl 49
natural products 47
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oxyresveratrol 49
physiological effects 49–50
phyto-alexin, plants 47, 48
platelet aggregation inhibitors 51
pterostilbene 49
safety see safety
skin 54
sources 48
stability 55
trans-stilbene 47
trimethyl 49
weight loss 54

Rhamnaceae 293–294
Rhamnus cathartica 293–294
Rheum spp. 26–27
riboflavin 315
ribosomal RNA (rRNA) 325
ROS see reactive oxygen species (ROS)
Rosemary leaf 301
Rosmarinus officinalis L. 301

SA see salicylic acid (SA)
safety

resveratrol
drug interaction 56
oestrogen issues 56
side effects 55–56

synbiotics
antibiotic resistance 69
bile salt deconjugation 70
biogenic amines 70
D(-)-lactic acid production 70
probiotics binding 70
strain identification 69–70

salicylic acid (SA) 219
Salvia miltiorrhiza root 27
saponins 13–14
SCEs see sister chromatid exchanges (SCEs)
SCP see single cell proteins (SCP)
SECO see secoisolariciresinol (SECO)
secoisolariciresinol (SECO) 155–156
selenium (Se) 140, 253, 320
Senna alexandria 301–302
Shatavari 302
shilajit 339
silymarin 256
single cell proteins (SCP)

nutritional benefits 80
production and cost 80

sister chromatid exchanges (SCEs) 275
small nuclear RNA (snRNA) 325
snRNA see small nuclear RNA (snRNA)
SOD see superoxide dismutase (SOD)
Solanaceae 290
soy products, cancer prevention 38
stilbenes

Caco-2 cells 153–154
chemical structures 153
foods 153, 154
piceatannol 154
red wine 154
resveratrol 154–155

stilbenoids
antiproliferative activity 216
cardioprotection 216
cytokines 216
DES 216
description 215
health benefits 215–216
neuroprotective effects 216
oestrogenic activity 216
oxidative-induced apoptosis inhibition 216
oxidative stress 216
Polygonum cuspidatum 215
proliferation inhibition 216
red wine 216
structure of resveratrol 215, 216

Streptococcus thermophilus 89
superoxide dismutase (SOD) 250
synbiotics

and allergy 72–73
antihypertensive action 71
antimutagenic effect 71
antioxidant effects 72
bacterial growth control 61
diarrhoea

acute, children 67
rotavirus infection 72
TD 67
treatment, AAD 67–68

foods 69, 73–74
functions 61, 62
and Helicobacter pylori infection 72
and IBD 73
and IBS 73
immune system 71–72
microbes 93–95
microbiota

exogenous and endogenous factors 66
loss of indigenous microorganisms 66
stress 66

prebiotics
bifidobacteria and lactobacilli 65
characteristics 64, 70–71
colonic food 64
definition 64
edible plants 64–65
first-generation 68
FOS 65
and probiotics 65–66
second-generation 68–69

prevention, antibiotic-associated diarrhoea 61
probiotics
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synbiotics (continued )
bifidobacteria 62, 64
lactobacilli 62, 64
microorganisms 62–63
properties 64

safety see safety
serum cholesterol 71

tannins 251–252
TD see traveller’s diarrhoea (TD)
Terminalia arjuna 289–290
terpenoids 9–10, 157
terpinolene 269, 272
thiamine 314–315
tissue scurvy 260
T-lymphocytes type (TH1/TH2) 84
trace minerals 318
traditional Chinese medicine (TCM) 26
traditional medicine

Acacia arabica 290–291
Aloe barbadensis 288–289
Asparagus racemosus 302
Bacopa monnieri 292–293
Boerhaavia diffusia 300
Caulophyllum thalictroides 292
Cinnamomum cassia 294
Coleus forskohlii 294–295
Commiphora molmol 302
Commiphora weightii 297–298
Eucalyptus globulus 295
Gymnema sylvestre 296–297
Myristica fragrans 298
Panax ginseng 297
Phyllanthus niruri 291
Punica granatum 299–300
Rhamnus cathartica 293–294
Rosmarinus officinalis L. 301
Senna alexandria 301–302
Terminalia arjuna 289–290
Trigonella foenum-graecum 298–299
Vaccinium spp. 291–292
Withania somnifera 290
Zingiber officinale 295–296

transcriptomics
de novo transcriptome assembly 332
DNA microarray technology 331–332
maps sequence 332
molecular mechanisms 

and signalling pathways 332
mRNA 331, 332
protein molecules synthesize 332
RNA 331

transferrin 254
transfer RNA (tRNA) 325
traveller’s diarrhoea (TD) 67
Trigonella foenum-graecum 298–299
tRNA see transfer RNA (tRNA)
Turmeric 340
a-turmerone 269, 271
b-turmerone 269, 272

uric acid 255

Vaccinium spp. 291–292
Vegan chyawanprash 338
vitamins

biotin 335
as cofactors 311, 312
description 310
fat-soluble 311
vitamin A 313, 335
vitamin B1 314–315
vitamin B2 92, 315
vitamin B3 315–316
vitamin B5 316
vitamin B6 316
vitamin B7 316–317
vitamin B9 317
vitamin B12 81, 317
vitamin C 110, 318, 335
vitamin D 313–314, 340
vitamin E 110, 314
vitamin K 314, 315
vitamins B12, B6 335–336
water-soluble 311, 312

water soluble peptide 269
water-soluble vitamins

B complex and vitamin C 311
function and sources 311, 312
nicotinic acid and nicotinamide 92–94
riboflavin/vitamin B2 92

Withania somnifera 290

xerophyte plants 103

zedoaronediol 267, 270
zinc 320
Zingiberaceae 295–296
Zingiber officinale 295–296
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