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Series Preface

During evolution, oxygen—itself a free radical—was chosen as the terminal electron acceptor
for respiration; hence, the formation of oxygen-derived free radicals is a consequence of aerobic
metabolism. These oxygen-derived radicals are involved in oxidative damage to cell components
inherent in several pathophysiological situations. Conversely, cells convene antioxidant mecha-
nisms to counteract the effects of oxidants in either a highly specific manner (e.g., by superoxide
dismutases) or a less-specific manner (e.g., through small molecules such as glutathione, vitamin E,
and vitamin C). Oxidative stress, as defined classically, entails an imbalance between oxidants and
antioxidants. However, the same free radicals that are generated during oxidative stress are pro-
duced during normal metabolism and, as a corollary, are involved in both human health and disease
by virtue of their involvement in the regulation of signal transduction and gene expression, activa-
tion of receptors and nuclear transcription factors, antimicrobial and cytotoxic actions of immune
system cells, and aging and age-related degenerative diseases.

In recent years, research disciplines focusing on oxidative stress have increased our knowledge
of the importance of the cell redox status and the recognition of oxidative stress as a process with
implications for many pathophysiological states. From this multi- and interdisciplinary interest in
oxidative stress emerges a concept that attests the vast consequences of the complex and dynamic
interplay of oxidants and antioxidants in cellular and tissue settings. Consequently, our view of
oxidative stress is both growing in scope and following new directions. Likewise, the term “reactive
oxygen species,” adopted at some stage to highlight nonradical/radical oxidants, now fails to reflect
the rich variety of other species in free-radical biology and medicine, encompassing nitrogen-,
sulfur-, oxygen-, and carbon-centered radicals. These reactive species are involved in the redox
regulation of cell functions and, as a corollary, oxidative stress is increasingly viewed as a major
upstream component in cell-signaling cascades involved in inflammatory responses, stimulation of
cell adhesion molecules, and chemoattractant production and as an early component of age-related
neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, and
amyotrophic lateral sclerosis. Hydrogen peroxide is probably the most important redox-signaling
molecule that, among others, can activate nuclear factor kB (NF-kB), NF-E2 related factor 2 (Nrf2),
and other universal transcription factors, and that is involved in the redox regulation of insulin and
mitogen-activated protein kinase (M APK) signaling. These pleiotropic effects of hydrogen peroxide
are largely accounted for by changes in the thiol/disulfide status of a cell, an important determi-
nant of the cell’s redox status with clear involvement in adaptation, proliferation, differentiation,
apoptosis, and necrosis.

The identification of oxidants in the regulation of redox cell signaling and gene expression is a
significant breakthrough in the field of oxidative stress. The classical definition of oxidative stress
as an imbalance between the production of oxidants and the occurrence of antioxidant defenses now
seems to provide a limited depiction of oxidative stress, although it emphasizes the significance
of cell redox status. Because individual signaling and control events occur through discrete redox
pathways rather than through global balances, a new definition of oxidative stress was advanced
by Dean P. Jones as a disruption of redox signaling and control that recognizes the occurrence of
compartmentalized cellular redox circuits. These concepts are anticipated to serve as platforms
for the development of tissue-specific therapeutics tailored to discrete, compartmentalized redox
circuits. This, in essence, dictates the principles of drug development—guided knowledge of the
mechanisms of oxidative stress. Hence, successful interventions will take advantage of new knowl-
edge of compartmentalized redox control and free-radical scavenging.
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X Series Preface

Virtually all diseases examined thus far involve free radicals. Although in most cases free radicals
are secondary to the disease process, in some instances causality is established for free radicals.
Thus, there is a delicate balance between oxidants and antioxidants in health, and disease clearly
associates with and in at least some cases is caused by loss of such balance. Their proper balance
is essential for ensuring healthy aging. Compelling support for the involvement of free radicals in
disease development originates from epidemiological studies showing that enhanced antioxidant
status is associated with reduced risk of several diseases. Of great significance is the role played by
micronutrients in modulation of cell signaling. This establishes a strong linking of diet, health, and
disease centered on the abilities of micronutrients to regulate redox cell signaling and modify gene
expression.

Oxidative stress is an underlying factor in health and disease. In this series of books, the impor-
tance of oxidative stress and diseases associated with organ systems is highlighted by exploring the
scientific evidence and clinical applications of this knowledge. This series is intended for research-
ers in basic biomedical sciences and for clinicians. The potential of such knowledge in facilitating
healthy aging and disease prevention warrants further knowledge about how oxidants and anti-
oxidants modulate cell and tissue functions.

Lester Packer
Enrique Cadenas
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Foreword

This book, Herbal Medicine: Biomolecular and Clinical Aspects, Second Edition, edited by Iris
F. F. Benzie and Sissi Wachtel-Galor, reports updated information on some of the most widely
investigated traditional and herbal medicines, and establishes continuity with a previous book in
this series, Herbal and Traditional Medicine: Molecular Aspects of Health, edited by Lester Packer,
Choon Nam Ong, and Barry Halliwell. This new edition is timely because there is unprecedented
interest in understanding the molecular basis of the biological activity of traditional remedies—many
of which are derived from plants and herbs (phytomedicines) or from products that are available
as herbal supplements—and because such herbal supplements enjoy much popularity throughout
the world. This popularity is the result of the recognition of alternative and complementary forms
of medicine by governmental and nongovernmental changes; for example, the U.S. Public Health
Service and the National Institutes of Health established the Office of Dietary Supplement and the
National Center for Complementary and Alternative Medicine (NCCAM), which seek to verify
health claims. Western and traditional medicines hold great promise once research and medical
practice are appropriately coordinated.

The number of herbal remedies recognized to date is staggering, and an extensive literature has
documented their existence and reported on their beneficial effects toward health and well-being,
disease prevention, and disease treatment. Herbal Medicine: Biomolecular and Clinical Aspects,
Second Edition selects some of the best-case scenarios and widely used and known herbal remedies
to report on their effects on health in light of the current knowledge concerning their basic biologi-
cal mechanisms of action. Coeditors Iris F. F. Benzie and Sissi Wachtel-Galor must be congratulated
for their excellent effort.

Lester Packer
Enrique Cadenas
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Preface

Herbal medicine has been used throughout history and within every culture to prevent and treat
diseases. In any individual culture, the materials used were those that were available within the
geographical location and addressed local health concerns. With immigration and trade, cultural
traditions were exposed and often overwhelmed by modern scientific concepts and medical prac-
tices. However, the mix and movement of cultures that began only fairly recently, along with mod-
ern transportation, storage, and communication tools, brought an enormous increase in the general
availability of herbs from different cultures and geographical areas. In a different culture, an herb
would often be used for its appearance, coloring, or taste rather than for any perceived health bene-
fits. Indeed, some of the herbs discussed in this book, such as curcumin, garlic, and cumin, are often
referred to as “spices,” or regarded as simple, if somewhat exotic, ingredients of foods from faraway
lands. Nonetheless, the long history and powerful reputation of many types of herbs, spices, and
fungi are impressive. In this time of increasing need for effective, affordable health promotion and
treatment strategies for our aging populations and growing problems posed by new and antibiotic-
resistant microbes, the history and reputation of herbal medicines must be examined in a rigorous
and scientific way so that their biomolecular effects, if confirmed, can be translated into clini-
cal benefit. Because of the strong associations among oxidative stress, aging, and disease, there is
increasing interest in the biomolecular effects of herbs, which may be related to antioxidant action.

By biomolecular effects, we mean the measurable or observable changes (biomarkers) that occur
in cells, animals, and human subjects, healthy or otherwise, under controlled conditions of treat-
ment with an herb. Biomarkers reflect organ, cell, and organelle function or damage, and homeo-
static control mechanisms. These are not limited to the genomic level, although this is a level on
which interest and insight are growing, but include a wide range and variety of biochemical and
“metabolomic” biomarkers, such as hemoglobin Alc (HbAIc) for glycemic control, plasma high-
sensitivity C-reactive protein (hsCRP) for inflammation, the number and function of immune cells,
plasma cholesterol and triglycerides for lipid balance, and biomarkers of liver and renal function. In
addition, herbs contain many compounds with powerful antioxidant properties, and herb-induced
changes in biomarkers that assess antioxidant status and oxidative stress, such as plasma ascorbic
acid and lipid peroxides, antioxidant enzyme activity/induction, and oxidation-induced damage to
DNA, are of interest in relation to the mechanisms of herbal protection. In cell-culture studies,
direct cytotoxicity and protection, gene expression, protein synthesis, and transport mechanisms
can be measured, and the morphology and growth of cells can be assessed. In animal studies, tumor
occurrence and size can be examined. By clinical effects, we mean the outcome of the biomolecular
effects in terms of human health preservation and restoration.

This book focuses on presenting the current scientific evidence of biomolecular effects of selected
herbs in relation to clinical outcomes and therapy for promotion of human health. Although the
terms “herb” and “herbal medicine” in traditional medicine are sometimes used in relation to ani-
mal or insect parts, our use of the term is limited to plants and fungi. Also, whereas many herbal
medicines are made by mixing different herbs, the focus in this book is on single herbs. The herbs
selected cover a wide range and include flowering herbs, leaves, and leaf exudate (St. John’s wort,
tea, aloe vera), fruits and berries (pomegranate, cranberry, wolfberry, bilberry), roots and rhizomes
(ginseng, ginger, and turmeric), and fungi (lingzhi and cordyceps). There is a chapter that focuses
on the antioxidant properties and effects of herbs (Chapter 2), and other chapters shift the focus
into the clinical arena and the use of herbs in relation to cardiovascular disease, cancer, diabetes,
skin disorders, and neurodegenerative disease. The ethics of using herbal medicine and its integra-
tion into modern, evidence-based medicine are also discussed. Finally, the use of new technologies

xiii
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Xiv Preface

of mass spectrometry and chemometric fingerprinting in the authentication of herbs is presented.
These technologies will bring a previously unknown level of quality control to the production of
herbal extracts. Currently, many commercially available herbal products are uncharacterized and
of questionable quality or content. The composition of natural products such as herbs can vary
greatly with season, growing conditions, preparation, and storage. However, there is also adultera-
tion, contamination, and misidentification of herbs and herbal products. Improved quality control
techniques and processes for the identification of herbs and the establishment of characteristic
chemical “fingerprints” for herbs and herbal medicines are badly needed.

For well-designed clinical trials to be performed and for them to generate valid findings, herbs
that are safe and of consistent quality and composition are needed. For findings to be valid in terms
of human health and disease, a wide and diverse range of biomarkers needs to be investigated in
controlled human trials. To translate the positive findings of science-based studies and clinical trials
into action for health promotion, consumers need to be supplied with the same herbal products as
the ones shown to have these effects. Quality, consistency, and control are needed across all aspects
of production, testing, and promotion of herbal medicines; further, at the heart of ethically accept-
able and responsible use of herbal medicines in modern health care, there must be science-based
evidence of biomolecular and clinical effects.

In closing, we would like to express our sincere thanks to the authors who contributed their
expertise and time to the production of this volume. Individually the authors are leaders in their
field. Collectively they embody a truly international collection of wisdom and experience in the
biomolecular and clinical aspects of herbal medicine. We are honored to be in their company.

MATLAB® is a registered trademark of The MathWorks, Inc. For product information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508 647 7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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1.1 HERBAL MEDICINE: A GROWING FIELD WITH A LONG TRADITION

Traditional medicine is “the knowledge, skills and practices based on the theories, beliefs and expe-
riences indigenous to different cultures, used in the maintenance of health and in the prevention,
diagnosis, improvement or treatment of physical and mental illness” (World Health Organization,
http://www.who.int/topics/traditional_medicine/en/). There are many different systems of tradi-
tional medicine, and the philosophy and practices of each are influenced by the prevailing condi-
tions, environment, and geographic area within which it first evolved (WHO 2005), however, a
common philosophy is a holistic approach to life, equilibrium of the mind, body, and the envi-
ronment, and an emphasis on health rather than on disease. Generally, the focus is on the overall
condition of the individual, rather than on the particular ailment or disease from which the patient
is suffering, and the use of herbs is a core part of all systems of traditional medicine (Engebretson
2002; Conboy et al. 2007; Rishton 2008; Schmidt et al. 2008).

Traditional Chinese medicine (TCM) is an important example of how ancient and accumulated
knowledge is applied in a holistic approach in present day health care. TCM has a history of more
than 3000 years (Xutian, Zhang, and Louise 2009). The book The Devine Farmer’s Classic of
Herbalism was compiled about 2000 years ago in China and is the oldest known herbal text in the
world, though the accumulated and methodically collected information on herbs has been devel-
oped into various herbal pharmacopoeias and many monographs on individual herbs exist.

Diagnosis and treatment are based on a holistic view of the patient and the patient’s symptoms,
expressed in terms of the balance of yin and yang. Yin represents the earth, cold, and femininity,
whereas yang represents the sky, heat, and masculinity. The actions of yin and yang influence
the interactions of the five elements composing the universe: metal, wood, water, fire, and earth.
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2 Herbal Medicine: Biomolecular and Clinical Aspects

TCM practitioners seek to control the yin and yang levels through 12 meridians, which bring and
channel energy (Qi) through the body. TCM is a growing practice around the world and is used
for promoting health as well as for preventing and curing diseases. TCM encompasses a range of
practices, but herbal medicine is a core part (Engebretson 2002; Nestler 2002; Schmidt et al. 2008;
Xutian, Zhang, and Louise 2009). Three of the top-selling botanical products, namely Ginkgo
biloba, Allium sativum (garlic), and Panax ginseng, can be traced back to origins in TCM and are
today used to treat various diseases (Li, Jiang, and Chen 2008; Xutian, Zhang, and Louise 2009).

Over the past 100 years, the development and mass production of chemically synthesized drugs
have revolutionized health care in most parts of the word. However, large sections of the population
in developing countries still rely on traditional practitioners and herbal medicines for their primary
care. In Africa up to 90% and in India 70% of the population depend on traditional medicine to
help meet their health care needs. In China, traditional medicine accounts for around 40% of all
health care delivered and more than 90% of general hospitals in China have units for traditional
medicine (WHO 2005). However, use of traditional medicine is not limited to developing countries,
and during the past two decades public interest in natural therapies has increased greatly in indus-
trialized countries, with expanding use of ethnobotanicals. In the United States, in 2007, about
38% of adults and 12% of children were using some form of traditional medicine (Ernst, Schmidt,
and Wider 2005; Barnes, Bloom, and Nahin 2008). According to a survey by the National Center
for Complementary and Alternative Medicine (Barnes, Bloom, and Nahin 2008), herbal therapy
or the usage of natural products other than vitamins and minerals was the most commonly used
alternative medicine (18.9%) when all use of prayer was excluded. A survey conducted in Hong
Kong in 2003 reported that 40% of the subjects surveyed showed marked faith in TCM compared
with Western medicine (Chan et al. 2003). In a survey of 21,923 adults in the United States, 12.8%
took at least one herbal supplement (Harrison et al. 2004) and in another survey (Qato et al. 2008),
42% of respondents used dietary or nutritional supplements, with multivitamins and minerals most
commonly used, followed by saw palmetto, flax, garlic, and Ginkgo, at the time of the interview.

The most common reasons for using traditional medicine are that it is more affordable, more
closely corresponds to the patient’s ideology, allays concerns about the adverse effects of chemi-
cal (synthetic) medicines, satisfies a desire for more personalized health care, and allows greater
public access to health information. The major use of herbal medicines is for health promotion
and therapy for chronic, as opposed to life-threatening, conditions. However, usage of traditional
remedies increases when conventional medicine is ineffective in the treatment of disease, such as
in advanced cancer and in the face of new infectious diseases. Furthermore, traditional medicines
are widely perceived as natural and safe, that is, not toxic. This is not necessarily true, especially
when herbs are taken with prescription drugs, over-the-counter medications, or other herbs, as is
very common (Canter and Ernst 2004; Qato et al. 2008; Loya, Gonzalez-Stuart, and Rivera 2009;
Cohen and Ernst 2010).

Regardless of why an individual uses it, traditional medicine provides an important health care
service whether people have physical or financial access to allopathic medicine, and it is a flourish-
ing global commercial enterprise (Engebretson 2002; Conboy et al. 2007; Evans et al. 2007). In
1990, expenditure associated with “alternative” therapy in the United States was estimated to be
US$13.7 billion. This had doubled by the year 1997, with herbal medicines growing faster than any
other alternative therapy (Eisenberg et al. 1998). In Australia, Canada, and the United Kingdom,
annual expenditure on traditional medicine is estimated to be US$80 million, US$1 billion, and
US$2.3 billion, respectively. These figures reflect the incorporation of herbal and other forms of
traditional medicine into many health care systems and its inclusion in the medical training of doc-
tors in many parts of the developed world.

The total commercial value of the ethnobotanicals market cannot be ignored. For example, in
1995, the total turnover of nonprescription-bound herbal medicines in pharmacies was equal to
almost 30% of the total turnover of nonprescription-bound medicines in Germany, and in the United
States, the annual retail sales of herbal products was estimated to be US$5.1 billion. In India,

© 2011 by Taylor & Francis Group, LLC



Herbal Medicine 3

herbal medicine is a common practice, and about 960 plant species are used by the Indian herbal
industry, of which 178 are of a high volume, exceeding 100 metric tons per year (Sahoo 2010). In
China, the total value of herbal medicine manufactured in 1995 reached 17.6 billion Chinese yuan
(approximately US$2.5 billion; Eisenberg et al. 1998; WHO 2001). This trend has continued, and
annual revenues in Western Europe reached US$5 billion in 20032004 (De Smet 2005). In China,
sales of herbal products totaled US$14 billion in 2005, and revenue from herbal medicines in Brazil
was US$160 million in 2007 (World Health Organization; http:/www.who.int/topics/traditional _
medicine/en/). It is estimated that the annual worldwide market for these products approached
US$60 billion (Tilburt and Kaptchuk 2008).

Currently, herbs are applied to the treatment of chronic and acute conditions and various ail-
ments and problems such as cardiovascular disease, prostate problems, depression, inflammation,
and to boost the immune system, to name but a few. In China, in 2003, traditional herbal medi-
cines played a prominent role in the strategy to contain and treat severe acute respiratory syndrome
(SARS), and in Africa, a traditional herbal medicine, the Africa flower, has been used for decades to
treat wasting symptoms associated with HIV (De Smet 2005; Tilburt and Kaptchuk 2008). Herbal
medicines are also very common in Europe, with Germany and France leading in over-the-counter
sales among European countries, and in most developed countries, one can find essential oils, herbal
extracts, or herbal teas being sold in pharmacies with conventional drugs.

Herbs and plants can be processed and can be taken in different ways and forms, and they include
the whole herb, teas, syrup, essential oils, ointments, salves, rubs, capsules, and tablets that contain a
ground or powdered form of a raw herb or its dried extract. Plants and herbs extract vary in the sol-
vent used for extraction, temperature, and extraction time, and include alcoholic extracts (tinctures),
vinegars (acetic acid extracts), hot water extract (tisanes), long-term boiled extract, usually roots or
bark (decoctions), and cold infusion of plants (macerates). There is no standardization, and compo-
nents of an herbal extract or a product are likely to vary significantly between batches and producers.

Plants are rich in a variety of compounds. Many are secondary metabolites and include aro-
matic substances, most of which are phenols or their oxygen-substituted derivatives such as tan-
nins (Hartmann 2007; Jenke-Kodama, Miiller, and Dittmann 2008). Many of these compounds
have antioxidant properties (see Chapter 2 on antioxidants in herbs and spices). Ethnobotanicals are
important for pharmacological research and drug development, not only when plant constituents
are used directly as therapeutic agents, but also as starting materials for the synthesis of drugs or
as models for pharmacologically active compounds (Li and Vederas 2009). About 200 years ago,
the first pharmacologically active pure compound, morphine, was produced from opium extracted
from seeds pods of the poppy Papaver somniferum. This discovery showed that drugs from plants
can be purified and administered in precise dosages regardless of the source or age of the material
(Rousseaux and Schachter 2003; Hartmann 2007). This approach was enhanced by the discovery
of penicillin (Li and Vederas 2009). With this continued trend, products from plants and natural
sources (such as fungi and marine microorganisms) or analogs inspired by them have contributed
greatly to the commercial drug preparations today. Examples include antibiotics (e.g., penicillin,
erythromycin); the cardiac stimulant digoxin from foxglove (Digitalis purpurea); salicylic acid, a
precursor of aspirin, derived from willow bark (Salix spp.); reserpine, an antipsychotic and antihy-
pertensive drug from Rauwolfia spp.; and antimalarials such as quinine from Cinchona bark and
lipid-lowering agents (e.g., lovastatin) from a fungus (Rishton 2008; Schmidt et al. 2008; Li and
Vederas 2009). Also, more than 60% of cancer therapeutics on the market or in testing are based
on natural products. Of 177 drugs approved worldwide for treatment of cancer, more than 70% are
based on natural products or mimetics, many of which are improved with combinatorial chemistry.
Cancer therapeutics from plants include paclitaxel, isolated from the Pacific yew tree; camptothecin,
derived from the Chinese “happy tree” Camptotheca acuminata and used to prepare irinotecan
and topotecan; and combretastatin, derived from the South African bush willow (Brower 2008).
It is also estimated that about 25% of the drugs prescribed worldwide are derived from plants, and
121 such active compounds are in use (Sahoo et al. 2010). Between 2005 and 2007, 13 drugs derived
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from natural products were approved in the United States. More than 100 natural product-based
drugs are in clinical studies (Li and Vederas 2009), and of the total 252 drugs in the World Health
Organization’s (WHO) essential medicine list, 11% are exclusively of plant origin (Sahoo et al.
2010).

1.2 HERBAL MEDICINE AND THE AGING POPULATION

Average life expectancy at birth has increased from around 41 years in the early 1950s to approaching
80 years in many developed countries. Consequently, the percentage of elderly people (65 years and
above) in our populations is increasing. The graying of our populations brings an increasing burden
of chronic age-related disease and dependency. Aging is associated with a progressive decline in
physiological function and an increased risk of pathological changes leading to cancer, cardiovascu-
lar disease, dementia, diabetes, osteoporosis, and so on. Lifestyle factors such as nutrition or exercise
play an important role in determining the quality and duration of healthy life and in the treatment of
chronic diseases (Bozzetti 2003; Benzie and Wachtel-Galor 2009, 2010). It is most likely that there
is no one cause of aging, and different theories of aging have been suggested over the years. Genetic
factors are undoubtedly important, but among all the metabolic theories of aging, the oxidative stress
theory is the most generally supported theory (Harman 1992; Beckman and Ames 1998). This theory
postulates that aging is caused by accumulation of irreversible, oxidation-induced damage (oxidative
stress) resulting from the interaction of reactive oxygen species with the DNA, lipid, and protein
components of cells. However, even if the aging process itself is found to be unrelated to oxidative
stress, highly prevalent chronic age-related diseases all have increased oxidative stress (Holmes,
Bernstein, and Bernstein 1992; Beckman and Ames 1998; Finkel and Holbrook 2000; Rajah et al.
2009). Antioxidants in herbs may contribute at least part of their reputed therapeutic effects (Balsano
and Alisi 2009; Tang and Halliwell 2010).

With the growing popularity of herbal medicine, the “traditional” ways of identification and prep-
aration of herbs need to be replaced with more accurate and reproducible methods (see Chapter 20)
so as to ensure the quality, safety, and consistency of the product. Given the market value, poten-
tial toxicity and increasing consumer demand, particularly in the sick and elderly members of our
populations, regulation of production and marketing of herbal supplements and medicines require
attention.

1.3 HERBAL MEDICINES: CHALLENGES AND REGULATIONS

WHO has recognized the important contribution of traditional medicine to provide essential care
(World Health Organization, http://www.who.int/topics/traditional_medicine/en/). In 1989, the U.S.
Congress established the Office of Alternative Medicine within the National Institutes of Health to
encourage scientific research in the field of traditional medicine (http://nccam.nih.gov, last access:
November 5, 2010), and the European Scientific Cooperative on Phytotherapy (ESCOP) was founded
in 1989 with the aim of advancing the scientific status and harmonization of phytomedicines at the
European level (www.escop.com, last access: November 5, 2010). This led to an increase in investment
in the evaluation of herbal medicines. In the United States, the National Center for Complementary
and Alternative Medicine at the National Institutes of Health spent approximately US$33 million on
herbal medicines in the fiscal year 2005; in 2004, the National Canadian Institute committed nearly
US$89 million for studying a range of traditional therapies. While this scale of investment is low
compared to the total research and development expenses of the pharmaceutical industry, it neverthe-
less reflects genuine public, industry, and governmental interest in this area (Li and Vederas 2009).
With tremendous expansion in the interest in and use of traditional medicines worldwide, two
main areas of concern arise that bring major challenges. These are international diversity and
national policies regarding the regulation of the production and use of herbs (and other complemen-
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tary medicines) and their quality, safety, and scientific evidence in relation to health claims (WHO
2005; Sahoo et al. 2008).

1.3.1  INTERNATIONAL DIVERSITY AND NATIONAL PoOLICIES

The diversity among countries with the long history and holistic approach of herbal medicines
makes evaluating and regulating them very challenging. In addition, there are a great number of
different herbs used. Legislative criteria to establish traditionally used herbal medicines as part of
approved health care therapies faces several difficulties. In a survey conducted across 129 countries,
WHO reported the following issues regarding herbal medicines: lack of research data, appropriate
mechanisms for control of herbal medicines, education and training, expertise within the national
health authorities and control agency, information sharing, safety monitoring, and methods to evalu-
ate their safety and efficacy. The support needed from different countries includes information
sharing on regulatory issues, workshops on herbal medicines safety monitoring, general guidelines
on research and evaluation of herbal medicines, provision of databases, herbal medicine regulation
workshops, and international meetings.

National policies are the basis for defining the role of traditional medicines in national health
care programs, ensuring that the necessary regulatory and legal mechanisms are established for
promoting and maintaining good practice, assuring the authenticity, safety, and efficacy of tradi-
tional medicines and therapies, and providing equitable access to health care resources and their
resource information (WHO 2005). Another fundamental requirement is harmonization of the mar-
ket for herbal medicines for industry, health professionals, and consumers (Mahady 2001). Herbal
medicines are generally sold as food supplements, but a common regulatory framework does not
exist in different countries. As a result, information on clinical indications for their use, efficacy,
and safety are influenced by the traditional experience available in each place. A brief outline of the
legislation in United States, Canada, and Europe is given in this section, and could be used to guide
the legal aspects of the herbal medicine industry in other countries.

In the United States, under the Dietary Supplement Health and Education Act (DSHEA) of
1994, any herb, botanical and natural concentrate, metabolite and constituent of extract, is classi-
fied as a dietary supplement. Dietary supplements do not need approval from the Food and Drug
Administration (FDA) before they are marketed (FDA 2010). Under DSHEA, herbal medicines,
which are classified as dietary supplements, are presumed safe, and the FDA does not have the
authority to require them to be approved for safety and efficacy before they enter the market,
which is the case for drugs. This means that the manufacturer of the herbal medicine is responsi-
ble for determining that the dietary supplements manufactured or distributed are indeed safe and
that any representations or claims made about them are sustained by adequate evidence to show
that they are not false or misleading. However, a dietary supplement manufacturer or distribu-
tor of a supplement with a “new dietary ingredient,” that is, an ingredient that was not marketed
in the United States before October 1994, may be required to go through premarket review for
safety data and other information. Also, all domestic and foreign companies that manufacture
package labels or hold dietary supplements must follow the FDA’s current good manufacturing
practice (GMP) regulations, which outline procedures for ensuring the quality of supplements
intended for sale (FDA 2010; Gao 2010). Regarding contamination, the FDA has not issued any
regulations addressing safe or unsafe levels of contaminants in dietary supplements but has set
certain advisory levels in other foods (FDA 2010; Gao 2010). A product being sold as an herbal
supplement (dietary supplement) in the United States cannot suggest on its label or in any of its
packaging that it can diagnose, treat, prevent, or cure a specific disease or condition without
specific approval from the FDA. A claim also cannot suggest an effect on an abnormal condition
associated with a natural state or process, such as aging (FDA 2010; Gao 2010).

In Canada, herbal remedies must comply with the Natural Health Products Regulations (Health
Canada 2003). According to these regulations, all natural products require a product license before
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they can be sold in Canada. In order to be granted a license, detailed information on the medicinal
ingredients, source, potency, nonmedicinal ingredients, and recommended use needs to be fur-
nished. Once a product has been granted a license, it will bear the license number and follow stan-
dard labeling requirements to ensure that consumers can make informed choices. A site license
is also needed for those who manufacture, pack, label, and import herbal medicines. In addition,
GMPs must be employed to ensure product safety and quality. This requires that appropriate stan-
dards and practices regarding the manufacture, storage, handling, and distribution of natural health
products be met. The GMPs are designed to be outcome based, ensuring safe and high-quality prod-
ucts, while giving the flexibility to implement quality control systems appropriate to the product line
and business. Product license holders are required to monitor all adverse reactions associated with
their product and report serious adverse reactions to the Canadian Department of Health.

In Europe, the European Directive 2004/24/EC released in 2004 by the European Parliament
and by the Council of Europe provides the guidelines for the use of herbal medicines (Calapai
2008). The directive establishes that herbal medicines released on the market need authoriza-
tion by the national regulatory authorities of each European country and that these products must
have a recognized level of safety and efficacy (Calapai 2008). The registration of herbal medici-
nal products needs sufficient evidence for the medicinal use of the product throughout a period
of at least 30 years in the European Union (EU), at least 15 years within the EU, and 15 years
elsewhere for products from outside the EU. With regard to the manufacturing of these products
and their quality, products must fulfill the same requirements as applications for a marketing autho-
rization. Information is based on the availability of modern science—based public monographs in
the European Pharmacopeia and their equivalents developed by the pharmaceutical industry. The
standards put forward allow not only to define the quality of products but also to eliminate harm-
ful compounds, adulteration, and contamination. Within the EU, a number of committees were
set up to attempt and standardize the information and guidelines related to herbal medicines. A
variety of materials has been produced, such as monographs on herbs and preparations, guidelines
on good agricultural and collection practice for starting materials of herbal origin, and guidelines
on the standardization of applications and setting up pragmatic approaches for identification and
quantitative determination of herbal preparations and their complex compositions (Routledge 2008;
Vlietinck, Pieters, and Apers 2009).

1.3.2  QuALITY, SAFETY, AND SCIENTIFIC EVIDENCE

Herbal medicine has been commonly used over the years for treatment and prevention of diseases
and health promotion as well as for enhancement of the span and quality of life. However, there
is a lack of a systematic approach to assess their safety and effectiveness. The holistic approach
to health care makes herbal medicine very attractive to many people, but it also makes scientific
evaluation very challenging because so many factors must be taken into account. Herbal medicines
are in widespread use and although many believe herbal medicines are safe, they are often used in
combination and are drawn from plant sources with their own variability in species, growing condi-
tions, and biologically active constituents. Herbal extracts may be contaminated, adulterated, and
may contain toxic compounds. The quality control of herbal medicines has a direct impact on their
safety and efficacy (Ernst, Schmidt, and Wider 2005; Ribnicky et al. 2008). But, there is little data
on the composition and quality of most herbal medicines not only due to lack of adequate policies or
government requirements but also due to a lack of adequate or accepted research methodology for
evaluating traditional medicines (WHO 2001; Kantor 2009). In addition, there is very little research
on whole herbal mixtures because the drug approval process does not accommodate undifferentiated
mixtures of natural chemicals. To isolate each active ingredient from each herb would be immensely
time-consuming at a high cost, making it not cost-effective for manufacturers (Richter 2003).
Another problem is that despite the popularity of botanical dietary and herbal supplements, some
herbal products on the market are likely to be of low quality and suspect efficacy, even if the herb
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has been shown to have an effect in controlled studies using high-quality product. There is a belief
that herbs, as natural products, are inherently safe without side effects and that efficacy can be
obtained over a wide range of doses. Although herbs may well have undesirable side effects, there
are no set “doses,” and herb—drug or herb—herb interactions are possible.

A major hypothetical advantage of botanicals over conventional single-component drugs is the
presence of multiple active compounds that together can provide a potentiating effect that may not
be achievable by any single compound. This advantage presents a unique challenge for the sepa-
ration and identification of active constituents. Compounds that are identified by activity-guided
fractionation must be tested in appropriate animal models to confirm in vivo activity. Ideally, the
composition of the total botanical extract must be standardized and free of any potential hazards,
and plants should be grown specifically for the production of botanical extracts under controlled
conditions and originate from a characterized and uniform genetic source with a taxonomic record
of the genus, species, and cultivar or other additional identifiers. Records should be maintained for
the source of the seed, locations and conditions of cultivation, and exposure to possible chemical
treatments such as pesticides. Because the environment can significantly affect phytochemical pro-
files and the efficacy of the botanical end product, botanical extracts can vary from year to year and
may be significantly affected by temperature, drought, or flood as well as by geographic location.
Therefore, biochemical profiling must be used to ensure that a consistent material is used to produce
a botanical. The concentration step can also be challenging, and the process to concentrate active
compounds to a sufficient level can negatively affect their solubility and bioavailability. Therefore,
improving efficacy by increasing concentration can be counterproductive, and the use of solubiliz-
ers and bioenhancers needs to be considered just as for drugs (Ribnicky et al. 2008). However, there
are major challenges to achieving this.

Although in theory botanicals should be well characterized and herbal supplements should be
produced to the same quality standards as drugs, the situation in practice is very different from that
of a pure drug. Herbs contain multiple compounds, many of which may not be identified and often
there is no identifier component, and chemical fingerprinting is in its early stages and is lacking for
virtually all herbs (see Chapter 20). This makes standardization of botanicals difficult, although
some can be produced to contain a standardized amount of a key component or class of components,
such as ginsenosides for ginseng products or anthocyanins for bilberry products (see chapter 4 on
bilberry and chapter 8 on ginseng in this volume). However, even when such key compounds have
been identified and a standard content is agreed or suggested, there is no guarantee that individual
commercial products will contain this.

Another interesting point to consider is that herbal materials for commercial products are col-
lected from wild plant populations and cultivated medicinal plants. The expanding herbal product
market could drive overharvesting of plants and threaten biodiversity. Poorly managed collection
and cultivation practices could lead to the extinction of endangered plant species and the destruction
of natural resources. It has been suggested that 15,000 of 50,000-70,000 medicinal plant species
are threatened with extinction (Brower 2008). The efforts of the Botanic Gardens Conservation
International are central to the preservation of both plant populations and knowledge on how to
prepare and use herbs for medicinal purposes (Brower 2008; Li and Vederas 2009).

1.4 RESEARCH NEEDS

Research needs in the field of herbal medicines are huge, but are balanced by the potential health
benefits and the enormous size of the market. Research into the quality, safety, molecular effects,
and clinical efficacy of the numerous herbs in common usage is needed. Newly emerging scientific
techniques and approaches, many of which are mentioned in this book, provide the required test-
ing platform for this. Genomic testing and chemical fingerprinting techniques using hyphenated
testing platforms are now available for definitive authentication and quality control of herbal prod-
ucts. They should be regulated to be used to safeguard consumers, but questions of efficacy will
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remain unless and until adequate amounts of scientific evidence accumulate from experimental
and controlled human trials (Giordano, Engebretson, and Garcia 2005; Evans 2008; Tilburt and
Kaptchuk 2008). Evidence for the potential protective effects of selected herbs is generally based
on experiments demonstrating a biological activity in a relevant in vitro bioassay or experiments
using animal models. In some cases, this is supported by both epidemiological studies and a lim-
ited number of intervention experiments in humans (WHO 2001). In general, international research
on traditional herbal medicines should be subject to the same ethical requirements as all research
related to human subjects, with the information shared between different countries. This should
include collaborative partnership, social value, scientific validity, fair subject selection, favorable
risk-benefit ratio, independent review, informed consent, and respect for the subjects (Giordano,
Engebretson, and Garcia 2005; Tiburt and Kaptchuk 2008). However, the logistics, time, and cost
of performing large, controlled human studies on the clinical effectiveness of an herb are prohibi-
tive, especially if the focus is on health promotion. Therefore, there is an urgent need to develop
new biomarkers that more clearly relate to health (and disease) outcomes. Predictor biomarkers
and subtle but detectable signs of early cellular change that are mapped to the onset of specific
diseases are needed.

Research is needed also to meet the challenges of identifying the active compounds in the plants,
and there should be research-based evidence on whether whole herbs or extracted compounds are
better. The issue of herb—herb and herb—drug interactions is also an important one that requires
increased awareness and study, as polypharmacy and polyherbacy are common (Canter and Ernst
2004; Qato et al. 2008; Loya, Gonzalez-Stuart, and Rivera 2009; Cohen and Ernst 2010). The use
of new technologies, such as nanotechnology and novel emulsification methods, in the formulation
of herbal products, will likely affect bioavailability and the efficacy of herbal components, and this
also needs study. Smart screening methods and metabolic engineering offer exciting technologies
for new natural product drug discovery. Advances in rapid genetic sequencing, coupled with manip-
ulation of biosynthetic pathways, may provide a vast resource for the future discovery of pharma-
ceutical agents (Li and Vederas 2009). This can lead to reinvestigation of some agents that failed
earlier trials and can be restudied and redesigned using new technologies to determine whether they
can be modified for better efficacy and fewer side effects. For example, maytansine isolated in the
early 1970s from the Ethiopian plant Maytenus serrata, looked promising in preclinical testing but
was dropped in the early 1980s from further study when it did not translate into efficacy in clinical
trials; later, scientists isolated related compounds, ansamitocins, from a microbial source. A deriva-
tive of maytansine, DM1, has been conjugated with a monoclonal antibody and is now in trials for
prostate cancer (Brower 2008).

1.5 CONCLUSIONS

Plants, herbs, and ethnobotanicals have been used since the early days of humankind and are still
used throughout the world for health promotion and treatment of disease. Plants and natural sources
form the basis of today’s modern medicine and contribute largely to the commercial drug prepara-
tions manufactured today. About 25% of drugs prescribed worldwide are derived from plants. Still,
herbs, rather than drugs, are often used in health care. For some, herbal medicine is their preferred
method of treatment. For others, herbs are used as adjunct therapy to conventional pharmaceuticals.
However, in many developing societies, traditional medicine of which herbal medicine is a core
part is the only system of health care available or affordable. Regardless of the reason, those using
herbal medicines should be assured that the products they are buying are safe and contain what they
are supposed to, whether this is a particular herb or a particular amount of a specific herbal com-
ponent. Consumers should also be given science-based information on dosage, contraindications,
and efficacy. To achieve this, global harmonization of legislation is needed to guide the responsible
production and marketing of herbal medicines. If sufficient scientific evidence of benefit is available
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for an herb, then such legislation should allow for this to be used appropriately to promote the use of
that herb so that these benefits can be realized for the promotion of public health and the treatment
of disease.
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2.1 INTRODUCTION

Herbs and spices are traditionally defined as any part of a plant that is used in the diet for their
aromatic properties with no or low nutritional value (Davidson 1999; Hacskaylo 1996; Smith and
Winder 1996). However, more recently, herbs and spices have been identified as sources of various
phytochemicals, many of which possess powerful antioxidant activity (Larson 1988; Velioglu et al.
1998; Kidhkonen et al. 1999; Dragland et al. 2003). Thus, herbs and spices may have a role in anti-
oxidant defense and redox signaling.

In the scientific and public literature, antioxidants and oxidative stress are very often presented
in a far too simple manner. First, reactive oxygen species (ROS) are lumped together as one func-
tional entity. However, there are many different ROS that have separate and essential roles in normal
physiology and are required for a variety of normal processes. These physiological functions are
not overlapping, and the different ROS that exist cannot, in general, replace each other. Different
ROS are also strongly implicated in the etiology of diseases such as cancers, atherosclerosis,
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neurodegenerative diseases, infections, chronic inflammatory diseases, diabetes, and autoimmune
diseases (Gutteridge and Halliwell 2000; McCord 2000). Second, the various antioxidants that exist
are often viewed as a single functional entity. However, the different endogenous antioxidants that
are produced by the body (e.g., glutathione, thioredoxins, glutaredoxin, and different antioxidant
enzymes) cannot, in general, replace each other. They have specific chemical and physiological
characteristics that ensure all parts of the cells and the organs or tissues are protected against oxi-
dative damage. Dietary antioxidants also exist in various forms, with polyphenols and carotenoids
being the largest groups of compounds. These have different functions and are produced by plants
to protect plant cells against oxidative damage (Halliwell 1996; Lindsay and Astley 2002).

Based on the complex nature of antioxidants and ROS, it would thus be extremely unlikely that
a magic bullet with a high dose of one or a few particular antioxidants such as vitamin C, vitamin
E, or B-carotene would protect all parts of the cells, organs, and tissues against oxidative damage
and oxidative stress, at the same time without destroying any of the numerous normal and benefi-
cial functions of ROS. Indeed, supplementation with antioxidants has often resulted in no effect or
even adverse disease outcomes. Recently, several reviews and meta-analyses have concluded that
there is now a strong body of evidence indicating that there is no beneficial effect for supplemental
vitamin C, vitamin E, or B-carotene (Vivekananthan et al. 2003; Eidelman et al. 2004; Bjelakovic
et al. 2007; Bjelakovic et al. 2008). An alternative and much more likely antioxidant strategy to
test protection against oxidative stress and related diseases would be to test the potential beneficial
effects of antioxidant-rich foods, since such foods typically contain a large combination of different
antioxidants that are selected, through plant evolution, to protect every part of the plant cells against
oxidative damage. This is especially relevant for herbs and spices. The aim of this chapter is to dis-
cuss the potential role of antioxidants in herbs and spices in normal physiology, oxidative stress, and
related diseases. We begin with a brief introduction of ROS and their role in normal physiology and
oxidative stress, and then present data that demonstrate herbs and spices are the most antioxidant-
dense dietary source of antioxidants that has been described. We end the chapter with a discussion
on the potential role of herb and spice antioxidants in oxidative stress.

2.2 REACTIVE OXYGEN SPECIES: COMPLEX ROLES IN NORMAL PHYSIOLOGY

ROS molecules are simply oxygen-containing molecules that are reactive. They can be divided
into free-radical ROS and nonradical ROS. Free-radical ROS have unpaired electrons in their
outer orbits; examples of such molecules are superoxide and hydroxyl radical. Nonradical ROS
do not have unpaired electrons; however, these are chemically reactive and can be converted into
free-radical ROS. One example of a nonradical ROS is hydrogen peroxide.

2.2.1 RoLE oF REACTIVE OXYGEN SPECIES IN CELL SIGNALING

To survive, cells must sense their immediate surroundings and change their activity according to
their microenvironment. This is accomplished through cell signaling. A basic signaling pathway
relays a signal through the cell by modulating the activities of proteins along the pathway. A “medi-
ator” or “second messenger” is a molecule that promotes (or inhibits) a step in a signaling pathway.
Functions of ROS have been described at different locations of signaling pathways. The ROS mol-
ecules have been described as the very first stimulus that starts the cascade of a signaling pathway,
the “initiator,” and also as the last step of a signaling pathway, the so-called effector. Furthermore,
ROS can also be involved somewhere between the start and the end of the signaling pathway, either
as the molecule that relays the signal itself or by promoting a step in the signaling pathway. In
both cases, ROS can be seen as the mediator in the particular pathway (for review, see the work by
Hancock [2009]). However, for ROS to function as signaling mediators, they should be produced
where and when they are needed, sensed by some mechanism, and should be rapidly removed to
stop the signal from being sustained.
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2.2.2 ProbucTION OF REACTIVE OXYGEN SPECIES

ROS molecules are created during the reduction of oxygen to water. The addition of one electron
to oxygen creates superoxide, whereas further reduction gives hydrogen peroxide. Production of
ROS can also be a consequence of endogenous or exogenous stimuli, including ultraviolet (UV)
radiation, chemotherapy, environmental toxins, and exercise (Blomhoff 2005). Deliberate produc-
tion of ROS occurs in different cellular compartments from enzymes such as nicotinamide adenine
dinucleotide phosphate (NADPH), oxidases (NOX and dual oxidase [DUOX]), nitric oxide (NO)
synthase (NOS), xanthine oxidase, and from the electron transport chain of the mitochondria.

There are seven NADPH oxidases (i.e., NOX1 to NOX5 and DUOX1 and DUOX?2). These
are transmembrane proteins that produce superoxide or hydrogen peroxide. The oxidases NOXI1
through 5 produce superoxide by the transfer of an electron through the membrane from NADPH to
oxygen. The enzymes DUOX1-2 are calcium-dependent enzymes and produce hydrogen peroxide
directly by virtue of a peroxide-like subunit located on the outer side of the membrane in addition to
the transfer of an electron from NADPH. The enzymes further differ in their cellular compartmental-
ization, their upstream activators, and the associated subunits. Known inducers of NOX are growth
factors, cytokines, and vitamin D (Brown and Griendling 2009; Chen et al. 2009; Leto et al. 2009).

Mitochondria have traditionally been thought to produce ROS only as an unwanted by-product
of energy production in the electron transfer chain. However, deliberate ROS production also occurs
from the mitochondria. This occurs at least partially by the inhibition of cytochrome ¢ oxidase by
NO leading to increased superoxide production without affecting energy production. Mitochondrial
superoxide dismutase converts superoxide to hydrogen peroxide, which can cross the membrane and
take part in cytosolic signaling (Brookes et al. 2002).

2.2.3 How ARe ReacTiVE OXYGEN SPECIES PERCEIVED?

ROS can alter the production, stability, or function of proteins. The redox status may alter the activ-
ity of transcription factors in the nucleus. In general, the reduced transcription factor binds to deoxy-
ribonucleic acid (DNA) and promotes transcription, whereas an oxidized transcription factor will
not be able to bind to DNA and thus will not promote transcription. Furthermore, the stability of
proteins can be affected by the oxidation of proteasomes. Oxidation of proteasomes may render
them inactive and unable to degrade proteins, thus maintaining or increasing the level of proteins.
Finally, the function of proteins and molecules can be modified through oxidation by the following
three different strategies: (1) Proteins, such as thioredoxin, can be oxidized, resulting in alteration of
the activity of the protein directly. (2) The oxidation targets a chaperone protein that usually inhibits
protein activity; on oxidation, the protein can dissociate from its inhibitor and thus become active.
(3) Phosphatases and kinases can be targets for oxidation, and subsequently alter the activity of pro-
teins through posttranslational modifications. Protein tyrosine phosphatases are often inactivated by
oxidation, whereas the different kinases are generally activated. The most common targets of oxida-
tion are cysteine residues, but other amino acids like tyrosine and methionine can also be targets.
Further oxidation of target molecules may lead to irreversible oxidative damage. Oxidized cysteine
residues can be protected from further oxidation by the formation of thiol bridges.

In phagocytosis, ROS is an effector that is produced by NOX2 inside the phagosome to kill
phagocytozed microbes. Targets of ROS in signaling pathways include transcription factors, redox
sensors, and phosphatases/kinases. Transcription factors include Nrf2, NF-kB, p53, AP-1, cyclic
adenosine monophosphate response element binding (CREB), HomeoboxB5, and nuclear receptors
such as the estrogen receptor. Redox sensors include thioredoxin, glutharedoxins, peroxiredoxins,
glutathione, and redox effector factor-1 (Ref-1), whereas phosphatases/kinases include PTP, Akt,
JNK, ERK, Src, and CDK (Brown and Gutteridge 2007; Halliwell and Gutteridge 2007; Kamata
et al. 2005; Kiley and Storz 2004; Trachootham et al. 2008). To counteract the possible toxic effects
of ROS and enable ROS to act in signaling pathways, intricate systems of antioxidants have evolved.
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This system is highly specialized in terms of both removal of specific ROS and compartmentalization
of the different antioxidants. For a discussion of various antioxidant systems, please see the excellent
book by Halliwell and Gutteridge (2007).

2.3 EXAMPLES OF THE DUAL ROLES OF REACTIVE
OXYGEN SPECIES IN PATHOLOGIES

Increased levels of ROS have been implicated in numerous chronic degenerative diseases such as
cardiovascular diseases, cancers, type 2 diabetes, neurodegenerative diseases, obesity, and hyper-
tension. However, ROS may have dual roles in many pathologies.

2.3.1 ReacTivE OXYGEN SPECIES IN RHEUMATOID ARTHRITIS

Dual roles of ROS have been found in many types of autoimmune diseases. Most often, the focus
was on lowering the levels of ROS as a treatment in diseases such as rheumatoid arthritis (Hultqvist
et al. 2009). As NOX2 has been found to produce ROS in rheumatoid arthritis, it would, therefore,
be a natural target for therapy. In a murine model of rheumatoid arthritis, mice with dysfunctional
NOX2 were found to have decreased ROS production; however, these mice had increased rather
than decreased symptoms of rheumatoid arthritis. These mice had more active T cells, and that
this increased T-cell activity was due to the dysfunction of NOX?2 in macrophages, which rendered
the macrophages unable to downregulate T-cell activity. By restoring ROS signaling in the macro-
phages, the altered T-cell activation was reversed and the increased rheumatoid arthritis symptoms
were decreased (Hultqvist et al. 2004; Gelderman et al. 2007).

2.3.2 ExpLOITATION OF REACTIVE OXYGEN SPECIES SIGNALING
BY CANCER CELLS TO SURVIVE AND GROW

Normal cells have a low level of ROS. Increased ROS, for example, due to inflammation or envi-
ronmental factors, are generally thought to increase mutations in DNA and thereby risk of cancer.
However, the increased level of ROS in cancer cells is balanced by an increased defense against
ROS so that the cell does not exceed the ROS threshold for cell death. The increase in ROS leads to
activation of signaling pathways that favor cell growth, migration, and proliferation. Furthermore,
many cancer therapies (e.g., radiation, chemotherapy) induce massive amounts of ROS that exceed
the ROS threshold and induce cancer cell death (reviewed by Trachootham, Alexandre, and Huang
2009). Thus, although antioxidants may theoretically prevent transformation of normal cells to can-
cerous cells, they may theoretically also lower the efficacy of cancer treatment.

2.3.3 Posimive RoLE oF REACTIVE OXYGEN SPECIES IN EXERCISE

During exercise, several adaptive responses occur that are related to the increased level of ROS
production via mitochondria. These adaptations include increased antioxidant defense, increased
insulin sensitivity in muscle, and biogenesis of mitochondria. Thus, physical activity and exercise
decreases the risk of several diseases, although exercise is known to induce the production of ROS.
A study by Ristow and collaborators (2009) shed new light on the effect of exercise on ROS produc-
tion. In their clinical trial, subjects were divided into previously trained or untrained individuals,
and these two groups were randomized to consume either high doses of vitamin C and E supple-
ments or placebo during an exercise regimen. Exercise was found to increase ROS, induce ROS
defense, and insulin sensitivity. However, these changes were not found in those subjects who had
consumed vitamin C and E supplements. Furthermore, these differences were most evident in the
previously untrained subjects (Ristow et al. 2009.) Thus, these data suggest that adaptive responses
to ROS are an important mechanism that mediates the beneficial effects of exercise.
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2.4 IS THERE A ROLE OF DIETARY ANTIOXIDANTSIN OXIDATIVE STRESS?

Based on the dual role of ROS described in Section 2.3 and the large variety of ROS and mechanisms
involved, it is clear that a beneficial effect of a large intake of one single antioxidant (such as high-
dose vitamin C, vitamin E, or B-carotene supplement) would not be expected. An alternative and
much more likely strategy would be to test the potential beneficial effects of antioxidant-rich foods,
since such foods typically contain a large combination of different antioxidants, which are selected
through plant evolution to protect every part of the plant cells against oxidative damage. Moreover,
this “package” of antioxidants with different functions is also present in much lower doses than
those that are typically used in antioxidant supplements. Thus, we suggest that dietary antioxidants
taken in their usual form of food may decrease risk of chronic diseases without compromising the
normal functions of ROS (Blomhoff 2005).

There are numerous antioxidants in dietary plants. Carotenoids are ubiquitous in the plant king-
dom, and as many as 1000 naturally occurring variants have been identified. At least 60 carotenoids
occur in the fruits and vegetables commonly consumed by humans (Lindsay and Astley 2002).
Besides the pro-vitamin A carotenoids, o~ and B-carotene, and B-cryptoxanthin, lycopene and the
hydroxy carotenoids (xanthophylls) lutein and zeaxanthin are the main carotenoids present in the
diet. Their major role in plants is related to light harvesting as auxiliary components and quenching
of excited molecules, such as singlet oxygen, that might be formed during photosynthesis. Phenolic
compounds are also ubiquitous in dietary plants (Lindsay and Astley 2002). They are synthesized
in large varieties, and belong to several molecular families, such as benzoic acid derivatives, flavo-
noids, proanthocyanidins, stilbenes, coumarins, lignans, and lignins. Over 8000 plant phenols have
been isolated. Plant phenols are antioxidants by virtue of the hydrogen-donating properties of the
phenolic hydroxyl groups.

We hypothesize that antioxidant-rich foods may be beneficial and provide a balanced combination
of a variety of antioxidants in appropriate doses that would protect against excessive oxidative stress
and oxidative damage without disturbing the normal role of ROS. In order to test this hypothesis, we
first need to identify antioxidant-rich foods, that is, foods that contain relatively large amounts of total
antioxidants. Therefore, we perform a systematic screening of the total antioxidant content (Benzie
and Strain 1996) of more than 3500 foods (Halvorsen et al. 2002; Halvorsen et al. 2006; Carlsen
et al. 2010). This novel and unique antioxidant food table enables us to calculate the total antioxidant
content of complex diets, identify and rank potentially good sources of antioxidants, and provide the
research community with data on the relative antioxidant capacity of a wide range of foods.

There is not necessarily a direct relationship between the antioxidant content of a food sample con-
sumed and the subsequent antioxidant activity in the target cell. Factors influencing the bioavailabil-
ity of phytochemical antioxidants include the food matrix and food preparation methods, as well as
absorption, metabolism, and catabolism. With the present study, food samples with high antioxidant
content are identified, but further investigation into each individual food is needed to identify those
samples that may have biological relevance and the mechanisms involved in antioxidant activity. Such
studies, including mechanistic cell-culture and experimental animal research, preclinical studies on
bioavailability and bioefficacy, as well as clinical trials, are in progress.

2.5 TOTAL ANTIOXIDANT CONTENT OF FOODS
AND DRINKS: LARGEST DENSITY OF ANTIOXIDANTS
CONTAINED IN SPICES AND HERBS

The results of our study show large variations both between different food categories and within
each category; all the food categories contain products almost devoid of antioxidants (Table 2.1).
Please refer to the antioxidant food table published as an electronic supplement to the paper by
Carlsen et al. (2010) for the antioxidant results on all products analyzed. The updated database is
available online at http://www.blomhoff.no (link to “Scientific Online Material”).
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TABLE 2.1
Characteristics of the Antioxidant Food Table

Antioxidant Content (mmol/100 g)

25th 75th 90th
n Mean  Median Min Max Percentile  Percentile  Percentile

Plant-based foods* 1943 11.57 0.88 0.00 2897.11 0.27 4.11 24.30
Animal-based foods® 211 0.18 0.10 0.00 1.00 0.05 0.21 0.46
Mixed foods* 854 0.91 0.31 0.00 18.52 0.14 0.68 1.50
Categories

1. Berry products 119 9.86 3.34 0.06 261.53 1.90 6.31 37.08
2. Beverages 283 8.30 0.60 0.00 1347.83 0.15 2.37 3.64
3. Breakfast cereals 90 1.09 0.89 0.16 4.84 0.53 1.24 1.95
4. Chocolates/sweets 80 4.93 2.33 0.05 14.98 0.82 8.98 13.23
5. Dairy products 86 0.14 0.06 0.00 0.78 0.04 0.14 0.44
6. Desserts and cakes 134 0.45 0.20 0.00 4.10 0.09 0.52 1.04
7.Egg 12 0.04 0.04 0.00 0.16 0.01 0.06 0.14
8. Fats and oils 38 0.51 0.39 0.19 1.66 0.30 0.50 1.40
9. Fish and seafood 32 0.11 0.08 0.03 0.65 0.07 0.12 0.21
10. Fruit and fruit juices 278 1.25 0.69 0.03 55.52 0.31 1.21 2.36
11. Grain products 227 0.34 0.18 0.00 3.31 0.06 0.38 0.73
12. Herbal medicine 59 91.72 14.18 0.28 2897.11 5.66 39.67 120.18
13. Infant foods 52 0.77 0.12 0.02 18.52 0.06 0.43 1.17
14. Legumes 69 0.48 0.27 0.00 1.97 0.12 0.78 1.18
15. Meat products 31 0.31 0.32 0.00 0.85 0.11 0.46 0.57
16. Miscellaneous 44 0.77 0.15 0.00 15.54 0.03 0.41 1.70
17. Mixed food entrees 189 0.19 0.16 0.03 0.73 0.11 0.23 0.38
18. Nuts and seeds 90 4.57 0.76 0.03 33.29 0.44 5.08 15.83
19. Poultry products 50 0.23 0.15 0.05 1.00 0.12 0.23 0.59
20. Snacks, biscuits 66 0.58 0.61 0.00 1.17 0.36 0.77 0.97
21. Soups, sauces, etc. 251 0.63 0.41 0.00 4.67 0.25 0.68 1.27
22. Spices and herbs 425 29.02 11.30 0.08 465.32 4.16 35.25 74.97
23. Vegetable products 303 0.80 0.31 0.00 48.07 0.17 0.68 1.50
24. Supplements 131 98.58 3.27 0.00 1052.44 0.62 62.16 316.93

* Categories 1, 2, 3, 10, 11, 12, 14, 18, 22, 23.

¥ Categories 5, 7, 9, 15, 19.

£ Categories 4, 6, 8, 13, 16, 17, 20, 21.

Source: The values are taken from Carlsen, M. H. et al. 2010. Nutr J 22 (epub, January 22 2010. doi: 10.1186/
1475-2891-9-3)

Interestingly, the categories “spices and herbs” and “herbal/traditional plant medicine” include
the most antioxidant-rich products analyzed in the study. The categories “berries and berry prod-
ucts,” “fruit and fruit juices,” “nuts and seeds,” “breakfast cereals,” “chocolate and sweets,” “bever-
ages,” and “vegetables and vegetable products” include most of the common foods and beverages,
which have medium to high antioxidant values. We find that plant-based foods are generally
higher in antioxidant content than animal-based and mixed food products, with median antioxi-
dant values of 0.88, 0.10, and 0.31 mmol/100 g, respectively. Furthermore, the 75th percentile of
antioxidant-content threshold for plant-based foods is 4.11 mmol/100 g, compared to that of 0.21

2 ¢
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and 0.68 mmol/100 g for animal-based and mixed foods, respectively. The high mean value of
plant-based foods is due to a minority of products with very high antioxidant values, found among
plant medicines, spices, and herbs. Table 2.1 summarize results from the 24 food categories tested.

2.6 TOTAL AMOUNTS OF ANTIOXIDANTS IN HERBS AND SPICES

Herbal/traditional plant medicine is the most antioxidant-rich category in the present study and
also the category with the largest variation between products (Table 2.2). Half of the products have
antioxidant values above the 90th percentile of the complete food table and the mean and median
values are 91.7 and 14.2 mmol/100 g, respectively. The 59 products included originate from India,
Japan, Mexico, and Peru. Sangre de grado (“dragon’s blood”) from Peru has the highest antioxidant
content of all the products in the database (2897.1 mmol/100 g). Other antioxidant-rich products
are triphala, amalaki, and arjuna from India and goshuyu-tou, a traditional kampo medicine from

TABLE 2.2
Antioxidants in Herbal/Traditional Plant Medicine
Antioxidant

Manufacturer/Product Label/ Content

Product Country of Origin Procured in (mmol/100 g)

Amalaki (amla), powder in capsule The Himalaya Herbal Health Care India 301.14

Angelicae radix Tsumura Pharmaceutical Company, Japan 2.96
Japan

Arjuna, powder in capsule The Himalaya Herbal Health Care India 146.95

Arnica (Arnica montana), flower and Mexico Mexico 36.28

seeds, dried

Arnica (Arnica montana), leaves Mexico Mexico 3.72

Astragali radix Tsumura Pharmaceutical Company, Japan 4.87
Japan

Atractylodis lanceae rhizoma Tsumura Pharmaceutical Company, Japan 7.37
Japan

Aurantii nobilis pericarpium Tsumura Pharmaceutical Company, Japan 17.48
Japan

AyurSlim, powder in capsule The Himalaya Herbal Health Care India 4.94

Blood Purifier, powder in capsule The Himalaya Herbal Health Care India 25.42

Bordelobo Mexico Mexico 17.98

Brahmi, powder in capsule The Himalaya Herbal Health Care India 10.40

Bupleuri radix Tsumura Pharmaceutical Company, Japan 5.66
Japan

Cancerina Mexico Mexico 19.14

Cascara sagrada Mexico Mexico 47.15

Chyavanprash, Dabur Dabur India Limited India 35.70

Chyavanprash, Zandu in asli ghee The Zandu Pharmaceutical Works India 18.32

Cimicifugae rhizoma Tsumura Pharmaceutical Company, Japan 64.31
Japan

Cinnamoni cortex Tsumura Pharmaceutical Company, Japan 120.18
Japan

Cnidii Rhizoma Tsumura Pharmaceutical Company, Japan 6.68
Japan

Digestiv, powder in capsule The Himalaya Herbal Health Care India 7.68

Domiana de San Luis Mexico Mexico 10.69

(Continued)
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TABLE 2.2 (Continued)

Antioxidants in Herbal/Traditional Plant Medicine

Product

Eucalipto
Ginseng radix

Glycyrrhizae Radix

Goshuyutou, kampo, traditional medicine
from Japan, powder
Hochuekkito

Holelen

Huacharable
Juzentaihoto

Kampo, traditional medicine from Japan,
powder

Karela (bitter gourd), powder in capsule

Lasuna (garlic), powder in capsule

Neem Guard, powder in capsule

Nimba (neem tree), powder in capsule

Paeoniae radix

Pinelliae tuber

Pinguica
Rhemanniae radix

Saikokeishito

Sangre de grado (Croton lechleri), liquid
solution

Sano Sano

Scutellariae radix

Shallaki, powder in capsule

Shuddha guggulu, powder in capsule

Stress Guard, antistress, powder in
capsule

Tagara, valerian, powder in capsule

Tepezcohuite

Tetzar

Tila

Triphala, powder in capsule

Hangebyakujutsutemmato

Tulasi, (holy basil), powder in capsule
Un Compuesto, herbal condiment against
insomnia

Manufacturer/Product Label/
Country of Origin

Mexico

Tsumura Pharmaceutical Company,
Japan

Tsumura Pharmaceutical Company,
Japan

Japan

Tsumura Pharmaceutical Company,
Japan

Tsumura Pharmaceutical Company,
Japan

Mexico

Tsumura Pharmaceutical Company,
Japan

Japan

The Himalaya Herbal Health Care

The Himalaya Herbal Health Care

The Himalaya Herbal Health Care

Tsumura Pharmaceutical Company,
Japan

Tsumura Pharmaceutical Company,
Japan

Mexico

Tsumura Pharmaceutical Company,
Japan

Tsumura Pharmaceutical Company,
Japan

Iquitos, Peru

Peru

Tsumura Pharmaceutical Company,
Japan

The Himalaya Herbal Health Care

The Himalaya Herbal Health Care

The Himalaya Herbal Health Care

Mexico

Mexico

Mexico

The Himalaya Herbal Health Care

Tsumura Pharmaceutical Company,
Japan

The Himalaya Herbal Health Care

Mexico
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Procured in

Mexico
Japan

Japan

Japan

Japan

Japan

Mexico
Japan

Japan

India
India
India
India
Japan

Japan

Mexico
Japan

Japan

Peru

Peru
Japan

India
India
India

India
Mexico
Mexico
Mexico
India
Japan

India
Mexico

Antioxidant
Content
(mmol/100 g)
47.30

1.45

11.58
132.58
9.67
2.82

39.18
14.18

4.02

7.57
0.80
89.23
19.99
55.13

0.28

2.31
3.94

21.35
2897.11

0.47
111.33

2.58
13.77
6.39

6.44
64.58
5.88
19.49
706.25
5.15

39.67
40.89
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TABLE 2.2 (Continued)
Antioxidants in Herbal/Traditional Plant Medicine

Antioxidant
Manufacturer/Product Label/ Content
Product Country of Origin Procured in (mmol/100 g)
Uncaria tomentosa (Una de gato) Cusco, Peru Peru 37.10
Zapote Mexico Mexico 38.78
Zarzaparrilla, root Cusco, Peru Peru 13.73
Zingiberis rhizoma Tsumura Pharmaceutical Company, Japan 17.52
Japan
Zizyphi fructus Tsumura Pharmaceutical Company, Japan 5.88
Japan
Soyatein (protein-rich soya) Vital Soya Industry, Sri Goindwal India 1.32

Sahib, District Amritsar

Japan, with antioxidant values in the range 132.6-706.3 mmol/100 g. Only four products in this
category have values less than 2.0 mmol/100 g.

A summary of the 425 spices and herbs analyzed in our study is presented in Table 2.3. The
study includes spices and herbs from 59 different manufacturers or countries. Although 27 single
products have a total antioxidant content in the range 100—465 mmol/100 g, the variation is from
0.08 mmol/100 g in raw garlic paste procured in Japan to 465 mmol/100 g in dried and ground
clove purchased from Norway. When sorted by antioxidant content, clove has the highest mean
antioxidant value, followed by peppermint, allspice, cinnamon, oregano, thyme, sage, rosemary,
saffron, and estragon, all dried and ground, with mean values ranging from 44 to 277 mmol/100 g.
When analyzed in fresh samples compared to the dried herbs, oregano, rosemary, and thyme have
lower values, in the range 2.2—-5.6 mmol/100 g. This is also true for basil, chives, dill, and parsley.
In addition to common spices and culinary herbs, we also analyzed other herbs, such as birch
leaves, wild marjoram, and wood cranesbill, among others. Most of the spices and herbs analyzed
have very high antioxidant content. Although spices and herbs contribute little weight to the dinner
plate, they may still be important contributors to antioxidant intake, especially in dietary cultures
where spices and herbs are used regularly. We interpret the elevated concentration of antioxidants
observed in several dried herbs compared to fresh samples as a normal consequence of the drying
process leaving most of the antioxidants intact in the dried end product.

2.7 RESEARCH NEEDS: POTENTIAL HEALTH EFFECTS
OF DIETARY ANTIOXIDANTS

Only a few spices have been relatively extensively studied in terms of possible health effects (those
include turmeric and ginger, both of which are described in more detail elsewhere in this book).
Clove, oregano, and thyme are all among the commercially available spices with the highest total
antioxidant capacity (Table 2.3). Several phytochemicals found in these spices, such as rosmarinic
acid (Lee et al. 2006) in thyme and oregano (Shan et al. 2005), eugenol in clove and allspice (Chainy
et al. 2000) and gallic acid in clove, have all been identified as inhibitors of NF-kB, a transcription
factor which is crucial in the orchestration of immune and inflammatory responses. Thyme and
oregano essential oils in combination decreased the levels of IL-13 and IL-6, as well as inflamma-
tion related tissue damage in a model of colitis (Bukovska et al. 2007), both of which may also be
related to NF- kB. We found an extract of clove, oregano, thyme, together with walnuts and coffee
to inhibit NF-xB activation in a synergistic manner in vitro, and also in vivo in transgenic mice
(Paur et al. 2010). Furthermore, thyme has been found to induce or maintain levels of endogenous
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TABLE 2.3

Antioxidants in Herbs and Spices

Product

A condiment with red pepper and six
other spices, dried ground

Ajwain fruit pods, whole

Ajwain fruit pods, dried

Allspice, dried ground

Allspice, dried ground

Alpine lady’s mantle, leaves, dried

Angelica, fresh

Angelica, leaves, dried
Angelica, seeds, dried
Anisisop, leaves, dried
Ash, young leaves, dried

Barbeque spicemix
Barbeque spicemix
Barberry, bark

Basil, dried
Basil, dried
Basil, dried
Basil, dried
Basil, dried
Basil, dried

Basil, fresh
Basil, fresh
Basil, fresh
Bay leaves, dried
Bay leaves, dried
Bay leaves, fresh

Bearberry (Arctostaphylos uvaursi),
leaves, dried

Bee balm (Monarda didyma), flower,
dried

Betonica officinalis, dried
Betterave

Birch, leaves, dried
Birch, leaves, fresh

Bird cherry, flower, dried

Biting stonecrop, dried

Blackberry, leaves, dried

Manufacturer/Product Label/
Country of Origin

Japan

India

Hindu, Norway

Black Boy, Rieber og sgn

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

Norsk @ko-Urt AB, Norway

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

Santa Maria, Sweden

Engebretsen AS, Norway

The Norwegian Crop Research
Institute, Norway

Gokgehan , Turkey

Norsk @ko-Urt AB, Norway

Black Boy, Rieber og sgn

Spice Cargo

Natures Treats Australia PTY LTD,
Australia

Norway

Santa Maria

Black Boy, Rieber og sgn

Natures Treats Australia PTY LTD,
Australia

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

Mali

Norsk @ko-Urt AB, Norway

Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway
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Procured in

Japan

Iran
India
Norway
Norway
Norway

Norway

Norway
Norway
Norway
Norway

Norway
Norway
Norway

Norway
Norway
United States
Norway
Mexico
New Zealand

Norway
Norway
United States
Norway
Norway
New Zealand

Norway
Norway
Norway
Mali

Norway
Norway
Norway

Norway

Norway

Antioxidant
Content
(mmol/100 g)

6.08

0.94
28.42
99.28

101.52
130.36

0.66

25.25

8.66
33.14
47.78

1.65
2.13
55.63

9.86
28.10
12.31
30.86
18.24

0.49

1.12
0.67
0.82
31.29
24.29
15.05

182.10
46.56
9.41
2.34
30.44
26.23
23.08

11.89

23.31
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TABLE 2.3 (Continued)
Antioxidants in Herbs and Spices
Antioxidant

Manufacturer/Product Label/ Content
Product Country of Origin Procured in (mmol/100 g)
Blackcurrant, leaves, dried Norsk @ko-Urt AB, Norway Norway 97.83
Calamus root (Acorus calamus), thizome  The Norwegian Crop Research Norway 6.65

Institute, Norway
Caper, flower Turkey Norway 1.00
Caper, fruits and stem Cervera, Denmark Norway 0.84
Caper, small Turkey Norway 0.94
Car magaz, whole kernels Asian Bazaar Mexico 0.77
Caraway seeds, dried Norsk @ko-Urt AB, Norway Norway 3.35
Caraway seeds, dried Black Boy, Rieber og sgn Norway 4.48
Cardamom pod, green, whole India India 1.85
Cardamom seeds (from green pod) Roopaks, Ajmal Khan, New Delhi India 1.64
Cardamom seeds, dried India India 1.13
Cardamom seeds, dried Black Boy, Rieber og sgn Norway 0.48
Cardamom, dried ground Engebretsen AS, Norway Norway 2.35
Cardamom, dried ground Santa Maria, Sweden Norway 1.65
Cardamom, whole fruit, dried India India 1.64
Cayenne pepper, dried ground Spice Cargo Mexico 5.38
Cayenne pepper, dried ground Santa Maria Norway 4.18
Cayenne pepper, dried ground Black Boy, Rieber og sgn Norway 5.90
Celery seeds, whole Spice Cargo Mexico 8.17
Celery, leaves, dried Norsk @ko-Urt AB, Norway Norway 16.91
Chervil, dried The Norwegian Crop Research Norway 17.67

Institute, Norway
Chili, Chile ancho, dark, whole, dried Mexico Mexico 5.09
Chili, Chile de arcbol, small red, whole, Mexico Mexico 3.11

dried
Chili, Chile don piquin, with seeds, Mexico Mexico 4.20
crushed, dried
Chili, Chile guajillo, dark, whole, dried Mexico Mexico 2.25
Chili, Chile pasilla, dark, whole, dried Verde Valle, Mexico Mexico 7.54
Chili, Chile pasilla, dark, whole, dried La Merced, Mexico Mexico 3.01
Chili, Chile piquin, dried ground — Mexico 1.40
Chili, Chile, dried ground La Anita, Mexico Mexico 7.15
Chili, dried Santa Maria, Sweden Norway 7.63
Chili, dried ground Spice Cargo Mexico 12.21
Chili, dried ground Rajah Norway 7.87
Chili, dried ground Engebretsen AS, Norway Norway 12.15
Chili, dried ground United States United States 8.37
Chili, dried ground, hot Hindu, Norway Norway 5.96
Chili, dried ground, Mexican Hindu, Norway Norway 11.86
Chili, green, whole Spain Norway 2.33
Chili, red with seeds, dried India India 2.52
Chili, red, whole Spain Norway 2.92
Chili, red, whole — Norway 2.08
Chili, without seeds, dried India India 3.74
Chives, chopped, dried Spice Cargo Mexico 7.80
(Continued)
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TABLE 2.3 (Continued)

Antioxidants in Herbs and Spices

Product

Chives, dried
Chives, dried

Chives, dried
Chives, fresh
Chives, fresh
Cinnamon sticks, (Cassia vera indo)

Cinnamon, bark, whole

Cinnamon, bark, whole

Cinnamon, dried ground

Cinnamon, dried ground

Cinnamon, dried ground

Cinnamon, dried ground

Cinnamon, dried ground

Cinnamon, dried ground

Cinnamon, dried ground

Cirsium heterophyllum, leaves, dried

Clove, dried ground

Clove, dried ground

Clove, whole, dried

Clove, whole, dried

Clove, whole, dried

Clove, whole, dried

Club-moss, dried

Coltsfoot, leaves, dried
Columbine, Granny’s bonnet, dried
Common alkanet, dried

Common butterwort, leaves, dried
Common chickweed, dried
Common elder, flower, dried
Common elder, leaves, dried
Common fumitory, dried

Common horsetail, dried

Common mallow, flower and leaves,

dried
Common mallow, flower, dried

Manufacturer/Product Label/
Country of Origin

Black Boy, Rieber og sgn

Natures Treats Australia PTY LTD,
Australia

Norsk @ko-Urt AB, Norway

BAMA gruppen, Norway

Natures Treats Australia PTY LTD,
Australia

Mexico

Asian Bazaar

India

Spice Cargo

Black Boy, Rieber og sgn

Engebretsen AS, Norway

Santa Maria, Sweden

Canela Molida

The Norwegian Crop Research
Institute, Norway

Black Boy, Rieber og sgn

La Surtidora

TRS Wholesale CO, England

Escosa, Mexico

India

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway
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Procured in

Norway
New Zealand

Norway
Norway
Norway
New Zealand

Mexico
Mexico

India

Mexico
United States
Norway
Norway
Norway
Mexico
Norway

United States
Norway
Mexico
Norway
Mexico
India
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway

Norway

Norway

Antioxidant
Content
(mmol/100 g)
7.11
2.56

11.14
0.59
0.60
6.84

40.14
32.61
31.64
139.89
17.65
53.04
63.27
118.69
114.98
38.18

125.55
465.32
175.31
317.96
327.77
252.04
4.56
61.32
3.96
18.37
41.93
5.17
24.13
20.36
25.06
12.17

9.06

24.63
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TABLE 2.3 (Continued)
Antioxidants in Herbs and Spices
Antioxidant
Manufacturer/Product Label/ Content
Product Country of Origin Procured in (mmol/100 g)
Common mallow, leaves, dried Norsk @ko-Urt AB, Norway Norway 9.20
Common nettle, stinging nettle, leaves, Norsk @ko-Urt AB, Norway Norway 35.23
dried
Common polypody, rhizome The Norwegian Crop Research Norway 35.42
Institute, Norway
Common silver birch, leaves, dried The Norwegian Crop Research Norway 22.07
Institute, Norway
Common valerian, flower and leaves, The Norwegian Crop Research Norway 24.03
dried Institute, Norway
Condiment with red pepper, dried ground ~ Japan Japan 5.23
Coriander, dried ground Rajah Norway 4.66
Coriander seeds Onena Spices, Spain Norway 0.28
Coriander seeds Asian Bazaar Mexico 1.26
Coriander, leaves, dried Santa Maria, Sweden Norway 2.84
Coriander, leaves, dried Black Boy, Rieber og sgn Norway 2.10
Coriander, leaves, fresh BAMA gruppen, Norway Norway 1.20
Coriander, leaves, fresh Norway Norway 0.41
Coriander, seeds, green, dried India India 3.49
Cornflower, dried The Norwegian Crop Research Norway 11.96
Institute, Norway
Cornflower, flower, dried Norsk @ko-Urt AB, Norway Norway 8.84
Creeping jenny (Lysimachia The Norwegian Crop Research Norway 31.31
nummularia), leaves, dried Institute, Norway
Cumin, dried ground Mexico Mexico 8.23
Cumin, dried ground Black Boy, Rieber og sgn Norway 6.82
Cumin, dried ground Spice Cargo Mexico 9.14
Cumin, dried ground Comino Molido Mexico 10.30
Cumin, dried ground Rajah Norway 11.88
Cumin, seeds, whole, dried Santa Maria, Sweden Norway 2.54
Cumin, whole Hindu, Norway Norway 2.45
Curled parsley, fresh Hafskjold Gartneri, Norway Norway 0.34
Curry, powder Japan Japan 10.47
Curry, powder Spice Cargo Mexico 14.92
Curry, powder United States United States 9.98
Curry, powder TRS Wholesale CO, England Norway 10.93
Curry, powder Black Boy, Rieber og sgn Norway 13.02
Curry, powder, Madras, hot, dried ground ~ Rajah Norway 6.65
Curry, powder, Madras, mild, dried ground Rajah Norway 7.43
Curry, powder, mild, dried ground Rajah Norway 4.17
Dame’s violet, dried The Norwegian Crop Research Norway 22.63
Institute, Norway
Dandelion, flower, dried Norsk @ko-Urt AB, Norway Norway 12.72
Dandelion, leaves Norway Norway 6.89
Dandelion, leaves, dried The Norwegian Crop Research Norway 21.07
Institute, Norway
(Continued)
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TABLE 2.3 (Continued)
Antioxidants in Herbs and Spices

Antioxidant

Manufacturer/Product Label/ Content

Product Country of Origin Procured in (mmol/100 g)

Dandelion, root The Norwegian Crop Research Norway 491
Institute, Norway

Devil’s bit, dried The Norwegian Crop Research Norway 30.18
Institute, Norway

Dill, dried Norsk @ko-Urt AB, Norway Norway 20.23

Dill, dried Goutess, GmbH Norway 24.47

Dill, dried Black Boy, Rieber og sgn Norway 15.94

Dill, dried Hindu, Norway Norway 2.79

Dill, dried Santa Maria Norway 2.68

Dill, fresh Norway Norway 1.39

Dill, fresh — Norway 2.18

Dill, seeds The Norwegian Crop Research Norway 3.37
Institute, Norway

Dwarf birch, leaves, dried The Norwegian Crop Research Norway 86.22
Institute, Norway

English ivy, leaves, dried The Norwegian Crop Research Norway 27.98
Institute, Norway

Estragon, dried Black Boy, Rieber og sgn Norway 43.31

Estragon, dried Santa Maria Norway 13.63

Estragon, French, leaves, dried Norsk @ko-Urt AB, Norway Norway 43.22

Estragon, Russian, leaves, dried Norsk @ko-Urt AB, Norway Norway 44.75

European golden rod, dried The Norwegian Crop Research Norway 28.43
Institute, Norway

Fakouhoye leaves, dried Mali Mali 10.20

Fennel, leaves, dried Norsk @ko-Urt AB, Norway Norway 18.91

Fennel, whole seeds, dried TRS Wholesale, Co., England Norway 5.84

Fenugreek, seeds India India 2.09

Fenugreek, whole Asian Bazaar Mexico 1.67

Field bindweed, dried The Norwegian Crop Research Norway 17.51
Institute, Norway

Field forget-me-not, dried The Norwegian Crop Research Norway 28.15
Institute, Norway

Field horsetail (Equisetum arvense), Norsk @ko-Urt AB, Norway Norway 9.41

leaves, dried

Field rest-harrow (Ononis arvensis), root ~ The Norwegian Crop Research Norway 10.15
Institute, Norway

Figwort, dried The Norwegian Crop Research Norway 8.69
Institute, Norway

Fir clubmoss, dried The Norwegian Crop Research Norway 10.58
Institute, Norway

Garden catmint (Nepeta x faassenii), The Norwegian Crop Research Norway 14.18

dried Institute, Norway

Garlic, dried ground — United States 0.80

Garlic, dried ground Black Boy, Rieber og sgn Norway 2.13

Garlic, dried ground Rajah Norway 1.61

Garlic, dried ground Spice Cargo Mexico 0.78

Garlic, raw paste Japan Japan 0.08

Ginger Norway 2.79
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TABLE 2.3 (Continued)

Antioxidants in Herbs and Spices

Antioxidant

Manufacturer/Product Label/ Content

Product Country of Origin Procured in (mmol/100 g)

Ginger Mali Mali 3.93

Ginger, dried ground — Mexico 22.19

Ginger, dried India India 11.31

Ginger, dried ground Santa Maria, Sweden Norway 22.12

Ginger, dried ground Northwest Delights, United States Norway 0.86

Ginger, dried ground Spice Cargo Mexico 24.37

Ginger, dried ground — United States 21.57

Ginger, raw paste Japan Japan 5.33

Grass-of-Parnasuss (Parnassia palustris), — The Norwegian Crop Research Norway 52.27

dried Institute, Norway

Greater burdock, root The Norwegian Crop Research Norway 14.26
Institute, Norway

Greater plantain, leaves, dried The Norwegian Crop Research Norway 22.03
Institute, Norway

Green mint, leaves, dried Norsk @ko-Urt AB, Norway Norway 142.58

Grey alder (Alnus incana), leaves, dried The Norwegian Crop Research Norway 59.27
Institute, Norway

Ground-ivy (Glechoma hederacea), dried ~ The Norwegian Crop Research Norway 31.72
Institute, Norway

Hazel, leaves, dried The Norwegian Crop Research Norway 35.51
Institute, Norway

Heather, flower, dried The Norwegian Crop Research Norway 56.98
Institute, Norway

Hoary plantain, leaves, dried The Norwegian Crop Research Norway 29.35
Institute, Norway

Hollyhock, flower and leaves, dried The Norwegian Crop Research Norway 10.16
Institute, Norway

Hop, cone The Norwegian Crop Research Norway 30.96
Institute, Norway

Hops, leaves, dried Norsk @ko-Urt AB, Norway Norway 35.28

Horehound (Marrubium vulgare), dried The Norwegian Crop Research Norway 12.49
Institute, Norway

Hound’s tongue, leaves, dried The Norwegian Crop Research Norway 32.65
Institute, Norway

Houseleek, dried The Norwegian Crop Research Norway 5.24
Institute, Norway

Hyssop, flower, dried Norsk @ko-Urt AB, Norway Norway 52.29

Hyssop, leaves, dried Norsk @ko-Urt AB, Norway Norway 44.90

Iceland moss (Cetraria islandica), dried The Norwegian Crop Research Norway 0.71
Institute, Norway

Imperatoria ostruthium, rthizome The Norwegian Crop Research Norway 27.56
Institute, Norway

Jalapefio pepper, dried Black Boy, Rieber og sgn Norway 8.25

Japanese pepper, dried ground Japan Japan 36.92

Japanese rose, Ramanas rose, fruit shell, The Norwegian Crop Research Norway 58.66

dried Institute, Norway
(Continued)
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TABLE 2.3 (Continued)

Antioxidants in Herbs and Spices

Product

Juniper berries, blue, dried
Juniper berries, coniferous litter, dried

Juniper berries, dried
Juniper berries, dried
Juniper berries, green, dried
Juniper berries, green, dried

Kaloonji, whole seeds, dried
Knotgrass, dried

Lady’s bedstraw, dried

Lady’s mantle, leaves, dried
Lady’s mantle, leaves, dried

Lavender, leaves and flower, dried

Lemon balm (Melissa officinalis), leaves,
fresh

Lemon balm, leaves, dried

Lemon pepper

Lemon pepper

Lemon thyme, leaves and flower, dried

Lemon thyme, leaves, dried

Liquorice, sweet-root, root and rhizome

Lovage (Levisticum officinale), leaves,
dried

Lovage (Levisticum officinale), leaves,
dried

Maghaj, dried

Maral Root (Leuzea carthamoides),
leaves, dried

Marigold (Calendula officinalis), flower
and leaves, dried

Meadowsweet (Filipendula ulmaria),
dried

Meadowsweet, flower and leaves, dried

Meadowsweet, flower, dried
Meadowsweet, leaves, dried
Merian, dried

Mint, dried

Mint (Mentha spicata), fresh

Motherworth (Leonurus cardiaca), dried

Manufacturer/Product Label/

Country of Origin

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

Black Boy, Rieber og sgn

Norsk @ko-Urt BA, Norway

The Norwegian Crop Research
Institute, Norway

Ashiq Cash&Carry, England

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

Norway

Norsk @ko-Urt AB, Norway

Santa Maria

Hindu, Norway

Norsk @ko-Urt AB, Norway

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

India

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

Norsk @ko-Urt AB, Norway

Norsk @ko-Urt AB, Norway

Santa Maria, Sweden

Onena Spices, Spain

The Norwegian Crop Research
Institute, Norway
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Procured in

Norway

Norway

Norway
Norway
Norway
Norway

Norway
Norway

Norway

Norway
Norway

Norway

Norway

Norway
Norway
Norway
Norway
Norway
Norway

Norway

Norway

India

Norway

Norway

Norway

Norway

Norway
Norway
Norway
Norway
Norway

Norway

Antioxidant
Content
(mmol/100 g)

19.29
76.77

8.89
9.27
8.42
80.26

1.02
16.62

9.90

43.31
24.99

29.61
1.32

125.33
0.66
1.00

92.18
9.22
2.71

23.70
36.17

0.27
69.57

9.83
154.05
117.77

167.82
111.30
53.92
71.95
1.27
13.19
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TABLE 2.3 (Continued)
Antioxidants in Herbs and Spices
Antioxidant
Manufacturer/Product Label/ Content
Product Country of Origin Procured in (mmol/100 g)
Mugwort, dried The Norwegian Crop Research Norway 23.79
Institute, Norway
Mullein, flower, dried The Norwegian Crop Research Norway 37.71
Institute, Norway
Mustard powder Spice Cargo Mexico 10.30
Mustard powder Colman’s Norway 10.39
Mustard seed, yellow, ground — United States 10.53
Mustard seeds India India 3.78
Mustard seeds, brown, whole Asian Bazaar Mexico 6.70
Mustard seeds, ground Mexico Mexico 9.44
Mustard seeds, yellow, whole Asian Bazaar Mexico 7.52
Northern dock, dried The Norwegian Crop Research Norway 43.61
Institute, Norway
Northern dock, root The Norwegian Crop Research Norway 56.69
Institute, Norway
Nutmeg, dried Roopaks, Ajmal Khan, New Delhi India 19.42
Nutmeg, dried India India 33.00
Nutmeg, dried ground Black Boy, Rieber og sgn Norway 20.32
Nutmeg, dried ground Mexico Mexico 43.52
Nutmeg, whole, dried Jaifal, England Norway 15.83
Onion, dried ground — United States 0.95
Oregano, dried La Surtidora Mexico 73.77
Oregano, dried — United States 40.30
Oregano, dried Greece Norway 45.58
Oregano, dried Norsk @ko-Urt AB, Norway Norway 89.51
Oregano, dried Mexico Mexico 47.64
Oregano, dried Gokgehan, Turkey Norway 96.64
Oregano, dried Hindu, Norway Norway 48.02
Oregano, dried Black Boy, Rieber og sgn Norway 44.99
Oregano, dried Santa Maria Norway 21.42
Oregano, dried McCormick Mexico 82.61
Oregano, fresh Norway Norway 3.75
Oregano, fresh Gartner, BAMA, Norway Norway 3.81
Orpine (Sedum telephium), rhizome The Norwegian Crop Research Norway 57.83
Institute, Norway
Paprika (powder), dried ground Rajah Norway 6.78
Paprika (powder), dried ground — United States 8.60
Paprika (powder), dried ground Santa Maria, Sweden Norway 5.93
Paprika (powder), dried ground Paprika Molido Mexico 7.44
Paprika (powder), dried ground Engebretsen AS, Norway Norway 8.08
Paprika, (powder), dried ground Black Boy, Rieber og sgn Norway 5.59
Paprika, (powder), red, dried ground Spice Cargo Mexico 5.75
Parsely, big leaves, fresh Linnes gard, Norway Norway 1.93
Parsley Mali Mali 1.12
Parsley Norway Norway 0.86
Parsley Sweden Norway 1.22
(Continued)
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TABLE 2.3 (Continued)

Antioxidants in Herbs and Spices

Product
Parsley

Parsley, big leaves, fresh
Parsley, dried

Parsley, dried

Parsley, dried

Parsley, dried

Parsley, dried

Parsley, dried

Pepper, dried ground
Pepper, black, dried ground
Pepper, black, dried ground
Pepper, black, dried ground
Pepper, black, dried ground
Pepper, black, dried ground
Pepper, black, whole, dried
Pepper, black, whole, dried

Pepper, dark-green “berries” on the stem,

fresh

Pepper, green “berries” on the stem,
fresh

Pepper, white, dried ground

Pepper, white, dried ground

Pepper, white, whole

Peppermint, leaves, dried

Pepperwort, garden cress, fresh

Perforate St. John’s wort, flower and
leaves, dried

Piffi, dried ground

Piri-piri, dried ground

Piri-piri, dried

Pot marigold, flower, dried

Purple coneflower, flower and leaves,
dried

Purple loosestrife (Lythrum salicaria),
flower and leaves, dried

Quack grass, rootstock (Elytrigia
repens), rhizome

Rai, dried

Raspberry, leaves, dried

Raspberry, leaves, dried

Raspberry, leaves, fresh
Red clover, flower, dried

Red wortleberries, leaves, dried

Red-berried elder, leaves, dried

Manufacturer/Product Label/
Country of Origin

Lier
Sweden
Hindu, Norway
Norsk @ko-Urt AB, Norway
Black Boy, Rieber og sgn
Santa Maria
Spice Cargo
McCormick
La Surtidora
Spice Cargo
Rajah
Black Boy, Rieber og sgn
India

Thailand
Thailand

Santa Maria

Rajah

Roopaks, Ajmal Khan, New Delhi

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

Engebretsen AS, Norway

Santa Maria

Black Boy, Rieber og sgn

Norsk @ko-Urt AB, Norway

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway

India

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

Norway

Norsk @ko-Urt AB, Norway

The Norwegian Crop Research
Institute, Norway

The Norwegian Crop Research
Institute, Norway
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Procured in

Norway
Norway
Norway
United States
Norway
Norway
Norway
Mexico
Mexico
Mexico
Mexico
Norway
Norway
United States
India

United States
Norway

Norway

Norway
Norway
India

Norway
Norway
Norway

Norway
Norway
Norway
Norway

Norway
Norway
Norway
India

Norway
Norway
Norway
Norway

Norway

Norway

Antioxidant
Content
(mmol/100 g)
2.00
2.03
3.72
7.43
10.09
3.64
3.81
8.23
50.96

5.08
6.68
6.65
8.71
4.54
4.15
4.34
0.26

0.46

3.92
5.02
3.49
160.82
242
54.37

0.61
9.39
6.51
11.47
16.09

111.04
0.88
2.84

46.89
32.56
21.36
39.92

102.07

56.66
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TABLE 2.3 (Continued)
Antioxidants in Herbs and Spices
Antioxidant
Manufacturer/Product Label/ Content
Product Country of Origin Procured in (mmol/100 g)
Ribwort, leaves, dried The Norwegian Crop Research Norway 34.81
Institute, Norway
Rose, flower, dried Norsk @ko-Urt AB, Norway Norway 153.90
Rose-bay, leaves, dried Norsk @ko-Urt AB, Norway Norway 101.33
Rose-bay, willow herb flower, dried Norsk @ko-Urt AB, Norway Norway 93.48
Rose-bay, willow herb, flower and The Norwegian Crop Research Norway 120.99
leaves, dried Institute, Norway
Rosemary, dried Hindu, Norway Norway 35.81
Rosemary, dried Black Boy, Rieber og sgn Norway 66.92
Rosemary, fresh Norway Norway 5.64
Rosemary, fresh leaves Gartner, BAMA, Norway Norway 11.07
Rosemary, fresh leaves BAMA gruppen, Norway Norway 6.34
Rosemary, leaves, dried Norsk @ko-Urt AB, Norway Norway 56.95
Rosemary, leaves, dried Spice Cargo Mexico 39.99
Rosemary, leaves, dried Gokgehan, Turkey Norway 24.34
Roseroot, fresh The Norwegian Crop Research Norway 5.63
Institute
Saftron, dried ground Delhi Keshar Co. India 23.83
Saffron, dried ground Roopaks, Ajmal Khan, New Delhi India 61.72
Saffron, dried ground Gaea, Greece Norway 47.83
Saffron, stigma Mexico Mexico 7.02
Saffron, stigma Carmencita, Spain Norway 24.83
Saffron, stigma Bahraman Saffron, Iran Iran 20.58
Sage, dried Hindu, Norway Norway 34.88
Sage, dried Spice Cargo Mexico 58.80
Sage, leaves, dried Norsk @ko-Urt AB, Norway Norway 39.36
Sanguisorba officinalis, dried The Norwegian Crop Research Norway 33.37
Institute, Norway
Saunf, big, dried India India 7.09
Saunf, small, dried India India 6.46
Scented mayweed, flower, dried Norsk @ko-Urt AB, Norway Norway 16.63
Shah jerra, dried Roopaks, Ajmal Khan, New Delhi India 5.34
Shepherd’s purse, dried The Norwegian Crop Research Norway 5.52
Institute, Norway
Silverweed, dried The Norwegian Crop Research Norway 35.79
Institute, Norway
Small-leaved lime, flower, dried The Norwegian Crop Research Norway 34.83
Institute, Norway
Somage, dried ground Iran Iran 85.58
Sorrel, leaves, dried The Norwegian Crop Research Norway 19.52
Institute, Norway
Southernwood, flower, stem, and leaves, The Norwegian Crop Research Norway 34.88
dried Institute, Norway
Spanish chervil, leaves, dried Norsk @ko-Urt AB, Norway Norway 54.96
Speedwell, dried The Norwegian Crop Research Norway 94.79
Institute, Norway
(Continued)
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TABLE 2.3 (Continued)

Antioxidants in Herbs and Spices

Product

Spice mix, Kjgkkensjef Natvigs

Spice mix, Aromat

Spice mix, Gastromat

Spice mix, taco

Spice mix, taco

Spice mix, taco

Spruce, leaves, dried

St. John’s wort, flower and leaves, dried

Star anise, dried

Stevia drypp, juice from fermented
leaves

Stevia rebaudiana, dried leaves

Stevia rebaudiana, fermented leaves

Stevia rebaudiana, leaves

Stevia rebaudiana, leaves

Stinging nettle, dried

Stinging nettle, leaves

Sugar kelp, dried, kombu royal
Summac, dried ground

Summer savory, leaves and flower, dried
Sundew (Drosera angelica), dried

Sundew (Drosera rotundifolia), dried

Sweet marjoram, leaves, dried
Tamarind
Tansy, flower, dried

Tej pata (bay leaves), dried
Thribi, dried

Thyme, dried

Thyme, dried

Thyme, dried

Thyme, fresh

Thyme, fresh leaves
Thyme, fresh leaves

Trembling poplar, aspen, leaves, dried

Turmeric, dried ground
Turmeric, dried ground
Turmeric, dried ground
Turmeric, dried ground
Turmeric, dried ground
Turmeric, dried ground

Manufacturer/Product Label/
Country of Origin
Black Boy, Rieber og sgn
Knorr
Gastromat A/S, Norway
ICA, Sweden
Santa Maria, Sweden
Old El Paso
Norsk @ko-Urt AB, Norway
The Norwegian Crop Research
Institute, Norway
India
Medurt Pharma

Medurt Pharma
Medurt Pharma
Medurt Pharma
The Norwegian Crop Research Institute,
Norway
Norway
Iceland
Khater Spice, Lebanon
Norsk @ko-Urt AB, Norway
The Norwegian Crop Research Institute,
Norway
The Norwegian Crop Research Institute,
Norway
Norsk @ko-Urt AB, Norway
India
The Norwegian Crop Research Institute,
Norway
India
Greece
Black Boy, Rieber og sgn
Greece
Norsk @ko-Urt AB, Norway
Norway
Gartner, BAMA, Norway
BAMA gruppen, Norway
The Norwegian Crop Research Institute,
Norway
Black Boy, Rieber og sgn
Rajah
Unifood, India
Spice Cargo
Rajah
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Procured in
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway

India
Norway

Norway
Norway
Norway
Norway

Norway

Norway
Iceland
Norway
Norway
Norway

Norway

Norway
India
Norway

India

Norway
Norway
Norway
Norway
Norway
Norway
Norway

Norway

United States
Norway
Norway
Norway
Mexico
Norway

Antioxidant
Content

(mmol/100 g)

0.39
0.27
0.60
2.63
4.11
3.80
29.31
72.16

11.30
3.28

63.55
3.17
6.27

14.25

13.09

3.66
0.26
42.36
59.66
79.02

85.97

92.31
3.50
30.71

18.54
42.56
63.75
42.00
63.13
2.16
2.65
1.46
26.65

15.68
10.25
10.92
10.55
15.63
11.83
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TABLE 2.3 (Continued)
Antioxidants in Herbs and Spices
Antioxidant
Manufacturer/Product Label/ Content
Product Country of Origin Procured in (mmol/100 g)
Turmeric, whole, dried India India 13.60
Vanilla pod, seeds from pod Onena Spices, Spain Norway 3.73
Vanilla pod, seeds from pod Tarsleffs, Haugen-gruppen Norway 5.15
Vanilla pod, whole with seeds Onena Spices, Spain Norway 7.13
Vanilla pod, whole with seeds Tarsleffs, Haugen-gruppen Norway 7.38
Vanilla pod, whole with seeds Black Boy, Rieber og sgn Norway 7.16
Vanilla pod, without seeds Black Boy, Rieber og svn Norway 10.09
Vanilla pod, without seeds Onena Spices, Spain Norway 8.69
Vanilla pod, without seeds Tgrsleffs, Haugen-gruppen Norway 8.50
Vanilla, seeds from pod Black Boy, Rieber og sgn Norway 2.59
Viola canina, leaves, dried The Norwegian Crop Research Norway 12.90
Institute, Norway
Wall germander (Teucrium chamaedrys), The Norwegian Crop Research Norway 48.14
dried Institute, Norway
Wasabi, paste Japan Japan 0.11
White dead nettle, dried The Norwegian Crop Research Norway 18.21
Institute, Norway
Wild marjoram, leaves, dried Norsk @ko-Urt AB, Norway Norway 131.92
Wild marjoram, leaves, dried The Norwegian Crop Research Norway 142.86
Institute, Norway
Wood sorrel (Oxalis acetosella), dried The Norwegian Crop Research Norway 6.54
Institute, Norway
Woodland geranium (Geranium The Norwegian Crop Research Norway 113.27
sylvaticum), dried Institute, Norway
Wormwood, absinth, dried The Norwegian Crop Research Norway 10.42
Institute, Norway
Wych elm, leaves, dried The Norwegian Crop Research Norway 15.65
Institute, Norway
Yarrow, flower and leaves, dried The Norwegian Crop Research Norway 31.66
Institute, Norway
Yarrow, flower, dried Norsk @ko-Urt AB, Norway Norway 18.61
Yellow loosestrife (Lysimacha vulgaris), The Norwegian Crop Research Norway 72.96
leaves, dried Institute, Norway
Yellow sweet clover, flower and leaves, The Norwegian Crop Research Norway 5.14

dried

Institute, Norway

cytoprotective proteins in the liver (Sasaki et al. 2005). This is in consonance with a study by Kluth
et al. (2007), in which extracts of thyme, allspice, or clove induced phase I- and/or phase II-related
transcription in vitro (through the CYP3A4 promoter, and pregnane X receptor [PXR] and electro-
phile response element [EpRE]-dependent transcription).

Further underlining the potency of phytochemicals, we (Paur, Austenaa, and Blomhoff 2008)
and others (Takada et al. 2004) have found several phytochemicals to be equally or even more effi-
cient inhibitors of NF-xB as compared to classical anti-inflammatory drugs, such as ibuprofen and

dexamethasone.
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Even though there is limited literature on the health effects of whole herbs or spices or extracts
of whole herbs or spices, the number of studies investigating the possible health effects of single
phytochemicals originating from herbs or spices is much higher. Resveratrol, curcumin, genistein,
capsaicin, epigallocatechin gallate (EGCG), quercetin, 3-carotene, and lycopene are among the
most widely studied phytochemicals. Phytochemicals can alter the activity of several cell signaling
pathways, which can lead to modulation of inflammatory processes, regulation of cytoprotective
mechanism and regulation of cell growth and differentiation (extensively reviewed by Surh (2003)
and Aggarwal and Shishodia (2006)). Most of the products categorized as herbal and traditional
plant medicines are also based on antioxidant-rich dietary plants or isolated phytochemicals.

Herbal and traditional plant medicines emerged as many of the highest antioxidant-containing
products in our study of various foods. We speculate that a highly inherent antioxidant property is
an important contributor to an herb’s medicinal qualities. In our study, we identified sangre de grado,
the sap from the tree trunk of the species Croton lechleri sampled in Peru, to have exceptionally high
antioxidant content. This tree sap has a long history of indigenous use in South America for healing
wounds and as an antifungal, antiseptic, antiviral, and antihemorrhagic medicine. Proanthocyanidins
are major constituents of this sap (Cai et al. 1991), and studies have shown that sangre de grado limits
the transcription of a wide range of proinflammatory cytokines and mediators, accelerates the heal-
ing of stomach ulcers (Miller et al. 2000, 2001), and promotes apoptosis in cancer cells (Sandoval
et al. 2002). Other herbal medicines that are extremely rich in antioxidants include triphala, an
Indian Ayurvedic herbal formulation, that was shown to have anti-inflammatory activity (Rasool
and Sabina 2007), antibacterial and wound-healing properties (Srikumar et al. 2007; Kumar et al.
2008), and cancer chemopreventive potential (Deep et al. 2005). Arjuna, another Ayurvedic formula,
has been shown to have health benefits (Devi et al. 2007; Manna, Sinha, and Sil 2007), whereas
goshuyu-tou, a traditional kampo medicine, has been shown to significantly lower the extracellular
concentration of NO in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells (Okayasu et al. 2003).

The herbs Cinnamomi cortex and Scutellariae radix both contain very high levels of antioxidants
(75 mmol/100 g). The herbal medicines saiko-keishi-to, juzaen-taiho-to, and hocyu-ekki-to, which
are used for various kinds of inflammatory and infectious diseases, are all taken in a daily dose of
7.5 g, corresponding to 1.6, 1.1, and 0.7 mmol antioxidants per day, respectively. The antioxidant
activity of the Japanese herbal medicine sho-saiko-to, which is composed of herbs tested in this
study, was calculated to be about 1.3 mmol/7.5 g (the recommended daily dose of the medicine).
This drug, which is commonly used to treat chronic hepatitis in Japan, may also inhibit the devel-
opment of hepatocellular carcinoma (Oka et al. 1995) and decrease lipid peroxidation and hepatic
fibrosis in experimental animals (Sakaida et al. 1998; Shimizu et al. 1999). The herbal medicine
stronger neo-minophagen C, a glycyrrhizin preparation, has also been used extensively with con-
siderable success in Japan for the treatment of chronic hepatitis in intravenous doses up to 100 mL/
day (Kumada 2002). Our analyses reveal that this injection volume equals about 1 mmol antioxi-
dants. Thus, such injections will boost the total antioxidant content within the body. It is tempting
to speculate that several of the effects observed with these herbal medicines are mediated by their
antioxidant activity.

It is not likely that all antioxidant-rich foods are good bioactive sources, or that all antioxidants
provided in the diet are bioactive. Bioavailability differs greatly from one phytochemical to another,
so the most antioxidant-rich foods in our diet are not necessarily those leading to the highest con-
centrations of active metabolites in target tissues. The antioxidants obtained from foods include
many different molecular compounds and families with different chemical and biological properties
including differences in absorption, transport and excretion, cellular uptake and metabolism, and
eventually their effects on oxidative stress in various cellular compartments. Biochemically active
phytochemicals found in plant-based foods also have many powerful biological properties that are
not correlated with their antioxidant capacity. Thus, a food low in antioxidants may have beneficial
health effects due to other food components or phytochemicals executing bioactivity through other
mechanisms.
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Understanding the complex role of diet in chronic diseases is challenging since a typical diet
provides more than 25,000 bioactive food constituents, many of which may modify a multitude
of processes that are related to these diseases. Because of the complexity of this relationship, it is
likely that a comprehensive understanding of the role of these bioactive food components is needed
to assess the role of dietary plants in human health and disease development. We suggest that both
their numerous individual functions and their combined additive or synergistic effects are crucial
to their beneficial effects on human health, and thus a food-based research approach is likely to
elucidate more health effects than the effects derived from each individual nutrient. The antioxi-
dant food table is a valuable research contribution for plant-based nutritional research and may be
utilized in epidemiological studies where reported food intakes can be assigned antioxidant values.
It can also be used to test antioxidant effects and synergy in experimental animals, cell studies, or
in human clinical trials. The ultimate goal of this research is to combine these strategies in order
to understand the role of dietary phytochemical antioxidants in the prevention of chronic diseases
related to oxidative stress.

2.8 CONCLUSIONS

The concepts discussed in this chapter can be summarized as follows:

* The total content of antioxidants has been assessed in more than 3500 foods; this provides
a large database to support research into dietary antioxidants, health, and disease.

* The results show large variations both between food categories and within each category.

* Herbs and spices and composite herbal medicines are among the categories that contain
the most antioxidants.

» Further research is needed to study the biological effects of antioxidant-rich herbs and
spices on oxidative-stress-related diseases.
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3.1 INTRODUCTION

Aloe vera has a long history of popular and traditional use. It is used in traditional Indian medi-
cine for constipation, colic, skin diseases, worm infestation, and infections (Heber 2007). It is also
used in Trinidad and Tobago for hypertension (Lans 2006) and among Mexican Americans for the
treatment of type 2 diabetes mellitus (DM; Coronado et al. 2004). In Chinese medicine, it is often
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recommended in the treatment of fungal diseases (Heber 2007). In Western society, Aloe vera is
one of the few herbal medicines in common usage, and it has found widespread use in the cosmetic,
pharmaceutical, and food industries. In the case of health, the therapeutic claims for the topical and
oral application of Aloe vera cover a wide range of conditions, but few claims have been the sub-
ject of robust clinical investigation. The conditions for which clinical trials of Aloe vera have been
conducted include skin conditions, management of burn and wound healing, constipation, DM, and
gastrointestinal disorders.

3.2 TAXONOMY AND TRADITIONAL ORIGINS

Aloe vera is one of approximately 420 species of the genus Aloe (Dagne et al. 2000), which is
variously classified as belonging to the Asphodelaceae, Liliaceae, or Aloaceae families. Commonly
known as Aloe barbadensis Miller, its legitimate name according to the international rules of
botanical nomenclature is A. vera (L.) Burm.f. (Grindlay and Reynolds 1986). The geographic ori-
gin of Aloe vera is believed to be in Sudan, with the plant subsequently being introduced in the
Mediterranean region and most other warm areas of the world (Grindlay and Reynolds 1986).

Aloe has been used extensively by the Egyptians, Assyrians, Mediterranean civilizations and in
Biblical times (Grindlay and Reynolds 1986). The first authentic record of Aloe as a plant with heal-
ing properties is accredited to a Mesopotamian clay tablet dated at ca 2100 BCE. However, the first
detailed depiction of the plant’s medicinal value is found in the Papyrus Ebers, an Egyptian docu-
ment dated at ca 1550 BCE, which sets out multiple Aloe-containing preparations for the treatment
of external and internal ailments. The Aloe vera plant is described in detail in the Greek Herbal of
Dioscorides (ca 70 AD), and its use promoted for the treatment of wounds, hair loss, genital ulcers,
and hemorrhoids (Davis 1997). Aloe vera was officially listed as a purgative and skin protectant
by the U.S. pharmacopoeia in 1820 (Park and Lee 2006) and was clinically used in the 1930s for
the treatment of radiotherapy burns to the skin and mucous membranes (Collins and Collins 1935;
Manderville 1939). Until today, Aloe is an important traditional medicine in many countries, includ-
ing China, India, the West Indies, South Africa, and Japan (Grindlay and Reynolds 1986).

3.3 CURRENT USAGE

Aloe vera is one of the few herbal medicines widely used in Western society, with the manufactur-
ing of Aloe vera extracts being one of the largest botanical industries worldwide (Grindlay and
Reynolds 1986; Eshun and He 2004). In 2004, the value of the Aloe industry was estimated to
be US$125 million for the cost of the raw Aloe material and US$110 billion for finished Aloe-
containing products (International Aloe Science Council 2004). Aloe vera is used in the cosmetic,
food, and pharmaceutical industries. In the cosmetic and toilet industry, it is used as a base material
for skin moisturizers, soaps, shampoos, sun lotions, makeup creams, perfumes, shaving creams,
bath aids, and many other products (Eshun and He 2004; Boudreau and Beland 2006). The food
industry uses Aloe in the manufacture of functional foods, especially health drinks, and as a bitter
agent (Saccu, Bogoni, and Procida 2001). Pharmaceutical products are available for topical applica-
tions (gels and ointments) and oral use (tablets and capsules; Hamman 2008).

3.4 STRUCTURE AND CHEMICAL CONSTITUENTS

Aloe vera is a perennial succulent xerophyte; it has elongated and pointed leaves that are joined
at the stem in a rosette pattern and that grow to about 30-50 cm in length and 10 cm in breadth
at the base in the adult plant (World Health Organization 1999). The leaf is protected by a thick,
green epidermis layer (skin or rind), which surrounds the mesophyll. Immediately beneath the
rind are located the vascular bundles, which are composed of three types of tubular structures:
the xylem (transports water and minerals from roots to leaves), the phloem (transports starch and
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other synthesized products to the roots), and the large pericyclic tubules (contains the yellow leaf
exudate commonly referred to as “aloes,” “sap,” or “latex”; Boudreau and Beland 2006). The peri-
cyclic portion of the vascular bundle is adherent to the rind, whereas the remainder of the vascular
bundle protrudes into the mesophyll layer (Danhof 1987). The mesophyll can be differentiated into
chlorenchyma cells and thinner-walled parenchyma cells. The parenchyma (filet or pulp), which is
the major part of the leaf by volume, contains a clear mucilaginous gel (known as Aloe vera gel,
Femenia et al. 1999; Femenia et al. 2003).

Aloe vera is considered to be the most biologically active of the Aloe species (World Health
Organization 1999). More than 75 potentially active constituents have been identified in the plant
(Table 3.1) including vitamins, minerals, saccharides, amino acids, anthraquinones, enzymes, lig-
nin, saponins, and salicylic acids. The leaf exudate contains anthraquinones, particularly barbaloin

TABLE 3.1

Classes and Selected Examples of Phytochemicals in Aloe vera

Class Compound
Anthraquinones/anthrones Aloe-emodin, aloetic-acid, anthranol, aloin A and B (or

collectively known as barbaloin), isobarbaloin, emodin,
and ester of cinnamic acid

Carbohydrates Pure mannan, acetylated mannan, acetylated glucomannan,
glucogalactomannan, galactan, galactogalacturan,
arabinogalactan, galactoglucoarabinomannan, pectic
substance, xylan, and cellulose

Chromones 8-C-glucosyl-(2’-O-cinnamoyl)-7-O-methylaloediol A,
8-C-glucosyl-(S)-aloesol, 8-C-glucosyl-7-O-methyl-(S)-
aloesol, 8-C-glucosyl-7-O-methylaloediol, 8-C-glucosyl-
noreugenin, isoaloeresin D, isorabaichromone, and
neoaloesin A

Enzymes Alkaline phosphatase, amylase, carboxypeptidase, catalase,
cyclooxidase, cyclooxygenase, lipase, oxidase,
phosphoenolpyruvate carboxylase, and superoxide

dismutase
Inorganic minerals Calcium, chlorine, chromium, copper, iron, magnesium,
manganese, potassium, phosphorous, sodium, and zinc
Vitamins B1, B2, B6, C, E, and folic acid
Miscellaneous, including organic compounds and lipids Arachidonic acid, y-linolenic acid, steroids (campesterol,

cholesterol, B-sitosterol, triglycerides, triterpenoid,
gibberellin, lignins, potassium sorbate, salicylic acid, uric
acid, B-carotene, and choline

Amino acids Alanine, arginine, aspartic acid, glutamic acid, glycine,
histidine, hydroxyproline, isoleucine, leucine, lysine,
methionine, phenylalanine, proline, threonine, tyrosine,

and valine
Proteins Lectins and lectin-like substance
Saccharides Mannose, glucose, L-rhamnose, and aldopentose

Sources: Adapted from Vogler, B., and E. Ernst. 1999. Br J Gen Pract 49:823-28; Dagne et al. 2000. Curr Org Chem
4:1055-78; Choi, S., and M. H. Chung. 2003. Semin Integr Med 1:53-62; International Aloe Science Council.
2004. http://www.iasc.org/aloemarket.html (accessed August 18, 2009); Ni, Y., D. Turner, K. M. Yates, and
I. Tizard. 2004. Isolation and characterization of structural components of Aloe vera L. leaf pulp. Int immunophar-
macol 4:1745-55; Hamman, J. H. 2008. Composition and applications of Aloe vera leaf gel. Molecules
13:1599-616.
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(Figure 3.1), which appear to be responsible for its bitter taste and cathartic effect (Dagne et al.
2000; Boudreau and Beland 2006). Barbaloin and other products of the phenylpropanoid pathway
are commonly referred to as polyphenolic compounds. These are derived from the precursor phe-
nolic acids, and they may act as antioxidants to inhibit free radical-mediated cytotoxicity and lipid
peroxidation (Cook and Samman 1996). Aloe vera also contains products of the isoprenoid path-
way, including carotenoids, steroids, terpenes, and phytosterols (Samman 1998). Isoprenoids can be
regarded as sensory molecules because they contribute to the color and fragrance of the products
in which they exist.

Aloe vera gel is rich in polysaccharides, including acemannan (partially acetylated glucoman-
nans; Figure 3.2), which has been reported as the primary active substance in the parenchyma
(UHart et al. 1989). However, given the number of other potentially active compounds in the plant,
it is possible that the biological activities of Aloe vera result from the synergistic action of a variety
of compounds, rather than from a single defined component (Dagne et al. 2000; Hamman 2008).
Equally, the potential for constituents to exhibit antagonistic and competitive activities also influ-
ences the overall biological activity of particular Aloe vera preparations (Hamman 2008).

OH (@) OH

FIGURE 3.1 Structure of barbaloin (aloin), a glucoside of loe-emodin.
2/3/6-OAc 2/3/6-OAc o-(1,6)-Gal

— [B-1,4-Man], — [B-1,4-Glc], — [B-1,4-Maﬂ]y — [B-1,4-Man] —

HO (@)
W OH
OAc QO/O

FIGURE 3.2 Structure of acemannan, a mucopolysaccharide that is extracted from Aloe vera leaves.

n
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3.5 EFFECT OF CULTIVATION AND PROCESSING

The composition of Aloe vera extracts differs according to the plant variety, climatic and seasonal
variations, and the age of the plant (Eshun and He 2004). However, the processing method has the
largest effect on the number and amount of active ingredients in a product (Wang and Strong 1995).
The commercial production process of Aloe vera products typically involves crushing, grinding, or
pressing of the whole Aloe vera leaf to produce juice, followed by various steps of filtration and sta-
bilization to achieve the desired extract (Eshun and He 2004). This method provides ease of process-
ing and higher efficiency in the recovery of the solids (Agarwala 1997), but it can result in a product
that contains little or no active ingredients (Eshun and He 2004). In an analysis of 18 commercial
Aloe vera products, only 9 exhibited quantifiable amounts of mucilaginous polysaccharide (Ross,
Elsohly, and Wilkins 1997). Only three of the nine commercial Aloe vera gel powders sourced from
leading international suppliers demonstrated satisfactory amounts of the polysaccharide Acemannan
(Bozzi et al. 2007). Variable polysaccharide content in Aloe vera has been attributed particularly to
heating the plant extract to >60°C, which results in significant changes in molecular weight (Turner
et al. 2004). A further issue with the commercial production process is that during the commercial
extraction of Aloe vera gel, it is virtually impossible to prevent the contamination by leaf exudates
(Eshun and He 2004). Finally, the adulteration of Aloe vera products using fillers such as maltodex-
trin, glucose, glycerin, and malic acid represents a major concern for the Aloe vera market (Bozzi
et al. 2007). As a counter to such misrepresentations in the industry, the International Aloe Science
Council developed a certification program that validates the quality and quantity of Aloe vera in
approved commercial products.

3.6 HEALTH EFFECTS: THE SCIENTIFIC EVIDENCE

The therapeutic claims for Aloe vera cover a broad range of conditions. It is commonly used topi-
cally in the treatment of dermatological and wound healing conditions. The oral application of the
Aloe vera latex is promoted as a laxative, whereas gel and whole-leaf oral preparations have been
variously recommended for use as an adjunct to chemotherapy treatment and to ameliorate diverse
disorders such as DM, infectious diseases, metastatic cancer, and ulcerative colitis. The clinical use
of Aloe vera is supported primarily by anecdotal evidence and case reports. The number of clinical
trials exploring its effectiveness has begun to increase (Table 3.2); however, a standardization of
methodological trial quality has yet to be achieved.

3.6.1 ToriCcAL APPLICATIONS

The first case report of the beneficial effects of Aloe vera in the treatment of skin and wound healing
was published in 1935, with fresh whole-leaf extract reported to provide rapid relief from the itching
and burning associated with severe roentgen (radiation) dermatitis and complete skin regeneration
(Collins and Collins 1935). Numerous subsequent reports have explored the role of topical Aloe vera
administration in skin conditions and wound healing management, including psoriasis, dermatitis,
oral mucositis, burn injuries, and surgical wounds.

3.6.1.1 Dermatological Conditions

Results of a number of clinical trials suggest that Aloe vera is positively indicated in the treatment
of skin disorders. A trial of wound healing management after the full-faced dermabrasion of patients
with acne vulgaris demonstrated that the saturation of a standard polyethylene wound gel dressing
with Aloe vera significantly reduced time to reepithelization compared to use of the standard dress-
ing alone (Fulton 1990). In a randomized, double-blind, controlled trial of Aloe vera or placebo
cream in 60 patients with chronic psoriasis, the cure rate in the Aloe vera group was 83% (with no
relapses at 12 months of follow-up) compared to only 7% in the placebo group (Syed et al. 1996).
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TABLE 3.2

Controlled Trials Investigating the Effectiveness of Aloe vera in the

Treatment of Various Health Conditions in Humans

Health Condition

Constipation

Irritable bowel syndrome

Ulcerative colitis

Diabetes mellitus

Acne vulgaris

Acute radiation dermatitis

Burn wounds

Study (Author, Year)

Treatment

Gastrointestinal disorders

Odes and Madar 1991

Chapman and Pittelli

1974

Davis et al. 2006
Langmead et al. 2004

Bunyapraphatsara et al.

1996

Yongchaiyudha et al.
1996

Nasiff, Fajardo, and
Velez 1993

Aloe vera + celandine +
psyllium or placebo

Aloin (from Aloe vera

latex) or Phenolphthalein

compared to placebo
Aloe vera gel or placebo
Aloe vera gel or placebo

Aloe vera gel or placebo
in combination with
glibenclamide

Aloe vera gel or placebo

Whole-leaf Aloe vera
extract or placebo

Disorders of the skin?

Fulton 1990

Merchant et al. 2007

Heggie et al. 2002

Olsen et al. 2001

Williams, Burk, and
Loprinzi 1996

Williams, Burk, and
Loprinzi 1996

Maenthaisong et al.
2007°
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Polyethylene gel dressing

+ Aloe vera

Aloe vera gel or a polar
phospholipid-based
cream

Aloe vera gel or aqueous
cream

Aloe vera gel or placebo

Aloe vera gel or placebo

Aloe vera or no treatment

Various treatments
(including Aloe vera

mucilage/cream; gauze +

Aloe vera gel/powder)

Significant Effects of

Aloe vera Treatment Compared

to Control

Improved bowel movement
frequency/consistency of
stools/laxative dependence

Increased laxative effect

No beneficial effect

No significant effects on
clinical remission;
improvements in the simple
clinical colitis activity index
and histological scores

Reductions in blood glucose
and serum triglycerides (no
effect on cholesterol)

Reductions in blood glucose
and serum triglycerides (no
effect on cholesterol)

Reductions in total cholesterol,
low-density lipoproteins, and
triglycerides

Reduction in time to
re-epithelization

Less effective in reducing
radiation-induced side effects

Less effective in reducing
radiation-induced side effects
No effect in reducing
radiation-induced side effects
No effect in reducing
radiation-induced side effects
No effect in reducing
radiation-induced side effects
Beneficial effect at a range of
different doses in the
treatment of burn wounds



Evaluation of Nutritional and Metabolic Effects of Aloe vera 43

TABLE 3.2 (Continued)
Controlled Trials Investigating the Effectiveness of Aloe vera in the
Treatment of Various Health Conditions in Humans

Significant Effects of
Aloe vera Treatment Compared

Health Condition Study (Author, Year) Treatment to Control
Psoriasis Heck et al. 1981 Gauze with Aloe vera or No significant reduction in
Silvadene cream healing time
Syed et al. 1996 Aloe vera gel or placebo Higher treatment success rate
Paulsen, Korsholm, and Aloe vera gel or placebo Lower score of erythema +
Brandrup 2005 infiltration + desquamation
Radiation-related mucositis Su et al. 2004 Aloe vera solution or No effect in reducing mucositis

conventional (baking
soda mouth rinse,
Benadryl + nystatin

mouthwash)
Surgical wounds Schmidt and Greenspoon  Aloe vera gel or gauze Longer healing time than
1991 dressing conventional treatment
Metastatic cancer Lissoni et al. 1998 Aloe vera tincture (10% Increased number of patients
Aloe veral90% with stabilized disease and
alcohol) + melatonin survival for 1 year

or melatonin alone

2 Aloe vera treatments are applied topically for these conditions.
® This study was a meta-analysis of four controlled trials.

Converse results were reported in a later trial examining the efficacy of a commercial Aloe vera gel
preparation in the treatment of slight to moderate psoriasis vulgaris. The Aloe vera or placebo gel
was applied twice daily for 4 weeks to symmetrical test lesions using an intraindividual right/left
comparison study design. The sum score of erythema, infiltration, and desquamation significantly
favored the placebo treatment (Paulsen, Korsholm, and Brandrup 2005).

Further, despite case reports (Loveman 1937) and animal studies (Rowe 1940) to the contrary,
Aloe vera extracts have either no effect or less effect than other topical treatments in acute radia-
tion dermatitis. In the first of two randomized controlled trials in 194 women receiving radiation
therapy for breast cancer, the topical self-administration of Aloe vera gel to radiation-exposed skin
produced no difference in the severity of the dermatitis compared to a placebo gel. In the second
study, the placebo group was replaced with a “no-treatment” group to account for any unintended
beneficial effects of the inert carrier gel used as the placebo in the first trial. The results failed to
show any benefit of the Aloe vera gel in preventing radiation-induced dermatitis (Williams, Burk,
and Loprinzi 1996). Similarly, in 70 radiation therapy patients who were randomized to receive
either commercially available Aloe vera gel or no treatment (other than mild soap), Aloe vera did not
significantly protect against radiation-induced skin changes (Olsen et al. 2001). In a study involv-
ing 225 patients undergoing radiation therapy, the topical application of Aloe vera gel thrice a day
throughout the treatment and for an additional 2 weeks after the completion of radiation therapy
was significantly less efficacious in reducing the treatment-related side effects than aqueous cream
(Heggie et al. 2002). In the pediatric setting, 45 patients undergoing radiation therapy for vari-
ous diagnoses were treated with either an Aloe vera—based gel or a anionic polar phospholipid
(APP)-based cream applied symmetrically within the irradiated field after each session. The authors
reported statistically significant results favoring the APP-based cream on a number of skin assess-
ment variables, including dryness, comfort, erythema, and peeling. The study was limited by a lack
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of description of randomization and blinding and the inclusion of patients with varied diagnoses,
radiotherapy sites, and cancer treatment regimes (Merchant et al. 2007).

A 20 mL “swish and swallow” of Aloe vera solution (94.5% aloe juice) four times daily in addi-
tion to conventional treatment (baking soda mouth rinse, Benadryl and nystatin combination mouth-
washes, and viscous lidocaine, as needed) did not improve radiation-related mucositis in patients
with head-and-neck neoplasms. Study limitations included a small sample size, patient heterogeneity,
a large distribution of primary cancer sites, and an inability to monitor compliance (Su et al. 2004).

3.6.1.2  Burn Injuries

Aloe vera has long been associated with the treatment of burns. With the advent of nuclear power,
the U.S. government conducted research on the ability of Aloe vera to treat thermal and radiation
burns with the aim of introducing its use into the military (Ashley et al. 1957). In 1959, the U.S.
Food and Drug Administration approved the use of Aloe vera ointment as an over-the-counter medi-
cation for healing burns on the skin (Park and Lee 2006).

Heck et al. (1981) randomly assigned 18 patients with second-degree burns to be treated, after
debridement, with gauze containing either Aloe vera cream or Silvadene ointment. The Aloe vera
group had a mean healing time of 13 days compared to 16 days in the Silvadene group; how-
ever, the difference did not reach statistical significance. In a recent meta-analysis, a statistically
significant benefit of Aloe vera for the treatment of burns was demonstrated. Using the duration
of wound healing as an outcome measure, the meta-analysis of the efficacy of Aloe vera in burn
wound healing concluded that Aloe vera treatments reduced healing time by approximately 9 days
compared to conventional treatment groups (p = .006; Maenthaisong et al. 2007). Four controlled
clinical trials (with a total of 371 subjects) met the inclusion criteria for the review. The four stud-
ies differed in their study design, intervention, and reported outcomes. The Aloe vera preparations
included fresh Aloe vera mucilage (Thamlikitkul et al. 1991), gauze saturated with 85% Aloe vera
gel (Visuthikosol et al. 1995), Aloe vera cream (Akhtar and Hatwar 1996), and 1% Aloe vera pow-
der wrapped with Vaseline gauze (Sun et al. 1994). None of the studies standardized the amount
of active Aloe vera ingredients administered. The outcomes measured were wound healing time,
described as time to complete epithelization (Visuthikosol et al. 1995) or not defined (Akhtar and
Hatwar 1996); the success rate of wound healing (Thamlikitkul et al. 1991); and epithelization rate
(Sun et al. 1994). Maenthaisong et al. (2007) note that, due to differences in Aloe vera products and
outcome measures used, it is difficult to draw a specific conclusion regarding the effect of Aloe vera
on burn healing. Nonetheless, the results of the review combined with other evidence suggest that
Aloe vera preparations at a range of different doses are beneficial in the treatment of burn wounds.

3.6.1.3 Surgical Wound Healing

Aloe vera has been reported to accelerate postoperative wound healing in periodontal flap surgery
(Payne 1970). Conversely, a randomized controlled trial involving women with complications of
wound healing after gynecological surgery found that the mean healing time in the conventional
care group (53 days) was significantly shorter (p < .003) than in the Aloe vera gel group (83 days;
Schmidt and Greenspoon 1991). The results of the trial must be interpreted with caution, as only
21 of 40 women completed the study and more patients were lost to follow-up from the gauze group
(n = 12) than the Aloe vera group (n = 5). An intention-to-treat analysis was not performed (mean-
ing that patients lost to follow-up were excluded from the analysis), which potentially introduces
significant bias into the results.

3.6.2 ORAL APPLICATIONS

Therapeutic claims promote the use of oral Aloe vera in the treatment of a wide range of conditions,
such as alopecia, Alzheimer’s disease, congenital heart failure, depression, glaucoma, hemorrhoids,
hepatitis, multiple sclerosis, and varicose veins; however, scientific investigations of such claims are
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limited. Claims that have been the subject of clinical trials include the oral application of Aloe vera
preparations in the treatment of constipation, DM, metastatic cancer, and ulcers and inflammation
of the gastrointestinal tract.

3.6.2.1 Laxative

Aloe veralatex is commonly used in the treatment of constipation (de Witte 1993); the laxative effect
of the anthraquinone glycosides found in Aloe vera latex is well established (Ulbricht et al. 2008).
In a double-blind, randomized, controlled trial of 28 healthy adults, aloin was reported to have a
laxative effect compared to a placebo that was stronger than the stimulant laxative phenolphthalein
(Chapman and Pittelli 1974). In subjects with chronic constipation, a novel preparation containing
Aloe vera, celandine, and psyllium was found to improve a range of constipation indicators (bowel
movement frequency, consistency of stools, and laxative dependence) in a 28-day double-blind trial;
however, the effect of Aloe vera alone was not investigated in this study (Odes and Madar 1991).
Aloe vera laxative preparations have been approved by the German Commission E governmental
regulatory agency for use in the treatment of constipation as a second-line agent; however, Aloe
latex is no longer recognized as an over-the-counter drug by the U.S. Food and Drug Administration
due to a lack of sufficient data to establish its safety for use as a laxative.

3.6.2.2 Diabetes Mellitus

Aloe vera is a traditional remedy for diabetes mellitus (DM) in many parts of the world, including
Latin America (Coronado et al. 2004) and the Arabian Peninsula (Yeh et al. 2003). Some evidence
in humans and animals suggests that Aloe vera is able to alleviate the chronic hyperglycemia and
perturbed lipid profile that are characteristic of DM, which are major risk factors for cardiovascular
complications in the disease.

Agarwal (1985) reported hypoglycemic and hypolipidemic effects from the long-term dietary
administration of 100 g of an Aloe vera gel preparation combined with 20 g of psyllium seed husks.
The study involved 5000 patients aged 35—65 years with atheromatous heart disease, a population
that included 3167 noninsulin-dependent diabetic patients. Marked reductions were noted in serum
cholesterol, triglycerides, and total lipid levels, along with an increase in high-density lipoprotein
(HDL) cholesterol. All but 177 of the diabetic patients demonstrated a normalization of fasting and
postprandial blood glucose levels that necessitated the withdrawal of all oral hypoglycemic agents
by the end of 2 months of therapy. A beneficial effect of Aloe vera gel alone on blood glucose and
lipid parameters in diabetic subjects also has been demonstrated. In the first of two related clinical
trials, 72 diabetic women without drug therapy were administered one tablespoon of Aloe vera gel
or placebo for 6 weeks. Blood glucose and serum triglyceride levels were significantly decreased
with Aloe vera treatment, although cholesterol concentrations were unaffected (Yongchaiyudha
et al. 1996). In the second trial, the effects of Aloe vera gel or placebo in combination with gliben-
clamide (a commonly prescribed antidiabetic medication) were investigated, similarly resulting in
significant reductions in blood glucose and serum triglyceride concentrations in the Aloe vera group
(Bunyapraphatsara et al. 1996).

In addition to gel preparations, Aloe vera latex has been shown to lower fasting blood glucose
levels in case studies of five patients with noninsulin-dependent DM (Ghannam et al. 1986). Further,
the whole-leaf Aloe vera extract administered to 60 patients with hyperlipidemia in a 12-week
controlled clinical trial resulted in significantly decreased levels of total serum cholesterol, triglyc-
erides, and low-density lipoproteins (LDLs; Nasiff, Fajardo, and Velez 1993). However, although
studies in humans provide promising preliminary data that denote a beneficial effect of Aloe vera
in diabetes and associated cardiovascular complications, effects have yet to be confirmed by con-
trolled clinical trials that are both randomized and blinded to subjects and investigators.

Animal studies exploring the effects of Aloe vera on blood glucose and lipids have demonstrated
less consistent results likely due to different combinations of animal models and Aloe vera prepara-
tions used. In rodent models, both the chronic administration of Aloe vera latex to alloxan-induced
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diabetic mice (Ajabnoor 1990) and Aloe vera gel to streptozotocin (STZ)-induced diabetic rats
(Rajasekaran et al. 2004) resulted in significant reductions in fasting blood glucose. Conversely,
Aloe vera gel was reported to increase plasma glucose levels in alloxan-induced diabetic rats
(Koo 1994). More recently, the antidiabetic effects of processed Aloe vera gel were investigated in
mice exhibiting diet-induced obesity (DIO), an animal model that has been shown to demonstrate
metabolic abnormalities that closely resemble those found in human noninsulin-dependent DM,
including hyperglycemia, obesity, and insulin resistance (Kim et al. 2009). Oral administration of
the gel reduced circulating blood glucose concentrations to a normal level, significantly decreased
plasma insulin, and lowered triglyceride levels in the liver and plasma of the DIO mice. Similarly,
Aloe vera gel extract has been shown to normalize the fasting blood glucose and plasma insulin
levels and reduce the concentrations of cholesterol, triglycerides, and free fatty acids in the plasma,
liver, and kidney of STZ-induced diabetic rats (Rajasekaran et al. 2006).

3.6.2.3 Metastatic Cancer

The concomitant oral administration of 1 mL twice a day of Aloe vera tincture (10% Aloe vera and
90% alcohol) and 20 mg/day of melatonin compared to melatonin alone was studied in 50 patients
with locally advanced or metastatic solid tumors for whom no other effective standard therapy was
available. In the group treated with Aloe vera and melatonin combined, 12 of 24 patients had their
disease stabilized compared to only 7 of 26 patients in the melatonin-only group. In addition, the
percentage of individuals surviving 1 year was significantly higher with Aloe vera plus melatonin
compared with melatonin treatment alone (Lissoni et al. 1998).

3.6.2.4 Ulcers and Inflammation of the Gastrointestinal Tract

Aloe vera preparations are widely promoted for the treatment of gastrointestinal disorders, including
ulcers and inflammatory bowel disease, but evidence of their effectiveness is inconsistent. In 1963,
clinical evidence of the successful use of Aloe vera gel (administered in a heavy liquid petrolatum
emulsion) was reported for the treatment of 12 patients with peptic ulcers (Blitz, Smith, and Gerard
1963). In a 3-month randomized controlled trial of 58 patients with irritable bowel syndrome, no
evidence was found to suggest that Aloe vera has any beneficial effect (Davis et al. 2006).

A recent attempt to formally evaluate the efficacy and safety of Aloe vera gel in the treatment of
ulcerative colitis produced encouraging, although not conclusive, results. In a randomized controlled
trial of 44 subjects with mild to moderately active ulcerative colitis, the oral administration twice
daily of 100 mL Aloe vera gel to 30 subjects for 4 weeks generated clinical remission and improve-
ment more often than in the placebo group (14 subjects); however, despite positive trends the results
failed to reach statistical significance. The simple clinical colitis activity index and histological
scores showed small statistically significant improvements in the Aloe vera group. Six patients (20%)
who were given Aloe vera gel and three patients (21%) who were given placebo withdrew from the
study because of deterioration or a failure to improve sufficiently but were included in the statistical
analyses. The Aloe vera preparation used in this study was reported to contain a high proportion
(>95%) of Aloe vera pulp, and the dose administered was the maximum recommended by the manu-
facturers. No adverse effects were observed during the trial, and the authors note that a higher dose
may have been more efficacious and suggest the need for further, larger controlled trials of Aloe vera
gel in active ulcerative colitis and in the maintenance of remission (Langmead et al. 2004).

3.7 ACTIVE INGREDIENTS AND MECHANISMS OF ACTION

A large number of biological activities have been ascribed to Aloe vera to explain its purported
health benefits, including antimicrobial, anti-inflammatory, lipid and glucose lowering, antiprolif-
erative, immunostimulatory, and antioxidant functions. A number of potentially active ingredients
in the latex and gel of Aloe vera have been identified; however, much has yet to be determined about
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their mechanisms of action. Further studies are also required to determine the active properties of
numerous other Aloe vera constituents and to explore the competitive or synergistic actions of par-
ticular combinations of ingredients.

3.7.1 AcTmive LATEX CONSTITUENTS

The major C-glycosides, barbaloin (Figure 3.1) and isobarbaloin, have been shown to be the princi-
pal agents responsible for cathartic and other effects of Aloe vera latex in humans and animals. Both
barbaloin and isobarbaloin undergo decomposition in the large intestine to form the active metab-
olites aloe-emodin-9-anthrone and aloe-emodin (Figure 3.3), which induce laxation via multiple
mechanisms. In vitro and in vivo studies in rats demonstrated that aloe-emodin-9-anthrones reduce
the absorption of water from the intestinal lumen by inhibiting the activity of Na*, K*-adenosine
triphosphatase (ATPase) and stimulate water secretion by increasing the paracellular permeability
across the colonic mucosa (Ishii, Tanizawa, and Takino 1990). Secretion of water into the lumen by
a prostaglandin-dependent mechanism has also been reported (Capasso et al. 1983). The net result
is a reduction in water absorption and the formation of softer stools (Boudreau and Beland 2006).
Aloe-emodin has been suggested to have antiangiogenic properties; it has been demonstrated to be
a potent inhibitor of urokinase secretion and tubule formation of endothelial cells, both key events
in angiogenesis (Cardenas, Quesada, and Medina 2006).

3.7.2  AcTive GEL CONSTITUENTS

Polysaccharides, particularly mannose-containing polysaccharides, cellulose, and pectic polysac-
charides, comprise the major part of Aloe vera gel. Acetylated glucomannan is primarily responsible
for the gel’s mucilaginous properties (Hamman 2008) and has been found in vitro and in animal
studies to modulate immune function (through macrophage activation and cytokine production) and
accelerate wound healing (Ulbricht et al. 2008). Veracylglucan B and veracylglucan C (Figure 3.4),
two maloyl glucans isolated from Aloe vera gel, have been demonstrated in vitro to have potent
anti-inflammatory effects, although their effects on cell proliferation appear antagonistic (Esua and
Rauwald 2006).

Among the nonpolysaccharide gel constituents, salicylic acid and other antiprostaglandin com-
pounds may contribute to the local anti-inflammatory activity of Aloe vera via the inhibition of
cyclooxygenase (Ulbricht et al. 2008). Potent antioxidant effects, including the ability to scavenge
superoxide anions, have been attributed to the caffeoyl group of isorabaichromone, a derivative of

Aloe-emodin-9-anthrone
OH O OH

‘O OH

Aloe-emodin
OH O OH
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O
FIGURE 3.3 Aloe-emodins (anthraquinones) isolated from Aloe vera.
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Veracylglucan C

FIGURE 3.4 Veracylglucan C: a maloyl glucan isolated from Aloe vera.

aloesin (C-glycosylated 5-methylchromone). Five phytosterols have been isolated from Aloe vera
gel based on their ability to decrease the HbAlc level in a mouse model (db/db) of type 2 DM.
Each of the phytosterols, namely lophenol, 24-methyl-lophenol, 24-ethyl-lophenol, cycloartanol,
and 24-methylene-cycloartanol, was shown to significantly decrease fasting blood glucose levels in
the db/db mice compared to controls at a dose of 1 pg/day (Tanaka et al. 2006). Phytosterols are not
extensively absorbed from the intestine but can bind cholesterol and prevent it from being absorbed
(Ralph and Provan 2000). Phytosterols have been shown to lower plasma cholesterol concentra-
tions, including the atherogenic LDL fraction (Moghadasian and Frohlich 1999). The mechanisms
of action by which Aloe vera modulates blood glucose are unknown, but it has been suggested that
it may interact with insulin. It has been hypothesized that Aloe stimulates insulin synthesis or its
release from pancreatic 3 cells (Ajabnoor 1990). Processed Aloe vera gel was found to suppress the
expression of the adipogenic genes SREBP-1a, FAS, and GPAT, suggesting that the gel improves
insulin resistance by the reducing toxic effects of lipids in the liver (Kim et al. 2009).

3.8 SAFETY AND EFFICACY

Determining the safety and efficacy of Aloe vera is difficult due to the lack of standardization of
commercially available Aloe vera preparations. Similarly, the need for a more detailed understand-
ing of the plant’s active components makes it difficult to evaluate the optimal doses of particular
Aloe vera preparations for the treatment of specific disorders.

Despite these challenges, a recent systematic review of Aloe vera by the Natural Standard Research
Collaboration concluded that topical application of Aloe vera gel or extract is safe for the treatment of
mild to moderate skin conditions, burns, wounds, and inflammation (Ulbricht et al. 2008). In terms
of efficacy, reasonable evidence in humans supports the topical use of Aloe vera for the treatment of
burn wounds. Evidence for its use in psoriasis, dermatitis, and surgical wound healing is conflicting.

The Natural Standard Research Collaboration further concluded that the oral use of Aloe vera
gel for its potential hypoglycemic effects and the short-term use of oral Aloe latex as a laxative are
possibly safe; however, prolonged use of the latex is likely to be unsafe due to a theoretical risk of
dehydration and electrolyte imbalance (Ulbricht et al. 2008). The cathartic properties of anthraqui-
none glycosides found in Aloe vera latex are well established. However, given the potential safety
concerns with its use, there is a need for further clinical trials to investigate the benefits of latex
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administration over conventional laxative treatments. Although inconclusive, there is some prelimi-
nary evidence of a favorable effect of Aloe vera gel taken orally in type 2 DM, ulcerative colitis and
the stabilization of metastatic cancer.

3.8.1 ToxicoLoGy

Until now there are no published controlled in vivo toxicology studies of Aloe vera in humans
(Steenkamp and Stewart 2007). In animal studies, Aloe vera-derived ingredients were not found to
be toxic in acute oral studies using mice and rats. In mice, the LDy, was >200 mg/kg and >80 mg/kg
in parenteral and intravenous studies, respectively, whereas in rates the corresponding LD5, values
were >50 mg/kg and >15 mg/kg, respectively. No significant toxicity was seen with acemannan
given intravenously or intraperitoneally at 4-day intervals over 30 days at maximum dose levels of
200 mg/kg in mice and 50 mg/kg in rats (Cosmetic Ingredient Review Expert Panel 2007). The no
observed adverse effect level (NOAEL) for whole-leaf Aloe vera powder was 87.7 and 109.7 mg/kg/
day in male and female rats, respectively (Matsuda et al. 2007). Life-long Aloe vera gel ingestion
(contributing 1% of total diet) in rats was demonstrated to produce no harmful effects or deleteri-
ous changes (Ikeno et al. 2002). In contrast, chronic ingestion of 100 mg/kg Aloe vera (extracted in
ethanol) given orally in rats produced reproductive toxicity, significant sperm damage, inflamma-
tion, and mortality compared to control animals (Shah et al. 1989). In a recent safety assessment of
Aloe, the Cosmetic Ingredient Review Expert Panel (2007) concluded that Aloe latex, but not the
polysaccharide material derived from the inner gel, is cytotoxic.

3.8.2 CARCINOGENICITY

Tumor-promoting and antimutagenic activities have been ascribed to the latex of Aloe vera
(Boudreau and Beland 2006). Multiple in vitro studies have demonstrated the potential genotoxicity
of anthraquinones; however, anthraquinones in Aloe vera do not appear to be well absorbed, and
four in vivo studies resulted in no genotoxicity from aloe-emodin and emodin (Brusick and Mengs
1997). Anthranoid-containing laxatives such as aloe-emodin have been suggested to cause colorec-
tal cancer (Siegers et al. 1993); however, recent research has not shown any correlation. A 2-year
carcinogenicity study in rats reported that whole-leaf Aloe powder was not carcinogenic at nontoxic
dose levels in the colon (Yokohira et al. 2009). In many large epidemiological studies in humans,
long-term laxative abuse has not been associated with colorectal cancer (Nusko et al. 2000; Park
et al. 2009).

3.8.3 PHoTOXICITY

Phototoxicity of aloe-emodin has been demonstrated in animal studies; however, phototoxicity was
not observed in several clinical studies in humans using amounts of aloe-emodin that are com-
monly found in commercially available Aloe vera preparations (Cosmetic Ingredient Review Expert
Panel 2007).

3.8.4 ADVERSE EFFeCTS

In the reviewed clinical trials, no serious adverse reactions were reported following Aloe vera admin-
istration. Three patients experienced allergic reactions after the topical application of an Aloe vera
preparation (Williams, Burk, and Loprinzi 1996). In case reports, hypersensitivity and allergic
responses to Aloe vera are the most commonly described adverse effects of Aloe vera use. The topical
application of Aloe vera gel has resulted in contact dermatitis, and oral use may cause diarrhea or vom-
iting (Morrow, Rapaport, and Strick 1980; Ernst 2000; Wang et al. 2003; Chinnusamy et al. 2009).
Many of these reactions appear to be associated with anthraquinone contaminants of the gel product.
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In rare cases, severe adverse effects have been associated with the oral application of Aloe vera.
Induced acute toxic hepatitis has been observed in four instances of Aloe vera ingestion (Luyckx
et al. 2002; Rabe et al. 2005; Kanat, Ozet, and Ataergin 2006). In one case, a 47-year-old man
presented with acute oliguric renal failure and liver dysfunction after consuming high oral doses
of Aloe vera (Luyckx et al. 2002). Aloe vera was also believed to be the cause of hypothyroidism
in one female patient (Pigatto and Guzzi 2005) and Henoch—Schonlein purpura in another after an
Aloe vera remedy juice was taken for back pain (Evangelos, Spyros, and Spyros 2005).

3.8.5 CONTRAINDICATIONS AND DRUG INTERACTIONS

Allergy: Use of Aloe vera preparations should be avoided in individuals with a known allergy to
plants of the Liliaceae family (garlic, onions, and tulips; Ulbricht et al. 2008).

Pregnancy: Use of Aloe vera as a laxative during pregnancy may pose potential teratogenic
and toxicological effects on the embryo and fetus (World Health Organization 1999; Ulbricht et al.
2008).

Renal or cardiac disease: Prolonged use of Aloe vera latex has been associated with watery diar-
rhea resulting in electrolyte imbalance (Cooke 1981; Boudreau and Beland 2006), and anecdotal
reports suggest that the increasing loss of potassium may lead to hypokalemia. Therefore, the Aloe
vera latex is contraindicated in patients with a history of renal or cardiac disorders.

Drug interactions: Potential interactions have been suggested for Aloe vera and drugs that may
alter electrolyte balance, such as thiazide diuretics and corticosteroids. Possible hypokalemia-
related arrhythmia suggests a potential herb—drug interaction with cardiac glycosides. Caution is
warranted in patients taking hypoglycemic agents as interactions with Aloe vera gel have been
reported (Boudreau and Beland 2006). There exists a case report of a 35-year-old woman who lost
5 L of blood during surgery as a result of a possible herb—drug interaction between Aloe vera and
sevoflurane, an inhibitor of thromboxane A, (Lee et al. 2004).

3.9 DRUG/VITAMIN BIOAVAILABILITY

Aloe vera gel has been shown to enhance vitamin C and E’s bioavailability in a double-blind, ran-
domized, controlled trial (Vinson, Al Kharrat, and Andreoli 2005). The authors suggest that Aloe
vera gel protects against the degradation of vitamins in the intestinal tract and the gel polysaccha-
rides may bind to vitamins and thereby slow down their absorption rate.

Aloe vera gel has been shown to significantly increase the transport of insulin in a cell model,
and limited information suggests that if coadministered, it may also enhance the intestinal absorp-
tion of other poorly absorbed drugs (Hamman 2008).

3.10 RESEARCH NEEDS

Analysis of the potential efficacy of Aloe vera in the treatment of particular disorders is complicated
by differences in Aloe vera preparations, their means of administration, and the animal model or
study design employed in individual studies. Research on standardized methodological quality is,
therefore, needed to identify which Aloe vera components, individually or in combination, exhibit
therapeutic properties and the exact mechanisms by which they act. Controlled in vivo toxicology
and safety studies of Aloe vera preparations in humans are also required.

3.11 CONCLUSIONS

Despite its long history of use, there remains a lack of consistent scientific evidence to support many
of the therapeutic claims for Aloe vera. Evidence of efficacy is strongest for the laxative effects of
Aloe vera latex, however, whether the latex is more efficacious than conventional laxative treatments

© 2011 by Taylor & Francis Group, LLC



Evaluation of Nutritional and Metabolic Effects of Aloe vera 51

has not yet been determined, and the anthraquinones in the latex are associated with considerable
risks. The topical application of Aloe vera gel is likely safe and demonstrates overall efficacy in
healing burn wounds, whereas some promising preliminary evidence suggests that the oral use
of the gel may have beneficial effects in lowering blood glucose levels in type 2 DM, stabilizing
metastatic cancer, and treating mild to moderate ulcerative colitis. Further research in humans is
required to confirm these effects.
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4.1 INTRODUCTION

Bilberry (Vaccinium myrtillus L.) is one of the richest natural sources of anthocyanins. These
polyphenolic components give bilberry its blue/black color and high antioxidant content, and they
are believed to be the key bioactives responsible for the many reported health benefits of bilberry
and other berry fruits. Although bilberry is promoted most commonly for improving vision, it has
been reported to lower blood glucose, to have anti-inflammatory and lipid-lowering effects, and to
promote antioxidant defense and lower oxidative stress. Therefore, bilberry is of potential value in
the treatment or prevention of conditions associated with inflammation, dyslipidemia, hyperglyce-
mia or increased oxidative stress, cardiovascular disease (CVD), cancer, diabetes, and dementia and
other age-related diseases. There are also reports that bilberry has antimicrobial activity. In this
chapter, bilberry and its components and characteristics are described, and evidence for the health
benefits of bilberry is presented and discussed.

4.2 BILBERRY: DESCRIPTION, USAGE, SOURCE, AND COMPOSITION

The bilberry plant (Figure 4.1) is a low-growing shrub native to northern Europe, but is now also
found in parts of North America and Asia. Bilberry is also known as European blueberry, whortle-
berry, huckleberry, and blaeberry. It belongs to a large genus (Vaccinium) of plants that also contains
blueberry (Vaccinium corymbosum) and cranberry (Vaccinium macrocarpon; Upton 2001). Bilberry
is sometimes called blueberry because both have similar appearance and are close relatives, but the
true blueberry is native to the United States (National Institutes of Health 2010). Bilberry usually
grows in heaths, meadows, and moist coniferous forests, and its growth is favored by moderate shade
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FIGURE 4.1 (See color insert.) Bilberry (Vaccinium myrtillus L.). (ukwildflowers.com. With permission.)

and moderately humid ground conditions. The bilberry is a small (5-9 mm in diameter) fruit, bluish
black in color, with many seeds.

Bilberry is classified as a Class 1 herb by the American Herbal Products Association (Upton
2001), meaning it can be safely consumed when used appropriately. No mutagenic activity has
been reported, and there are no cited contraindications to its use (Upton, 2001). Bilberry is sold as
fresh, frozen, and dried whole berries, as well as in the form of preserves, jams, and juices, and,
increasingly, liquid or powdered concentrates are sold as food supplements. Bilberry contains a
variety of phenolic compounds, including flavonols (quercetin, catechins), tannins, ellagitannins,
and phenolic acids, but anthocyanins make by far the largest contribution to its phytochemical
mix (Upton 2001; Seeram 2008). These naturally occurring phenolic compounds are redox-active
antioxidants as well as iron chelators (Benzie 2003; Zafra-Stone et al. 2007), and are found in
red-, blue-, and purple-colored flowers, fruits, and vegetables. The usual daily dietary intake of
anthocyanins is approximately 200 mg (Zafra-Stone et al. 2007). Bilberry has higher anthocyanin
content compared to other types of berries, such as strawberry, cranberry, elderberry, sour cherry,
and raspberry (Kowalczyk et al. 2003; Bagchi et al. 2004; Yildirim 2006; Cravotto et al. 2010).
The total anthocyanin content of bilberry is generally in the range of 300-700 mg/100 g fresh
fruit, although this range varies with cultivar, growing conditions, and degree of ripeness of the
berry (Upton 2001; Burdulis et al. 2009). Along with anthocyanins, 100 g of fresh bilberry con-
tains small quantities of vitamin C (3 mg), quercetin (3 mg), and catechin (20 mg; Upton 2001;
Erlund et al. 2003).

Although most attention has been focused on the antioxidant properties of anthocyanins in rela-
tion to health benefits of bilberry, the effects are likely to extend beyond simple antioxidant action
to involve cell-signaling pathways, gene expression, DNA repair, and cell adhesion, as well as anti-
neoplastic and antimicrobial effects (Kowalczyk et al. 2003; Packer and Cadenas 2007; Zafra-Stone
et al. 2007; Seeram 2008; Benzie and Wachel-Galor 2010). Commercial bilberry products are often
standardized to a 25% anthocyanidin content (equivalent to 36% anthocyanins); but this content can
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vary greatly (Upton 2001; Lee 2008). Recommended daily dosages also vary greatly, for example,
20-60 g of dried berries and 160—480 mg of powdered extract (Upton 2001).

4.3 ANTHOCYANINS

Anthocyanins (from the Greek anthos for flower and kyanose for blue) are water-soluble polyphe-
nolic flavonoid compounds (Clifford 2000; Ghosh and Konishi 2007; Yoshida, Mori, and Kondo
2009). Anthocyanins are responsible for the pink, red, blue, and purple color of plants (Upton
2001). The color is pH dependent; the color is red at pH < 2, changing to blue as pH increases and
finally becoming colorless at high pH. The anthocyanin molecule consists of an anthocyanidin
“core” with a sugar moiety attached. The sugar can be attached at various positions, and can be
glucose, galactose, xylose, arabinose, or rhamnose (Clifford 2000; Kong et al. 2003; Prior and
Wu 2006). Anthocyanins vary also in the number and position of hydroxyl and methoxyl groups
attached to the core anthocyanidin structure. Therefore, although there are less than 20 naturally
occurring anthocyanidins, there are many hundreds of different anthocyanins (Upton 2001; Prior
and Wu 2006; Ghosh and Konishi 2007; Yoshida, Mori, and Kondo 2009). The most commonly
found anthocyanidins in nature are cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and
malvidin, but these are very rarely found in their aglycone (nonsugar) forms (Kong et al. 2003;
Prior and Wu 2006). The concentrations of the main anthocyanins found in bilberry are given in
Table 4.1.

TABLE 4.1
Main Anthocyanins in Bilberry and Their Relative
Concentrations

Anthocyanin Mean Content (%)
Delphinidins (total) 15.17
Delphinidin-3-O-glucoside 5.81
Delphinidin-3-O-galactoside 5.04
Delphinidin-3-O-arabinoside 4.32
Cyanidins (total) 8.36
Cyanidin-3-O-glucoside 342
Cyanidin-3-O-galactoside 2.75
Cyanidin-3-O-arabinoside 2.19
Petunidins (total) 6.64
Petunidin-3-O-glucoside 3.67
Petunidin -3-O-galactoside 1.89
Petunidin-3-O-arabinoside 1.08
Malvidins (total) 543
Malvidin-3-O-glucoside 3.35
Mavlidin-3-O-galactoside 1.27
Malvidin-3-O-arabinoside 0.81
Peonidins (total) 1.87
Peonidin-3-O-glucoside 1.31
Peonidin-3-O-galactoside 0.34
Peonidin-3-O-arabinoside 0.22

Source: Adapted from Upton, R., ed. 2001. Bilberry Fruit Vaccinium myrtil-
lus L. Standards of Analysis, Quality Control, and Therapeutics.
Santa Cruz, CA: American Herbal Pharmacopoeia and Therapeutic
Compendium.
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Although the function of anthocyanin pigments in plants is thought to be mainly that of attract-
ing animals, insects, and birds for pollination or seed dispersal, anthocyanins may help in cold
tolerance as well as antimicrobial and antioxidant defense of plant tissues (Benzie 2003; Kong
et al. 2003). The anthocyanin content of berries varies across species and also depends on envi-
ronmental factors, such as the amount of solar radiation, temperature, and soil content of nitrogen
and phosphorus. The cultivation technique is also a factor affecting the total phenolic level of
berries. Anthocyanins are found mainly in the skin of the berry, and damage to the fruit skin
caused during harvesting decreases anthocyanin content (Upton 2001). Degrees of ripeness of ber-
ries also contribute to variation in total phenolic content—although the concentration of phenolic
compounds is usually higher in unripe berries than in mature fruits, anthocyanins accumulate
during bilberry maturation (Upton 2001). Anthocyanins have powerful antioxidant properties, and
the content of anthocyanin pigment directly correlates with antioxidant activity of plants (Upton
2001; Bagchi et al. 2004; Yildirim 2006; Zafra-Stone et al. 2007). In addition to their antioxidant
effects, anthocyanins have been reported to stabilize DNA, modify adipocyte gene expression,
improve insulin secretion and sensitivity, and have antiapoptotic, anti-inflammatory, and antibac-
terial effects (Mas et al. 2000; Kong et al. 2003; Kowalczyk et al. 2003; Tsuda et al. 2005; Seeram
2008). These numerous and potentially highly beneficial effects of anthocyanins make foods rich
in these compounds, such as bilberry, potential candidates as “functional foods” and phytothera-
peutics (Cravotto et al. 2010).

4.4 BIOAVAILABILITY AND DISTRIBUTION OF ANTHOCYANINS

Unlike other polyphenolic flavonoids, anthocyanins can be absorbed intact, that is, without remov-
ing their sugar moiety. Absorption (and renal elimination) of anthocyanins is reported to be rapid,
but of low efficiency (Prior and Wu 2006). In rats, absorption takes place in the stomach and small
intestine, and varies depending on the structure of the anthocyanin. Absorption ranged from 11%
for malvidin-3-glucoside to 22% for cyanidin-3-glucoside (Talavera et al. 2003). Plasma anthocya-
nins are found in plasma a few minutes after oral administration of berries or berry extracts, but are
cleared within 6 hours. In humans, anthocyanin absorption from grapes, red wine, elderberry, black-
currant, chokeberry, hibiscus, and raspberry has been studied (reviewed by Prior and Wu 2006).
Most studies showed a maximal plasma concentration of anthocyanin at 1-2 hours postinges-
tion (range 0.5-3.0 hours). Maximal plasma concentrations were not clearly related to dose and
were generally in the 5-50 nmol/L range. The highest plasma concentration reported (99 nmol/L)
occurred after a dose of red grape juice containing 266 (wmol of malvidin-3-glucoside (Netzel et al.
2003). The major metabolites of anthocyanins recovered in urine are glucuronated and methylated
conjugates (Prior and Wu 2006).

With respect to anthocyanins from bilberry, human data are lacking, although some animal studies
have been performed (as described by Upton 2001). In rats, the plasma total anthocyanin concentration
was 26 mg/L at 1 hour after intraperitoneal administration of bilberry anthocyanins. Anthocyanins
were detectable also in tissues collected at the same time, at concentrations of 12-79 ng/g tissue.
Kidney had three fold higher anthocyanin content than plasma, and skin had 1.5-fold higher content
than plasma (Talavera et al. 2003, 2005). After oral administration (400 mg/kg) of bilberry anthocya-
nins to rats, a maximal plasma concentration of 2.47 mg/L was reported at 15 minutes, with bioavail-
ability estimated at 1.2% (reported by Upton 2001). In a more recent animal study of distribution and
excretion of bilberry anthocyanins (Sakakibari et al. 2009), the plasma concentration of mice was
shown to peak at 15 minutes postingestion of an ethanol extract of fresh bilberries, showing a sharp
decrease thereafter, and the renal excretion of anthocyanins represented 1.88% of the dose ingested.
Thirteen anthocyanins were detected in the bilberry extract, and the main anthocyanins in plasma at
60 minutes postingestion were malvidin-3-glucoside and malvidin-3- galactoside (Sakakibari et al.
2009). In mice fed bilberry extract for 2 weeks, plasma levels reached a maximum of 0.26 pumol/L
and anthocyanins were found only in liver, kidney, testes, and lung. No anthocyanins were found in
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brain, heart, muscle, eyes, or white fat. The researchers concluded that bilberry anthocyanins are
absorbed but are taken up by specific organs (Sakakibari et al. 2009). However, there may be differ-
ences in the tissue distribution of anthocyanins across different species, as brain uptake of anthocya-
nins has been reported in a rat model (Talavera et al. 2005).

4.5 HEALTH EFFECTS OF BILBERRY

Besides its use as a delicacy, bilberry is widely used to improve night vision and to decrease vascular
permeability and capillary fragility; moreover, the berry has various other reputed health benefits,
although most interest has been focused on anthocyanin-related antioxidant effects (Camire 2000;
Upton 2001; Mazza 2002; Park et al. 2007; Zafra-Stone et al. 2007). Although there are many
studies that have investigated the antioxidant and other health-related effects of anthocyanins and
anthocyanin-rich berries and extracts or juices, only a few have used bilberry itself, and data from
controlled human trials are scarce. In Sections 4.5.1 through 4.5.8, studies that have used mixed
berry juices or extracts including bilberry are discussed, as well as those that have used only bil-
berry fruit or extracts.

4.5.1 ANTIOXIDANT EFFECTS

Anthocyanins are potent antioxidants that scavenge radicals and chelate metal ions (Pool-Zobel
et al. 1999; Mazza et al. 2002; Prior and Wu 2006). Many herbs and berries have powerful anti-
oxidant properties (refer to Chapter 2 on antioxidants in herbs and spices), and these properties are
thought to underlie many of the various health effects of herbs and berries.

In primary cultures of rat hepatocytes, it was found that bilberry extract protected cells against
oxidative damage (Valentova et al. 2006). As described by Upton (2001), bilberry or anthocyanin
extracts of bilberry protects rat liver microsomes against oxidative damage and apolipoprotein B
against ultraviolet (UV)-induced oxidative fragmentation. Animal studies show conflicting results.
In a rat study, no significant change of urinary 8-OHdG (also known as 8-0xodG, and a biomarker
of oxidative stress; Lee, Chung, and Benzie 2010), was reported after 14 weeks of supplementation
with an anthocyanin-rich extract from mixed berries including bilberry (Lala et al. 2006). However,
a significant decrease of malondialdehyde (a biomarker of lipid peroxidation; Benzie 1996) in brain
was seen in OXYS rats fed with bilberry extract (2 g of dried aqueous extract including 0.35 g/kg
diet; Kolosova et al. 2006). This strain of rats shows accelerated aging and higher oxidative stress
compared to the Wistar rats and, interestingly, the Wistar rats did not show bilberry-related effects,
suggesting that the antioxidant-effects of bilberry may be seen only in cases of elevated oxidative
stress. A combination extract (OptiBerry) of six edible berries, including bilberry, was reported
to show “unique antioxidant potential in a whole-body scenario” using an animal model exposed
to hyperbaric oxygen (Bagchi et al. 2006). Rats given a bilberry extract (1% w/w in the diet)
and subjected to doxorubicin (DOX) toxicity (induced with 15 mg/kg intraperitoneal injection
of DOX) had lower lipid peroxides in serum and increased glutathione (GSH) in cardiac muscle
cells compared to control animals, although no differences were seen in cardiac lipid peroxide
levels (Choi et al. 2010). In mice stressed by restraint, marked increases in liver damage and
reactive oxygen species (ROS) levels associated with this stress were restored to normal levels by
administering a bilberry extract, and there was also enhanced mitochondrial complex II activity,
elevated sodium/potassium ATPase activity, and elevated mitochondrial membrane potential with
the bilberry treatment (Bao et al. 2010).

In contrast to the promising effects seen in animal studies, no effect on lipid peroxidation was
seen in human volunteers after supplementation with mixed vegetables and fruits including bilber-
ries (Freese et al. 2004). In general, most controlled human supplementation studies are performed
on healthy subjects, and they have limited potential to respond in relation to biomarker changes.
Better target groups for looking at antioxidant-related effects are those humans under higher
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oxidative stress, such as the elderly, those at elevated risk of heart disease, or diabetic patients. To
date, there is only one published report of the effects of bilberry supplementation on antioxidant
status and oxidative stress in human subjects (Karlsen et al. 2010). Subjects (n = 31) with at least one
risk factor for CVD were supplemented with 330 mL/day bilberry juice (diluted to 1 L with water)
for 4 weeks. However, results showed no significant changes in biomarkers of antioxidant status or
oxidative stress in these subjects, compared to 31 control subjects (Karlsen et al. 2010).

Two points of caution are offered here with respect to antioxidant content and action of bilberry
anthocyanins. First, many of the bilberry extracts used in trials have not been characterized or stan-
dardized to anthocyanin content. Variation in anthocyanin content affects the antioxidant content of
extracts. In vitro testing of the antioxidant capacity of commercial bilberry products by our group
showed surprising results (Lee 2008). Using the ferric reducing/antioxidant power ability (FRAP)
assay (Benzie and Strain 1999), the total antioxidant capacity of 11 commercial powdered bilberry
extracts from various countries of origin were tested. Values ranged from <20 to >2000 pmol/g
(Lee 2008). There was a strong correlation between the FRAP value and the anthocyanin content
(r>.96: p <.001). Interestingly, whereas the anthocyanin content of commercial bilberry products
is assumed to be standardized to 250 mg/g, or at least to be high, only 5 of the 11 commercial prod-
ucts had any stated anthocyanin content and 3 of the 5 had stated values of <80 mg/g. Furthermore,
the actual anthocyanin content of all but one product was <60 mg/g, with concomitantly low FRAP
values (Lee 2008). In one product with a stated content of 250 mg/g anthocyanins, the measured
content was <10 mg/g. Second, in vitro antioxidant activity may not reflect in vivo action (Pool-
Zobel et al. 1999; Halliwell 2007). Molecular action of antioxidant phytochemicals may be inde-
pendent of or indirectly related to antioxidant activity, may change with concentration, or may
manifest only in the presence of other bioactives or under particular redox conditions (Halliwell and
Gutteridge 2007; Packer and Cadenas 2007; Benzie and Wachtel-Galor 2010). Therefore, although
anthocyanins are potent antioxidants in vitro, and fresh bilberry is a rich source of these, it cannot
be assumed that all commercial bilberry products contain significant amounts of bilberry antho-
cyanins or that absorbed anthocyanins act directly as antioxidants in vivo. In the future, trials per-
formed with bilberry extracts must use a standardized product of known anthocyanin content, and
studies looking for health benefits should include a wide range of biomarkers of both antioxidant
and nonantioxidant effects.

4.5.2 GENOPROTECTIVE AND ANTICANCER EFFECTS

One in three people will receive a diagnosis of cancer at some point in their lives (WCRF 2007).
Treatment of cancer is harsh and often unsuccessful. Cancer is a disease caused by mutations in
key genes controlling cell division and growth. Damage to DNA increases the likelihood of such
mutations, and any bioactive food or component that is found to protect DNA from damaging
agents, lower baseline DNA damage, or increase DNA repair is a potential cancer-preventing agent
(Collins 1999; Duthie 2007; Halliwell 2007; Kim et al. 2009). Although damage to DNA can be of
many types and can result from many different processes and agents, oxidation-induced damage is
thought to be a key factor. Chronic inflammation increases ROS load, and it is an important can-
cer risk factor (Aggarwal, Vijayalekshmi, and Sung 2009). Diet is an important modulator of risk
(WCRF 2007; Benzie and Wachtel-Galor 2009; refer to Chapter 17 on herbs and spices in cancer
prevention and treatment). Whereas most epidemiological data focus on the potential anticancer
activity of mixed fruits and vegetables, few focus on types of individual berry. However, berries
do have anticancer potential (Zafra-Stone et al. 2007; Seeram 2009), and there are some data from
experimental studies that have used bilberry alone or in conjunction with other berries.

In vitro work and animal tumorigenic models have demonstrated that berry anthocyanins have
cancer-preventive and -suppressive activity via antioxidant activity; antiproliferative, apoptotic, anti-
angiogenic, and anti-inflammatory effects; and induce the antioxidant response element (ARE) with
consequent phase Il enzyme induction and other cytoprotective effects (Hou 2003; Bagchi et al. 2004;
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Lala et al. 2006; Duthie 2007; Zafra-Stone et al. 2007; Wang and Stoner 2008; Seeram 2009; Benzie
and Wachtel-Galor 2010; Matsunaga et al. 2010). Other mechanisms of genoprotection may involve
direct interaction of anthocyanins with DNA. Natural anthocyanins have been reported to intercalate
with DNA, forming a DNA copigmentation complex (Sharma and Sharma 1999; Mas et al. 2000;
Kong et al. 2003). This triplex stabilization property suggests that anthocyanins could help regulate
gene expression in addition to protecting DNA against oxidative damage (Sharma and Sharma 1999;
Mas et al. 2000). Anthocyanins have been shown to protect DNA against oxidative stress induced by
various agents (UV irradiation, hydrogen peroxide, tert-butyl hydroperoxide) in vitro (Lazzé et al.
2003; Seeram 2008; Svobodovd, Zdarilova, and Vostdlova 2009). However, it is noted that the doses
used (100 uM or greater) for in vitro studies are much higher than values that can be reached in
plasma through the dietary intake of anthocyanins. In animal feeding studies, cancer chemopreven-
tive and therapeutic effects of anthocyanins and berries have been shown in various models (Hou
2003; Prior and Wu 2006; Choi et al. 2007; Zafra-Stone et al. 2007; Seeram 2008). Although con-
vincing evidence from well-designed human experimental studies is lacking, there is sufficient robust
evidence from in vitro and animal studies of anthocyanins to support clinical studies of cancer che-
mopreventive effects (Thomasset and Teller et al. 2009).

With reference to cancer-related studies that have investigated bilberry specifically, a hexane/
chloroform extract was reported to induce a phase II detoxification enzyme (quinine reductase) in a
cell-culture model (Upton 2001). Detoxification of xenobiotics is important for cancer prevention. The
extract did not affect the activity of ornithine decarboxylase, an enzyme associated with progression
of cancer; but it did inhibit growth of two breast cancer cell lines (Madhavi et al. 1998). Interestingly, a
commercial anthocyanin-rich extract from bilberry was shown to inhibit growth of colon cancer cells
but did not affect growth of normal colon cells, suggesting a possible specific action against cancer
cells (Lala et al. 2006). Among the ethanolic extracts of 10 different berries tested for induction of
apoptosis in human cancer cells (HL60 leukemia and HCT116 colon cancer cells), bilberry extract was
reported to be the most effective. Interestingly, delphinidin and malvidin aglycone inhibited HL60
cells, whereas delphinidin and its glycoside, but not malvidin and its glycoside, inhibited HCT116 cells
(Katsube et al. 2003). Delphinidin is the main anthocyanin in bilberry (Table 4.1).

In an animal study, the number of intestinal adenoma decreased significantly by 15-30% in
rats with genetic colon adenoma that were fed a high dose of bilberry extract (10% w/w in diet,
supplying approximately 5.5 g anthocyanin per kilogram per day (Mutanen et al. 2008). Similar
findings were shown with a lower dose of a commercial bilberry extract (mirtoselect®, at a daily dose
of 0.3% w/w diet, supplying approximately 0.5 g anthocyanin per kilogram per day; Cooke et al.
2006). This dosage is equal to approximately 740 g of fresh bilberries in terms of human intake.
More recently, an extract of bilberry was shown to dose-dependently inhibit cell growth and pro-
mote induction of apoptosis in cultured breast cancer cells (MCF7-GFP-tubulin breast cancer cells;
Nguyen et al. 2010). At higher doses (0.5-1.0 mg/mL), the bilberry extract arrested the cell-cycle
at the G(2)/M phase and inhibited microtubule polymerization (Nguyen et al. 2010). In a DNA
microarray study, an anti-inflammatory gene activation/inhibition profile was seen in macrophages
treated with a bilberry extract (Chen et al. 2008). As noted earlier in this section, inflammation is
an important risk factor for cancer. If the molecular evidence for an anti-inflammatory effect of bil-
berry is confirmed in clinical study, it would support the use of bilberry in cancer prevention. In a
pilot study of 25 colorectal cancer patients, an anthocyanin-standardized extract of bilberry (mirto-
cyan®, supplying between 0.5 and 2 g of anthocyanins per day) was given for 7 days prior to surgery
(Thomasset and Berry et al. 2009). After 7 days, bilberry anthocyanins and their glucuronide and
methyl metabolites were detected in plasma and also in tumor tissue (179 ng/g tissue at the highest
bilberry extract dose), and plasma levels were found to be related to dose. The tumor tissue showed
a 7% decrease in proliferation compared to prebilberry values, and there was a small but significant
decrease in plasma insulin-like growth factor-1 (IGF-1) seen with the lowest dose (Thomasset and
Berry et al. 2009). These preliminary data from human study provide important and clear support
for further clinical studies of bilberry anthocyanins in cancer chemoprevention.
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4.5.3 CARDIOPROTECTIVE EFFECTS

All over the world, CVD is a leading cause of death. Major risk factors of CVD include central
obesity, diabetes, hypertension, elevated levels of lipids, and high levels of uric acid. Increased
oxidative stress may also contribute, and inflammation is a key factor. Atherosclerosis, the main
underlying factor in CVD, is an inflammatory process associated with oxidative processes in
and damage to the vascular endothelium (Libby, Ridker, and Maseri 2002). Therefore, the anti-
inflammatory and antioxidant effects of anthocyanins are of relevance to potential cardioprotective
effects of bilberry and other berries. Antihypertensive, lipid-lowering, hypoglycemic, and antiobe-
sity effects would also be cardioprotective (Zafra-Stone et al. 2007; Erlund et al. 2008).

Gene expression in bilberry-treated macrophages stimulated with lipopolysaccharide (LPS)
showed an anti-inflammatory profile (Chen et al. 2008). Furthermore, a controlled human supple-
mentation trial showed decreased concentration of inflammatory biomarkers in the plasma of
31 subjects who took bilberry juice for 4 weeks (Karlsen et al. 2010) Most notably, significant
decreases were seen in plasma levels of high-sensitivity C-reactive protein (hsCRP), a sensitive
biomarker of subclinical inflammation and a predictor of CVD, and the proinflammatory cytokine
interleukin 6 (IL-6). No significant effects were seen on plasma cholesterol, triglycerides, or uric
acid concentrations (Karlsen et al. 2010). In an animal study, plasma triglycerides were decreased
after feeding rats with an extract of bilberry leaves (3 g/kg/day) for 4 days (Cignarella et al. 1996).
However, it is noted that the leaves and not the berries of V. myrtillus L. were used and the effects
may not have been related to anthocyanins, which are found mainly in the deeply colored berries.
In a controlled human study of 35 subjects who took 100 g of whole bilberries each day, plate-
let function, blood pressure, and high-density lipoprotein (HDL)-cholesterol were all improved
(Erlund et al. 2008). However, in addition to the daily bilberry supplement, the subjects took a
mixture of various berries during the study. A study of 23 healthy volunteers given a mixture
of grape seed, pine bark, bilberry, and red wine for 4 weeks showed an insignificant decrease
in acute impairment in endothelial function caused by a high-fat meal (Barringer, Hatcher, and
Sasser 2008). In another human study, mixed anthocyanins from bilberry and blackcurrant (Ribes
nigram) were given as an extract (320 mg/day) for 12 weeks to 60 middle-aged dyslipidemic
Chinese subjects (Qin et al. 2009). Results showed significant improvements in low-density lipo-
protein (LDL)-cholesterol (average decrease of approximately 14%) and HDL-cholesterol (aver-
age increase of approximately 14%). No significant changes were seen in plasma total cholesterol,
triglycerides, or apolipoproteins, but the plasma concentration of cholesteryl ester transfer protein
(CETP) was significantly decreased, and the change in CETP correlated with the changes in
lipids. An in vitro study by the same group showed that cyanidin-3-O-glucoside lowered CETP
activity in human HepG2 cells, and the researchers concluded that the bilberry and blackberry
anthocyanin mixture improved lipids in their human subjects by inhibiting CETP activity and
changing cellular cholesterol efflux (Qin et al. 2009).

Regarding blood pressure and vascular health, bilberry fruit anthocyanins have been reported
(Upton 2001) to inhibit smooth muscle contraction and platelet aggregation. These are potentially
antithrombotic and antihypertensive effects and have cardioprotective effects. Possible antihyper-
tensive effects of bilberry are also suggested by the finding of inhibition of angiotensin-converting
enzyme (ACE) activity in cells in vitro (Persson, Persson, and Andersson 2009). A significant,
dose-dependent inhibition of ACE activity was seen in endothelial cells from human umbilical
veins that had been incubated in bilberry extract (0.00625-0.1 mg/mL) for 10 minutes (Persson,
Persson, and Andersson 2009). Interestingly, individual anthocyanidins (cyanidin, delphinidin, and
malvidin) had no inhibitory effect, and the researchers concluded that ACE-inhibition seemed to
be dependent on the specific mixture of anthocyanins in bilberry (Persson, Persson, and Andersson
2009). Anthocyanins from bilberry were reported to protect against ischemia reperfusion injury
in an animal model, and to attenuate leucocyte adhesion and improve blood perfusion (Bertuglia,
Malandrino, and Colantuoni 1995). In rats that were fed bilberry anthocyanins for 12 days prior
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to inducing hypertension, permeability of the blood—brain barrier was kept normal and there was
limited increase in the vascular permeability of the skin and aorta wall (Detre et al. 1986).

Anthocyanins and bilberry have also been reported to have antiobesity and hypoglycemic effects,
which would bring cardioprotective benefits. These will be discussed in Section 4.5.5.

4.5.4 ANTI-INFLAMMATORY EFFECTS

Inflammation is a protective mechanism, but chronic inflammation increases oxidative stress
and underlies many age-related diseases, including CVD and cancer (Libby, Ridker, and Maseri
2002; Halliwell and Gutteridge 2007; Aggarwal et al. 2009). Many studies suggest that antho-
cyanins, the predominant phenolic compounds found in bilberry, have anti-inflammatory effects
(Karlsen et al. 2007; Chen et al. 2008; Dreiseitel et al. 2008; Kim et al. 2009). Suggested mech-
anisms include inhibiting proteasome activity, which controls the degradation of cellular pro-
teins (Dreiseitel et al. 2008), and inhibiting nuclear factor kB (NF-kB) activation, which controls
expression of genes involved in the inflammatory response (Karlsen et al. 2007; Chen et al.
2008). Supplementation with Medox (a commercial product of purified anthocyanins from bil-
berries supplying 300 mg of anthocyanins) by healthy subjects for 3 weeks was associated with a
decrease in several NFxB-regulated proinflammatory chemokines and immunoregulatory cyto-
kines (Karlsen et al. 2007), and a follow-up study showed decreased levels of hsCRP and inflam-
matory cytokines in plasma of 31 subjects who took 330 mL/day of bilberry juice for 4 weeks
(Karlsen et al. 2010). As oxidative stress may mediate inflammation injury, the antioxidant prop-
erties of bilberry may be responsible for at least some of the anti-inflammatory effects reported.
However, selective gene activation and inhibition by mechanisms other than direct antioxidant
effects are likely (Chen et al. 2008; Benzie and Wachtel-Galor 2010).

4.5.5 HyrocLycemic EFrecTs

The bilberry plant is reputed to possess antidiabetic properties, and its berries and leaves (as well
as those of other Vaccinium species) have been used for centuries to ameliorate the symptoms of
diabetes (Cignarella et al. 1996; Martineau et al. 2006; Ghosh and Konishi 2007; Cravotto et al.
2010). In a survey of 685 Italian herbalists, bilberry ranked fourth in a list of herbal remedies rec-
ommended for improvement of glycemic control (Cicero, Derosa, and Gaddi 2004). The reported
hypoglycemic effect of bilberry is a desirable effect for helping to prevent or control type 2 diabetes,
which is a highly prevalent condition caused by insulin resistance and B cell failure (ADA 2010).
Type 2 diabetes is associated with increased oxidative stress, inflammation, and dyslipidemia, and
is accompanied by an increased risk of CVD, cancer, and vision loss through cataract and retinopa-
thy (Brownlee 2005; Jee et al. 2005; Choi et al. 2008; ADA 2010).

The hypoglycemic effect of bilberry may be mediated in part by interference with enzyme action,
especially a-glucosidase activity (McDougall, Kulkarni, and Stewart 2008), and also by effects on
insulin secretion and glucose transport. Anthocyanins were found to stimulate insulin secretion
from cultured rodent pancreatic B cells, with cyanidins and delphinidins (the major anthocyanins
in bilberry) showing the greatest effect among different anthocyanins tested (Jayaprakasam et al.
2005). In addition, low-bush blueberry, which belongs to the same family as bilberry, at 12.5 pg/mL
was demonstrated to enhance glucose transport into muscle cells and adipocytes in the absence of
insulin (Martineau et al. 2006).

In an animal study with a water—alcohol extract of bilberry leaves given to streptozotocin-induced
diabetic mice (3 g/kg/day for 4 days), a significant decrease (26%) was seen in plasma glucose
(Cignarella et al. 1996). Blood glucose was significantly decreased (by 33% and 51%, respectively)
after administration of a phenolic-rich extract (containing approximately 287 mg/g anthocyanin) and
an anthocyanin-enriched fraction (containing approximately 595 mg/g) from a Vaccinium blueberry
extract at a dose 500 mg/kg to diabetic (C57b1/6J) mice (Grace et al. 2009). In gavage treatment
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with pure anthocyanins (300 mg/kg), malividin-3-O-glucoside was found to have a significant
hypoglycemic effect in these animals, but delphinidin-3-O-glucoside did not (Grace et al. 2009). As
shown in Table 4.1, the malvidin-3-O-glucoside concentration of bilberry is 3.35% (Upton 2001).
Significant decreases in serum glucose and fructosamine were shown in alloxan-induced diabetic
mice at, respectively, 120 minutes and 7 days after being given a 20 mg/kg dose of “antidiabetis,” an
herbal preparation that included bilberry (Petlevski et al. 2001).

Obesity is a strong predisposing factor for type 2 diabetes. Berry polyphenols may help pre-
vent obesity by inhibiting digestive enzymes, such as lipase, thereby lowering fat absorption
(McDougall, Kulkarni, and Stewart 2008). Cyanidin-3-glucoside has been shown to suppress
the development of obesity in mice fed a high-fat diet and to regulate human adipocyte func-
tion (Tsuda 2008). Human preadipocytes were collected from subcutaneous adipose tissue, cul-
tured, and differentiated into adipocytes before being treated with anthocyanins for 24 hours.
Adiponectin, an anti-inflammatory cytokine, was upregulated, and there was downregulation of
the proinflammatory cytokine IL-6 and also of the plasminogen activator inhibitor-1 (PAI-1); the
anthocyanin treatment also activated adenosine monophosphate (AMP)-activated protein kinase
(AMPK) in adipocytes without increasing the AMP/adenosine triphosphate (ATP) ratio (Tsuda
2008). Together, these changes indicate a role for anthocyanins in preventing metabolic syndrome,
an increasingly common condition associated with insulin resistance, hypertension, and dyslipid-
emia that often progresses to type 2 diabetes. In a follow-up study, Tsuda and coworkers reported
that a bilberry extract added to the diet of diabetic mice (27 g/kg diet, which gave an anthocyanin
content of 10 g/kg diet) lowered serum glucose and improved insulin sensitivity (Takikawa et al.
2009). There were no differences in body weight or serum adiponectin levels between the bilberry-
fed and the control animals, but the antidiabetic effects of the bilberry extract were associated with
AMPK activation in white adipose tissue and skeletal muscle and liver, and were accompanied by
increased glucose transporter 4 (GLUT 4) in white adipose and skeletal tissue and lower hepatic
gluconeogenesis (Takikawa et al. 2009).

Although there are some published human studies of the hypoglycemic effects of berries
(e.g., cranberry, chokeberry), strong evidence from human trials is lacking (Matsui et al. 2006;
Helmstéddter and Schuster 2010). To our knowledge, there are no published controlled human studies
with bilberry on diabetes patients. The two published human supplementation studies with bilberry
(Qin et al. 2009; Karlsen et al. 2010) studied subjects at elevated risk of CVD, but they were not dia-
betic. It is unlikely that significant effects of bilberry would be seen in subjects with normal glucose
tolerance No differences were seen in plasma glucose levels in 60 nondiabetic dyslipidemic subjects
who took a mixed bilberry and blackcurrant anthocyanins supplement (120 mg/day anthocyanins)
for 12 weeks (Qin et al. 2009). In the study by Karlsen et al. (2010), which investigated the effect
of 4 weeks of supplementation with 330 mL/day of bilberry juice in subjects with at least one risk
factor for CVD, no glucose data were shown.

Although we lack human data on the antidiabetic effects of bilberry, numerous in vitro and ani-
mal studies provide good evidence of a role for bilberry in treating or preventing type 2 diabetes.
This could be a very rewarding area of future research given the huge socioeconomic problem posed
by this highly prevalent disease. In addition to the clear benefits that would come from increasing
insulin secretion and glucose transport, other effects of bilberry, such as its antioxidant, anti-inflam-
matory, and lipid-lowering effects, would help delay the serious vascular complications of diabetes.
Controlling obesity would help prevent many cases of type 2 diabetes. Also, there is increasing
evidence of increased risk of cancer with hyperglycemia to hyperglycemia (Jee et al. 2005; Stocks
et al. 2009). The Metabolic Syndrome and Cancer (Me-Can) Project is a large prospective study of
six European cohorts, with a total of over 500,000 subjects, and after an average follow-up of 10.4
years, results strongly support high blood glucose as a risk factor for incident cancer at many spe-
cific sites and for cancer death (Stocks et al. 2009). Oxidative stress, inflammation, and increased
amounts of growth factors, including IGF-1, also increase cancer risk and are high in those with
type 2 diabetes. The combination of antioxidant, anti-inflammatory, and hypoglycemic effects of an
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herb or a functional food would bring significant long-term benefits, particularly to those with type
2 diabetes, and studies of bilberry focusing on these effects in this group are warranted.

4.5.6 OcuLAr EFrecTs

Bilberry has a long history of use for eye disorders and in promoting vision. There have been numer-
ous studies of the effects of bilberry on various aspects of vision and ocular disorders, including
cataract, retinopathy, macular degeneration, and night vision (reviewed by Camire 2000; Upton
2001; Canter and Ernst 2004; Ghosh and Konishi 2007; Zafra-Stone et al. 2007). Many studies
have shown positive effects, including improvement in retinal abnormalities, increased capillary
resistance, slowing of progression of lens opacity and myopia, and improved dark adaptation. For
example, in a study of 50 patients with mild senile cataract, 4 months of supplementation with
bilberry anthocyanins plus vitamin E was reported to have a 97% success rate in preventing cataract
progression (Bravetti, Fraboni, and Maccolini 1989). A double-blinded, placebo-controlled study
reported that in six subjects who were given bilberry anthocyanins, dark adaptation at 1 hour and
3 hours postingestion was faster (6.5 minutes) compared to six control subjects (9 minutes; reviewed
by Zafra-Stone et al. 2007). However these, and many other, studies, were small; used mixed sup-
plements, such as bilberry plus other berries or bilberry combined with vitamin E; or were uncon-
trolled. Canter and Ernst (2004) reviewed 30 published trials of bilberry-extracted anthocyanins on
lowered light and night vision. Only 12 of the 30 studies were placebo controlled, and the conclusion
was that there was insufficient rigorous evidence to recommend the use of bilberry for improving
night vision (Canter and Ernst 2004).

Nevertheless, there is supporting scientific evidence of beneficial effects of bilberry in relation to
ocular disorders and vision loss. A study by Jang et al. (2005) showed that a bilberry extract (100 uM
anthocyanins) protected against photooxidation of pyridinium disretinoid A2E, an autofluorescence
pigment that mediates a detergent-like disturbance of cell membranes and light-induced damage to
cells, and that the effects were due at least in part to the quenching of singlet oxygen. Milbury et al.
(2007) showed that bilberry anthocyanins (1 mg/mL) modulated the oxidative stress defense enzymes
heme oxygenase-1 (HO)-1 and glutathione-S-transferase-pi (GST-pi) in retinal pigment epithelial cells
that were preincubated with anthocyanin extract before H,0, challenge. Song et al. (2010) studied
the effect of bilberry extract on cultured corneal limbal epithelial cells and showed that bilberry pro-
moted physiological renewal and homeostasis of these cells. A randomized, double-blinded, placebo-
controlled study showed that symptoms of asthenopia and contrast sensitivity for 22 of the 30 subjects
studied (73%) improved significantly after 4 weeks of 100 mg/day of purified anthocyanin (85%
anthocyanoside oligomers; Lee et al. 2005). In a study with cultured retinal ganglion cells, bilberry
anthocyanosides inhibited chemical-induced cell damage and radical activation, and this neuroprotec-
tive effect, which may have been an antioxidant-related effect, was also seen in vivo when bilberry
anthocyanosides (100 pug/eye) were injected into the vitreous of mice (Matsunaga et al. 2009).

Age-related vision loss, mainly due to senile cataract and macular degeneration, affects the qual-
ity of life of virtually all elderly persons. Diabetic retinopathy is highly prevalent in those who have
had diabetes for 10 or more years and is a leading cause of blindness in developed countries. There
is sufficient evidence from animal and cell-culture studies and small human trials to warrant more
powerful, controlled human trials of bilberry in helping to address the huge clinical problem of age-
and diabetes-related vision loss.

4.5.7 NEUROPROTECTIVE EFFECTS

The phenomenon of age-related degenerative diseases leading to cognitive decline is common and
relentless. Stroke, whether triggered primarily by hypertension or thrombosis, is a major cause of
death and disability. The vasodilatory and anti-inflammatory effects of bilberry can be expected to
have significant effects in relation to the preservation of cognition and neuromotor function through
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lowered risk of both hemorrhagic and thrombotic strokes. Furthermore, neuronal tissue, including
the retina, is rich in polyunsaturated fatty acid, and the antioxidant properties of anthocyanins may
protect these oxidation-susceptible sites and, thereby, preserve brain and retinal function, although it
is not yet clear whether anthocyanins are taken up by brain tissue. Berry fruits and fruit polyphenols
have been reported to be neuroprotective, enhance dopamine release, and improve neuronal com-
munication (Zafra-Stone et al. 2007; Matsunaga et al. 2009; Shukitt-Hale, Lau, and Joseph 2009).
A commercial bilberry extract (Myrtocyan® at 200 mg/kg daily for 5 days by intraperitoneal admin-
istration) given to rats was reported to increase triiodothyronine transport to different regions of the
brain, and bilberry is reported to promote short-term memory, vision, and control of sensory input in
animals (Saija et al. 1990; Cignarella et al. 1996; Prior and Wu 2006; Zafra-Stone et al. 2007). However,
most studies on the neuroprotective effects of berries and their constituents have been performed on
cultured cells and in animals, and cognition-related studies using bilberry specifically are lacking.

4.5.8 ANTIMICROBIAL EFFECTS

Antimicrobial effects of herbs and natural products can be via inhibition of bacterial binding (adhe-
sion) to cell walls, direct antimicrobial killing, or by effects that potentiate antibiotics, as evidenced
by lowered minimum inhibitory concentration (MIC) of antibiotics in the presence of an herb com-
pared to that of the antibiotic alone. Several natural products have been found to have antimicrobial
effects (Lee et al. 2006). Cranberry (V. macrocarpon Ait.) has powerful antiadhesion properties
and is widely used to prevent infections of the urinary tract (see Chapter 6 on cranberry). Other
researchers have reported the antiadhesion effects of berries on Helicobacter pylori, and also that
berry extracts increase the antimicrobial effects of the antibiotic clarithromycin against H. pylori
(Chatterjee et al. 2004).

Bilberry and other berry fruits, as well as purified berry phenolics, have been reported to show
direct antimicrobial effects against human pathogens, including Salmonella and Staphylococcus
aureus (Puupponen-Pimii et al. 2005a,b). Interestingly, pure phenolic compounds (as opposed to
berry extracts) were found to inhibit only gram-negative bacteria (which include Salmonella spe-
cies and Escherichia coli), and the effects were related to the degree of hydroxylation of the pure
phenolic compounds (Puupponen-Pimii et al. 2005a,b). Berry extracts were found to inhibit those
affected by the pure phenolic compounds; further, extracts inhibited the growth of not only H.
pylori but also Bacillus, Clostridium, and Staphylococcus, which are gram-positive organisms.
Therefore, whole berries or extracts of whole berries may be more effective as antimicrobials than
purified extracts. The effects of various berries against various organisms are different. For exam-
ple, cloudberry (Rubus chamaemorus) showed a bactericidal effect on S. aureus, whereas bilberry
had a bacteriostatic effect (Puupponen-Pimid et al. 2005a). The antimicrobial effects of bilberry
against Salmonella and Staphylococcus were increased by enzymatic treatment of the fruit mash,
which increased phenolic release into the berry juice; however, there may also have been structural
changes to the berry components during treatment (Puupponen-Pimii et al. 2005a,b). In a recent
study of wild berries, bilberry juice inhibited adhesion of Streptococcus pneumoniae to human
bronchial (Calu-3) cells, and bilberry juice also inhibited growth of S. pneumoniae, although the
effects of bilberry were less than those of cranberry (Huttunen et al. 2010).

The findings of antimicrobial effects in herbs and other natural products is important and timely,
not least because of the new infectious diseases arising in recent years. S. pneumoniae is the major
cause of meningitis, otitis media, and pneumonia. The presence of various pathogens in food and
water is common and their toxic consequences can be severe. Antibiotic resistance in microbes is
a serious and increasing problem; moreover, the immune system declines with age and our popu-
lations are aging. Bilberry has a clear potential value as an antimicrobial agent. In a preliminary
study conducted by our group, bilberry showed a direct effect against methicillin-resistant S. aureas
(MRSA), with an MIC of 1.2 mg/mL for bilberry extract alone. Furthermore, the effect of vanco-
mycin against MRSA strains was potentiated. In the presence of 0.6-mg/mL bilberry extract, the
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FIGURE 4.2 Molecular evidence of beneficial effects of bilberry and bilberry anthocyanins: There is a
variety of molecular evidence of beneficial effects of bilberry and bilberry anthocyanins. These effects have
important clinical implications for human health.

MIC for vancomycin was decreased from 1.8 to 0.7 pg/mL. These are interesting and potentially
important findings for the use of bilberry in treating antibiotic-resistant organisms.

4.6 CONCLUSION

Throughout history, berries have been an important and valued part of the human diet. Berries
contain many components, but anthocyanins, the phenolic compounds that give berries their red,
blue, and purple colors, have been found to have a wide range of health-related properties, including
antioxidant, antitumorigenic, anti-inflammatory, hypoglycemic, and antimicrobial effects. Bilberry
is rich in anthocyanins, especially delphinidins and cyanidins. There is supporting evidence that
these compounds are bioavailable and bioactive. Molecular effects that have been demonstrated in
experimental studies and their clinical implications for human health are summarized in Figure 4.2.
However, well-designed human trials using standardized extracts of bilberry are needed to provide
the level and variety of clinical evidence that will translate current molecular insights and under-
standing into clear recommendations for bilberry as a possible tool to combat chronic and infectious
diseases in our aging populations.
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5.1 INTRODUCTION

Cordyceps is the composite of a genus of fungus that grows on the larva of insects. To date, more
than 350 Cordyceps-related species have been found worldwide based on fungus and/or insect host.
However, since 1964, only Cordyceps sinensis has been recorded officially as an herbal drug in
Chinese pharmacopoeia. C. sinensis, known as Dongchongxiacao (winter-worm summer-grass) in
Chinese, is one of the most famous traditional Chinese medicines and medicinal mushrooms. The
fungus attacks the larva of some species of insects (Fam. Hepialidae), and converts each larva to a
sclerotium, from which the fruiting body grows (Figure 5.1).

According to the theory of Chinese medicine, C. sinensis is sweet in taste and neutral in nature,
and it can replenish the kidney, soothe the lung, stop bleeding, and eliminate phlegm. The fungus
C. sinensis has been used for the treatment of fatigue, cough, hyposexuality, asthenia after severe
illness, renal dysfunction, and renal failure (State Pharmacopoeia Commission of PRC 2005). In
China, it is found in the soil of prairies at elevations of 3500-5000 m, mainly in the provinces of
Qinghai, Tibet, Sichuan, Yunnan, and Gansu. In China, C. sinensis has been known and used as a
remedy for more than 300 years. It was first recorded in Ben Cao Bei Yao by Wang Ang in 1694, and
the Italian scholar Saccardo named the Cordyceps found in China officially as Cordyceps sinensis
(Berk.) Sacc. in 1878; this nomenclature has been used ever since.
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FIGURE 5.1 (See color insert.) (a) Cordyceps sinensis, illustrated in the book Ben Cao Bei Yao by Wang
Ang, which was published in 1694; (b) C. sinensis found in the soil (arrowhead indicates C. sinensis); and
(c) collected as raw materials.

The ecosystem of C. sinensis has been terribly affected by the restriction of habitat and over-
exploration. Although the Ordinance of Resources Protection on Wild Herbal Medicine was issued
in 1987, the yield of natural C. sinensis is still decreasing. It was reported based on a survey con-
ducted during June—July 2007 that the yield of natural C. sinensis decreased by more than 90% in
the last 25 years. The price rocketed to more than 200,000 Renminbi (RMB)/kg (approximately
US$25,000) in 2007 (Feng, Yang, and Li 2008), and its usage was limited during the past decade
by its limited supply.

Due to the rarity and outstanding curative effects of C. sinensis, some natural substitutes such
as C. militaris, C. liangshanensis, C. gunnii, and C. cicadicola have been sold in markets (Yang
et al. 2009). In addition, several cultured mycelia of C. sinensis and C. militaris fungi have become
the main substitutes of the natural species as commercial products, and 50 medicines and two
dietary supplements related to cultured Cordyceps have been approved by the State Food and Drug
Administration of China since 2002 (Feng, Yang, and Li 2008). For example, JinShuiBao capsule,
the commercial product of Cs-4 (Paecilomyces hepialid, a standardized mycelium of C. sinensis),
has been used in clinics throughout China. This product generates several million U.S. dollars
every year. Synnematum sinensis, Cephalosporium sinensis, Gliocladium roseum, and Mortierella
hepialid, the fungus strains isolated from natural C. sinensis, have also been subjected to large-
scale fermentation and are used as commercial products (Cheung, Li, and Tsim 2005). Therefore,
much effort has been invested in studying the evaluation of the quality, pharmacological activities,
and clinical efficacies of natural and cultured cordyceps. In this chapter, we focus on the bioactivi-
ties, action mechanisms, and active ingredients of cordyceps, both natural and cultured.
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5.2 ANTITUMOR ACTIVITY

Cancer is the second leading cause of disease-related mortality throughout the world (Xiao and
Zhong 2007). However, related therapy strategies are still limited to surgery, radiotherapy, and che-
motherapy. Due to the limitations of surgery and radiotherapy and the side effects of chemotherapy,
there is increasing interest in developing antitumor drugs from natural products. Studies have shown
that cordyceps has antitumor activity in various cancers through several pathways. Both natural
and cultured cordyceps have demonstrated antitumor effects (Feng, Yang, and Li 2008; Zhou et al.
2009a).

Studies in vivo showed cordyceps had an inhibitory effect on Ehrlich ascites carcinoma and
meth-A fibrosarcoma (Ng and Wang 2005), EL-4 lymphoma (Yamaguchi et al. 1990), B16 mela-
noma (Wu, Zhang, and Leung 2007a), Lewis lung carcinoma (Nakamura et al. 1999), and H22
tumors (Chen et al. 2006) in mice. Furthermore, C. sinensis reversed the suppressive effect of
Taxol-induced leukopenia in mice, which indicated that C. sinensis could be used with other chemo-
therapy methods for cancer treatment (Liu et al. 2008). Cordyceps exhibited direct cytotoxic activity
against several kinds of tumor cells, including Lewis lung carcinoma, B16 melanoma, lymphocytic
(Jurkat), prostate (PC3), breast (MCF7), hepatocellular (HepG2, Hep3B), colorectal (HT-29 and
HCT 116), and HL-60 cells (Nakamura et al. 1999; Wang et al. 2005; Wu, Zhang, and Leung
2007a). Although cordyceps had a cytotoxic effect on tumor cells, it did not show any cytotoxicity
against normal cells (Wu, Zhang, and Leung 2007a).

Several mechanisms contribute to the antitumor effect of cordyceps, such as direct cytotoxicity,
immunopotentiation, apoptosis, selective inhibition of ribonucleic acid (RNA), and protein syn-
thesis, as well as antioxidant, antiangiogenic, antimutagenic, antimetastatic, and antiviral activi-
ties (Xiao and Zhong 2007; Feng, Yang, and Li 2008; Zhou et al. 2009a). Of them, the apoptotic
homeostasis regulated by cordyceps might be the most important (Buenz et al. 2005; Feng, Yang,
and Li 2008) mechanism. The apoptotic molecular mechanism of cordyceps includes the activa-
tion of Bax, caspase-3 and/or -9, -8; inhibition of cyclooxygenase-2 (COX-2); and nuclear factor
kB (NF-kB) protein expression and downregulation of Bcl-2 level (Xiao and Zhong 2007; Feng,
Yang, and Li 2008). Besides, apoptosis of MDA-MB-231 human breast carcinoma cells induced by
C. militaris aqueous extract (0.8 mg/mL) was also associated with loss of mitochondrial membrane
permeability. In addition, the extract decreased Akt activation and reversed PI3K/Akt-pathway-
enhanced apoptosis (Jin, Kim, and Choi 2008). Furthermore, the apoptotic events induced by the
extract were also mediated by diminished telomerase activity (Park et al. 2009).

5.3 IMMUNOMODULATING EFFECT

The immune system protects human beings from infection with layered defenses of increasing
specificity. First, physical barriers prevent pathogens from entering the body. If a pathogen breaks
these barriers, the innate immune system provides an immediate, but nonspecific response. The
human body possesses a third layer of protection, that is, the adaptive immune system. The adap-
tive immune response is activated by the response of the innate immune system. Cells of the innate
system include phagocytes (macrophages, neutrophils, and dendritic cells), mast cells, eosinophils,
basophils, and natural killer cells. In the adaptive system, B cells are involved in humoral immune
response, whereas T cells contribute to cellular immune response. Immunopotentiating drugs are
used to restore the immune system to normal and to reduce reoccurring and life-threatening infec-
tions. Immunosuppressive drugs are applied to control autoimmune disorders and inflammation
when excessive tissue damage occurs, as well as to prevent transplant rejection after an organ trans-
plant (Taylor, Watson, and Bradley 2005). Increasing evidence shows that cordyceps is a bidirec-
tional modulator with both potentiating and suppressive effects on the immune system through
regulating innate and adaptive immunity (Li and Tsim 2004; Ng and Wang 2005; Feng, Yang, and
Li 2008; Zhou et al. 2009a).
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5.3.1 POTENTIATION ACTIVITY

Natural C. sinensis has a long history of use in the treatment of respiratory infections and
cancer. It has been postulated that the responsible mechanism is related to immune activation,
particularly the promotion of innate immunity. The oral administration of C. sinensis extract
improved the phagocytosis of macrophages in resting and cyclophosphamide-treated C57BL/6
mice implanted subcutaneously with syngeneic EL-4 lymphoma cells (Yamaguchi et al. 1990).
Cultured C. sinensis induced production of interleukin (IL)-1B, IL-6, IL-10, and tumor necrosis
factor (TNF)-o.; elevated phagocytosis of human peripheral blood mononuclear cells (HPBMC);
and elevated macrophage phagocytosis and monocyte production of H,O,. However, it did not
induce cytokine overliberation in mice (Ka et al. 2006). Further study showed that an aqueous
extract of mycelia of C. sinensis enhanced the IL-6, TNF-a., and nitric oxide (NO) release from
primary murine macrophages by inducing mitogen-activated protein kinase (MAPK) pathways
characteristic of inflammatory stimuli. The extract also synergized with interferon-gamma (IFN-
Y) to stimulate cytokine production from macrophages, and the extract-treated mice spleens
showed decreased bacterial burden compared to vehicle control. The results indicate that C.
sinensis mycelia protected the animals from proliferation of bacteria by activating the macro-
phages (Jordan, Sullivan, and Lee 2008a). The C. sinensis could also enhance the activity of
natural killer cells (Ng and Wang 2005). A C. militaris water extract induced phenotypic and
functional maturation of dendritic cells, which then initiated T-cell responses against microbial
pathogens and tumors (Kim et al. 2006a).

Cordyceps also promotes the adaptive immune system, including cellular and humoral immunity.
Although natural and cultured C. sinensis methanol extracts had no effect on the proliferation of
splenocytes and cytokine liberation such as IL-2 in primary mouse splenocytes in vitro (Siu et al.
2004) or in BALB/c mice in vivo (Ka et al. 2006), the extracts enhanced concanavalin A—stimulated
proliferation and IL-2 level of mouse splenocytes in vitro at 200 pug/mL (Siu et al. 2004) or ovalbu-
min-induced splenocyte proliferation and serum immunoglobulin (Ig) G, IgGl, and IgG2b levels
in ovalbumin-immunized mice (Wu et al. 2006). Cultured C. sinensis increased CD25 expression
on lymphocytes in vitro (Ka et al. 2006), augmented numbers of CD4+ and CD8+ cells, improved
CD4+/CD8+ ratio, and reduced IgA and IgG levels in patients with posthepatic cirrhosis (Ng and
Wang 2005). Moreover, cordyceps had a regulatory effect on bronchoalveolar lavage fluids (BALF)
cells. The C. sinensis ethanol extract could enhance Th, immune response, such as IFN-y and IL-12
production, which could then inhibit IL-10 release from Th, cells and finally reduce IgE produc-
tion from B lymphocytes. Reduced production of IgE would attenuate the occurrence of asthma
attacks (Kuo et al. 2001). Fruiting bodies of C. militaris water extract significantly upregulated
IL-18 gene expression, an inducer of IFN-yin T cells and NK cells, in C57BL/6 mouse brain and
liver in vivo and in RAW264.7 cells in vitro (Kim et al. 2008). Fruiting bodies, but not caterpillars,
of C. cicadae methanol extract enhanced proliferation and IL-2 and IFN-y production in phytohe-
magglutinin (PHA)-stimulated HPBMC (Weng et al. 2002).

5.3.2 SupPREeSSIVE EFFECT

Due to its inhibitory effect on the immune system, cordyceps can be used for treatment of auto-
immune diseases and for immunosuppression after organ transplant. Early oral administration
of C. sinensis (2.4 mg/g/day) induced the redistribution of HPBMC with reduced percentages
of CD4+ T cells (P < .05), and attenuated the disease severity of lupus in (NZB/NZW) F1 mice
with increased survival, decreased proteinuria, and reduced titers of anti-double-stranded DNA
antibody (Chen et al. 2009). The administration of C. sinensis could augment the blocking effect
of cyclosporin A on allogeneic graft rejection by reducing mononuclear cell infiltration in kidney
grafts, CD4+ T cells in peripheral blood and serum IL-2, and IFN-y production in an allograft kid-
ney transplant rat model (Ding et al. 2009). Mycelia of C. sinensis water extract plus subtherapeutic
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cyclosporin A also decreased acute rejection in rats that had undergone heart transplant, com-
pletely ablated acute vasculopathy in mice at the dose of 50 mg/kg, and decreased IFN-y release
from mouse splenocytes and CD8+ T cells at 3.4 mg/mL in vitro (Jordan, Hirsch, and Lee 2008b).

Furthermore, cordyceps showed anti-inflammatory activity. Fruiting bodies of C. sinensis meth-
anol extract inhibited PHA-stimulated lympho-proliferation and NK cells activity, and IL-2 and
TNF-a release from HPBMC (Kuo et al. 1996). Chloroform and n-butanol fractions of the fruiting
bodies of C. sinensis methanol extract inhibited the elevation of NO, inducible nitric oxide synthase
(iNOS), TNF-a, and IL-12 in lipopolysaccharide (LPS)/IFN-y-activated murine peritoneal macro-
phages in a dose-dependent manner in vitro (Rao, Fang, and Tzeng 2007). The administration of
C. militaris decreased airway inflammation in ovalbumin-induced mice (Hsu et al. 2008), and had
both anti-inflammatory activity on croton oil-induced mouse ear topical edema and carrageenan-
induced rat hind acute edema (Won and Park 2005). The administration of C. pruinosa methanol
extract inhibited the production of IL-1B, TNF-o, NO, and PGE, in LPS-stimulated macrophages
at 10 pg/mL in vitro and LPS-administered mice at 5 mg/kg in vivo via the suppression of NF-xB
activation (Kim et al. 2003). Methanol extract of caterpillars, but not fruiting bodies, of C. cicadae
resulted in the suppression of proliferation of PHA-induced HPBMC and the lowering of IL-2, IL-4,
IL-5, IFN-y, and IL-12 release from PHA-stimulated HPBMC (Weng et al. 2002). So, different parts
of cordyceps have different effects on immune response.

5.3.3 Errect oN GuUT IMMUNE SYSTEM

The gastrointestinal tract plays a dual role in human physiology, that is, digestion and uptake of
nutrients, and maintenance of immune homeostasis. The gastrointestinal-associated lymphoid tis-
sue (GALT) is composed of Peyer’s patches and other GALT such as lymphoid aggregates in the
appendix, large intestine, and esophagus, tonsils, and adenoids. There are macrophages, dendritic
cells, B lymphocytes, and T lymphocytes in GALT. Both innate and adaptive responses collaborate
in maintaining the immune balance of GALT (Huffnagle and Noverr 2008). Although C. sinensis
hot water extract had no direct effect on the proliferation of Salmonella sp., Escherichia coli, and
Lactocbacillus sp., it could significantly lower harmful bacteria populations (Salmonella sp. and
E. coli.) and increase helpful bacteria numbers (Lactocbacillus sp.) in the small intestine of broiler
chicks administered with 600 mg/kg/day for 35 days (Koh, Suh, and Ahn 2003a). The results indi-
cate that C. sinensis regulates intestinal bacteria by improving GALT or systemic immunity or both.
The oral administration of cultured mycelia of C. sinensis hot water extract at 1 g/kg/day for 7 days
stimulated the activation of peritoneal macrophages and Peyer’s patch cells with increase in gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6 levels in ICR mice (Koh et al.
2002). Macrophages in GALT function as antibacterial guards, by phagocytosing and killing any
microbes that penetrate the lamina propria (Macpherson, Marrinic, and Harris 2002). Therefore,
C. sinensis was supposed to promote the activity of macrophages in GALT. The fact that cytokines
such as GM-CSF and IL-6 play an important role in systemic immune cells suggests that C. sinen-
sis modulates the systemic immune system partly through a mechanism mediated by Peyer’s patch
cell (Koh et al. 2002). In mesenteric lymph node (MLN) lymphocytes, C. sinensis aqueous extract
enhanced the secretion of IL-2 and IFN-y from Thl cells. Besides, the extract improved IgA release
from resting and concanavalin A-stimulated MLN lymphocytes, whereas increased production of
IgA at mucosal surfaces could promote an anti-inflammatory environment by neutralizing antigens
(Park et al. 2008). Furthermore, C. sinensis and C. scarabaecola showed intestinal immune system
modulating activity by activation of T lymphocytes in Peyer’s patch (Koh et al. 2002; Yu, Kim, and
Suh 2003).

In summary, studies reveal that cordyceps has effects on both innate immunity and adaptive
immunity. Furthermore, cordyceps also has a modulatory effect on gut immune system, which may
further influence systemic immune function.
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5.4 ANTIOXIDANT ACTIVITY

Reactive oxygen species (ROS), including molecular oxygen (O,), superoxide anion (O,"), H,0,,
hydroxyl radical (OH), peroxynitrite (ONOQO-), and hypochlorous acid (HOCI; Zhou, Mrowietz,
and Rostami-Yazdi 2009b), are well recognized as playing a dual role in biological systems,
since they can be either beneficial or harmful to living systems (Valko et al. 2004). Normally, ROS
form the natural by-products of aerobic metabolism and play a physiological role in cell signal-
ing. However, the concentration of ROS can increase dramatically during times of environmental
stress such as exposure to ultraviolet (UV) radiation or heat, causing damage to the lipids, pro-
teins, and nucleic acids of cells. This injury to cell structures leads to several diseases, such
as senescence, cancer, atherosclerosis and cardiovascular diseases, inflammatory lung diseases,
immune dysfunction, and neurodegenerative disorders (Rahman 2003; Zhong 2006; Valko et al.
2007).

There is increasing evidence that cordyceps has antioxidant activity, which may be one of the
mechanisms behind the antiaging, anticancer, anti-inflammatory, antiatherosclerosis, and immuno-
modulatory effects of cordyceps (Table 5.1). As far as different parts of C. sinensis are concerned,
the fruiting bodies showed a similar potency with caterpillars in their antioxidant activities in
xanthine oxidase assay, induction of hemolysis assay, and lipid-peroxidation assay (Li et al. 2002).
The results also demonstrated that the caterpillar has a similar chemical composition to the fruiting
body, which indicates that the function of the worm in cordyceps is to provide a growth medium for
the fruiting body, and the caterpillar is eventually totally invaded by cordyceps mycelia (Li et al.
2002).

Both water (Li et al. 2001; Yu et al. 2006; Dong and Yao 2008) and ethanol (Wang et al. 2005;
Won and Park 2005; Ra et al. 2008) extracts of cordyceps showed significant antioxidant activity
in vitro. However, the water extract exhibited a stronger inhibitory effect on superoxide anions and
hydroxyl radicals than the ethanol extract (Yamaguchi et al. 2000a). Furthermore, both natural
C. sinensis and cultured cordyceps showed direct and potent antioxidant activities using in vitro
assays, such as lipid-peroxidation assay, 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, and protein-
peroxidation assay. Therefore, cultured cordyceps can be used for antioxidant activity, relieving
human demands on natural C. sinensis, an endangered species (Li et al. 2001; Yu et al. 2006; Dong
and Yao 2008).

5.5 ANTIHYPERGLYCEMIC ACTIVITY

Cordyceps has hypoglycemic activity in normal animals. The oral administration of a cordyceps
carbohydrate extract “Cs-4" at 2 g/kg/day for 25 days increased insulin sensitivity, and the extract
had potential beneficial effects by maintaining whole-body glucose disposal with a less-pronounced
increase in insulin secretion after a carbohydrate challenge in rats (Balon, Jasman, and Zhu 2002).
In another study, normal rats fed with Cs-4 at 250 or 500 mg/kg/day for 17 days showed signifi-
cant decreases in fasting blood glucose level by 27% and 24%, respectively, and the fasting plasma
insulin of rats in the 500-mg/kg group decreased by 37%. Furthermore, oral glucose tolerance tests
demonstrated that the extract significantly improved glucose tolerance at 0.5, 1.0, and 2.0 hours
after ingestion of glucose (Zhao et al. 2002).

Cordyceps also showed an antihyperglycemic effect in diabetic animals. Although fruiting bod-
ies of natural C. sinensis (4 g/kg/day) had no effect on the fasting insulin level in diabetic rats
(Lo et al. 2004), it improved the weight and attenuated water intake (day 15 to day 29), fasting blood
glucose level (day 15 to day 26), and serum concentration of fructosamine (day 29) in diabetic rats.
Fruiting bodies of C. sinensis also improved thymus weight and glucose tolerance (day 26; Lo et al.
2004 and 2006). However, in this experiment, C. sinensis had no effect on serum triglycerides and
cholesterol concentrations of diabetic rats (Lo et al. 2004). Choi et al. (2004) also found that the
aqueous extract of cultured C. militaris had no effect on fasting insulin level or glucose uptake
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in the gastrointestinal tract. However, the extract was found to lower fasting serum glucose level,
reduce triglycerides level in soleus muscles, increase the whole-body glucose disposal rate, as well
as enhance glucose transporter 4 (GLUT 4) content and fraction velocity of glycogen synthase in
the soleus and quadriceps muscles in 90% pancreatectomized rats that were fed C. militaris extract
at 500 mg/kg/day for 8 weeks (Choi et al. 2004).

Interestingly, fruiting bodies, not caterpillars, of C. sinensis had an effect on lowering the fasting
blood glucose level and increasing the thymus weight (Lo et al. 2004). However, fermented mycelia
and broth of C. sinensis had similar antihyperglycemic effect with fruiting bodies in nicotinamide
and streptozotocin-induced diabetic rats (Lo et al. 2006). Therefore, the fermented products of
cordyceps can be developed as potential antidiabetic agents or functional foods for persons with a
high risk of diabetes mellitus.

5.6 SEXUAL AND REPRODUCTIVE FUNCTION ENHANCEMENT ACTIVITY

Testosterone is necessary for normal sperm development. It activates genes in Sertoli cells, which
promote differentiation of spermatogonia. Cordyceps has traditionally been used for the enhance-
ment of sexual function in human beings. Evidence shows that C. sinensis and C. militaris can
improve reproductive activity and restore impaired reproductive function (Table 5.2). The admin-
istration of C. sinensis enhanced libido and sexual activity, and restored impaired reproductive
function in both sexes in human (Zhu, Halpern, and Jones 1998). Such effects are related to the

TABLE 5.2
Effect of C. sinensis and C. militaris on Sexual and Reproductive Function
Daily Dose or Study
Cordyceps Model Concentration Duration Effects References
Cultured Fruiting Castrated rats 0.5-2.0 g/kg 21 days Shortened penis Ji et al. 2009
C. sinensis bodies erection latency and
mount latency
Mycelia Male mice 0.02 or 0.2 mg/g 7 days Promoted the Hsu et al.
production of 2003b, Huang
plasma testosterone et al. 2004
Primary 3 mg/mL 3 hours Promoted Huang et al.
mouse testosterone release, 2001a and
Leydig cells, and suppressed 2001b;
and MA-10 hCG and dbcAMP- Hsu et al.
mouse stimulated 2003a and
Leydig testosterone 2003b
tumor cells productions
Cultured Mycelia Male rats 1% and 5% of 6 weeks Improved sperm Chang et al.
C. militaris diet count and 2008a
percentages of
motile sperm cells;
elevated plasma
testosterone and
estradiol-17
concentration
Subfertile 0.5% of diet (10 2 months Improved sperm Lin et al. 2007
boars g/boar) volume,

morphology, and
serum testosterone
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enhancement of testosterone release in plasma through cAMP (adenosine monophosphate)-protein
kinase A signal pathway (Hsu et al. 2003a). Fractions of cultured mycelia of C. sinensis with water-
soluble low-molecular-weight proteins and polysaccharides of relatively poor water solubility and
protein, but not fractions with water-soluble low-molecular-weight polysaccharides, increased tes-
tosterone levels in mice (Hsu et al. 2003b; Huang et al. 2004). A protein in C. sinensis contributed
to the observed hypotensive and vasorelaxant properties by improving the production of NO (Chiou
et al. 2000); this protein might help the penis trap blood for erection, thereby improving sexual func-
tion (Drewes, George, and Khan 2003).

5.7 ANTIFATIGUE ACTIVITY

Fatigue is defined as difficulty in initiating or sustaining voluntary activity (Chaudhuri and Behan
2004), and can be classified into mental and physical fatigue (Mizuno et al. 2008). Fatigue is a com-
mon symptom in sickness and in health. Chronic fatigue can affect an individual’s performance.
In addition, long-term accumulated fatigue can lead to karoshi (a Japanese word meaning death as a
result of overwork). In China, cordyceps is used to restore health after various diseases and to hasten
recovery from exhaustion because of its adaptogenic (antistress) properties and ability to enhance
endurance and strength (Bucci 2000).

Oral administration of C. sinensis mycelia water extract at 150 mg/kg/day for 7 days (Koh et al.
2003b) or ingestion of fruiting bodies of C. militaris at 500 mg/kg/day for 4 weeks (Jung, Kim, and
Han 2004) significantly prolonged the swimming time of mice by about 20 and 24 minutes, respec-
tively. This effect was related to the enhancement of immunity. The administration of C. sinensis
at 150 mg/kg/day for 8 days inhibited the increase of total cholesterol and the decrease of alkaline
phosphatase in rats, as well as significantly reversed the decreased weight of liver, adrenal gland,
thymus, and thyroid (Koh et al. 2003b). The involvement of cordyceps in adenosine triphosphate
(ATP) production also accounts for a decrease in physical fatigue when it is administered. The
oral administration of cultured C. sinensis extract (200 mg/kg/day, p.o.) not only improved hepatic
energy metabolism and blood flow in dietary hypoferric anemic mice for 4 weeks (Manabe et al.
2000) but also increased significantly the ATP/inorganic phosphate ratio in the liver of normal mice
for 3 weeks (Manabe et al. 1996) or for 7 days (Dai et al. 2001) with no steatosis, necrosis, inflam-
mation, or fibrosis in the liver specimens (Manabe et al. 1996 and 2000). Treatment with natural
or cultured cordyceps extracts (1 g/kg/day, p.o.) for 3 days enhanced myocardial ATP generation
capacity ex vivo in mice by 29% and 32%, respectively, which might be mediated by the enhance-
ment of mitochondrial electron transport (Siu et al. 2004).

Patients having chronic fatigue syndrome often have depression. Around 30-70% of such
patients show the features of major depression (Adler 2004). Supercritical fluid extract (SCCS,
2.5-10 mL/kg, p.o.), other than hot water extract (500-2000 mg/kg, p.o.), of C. sinensis show
significant antidepressant-like activity. After 5 days of administration, SCCS shortened immobil-
ity times in the mouse-tail suspension test, although it had no effect on locomotor activity in the
mouse open field test. It was considered that SCCS played an antidepressant-like role by affecting
the adrenergic and dopaminergic systems other than the serotonergic system (Nishizawa et al.
2007). In addition, cordyceps has a powerful antioxidant effect, which may eliminate the ROS
produced in working muscles during exercise and help in relieving fatigue (Mizuno et al. 2008).
Finally, C. sinensis induced a more efficient utilization and consumption of O,, which resulted
in a greater survival rate under a hypoxic environment (Lou, Liao, and Lu 1986) in mice. The
results indicate a more efficient use of O, by cordyceps to support essential physiological activities
of tissues and improve tolerance to hypoxia-induced acidosis. However, few clinical trials have
been conducted on the antifatigue effect of cordyceps, and most of the conducted tests were meth-
odologically flawed, especially in the inclusion of other drugs in the experiments. For instance,
capsules containing Cs-4, Rhodiaola rosea, and other ingredients did not enhance muscle-tissue
oxygen saturation (Colson et al. 2005) and cycling performance (Earnest et al. 2004) in healthy

© 2011 by Taylor & Francis Group, LLC



Cordyceps as an Herbal Drug 83

men. Similarly, ingestion of a supplement containing cultured C. sinensis, adenylpyrophosphoric
acid, calcium pyruvate, and yohimbine hydrochloride once 1 hour before a sport activity showed no
ergogenic effects in healthy men (Herda et al. 2008). One reason may be that the ingestion schema
of C. sinensis was insufficient to elicit positive changes in humans. A 1-week loading phase fol-
lowed by at least a 2—4-week maintenance phase may be needed to obtain the effect of promoting
aerobic capacity and resistance to fatigue. Another reason may be that as these experiments were
performed on healthy persons, there were fewer margins for physiological, health, and performance
improvement than in diseased or elderly persons (Colson et al. 2005).

5.8 PROTECTIVE EFFECT ON THE KIDNEY

C. sinensis has been used for the treatment of renal diseases, such as chronic nephritis, chronic
pyelonephritis, chronic renal dysfunction or failure, and nephritic syndrome (Feng, Yang, and
Li 2008). The C. sinensis extract significantly improved renal function via antiapoptotic and
anti-inflammatory activity in rats subjected to 60 minutes of ischemia and following 3 days of
reperfusion of the kidneys. Downregulation of the apoptotic gene of caspase-3 accompanied the
decreases in inflammatory genes such as MCP-1, TNF-a, and iNOS. The result indicates that C.
sinensis plays a potential therapeutic role in renal transplantation (Shahed, Kim, and Shoskes
2001).

Another mechanism by which cordyceps protects the kidney is its inhibitory effect on mesangial
cell proliferation. It has been suggested that glomerular sclerosis is preceded by proliferation of
mesangial cells that exhibit smooth muscle cell features and accumulation of mesangial extracel-
lular matrix. Both C. sinensis and C. militaris, at a concentration of 100 mg/mL, significantly
reversed the proliferation of human mesangial cell stimulated by low-density lipoprotein (LDL;
Wu, Wang, and Cheng 2000). Moreover, C. sinensis could protect the kidney from cyclosporine
A-induced chronic nephrotoxicity, with lower blood urea nitrogen (BUN), interstitial edema and
fibrosis, and bulbular necrosis (Wojcikowski, Johnson, and Gobé 2006). Furthermore, administra-
tion of a water extract of cordyceps had a protective effect in rats with acute renal failure induced
by gentamicin. The possible mechanisms include protection of sodium pump activity, lowering of
lipoperoxidation in tubular cells, and attenuation of lysosomal overactivity in tubular cells (Ng and
Wang 2005; Li and Yang 2008a). In addition, C. sinensis enhanced cellular immunity in rats with
chronic renal failure (Cheng 1992).

Clinical trials have also shown some evidence for the use of cordyceps as a renoprotectant rem-
edy (Wojcikowski, Johnson, and Gobg 2004 and 2006). For example, Bailing capsule, a preparation
made from C. sinensis mycelia, ameliorated the rejection of renal transplant, improved renal and
liver function, regulated hypoproteinemia and hyperlipidemia, stimulated hemopoietic function,
and decreased the incidence of infections in patients after renal transplant (Sun et al. 2004; Li et al.
2009). In patients with chronic renal failure, ingestion of another cordyceps product Cs-4, called
JinShuiBao, also significantly promoted renal function, which decreased serum urea and creatinine
and increased total blood protein and calcium (Feng, Yang, and Li 2008).

5.9 EFFECT ON THE LIVER

Cordyceps has been used in clinical practice for the treatment of chronic hepatitis and related
diseases (Zhao 2000). There are several ways in which it contributes to the treatment of and protec-
tion against liver disease. First, cordyceps has a potential enhancing effect on the immunological
function of patients suffering from chronic hepatitis B (Gong, Wang, and Tang 2000) and from
posthepatic cirrhosis (Zhu and Liu 1992). Second, cordyceps was shown to inhibit and reverse liver
fibrosis via degradation of collagen in rats with liver cirrhosis induced by dimethylnitrosamine
(Li et al. 2006a; Wang, Liu, and Tang 2008), inhibit proliferation of hepatic stellate cells in vitro
(Chor et al. 2005), downregulate intercellular adhesion molecule-I (an index of liver fibrogenesis)
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and CDI126 in human fibroblasts (Li and Tsim 2004), and decrease expression of transforming
growth factor-f and platelet-driven growth factor (Liu and Shen 2003). Third, cordyceps decreased
lipid peroxide levels in serum and hepatic tissue, and lowered serum TNF-o in bacillus calmette
guerin plus LPS-induced liver injury in mice (Zeng, Tang, and Yuan 2001).

5.10 ACTIVE COMPONENTS

Many active ingredients, such as cordycepin, polysaccharides, and ergosterol, have been isolated
from various Cordyceps species and account for a range of bioactivities (Table 5.3).

5.10.1 NucLEOSIDES AND THEIR ACTIVITIES

Nucleosides are one of the major ingredients in cordyceps. To date, more than 10 nucleosides and
their related components, including adenine, adenosine, cytidine, cytosine, guanine, guanosine,
uracil, uridine, hypoxanthine, inosine, thymine, thymidine, 2"-deoxyuridine, 2”-deoxyadenosine,
cordycepin, N°-methyladenosine, and 6-hydroxyethyl-adenosine, have been isolated and/or identi-
fied in cordyceps (Feng, Yang, and Li 2008). Adenosine A,, A,,, A,z, and A, receptors are dis-
tributed in the brain, lung, heart, liver, and kidney, and are involved in central nervous system
(CNS)-mediated events such as sleep, immunological response, respiratory regulation, cardiovascu-
lar function, and liver and kidney activity (Li and Yang 2008a). Interestingly, the pharmacological
effects of cordyceps match well with the distribution and physiological roles of adenosine receptors,
including anticancer, antiaging, antithrombosis, antiarrhythmias, and antihypertension; immuno-
modulatory activity; and protective effects on the kidney, liver, and lung (Li and Yang 2008a).

Macrophages express adenosine A, ,, A,g, and A, receptors. Activation of these receptors results
in the upregulation of IL-10; downregulation of IL-12 and TNF-o; and increase of vascular endo-
thelial growth factor (VEGF), macrophage inflammatory protein (MIP)-1c, and NO, respectively
(Kumar and Sharma 2009). The ratio of uridine:inosine:guanosine at 8:11:5, which is the ratio of
natural C. sinensis, showed an enhancement effect on the release of NO, TNF-a, and IL-1 from
resting primary mouse macrophages, whereas it had no effect on LPS-stimulated cells (Li and
Yang 2008b). However, uridine:adenosine:guanosine at a ratio of 11:7:9, the ratio found in cultured
C. sinensis, improved NO, TNF-q., and IL-1 production in resting macrophages while suppressing
the release of cytokine from LPS-stimulated cells (Li and Yang 2008c). The results indicate that
different components act on different subreceptors; therefore, different ratios of these nucleosides
result in different immune responses in macrophages.

Cordycepin was isolated from cultured C. militaris in 1950 (Cunningham et al. 1950), and was
identified as 3"-deoxyadenosine in 1964 (Kaczka et al. 1964). It mainly exists in cultured C. mili-
taris, and there is little in natural and none in cultured C. sinensis (Feng, Yang, and Li 2008).
Cordycepin possesses anticancer, immunomodulating, and antioxidant abilities. Ongoing phase 1/
IT clinical trials are investigating cordycepin in the treatment of TdT-positive acute lymphocytic
leukemia. A study demonstrated that cordycepin showed a cytotoxic effect on tumor cells. The
growth of B16 cells was inhibited by 60 uM of cordycepin by 70.1% at 72 hours, and this effect
was induced by stimulating adenosine A, receptors followed by the signaling pathway of GSK-33
activation and cyclin D1 inhibition (Yoshikawa et al. 2008). Furthermore, Won et al. found that
cordycepin diminished the production of ROS (O,~, and H,0,) in platelet-derived growth factor-BB
(PDGF-BB)—-induced vascular smooth muscle cells in vitro, which helped inhibit the neointima
formation and vascular sprout outgrowth in response to PDGF-BB. The A,/A, adenosine-receptor
antagonist dipropyl-8-sulphophenylxanthine (DPSPX; 10 nM, 60 minutes) reversed the inhibition
of PDGF-BB—-induced migration evoked by cordycepin. The A,/A, receptors are widely expressed
in vascular cells and exert cardioprotective effects. Therefore, cordycepin may act as an antiathero-
sclerotic agent by activating the A,/A, receptor (Won et al. 2009).
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5.10.2 STEROLS AND THEIR ACTIVITIES

Several sterols, including ergosterol, HI-A, A’ergosterol, ergosterol peroxide, ergosteryl-3-O-f3-
D-glucopyranoside, cereisterol, B-sitosterol, daucosterol, cholesterol, 22, 23-dihydroergosteryl-3-
O-B-D-glucopyranoside, cholesteryl palmitate, campesterol, and dihydrobrassicasterol, have been
identified in cordyceps (Feng, Yang, and Li 2008). Ergosterol exists in both free and combined forms
in cordyceps, and the content of the free form is fairly high in both natural and cultured cordyceps
(Yang et al. 2009). Ergosterol is a biological precursor of vitamin D,, needed for bone development
in humans. The sterol B-sitosterol is found mainly in natural cordyceps and commercial cultured
C. sinensis, whereas it is lacking in commercial cultured C. militaris and cultured C. sinensis in
Yang’s laboratory (Yang et al. 2009). In Europe, B-sitosterol plays a major role in the treatment of
benign prostatic hypertrophy (Wilt et al. 2000). Phytosterols, especially B-sitosterol, play a pro-
tective role against colon, prostate, and breast cancer (Awad et al. 2000). Moreover, phytosterols,
mainly B-sitosterol, campesterol, and stigmasterol, decrease cholesterol absorption while being
poorly absorbed themselves (Ostlund 2007). The bioactivities of sterols are helpful in elucidating
some therapeutic indications of cordyceps such as in hyperlipidemia and cancer.

5.10.3 Free FATTY ACIDS AND THEIR ACTIVITIES

Ten free fatty acids (FFAs), that is, lauric acid, myristic acid, pentadecanoic acid, palmitoleic
acid, palmitic acid, linoleic acid, oleic acid, stearic acid, docosanoic acid, and lignoceric acid,
have been found in natural C. sinensis, C. liangshanensis, and C. gunnii, as well as in cultured
C. sinensis and C. militaris. Among these FFAs, palmitic acid, linoleic acid, oleic acid, and stea-
ric acid are the major components in natural and cultured cordyceps. Natural cordyceps contains
more palmitic acid and oleic acid than cultured (Yang et al. 2009). The FFAs are not only essential
nutritional compounds but also modulators of many cellular functions through their receptors. The
FFA receptors are G-protein-coupled receptors, including G-protein receptor (GPR) 40, GPR41,
GPR43, GPR120, and GPR84 (Rayasam et al. 2007; Hirasawa et al. 2008; Swaminath 2008).
The activation of FFA receptors exhibits several physiological effects (Table 5.4); they, therefore,
are purported to be novel therapeutic targets for diabetes, dyslipidemia, and immunomodulation,
especially type 2 diabetes.

Pentadecanoic acid (C15) and palmitic acid (C16) are the most potent FFAs on GPR40, and
can activate the GPR40 receptor and stimulate calcium release (Briscoe et al. 2003). This, in turn,
triggers insulin release from the B-cells of the pancreas, thus producing a hypoglycemic effect.
Both these FFAs exist in both wild and cultured cordyceps, palmitic acid being a main ingredient,
and palmitic acid may be one of the active hypoglycemic components in cordyceps. On the other
hand, FFAs in cordyceps may also indirectly promote glucose-stimulated insulin secretion and then
inhibit plasma glucose level by activation of GPR120 in the intestinal tract (Hirasawa et al. 2008).
The receptors GPR41, GPR43, and GPR84 are expressed on immune cells. Activation of these
receptors by FFAs induces an immunomodulatory effect (Swaminath 2008) and cordyceps contains
FFAs and possesses significant relevant activity, indicating that the FFAs in the cordyceps contrib-
ute to its immunomodulatory mechanisms.

5.10.4 CARBOHYDRATES AND THEIR ACTIVITIES

Cordyceps not only contains a high amount of polysaccharides, ranging from 3—8% of the total
dry weight, but also contains a high amount of D-mannitol. D-mannitol, also called cordycepic
acid, was isolated from C. sinensis in 1957. It is one of the major compounds in natural and cul-
tured cordyceps, which contributes over 3.4% (Li and Yang 2008a) and 2.4% (Feng, Yang, and Li
2008) of total dry weight, respectively. Due to its osmotic activity, D-mannitol has long been used
for the treatment of cerebral edema and refractory intracranial hypertension in traumatic brain
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TABLE 5.4

Summary of Free Fatty Acid Receptor Ligands and Physiological Roles in Various Tissues

Subtype Agonist G-Protein Coupling Tissue Distribution Physiological Roles
GPR40 Medium-long chain, Gq/11 Pancreas, Glucose-dependent
Cl12-Cl16 gastrointestinal insulin release
tract, brain,
monocytes
GPR41 Short chain, C3-C5; Gi/o Immune cells, Leptin production;
equally activated by adipose tissue anti-inflammatory
propionate, butyrate, response
and pentanonate
GPR43 Short chain, C2-C3; Gq/11, Gilo Immune cells Inhibits lipolysis;
prefer propionate (particularly in immune function
polymorphonuclear
cells), spleen, bone
marrow, adipose
tissue
GPR120 Medium-long chain, Gg/11 Intestinal tract, Glucagon-like
saturated FFAs adipocytes, taste peptide-1 secretion;
C14-C18; buds and lungs insulin secretion
unsaturated FFAs
Cl6-C22
GPR 84 Medium chain, C9-C14 Gi/o Granulocytes, Immune function
neutrophils,
eosinophils,
peripheral blood
monocytes

injury, subarachnoid hemorrhage, and stroke (Rangel-Castilla, Gopinath, and Robertson 2008), as
well as in acute renal failure (Lameire, De Vriese, and Vanholder 2003). The inhalation of dry,
powdered mannitol is a useful therapeutic agent for patients with cystic fibrosis (Jaques et al. 2008)
and bronchiectasis (Ilowite, Spiegler, and Chawla 2008); the inhaled powder increases mucociliary
clearance by rehydrating the airway. Mannitol is also used as a diagnostic test for airway hyper-
responsivenes to help in the diagnosis of asthma (Anderson et al. 2009). These pharmacological
effects of D-mannitol can thus be one important reason for cordyceps being used to treat some
respiratory diseases such as asthma and chronic bronchitis, renal dysfunction and renal failure, and
hypertension.

5.11 CONCLUSIONS

C. sinensis is a valued traditional Chinese medicine. Because it is rare and expensive, several other
natural cordyceps, cultured mycelia, and fruiting bodies of cordyceps have become its main substi-
tutes in commercial health food formulations. Experiments have shown that cordyceps has several
bioactivities, such as antitumor, immunomodulatory, antioxidant, sexual and reproductive function
enhancement, hypoglycemic, and antifatigue activities, and have a protective effect on the kidney
and liver. Different compounds contribute to different bioactivities. Normally, the cultured mycelia
of cordyceps are as effective as those found in natural cordyceps. Cordyceps is quite safe in the in
vivo treatment of animals for up to 3 weeks. Fermented products of cordyceps, along with natural
C. sinensis, could be potential agents or functional foods for maintaining human health.
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6.1 CRANBERRY: INTRODUCTION AND TRADITIONAL ORIGINS

The name “cranberry” reportedly derives from the Pilgrim name for the fruit “craneberry,” because
the small, pink blossoms that appear in the spring resemble the head and bill of a Sandhill crane.
Cranberries are unique among fruits. They can grow and survive only under a special combination
of factors. They require acid peat soil, adequate freshwater supply, sand, and a growing season that
stretches from April to November and is followed by a period of dormancy in the winter months that
provides an extended cold period, necessary for fruiting buds to mature. Contrary to popular belief,
cranberries do not grow in water. Instead, they grow on vines in impermeable beds that are layered
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with sand, peat, gravel, and clay. These beds, commonly known as “bogs,” were originally made
by glacial deposits, but now, they can be made by humans. Growers do not have to replant, since
an undamaged cranberry vine will survive indefinitely. Some vines in Massachusetts are more than
150 years old. European settlers adopted the Native American uses of the fruit and found that cran-
berry is a valuable bartering tool. American whalers and mariners carried cranberries on their voy-
ages to prevent scurvy. In 1816, Captain Henry Hall was the first to successfully cultivate cranberries
(Cape Cod Cranberry Grower’s Association, http://www.cranberries.org/cranberries/history.html).
Today, cranberries are available in both fresh and processed forms. There are many varieties of cran-
berry fruit; white cranberry is an early harvest cranberry, which is picked 2—3 weeks prior to ripening.

There are two major species of cranberry: the American cranberry (Vaccinium macrocarpon)
and the European cranberry (V. oxycoccos). The European cranberry fruit is smaller (0.6—1.2 cm)
and only half the size of the American fruit. The American cranberry, which is frequently culti-
vated, is a member of the Ericaceae family, evergreens, creeping shrubs native to the cool, temper-
ate, acidic soils and peat wetlands of Northeastern United States and southern Canada. Latvia,
Belarus, Azerbaijan, and Ukraine are other cranberry-producing countries in Europe, with Turkey
just beginning cranberry cultivation. The United States and Canada together account for more
than 90% of the world’s production (Zhao 2007). The forecast for U.S. cranberry production in
2010 is 735 million pounds up by 6% from 2009 figures and the second highest yearly production.
Wisconsin is expected to lead all U.S. states in the production of cranberries, with 435 million
pounds, followed by Massachusetts, with 195 million. New Jersey, Oregon, and Washington are
also expected to have substantial production (Cranberries, National Agricultural Statistics Service
(NASS), Agriculture Statistics Board, United States Department of Agriculture (USDA), August
17, 2010).

Cranberries are low-growing, woody, perennial vines with small, alternate, and ovate leaves.
The plant produces stolons (horizontal stems) having a height of up to 6 feet (2 m). Short, verti-
cal branches, or uprights, 2-8 inches (520 cm) in height, grow from buds on the stolons, and
these can be either vegetative or fruiting. Each fruiting upright may contain as much as seven
flowers. Pollination is primarily via domestic honeybees (Cranberry Institute, East Wareham,
Massachusetts). Cranberries were first used by Native Americans, who discovered the wild berry’s
versatility. Native Americans used cranberries in a variety of foods, the most popular being pemmi-
can, a high-protein combination of crushed cranberries, dried deer meat, and melted fat. They also
used it as a medicine to treat arrow wounds and as a dye for rugs and blankets.

6.2 PRODUCTION AND CONSUMPTION

About 95% of the cranberries cultivated are processed into products such as juice drinks, sauce, and
sweetened, dried cranberries. The remaining 5% are sold fresh to consumers. Cranberries used for
processing are commonly frozen in bulk containers shortly after arriving at a receiving station. The
primary method of harvesting cranberries takes advantage of the ability of cranberries to float. In
this method, which is called wet harvesting, cranberry fields are flooded with water. After flooding,
eggbeater-like devices stir up the water with sufficient force to dislodge the berries from the vines.
When the berries float on the surface of water, they are pulled to the shore with hinged two-by-fours
and loaded in trucks for delivery to the factory. Wet-harvested cranberries are generally processed
for juice and sauce, because once a berry gets wet, there is increased chance of spoilage unless
it is processed rapidly. Dry harvesting is the second method of harvesting cranberries. Because
fully ripe berries are easily dislodged from their vines, this method employs a lawn mower—type
machine that combs the berries from the vines. On arrival at the factory, dry-harvested cranberries
are subjected to a unique test. The superior berries are sorted from those that are bruised, soft, or
rotten by taking advantage of the fact that berries bounce when they are of good quality. Along a
conveyor belt, each berry must successfully bounce over a series of wooden barriers. Berries that
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FIGURE 6.1 Per capita consumption of fruits in the United States in 2007. Economic Research Service
(ERS), U.S. Department of Agriculture (USDA). Food Availability (Per Capita) Data System. http:/www.ers
.usda.gov/Data/FoodConsumption. Data last updated February 16, 2010.

fail this simple test fall into a disposal bin. The ones that pass the bounce test are sold as fresh fruit,
typically packaged in plastic (MotherLindas.com, http://www.motherlindas.com/cranberries.htm).

There are approximately 450 cranberries in 1 pound, 4,400 cranberries in 1 gallon of juice,
and 45,000 cranberries in a 100-pound barrel. It takes about 200 cranberries to make one can of
cranberry sauce (foodreference.com, http://www.foodreference.com/html/fcranberries.html). The
cranberry is an underconsumed fruit in the United States. Consumption of different types of fruits
in the United States is shown in Figure 6.1. Americans eat on an average 326 g of fruit per day, and
only 5.3% of this intake is berries (18 g). This translates to 2.8 g or about three cranberries per day.
This is equivalent to drinking 0.25 mL of cranberry juice per day. The dominant cranberry prod-
uct consumed in the United States is juice. In comparison, the per capita fruit consumption in the
European Union in 2007 was considerably less, only 266 g/day (Freshfel Europe 2009). Average per
capita consumption of berries in Norway was only 5 g/day (Ellingsen et al. 2008). Thus, Europeans
on the average consume fewer berries than the U.S. population.

6.3 PHYTOCHEMICAL COMPOSITION

It is interesting to discover via a PubMed search that there are over 52,000 references for flavonoids
(http://www.ncbi.nlm.nih.gov/sites/entrez, accessed Nov. 14, 2010). Among the subclasses, the order
of references is flavonols > flavonones > anthocyanins > flavanols (catechins). Table 6.1 lists the
potentially bioactive compounds identified and often quantified in cranberries. Table 6.2 lists the
flavonoids quantified in cranberry as listed in the U.S. Department of Agriculture (USDA) database.
Representative structures of the major constituents are shown in Figures 6.2 and 6.3.

6.3.1 ANTHOCYANINS

When one thinks of cranberries, it is the color red that comes to mind. It is due to the presence of
anthocyanins, which have been extensively studied for health benefits. There are six aglycones in the
anthocyanin class, and the number of potential isomers is extremely large due to different positions
of sugar attachment and the large number of different mono- and disaccharides (glycosides) and, the
less common, but possible, phenolic acids and acyl groups that can be attached. Anthocyanin con-
tent has been reported to be as high as 91.5 mg/100 g ripe fruit at harvest depending on the cultivar
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TABLE 6.1

Potentially Bioactive Compounds Present in Cranberries and Cranberry Juice

Class of Compounds

Anthocyanins

Cyanidin
Peonidin
Malvidin
Pelargonidin
Delphinidin
Petunidin

Flavonols
Quercetin

Kaempferol

Myrcetin

Catechins and Flavanols

Epicatechin, catechin, epigallocatechin, epigallocatechin
gallate, catechin gallate, and gallocatechin gallate

Proanthocyanidins (dimers, trimers, and oligomers)

Procyanidin B2 EC-(43—8)-EC Procyanidin
A2 EC-(4p—8)-EC

EC-(4B—6)-EC-(4B—8, 2p—0—7)-EC
EC-(4B—38, 2p—0—7)-EC-(43—8)-EC

4—6mers

7-10mers

>10mers

Benzoic and phenolic acids

Benzoic acid; salicylic acid; m-hydroxybenzoic acid;
p-hydroxybenzoic acid; 2,3-dihydroxybenzoic acid;
2,4-dihydroxybenzoic acid; 3,4-dihydroxybenzoic acid;
p-hydroxyphenylacetic acid; vanillic acid; trans-cinnamic
acid; o-hydroxycinnamic acid; p-coumaric acid;
o-phthalic acid; caffeic acid; ferulic acid; sinapic acid;
chlorogenic acid; and 5-O-caffeoylquinic acid

Nonflavonoid polyphenols

Phloretin-2-glucoside (phloridzin), ellagic acid, 2-O-(3,4-
diydroxybenzoyl)-2,4,6-trihydroxyphenylmethylacetate,
cis-resveratrol, trans-resveratrol, and secoisolariciresinol

Terpenes and sterols

Oleanolic acid, ursolic acid (UA), cis-3-O-p-hydroxy
cinnamoyl UA, cis-3-0-p-hydroxy cinnamoyl UA,
B-sitosterol, B-sitosterol-3-O-f-D-glucoside, monotropein,
6,7-dihydro monotropein, 10-p-cis-coumaroyl-1S-dihydro
monotropein, and 10-p-trans-coumaroyl-1S-dihydro
monotropein

Citation and Derivatives Identified

Functional group attached; Cunningham et al. 2003;
‘Wu and Prior 2005

Galactoside, arabinoside, and glucoside

Galactoside, arabinoside, glucoside, and digalactoside

Galactoside and arabinoside

Galactoside and arabinoside

Arabinoside

Galactoside

Yan et al. 2002; Zheng and Wang 2003; Cunningham et al.
2003; Vvedenskaya et al. 2004

Galactoside (hyperin), rhamnoside (quercetin), xyloside
(avicularin), and glucose (isoquercetin)

Glucoside

Xylopyranoside and arbinofuranoside

Harnly et al. 2006

Prior et al. 2001; Gu et al. 2004

Zuo, Wang, and Zhan 2002; Zheng and Wang 2003;
Cunningham et al. 2003; Zhang and Zuo 2004; Mullen,
Marks, and Crozier 2007

Zafriri et al. 1989; Turner et al. 2005; Baur and Sinclair
2006; Turner et al. 2007

Jensen et al. 2002; Murphy et al. 2003; He and Liu 2006;
Turner et al. 2007
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TABLE 6.2
Content of Flavonoids in Cranberry Fruit by Flavonoid Class, as Reported by the USDA
Databases on Nutrient Composition of Foods

Flavonoid Milligrams per 100 Gram of Whole Cranberry Fruit
Flavonols, total® 21.96
Quercetin® 15.09 + 1.06
Myricetin® 6.78 +1.67
Kaempferol* 0.09 £0.03
Anthocyanins, total® 91.57
Cyanidin® 41.81+2.86
Peonidin® 42.10+3.64
Delphinidin® 7.66£1.93
Flavan-3-ol monomers® 7.26
(-)Epicatechin® 437+£0.93
(—-)Epigallocatechin® 0.74 £ 0.28
(—)Epigallocatechin gallate? 0.97 £0.48
(+)—Catechin® 0.39+0.16
PAC:s, total® 411.5
Dimers® 2593 +6.12
Trimers® 18.93 £3.39
4—6mers® 70.27 £ 13.07
7-10mers® 62.90 £ 14.71
Polymers® 233.48 £49.08

@ Source: USDA, 2007. Database for the Flavonoid Content of Selected Foods, Release 2.1, http://www.ars.usda.gov/
nutrientdata.

Source: USDA, 2004. Database for the Proanthocyanidin Content of Selected Foods, http://www.nal.usda.gov/fnic/
foodcomp/Data/PA/PA.pdf.

¢ Sum of individual flavonoid contents in each class.

<

(Wang and Stretch 2001; Wu et al. 2006). Fruit of the early black cultivar tends to contain more
anthocyanins and proanthocyanidins (PACs) than other cranberry cultivars (Wang and Stretch 2001;
Vorsa and Howell 2003). Cranberry, compared to many other berries, has a very small number of
anthocyanin isomers (n = 13), the major ones being galactosides and arabinosides of cyanidin and
peonidin. A very similar anthocyanin profile exists in cranberry juice (Fuleki and Francis 1968;
Ohnishi et al. 2006). Only the most recent references are listed in Table 6.1, since the newer technol-
ogy liquid chromatography-mass spectrometry (LC-MS)/MS is better able to unequivocally identify
compounds in mixtures than the classical methods of column chromatography followed by crystal-
lization and spectral investigation. Whole cranberries contain a very broad concentration range of
anthocyanins, 180-596 mg/kg fresh weight (fw; Bilyk and Sapers 1986), which also varies accord-
ing to maturity from 0.8 to 111.0 mg/kg fw from the green to dark red stage (Celik et al. 2008).
Cranberry juice contains much lower levels of anthocyanins, ranging from 1.3 mg/100 mL (Prior
et al. 2001) to 2.5 mg/100 mL of juice (Cunningham et al. 2003).

6.3.2 FLAvoNOLS

The total amount of flavonols in cranberry ranges from 200 to 400 mg/kg (Zheng and Wang 2003;
Cunningham et al. 2003; Vvedenskaya et al. 2004; Neto 2007b). Cranberry is the best source of
flavonols among 30 flavonol-containing plant foods studied (Aherne and O’Brien 2002), and the
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FIGURE 6.2 Structures of some of the major anthocyanins (cyanidin and peonidin), flavonols (quercetin
and myricetin), phenolic and organic acids (p-coumaric acid, chlorogenic acid, and benzoic acid), flavan-3-ols
(epicatechin), and terpenoids (ursolic acid) in cranberry fruit.

flavonol content of cranberry is almost twice as high as 12 other commonly consumed fruit juices,
including pomegranate and grape (Mullen, Marks, and Crozier 2007). Quercetin is the most abun-
dant flavonol in cranberry, and it varies from 11 to 25 mg/100 g, primarily as the 3-o-galactoside
(Yan et al. 2002; Vvedenskaya et al. 2004). Cranberry is also the best source of quercetin (Manach
et al. 2004). Myricetin is the second most abundant flavonol, followed by kaempferol (Vvedenskaya
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FIGURE 6.3 Cranberry uniquely contains A-type linkage (left), whereas other foods contain B-type linkage
(right).

et al. 2004). These compounds are yellow in color, and there are 20 different flavonol glycosides in
cranberry, as confirmed by another article (Vvedenskaya and Vorsa 2004).

6.3.3 FLavaN-3-0Ls (CATECHINS)

Total catechins in raw cranberry average 17 mg/100 g, with epicatechin being the most abundant
(Harnly et al. 2006). Berries have the highest catechin content among fruits. Cranberries have the
highest levels of monomers (catechin + epicatechin) among berries, and monomer levels in cranber-
ries are twice as high as those in blueberries (Gu et al. 2004). Cranberry juice contains 6 mg/I of
catechins (Gu et al. 2004). One liter of cranberry juice has catechin and epicatechin monomers as
100 g of dark chocolate.

6.3.4 PROANTHOCYANIDINS

These compounds are the largest class of potential bioactives in cranberries. The PACs are also
commonly called condensed tannins or poly flavan-3-ols, and are responsible for the bitter astrin-
gent taste of cranberries due to the binding of saliva proteins. Cranberries have the most dimers,
trimers, 4—6mers, and 7-10mers compared with any other fruit studied (Gu et al. 2004). The most
unique aspect of cranberry polyphenols is the occurrence of A-type linkages (C2—0—C7) between
epicatechin units, as shown in Figure 6.3 (Foo et al. 2000b). These linkages are found elsewhere
only in peanuts, blueberries, and plums (Gu et al. 2003). The average concentration of PACs is 419
mg/100 g (0.4%) by weight in cranberries and 231 mg/l in cranberry juice (Gu et al. 2004). These
compounds exhibit potent in vitro antiadhesion bioactivity and are present in much higher concen-
trations in cranberries than in other foods.
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6.3.5 Benzoic AND PHENOLIC AcIDS

Benzoic and phenolic acids represent 0.57% of the weight of fresh cranberries (Zuo, Wang, and Zhan
2002). Benzoic acid forms 80% of the total organic acids contained in cranberry juice. There exist
14 other benzoic and phenolic acids in cranberry juice, and p-coumaric acid is the most prevalent
hydroxycinnamic acid. Many of these acids are bound to glucose and polysaccharides in cranberry
(He and Liu 20006).

6.3.6 NONFLAVONOID POLYPHENOLS

Phloridzin is the most prevalent member of the class of dihydrochalcones present in cranberries
at 120 mg/kg (Turner et al. 2007). This compound is present in very high quantities in apple, and
is a dihydrochalcone with glucose-lowering activity in an animal model of diabetes (Masumoto
et al. 2009). Resveratrols, one of the most studied polyphenolic compounds, with 2937 PubMed
references, are found in cranberry juice at extremely low levels of 0.2 mg/l (Wang et al. 2002). This
is much lower than the resveratrol content of red wine (14 mg/l; Baur and Sinclair 2006). Other
compounds belonging to this stilbene class are present at very low levels in cranberry juice, and thus
are probably nonbioactive.

6.3.7 TERPENES AND STEROLS

Terpenes include the volatile compounds that are responsible for the flavor and aroma of cranberries
(Croteau and Fagerson 1968), as well as larger oily or waxy compounds. Cranberry fruit contains
the triterpenoid ursolic acid (UA) in its peel (Figure 6.3), existing in aglycone form as well as in
cis and trans p-hydroxycinnamate esters (Murphy et al. 2003). Quantitative analysis of cranberry
fruit and products by LC-MS has determined the UA content of the whole cranberry fruit of dif-
ferent cultivars to be between 60 and 110 mg per 100 g of fresh fruit (Kondo 2006). UA has been
reported to be a constituent of other fruits, including apples and highbush blueberries (Wang et al.
2000). The iridoid glycosides listed in Table 6.1 are believed to be unique to the Vaccinium species.
Cranberries also contain the carotenoid lutein, as well as other carotenoids in lesser quantities. It
is worth noting that although the compounds listed in Table 6.2 are the result of studies conducted
on the American cranberry (V. macrocarpon), a similar variety of anthocyanins, flavonols, nonfla-
vonoid polyphenols, and phenolic acids are found in the European cranberry (V. oxycoccus) even
though this variety has not been studied as extensively as its American counterpart (Hdkkinen et al.
1999; Kihkonen, Hopia, and Heinonen 2001).

6.4 BIOAVAILABILITY OF CRANBERRY PHYTOCHEMICALS

The first evidence of human absorption of cranberry compounds was demonstrated by a single sub-
ject who consumed 1800 mL of 27% commercial cranberry juice after an overnight fast (Zhang and
Zuo 2004). The plasma was then extracted and derivatized prior to assay. Sixteen compounds were
identified in plasma by GC-MS from blood samples drawn 45 and 270 minutes after consumption.
After 45 minutes, five acids were identified: (1) benzoic acid, (2) o-hydroxybenzoic acid (salicylic
acid), (3) p-hydroxyphenylacetic acid, (4) 2,3-dihydroxybenzoic acid, and (5) 2,4-dihydroxybenzoic
acid. Phenylacetic acid and dihydroxybenzoic acid are not found in cranberry juice and, thus, they
are the products of polyphenol breakdown or bacterial metabolism in the gut. At 270 minutes,
the same five acids and ferulic acid plus sinapic acid were found. Anthocyanins were not analyzed
in the study. In 2005, an early-morning urinary excretion study was conducted with 11 females
who were administered a commercial cranberry juice three times a day (250 mL each) for 2 weeks
(Duthie et al. 2005). High-performance liquid chromatography (HPLC) with electrochemical
detection was used after urine hydrolysis with NaOH and extraction. After 1-2 weeks, the urinary
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level of salicyluric acid (metabolite of salicylic acid) significantly increased. This compound was
also increased in the fasting plasma after 2 weeks of consumption of cranberry juice. A Japanese
group gave 200 mL of 100% cranberry juice to 11 subjects, and urine was collected before admin-
istering the juice and again 24 hours afterwards (Ohnishi et al. 2006). Six of the 12 anthocyanin
glycosides identified in cranberry juice by LC-MS/MS were found in the collected urine. Peonidin
3-o0-galactoside, the second most plentiful anthocyanin in the juice, was the major anthocyanin in
the urine. Over 5% of the consumed anthocyanins were found in the urine. This level of absorption
is at least 10 times higher than that found for other berry juices, which ranges from 0.08% for blood
orange juice (Giordano et al. 2007) to 0.2% for red wine and red grape juice (Frank et al. 2003) and
0.4% for black currant juice (Bitsch et al. 2004). A safety study in which a cranberry powder was
given to 65 healthy women for 8 weeks at a dose of 1200 mg/day and the effects were compared
with a placebo (Valentova et al. 2007) showed no toxicity for the powder. In decreasing order of
content, hippuric acid, salicyluric acid, quercetin glucuronide, and dihydroxybenzoic acid isomers
were found in the urine by LC-MS.

6.5 HUMAN STUDIES RELEVANT TO HEART DISEASE AND DIABETES

Growing evidence points to many potential pharmacological activities for cranberry and cranberry
juice. Due to its high content of flavonoids and phenolic acids, cranberry ranks highly among fruits
in both antioxidant quality and quantity (Vinson et al. 2001). In fact, cranberry has the highest level
of fw polyphenols among a group of 22 fruits studied. These antioxidant properties are likely to
contribute to cranberry’s disease-fighting ability.

Cranberry compounds can cause an improvement in antioxidant status, which might be benefi-
cial with respect to chronic diseases. The potential cardiovascular benefits have been reviewed by
two groups of researchers (McKay and Blumberg 2007; Ruel and Couillard 2007). A single dose of
500 mL 27% cranberry administered to nine healthy women increased plasma antioxidant capac-
ity against a sucrose control (Pedersen et al. 2000). The authors stated that this increase was due
to the presence of ascorbic acid (vitamin C) in cranberry juice. Unfortunately, ascorbic acid was
not included in the control sucrose solution. Another group found that cranberry juice relative to
a control containing sugars and ascorbic acid significantly raised the plasma antioxidant capacity
in normal subjects (Vinson et al. 2008). They also found that when cranberry juice was spiked on
human plasma, the lipoproteins low-density lipoprotein (LDL) and very-low-density lipoprotein
(VLDL) were protected from oxidation in a dose-dependent manner. This second effect is directly
related to atherosclerosis (Steinberg 2009).

The proof of benefit for disease prevention should be shown by a human supplementation study.
There have been a few of these studies for cranberry, all done in the last 6 years. Cranberry powder
equivalent to 240 mL of cranberry juice per day was given to 12 diabetic men and 15 diabetic women
for 12 weeks (Chambers and Camire 2003). There was no effect on glucose control. According
to the authors, no change was observed on glucose control because the basic cranberry powder
might have undergone processing in its production from cranberry juice. In 2008, a Japanese group
reported the effect of a cranberry powder and a placebo given to 30 type 2 diabetic subjects for
12 weeks (Lee et al. 2008). There was no effect of cranberry on fasting glucose or glycated hemo-
globin levels. However, it was found that total cholesterol and LDL significantly decreased and the
cholesterol/high-density lipoprotein (HDL) ratio significantly increased in the cranberry group. All
the subjects were taking oral hypoglycemic drugs and, thus, their plasma glucose levels were under
control. In another study, type 2 diabetics (n = 12) were given a low-calorie cranberry juice at a dose
of 240 mL (Wilson et al. 2008). The juice was found to give a more favorable glucose and insulin
response than a sugared water control.

Cranberry juice was given to 20 women at a dose of 750 mL/day for 2 weeks (Duthie et al. 2006).
No effect on plasma lipids, antioxidant enzyme, or DNA oxidation was found, but plasma ascorbic
acid was increased. Healthy men (n = 21) were given 7 mL/kg of cranberry juice for 14 days (Ruel et
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al. 2005). Although there was no effect on lipids, oxidized LDL was significantly decreased (10%)
and plasma antioxidant capacity was significantly increased (7%) in the subjects. Inflammatory
markers were not improved. In the latest study by the same group, men with elevated LDL and body
mass index (BMI) were given low-calorie cranberry juice at doses of 125, 250, and 500 mL/day for
three successive 4-week periods (Ruel et al. 2007). Significant decreases in oxidized LDL, systolic
pressure, and the inflammatory markers ICAM-1 and VCAM-1 were recorded at the end of the
study. All cranberry effects in this study were found to be beneficial with respect to heart disease.

6.6 INVESTIGATION OF CRANBERRY CONSTITUENTS THAT
CONTRIBUTE TO IN VITRO ANTICANCER ACTIVITY

Cranberry’s role as a potential chemopreventive agent is gradually emerging from in vitro model
studies by various researchers. Cranberry compounds may act against cancers by inhibiting oxida-
tive stress or by other pathways. Over the past 10 years, numerous in vitro studies have appeared
addressing the effects of cranberry and its constituents against tumor cell proliferation and the
possible mechanisms of action. Several reports of in vivo studies have appeared recently, lending
support to the tumor-inhibiting potential of cranberry. These studies are discussed. A summary of
in vitro and in vivo studies on the anticancer properties of cranberry, the constituents contributing
to these properties, and some possible mechanisms of action are discussed.

The first in vitro report of anticancer activity in Vaccinium fruit appeared in 1996. A University
of Illinois study reported that extracts of cranberry, bilberry, and other species inhibit orni-
thine decarboxylase (ODC) expression and induce the xenobiotic detoxification enzyme quinone
reductase in vitro (Bomser et al. 1996). Some Canadian researchers reported that cranberry juice
extracts inhibit breast tumor cell growth (Guthrie 2003), and later showed that an extract of cran-
berry press cake inhibits proliferation of MCF-7 and MDA-MB-435 breast cancer cells (Ferguson
et al. 2004). Later studies by various researchers have focused on identifying the anticancer
constituents of cranberry, which fall within several possible classes, including triterpenoids and
flavonoids.

6.6.1 UrsoLic AciD AND DERIVATIVES

A bioassay-guided fractionation approach was used to examine in vitro the antitumor activities of
whole cranberry fruit and juice, extracts and fractions, and finally individual compounds or subfrac-
tions within structural classes. An ethyl-acetate extract of whole cranberry fruit inhibited growth of
human tumor cell lines in vitro (Yan et al. 2002). From ethyl-acetate-soluble extracts, two hydroxy-
cinnamate esters of UA were isolated and identified that inhibited the growth of several types of
human tumor cells in vitro, including MCF-7 breast, HT-29 colon, DU145 prostate, H460 lung,
MEI180 cervical epidermoid, and K562 leukemia cell lines (Murphy et al. 2003). Growth-inhibitory
concentrations (Gls) for esters were 11-28 pg/mL, depending on the cell line. LC-MS analysis
of cranberry fruit found that in addition to UA, its hydroxycinnamate esters are present in whole
cranberry fruit in quantities averaging about 15-20 mg per 100 g of fresh fruit (Kondo 2006). UA
isolated from cranberry fruit was also reported to inhibit the proliferation of HepG2 human liver
cancer cells and MCF-7 cells (He and Liu 2006). It was also found to inhibit tumor colony formation
in a dose-dependent manner in HT-29 and HCT116 colon tumor models over a 2-week period, based
on clonogenic assays (Liberty, Hart, and Neto 2007).

UA has been reported as a constituent of herbal medicines marketed worldwide for treating
inflammatory conditions (Kim et al. 2004), but bioavailability data on this compound is lacking.
In vivo cancer studies of UA are scarce, but one mouse model study reported that a UA dose of
100 mg/kg inhibits murine fibrosarcoma FSall growth (Lee et al. 2001). Numerous reports have
appeared on the in vitro antitumor activity of UA (Novotny, Vachalkova, and Biggs 2001), and
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these suggest a variety of mechanisms of action, including early Gl cytostatic effect (Es-Saady et
al. 1996), induction of apoptosis (Baek et al. 1997), enhancement of intracellular Ca’* signaling
(Novotny, Vachalkova, and Biggs 2001), enhanced release of cytochrome ¢, caspase activation
(Andersson et al. 2003) and downregulation of inhibitor of apoptosis proteins (c-IAPs; Choi et al.
2000), increased expression of p2ly,r, (Kim et al. 2000), and decreased matrix metalloproteinase
(MMP)-9 expression (Cha et al. 1996). In addition to inhibiting the growth of several tumor cell
lines, the hydroxycinnamoyl esters of UA were found to strongly inhibit expression of both MMP-2
and MMP-9 at micromolar concentrations in a DU-145 prostate tumor model (Kondo et al. 2004).

6.6.2 PoOLYPHENOLICS

Polyphenolic compounds are expected to play a key role in chemoprevention; thus, many in vitro
cranberry studies focus on the berry’s polyphenolic constituents. Cranberry extracts containing
PACs and other flavonoids were reported to inhibit ODC activity linked with cell proliferation in
mouse epithelial (ME-308) cells (Kandil et al. 2002). Characterization of an active subfraction
revealed the presence of dimers and oligomers of catechin/epicatechin, monomeric catechins, and
quercetin glycosides. Water-soluble cranberry polyphenolic extracts from commercial cranberry
powder were found to inhibit proliferation of several human tumor cell lines (Seeram et al. 2004)
including two oral (CAL27 and KB), four colon (HT-29, HCT-116, SW480, and SW620), and three
prostate (RWPE-1, RWPE-2, and 22Rvl) cancer cell lines. Although both anthocyanin and PAC
subfractions inhibited proliferation, the total polyphenolic extract was found to be more effective
in this study. The primary polyphenolic constituents of cranberry are flavonols, anthocyanins, and
PACs. These will be considered in Sections 6.6.3 through 6.6.5.

6.6.3 QUERCETIN

Quercetin, a constituent of many fruits and vegetables, is widely reported to have antiproliferative
and antineoplastic activities in vitro against a variety of cell lines (Ranelletti, Maggiano, and Serra
2000; Morrow et al. 2001; Sesink, O’Leary, and Hollman 2001; Lee, Huang, and Hwang 2002;
Harris et al. 2005; Richter et al. 1999; Volate et al. 2005). Its mechanisms of action include induction
of apoptosis, with cell-cycle arrest in G, phase (Richter, Ebermann, and Marian 1999; Choi et al.
2001); inhibition of epidermal growth factor (EGF) receptor expression and associated tyrosine
kinase activity (Richter, Ebermann, and Marian 1999; Lee, Huang, and Hwang 2002); reduction of
Ras protein expression (Ranelletti, Maggiano, and Serra 2000); increased expression of endogenous
inhibitors of MMPs (Morrow et al. 2001); and phytoestrogenic interaction with estrogen recep-
tors oe and B (ERa and EB of human mammary MCE-7 cells; Harris et al. 2005). Quercetin is a
constituent of an ethyl-acetate-soluble extract of cranberry fruit that inhibits tumor cell growth; it
was nearly as effective as UA esters against the growth of MCF-7 breast adenocarcinoma, HT-29
colon adenocarcinoma, and K562 leukemia cell lines (Murphy et al. 2003). In a separate study, it
was found to inhibit proliferation of HepG2 liver cancer cells (He and Liu 2006). Given the known
properties of quercetin, it is a likely contributor to the observed in vitro anticancer activity of whole
cranberry extracts. In vivo, quercetin glycosides are usually metabolized to sulfates or glucuronides
(Sesink, O’Leary, and Hollman 2001). In a colon cancer study, a quercetin-enriched diet decreased
formation of cancer precursor aberrant crypt foci fourfold in mice, and the evidence suggest that
quercetin acted through induction of apoptosis via a mitochondrial pathway involving modulation
of Bax and Bcl-2 protein expression (Volate et al. 2005).
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6.6.4 ANTHOCYANINS

As powerful antioxidants, anthocyanins may be expected to inhibit oxidative processes linked with
tumorigenesis. In vitro bioassays with cranberry anthocyanins show little direct antiproliferative
or growth-inhibitory properties. Purified cyanidin-3-galactoside was evaluated in eight tumor cell
lines in vitro using the sulforhodamine (SRB) assay and the highest concentration tested (250 pg/mL)
showed less than 50% growth inhibition (Murphy et al. 2003). In another study, an anthocyanin sub-
fraction from cranberry was found to limit growth in three prostate tumor lines (RWPE-1, RWPE-2,
and 22Rv1) by 50-70%, but it did not significantly inhibit oral or colon tumor cell line proliferation
(Seeram et al. 2004). Anthocyanins, including those from cranberry, have been implicated in the
observed antiangiogenic properties of mixed berry extracts (Roy et al. 2002; Bagchi et al. 2004).
Anthocyanin-rich extracts from a mixture of berry fruits were reported to inhibit tumor necrosis
factor oo (TNF-a)-induced vascular endothelial growth factor (VEGF) expression and to decrease
hemangioma formation and tumor growth (Atalay et al. 2003). Anthocyanins, though not espe-
cially cytotoxic, may nonetheless play a role in limiting carcinogenesis by inhibiting other activities
related to tumor formation.

6.6.5 ANTICANCER AcCTIVITIES OF CRANBERRY PROANTHOCYANIDINS

Many studies report cranberry PACs are major contributors to anticancer activity (Kandil et al.
2002; Ferguson et al. 2004; Seeram et al. 2004). In fractionation studies of whole fruit, a PAC frac-
tion selectively inhibited the proliferation of H460 human large cell lung carcinoma, HT-29 colon
adenocarcinoma, and K562 chronic myelogenous leukemia cells in vitro. A subfraction retaining the
activity in those three cell lines was isolated and characterized by matrix-assisted laser desorption/
ionization (MALDI)-TOF (time-of-flight)-MS, and was found to contain PAC oligomers composed
primarily of four to seven epicatechin units with at least one or two A-type linkages between the
units (Neto et al. 2006). In clonogenic assays for tumor colony formation with HT-29 and HCT-
116 colon tumor cell lines, a dose-dependent decrease in the number and size of tumor colonies
was observed when cells were treated with a PAC fraction prepared from the early black variety
of cranberry fruit (Liberty et al. 2009). The MALDI-TOF-MS characterization of this PAC frac-
tion revealed that it was composed primarily of trimers through hexamers of epicatechin with both
A- and B-type linkages. The fraction inhibited growth more effectively than the whole polyphenolic
extract, with over 50% inhibition of colony formation in HCT116 observed at concentrations less
than 10 pg/mL (Liberty, Hart, and Neto 2007).

The structures of PACs in cranberry fruit and cranberry products are complex, and further investi-
gation is needed to determine any link between structure and activity of PAC. The MALDI-TOF-MS
analysis found that PAC oligomer fractions from whole cranberry contained molecules up to 12
degrees of polymerization (DP) in size with as many as four A-type linkages. Although most frac-
tions contained epicatechin units exclusively, some epigallocatechin unit masses were also detected
(Neto et al. 2006). The effect of A-type linkages and oligomer size on the antitumor activity of
PACs is the subject of ongoing studies. Earlier reports on PACs from various sources suggest that
A-type linkages influence tumor-inhibitory and tumor-selectivity properties. A screening of small
polyflavan-3-ols from different plants against GLC4 lung and COLO 320 colon carcinomas found
that a trimer with an A-type linkage was more cytotoxic than dimers with A-type linkages and
trimers with only B-type linkages (Kolodziej et al. 1995). In another study, wild blueberry PACs
containing A-type linkages also showed selectivity, with a greater growth-inhibitory effect occurring
with androgen-sensitive LNCaP prostate cancer cells than with androgen-insensitive DU145 cells
(Schmidt, Erdman, and Lila 2006).

A recent study on cranberry PACs reports some promise for cranberry in alleviating cancer of
the esophagus. A known risk factor for this type of cancer is acid reflux (Herulf et al. 1999). An in
vitro model study employing SEG-1 human esophageal adenocarcinoma was used to investigate
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cranberry’s effects on acid-induced cell proliferation. Cells were pretreated with PAC extract at con-
centrations of 25 or 50 pg/mL and then pulsed with acidified medium to simulate reflux. Maximum
proliferation was induced 6 hours after treatment; further, proliferation was inhibited significantly
in the PAC-treated cells. Annexin-V staining showed that apoptosis had occurred in treated cells,
and flow cytometry experiments found these cells arrested at the G1 checkpoint (Kresty, Howell,
and Baird 2008).

Recent findings suggest that cranberry PACs may work together with platinum drugs to limit the
proliferation of ovarian cancer cells. In a study using a platinum-resistant SKOV-3 human ovarian
adenocarcinoma cell line, treatment with a sublethal concentration of paraplatin together with an
isolated cranberry PAC fraction was found to improve efficacy in decreasing cell proliferation as
compared to treatment with PACs alone (Singh et al. 2009).

6.7 POSSIBLE CHEMOPREVENTIVE MECHANISMS AND EFFECTS

Berry bioactives may act individually, additively, or synergistically to prevent cancer proliferation
(Seeram 2006). Inhibition of tumorigenesis by cranberry can involve complementary or synergistic
activities between the flavonols, PACs, UA, and anthocyanins, since all these compounds have been
reported as showing antiproliferative properties. Possible mechanisms of action for chemopreven-
tion supported by in vitro evidence include induction of apoptosis, decreased invasion of surround-
ing tissue due to MMP inhibition, reduction of ODC expression and activity, and inhibition of
oxidative or inflammatory processes.

6.7.1 AprorTOSIS

Induction of apoptosis is thought to play a role in the tumor-inhibitory activity of dietary phyto-
chemicals including resveratrol (Joe et al. 2002) and epigallocatechin gallate (Yang et al. 1998).
Recent reports suggest that apoptosis may play a key role in cranberry’s ability to limit tumor cell
growth. This activity may be associated with the presence of quercetin, UA, and/or PACs, which
are all known to induce apoptosis (Baek et al. 1997; Choi et al. 2001). Dose-dependent induction
of apoptosis by cranberry was observed in breast tumor models. An antiproliferative fraction from
cranberry press cake also induced apoptosis in MDA-MB-435 breast tumor cells as determined by
Annexin-V staining (Ferguson et al. 2004). An 80% aqueous acetone extract of whole cranberry
fruit was reported to increase apoptosis in MCF-7 cells by 25% (Sun and Liu 2006), although at a
concentration (50 mg/mL) much higher than would likely be encountered in vivo.

The whole polyphenolic extract of cranberry fruit was observed to increase apoptosis substan-
tially in tumorigenic (MCF-7) breast cells as compared to nontumorigenic (MCF-10A) breast cells.
At 250 pg/mL, the cranberry extract increased the baseline apoptosis rate to 92% in MCF-7 cells,
without increasing apoptosis in MCF10A cells to a significant extent (Griffin et al. 2005). In colon
tumor cell lines HCT116 and HT-29, treatment with UA or with cranberry PACs was found to induce
significant rates of apoptosis at concentrations below 100 pg/mL (Liberty, Hart, and Neto 2007).
Recent reports of the effects of cranberry PACs on human esophageal adenocarcinoma cells show
that PACs induce apoptosis in this cell line (Kresty, Howell, and Baird 2008). Induction of apoptosis
in SGC-7901 gastric cancer cells by an aqueous acetone extract of whole cranberry fruit was also
reported (Liu et al. 2009). In a study of oral squamous cell carcinomas, a commercial cranberry
powder reduced cell proliferation in SCC25 and CAL27 cell lines, and an upregulation of caspase-2
and caspase-8 messenger ribonucleic acid (mRNA) expression indicated that apoptosis played a role
in reducing proliferation (Chatelain et al. 2008).
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6.7.2 MATRIX METALLOPROTEINASE INHIBITION

Phytochemicals from whole cranberry fruit may act against cancers by limiting the processes
involved in tumor invasion and metastasis, particularly the expression of MMPs involved in remod-
eling the extracellular matrix (Pupa et al. 2002). Both the whole cranberry polyphenolic extract
and a cranberry PAC fraction were found to inhibit the expression of MMP-2 and MMP-9 in the
DU145 prostate tumor cell line in a dose-dependent manner (Neto et al. 2006). Similar activity
was reported for a flavonoid-rich extract of cranberry’s close relative, the highbush blueberry
(V. angustifolium; Matchett et al. 2006). Hydroxycinnamate esters of UA isolated from whole cran-
berry fruit were strong inhibitors of MMP-2 and MMP-9 protein expression, inhibiting expression
significantly at concentrations of 10 UM or less (Kondo et al. 2004). This finding was consistent
with the observed ability of UA to inhibit MMP expression in fibrosarcoma cells (Cha et al. 1996).
Further studies are needed to determine the efficacy of cranberry and its PACs against tumor metas-
tasis. Oligomers from grape seed have been found to possess antimetastasis activity both in vitro
and in vivo (Mantena, Baliga, and Katiyar 2006).

6.7.3 MODULATION OF ORNITHINE DECARBOXYLASE

The biosynthesis and metabolism of polyamines (spermidine and spermine) involved in cell pro-
liferation is controlled by enzymes such as ODC and spermidine/spermine Nl-acetyltransferase,
and ODC can be affected by dietary polyphenolics (Singletary and Meline 2001). Overexpression
of these enzymes is observed in models of cancer where ODC can play a regulatory role in trans-
formation, invasion, and angiogenesis (Auvinen 1997), and can be induced by proinflammatory
agents such as lipopolysaccharides (LPSs) or tumor-promoters such as 12-o-tetradecanoyl phorbol-
13-acetate (TPA). A cranberry fruit flavonoid fraction inhibits the activity of ODC in an ME-308
cell line, as determined by an assay measuring the conversion of substrate (Kandil et al. 2002).
Cranberry was also found to influence the expression of ODC induced by LPS in an H-ras trans-
formed mouse fibroblast model (Matchett et al. 2005). A whole cranberry polyphenolic extract
produced a dose-dependent inhibition of LPS-induced ODC expression, and induction by LPS was
abolished at extract concentrations of 100 pug/mL or less (Matchett et al. 2005).

6.7.4 HELICOBACTER PYLORI INHIBITION

H. pylori infection is positively associated with the incidence of gastric cancer (Uemura et al. 2001);
thus, the prevention of this infection may reduce cancer risk. Antibacterial adhesion studies demon-
strate that in addition to inhibiting Escherichia coli adhesion, cranberry components inhibit adhesion
of H. pylori to human gastric mucus (Burger et al. 2000). A randomized, double-blind, placebo-con-
trolled trial provided some clinical support for this finding, with significantly lower levels of H. pylori
infection observed in adults consuming cranberry juice (Zhang et al. 2005). The cranberry polyphe-
nolic extract and other polyphenol-rich juices had a bacteriostatic effect on the growth of H. pylori in
vitro, with morphological changes in bacteria seen at concentrations of 1 mg/mL (Matsushima et al.
2008).

6.7.5 EVIDENCE FROM ANIMAL MODELS

Tumor growth inhibition by cranberry in an animal model was first reported in 2006 (Ferguson
et al. 2006) by a group of Canadian researchers. In this study, explants of U87 glioblastoma, HT-29
colon carcinoma, or DU145 prostate carcinoma were established in female Balb/c mice. Mice in
the treatment groups were intraperitoneally injected with either a flavonoid-rich aqueous extract
from cranberry press cake or a PAC fraction prepared from the whole fruit extract. Dosages of
100 mg/kg body weight PAC fraction or 250 mg/kg press cake extract were administered 10 times
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over a period of 24 days. Both treatments resulted in up to 40% reduction in the time required for
U87 glioblastoma tumors to reach milestone sizes. Flow cytometry experiments showed that the
extracts arrest U87 cells in G1 phase after 24 hours, reducing the number of cells continuing to
S phase. In mice given HT-29 tumor explants, the PAC treatment group exhibited significantly
reduced tumor volume over the first 40 days compared to control. Proanthocyanidin treatment was
also found to slow the growth of tumors in the DU145 group and induce complete regression of
these tumors in the two treatment groups of mice (Ferguson et al. 20006).

Several animal studies have since appeared that examine the effects of cranberry treatment on
models of cancer. A 2008 study used immune-competent syngeneic mice to investigate the effects
of a nondialyzable (NDM) high-molecular-weight fraction from cranberry juice on the develop-
ment of lymphoma (Hochman et al. 2008). The fraction was presumed to contain polyphenolic
oligomers in the 12-30K weight range; therefore, exact structures could not be determined. Balb/c
female mice were inoculated with Rev-2-T-6 lymphoma cells. The cranberry NDM fraction was
injected into mice at nontoxic doses (2 or 4 mg) every 2 days for 2 weeks. At the end of the experi-
ment, cranberry-treated mice showed no tumor development in comparison with the control group,
in which 80% developed tumors within 3 weeks. The treated mice also showed an increase in the
production of antibodies against lymphoma cells. In another study, Balb/c nu/nu mice were injected
with human gastric cancer cell line SGC-7901 that had been pretreated with an acetone-soluble
cranberry extract at doses ranging from 5 to 40 mg. After 4 weeks, the control group developed
tumors (xenografts), whereas no tumors were observed in the highest cranberry dosage group and
tumor size was reduced in mice receiving cranberry extract doses as low as 10 mg (Liu et al. 2009).

In a bladder cancer study that used Fischer-344 rats as a model, rats were treated with N-butyl-N-
(4-hydroxybutylnitrosamine) to induce cancer. Rats received cranberry juice concentrate via gavage
at doses of 1.0 or 0.5 mL/rat/day (nontoxic doses) for up to 6 months. Both treatment groups showed
a significant decrease in the number of bladder lesions, particularly papillomas, and the higher
dosage group showed a significant decrease in number of carcinomas and a 31% decrease in the
total weight of bladder lesions (Prasain et al. 2008). Quercetin, a key constituent of cranberry juice,
was not detected in the plasma; however, both quercetin and its metabolite methyl quercetin were
detected in the urines of the treated mice.

6.7.6  ANTI-INFLAMMATORY ACTIVITIES

The anti-inflammatory properties of phytochemicals may have an impact on many diseases includ-
ing certain cancers. Cyclooxygenase (COX) is a key enzyme in the biosynthetic pathway to pros-
taglandins, which have many physiological roles, including the production of an inflammatory
response. The COX-1 isozyme is expressed constitutively in all cells, whereas expression of COX-2
can be induced in response to inflammatory stimuli. The COX-2 is highly expressed in tumor tissues
(Bottone et al. 2004), and studies show that nonsteroidal anti-inflammatory drugs (NSAIDs), for
example, Sulindac, have a chemopreventive effect against colon cancer in cellular and animal mod-
els (Sheng et al. 1997; Fournier and Gordon 2000; Bottone et al. 2004). As COX-2 overexpression is
thought to play a role in promoting certain cancers, inhibition of COX-2 activity or expression pres-
ents another potential route to chemoprevention. Several individual constituents of cranberry may
have anti-inflammatory properties. Inhibition of COX activity by anthocyanins, including those
found in cranberry, was reported (Seeram et al. 2001). Pure cyanidin is an effective COX-2 inhibitor,
which reduces activity by 47%, with activity superior to other anthocyanins or catechins (Seeram,
Zhang, and Nair 2003). The observed COX-1 inhibition may also be relevant to cancer, since some
evidence suggests that COX-1 specific inhibitors are as effective as COX-2 specific inhibitors in
decreasing events related to tumor development (Bottone et al. 2004).

The question of whether cranberry can decrease the expression of COX-1 or COX-2 in cellular
models remains to be answered; to date, no published studies are available that evaluate the effects
of cranberry on COX expression in cancer models. Inhibition of COX-2 expression, if observed,
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could contribute to anticancer activity. Considering the known effects of compounds found in cran-
berry fruit, modulation of COX-2 expression and associated pathways is likely to be beneficial.
Both UA and quercetin are established inhibitors of cellular COX expression (Subbaramaiah et
al. 2000; O’Leary et al. 2004). The anti-inflammatory actions of triterpenes including UA have
been reviewed (Safayhi and Sailer 1997), and studies support an anti-inflammatory role both in
vitro (Ringbom et al. 1998; Subbaramaiah et al. 2000) and in vivo (Recio et al. 1995; Baricevic et
al. 2001). UA inhibited COX-2 transcription in a human mammary oncogenic epithelial cell line
(184B5/HER) by a mechanism believed to involve the protein kinase C signal transduction path-
way (Subbaramaiah et al. 2000). Several anti-inflammatory activities of quercetin have also been
reported. Quercetin reduced COX-2 mRNA expression in Caco-2 colon cancer cells, and both quer-
cetin and its metabolite quercetin-3’-sulfate inhibited COX-2 activity (O’Leary et al. 2004). In a rat
model of colitis, quercetin delivered in the form of rutin inhibited the TNF-o-dependent activation
of nuclear factor kB (NF-kB), a transcription factor involved in the control of cell proliferation and
inflammation, in a dose-dependent manner (Kim et al. 2005). Similarly, UA has been reported to
suppress NF-xB activation (Shishodia et al. 2003). Quercetin has been reported to inhibit expression
of inducible nitric oxide synthase, a promoter of inflammation that has also been linked to tumor
angiogenesis, in cellular models (Garcia-Mediavilla et al. 2007).

6.8 CRANBERRIES AND URINARY HEALTH

The use of cranberry juice to prevent UTIs has a long history that was for many years supported
mainly by anecdotal evidence. This is no longer the case: A body of scientific evidence has accu-
mulated to support the use of cranberry in the maintenance of urinary tract health. Studies started
appearing in the 1980s demonstrating the ability of cranberry juice to prevent adherence of E. coli
bacteria to uroepithelial cells and other eukaryotic cells (Sobota 1984; Zafriri et al. 1989; Ofek et al.
1991). As type 1-fimbriated bacteria were susceptible to the fructose in citrus fruit juices as well,
the effect on type P-fimbriated E. coli was observed to be specific to cranberry (Zafriri et al. 1989)
and other Vaccinium. During the mid-1990s, a clinical study conducted by Avorn et al. (1994) on
the female residents of a long-term care facility found a significant decrease in bacteria in the urine
after 1 month of cranberry juice consumption. Since then, at least 15 clinical trials have evaluated
the prophylactic effects of cranberry against urinary infections in a variety of populations. These
studies are the subject of several detailed review articles (Howell 2002; Jepson and Craig 2007;
Guay 2009).

For many years, scientists and health practitioners believed that the antibacterial effects of cran-
berry juice were due to acidification of urine by hippuric acid produced by the metabolism of the
quinic acid in cranberries (Blatherwick 1914; Bodel, Cotran, and Kass 1959). However, this claim
was never substantiated. Studies correlating urinary pH with cranberry juice consumption show
either no significant change in urine acidity or only a slight reduction in pH, which is insufficient to
cause a bacteriostatic effect (Howell 2002). Researchers began to examine other possible mecha-
nisms of action, which led to the discovery of bacterial antiadhesion properties (Sobota 1984).
Studies on antiadherence of uropathogenic P-fimbriated E. coli (UPEC) responsible for the major-
ity of UTIs found that a high-molecular-weight NDM from cranberry inhibited adhesion (Ofek
et al. 1991). Bioassay-guided fractionation of cranberry targeting the active compounds found that
cranberry tannins (Howell et al. 1998) blocked adherence of P-fimbriated E. coli to uroepithelial
cells. The structures of these compounds were determined by nuclear magnetic resonance (NMR)
analysis to be polyflavan-3-ol or PAC trimers composed of epicatechin units with an A-type linkage
(Foo et al. 2000). The A-type linkage between monomer units (Figure 6.3), which features two link-
age sites between the units (43—8 and 2—0—7 interflavanoid bonds), is a structural feature com-
mon to PACs from Vaccinium fruit. Proanthocyanidins from most other sources including cocoa
and grape seeds contain primarily B-type (4p—8) linkages (Neto 2007), as shown in Figure 6.3.
Cranberry PACs are primarily dimers, trimers, and larger oligomers of epicatechin units containing
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both A- and B-type linkages; therefore, their three-dimensional structures are diverse. Although
cranberry NDM has been cited more in recent studies for its ability to inhibit cellular adhesion of
H. pylori (Burger et al. 2000) and the development of lymphoma (Hochman et al. 2008), no infor-
mation is available on the molecular structures of its components.

The A-type linkage may hold the key to the antiadhesion activity of cranberry PACs. A com-
parison study of PACs isolated from several food sources, including cranberry, apple, grape,
green tea, and chocolate, found that cranberry PACs prevented E. coli adhesion at the lowest
concentration tested (60 pg/mL). Among the others, grape PACs showed antiadherence proper-
ties, but only at a much higher dose (1200 pg/mL), and the other food sources showed no activity
(Howell et al. 2005). This study further found antiadhesion activity in human urine follow-
ing consumption of cranberry juice cocktail, but not after consumption of other PAC sources.
A randomized, double-blind, placebo-controlled crossover trial with 20 healthy volunteers was
conducted to determine whether urine collected after cranberry consumption inhibited UPEC
adherence to uroepithelial bladder cells. Subjects received a single dose of cranberry juice (750
or 250 mL mixed with 500 mL water) or placebo at night, and urine was collected in the morn-
ing and screened for antiadhesion against six UPEC strains. A significant and dose-dependent
decrease in adherence of bacteria was observed in the urine of subjects who consumed cranberry
(Di Martino et al. 2006).

Several studies have examined the phenomenon of antibacterial adhesion by cranberry con-
stituents in an attempt to better understand what happens at a submicroscopic level. Atomic force
microscopy was used to measure the effect of cranberry juice exposure on bacterial surface char-
acteristics and adhesion forces in a P-fimbriae-expressing E. coli (HB101pDCI) and a nonfimbri-
ated strain. A decrease in fimbrial length was measured after a short exposure to cranberry juice,
with a greater biopolymer density recorded near the cell wall (Liu et al. 2006). Adhesion forces
decreased in proportion to cranberry juice concentration. No significant effect of cranberry on
surface polymers or adhesive forces was observed with nonfimbriated E. coli. Later studies by this
group showed that the effects of culturing the bacteria in cranberry juice or PAC extract on bacte-
rial adhesion forces were reversible (Pinzon-Arango, Liu, and Camesano 2009). Interestingly, a
more marked decrease in adhesive forces was observed with the juice cocktail than with the PAC
fraction, suggesting that other components in the juice play a role in reducing bacterial adhesion.
Another study found that morphological changes occurred when E. coli bacteria were grown in the
presence of cranberry juice or PAC extract (Johnson et al. 2008). The authors observed a decrease
in visible P-fimbriaec and downregulation of gene expression associated with flagellar basal body
rod and motor proteins.

Clinical studies have demonstrated the efficacy of consuming cranberry juice or solids in UTI
prevention for various populations, including women with recurrent UTIs (Walker et al. 1997,
Stothers 2002; Bailey et al. 2007), pregnant women, (Wing et al. 2008), the elderly (Avorn et al.
1994; McMurdo et al. 2005; McMurdo et al. 2009), and children (Ferrara et al. 2009). A random-
ized, double-blind, placebo-controlled study of women aged 28-44 years with recurring UTIs
using 400 mg of cranberry solids or placebo for 3 months found that 70% of the subjects had fewer
UTIs while on cranberry (Walker et al. 1997). In a study of women aged 25-70 years with a history
of high UTI recurrence (six or more in the previous year), it was found that consumption of 200
mg of concentrated cranberry extract standardized to 30% phenolics twice a day for 12 weeks pre-
vented UTI recurrence in all subjects for the duration of the study (Bailey et al. 2007). A follow-up
study of these subjects 2 years later found that those who continued to take cranberry remained
free of infection. In pregnant women, for which asymptomatic bacteriuria can cause adverse peri-
natal outcomes if not detected and treated, consumption of 27% cranberry juice cocktail (240 mL,
thrice daily) resulted in 57% reduction in asymptomatic bacteriuria and 41% reduction in UTI
(Wing et al. 2008).

In addition to Avorn’s landmark study on elderly women (Avorn et al. 1994), a randomized,
double-blind, placebo-controlled study of hospitalized patients over 60 years of age found that the
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group consuming 25% cranberry juice cocktail (150 mL twice daily for 35 days or until discharge)
had approximately half the occurrence of symptomatic UTI (McMurdo et al. 2005). A follow-
up study by this group comparing treatment with 500 mg of cranberry extract to that with low
doses of the antibiotic trimethoprim in older women found that both treatments reduced recurrent
UTI. Trimethoprim treatment had only a limited advantage in this regard, and the cranberry group
reported less adverse effects (McMurdo et al. 2009). Further clinical studies in such populations
continue to provide information for health practitioners on the most effective forms and dosing
regimens of cranberry against UTI.

6.9 FUTURE DIRECTIONS FOR RESEARCH ON
CRANBERRIES AND DISEASE

Evidence from in vitro, in vivo, and clinical studies suggests that cranberry and its phytochemicals
may have a mitigating effect on UTIs, cardiovascular diseases, and cancer. Mechanisms of action of
cranberry range from antioxidative and anti-inflammatory actions to induction of cellular apoptosis;
modulation of protein synthesis and gene expression involved in cell proliferation; prevention of
bacterial adhesion and formation of biofilms that lead to infection; and effects on plasma lipopro-
tein levels, antioxidant status, and glucose metabolism. Future research should continue to examine
cranberry’s role in regulating these processes and address how the unique blend of phytochemicals
found in cranberry fruit and juice works together. Cranberry’s efficacy depends largely on the bio-
availability of its phytochemicals to various tissues, which is another topic for further research.
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7.1 INTRODUCTION

The use of “natural” or alternative medicines has increased markedly over the last few years. More
and more older adults (i.e., baby boomers) are using complementary and alternative medicine
dietary supplements and herbal remedies without advice from a physician on the assumption that
these substances will have a beneficial effect (Cohen, Ek, and Pan 2002). However, this might not be
a safe or advisable practice. For example, at least one recent survey revealed a significant problem
with herb—chemotherapeutic drug interactions in cancer patients and, notably, at least half of the
herbal remedies taken by these patients lacked research data documenting their potential interac-
tions (Engdal, Klepp, and Nilsen 2009). Regrettably, a great deal of the information regarding the
effectiveness and safety of these remedies has been garnered from anecdotal or historical accounts,
and much of the information offered is generally misleading and might even be detrimental (Ernst
and Schmidt 2002).

Ginger (Zingiber officinale Roscoe, Zingiberaceae) is one of the most commonly consumed
dietary condiments in the world (Surh et al. 1999). The oleoresin (i.e., oily resin) from the rhizomes
(i.e., roots) of ginger contains many bioactive components, such as [6]-gingerol (1-[4"-hydroxy-3"-
methoxyphenyl]-5-hydroxy-3-decanone; Figure 7.1), which is the primary pungent ingredient that
is believed to exert a variety of remarkable pharmacological and physiological activities. Although
ginger is generally considered to be safe (Kaul and Joshi 2001), the lack of a complete understand-
ing of its mechanisms of action suggests caution in its therapeutic use (Wilkinson 2000a). Previous
reviews (Barrett, Kiefer, and Rabago 1999; Ness, Sherman, and Pan 1999; Talalay and Talalay 2001)
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FIGURE 7.1 Structure of [6]-gingerol, believed to be the most abundant bioactive component of ginger root.

have emphasized the importance of careful scientific research in establishing the safety and efficacy
of potential therapeutic plant remedies and in defining the risks and benefits of herbal medicine.
Ginger has been used for thousands of years for the treatment of numerous ailments, such as colds,
nausea, arthritis, migraines, and hypertension. The medicinal, chemical, and pharmacological prop-
erties of ginger have been extensively reviewed (Surh, Lee, and Lee 1998; Ernst and Pittler 2000;
Afzal et al. 2001; Bode and Dong 2004; Boone and Shields 2005; Borrelli et al. 2005; Chrubasik
and Pittler 2005; Chrubasik, Pittler, and Roufogalis 2005; Grzanna, Lindmark, and Frondoza 2005;
Thompson and Potter 2006; Eliopoulos 2007; Shukla and Singh 2007; White 2007; Ali et al. 2008;
Nicoll and Henein 2009). Over the last few years, interest in ginger or its various components as
valid preventive or therapeutic agents has increased markedly, and scientific studies focusing on
verification of ginger’s pharmacological and physiological actions have likewise increased (Ali et al.
2008). The primary purpose of this chapter is to comprehensively examine the available scientific
evidence regarding ginger’s proven effectiveness in preventing or treating a variety of pathologic
conditions.

7.2 HISTORY AND ORIGIN OF GINGER

Ginger is a member of a plant family that includes cardamom and turmeric. Its spicy aroma is
mainly due to presence of ketones, especially the gingerols, which appear to be the primary com-
ponent of ginger studied in much of the health-related scientific research. The rhizome, which is the
horizontal stem from which the roots grow, is the main portion of ginger that is consumed. Ginger’s
current name comes from the Middle English gingivere, but this spice dates back over 3000 years
to the Sanskrit word srngaveram, meaning “horn root,” based on its appearance. In Greek, it was
called ziggiberis, and in Latin, zinziberi. Interestingly, ginger does not grow in the wild and its
actual origins are uncertain.

Indians and Chinese are believed to have produced ginger as a tonic root for over 5000 years
to treat many ailments, and this plant is now cultivated throughout the humid tropics, with India
being the largest producer. Ginger was used as a flavoring agent long before history was formally
recorded. It was an exceedingly important article of trade and was exported from India to the
Roman Empire over 2000 years ago, where it was especially valued for its medicinal properties.
Ginger continued to be a highly sought after commodity in Europe even after the fall of the Roman
Empire, with Arab merchants controlling the trade in ginger and other spices for centuries. In the
thirteenth and fourteenth centuries, the value of a pound of ginger was equivalent to the cost of a
sheep. By medieval times, it was being imported in preserved form to be used in sweets. Queen
Elizabeth I of England is credited with the invention of the gingerbread man, which became a
popular Christmas treat.

7.3 USAGE, PREPARATION, AND PROCESSING

Ginger is used in numerous forms, including fresh, dried, pickled, preserved, crystallized, can-
died, and powdered or ground. The flavor is somewhat peppery and slightly sweet, with a strong
and spicy aroma. The concentration of essential oils increases as ginger ages and, therefore, the

© 2011 by Taylor & Francis Group, LLC



The Amazing and Mighty Ginger 133

intended use of the rhizome determines the time when it is harvested. If extracting the oil is the
main purpose, then ginger can be harvested at 9 months or longer. Ginger is commonly pickled
in sweet vinegar, which turns it a pink color; this form is popular with sushi. Ginger harvested at
8-9 months has a tough skin that must be removed before eating, and the root is more pungent
and is used dried or pulverized into ground ginger. This is the form most commonly found in our
spice racks and used in cookies, cakes, and curry mixes. Candied or crystallized ginger is cooked
in sugar syrup and coated with granulated sugar. Ginger harvested at 5 months is not yet mature
and has a very thin skin, and the rhizomes are tender with a mild flavor and are best used in fresh
or preserved forms.

7.4 BIOACTIVE COMPONENTS OF GINGER

At least 115 constituents in fresh and dried ginger varieties have been identified by a variety of
analytical processes. Gingerols are the major constituents of fresh ginger and are found slightly
reduced in dry ginger, whereas the concentrations of shogaols, which are the major gingerol
dehydration products, are more abundant (Jolad et al. 2005) in dry ginger than in fresh ginger.
At least 31 gingerol-related compounds have been identified from the methanolic crude extracts
of fresh ginger rhizome (Jiang, Solyom et al. 2005). Ginger has been fractionated into at least 14
bioactive compounds, including [4]-gingerol, [6]-gingerol, [8]-gingerol, [10]-gingerol, [6]-paradol,
[14]-shogaol, [6]-shogaol, 1-dehydro-[10]-gingerdione, [10]-gingerdione, hexahydrocurcumin, tetra-
hydrocurcumin, gingerenone A, 1,7-bis-(4" hydroxyl-3" methoxyphenyl)-5-methoxyhepthan-3-one,
and methoxy-[10]-gingerol (Koh et al. 2009). The proportion of each individual component in a
sample of ginger depends on country of origin, commercial processor, and whether the ginger is
fresh, dried, or processed (Schwertner, Rios, and Pascoe 2006). Of the bioactive pungent com-
ponents of Jamaican ginger, including [6]-, [8]-, and [10]-gingerols and [6]-shogaol, [6]-gingerol
appears to be the most abundant pungent bioactive compound in most of the oleoresin samples stud-
ied (Bailey-Shaw et al. 2008). Although phylogenetic analysis has showed that all ginger samples
from widely different geographical origins are genetically indistinguishable, metabolic profiling
showed some quantitative differences in the contents of [6]-, [8]-, and [10]-gingerols (Jiang et al.
2006). An examination of the concentrations of [6]-, [8]-, and [10]-gingerols and [6]-shogaol in 10
different ginger-root dietary supplements purchased randomly from a variety of pharmacies and
health food stores yielded some disconcerting results (Schwertner, Rios, and Pascoe 2006). Perhaps
not surprisingly, the content of these active components was found to vary extensively from none or
very minute amounts to several milligrams per gram. In addition, the suggested serving size ranged
from about 250 mg to 4.8 g/day (Schwertner, Rios, and Pascoe 2006). The basis for the wide range
of dosing is not clear. These studies suggest that ginger contains a variety of bioactive compounds
and standardization of contents is critically lacking.

7.5 METABOLISM OF GINGER

Although ginger is one of the most widely consumed spices in the world, not a great deal is known
regarding its metabolism or metabolites. Evaluating the bioactivity of ginger is necessary for com-
pletely understanding its mechanism of action and potential therapeutic effects. Although many
food-derived supplements are consumed today with little knowledge of their activity or safety, more
attention is beginning to be given to addressing these issues. The most well-studied bioactive com-
ponent of ginger is probably [6]-gingerol (Surh et al. 1999). The careful isolation of several metabo-
lites of [6]-gingerol following its oral administration (50 mg/kg) to rats was reported (Nakazawa
and Ohsawa 2002). A primary metabolite, (S)-[6]-gingerol-4’-O-B-glucuronide, was detected in
the bile and several minor metabolites were found in B-glucuronidase-treated urine, suggesting that
[6]-gingerol undergoes conjugation and oxidation of its phenolic side chain (Nakazawa and Ohsawa
2002). Gingerol is rapidly cleared from rat plasma following intravenous administration (3 mg/kg;
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Ding et al. 1991), and it was reported to be metabolized enzymatically in a stereospecific reduction
to gingerdiol (Surh and Lee 1994).

A method has been developed for the simultaneous quantification of [6]-, [8]-, and [10]-gingerol
and [6]-shogaol in rat plasma in pharmacokinetic studies after oral administration of ginger oleo-
resin (Wang et al. 2009b). The investigators were able to identify a glucuronide of [6]-gingerol after
hydrolysis of B-glucuronidase, and the intestinal glucuronidation was further confirmed by com-
paring plasma samples of hepatic portal vein and femoral vein (Wang et al. 2009b). This method
was also used to obtain pharmacokinetics, tissue distribution, and excretion studies of 6-gingerol
after oral or intraperitoneal administration in rats (Wang et al. 2009a). In a study in which a ginger
extract (approximately 53% [6]-gingerol) was administered to rats by oral ingestion, [6]-gingerol
was absorbed rapidly into the plasma, with a maximal concentration (4.23 ng/mL) being reached
after 10 minutes (Jiang, Wang, and Mi 2008). The [6]-gingerol was distributed to various tissues and
the most concentration was found in the gastrointestinal tract. Peak concentrations of [6]-gingerol
were reached in most tissues at about 30 minutes, and the concentration in tissues was higher than
that in plasma (Jiang, Wang, and Mi 2008).

At least one clinical trial focused on the pharmacokinetics of [6]-, [8]-, and [10]-gingerols and
[6]-shogaol along with their respective conjugate metabolites (Zick et al. 2008). In this case, human
volunteers were given ginger at doses ranging from 100 mg to 2 g and blood samples were taken
at 15 minutes to 72 hours after a single oral dose. Results indicated that the free forms of [6]-, [8]-,
and [10]-gingerols or [6]-shogaol were not detectable, whereas the respective glucuronide of each
compound was detected, suggesting that these ginger components are readily absorbed after oral
consumption and can be detected as glucuronide conjugates (Zick et al. 2008). Although progress in
determining the active components and metabolites of ginger and understanding their pharmacoki-
netics has been made, more work is clearly needed.

7.6 HEALTH EFFECTS: THE SCIENTIFIC EVIDENCE

Because ginger and its metabolites appear to accumulate in the gastrointestinal tract, the consis-
tent observations of ginger exerting many of its effects in this area are not surprising. Ginger has
been purported to exert a variety of powerful therapeutic and preventive effects and has been used
for thousands of years for the treatment of hundreds of ailments from colds to cancer. Like many
medicinal herbs, much of the information has been handed down by word of mouth with little
controlled scientific evidence to support the numerous claims. However, in the last few years, more
organized scientific investigations have focused on the mechanisms and targets of ginger and its
various components. In Sections 7.6.1 through 7.6.5, the evidence for the effectiveness of ginger as
an antioxidant, anti-inflammatory agent, antinausea compound, and anticancer agent as well as the
protective effect of ginger against other disease conditions are reviewed (Figure 7.2).

oxidative damage
inflammation
nausea/vomiting
cancer

asthma

inhibits .
dementia

diabetes

ulcerative colitis
cardiovascular disease
platelet aggregation
cholesterol

FIGURE 7.2 The variety of protective effects wielded by ginger.
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7.6.1 GENERAL ANTIOXIDANT PROPERTIES OF GINGER

The presence of oxidative stress is associated with numerous diseases and a common mechanism
often put forth to explain the actions and health benefits of ginger is associated with its antioxidant
properties (Aeschbach et al. 1994; Ahmad, Katiyar, and Mukhtar 2001). Ginger was reported to
decrease age-related oxidative stress markers (Topic et al. 2002) and was suggested to guard against
ethanol-induced hepatotoxicity by suppressing oxidative consequences in rats treated with ethanol
(Mallikarjuna et al. 2008). Ginger root contains a very high level (3.85 mmol/100 g) of total antioxi-
dants, surpassed only by pomegranate and some types of berries (Halvorsen et al. 2002). The phor-
bol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA), promotes oxidative stress by activating the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system or the xanthine oxidase sys-
tem or both. Ginger was reported to suppress TPA-induced oxidative stress in human promyelocytic
leukemia (HL)-60 cells and Chinese hamster ovary AS52 cells (Kim et al. 2002). Others have shown
that ginger compounds effectively inhibit superoxide production (Krishnakantha and Lokesh 1993).
Several reports indicate that ginger suppresses lipid peroxidation and protects the levels of reduced
glutathione (GSH; Reddy and Lokesh 1992; Ahmed, Seth, and Banerjee 2000; Ahmed, Seth, Pasha,
and Banerjee 2000; Shobana and Naidu 2000; Ahmed et al. 2008; El-Sharaky et al. 2009).

Reactive nitrogen species, such as nitric oxide (NO), influence signal transduction and cause
DNA damage, which contributes to disease processes. Nitric oxide is produced by inducible
nitric oxide synthase (iNOS), which is stimulated in response to various stresses. [6]-gingerol
was reported to dose-dependently inhibit NO production and reduce iNOS in lipopolysaccharide
(LPS)-stimulated mouse macrophages (Ippoushi et al. 2003). [6]-gingerol also effectively sup-
pressed peroxynitrite-mediated oxidative damage (Ippoushi et al. 2003). Ippoushi et al. (2003) later
proposed that [6]-gingerol and peroxynitrite form a symmetric dimer with [6]-gingerol covalently
linked at the aromatic ring of peroxynitrite, attenuating peroxynitrite-induced oxidation and nitra-
tion reactions (Ippoushi et al. 2005). [6]-shogaol, 1-dehydro-[10]-gingerdione, and [10]-gingerdione
also decreased LPS-induced NO production, and [6]-shogaol and 1-dehydro-[10]-gingerdione were
reported to effectively reduce iNOS expression (Koh et al. 2009). In the bromobenzene (BB)-induced
hepatotoxicity model, orally given ginger extract (100 mg/kg body weight [BW]) normalized NO
levels and total and reduced glutathione levels, and also decreased the level of lipid peroxidation
(El-Sharaky et al. 2009). Ginger consumption has also been reported to decrease lipid peroxidation
and normalize the activities of superoxide dismutase and catalase, as well as GSH and glutathi-
one peroxidase, glutathione reductase, and glutathione-S-transferase, in rats (Ahmed et al. 2008).
Ginger supplementation before ischemia/reperfusion resulted in a higher total antioxidant capacity
(i.e., normalized glutathione peroxidase and superoxide dismutase activities) and lower total oxidant
(lower tissue malondialdehyde, NO, and protein carbonyl contents) status levels compared to an
untreated group of Wistar albino rats (Uz et al. 2009). Overall, the rats fed ginger (5%) experienced
less kidney damage due to oxidative stress induced by ischemia/reperfusion (Uz et al. 2009).

Ginger extract has been reported to exert radioprotective effects in mice exposed to gamma
radiation (Jagetia et al. 2003), and the effect was associated with decreased lipid peroxidation and
protection of GSH levels (Jagetia, Baliga, and Venkatesh 2004). [6]-gingerol pretreatment also
decreased oxidative stress induced by ultraviolet B (UVB) and activated caspase-3, -8, -9, and Fas
expression (Kim et al. 2007). Evidence does seem to suggest that ginger and some of its components
are effective antioxidants in vitro. However, whether the physiological activity occurs in humans in
vivo is not clear, and the specific mechanism and cellular targets are still to be determined.

7.6.2  ANTI-INFLAMMATORY EFFECTS OF GINGER

One of the many health claims attributed to ginger is its purported ability to decrease inflam-
mation, swelling, and pain. [6]-gingerol (Young et al. 2005), a dried ginger extract, and a dried
gingerol-enriched extract (Minghetti et al. 2007) were each reported to exhibit analgesic and
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potent anti-inflammatory effects. Earlier animal studies suggest that rat hind limbs perfused with
[6]-gingerol showed increased heat production that was associated with increased oxygen consump-
tion and lactate efflux (Eldershaw et al. 1992). The thermogenesis was at least partly associated
with vasoconstriction independent of adrenergic receptors or secondary catecholamine release.
In contrast, larger doses of ginger components inhibited oxygen consumption, which was attributed
to disruption of mitochondrial function (Eldershaw et al. 1992). These results were supported in
a later study in which rats that were given a single intraperitoneal injection of [6]-gingerol (2.5 or
25 mg/kg) exhibited a rapid, marked drop in body temperature and a significant decrease in meta-
bolic rate (Ueki et al. 2008).

Data suggest that ginger may exhibit anti-inflammatory effects through the modulation of calcium
levels mediated through transient receptor potential vanilloid subtype 1 (TRPV1), which is a heat-
and pain-sensitive receptor that can interact with [6]-gingerol (Dedov et al. 2002). [6]-gingerol has
been reported to induce a substantial rise in intracellular calcium levels in Madin—Darby canine
kidney renal tubular cells by stimulating both extracellular calcium influx and thapsigargin (an endo-
plasmic reticulum Ca?" pump inhibitor)-sensitive intracellular calcium release (Chen et al. 2008).
The gingerols are known to be TRPV1 agonists (Dedov et al. 2002), and the [6,8,10]-gingerols
and [6,8,10]-shogaols can increase the intracellular calcium concentration in TRPV1-expressing
HEK?293 cells through TRPV1 (Iwasaki et al. 2006). Shogaols appear to be more potent than the
gingerols, and most of the compounds cause aversive or nociceptive responses mediated by TRPV1
when applied to the eye or following subcutaneous injection to the hind paw, respectively (Iwasaki
et al. 2006). In this case, most of the ginger compounds also promoted adrenal catecholamine secre-
tion, which influences energy consumption (Iwasaki et al. 2000).

Ginger has been suggested to be effective against inflammation, osteoarthritis, and rheumatism
(Reginster et al. 2000). However, inconsistencies in clinical studies have led to debate regarding
the effectiveness and safety of ginger for treatment of arthritis (Marcus and Suarez-Almazor 2001).
An earlier study showed that ginger oil (33 mg/kg), administered orally to rats for 26 days, caused
a significant repression of paw and joint swelling associated with severe chronic adjuvant arthritis
(Sharma, Srivastava, and Gan 1994). More recently, the effectiveness of a crude ginger extract was
compared with a fraction containing only gingerols and derivatives to inhibit joint swelling in the
streptococcal cell wall-induced arthritis animal model of rheumatoid arthritis (Funk et al. 2009).
Results indicated that although both extracts could prevent joint inflammation, the crude dichloro-
methane extract, which also contained essential oils and more polar compounds, was more effective
(when normalized to gingerol content) in preventing both joint inflammation and destruction (Funk
etal. 2009). In humans, one study showed no difference between placebo and ginger in patients with
osteoarthritis of the hip or knee (Bliddal et al. 2000). In contrast, patients suffering from osteoar-
thritis of the knee showed a consistently greater response to treatment with ginger extract compared
with the control group (Altman and Marcussen 2001). In addition, relief from pain and swelling
was reported in patients suffering from rheumatoid arthritis, osteoarthritis, or general muscular
discomfort when using powdered ginger as a dietary supplement for 3 months to 2 years (Srivastava
and Mustafa 1992). Besides pain relief from arthritis, results of a double-blind comparative clinical
trial indicated that ginger (250-mg capsules) was as effective as the nonsteroidal anti-inflammatory
drugs mefenamic acid (250 mg) and ibuprofen (400 mg) in relieving pain in women with primary
dysmenorrhea (Ozgoli, Goli, and Moattar 2009). In contrast, consumption of 2 g of ginger before
30 minutes of cycling exercise (60% VO,) had no effect on quadriceps muscle pain, rating of per-
ceived exertion, work rate, heart rate, or oxygen uptake (Black and Oconnor 2008).

Researchers have hypothesized that the anti-inflammatory effects of ginger might be related
to its ability to inhibit prostaglandin and leukotriene biosynthesis (Srivastava and Mustafa 1992).
Some others have showed that gingerols actively inhibit arachidonate 5-lipoxygenase, an enzyme
of leukotriene biosynthesis (Kiuchi et al. 1992). [8]-gingerol, but not [6]-gingerol, was shown to
inhibit cyclooxygenase-2 (COX-2) expression, which is induced during inflammation to increase
formation of prostaglandins (Tjendraputra et al. 2001). Others have also reported that ginger
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extract suppresses the activation of tumor necrosis factor oo (TNF-a) and expression of COX-2 in
human synoviocytes (Frondoza et al. 2004). Proinflammatory cytokines such as TNF-c., interleu-
kin (IL)-1B, and IL-12, which are produced primarily by macrophages, play an important role in
sepsis, ischemia/reperfusion injury, and transplant rejection. [6]-gingerol was reported to inhibit
the production of proinflammatory cytokines from LPS-stimulated peritoneal macrophages, but to
have no effect on the function of antigen presenting cells (APC) or the LPS-induced expression of
proinflammatory chemokines (Tripathi et al. 2007). However, this same group later reported that
a ginger extract attenuated the production of IL-12, TNF-ao., and IL-1J proinflammatory cytokines
and RANTES (regulated upon activation, normal T cell expressed and secreted) and monocyte
chemoattractant protein 1 (MCP-1) proinflammatory chemokines in LPS-stimulated murine peri-
toneal macrophages (Tripathi, Bruch, and Kittur 2008). In general, ginger extract inhibited mac-
rophage activation and APC function, and indirectly suppressed T-cell activation (Tripathi, Bruch,
and Kittur 2008). Other stable [6]-gingerol metabolites or analogs were reported to suppress LPS-
induced NO production in murine macrophages mainly by reducing inos gene and iNOS protein
production (Aktan et al. 2006). Some of ginger’s anti-inflammatory effects appear to be associated
with decreased IkBa degradation and impaired nuclear factor kB (NF-xB) nuclear translocation of
p65 (Aktan et al. 2006; Lee et al. 2009). The majority of scientific evidence does seem to suggest
that ginger and its various components have anti-inflammatory effects both in vitro and ex vivo.
However, the data supporting ginger as an effective anti-inflammatory agent in humans in vivo are
still contradictory and incomplete.

7.6.3 GINGER AS AN ANTINAUSEA AGENT

The most common and well-established use of ginger throughout history is probably its utilization
in alleviating symptoms of nausea and vomiting. The benefits and dangers of herbal treatment of
liver and gastrointestinal distress have been reviewed (Langmead and Rampton 2001), and sev-
eral controlled studies have reported that ginger is generally effective as an antiemetic (Aikins
Murphy 1998; Ernst and Pittler 2000; Jewell and Young 2000, 2002, 2003; Langmead and Rampton
2001; Dupuis and Nathan 2003; Boone and Shields 2005; Borrelli et al. 2005; Bryer 2005; Mahesh,
Perumal, and Pandi 2005; Chaiyakunapruk et al. 2006; Thompson and Potter 2006; Quimby 2007).
The effectiveness of ginger as an antiemetic has been attributed to its carminative effect, which
helps to break up and expel intestinal gas. This idea was supported by the results of a randomized,
double-blind trial in which healthy volunteers reported that ginger effectively accelerated gastric
emptying and stimulated antral contractions (Wu et al. 2008). Previously, [6]-gingesulfonic acid,
isolated from ginger root, was showed to be effective against HCl/ethanol-induced gastric lesions
in rats (Yoshikawa et al. 1992). This compound showed weaker pungency but more potent antiulcer
activity than [6]-gingerol or [6]-shogaol (Yoshikawa et al. 1994).

Ginger root is commonly recommended for preventing seasickness (Schmid et al. 1994) and is
found to be superior to dimenhydrinate (Dramamine) or placebo against symptoms of motion sick-
ness (Mowrey and Clayson 1982). A follow-up study also indicated that 1 g of ginger might be effec-
tive in reducing the subjective severity of seasickness in naval cadets on the high seas (Grontved
et al. 1988). On the other hand, additional research studies showed no benefits of using ginger for
treating motion sickness (Wood et al. 1988; Stewart et al. 1991), and at least one group reported that
patients receiving ginger extract for treating osteoarthritis experienced more, although mild, gastro-
intestinal adverse events compared to a placebo-treated group (Altman and Marcussen 2001). The
exact antiemetic mechanism of ginger is not clear, although some evidence suggests that it inhibits
serotonin receptors and exerts its antiemetic effects directly on the gastrointestinal system and in
the central nervous system (DerMarderosian and Beutler 2006). Although the antiemetic effects of
ginger are the most well-studied effects of this condiment and have been reviewed extensively, the
effectiveness and safety of ginger for treating nausea and vomiting have been questioned in the past
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because the findings reported were often contradictory (Wilkinson 2000b). At the same time, ginger
continues to be recommended for alleviating nausea and vomiting associated with pregnancy, che-
motherapy, and certain surgical procedures.

Nausea and vomiting during pregnancy affects most pregnant women, and over the years ginger
has been used to try to alleviate the condition (Aikins Murphy 1998; Jewell and Young 2000, 2002,
2003; Fugh-Berman and Kronenberg 2003; Boone and Shields 2005; Borrelli et al. 2005; Bryer
2005; Chrubasik, Pittler, and Roufogalis 2005; White 2007). At least one survey indicated that
the overall use of dietary supplements in pregnant women appears to be low, but ginger is com-
monly recommended and used to prevent nausea (Tsui, Dennehy, and Tsourounis 2001). Several
double-blind, randomized, placebo-controlled clinical trials have indicated that ginger consump-
tion is effective and safe in helping to prevent nausea and vomiting during pregnancy (Portnoi
et al. 2003; Willetts, Ekangaki, and Eden 2003). Randomized trials suggest that although ginger
might not be as potent as some treatments (Jewell and Young 2000), its consumption for treating
nausea or vomiting or both in early pregnancy has very few or no adverse side effects and seems
to be effective (Niebyl 1992; Jackson 2001; Vutyavanich, Kraisarin, and Ruangsri 2001; Jewell
and Young 2002; Niebyl and Goodwin 2002). In fact, ginger has been reported to be as effective
as dimenhydrinate (i.e., Dramamine) in treating nausea and vomiting in pregnancy with fewer side
effects (Pongrojpaw, Somprasit, and Chanthasenanont 2007). Women who received ginger (250-mg
capsules) appeared to experience less vomiting and nausea compared to those receiving placebo
(Ozgoli, Goli, and Simbar 2009), and ginger also relieved pain from primary dysmenorrhea (Ozgoli,
Goli, and Simbar 2009). The effectiveness of ginger has been compared with that of vitamin B6
(another recommended therapy) in randomized, double-blind, controlled trials. Results indicated
that ginger and vitamin B6 therapy were equally effective in reducing nausea and the number of
vomiting episodes during pregnancy (Sripramote and Lekhyananda 2003; Smith et al. 2004). In a
later randomized, double-blind, controlled trial, pregnant women were randomly divided to receive
either 650 mg of ginger or 25 mg of vitamin B6 (3xd/4 days). In this case, ginger actually appeared
to be more effective than vitamin B6, with only minor side effects (Chittumma, Kaewkiattikun, and
Wiriyasiriwach 2007). These results were supported in an additional trial in which pregnant women
with nausea were randomized into groups to receive either 1 g of ginger/day or 40 mg of vitamin
B6/day for 4 days. Results of this trial indicated that compared with a baseline, nausea and vomiting
in the ginger group were significantly less than those reported by the vitamin B6 group (Ensiyeh
and Sakineh 2009). A systematic review of the results of other double-blind, randomized, controlled
trials, uncontrolled trials, case reports, and observational studies indicated that ginger is superior
to placebo and as effective as vitamin B6 in relieving the severity of nausea and vomiting, with no
reported side effects or adverse effects on pregnancy (Borrelli et al. 2005). A similar review of the
literature regarding the safety and efficacy of ginger in the management of nausea and vomiting
during pregnancy revealed that ginger appears to be a relatively low-risk and effective treatment
for these symptoms (Boone and Shields 2005). Importantly, no differences in birth weight, gesta-
tional age, or frequencies of congenital abnormalities have been observed between ginger-treated
and untreated mothers (Willetts, Ekangaki, and Eden 2003). A survey of a group of obstetricians
and gynecologists revealed that most of them would recommend taking an antiemetic (71.3%), and
specifically ginger (51.8%), to patients suffering from moderate to severe nausea (Power, Holzman,
and Schulkin 2001).

Ginger has been recommended to combat nausea associated with chemotherapy (Sharma
and Gupta 1998; Grant and Lutz 2000). Gingerol was reported to reduce cisplatin (a platinum-
based chemotherapy drug)-induced emesis in a vomiting model of mink possibly by inhibiting
the central or peripheral increase of 5-hydroxytryptamine, dopamine, and substance P (Qian et al.
2009). In contrast, addition of ginger root powder (1 g/day) to a standard antiemetic regimen with
metoclopramide had no advantage in reducing nausea or vomiting in acute or delayed phases of
cisplatin-induced emesis in gynecologic cancer patients (Manusirivithaya et al. 2004). Cisplatin can
cause renal oxidative and nitrosative stress and dysfunction. However, rats that were administered
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cisplatin and [6]-gingerol exhibited lower lipid peroxidation and conservation of GSH coupled with
enhanced superoxide dismutase and catalase, which resulted in a restoration of normal renal func-
tion (Kuhad et al. 2006). Complementary intervention with ginger has also been suggested to have
possible benefits in preventing acute chemotherapy-induced nausea and vomiting (CINV) in children
(Dupuis and Nathan 2003). However, the results of a randomized, double-blind, placebo-controlled
trial indicated that ginger did not provide any additional benefit in reducing CINV when given with
a 5-hydroxytryptamine 3 (HT3) receptor antagonist and/or aprepitant (a substance P antagonist;
Zick et al. 2009). Notably, compared with a normal diet, high-protein meals with ginger consumed
twice daily were reported to reduce the delayed nausea of chemotherapy and decrease the use of
antiemetic medications (Levine et al. 2008).

Ginger was suggested to be an effective postoperative prophylactic antiemetic (Phillips, Ruggier,
and Hutchinson 1993) that is not associated with effects on gastric emptying (Phillips, Ruggier, and
Hutchinson 1993). However, the effectiveness of ginger in preventing postoperative nausea and vom-
iting has been disputed (Visalyaputra et al. 1998). One study indicated that pretreatment with ginger
extracts reversed experimentally induced delay in gastric emptying in rats (Gupta and Sharma 2001),
and ginger was also reported to reduce food transit time in experimental rats, an effect that might
have implications in the prevention of colon cancer or constipation (Platel and Srinivasan 2001). The
digestive stimulatory effects of ginger and other spices might be associated with positive effects on
trypsin and pancreatic lipase (Platel and Srinivasan 2000) and ginger’s ability to increase gastric
motility (Micklefield et al. 1999).

Several groups have studied the effectiveness of ginger in preventing nausea associated with
gynecological laparoscopy. Patients who took ginger (1 g) appeared to experience less nausea
incidence, especially within 2—4 hours of the procedure, and some reported less vomiting also
(Pongrojpaw and Chiamchanya 2003). These results were supported by a later study involving
60 patients who received either 3 g of ginger or placebo 1 hour before the procedure. Although
nausea was less in the ginger group at 2 hours postprocedure, vomiting did not vary between the
two groups (Apariman, Ratchanon, and Wiriyasirivej 2006). However, at 6 hours, patients who had
received ginger reported significantly less nausea and vomiting than the placebo group (Apariman,
Ratchanon, and Wiriyasirivej 2006). Results of another similar trial indicated that ginger (1 g) taken
1 hour before major gynecologic surgery decreased nausea and vomiting at 2 and 6 hours postsur-
gery compared to placebo, and had no adverse side effects (Nanthakomon and Pongrojpaw 2006).
In contrast, at least one trial indicated that ginger was not effective in reducing the incidence of
postoperative nausea and vomiting in patients undergoing gynecologic laparoscopy (Eberhart et al.
2003). Finally, a systematic review and meta-analysis of randomized, controlled trials comparing
ginger with placebo in preventing postoperative nausea and vomiting revealed that a fixed dose of at
least 1 g of ginger appears to be more effective than placebo (Chaiyakunapruk et al. 2006). Overall,
these results suggest that ginger is probably fairly effective in alleviating nausea and vomiting asso-
ciated with a variety of conditions. Although the mechanism is not clear, ginger appears to have no
adverse side effects and never seems to worsen nausea and vomiting.

7.6.4 ANTICARCINOGENIC AcTIVITIES OF GINGER

A great deal of interest by numerous research groups, including our own, is now being focused on
the cancer-preventive and potential cancer therapeutic applications of ginger and its various com-
ponents. Several aspects of the chemopreventive effects of numerous phytochemical dietary and
medicinal substances, including ginger, have been reviewed previously (Surh, Lee, and Lee 1998;
Surh 1999, 2002; Bode and Dong 2004; Shukla and Singh 2007; Aggarwal et al. 2008). Studies
focused on the anticancer activities of various forms of ginger from a crude or partially purified
extract to gingerols, especially [6]-gingerol; shogaols, especially [6]-shogaol; and zerumbone, a ses-
quiterpene compound derived from ginger and a number of minor components and metabolites. The
effectiveness of ginger in preventing or suppressing cancer growth has been examined in a variety
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of cancer types, including lymphoma, hepatoma, colorectal cancer, breast cancer, skin cancer, liver
cancer, and bladder cancer. The mechanisms proposed to explain the anticancer activities of ginger
and its components include antioxidant activity and the ability to induce apoptosis, decrease prolif-
eration, cause cell-cycle arrest, and suppress activator protein 1 (AP-1) and NF-kB/COX-2 signaling
pathways (Figure 7.3).

The anticancer activities of [6]-gingerol and zerumbone have been associated with their
antioxidant activities. Several ginger components were reported to have effective anticancer pro-
moter activity based on their ability to inhibit TPA-induced Epstein—Barr virus early antigen
(EBV-EA) in Raji cells (Vimala, Norhanom, and Yadav 1999; Kapadia et al. 2002). [6]-gingerol
was reported to suppress the reactive oxygen species—potentiated invasive capacity of ascites hep-
atoma AH109A cells by reducing peroxide levels (Yagihashi, Miura, and Yagasaki 2008). In nor-
mal RL34 rat liver epithelial cells, zerumbone was found to induce glutathione S-transferase and
the nuclear localization of the transcription factor Nrf2, which binds to the antioxidant response
element (ARE) of phase II enzyme genes (Nakamura et al. 2004). Zerumbone potentiated the
expression of several Nrf2/ARE-dependent phase II enzyme genes, including y-glutamyl-cysteine
synthetase, glutathione peroxidase, and hemeoxygenase-1 (Nakamura et al. 2004). Others have
reported that zerumbone decreases TPA-induced hydrogen peroxide formation and edema corre-
sponding to enhanced levels of various antioxidant enzymes (Murakami et al. 2004). These types
of changes have been linked with lower 7,12-dimethylbenz[a]anthracene (DMBA)-initiated/TPA-
promoted tumor incidence, number of tumors per mouse, and tumor volume (Murakami et al.
2004).

Zerumbone has also been reported to downregulate CXC chemokine receptor 4 (CXCR4),
which is highly expressed in various tumors, including breast, ovary, prostate, gastrointestinal, head
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FIGURE 7.3 The anticancer activities exerted by ginger.
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and neck, bladder, brain, and melanoma tumors (Sung et al. 2008). Because the CXCR4 mediates
homing of tumor cells to specific organs that express its ligand, CXCL12, zerumbone was suggested
as a potential suppressor of cancer metastasis and was effective in suppressing CXCR4 in a variety
of cancers, including those of the pancreas, lung, kidney, and skin (Sung et al. 2008). Furthermore,
zerumbone effectively attenuated osteoclast formation induced by human breast tumor cells and
by multiple myeloma and decreased osteolysis dose-dependently in MDA-MB-231 breast cancer
tumor-bearing athymic nude mice, suggesting that it might be effective in preventing cancer-asso-
ciated bone loss or osteoporosis (Sung et al. 2009). [6]-gingerol has also been reported to suppress
adhesion, invasion, motility, matrix metalloproteinase (MMP)-2, and MMP-9 messenger ribonu-
cleic acid (mRNA) expression and protein activities in MDA-MB-231 human breast cancer cell lines
(Lee, Seo, Kang, and Kim 2008).

Ginger and its constituents have been reported to inhibit tumor promotion in mouse skin (Katiyar,
Agarwal, and Mukhtar 1996). In particular, [6]-gingerol has been reported to be highly effective
as an anticancer agent in skin in vivo in the two-stage initiation—promotion mouse skin model. In
this model, tumors are initiated by a one time application of DMBA followed by repeated topical
applications of TPA beginning a few days later. Topical application of [6]-gingerol on the shaved
backs of female ICR mice decreased the incidence of DMBA-initiated/TPA-promoted skin papil-
loma formation and also suppressed TPA-induced epidermal ornithine decarboxylase activity and
inflammation (Park et al. 1998). Results of a similar study indicated that in the DMBA/TPA skin
tumor model, topical application of [6]-paradol or [6]-dehydroparadol prior to the application of
TPA significantly decreased both the number of tumors per mouse and the number of mice exhibit-
ing tumors (Chung et al. 2001).

Earlier studies suggest that gingerol is an effective inhibitor of azoxymethane-induced intestinal
carcinogenesis in rats (Yoshimi et al. 1992). Ginger supplementation (50 mg/kg BW) was reported
to suppress the number of tumors as well as the incidence of 1,2-dimethylhydrazine (DMH)-induced
colon cancer (Manju and Nalini 2005). The effect was attributed to decreased oxidative damage
associated with enhanced catalase, superoxide dismutase, glutathione peroxidase, and glutathione
transferase activities as well as increased GSH (Manju and Nalini 2005). This group later reported
that administration of ginger to DMH-treated rats significantly decreased the incidence and number
of tumors as well as the activity of microbial enzymes, B-glucuronidase, and mucinase (Manju and
Nalini 2006). Finally, Wistar rats that were fed a ginger extract (1% mixed in diet) exhibited sig-
nificantly lower multiplicity of urothelial lesions (hyperplasia and neoplasia) than untreated groups
(Ihlaseh et al. 2006).

Studies suggest that ginger compounds suppress proliferation of human cancer cells through
the induction of apoptosis (Lee et al. 1998; Lee and Surh 1998; Thatte, Bagadey, and Dahanukar
2000). A saline extract prepared from ginger extract suppressed the proliferation of HEp-2 cells
by inducing cytotoxic effects and DNA fragmentation (Vijaya Padma, Arul Diana Christie, and
Ramkuma 2007). Ginger extract and especially [6]-gingerol were reported to effectively decrease
proliferation of YYT colon cancer cells and the angiogenic potential of endothelial cell tubule
formation in immortalized MS1 endothelial cells (Brown et al. 2009). [10]-gingerol was reported
to cause a significant and prolonged increase in intracellular calcium and cytotoxicity in human
colorectal cancer SW480 cells (Chen, Li, and Kuo 2009). [6]-gingerol was reported to inhibit
both proliferation and invasion of ascites hepatoma AH109A cells and appeared to act by causing
an S-phase arrest, elongated doubling time of hepatoma cells, and an increased rate of apopto-
sis (Yagihashi, Miura, and Yagasaki 2008). This compound also induced cell-cycle arrest and
suppressed the growth of human pancreatic cancer cell lines, human pancreatic adenocarcinoma
(HPAC) cells, which express wild-type p53 and BxPC-3 cells that express a mutant p53 protein
(Park et al. 2006). Interestingly, [6]-gingerol appeared to be most effective in inducing apoptosis
in p53-mutant cells and induced arrest, but not apoptosis, in p53-expressing cells (Park et al.
2006). [6]-gingerol was further reported to suppress proliferation and induce apoptosis or G1 cell-
cycle arrest in several colorectal cell lines, including HCT116, SW480, HT29, LoVo, and Caco2
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cells (Lee, Cekanova, and Baek 2008). These effects were associated with a decreased abundance
of cyclin DI (a proto-oncoprotein that is overexpressed in cancer) and increased expression of a
nonsteroidal anti-inflammatory drug (NSAID)-activated gene (NAG-1), a proapoptotic and antitu-
morigenic protein (Lee, Cekanova, and Baek 2008).

Through the comparison of promotion-sensitive (P*) and promotion-resistant (P-) derivatives
of the mouse epidermal JB6 cell lines, AP-1 was reported to have a critical role in tumor promo-
tion (Huang, Ma, Bowden, and Dong 1996; Huang, Ma, and Dong 1996). In addition, blocking
the tumor promoter—induced activation of AP-1 inhibited neoplastic transformation (Dong et al.
1994). Epidermal growth factor (EGF) is known to induce a relatively high level of AP-1 activity
and cell transformation (Huang, Ma, and Dong 1996). We previously investigated the effect of
two structurally related compounds of the ginger family, [6]-gingerol and [6]-paradol, on EGF-
induced cell transformation and AP-1 activation (Bode et al. 2001). Our results provided the first
evidence that both compounds block EGF-induced cell transformation, but by different mecha-
nisms. [6]-gingerol appeared to act by directly inhibiting AP-1 DNA binding activity and transacti-
vation, whereas [6]-paradol appeared to act by inducing apoptosis (Bode et al. 2001). Others report
that [6]-gingerol causes DNA fragmentation and suppresses Bcl-2 expression in promyelocytic leu-
kemia HL-60 cells (Wang et al. 2003), and also induces growth inhibition and caspase-mediated
apoptosis in human epidermoid carcinoma A431 cells (Nigam et al. 2009). [6]-paradol and other
structurally related derivatives, such as [10]-paradol, [3]-dehydroparadol, [6]-dehydroparadol, and
[10]-dehydroparadol, inhibited proliferation of KB oral squamous carcinoma cells in a time- and
dose-dependent manner (Keum et al. 2002). [6]-dehydroparadol (75 uM) was more potent than
the other compounds tested, and it induced apoptosis through a caspase-3-dependent mechanism
(Keum et al. 2002).

[6]-shogaol [1-(4-hydroxy-3-methoxyphenyl)-4-decen-3-one], an alkanone from ginger, exhib-
ited the most potent cytotoxicity against human A549, SK-OV-3, SK-MEL-2, and HCTI15 tumor
cells, compared to [4]-, [6]-, [8]-, and [10]-gingerols (Kim et al. 2008). This compound also inhib-
ited proliferation of several transgenic mouse ovarian cancer cell lines, including C1 and C2 (Kim
et al. 2008). Further, [6]-shogaol was reported to inhibit the growth of and induce apoptosis in
COLO 205 cells (Pan et al. 2008). Treatment with [6]-shogaol, but not [6]-gingerol, induced DNA
fragmentation in COLO 205 colon cancer cells. Apoptosis was mediated by activation of caspase-9,
-3, and -8, resulting in the release of mitochondrial cytochrome c, upregulation of proapoptotic
Bax, and downregulation of antiapoptotic Bcl2, and the induction of growth arrest and DNA dam-
age (GADD)-inducible transcription factor 153 (GADDI153) mRNA and protein (Pan et al. 2008).
[6]-shogaol induced apoptosis of hepatoma cells mediated by activation of caspase-3 and -7 (Chen
et al. 2007). The compound was also reported to reduce the viability of gastric cancer cells by
directly damaging microtubules and inducing mitotic arrest (Ishiguro et al. 2007).

NF-xB is a rapidly induced stress-responsive transcription factor that functions to intensify the
transcription of a variety of genes, including cytokines, growth factors, and acute response proteins
(Baldwin 1996). Its activation is also linked to mitogen-activated protein (MAP) kinase signaling
pathways (Schulze-Osthoff et al. 1997). The mechanism for NF-kB activation is well known. In its
inactive form, NF-xB is found in the cytosol bound to an inhibitory protein called inhibitory kappa
B (IxB). When stimulated, IxB is phosphorylated by an kB kinase, which releases it from NF-xB
and is subsequently degraded. Following its separation from IkB, NF-xB is translocated into the
nucleus, where it activates gene transcription by binding to its specific DNA sequence found in cer-
tain genes. Importantly, NF-kB activation is associated with initiation or acceleration of tumorigen-
esis (Gilmore 1997), and in JB6 cells, inhibition of NF-kB also blocks tumor promoter—induced cell
transformation (Li et al. 1997). [6]-gingerol might exert its effects by suppressing the NF-kB/COX-2
pathway. This idea is supported by data indicating that the reduction of UVB-induced expres-
sion and transactivation of COX-2 by [6]-gingerol was associated with the suppression of IkBa
phosphorylation (Ser32) resulting in a decreased translocation of NF-kB from cytosol to nucleus
in HaCaT cells (Kim et al. 2007). A ginger extract fed to rats with experimentally induced liver
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cancer resulted in decreased NF-xB and TNF-o expression (Habib et al. 2008). [6]-gingerol was
reported to suppress TNF related apoptosis induced ligand (TRAIL)-induced NF-xB activation,
resulting in apoptosis mediated by caspase-3 or -7 activation, which was associated with the down-
regulation of clAP1, a negative regulator of these caspases (Ishiguro et al. 2007).

Zerumbone has been reported to suppress NF-kB activation induced by a variety of stimuli,
including tumor necrosis factor (TNF), cigarette smoke condensate, and hydrogen peroxide (Takada,
Murakami, and Aggarwal 2005). It also suppressed IkBa kinase phosphorylation and degradation,
resulting in a downregulation of constitutively active NF-kB and many of its regulated gene tar-
gets, such as COX-2, cyclin D1, Bcl2, and other antiapoptotic genes, thereby enhancing apoptosis
induced by chemotherapeutic agents (Takada, Murakami, and Aggarwal 2005). Zerumbone was
also reported to suppress receptor activator of NF-xB ligand (RANKL) activity in mouse mono-
cytes (osteoclast precursor cells) by inhibiting IkBo kinase activity, phosphorylation, and degra-
dation (Sung et al. 2009). Oral administration of zerumbone (100, 250, or 500 ppm) to ICR mice
decreased inflammation and the multiplicity of colon adenocarcinomas induced by intraperitoneal
injection of azoxymethane (AOM, 10 mg/kg BW; Kim et al. 2009). Additionally, zerumbone (250
or 500 ppm) effectively suppressed 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung
adenoma formation in female A/J mice (Kim et al. 2009). This ginger derivative appeared to exert
its effects by inhibition of proliferation, induction of apoptosis, and suppression of NF-kB and
heme oxygenase expression in both colon and lung cancer tissues (Kim et al. 2009). In an earlier
study, [6]-gingerol was reported to inhibit both the vascular endothelial growth factor (VEGF)- and
basic fibroblast growth factor (bFGF)-induced proliferation of human endothelial cells and cause
cell-cycle arrest in the G1 phase (Kim, Min et al. 2005). [6]-gingerol also blocked capillary-like
tube formation by endothelial cells in response to vascular endothelial growth factor (VEGF), and
strongly inhibited sprouting of endothelial cells in the rat aorta and formation of new blood vessels
in the mouse cornea in response to VEGF (Kim, Min et al. 2005).

Investigators suggested that the effectiveness of ginger might be related to its ability to inhibit
prostaglandin and leukotriene biosynthesis (Srivastava and Mustafa 1992). Some researchers showed
that gingerol actively inhibits arachidonate 5-lipoxygenase, an enzyme of leukotriene biosynthesis
(Kiuchi et al. 1992). The leukotriene A4 hydrolase (LTA4H) protein is regarded as a relevant tar-
get for cancer therapy, and our in silico prediction using a reverse-docking approach revealed that
LTA4H might be a potential target for [6]-gingerol (Jeong et al. 2009). Our prediction was supported
by work showing that [6]-gingerol suppresses anchorage-independent cancer cell growth by binding
to LTA4H and inhibiting LTA4H activity in HCT116 colorectal cancer cells. We further found that
[6]-gingerol effectively suppressed tumor growth in vivo in nude mice, an effect that was mediated
by the inhibition of LTA4H activity. Collectively, these findings indicate a crucial role of LTA4H in
cancer and also support the anticancer efficacy of [6]-gingerol targeting of LTA4H for the preven-
tion of colorectal cancer (Jeong et al. 2009). Importantly, these are the first results that identify a
direct target of [6]-gingerol to explain its anticancer activity.

Cyclooxygenase-2 is an important enzyme in prostaglandin biosynthesis, and is regarded as a
promising molecular target for many anti-inflammatory as well as chemopreventive agents. Topical
application of [6]-gingerol was reported to suppress TPA-induced COX-2 expression, p38 phos-
phorylation, and NF-kB DNA binding activity in mouse skin (Kim et al. 2004). These results were
further expanded to show that pretreatment of mouse skin with [6]-gingerol resulted in decreased
TPA-induced NF-kxB DNA binding and transcriptional activity by suppressing both IxBo phos-
phorylation and degradation and p65 phosphorylation and nuclear translocation (Kim, Kundu et
al. 2005). The interaction of phosphorylated p65 (Ser536) with CREB (cAMP response element
binding) protein, a transcriptional coactivator of NF-kB, was prevented by [6]-gingerol, and the
inhibitory effect of [6]-gingerol on p38 phosphorylation, an upstream mediator of COX-2 activation,
was observed (Kim, Kundu et al. 2005).

Treatment of cultured ovarian cancer cells with [6]-shogaol caused a marked growth inhibi-
tion that was associated with suppression of NF-kB activation as well as the diminished secretion
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of angiogenic factors, VEGF and IL-8 (Rhode et al. 2007), suggesting a role for this compound
in preventing angiogenesis in cancer. In contrast to most reports, dietary consumption of gin-
ger (0.5% or 1.0%) did not suppress aberrant crypt foci (ACF) formation or reduce the number
of crypts per ACF in DMH-treated rats compared to untreated control rats (Dias et al. 2006).
Dietary ginger did not significantly change the proliferative or apoptotic indexes of the colonic
crypt cells induced by DMH (Dias, 2006). In marked contrast to many studies, ginger extract was
not able to inhibit the development of N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)/N-methyl-
N-nitrosourea (MNU)-induced bladder cancer in male Swiss mice. In fact, in BBN/MNU/2% gin-
ger-treated mice, the incidence of grade 2 transitional cell carcinoma was increased (Dias et al.
2006; Bidinotto et al. 2006).

7.6.5 CARDIOVASCULAR AND OTHER DISEASE-PREVENTIVE EFFECTS OF GINGER

In addition to its effects in relation to cancer, some evidence supports a protective role for ginger
in cardiovascular function and a number of other disease conditions. Ginger has gained interest
for its potential to treat various aspects of cardiovascular disease, and the in vitro and animal data
supporting the anti-inflammatory, antioxidant, antiplatelet, hypotensive, and hypolipidemic effects
of this condiment have been reviewed (Nicoll and Henein 2009). However, human trials are less
convincing and more investigations are needed (Nicoll and Henein 2009). Caution when taking gin-
ger and other herbal extracts has been suggested because of an apparent association of ginger with
reported incidences of increased risk of bleeding following surgery (Chang and Whitaker 2001;
Pribitkin and Boger 2001) or if taken with anticoagulant drugs such as warfarin (Heck, DeWitt,
and Lukes 2000). However, the data are not conclusive (Vaes and Chyka 2000). At least one study
indicates that ginger has no effect on blood pressure, heart rate, or coagulation parameters and does
not interact with anticoagulant drugs such as warfarin (Weidner and Sigwart 2000). These findings
were supported in a later study in which ginger was reported to have no effect on clotting status or
the pharmacokinetics or pharmacodynamics of warfarin in healthy subjects (Jiang, Williams et al.
2005). An aqueous ginger extract was reported to induce a dose-dependent decrease in arterial
blood pressure in a variety of animal models (Ghayur and Gilani 2005a,b).

At least one group found that administration or consumption of standardized ginger extract
decreased aortic atherosclerotic lesion areas, plasma triglycerides and cholesterol, low-density lipo-
protein (LDL)-associated lipid peroxides, and LDL aggregation in mice (Fuhrman et al. 2000). In
rabbits that were fed a high-cholesterol diet, administration of ginger extract resulted in a significant
antihyperlipidemic effect and a lower degree of atherosclerosis compared to the group that was fed
cholesterol alone (Bhandari, Sharma, and Zafar 1998). Importantly, ginger powder (3 g/day in 1-g
capsule 3xd) significantly lowered lipid levels in volunteer patients in a double-blind, controlled
clinical trial study (Alizadeh-Navaei et al. 2008). Triglyceride and cholesterol were substantially
decreased as was LDL levels compared to placebo group. Notably, the high-density lipoprotein
(HDL) level of the ginger group was higher than that of the placebo group, whereas the very-low-
density lipoprotein (VLDL) level of the placebo group was higher than that of the ginger group
(Alizadeh-Navaei et al. 2008). Dried ginger powder (0.1 g/kg BW, per oral administration [p.o.] for
75 days) significantly lowered (50%) the development of atheroma in the aorta and coronary arteries
of rabbits that were fed cholesterol (Verma et al. 2004). This effect was associated with decreased
lipid peroxidation and increased fibrinolytic activity with ginger, but blood lipid levels were not
different from control animals (Verma et al. 2004). Another compound isolated from ginger, (E)-8
B,17-epoxylabd-12-ene-15,16-dial, was reported to inhibit cholesterol biosynthesis (Tanabe et al.
1993), and ginger meal (1%) decreased serum cholesterol levels significantly (Dias et al. 2006).
Ginger was also reported to slightly reduce retinoid-binding protein mRNA expression levels in liver
and visceral fat in male rats that were fed cholesterol to induce hyperlipidemia (Matsuda et al. 2009).
These results hint that ginger consumption might improve lipid metabolism (Matsuda et al. 2009).

© 2011 by Taylor & Francis Group, LLC



The Amazing and Mighty Ginger 145

Antiplatelet therapy is an effective approach for preventing coronary heart disease. Ginger com-
ponents are suggested as a potential new class of platelet-activation inhibitors without the potential
side effects of aspirin, which is most commonly used in this approach. In a comparison of gingerols
and analogs with aspirin, ginger compounds were found to be less potent compared to aspirin in
inhibiting arachidonic acid—induced platelet release and aggregation and COX activity (Koo et al.
2001). However, several analogs had a significant inhibitory effect, suggesting that further devel-
opment of more potent gingerol analogs might have value as an alternative to aspirin therapy in
preventing ischemic heart disease (Koo et al. 2001). Consumption of ginger (5 g) inhibited platelet
aggregation induced in men who consumed 100 g of butter daily for 7 days (Verma et al. 1993),
and a later study showed that ginger enhanced fibrinolytic activity (Verma and Bordia 2001). An
evaluation of the antiplatelet activity of 20 pungent constituents of ginger revealed that [8]-paradol
was the most potent COX-1 inhibitor and antiplatelet aggregation agent (Nurtjahja-Tjendraputra
et al. 2003). [8]-gingerol and [8]-shogaol were also found to be effective antiplatelet aggregation
agents (Nurtjahja-Tjendraputra et al. 2003). Ginger and nifedipine (a calcium-channel blocker) were
reported to have a synergistic effect on antiplatelet aggregation in normal human volunteers and
hypertensive patients (Young et al. 2006). Ginger oil (24% citral) effectively lowered spontane-
ous or prostoglandin F2-alpha (PGF2-alpha)-2o-induced rat myometrial (uterus) contractility, and
increases in external calcium concentration reversed the relaxant effects of ginger oil (Buddhakala
et al. 2008). Ginger compounds have been reported to directly stimulate myocardial sarcoplasmic
reticulum (SR) calcium uptake (Antipenko, Spielman, and Kirchberger 1999; Maier et al. 2000), but
its therapeutic use in treating heart failure has not been advocated (Maier et al. 2000). Ginger is also
used to treat asthma, diabetes, and other conditions.

Asthma is a chronic disease characterized by inflammation and hypersensitivity of airway
smooth muscle cells to different substances that induce spasms, and ginger has been used for centu-
ries in treating respiratory illnesses. Components of ginger rhizomes are reported to contain potent
compounds capable of suppressing allergic reactions and might be useful for the treatment and
prevention of allergic diseases (Chen et al. 2009). Ghayur, Gilani, and Janssen (2008) reported that
a ginger extract inhibits airway contraction and associated calcium signaling, possibly by blocking
plasma membrane calcium channels. In a mouse model of Th2-mediated pulmonary inflammation,
an intraperitoneal injection of a ginger extract mainly comprised of gingerols markedly decreased
the recruitment of eosinophils to the lungs in ovalbumin-sensitized mice and also suppressed the
Th2 cell-driven response to allergen (Ahui et al. 2008).

Ginger has been suggested to have antidiabetic effects. In the streptozotocin-induced diabetic rat
model, rats that were fed ginger exhibited better glucose tolerance and higher serum insulin levels
than untreated rats, suggesting that it can help control blood sugar levels (Islam and Choi 2008).
Treatment with a ginger extract produced a significant reduction in fructose-induced elevation in
lipid levels, body weight, hyperglycemia, and hyperinsulinemia associated with insulin resistance
(Kadnur and Goyal 2005). An aqueous extract of raw ginger (administered daily, 500 mg/kg intra-
peritoneally) to streptozotocin-induced diabetic rats lowered serum glucose, cholesterol, and triac-
ylglycerol levels; decreased urine protein levels, water intake, and urine output; and prevented the
weight loss associated with diabetes in this model (Al-Amin et al. 2006). [6]-gingerol has also been
found to enhance differentiation of 3T3-L1 preadipocytes and to enhance insulin-sensitive glucose
uptake (Sekiya, Ohtani, and Kusano 2004). A later study showed that [6]-shogaol or [6]-gingerol
significantly inhibited TNF-o-mediated downregulation of adiponectin expression in 3T3-L1 adi-
pocytes (Isa et al. 2008). [6]-shogaol appeared to function as a peroxisome proliferator-activated
receptor (PPAR)y agonist, whereas [6]-gingerol acted by suppressing TNF-a-induced JNKSs signal-
ing (Isa et al. 2008). These results give some suggestion that ginger might be valuable in managing
the effects of diabetes in humans.

Dried ginger may have beneficial effects in treating dementia, including Alzheimer’s dis-
ease (Ghayur, Gilani, Ahmed, Khalid, Nawaz, Agbedahunsi, Choudhary, and Houghton 2008).
Ulcerative colitis is a chronically recurrent inflammatory bowel disease of unknown origin, and
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in rats, ginger extract alleviated the symptoms of acetic acid—induced ulcerative colitis (El-Abhar,
Hammad, and Gawad 2008).

7.7 SAFETY, EFFICACY, AND CONTRAINDICATIONS

Ginger is recognized by the U.S. Food and Drug Administration (FDA) as a food additive that
is “generally recognized as safe.” However, and notably, in 1930, thousands of Americans were
poisoned and paralyzed by an illicit extract of Jamaican ginger (jake) that was used to circumvent
Prohibition laws. The extract had been adulterated with a neurotoxic organophosphate compound,
triorthocresyl phosphate (TOCP; Crandall 1931; Morgan and Penovich 1978). The extract was
banned in 1931.

Early studies suggest that ginger extract increased the mutagenesis ability of 2(2-furyl)-3(5-
nitro-2-fury)acryl amide (AF2) or N-methyl-N"-nitro-N-nitrosoguanidine (NTG), and [6]-gingerol
was determined to be an active mutagen (Nakamura and Yamamoto 1982). A later study suggests
that [6]-shogaol is much less mutagenic than [6]-gingerol and that the active part of [6]-gingerol is
the aliphatic chain moiety containing a hydroxyl group (Nakamura and Yamamoto 1983). To our
knowledge, these studies have not been confirmed nor repeated, and no recent evidence suggests
that ginger or its components are mutagenic.

Oral administration of a ginger extract (1000 mg/kg) was reported to be tolerated well by preg-
nant rats, and it exerted no adverse effects on the mothers or in the development of fetuses (Weidner
and Sigwart 2001). This result is somewhat in contrast to an earlier study, in which administration
of ginger tea to pregnant rats resulted in twice the loss of embryos but heavier surviving fetuses
compared to untreated controls (Wilkinson 2000a). Ginger rhizome extract (0.5-10.0 g/kg) admin-
istered intraperitoneally to mice was reported to have no clastogenic effects compared to ginger oil,
which produced some chromosomal irregularities (Mukhopadhyay and Mukherjee 2000).

Most recently, male and female rats that were fed ginger powder (500, 1000, or 2000 mg/kg
BW) by gavage for 35 days did not exhibit any overall mortalities or abnormalities in behavior,
growth, or food and water consumption (Rong et al. 2009). No overt organ abnormalities were
observed and hematological and blood biochemical parameters in treated and untreated control
animals were similar. The only real difference observed was a slightly decreased absolute and
relative weight of the testes only at the highest dose (2000 mg/kg; Rong et al. 2009). Observational
studies in humans suggest no evidence of teratogenicity from treatments for early pregnancy nau-
sea that included ginger (Jewell and Young 2003). These results were confirmed in a similar trial
showing that administration of ginger beginning at the first trimester of pregnancy did not appear
to increase the rates of major malformations above the baseline rate of 1-3% (Portnoi et al. 2003).
Overall, these data indicate that ginger consumption appears to be very safe with very limited side
effects.

7.8 SUMMARY AND CONCLUSIONS

Ginger is not only an extremely popular dietary condiment used for flavoring food but also an herb
that has been used for thousands of years as a medicinal herb to treat a variety of ailments. Chemical
and metabolic analyses have revealed that ginger comprises hundreds of compounds and metabo-
lites. The most extensively studied bioactive components include gingerols and shogaols, especially
[6]-gingerol and [6]-shogaol, respectively. The content of each component is clearly dependent on
the source and preparation of the ginger rhizome. Research interest in determining the role of natu-
ral compounds in preventing disease has increased markedly over the last few years. In spite of the
abundance of research studies, many of the results are phenomenon based and provide data that
are descriptive and observational rather than mechanistic. More studies are needed in animals and
humans on the kinetics of ginger and its constituents and on the effects of consumption over a long
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period of time. Specific molecular targets and mechanisms of action need to be identified. Ginger
clearly has a vast number of components and metabolites, many of which have not been studied in
detail. The lack of standardization of ginger supplements is disconcerting, and whether consump-
tion of high levels of isolated components (e.g., [6]-gingerol) is advisable is uncertain. [6]-gingerol
or other ginger components might require inter-reactivity or dependency on other components in the
whole food source to exert their positive effects.

Research data indicate that ginger and its constituents accumulate in the gastrointestinal tract,
which supports the many observations of ginger’s effectiveness as an antinausea agent and as a
possible colon cancer—preventing compound. Ginger acts as a potent antioxidant in vitro and ex
vivo, but the data are not obvious for in vivo application and specific targets and mechanisms are
lacking. Ginger appears to exert anti-inflammatory effects by suppressing COX-2 with subsequent
inhibition of prostaglandin and leukotriene biosynthesis. On the other hand, the data supporting
the effectiveness of ginger in alleviating pain and swelling associated with arthritis are somewhat
conflicting. The most common use of ginger is to alleviate the vomiting and nausea associated
with pregnancy, chemotherapy, and some types of surgery. The clinical data undoubtedly indicate
that ginger is at least as effective, and may be better, than vitamin B6 in treating these symptoms.
Again, mechanisms are lacking, but no reports indicate that ginger has any adverse side effects or
that it can worsen illness in pregnant women or patients. Interest in ginger as an anticancer agent has
markedly increased over the last few years and a direct protein target has been identified in colon
cancer. Ginger also appears to reduce cholesterol and improve lipid metabolism, thereby helping to
decrease the risk of cardiovascular disease and diabetes.

In summary, ginger has been reported to possess diverse pharmacological properties, although
its specific biological targets are largely unknown and remain to be determined. However, in spite
of the lack of specific mechanistic information, use of ginger appears to be safe and its effects are
mighty and amazing in its many applications.
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8.1 INTRODUCTION

Ginseng is amedicinal plant widely used for the treatment of various conditions. The pharmacological
effects of ginseng have been demonstrated in cancer, diabetes, cardiovascular diseases and have
been used for promoting immune function, central nervous system (CNS) function, relieving stress,
and for its antioxidant activities (Jung and Jin 1996). The root of Panax ginseng C. A. Meyer, which
is known as Korean or Asian ginseng, is a valuable and an important folk medicine in East Asian
countries, including China, Korea, and Japan, for more than 2000 years. Panax is derived from the
word “panacea,” which means a cure for all diseases and a source of longevity as well as physical
strength and resistance. As the use of traditional Chinese herbs for medicinal and dietary purposes
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becomes increasingly popular in Western countries, sales of P. ginseng are increasing in North
America and Europe as well as in other parts of the world.

The major bioactive components of P. ginseng are the ginsenosides, a group of saponins with
dammarane triterpenoid structure (Huang 1999). Almost 50 ginsenosides have been isolated from
P. ginseng root (white and red ginsengs), and novel structures continue to be identified, particularly
from Panax quinquefolius (American ginseng) and Panax japonica (Japanese ginseng) as well as
their berries (Gillis 1997; Yoshikawa et al. 1998; Attele et al. 2002; Christensen 2009). In this chap-
ter, we review the structural and pharmacological properties of ginseng, and its active constituents,
including ginsenosides, polysaccharides, and polyacetylenic alcohols. The pharmacological and
clinical usages of ginseng, particularly ginsenosides, are discussed in relation to its anticancer, anti-
diabetes, immunomodulatory functions, and improving CNS functions including learning, memory,
and neurodegenerative diseases.

8.2 STRUCTURAL PROPERTIES OF GINSENG

Ginsenosides, known as ginseng saponins, are the major components of ginseng and are clas-
sified into two major groups by the type of their aglycones, namely protopanaxadiol (PPD) and
protopanaxatriol (PPT). PPD and PPT have dammarane triterpenoidal skeletons with sugar moi-
eties binding at C-3, C-6, and C-20 positions (Huang 1999). The genuine structures of the PPD
and PPT ginseng sapogenins are dammar-24-ene-303,123,20(S)-triol(PPD) and dammar-24-ene-
3B,60,12,20(S)-tetrol(PPT), respectively (Shibata et al. 1995). Ginsenosides, which are named as
ginsenoside Rx (x = o, al, a2, bl, b2, b3, ¢, d, e, {, gl, g2, hl, and h2), differ from one another by
the type of aglycone, sugar moieties, number of sugars, and their site of attachment (Figure 8.1).
Exceptionally, ginsenoside Ro is an oleanane-type saponin, which is common in plants (Figure 8.1c).
Another oleanane-type of ginsenoside is polyacetylene ginsenoside Ro, which contains a polyacety-
lenyl ester at the C-6" position of glucosyl moiety (Zhang et al. 2002). These ginsenosides are usu-
ally extracted through water/n-butanol partitioning, following the extraction of ginseng root with
aqueous alcohol, resulting in n-butanol extract as a saponin fraction.

The structural diversity of ginsenosides may contribute to the multiple pharmacological effects
of ginseng on cancer, diabetes, inflammation, stress, immune, cardiovascular system, and CNS.
Furthermore, it is of interest that the coexistence of PPD- and PPT-type ginsenosides in ginseng
may be associated with its dual effects that can both stimulate and sedate the CNS. Ginsenoside
Rbl has been observed to exhibit depressant activity on the CNS, whereas ginsenoside Rgl showed
stimulant activity (Takagi, Saito, and Nabata 1972). Microinjection of Rbl into the hypothalamic
ventromedial nucleus decreased food intake, indicating CNS-suppressive action (Etou et al. 1988).
In contrast, the sustained central administration of ginsenoside Rgl attenuated anorexia, increased
water intake, and decreased ambulation produced by an increase in environmental temperature
(Fujimoto et al. 1989).

8.2.1 STRUCTURAL CONVERSION OF GINSENOSIDES

Ginsenosides undergo structural conversion under high temperature conditions, such as the decoc-
tion and steaming of ginseng, and in the acidic conditions in the stomach or due to metabolism
by the intestinal bacteria. Some partially deglycosylated saponins, such as ginsenoside Rh1, Rg2,
and Rg3, are obtained as byproducts produced during steaming of red ginseng (Figure 8.1a, b).
Ginsenoside Rhl is generated from the ginsenoside Rgl via deglycosylation at the C-20 position,
whereas ginsenoside Rg2 is generated from ginsenoside Re. Ginsenoside Rg3 is further converted
to ginsenoside Rh2 via deglycosylation of one terminal glucose at the C-3 position. Elimination
of the sugar moiety and subsequent epimerization of the hydroxyl group at the C-20 position
yields 20(R)-ginsenosides Rh1, 20(R)-ginsenosides Rg2, and 20(R)-ginsenosides Rg3 as epimers
(Figure 8.1a, b).
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FIGURE 8.1 (a) Protopanaxadiol-type ginsenoside. (b) Protopanaxatriol-type ginsenoside. (c) Oleanane-type

ginsenoside.
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Stereoisomers often differ considerably in pharmacological activity, potency, and pharmaco-
kinetic profile, exerting different effects in biological systems. For example, 20(S)-Rg3 enhanced
glucose-stimulated insulin secretion, whereas 20(R)-Rg3 did not show any effect (Park, Ha, and
Chung 2008). Malonyl groups at the 6”-position of glucosyl moiety of ginsenoside Rbl, Rb2, R,
and Rd are released during steaming, resulting in their corresponding ginsenosides (Kitagawa et al.
1983; Figure 8.1a). In red ginseng, the acetyl group remains at the 6”-position of glucosyl moiety
of some saponins such as ginsenosides Rsl and Rs2; thus, it appears that steaming inactivates the
deacetylating enzyme (Kasai et al. 1983; Figure 8.1a).

The chemical structure of the side chain at the C-20 position can be modified by hydration or
dehydration during steaming or decoction of the ginseng root. Recently, new dammarane glycosides
with modified side chains, which are named ginsenoside Rh4, Rg5, Rg6, 20(E)-ginsenoside F4, and
Rf2, have been isolated from Korean red ginseng (KRG; Park, Rhee, and Lee 2005). Further infor-
mation may be found in a review by Christensen (2009). The structural conversion of ginsenosides
also takes place in the gastrointestinal tract by gastric juice and digestive and bacterial enzymes after
ingestion. The sugars attached to the C-3 or C-20 hydroxyl group of the aglycone are cleaved off sep-
arately from the end by intestinal flora (Hasegawa et al. 1996). PPD-type saponins are metabolized
to compound K (C-K), whereas PPT-type saponins are hydrolyzed to 20(S)-PPT (Figure 8.1a, b).
Pharmacological activities of C-K such as anticancer, antidiabetes, and anti-inflammation effects
will be discussed in Sections 8.3 and 8.4.

8.2.2 OTHER CONSTITUENTS IN GINSENG

Ginseng contains several valuable nonsaponin components, including essential oils, antioxidants,
polyacetylenic alcohols, peptides, amino acids, polysaccharides, and vitamins. Ginseng polysac-
charides have also been a target of chemical and biological research, because plant polysaccharides
generally show antitumor effects through modulation of innate immunity. Two acidic polysaccha-
rides, which are named ginsenan S-IA and ginsenan S-IIA, were isolated from P. ginseng (Tomoda
et al. 1993). Ginsenan S-IIA was shown to increase phagocytosis. Many immunological studies
have been performed with crude polysaccharide fractions, which are usually prepared by ethanol
precipitation after the extracting ginseng root with hot water. Their immunological activities will
be described in Section 8.3.

Enormous progress has been made in understanding the chemistry of ginsenosides in trans-
formed or metabolized forms as well as intact ones, contributing to the understanding of ginseng
pharmacological properties. However, further studies on nonsaponin constituents, especially immu-
nomodulating polysaccharides, and on the interaction and/or harmonization of constituents still
remain to be explored.

8.3 IMMUNOMODULATORY FUNCTION OF GINSENG

There have been many reports describing the immunomodulating effects of ginseng, although results
are somewhat controversial and inconsistent, since the chemical composition of purified fractions of
ginseng employed in studies is different. In Sections 8.3.1 through 8.3.3, we describe the immuno-
modulating effects of aqueous extracts, saponin fractions, and polysaccharide fractions of ginseng.

8.3.1 IMMUNOMODULATING EFFecTs OF AQUEOUS EXTRACTS OF GINSENG

Aqueous extracts of ginseng contain amino acids, minerals, saponins, and various water-soluble
low- and high-molecular weight compounds. It was reported that a ginseng extract modulated the
cytokine production in a mouse model with Pseudomonas aeruginosa lung infection. The lung cells
from the ginseng extract-treated group produced more interferon y (IFN-y) and tumor necrosis fac-
tor oo (TNF-ov), but less interleukin 4 (IL-4), with a higher ratio of IFN-y/IL-4. Results indicated that
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a ginseng extract treatment induced a Thl-like immune response (cellular immune response) in the
mice with Panax aeruginosa lung infection (Song et al. 2003).

Long-term oral administration of the ginseng extract appears to potentiate humoral immune
response but suppresses spleen cell functions in male BALB/c mice. Mice treated with ginseng
extract and immunized with ovalbumin (OVA) resulted in an eightfold increase in titers of anti-
OVA immunoglobulin G (IgG) in serum, but IgG production was not affected in spleen cells (Liou,
Huang, and Tseng 2005). Intranasal coadministration with inactivated influenza virus A (PR8) and
ginseng extract increased the levels of influenza virus-specific antibodies and neutralizing activi-
ties and provided protective immunity compared to immunization with PR8 alone. Ginseng extract
coadministration also significantly induced high levels of IL-4 and IL-5 cytokines, producing cells
after PR8 infection, implying that ginseng extract plays a role as a mucosal adjuvant against influ-
enza virus as well as an immunomodulator during influenza virus infection (Quan et al. 2007).

8.3.2 IMMUNOMODULATING EFFECTS OF SAPONIN FRACTION

Dendritic cells (DCs) play a pivotal role in the initiation of T-cell-mediated immune responses,
making them an attractive cellular adjuvant for use in cancer vaccines. Researchers investigated
whether M4, end products of steroidal ginseng saponins metabolized in digestive tracts, can drive
DCs maturation from human monocytes in vitro. Results showed that mature DCs differentiated
with M4 induced the differentiation of naive T cells toward a helper T-cell type 1 (Thl) response and
augmented cytotoxicity toward tumor cells. Takei et al. (2004) suggested that M4 might be used on
DC-based vaccines for cancer immunotherapy.

In the case of ginsenoside Rgl, it was reported that Rgl enhanced CD4(+) T-cell activities and
modulated Th1/Th2 differentiation in murine splenocytes. Rgl had no mitogenic effects on unstim-
ulated CD4(+) T cells but augmented CD4(+) T-cell proliferation on activation with anti-CD3/anti-
CD28 antibodies in a dose-dependent manner. Rgl also enhanced the expression of cell surface
protein CD69 on CD4(+) T cells. In ThO condition, Rgl increased the expression of IL-2 mRNA
and enhanced the expression of IL-4 mRNA on CD4(+) T cells, suggesting that Rgl prefers to
induce Th2 lineage development (Lee et al. 2004). In addition, ginsenoside Rgl induced Thl type
differentiation of CD4(+) T cells and helped mice resist disseminated candidiasis. Antimouse IFN-y
antibody treatment of Rgl-treated mice abolished the protection against disseminated candidiasis
(Lee and Han 2006).

PPD saponins (Rg3, Rd, Re, Rbl, and Rb2) and PPT saponins (Rgl, Re, and Rg2) were evaluated
for their adjuvant effects on the immune responses to OVA in BALB/c mice. OVA-specific antibody
responses were significantly higher in mice immunized with OVA coadministered with Rgl, Re,
Rg2, Rg3, and Rbl, but not with Rd, Rc, and Rb2. Therefore, it is suggested that Rgl, Re, Rg2, Rg3,
and Rbl have more potent adjuvant effects than the others (Sun, Hu, and Song 2007). Recently, it
has been reported that ginsenoside-based nanoparticles (ginsomes) played a role as a novel adjuvant
and upregulated Th1 and Th2 immune response in imprinting control region (ICR) mice. The gin-
somes were spherical with diameters ranging from 70 to 107 nm and contained ginsenosides Rb2,
Rc, Rbl, and Rd. The ginsomes promoted significantly higher IgG responses, increased the levels of
specific IgGl, IgG2a, IgG2b, and IgG3, as well as T and B lymphocyte proliferation in response to
concanavalin A, LPS, and OVA. The enhanced IgG titer and subclass levels paralleled the increased
production of IFN-y (Thl cytokine) and IL-5 (Th2 cytokine). Therefore, ginsomes as an adjuvant
are assumed to upregulate both Thl and Th2 immune responses (Song, Zang, and Hu 2009).

8.3.3 IMMUNOMODULATING EFFECTS OF POLYSACCHARIDE FRACTIONS

Polysaccharide fractions of ginseng are high-molecular weight compounds obtained from the water-
soluble and ethanol-insoluble fractions of ginseng. The in vitro immunostimulating activities of
polysaccharides from ginseng were investigated. Four polysaccharides, which were found to be
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homogeneous by gel-filtration chromatography, were prepared and designated PF3111, PF3112,
PBGAIIL, and PBGAI12. Component sugar analysis revealed that they were heteroglycans with
molecular weights ranging from 37 to 760 kD, composed of glucose, galactose, arabinose, mannose,
and xylose in different molar ratios. Fraction PBGA12 had the most anticomplementary activity,
which is mediated through both alternative and classical pathways. All the polysaccharides except
PBGAI11 induced the production of IFN-vy in the presence of concanavalin A. They induced the
production of significant amount of TNF-a. in cell cultures (Gao et al. 1996).

Incubation of murine macrophages (RAW 264.7 cells) with increasing amounts of polysaccha-
ride fraction of ginseng showed a dose-dependent stimulation of inducible nitric oxide (NO) synthe-
sis. This was associated with an incline in inducible nitric oxide synthase (NOS) mRNA levels as
determined by semiquantitative polymerase chain reaction, and electromobility shift assay studies
indicated enhanced nuclear factor kB (NF-xB) DNA binding activity. Friedl et al. (2001) suggested
that polysaccharide treatment could modulate several aspects of host defense mechanisms due to
stimulation of the inducible NOS. It was also reported that a polysaccharide fraction of ginseng
stimulated murine normal splenocytes by inducing the mRNA expressions of Thl- and Th2-type
cytokines and also restored the mRNA expression of IFN-y, Thl cytokine, after its inhibition by
whole-body vy irradiation. Therefore, the polysaccharide fraction of ginseng was found to restore the
T lymphocytes function that had been suppressed by 7 irradiation in allogeneic mixed lymphocyte
reactions (Han et al. 2005).

More recently, reports on the acidic polysaccharide of P. ginseng (APG) were described. Acidic
polysaccharide fractions altered the phenotype of bone marrow cells (BMCs) and increased the
viability and alloreactivity of BMCs after yirradiation both in vitro and in vivo. A pretreatment with
APG significantly increased the viability of BMCs against 7y irradiation. APG-treated BMCs had a
significantly higher amount of IL-12, which is a major cytokine for immune responses, compared
with the medium-treated BMCs. The expression of major histocompatibility complex (MHC) class
II molecules of APG-treated BMCs was also increased, and APG-treated BMCs showed signifi-
cantly higher levels of allogeneic CD4(+) T lymphocyte proliferation. Furthermore, APG-treated
mice had a larger number of BMCs after yirradiation than the control mice, and the BMCs of APG-
treated mice were successfully cultured into DCs, which are the representative antigen-presenting
cells (Kim, Kim et al. 2007).

Various aspects of immunomodulatory effects of ginseng have been investigated for their tonic
effects. Modulation of cytokine production, potentiation of humoral immune response, enhance-
ment of CD4(+) T-cell activities, upregulation of adjuvant effects, restoration of T lymphocytes
function, and BMCs viability after suppression by 7 irradiation were especially remarkable.

8.4 ANTICARCINOGENIC FUNCTION OF GINSENG

The main weapons in the war against cancer have been early detection and surgical removal of the
tumor, radiotherapy, and chemotherapy. There are also attempts to develop gene therapy. However,
the results have been less than ideal, and strategy is now changing from therapeutic approaches to
prevention of cancer by identifying effective natural products as chemopreventive agents. One of
the promising candidates for cancer prevention is ginseng. People who consume ginseng prepara-
tions are at lower risk of cancers in the stomach, lung, liver, pancreas, ovaries, colon, and oral cav-
ity (Yun 2003). P. ginseng, P. quinquefolius, and other related plants including Panax japonicus
are frequently used for medicinal purposes. Although a complex mixture of compounds is present
in these plants, the ginsenosides are mostly responsible for the pharmacological effects of these
ginsengs, and Rg3 and Rh2 are recognized as major active anticancer saponins (Helms 2004). In
Sections 8.4.1-8.4.5 describe the anticarcinogenic effects of ginseng based on its diverse mecha-
nisms, including cell cytotoxicity and differentiation, antitumor promotion related to inflammation,
antimetastasis and inhibition of angiogenesis, synergistic effect on chemical therapeutic agents, and
decreasing multidrug resistance (MDR).
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8.4.1 Errect ON TuMOR CELL CYTOTOXICITY AND DIFFERENTIATION

Saponin and nonsaponin compounds have been reported to show cytotoxic activities against various
kinds of cancer cell lines in culture. The major active components are ginsenoside Rh2, a peculiar
component of KRG, polyacetylenes, panaxydol, panaxynol, and panaxytriol. Jia et al. (2004) dem-
onstrated that ginsenoside Rh2 inhibited proliferation, induced apoptosis in cancer cell lines, and
sensitized drug-resistance breast cancer cells to paclitaxel. Recently, it was shown that KRG extract
induced apoptosis and decreased telomerase activity in human leukemia cells (Park et al. 2009).
The main active ingredients in KRG are four representative ginsenosides, Rgl, Rg3, Rh2, and Rk1.
Ginsenosides Rg3 and Rh2 inhibited proliferation of prostate cancer cells by detachment of the cells
and by modulating mitogen-activated protein (MAP) kinases (Kim, Lee et al. 2004). Ginsenoside
Rh2 treatment significantly inhibited the viability of MCF-7 and MDA-MB-231 breast cancer cells
with G/G, phase cell-cycle arrest, which was caused by p15™E and p27¥irl-dependent inhibition
of cyclin-dependent kinases (Choi, Kim, and Singh 2009). In addition, Rh2 markedly increased
albumin secretion and alkaline phosphatase activity, whereas it strikingly decreased o.-fetoprotein
secretion and y-glutamyl transpeptidase in SMMC-7721 hepatocarcinoma (Zeng and Tu 2003).
Furthermore, Rh2 almost completely inhibited telomerase activity with the parallel induction of the
cell differentiation. After steam or heat treatment of American ginseng and notoginseng, the con-
tent of Rg3 was found to increase remarkably, with increased antiproliferation of colorectal cancer
cells (Wang and Yuan in press). In addition, acetylpanaxydol and panaxydolchlorohydrin, showing
cytotoxicity against lymphoid leukemia L1210, have been isolated from Korean ginseng root (Ahn,
Kim, and Lee 1989). Panaxydol, a polyacetylene compound isolated from Panax notoginseng, and
P. ginseng inhibited proliferation and induced differentiation of the human hepatocarcinoma cell
line HepG2 by increasing the expression of p21 and pRb, while reducing that of inhibitor of dif-
ferentiation 1 and 2 (Guo et al. 2009). These studies suggest that ginseng compounds, such as gin-
senoside Rh2 and panaxydol, block cancer cell proliferation and induce cell differentiation toward
more mature forms of normal cells.

8.4.2 ANTITUMOR PROMOTION RELATED TO INFLAMMATION

Considerable effort has been made to develop chemopreventive agents that could inhibit, retard,
or reverse multistage carcinogenesis (Weinstein 1991). Tumor promotion is closely related to
inflammation (DiGiovanni 1992), and compounds with strong anti-inflammatory activity possess
antitumor promoter activity. Treatment with KRG extract of human leukemia cells decreased the
expression levels of cyclo-oxygenase-2 (COX-2) and inducible NOS (Park et al. 2009), which are
indicators of inflammation related to tumor promotion. In addition, treatment with KRG extract
induced apoptosis of leukemia cells mediated by an inhibition of Bcl-2 and Bcl-X,, and it pro-
gressively downregulated the expression of human telomerase reverse transcriptase by inhibiting
the expression of c-Myc. Ginsenosides Rbl, Rc, Re, Rgl, and Rg3 from P. ginseng were tested
for anti-inflammatory activity (Surh et al. 2002). Rg3 was found to be the most effective in terms
of inhibiting 12-0-tetradecanoylphorbol-13-acetate (TPA)-induced ear edema, COX-2 expression,
and NF-kB activation. One ginsenoside metabolite, 20-0--D-glucopyranosyl-20(S)-PPD, which
is known as C-K, given to ICR mice suppressed COX-2 expression and ornithine decarboxylase
activity induced by TPA (Lee et al. 2005).

The eukaryotic transcriptional factor NF-xB is involved in intracellular signaling pathways
associated with inflammation and carcinogenesis. C-K pretreatment inhibited TPA-induced epi-
dermal NF-xB activity in mouse skin. Antitumor promotional effects of C-K were shown by mark-
edly decreased numbers of papillomas in mouse skin induced by 12-dimethylbenz[a]anthracene
(DMBA). These findings suggest that C-K exerts anti-inflammatory effects by inhibiting TPA-
induced COX-2 expression, which may contribute to its antitumor-promoting effects on mouse
skin carcinogenesis. Ginsenoside Rbl inhibited histamine release and IL-4 production induced by
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substance P, an allergic enhancer, via the extracellular receptor kinase (ERK) pathway (Liao et al.
20006). It was also shown that C-K as a functional ligand of the glucocorticoid receptor regulated
distinct Toll-like receptor 4-mediated inflammatory responses, which suggests a novel therapy for
gram-negative septic shock (Yang et al. 2008).

8.4.3 ANTIMETASTATIC EFFECT AND INHIBITION OF ANGIOGENESIS

Ginsenoside Rg3 inhibited tumor invasion and metastasis of F16 melanoma cells without impairing
cell growth and proliferation of tumor cells (Mochizuki, Yoo, and Matsuzawa 1995). Rg3 inhibited
the metastasis of ovarian cancer; the inhibitory effect is partially due to inhibition of tumor-induced
angiogenesis and the decreased invasive ability and MMP-9 expression of SKOV-3 cells (Xu et al.
2008). Ginsenoside Rg3 significantly inhibited growth and angiogenesis of ovarian cancer when
used alone or combined with cyclophosphamide (CTX; Xu et al. 2007). Another study found that
low-dose CTX combined with Rg3 produced significant antiangiogenic effects, without overt toxic-
ity, because Rg3 is capable of specific blockade of activated endothelial cell survival mechanisms
(Zhang, Kang, and Zhoa 2006). These studies indicated that a ginsenoside Rg3 and CTX combina-
tion reinforced the antitumor effect on each other and improved the living quality and survival time
of mice with tumors. As an antiangiogenic method, this regimen has the advantage of a lowered
susceptibility to drug-resistance mechanisms and improved animal survival. Another ginsenoside,
Rbl, suppressed the formation of endothelial tube-like structures through modulation of pigment
epithelium-derived factors through estrogen B receptors (Leung et al. 2007). These findings dem-
onstrated several novel mechanisms of these ginsenosides that may have value in anticancer and
antiangiogenesis therapy. Ginsenoside 20(S)-PPD inhibited the proliferation and invasion of human
fibrosarcoma HT1080 cells due to downregulation of the expression MMP-2 (Li et al. 2006). A gin-
seng saponin metabolite (C-K) suppressed phorbol ester-induced MMP-9 expression through inhi-
bition of AP-1 and MAP kinase signaling pathways in human astroglioma cells (Jung et al. 2006).
Ginsenoside Rpl, a semisynthesized ginseng saponin, strongly inhibited metastatic lung transfer of
Bl16-melanoma cells by downregulation of Bl-intergrin activation and further directly blocked the
viability of cancer cells (Park, Park et al. 2008).

8.4.4 ANTICARCINOGENIC ACTIVITIES AND SYNERGISTIC EFFECT IN COMBINATION
WITH CHEMICAL THERAPEUTIC AGENTS

Several studies have been conducted to evaluate the inhibitory effect of ginseng on carcinogenesis
induced by various chemical carcinogens. Earlier studies showed that long-term oral administration
of KRG extract inhibited the incidence and the proliferation of tumors induced by 7,12-DMBA,
urethane, and aflatoxin B1 (Yun, Yun, and Han 1983). The chemopreventive potential of ginseng
was evaluated using DMBA-induced skin tumorigenesis (Kumar 1993). There was a marked reduc-
tion not only in tumor incidence but also in cumulative tumor frequency at the initiation phase of
tumorigenesis. Ginsenosides Rg3 and Rg5 showed statistically significant reduction of lung cancer,
and Rh2 tended to decrease the incidence (Yun et al. 2001). Panwar et al. (2005) showed that P.
ginseng extract inhibited lung adenoma induced by benzo[a]pyrene and decreased the frequencies
of chromosomal aberrations and micronuclei. Another study showed that Rh2 had an antiprolifera-
tive effect on human lung adenocarcinoma A549 cells with Gl arrest by downregulation of cyclin
proteins and kinases and further apoptosis mediated by caspase-8 (Cheng et al. 2005). Dietary
administration of KRG suppressed colon carcinogenesis induced by 1, 2-dimethylhydrazine with
inhibition of cell proliferation, acting on aberrant crypt foci in the colon mucosa (Fukushima,
Wanibuchi, and Li 2001). In addition, an anticarcinogenic effect of KRG on the development of
liver cancer induced by diethylnitrosamine in rats was identified in preventive and curative events
(Wu, Zhu, and Li 2001). Ginsenoside Rh2 was shown to inhibit cell growth at low concentrations, to
induce apoptosis at high concentrations, and, interestingly, to act either additively or synergistically
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with chemotherapeutic drugs on cancer cells, especially breast cancer cells to paclitaxel (Jia et al.
2004). Panaxadiol (PD) enhanced the anticancer effects of 5-fluorouracil (5-FU) in human colorec-
tal cancer cells by inducing apoptosis (Li et al. 2009). The enhancement of S-phase arrest and the
increased susceptibility to apoptosis are synergistic effects of PD on 5-FU.

8.4.5 REDUCING MULTIDRUG RESISTANCE

One of the major obstacles to the effective treatment of human malignancy is the acquisition of
broad anticancer drug resistance by tumor cells. This phenomenon is called multidrug resistance.
MDR is a major problem in cancer chemotherapy, and it is correlated with the overexpression of
P-glycoprotein (Pgp) in the plasma membrane of resistant cells (Gotteeman and Pastan 1993).
Ginsenoside Rgl, Re, Rc, and Rd were found to have a moderate inhibitory effect on the drug
efflux pump in MDR mouse lymphoma and to increase intracellular drug accumulation (Molnar
et al. 2000). Ginsenoside Rg3, among several ginseng components, was shown to have the most
potent inhibitory activity on MDR human fibroblast carcinoma KBV20C (Park et al. 1996). Rg3
treatment of drug-resistant KBV20C cells specifically inhibited Pgp-mediated drug accumulation
and further increased life span in mice implanted with adriamycin-resistant murine leukemia P388
cells in vivo (Kim et al. 2003). Subsequent studies demonstrated that Rg3 was cytotoxic against a
multidrug-resistant human fibrocarcinoma KBV20C cells but not against normal WI cells in vitro,
and Rg3 also promoted the accumulation of rhodamine 123 in adriamycin-resistant murine leu-
kemia P388 cells in vivo by mediating decreased membrane fluidity, thereby blocking drug efflux
(Kwon et al. 2008). Another study showed that ginsenoside metabolites Rh2, PPD, and PPT sig-
nificantly enhanced the cytotoxicity of mitoxantrone (MX) to human breast carcinoma and may be
potential inhibitors of breast cancer resistance protein (BCRP) in MCF-7/MX cells, which overex-
press BCRP (Jin et al. 2006).

The protective influence and the complementary therapeutic potential of ginseng for cancer
treatment have been shown by extensive laboratory, preclinical, and epidemiological studies. Two
Korean cohort studies have suggested that ginseng consumers are associated with a 60—70% reduc-
tion in the risk of gastric cancer. However, ginseng consumers in the Shanghai women’s cohort
study showed no beneficial effects on gastric cancer risk (Kamangar et al. 2007). Further careful
evaluation in Asian cohort studies may help clarify ginseng’s effect on gastric carcinogenesis and
other cancers. Additional clinical studies are needed to evaluate the potential beneficial effects of
ginseng on chemoprevention and complementary therapy of cancers.

8.5 REDUCTION OF BLOOD GLUCOSE LEVEL AND IMPROVEMENT
OF DIABETES TREATMENT

Diabetes, affecting almost 3.5% of the world’s population, is one of the major global health prob-
lems. The root of P. ginseng has been used to treat diabetes and has been given as a tonic for chronic
use without adverse effects. More than 90% of patients with diabetes have type 2 diabetes, which
is related to aging, low physical activity, diet, and lifestyle. In this section, we focus the effects of
ginseng on type 2 diabetes rather than type 1 diabetes.

Animal studies support that the roots of P. ginseng and other ginseng species, including American
ginseng, possess antihyperglycemic activity (Kimura et al. 1981; Chung and Choi 2001; Dey et al.
2003). It has been documented that ginseng therapy decreased fasting glucose, lowered body weight
(Sotaniemi, Haapakoski, and Rautio 1995), and increased glucose utilization and insulin regulation
in diabetic patients (Vulksan et al. 2008). Furthermore, American ginseng has the ability to attenu-
ate postprandial glycemia in healthy individuals (Vulksan et al. 2001). Recently, it was observed that
oral administration of P. ginseng root had the ability to improve insulin resistance in rats receiving a
fructose-rich diet (Liu, Liu, and Cheng 2005). These observations suggest that ginseng is beneficial
for patients with type 2 diabetes and for nondiabetic subjects to prevent development of diabetes.

© 2011 by Taylor & Francis Group, LLC



166 Herbal Medicine: Biomolecular and Clinical Aspects

8.5.1 MODULATION OF INSULIN SECRETION

Ginseng might mediate its antidiabetic action through a variety of mechanisms, including actions on
the insulin-secreting pancreatic B-cells and the target tissues that take up glucose (Xie, Mehendale,
and Yuan 2005). Korean white ginseng (KWG) and KRG, one of the heat-processed Korean gin-
sengs, have a long history as herbal remedies with antidiabetic effects. KWG has been reported to
stimulate glucose-induced insulin release from pancreatic islets as a potentiator (Kimura et al. 1981;
Su, Cheng, and Li 2007). The mode of the insulinotropic action of KRG was to act as an initiator
for insulin release, not in a glucose-dependent manner. In general, the heat-processed KRG has
been reported to have more potent pharmacological activities than nonprocessed KWG (Kim et al.
2000). KRG significantly evoked a stimulation of insulin release in normal pancreatic rat islets and
may act by inhibiting the K ,1p channel, thereby depolarizing the B-cells and stimulating Ca>" influx
(Kim and Kim 2008). These findings suggest that P. ginseng has beneficial effects in the treatment
of diabetes at least in part via the stimulation of insulin release.

Antihyperglycemic and antiobese effects of P. ginseng berry extract have been observed; its
major constituent is ginsenoside Re (Attele et al. 2002). Ginsenoside Rg3 enhanced glucose-stim-
ulated insulin secretion (Park, Ha, and Chung 2008) and was further metabolized to ginsenoside
Rh2 by human intestinal bacteria, which seems to be more effective (Bae et al. 2002). Intravenous
injection of ginsenoside Rh2 into rats decreased plasma glucose and increased plasma insulin by
activation of muscarinic M3 receptors in pancreatic B-cells via acetylcholine (ACH) release from
cholinergic terminals (Lee, Kao et al. 2006). PPD ginsenoside potentiated an insulin secretion
stimulated by a low concentration of glucose, and C-K, a final metabolite of PPD ginsenoside,
showed the most potent insulin secretion in pancreatic 3-cells through action on the K ,rp-channel-
dependent pathway. These observations were confirmed in an oral glucose tolerance test in ICR
mice (Han et al. 2007). In db/db mice, multiple administration of C-K showed hypoglycemic effects
and improved glucose tolerance with B-cell preservation. Both Rh2 and C-K appear to have some
therapeutic value for the treatment of diabetes and might be useful candidates for the development
of new antidiabetic drugs.

8.5.2 ConNtroL oF BLoob GLucose LEvEL AND GLUCOSE TRANSPORT

There are numerous reports of ginseng root improving diabetic conditions in both human and ani-
mal studies. In animal studies, orally administrated ginseng root was able to counteract the effect
of high fructose-induced insulin resistance in rats after 4 weeks, decreasing glucose concentration
and inhibiting insulin resistance (Liu, Liu, and Cheng 2005). Ethanol extract of wild ginseng root
prevented weight gain and elevated fasting blood glucose, triglycerides, and high free fatty acid lev-
els in a high fat-induced hyperglycemia mouse model (Yun et al. 2004). Ginsenoside Re decreased
blood glucose, cholesterol, and triglyceride levels as well as decreased oxidative stress in the eye
and kidney of diabetic rats (Cho et al. 2006). It is suggested that ginseng is useful for the preven-
tion of diabetes in healthy people and for improved glycemic control in type 2 diabetes patients
(Luo and Luo 2008). Clinical studies have reported that American ginseng lowers blood glucose
in diabetic patients (Vulksan et al. 2000; Luo, Yano, and Luo 2003). In these studies, both type 2
diabetic patients and nondiabetic subjects were shown to benefit from intake of American ginseng
in terms of stabilizing postprandial glycemia. More studies are required to confirm that ginseng
administration decreases the dietary glycemic index, an indicator of carbohydrate’s ability to raise
blood glucose level.

P. ginseng has been shown to increase glucose transport-2 protein in the liver of normal and
hyperglycemic mice (Lee 1992). Recently, Shang et al. (2008) showed that ginsenoside Rbl stimu-
lated basal and insulin-mediated glucose uptake in a time- and dose-dependent manner in 3T3-L1
adipocytes and C2C12 myotubes. In adipocytes, Rbl promoted GLUT1 and GLUT4 translocation to
the cell membrane and further increased the phosphorylation of insulin receptor substrate-1, protein
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kinase B, and stimulated phosphatidylinositol 3(P13)-kinase activity in the absence of the activation
of the insulin receptor. Ginsenoside Rg3 enhanced glucose-stimulated insulin secretion and AMP-
activated protein kinase (AMPK) in HIT-T15 cells, and further lowered the plasma glucose level by
stimulating insulin secretion in ICR mice associated with ATP-sensitive K* channels (Park, Ha, and
Chung 2008). AMPK is considered a master switch, regulating glucose and lipid metabolism, and
an enzyme that works as a fuel gauge that is activated in conditions of high-energy phosphate deple-
tion. Collectively, the findings provide insight into the hypoglycemic and antidiabetic properties of
ginseng and ginsenosides and their potential to provide beneficial treatment for diabetes.

8.5.3 REeGuULATION OF ADIPOGENIC TRANSCRIPTIONAL FACTOR PPAR-y AND AMPK

Obesity is a major obstacle to human health because it predisposes individuals to various diseases,
such as type 2 diabetes, cardiovascular diseases, and cancer. Two major proteins regulate adipocyte
differentiation: AMPK and the peroxisome proliferator-activated receptor (PPAR; Yin, Mu, and
Birnbaum 2003; Zhang, Lavan, and Greggore 2004). Both AMPK and PPAR-y are major regulatory
proteins involved in both obesity and diabetes. PPAR-y is activated under conditions of adipocyte
differentiation (Nedergaard et al. 2005; Lehrke and Lazar 2005). AMPK plays a role in intracel-
lular energy homeostasis. The AMPK signaling pathway is induced by genistein, epigallocatechin
gallate, and capsaicin and by decreasing 3T3-L1 adipocyte differentiation (Hwang et al. 2005).
Ginsenoside Rh2 effectively inhibited adipocyte differentiation via PPAR-y inhibition and activated
AMPK in 3T3 L1 adipocytes (Hwang et al. 2007). Another study showed that ginsenoside Rbl and
Rgl suppress triglycerides accumulation in 3T3-L1 adipocytes by activating PKA with increased
intracellular cAMP (Park, Ahn et al. 2008). However, the insulin-stimulated glucose uptake was
enhanced by Rbl and Rgl via activation of P13-kinase, and these ginsenosides promoted glucose-
stimulated insulin secretion and cell viability in Min6 cells through PKA, which was associated
with insulin response substrate 2 expression to insulin and insulin-like growth factor 1 signaling.

Some ginsenosides in ginseng improve insulin resistance by decreasing intracellular triglyc-
erides accumulation. Ginsenoside Rbl reduces rat liver triglycerides (Park et al. 2002) and Rh2
decreases triglyceride accumulation through AMPK activation in 3T3-L1 adipocytes (Hwang
et al. 2007). Ginsenoside Rg3 was effective in inhibiting 3T3-L1 adipocyte differentiation through
PPAR-y induction by rosiglitazone and also was effective in activating AMPK (Hwang et al. 2009).
The antiobesity effects of ginseng and ginsenosides Rg3, Rh2, and Rbl may involve the AMPK and
PPAR-vy signaling pathways. Further studies on the connection between the AMPK and PPAR-y
signaling pathways may be desirable to understand the antiobesity qualities of ginseng and its use
in antidiabetic treatment.

8.6 EFFECTS OF GINSENG ON CENTRAL NERVOUS SYSTEM
FUNCTIONS AND DEGENERATIVE DISEASES

Learning is the acquisition and storage of information as a consequence of experience, and memory
is the relatively permanent storage form of the learned information, although it is not a single, uni-
tary phenomenon. Alzheimer’s disease is the predominant age-related neurodegenerative disorder,
and it is known mainly for its progressive memory loss and consequent dementia in the elderly.
Ginsenoside, the active principle in P. ginseng root, has been demonstrated to show both neuro-
trophic effects in memory and learning and neuroprotective actions for the prevention of neuron
degeneration.

8.6.1 LEARNING AND MEMORY

Various memory-impairment models have been used to evaluate the effects of ginseng and its active
ingredients on learning and memory. In passive avoidance test, ginsenoside Rgl improved learning
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and memory acquisition, consolidation, and retrieval, indicating that Rgl can improve all stages of
memory (Zhang et al. 1990). To study the effect of ginsenoside Rgl on learning and memory loss
induced by B-amyloid, passive avoidance and performance in the Morris water maze were assayed
after the final treatment. Ginsenoside Rgl significantly decreased latency and swimming distance,
improved corresponding changes in search strategies in the Morris water maze, and increased step-
through latency (Wang and Zhang 2001). In another study, Rgl significantly improved memory
deficits in aged rats, ovariectomized rats, and cerebral ischemia-reperfusion rats (Qiu et al. 1995;
Chen, Gong, and Zhang 2001). Results showed that ginseng extract and ginsenosides Rgl and Rbl
facilitated acquisition and retrieval of memory. Moreover, these ginsenosides also antagonized
memory loss and cognitive deficit under various pathological conditions, such as cerebral ischemia
and dementia (Qiu et al. 1995).

Among the mechanisms underlying the positive impact on brain aging related to impairment
of cognitive function and memory, ginsenosides might potentiate the cholinergic system in CNS.
ACH is a very important neurotransmitter in the brain, and its scarcity often leads to learning and
memory impairment. Ginsenosides Rgl and Rbl were found to enhance the functions of the cholin-
ergic system by increasing the density of central M-cholinergic receptors and increasing the level
of ACH in the CNS (Zhang et al. 1988). Glutamate, another neurotransmitter, is also important
for learning, memory, and cognitive function. Ginsenosides Rbl and Rgl facilitate the release of
glutamate evoked by 4-aminopyridine, a potassium channel blocker that depolarizes nerve termi-
nals in vitro (Chang et al. 2008), in a manner corresponding to in vivo depolarization (Tibbs et al.
1989). Ginsenosides Rbl and Rgl mediated facilitations of glutamate release are associated with
an enhancement of vesicular exocytosis, an increase in Ca?" influx through presynaptic N- and
P/Q-type voltage-dependent Ca?* channels and protein kinase A, which subsequently enhances Ca?*
entry to cause an increase in evoked glutamate release from rat cortical synaptosomes (Chang et al.
2008). Further study of this group showed that ginsenosides Rbl and Rgl enhanced glutamate exo-
cytosis from rat cortical nerve terminals by affecting vesicle mobilization through the activation of
protein kinase C (Chang and Wang 2008).

8.6.2 NEURODEGENERATIVE DISEASES

Apoptosis is a process by which a cell actively commits suicide under tightly controlled circum-
stances, and it plays a fundamental role in the development of multicellular organisms, maintenance
of homeostasis, and numerous pathophysiological processes. However, defective control of apopto-
sis might play a role in the etiology of cancer, autoimmune diseases, and neurodegenerative disor-
ders. It was first reported that ginsenoside Rgl inhibited apoptosis induced by withdrawing serum
from the culture system of primary cortical neurons (Li, Zhang, and Zhang 1997). An antiapoptotic
effect of Rgl was shown in aged rats in vivo. Further studies demonstrated that mechanisms of
Rgl on apoptosis involved decreasing NO content and NOS activity, reducing intracellular calcium
concentration and enhancing superoxide dismutase activity. Li et al. (1997) found that both NOS
expression and the activity of NOS were elevated significantly in aged rats, which leads to increased
NO concentration in rat cortex. NO played a role in the acceleration of senescence, and the inhibi-
tory effect of Rgl on NOS activity may be related to its antiaging function. Other studies on the
antiapoptotic effect of Rgl on neurons suggest that the effect of Rgl may contribute to enhancing
the ratio of Bcl-2 to Bax protein and inhibiting activation of caspase-3 (Chen et al. 2002).

Among 11 ginsenosides (Rbl, Rb2, Re, Rd, Re, Rf, Rgl, Rg2, Rg3, Rhl, and Rh2), Rg3 was the
most effective ginsenoside in terms of inhibitory activity of N-methyl-D-aspartic acid (NMDA)
on hippocampal neurons (Kim, Kim et al. 2004). Selective blockers of the active glycine site on
NMDA receptors are considered to be promising therapeutics that may decrease the devastating
effects of excitotoxicity (Lee, Zipfel, and Choi 1999). It was demonstrated that ginsenoside Rg3
significantly protects neurons from NMDA-induced neurotoxicity by blocking the glycine-binding
site. Homocysteine could exert its excitotoxicity through NMDA receptor activation. It was shown
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that ginsenoside Rg3 significantly and dose-dependently inhibits homocysteine-induced hippocam-
pal cell death. Ginsenoside Rg3 not only significantly lowered homocysteine-induced DNA damage,
but also in vitro attenuated caspase-3 activity in a dose-dependent manner (Kim, Cho et al. 2007).
Furthermore, it was also demonstrated that Rg3 dose-dependently inhibits homocysteine-induced
increase of intracellular Ca?* levels. In addition, ginsenoside Rg3 dose-dependently inhibited homo-
cysteine-induced currents in Xenopus oocytes expressing NMDA receptors (Kim, Cho et al. 2007).
These results collectively suggest that ginsenoside Rg3 protects from homocysteine-induced neu-
rotoxicity in rat hippocampus; this effect is likely to be due to inhibition of homocysteine-mediated
activation of NMDA receptors.

Ginsenoside Rh2 was identified as an active ingredient of ginseng that can act at the hippo-
campal NMDA receptors (Lee, Kim et al. 2006), but its neuroprotective activity came from an in
vivo experiment showing that at 100 mg/kg p.o., ginsenoside Rh2 protects brain from ischemia-
reperfusion injury (Park et al. 2004). These results indicate that ginsenoside Rg3 protects neurons
in vitro from NMDA-induced neurotoxicity and in vivo ginsenoside Rh2 protects from ischemia-
reperfusion brain injury. The neuroprotective activity of these ginsenosides can be attributed to the
specific inhibition of NMDA-induced receptor activation.

Alzheimer’s disease, characterized microscopically by the deposition of amyloid plaques and
formation of neurofibrillary tangles in the brain, has become the most common cause of senile
dementia. Loss of cholinergic neurons along with muscarinic ACH receptors in the cerebral cortex
and hippocampus is closely associated with Alzheimer’s disease. It was reported that Rg3 effectively
decreased inflammatory cytokine expression in Abetad42-treated murine BV-2 microglial cells,
inhibited the binding of NF-kB p65 to its DNA consensus sequences, and significantly decreased
expression of TNF-o in activated microglia. Results suggest that inhibition of the inflammatory rep-
ertoire of microglia, neuroprotection, and increased macrophage scavenger receptor type A expres-
sion induced by Rg3 may at least partly explain its therapeutic effects in chronic neurodegenerative
diseases (Joo et al. 2008). In addition, the effect of ginsenoside Rg3 on the metabolism of Abeta40
and Abetad42 was investigated in SK-N-SH cells transfected with Swedish mutant 3-amyloid pre-
cursor protein (Yang et al. 2009). The results of enzyme-linked immunosorbent assay (ELISA) and
Western blot analysis showed that Rg3 significantly lowered levels of Abeta40 and Abeta42, leading
to the suggestion that Rg3 would be useful for treating patients suffering from Alzheimer’s disease
(Yang et al. 2009).

Pituitary adenylate cyclase-activating polypeptide (PACAP) is introduced as a neurotrophic
factor to promote cell survival. Ginsenoside Rh2 stimulated PACAP gene expression and cell pro-
liferation in type 1 rat brain astrocytes (RBA1) cells and ameliorated the RBA1 growth inhibition
of Abeta. These results suggested that Rh2 can induce an increase in PACAP to activate PAC1 and
thereby lead to attenuating Abeta-induced toxicity (Shieh et al. 2008). Thus, it is suggested that
ginseng is useful in the prevention of age-related neurodegenerative diseases such as dementia.

To summarize this section, ginsenosides Rgl, Rbl, Rg3, and Rh2 were shown to be effective in
potentiating learning and memory acquisition, enhancing releases of ACH and glutamate, inhibit-
ing apoptosis, and protecting neurons from neurotoxic insults. Ginsenosides Rg3 and Rh2 were
particularly effective in protecting CNS, preventing neurodegenerative diseases, and might also be
useful in the treatment of Alzheimer’s disease.

8.7 SUMMARY AND RESEARCH NEEDS

Ginseng has been widely used as a folk medicine in East Asian countries for thousands of years,
mainly as a general tonic and adaptogen to maintain the body’s resistance to adverse factors and
homeostasis, including improving physical and sexual function, general vitality, and antiaging.
Ginseng and ginsenosides seem to be beneficial for immunity, cancer, diabetes, CNS functions,
and other conditions. Although a single ginsenoside is demonstrated to be beneficial regarding
some effects or conditions, it remains to be determined whether a single component or mixtures
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of components derived from ginseng can maximize benefit across several diseases and conditions.
Therefore, more research works concerning the structure—activity relationship between ginseng
constituents, acting individually or synergistically in a mixture, are required for predicting and
ensuring physiological and pharmacological efficacy. In addition, as many steps must be taken to
standardize the usage of ginseng root through isolating specific ginsenosides, the formulated stan-
dardization of ginseng extract and ginsenoside isolation is clearly required to have constant results
and desirable efficacy in animal and human experiments. Finally, large-scale, controlled clinical
studies are needed to validate the results in terms of their applicability to humans to extend those
reported experiments that have been performed using animal models.
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9.1 INTRODUCTION

Ganoderma lucidum, an oriental fungus (Figure 9.1), has a long history of use for promoting health
and longevity in China, Japan, and other Asian countries. It is a large, dark mushroom with a glossy
exterior and a woody texture. The Latin word lucidus means “shiny” or “brilliant” and refers to
the varnished appearance of the surface of the mushroom. In China, G. lucidum is called lingzhi,
whereas in Japan the name for the Ganodermataceae family is reishi or mannentake.

In Chinese, the name lingzhi represents a combination of spiritual potency and essence of
immortality, and is regarded as the “herb of spiritual potency,” symbolizing success, well-being,
divine power, and longevity. Among cultivated mushrooms, G. lucidum is unique in that its phar-
maceutical rather than nutritional value is paramount. A variety of commercial G. lucidum products
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FIGURE 9.1 (See color insert.) The lingzhi mushroom (Ganoderma lucidum). (Courtesy of North American
Reishi/Nammex. With permission.)

are available in various forms, such as powders, dietary supplements, and tea. These are produced
from different parts of the mushroom, including mycelia, spores, and fruit body. The specific appli-
cations and attributed health benefits of lingzhi include control of blood glucose levels, modulation
of the immune system, hepatoprotection, bacteriostasis, and more. The various beliefs regarding the
health benefits of G. lucidum (Figure 9.2) are based largely on anecdotal evidence, traditional use,
and cultural mores. However, recent reports provide scientific support to some of the ancient claims
of the health benefits of lingzhi.

9.2 HISTORY: LINGZHI AS A MEDICINAL MUSHROOM

Lingzhi has been recognized as a medicinal mushroom for over 2000 years, and its powerful
effects have been documented in ancient scripts (Wasser 2005). The proliferation of G. lucidum
images in art began in 1400 AD, and they are associated with Taoism (McMeekin 2005). However,
G. lucidum images extended beyond religion and appeared in paintings, carvings, furniture, and
even women’s accessories (Wasser 2005). The first book wholly devoted to the description of herbs
and their medicinal value was Shen Nong Ben Cao Jing, written in the Eastern Han dynasty of
China (25-220 AD). This book is also known as “Classic of the Materia Medica” or “Shen-nong’s
Herbal Classics.” It describes botanical, zoological, and mineral substances, and was composed in
the second century under the pseudonym of Shen-nong (“the holy farmer”; Zhu, 1998). The book,
which has been continually updated and extended, describes the beneficial effects of several mush-
rooms with a reference to the medicinal mushroom G. lucidum (Zhu, 1998; Upton 2000; Sanodiya
et al. 2009). In the Supplement to Classic of Materia Medica (502-536 AD) and the Ben Cao
Gang Mu by Li Shin-Zhen, which is considered to be the first pharmacopoeia in China (1590 AD;
Ming dynasty), the mushroom was attributed with therapeutic properties, such as tonifying effects,
enhancing vital energy, strengthening cardiac function, increasing memory, and antiaging effects.
According to the State Pharmacopoeia of the People’s Republic of China (2000), G. lucidum acts
to replenish Qi, ease the mind, and relieve cough and asthma, and it is recommended for dizziness,
insomnia, palpitation, and shortness of breath.

Wild lingzhi is rare, and in the years before it was cultivated, only the nobility could afford it.
It was believed that the sacred fungus grew in the home of the immortals on the “three aisles of the
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FIGURE 9.2 Postulated health benefits of lingzhi (Ganoderma lucidum).

blest” off the coast of China (McMeekin 2005). However, its reputation as a panacea may have been
earned more by virtue of its irregular distribution, rarity, and use by the rich and privileged mem-
bers of Chinese society than by its actual effects. Nevertheless, the Ganoderma species continue to
be a popular traditional medicine in Asia and their use is growing throughout the world (Wachtel-
Galor, Buswell et al. 2004; Lindequist, Niedermeyer, and Jiilich 2005).

9.3 TAXONOMY

The family Ganodermataceae describes polypore basidiomycetous fungi having a double-walled
basidiospore (Donk 1964). In all, 219 species within the family have been assigned to the genus
Ganoderma, of which G. lucidum (W. Curt.: Fr.) P. Karsten is the species type (Moncalvo 2000).
Basidiocarps of this genus have a laccate (shiny) surface that is associated with the presence of thick-
walled pilocystidia embedded in an extracellular melanin matrix (Moncalvo 2000). Ganoderma
species are found all over the world, and different characteristics, such as shape and color (red, black,
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blue/green, white, yellow, and purple) of the fruit body, host specificity, and geographical origin, are
used to identify individual members of the species (Zhao and Zhang 1994; Woo et al. 1999; Upton
2000). Unfortunately, the morphological characteristics are subject to variation resulting from, for
example, differences in cultivation in different geographical locations under different climatic con-
ditions and the natural genetic development (e.g., mutation, recombination) of individual species.
Consequently, the use of macroscopic characteristics has resulted in a large number of synonyms
and a confused, overlapping, and unclear taxonomy for this mushroom. Some taxonomists also con-
sider macromorphological features to be of limited value in the identification of Ganoderma species
due to its high phenotypic plasticity (Ryvarden 1994; Zhao and Zhang 1994). More reliable morpho-
logical characteristics for Ganoderma species are thought to include spore shape and size, context
color and consistency, and the microanatomy of the pilear crust. Chlamydospore production and
shape, enzymatic studies and, to a lesser extent, the range and optima of growth temperatures have
also been used for differentiating morphologically similar species (Gottlieb, Saidman, and Wright
1998; Moncalvo 2000; Saltarelli et al. 2009). Biochemical, genetic, and molecular approaches
have also been used in Ganoderma species taxonomy. Molecular-based methodologies adopted for
identifying Ganoderma species include recombinant (rDNA) sequencing (Moncalvo et al. 1995;
Gottlieb, Ferref, and Wright 2000), random amplified polymorphic DNA-PCR (RAPD; PCR stands
for polymerase chain reaction), internal transcribed spacer (ITS) sequences (Hseu et al. 1996),
sequence-related amplified polymorphism (SRAP; Sun et al. 2006), enterobacterial repetitive inter-
genic consensus (ERIC) elements, and amplified fragment length polymorphism (AFLP; Zheng
et al. 2009). Other approaches to the problem of G. lucidum taxonomy include nondestructive near-
infrared (NIR) methods combined with chemometrics (Chen et al. 2008), nuclear magnetic reso-
nance (NMR)-based metabolomics (Wen et al. 2010), and high-performance liquid chromatography
(HPLC) for generating chemical fingerprints (Su et al. 2001; Chen et al. 2008; Shi, Zhang et al.
2008; Chen et al. 2010).

9.4 CULTIVATION, GLOBAL USE, AND MANUFACTURE OF PRODUCTS

Owing to its irregular distribution in the wild and to an increasing demand for G. lucidum as a
medicinal herb, attempts were made to cultivate the mushroom (Chang and Buswell 2008). Different
members of the Ganoderma genus need different conditions for growth and cultivation (Mayzumi,
Okamoto, and Mizuno 1997). Moreover, different types are favored in different geographical
regions. For example, in South China, black G. lucidum is popular, whereas red G. lucidum is pre-
ferred in Japan. G. lucidum thrives under hot and humid conditions, and many wild varieties are
found in the subtropical regions of the Orient. Since the early 1970s, cultivation of G. lucidum has
become a major source of the mushroom. Artificial cultivation of G. lucidum has been achieved
using substrates such as grain, sawdust, wood logs (Chang and Buswell 1999; Wasser 2005; Boh
et al. 2007), and cork residues (Riu, Roig, and Sancho 1997).

Since it takes several months to culture the fruiting body of G. lucidum, mycelia-based and
culture broth—based products have assumed greater importance due to demands for increased qual-
ity control and year-round production (Sanodiya et al. 2009). The processes and different growth
parameters (e.g., temperature, pH) involved in submerged mycelial culture can easily be standard-
ized under controlled conditions, and purification and other downstream processing of active com-
ponents such as polysaccharides released into the culture medium usually involve relatively simple
procedures. Different culture conditions and medium compositions have also been reported to
strongly influence mycelial growth and the production of biopolymers (e.g., polysaccharides) that
are extruded from the cell (exopolysaccharides [EPSs]; Mayzumi, Okamoto, and Mizuno 1997;
Chang and Buswell 1999; Habijanic and Berovic 2000; Fang and Zhong 2002; Boh et al. 2007,
Sanodiya et al. 2009). For example, Yang and Liau (1998) reported that polysaccharide production
by fermenter-grown mycelia of G. lucidum was optimum at 30°C-35°C and a pH of 4-4.5, and
the addition of supplements such as fatty acids was found to accelerate mycelial growth and the
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production of bioactive components. In a submerged culture of G. lucidum, the optimum pH for cell
growth has been shown to be lower than that for EPS formation. A two-stage pH-control strategy,
developed to maximize mycelial biomass and EPS production, revealed that culture pH had a sig-
nificant effect on EPS yield, chemical composition and molecular weight, and mycelial morphology
(Kim, Park, and Yun 2006). The productive mycelial morphological form for EPS production was a
dispersed pellet (controlled pH shift from 3.0 to 6.0) rather than a compact pellet with a dense core
(pH maintained at 4.5) or a featherlike pellet (controlled pH shift from 6.0 to 3.0). Three different
polysaccharides were obtained under each pH condition, and their molecular weights and chemi-
cal compositions were significantly different (Kim, Park, and Yun 2006). More recently, a novel
three-stage light irradiation strategy has been developed in submerged cultures of G. lucidum for
the efficient production of polysaccharides and one of the triterpene components, ganoderic acid
(Zhang and Tang 2008).

A decade ago, more than 90 brands of G. lucidum products were registered and marketed
internationally (Lin 2000). Worldwide consumption is now estimated at several thousand tonnes,
and the market is growing rapidly. Although there are no recently published data relating to the
total world market value of ganoderma products, in 1995, the total estimated annual market value
given by different commercial sources was US$1628 million (Chang and Buswell 1999). Numerous
G. lucidum products, prepared from different parts of the mushroom, are currently available on
the market (Chang and Buswell 2008). In manufacturing terms, the simplest type consists of intact
fruiting bodies ground to powder and then processed to capsule or tablet form. Other “nonextracted”
products are prepared from the following three sources: (1) dried and powdered mycelia harvested
from submerged liquid cultures grown in fermentation tanks; (2) dried and powdered combinations
of substrate, mycelia, and mushroom primordia, following inoculation and incubation of a semi-
solid medium with fungal mycelia; and (3) intact fungal spores or spores that have been broken by
mechanical means or have had the spore walls removed. Although spore preparations have been
researched and promoted vigorously in recent years, any added medicinal effects attributable to
the removal or breakage of spore walls, which represents an additional and often costly step in the
production process, are still controversial. Other products are prepared with materials (e.g., polysac-
charides, triterpenes) extracted, usually with hot water or ethanol, from fruiting bodies or mycelia
harvested from submerged liquid cultures and then evaporated to dryness and tabulated/encapsulated
either separately or integrated together in designated proportions. The adoption of supercritical fluid
CO, extraction technologies has enlarged the spectrum of extracted substances due to the low tem-
perature required during processing. Several other products have been prepared as binary, ternary
or more complex mixtures of powdered ganoderma and other mushrooms (e.g., Lentinula edodes,
Agaricus brasiliensis, Grifola frondosa, Pleurotus spp., and Flammulina velutipes) and even with
other medicinal herbs (e.g., spirulina powder or flower pollen grains).

9.5 MAJOR BIOACTIVE COMPONENTS

Most mushrooms are composed of around 90% water by weight. The remaining 10% consists of
10-40% protein, 2—-8% fat, 3-28% carbohydrate, 3-32% fiber, 8—10% ash, and some vitamins
and minerals, with potassium, calcium, phosphorus, magnesium, selenium, iron, zinc, and copper
accounting for most of the mineral content (Borchers et al. 1999). In a study of the nonvolatile com-
ponents of G. lucidum, it was found that the mushroom contains 1.8% ash, 26-28% carbohydrate,
3-5% crude fat, 59% crude fiber, and 7-8% crude protein (Mau, Lin, and Chen 2001).

In addition to these, mushrooms contain a wide variety of bioactive molecules, such as ter-
penoids, steroids, phenols, nucleotides and their derivatives, glycoproteins, and polysaccharides.
Mushroom proteins contain all the essential amino acids and are especially rich in lysine and leu-
cine. The low total fat content and high proportion of polyunsaturated fatty acids relative to the total
fatty acids of mushrooms are considered significant contributors to the health value of mushrooms
(Chang and Buswell 1996; Borchers et al. 1999; Sanodiya et al. 2009).
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Polysaccharides, peptidoglycans, and triterpenes are three major physiologically active constitu-
ents in G. lucidum (Boh et al. 2007; Zhou et al. 2007). However, the amount and percentage of
each component can be very diverse in natural and commercial products, as exemplified by the
data shown in Table 9.1. When 11 randomly selected samples of commercial lingzhi products pur-
chased in Hong Kong shops were evaluated for the two major active components, triterpenes and
polysaccharides, it was found that the triterpene content ranged from undetectable to 7.8% and the
polysaccharide content varied from 1.1-5.8% (Chang and Buswell 2008). Such variations can occur
for several reasons, including differences in the species or strains of mushroom used and differences
in production methods.

9.5.1 POLYSACCHARIDES AND PEPTIDOGLYCANS

Fungi are remarkable for the variety of high-molecular-weight polysaccharide structures that
they produce, and bioactive polyglycans are found in all parts of the mushroom. Polysaccharides
represent structurally diverse biological macromolecules with wide-ranging physiochemical
properties (Zhou et al. 2007). Various polysaccharides have been extracted from the fruit body,
spores, and mycelia of lingzhi; they are produced by fungal mycelia cultured in fermenters and
can differ in their sugar and peptide compositions and molecular weight (e.g., ganoderans A, B,
and C). G. lucidum polysaccharides (GL-PSs) are reported to exhibit a broad range of bioactivi-
ties, including anti-inflammatory, hypoglycemic, antiulcer, antitumorigenic, and immunostimu-
lating effects (Miyazaki and Nishijima 1981; Hikino et al. 1985; Tomoda et al. 1986; Bao et al.
2001; Wachtel-Galor, Buswell et al. 2004). Polysaccharides are normally obtained from the
mushroom by extraction with hot water followed by precipitation with ethanol or methanol, but
they can also be extracted with water and alkali. Structural analyses of GL-PSs indicate that
glucose is their major sugar component (Bao et al. 2001; Wang et al. 2002). However, GL-PSs
are heteropolymers and can also contain xylose, mannose, galactose, and fucose in different
conformations, including 1-3, 1-4, and 1-6-linked B and o-D (or L)-substitutions (Lee, Lee,
and Lee 1999; Bao et al. 2002). Branching conformation and solubility characteristics are said
to affect the antitumorigenic properties of these polysaccharides (Bao et al. 2001; Zhang, Zhang,

TABLE 9.1
Comparison of Triterpene and Polysaccharide Contents of 11 Commercial Lingzhi
(G. lucidum) Products Currently Available on the Market

Nature of Product Triterpenes (%) Polysaccharide (%)
A (fruit body extract) 1.36 4.48
B (fruit body extract) 2.36 5.32
C (fruit body extract) 1.88 15.70
D (fruit body extract) 1.06 10.97
E (fruit body extract) 0.44 7.51
F (fruit body extract) 1.78 6.18
G (fruit body extract) 1.44 13.30
H (fruit body extract) 0.50 15.80
I (fruit body extract) 7.82 7.66
J (fruit body powder) 0.46 1.10
K (mycelium powder) Undetectable 12.78

Source: Reproduced from Chang, S. T., and J. A. Buswell. 2008. Safety, quality control and regulational aspects relating to
mushroom nutriceuticals. Proc. 6th Intl. Conf. Mushroom Biology and Mushroom Products, 188-95. Krefeld,
Germany: GAMU Gmbh. With permission.
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and Chen 2001). The mushroom also consists of a matrix of the polysaccharide chitin, which
is largely indigestible by the human body and is partly responsible for the physical hardness
of the mushroom (Upton 2000). Numerous refined polysaccharide preparations extracted from
G. lucidum are now marketed as over-the-counter treatment for chronic diseases, including can-
cer and liver disease (Gao et al. 2005).

Various bioactive peptidoglycans have also been isolated from G. lucidum, including G. lucidum
proteoglycan (GLPG; with antiviral activity; Li, Liu and Zhao 2005), G. lucidum immunomodulat-
ing substance (GLIS; Ji et al. 2007), PGY (a water-soluble glycopeptide fractionated and purified
from aqueous extracts of G. lucidum fruit bodies; Wu and Wang 2009), GL-PS peptide (GL-PP; Ho
et al. 2007), and F3 (a fucose-containing glycoprotein fraction; Chien et al. 2004).

9.5.2  TRITERPENES

Terpenes are a class of naturally occurring compounds whose carbon skeletons are composed of
one or more isoprene Cs units. Examples of terpenes are menthol (monoterpene) and [3-carotene
(tetraterpene). Many are alkenes, although some contain other functional groups, and many are
cyclic. These compounds are widely distributed throughout the plant world and are found in pro-
karyotes as well as eukaryotes. Terpenes have also been found to have anti-inflammatory, antitumor-
igenic, and hypolipidemic activity. Terpenes in Ginkgo biloba, rosemary (Rosemarinus officinalis),
and ginseng (Panax ginseng) are reported to contribute to the health-promoting effects of these
herbs (Mahato and Sen 1997; Mashour, Lin, and Frishman 1998; Haralampidis, Trojanowska, and
Osbourn 2002).

Triterpenes are a subclass of terpenes and have a basic skeleton of C,,. In general, triterpenoids
have molecular weights ranging from 400 to 600 kDa and their chemical structure is complex and
highly oxidized (Mahato and Sen 1997; Zhou et al. 2007). Many plant species synthesize triterpenes
as part of their normal program of growth and development. Some plants contain large quantities
of triterpenes in their latex and resins, and these are believed to contribute to disease resistance.
Although hundreds of triterpenes have been isolated from various plants and terpenes as a class
have been shown to have many potentially beneficial effects, there is only limited application of tri-
terpenes as successful therapeutic agents to date. In general, very little is known about the enzymes
and biochemical pathways involved in their biosynthesis.

In G. lucidum, the chemical structure of the triterpenes is based on lanostane, which is a metabo-
lite of lanosterol, the biosynthesis of which is based on cyclization of squalene (Haralampidis,
Trojanowska, and Osbourn 2002). Extraction of triterpenes is usually done by means of methanol,
ethanol, acetone, chloroform, ether, or a mixture of these solvents. The extracts can be further
purified by various separation methods, including normal and reverse-phase HPLC (Chen et al.
1999; Su et al. 2001). The first triterpenes isolated from G. lucidum are the ganoderic acids A and
B, which were identified by Kubota et al. (1982). Since then, more than 100 triterpenes with known
chemical compositions and molecular configurations have been reported to occur in G. lucidum.
Among them, more than 50 were found to be new and unique to this fungus. The vast majority are
ganoderic and lucidenic acids, but other triterpenes such as ganoderals, ganoderiols, and ganoder-
mic acids have also been identified (Nishitoba et al. 1984; Sato et al. 1986; Budavari 1989; Gonzalez
et al. 1999; Ma et al. 2002; Akihisa et al. 2007; Zhou et al. 2007; Jiang et al. 2008; Chen et al. 2010).
Examples of triterpenes are shown in Figure 9.3.

G. lucidum is clearly rich in triterpenes, and it is this class of compounds that gives the herb its
bitter taste and, it is believed, confers on it various health benefits, such as lipid-lowering and anti-
oxidant effects. However, the triterpene content is different in different parts and growing stages of
the mushroom. The profile of the different triterpenes in G. lucidum can be used to distinguish this
medicinal fungus from other taxonomically related species, and can serve as supporting evidence
for classification. The triterpene content can also be used as a measure of quality of different gano-
derma samples (Chen et al. 1999; Su et al. 2001)

© 2011 by Taylor & Francis Group, LLC



182 Herbal Medicine: Biomolecular and Clinical Aspects

Lanosterol Ganoderic acid B

COOH CH,OH

OH' ~OH

Lucidenic acid B Ganoderiol A

FIGURE 9.3 Chemical structure of lanosterol and three of the many triterpenes isolated from Ganoderma
lucidum. (From Kubota, T., Y. Asaka, I. Miura, and H. Mori. 1982. Helv Chim Acta 65:611-9; Nishitoba,
T., H. Sato, T. Kasai, H. Kawagishi, and S. Sakamura. 1984. Agric Biol Chem 48:2905-7; Sato, H., T. Nishitoba,
S. Shirasu, K. Oda, and S. Sakamura. 1986. Agric Biol Chem 50:2887-90; Budavari, S. 1989. The Merck
Index. 11 ed, 845. New Jersey: Merck & Co., INC. With permission.)

9.5.3 OTHER COMPONENTS

Elemental analysis of log-cultivated fruit bodies of G. lucidum revealed phosphorus, silica, sulfur,
potassium, calcium, and magnesium to be their main mineral components. Iron, sodium, zinc, cop-
per, manganese, and strontium were also detected in lower amounts, as were the heavy metals lead,
cadmium, and mercury (Chen et al. 1998). Freeze-dried fruit bodies of unidentified Ganoderma
spp. collected from the wild were reported to have a mineral content of 10.2%, with potassium,
calcium, and magnesium as the major components (Chiu et al. 2000). Significantly, no cadmium or
mercury was detected in these samples. G. lucidum can also contain up to 72 pg/g dry weight of
selenium (Se; Falandysz 2008) and can biotransform 20-30% of inorganic selenium present in the
growth substrate into selenium-containing proteins (Du et al. 2008).

Some attention has been given to the germanium content of Ganoderma spp. Germanium was
fifth highest in terms of concentration (489 Lg/g) among the minerals detected in G. lucidum fruit
bodies collected from the wild (Chiu et al. 2000). This mineral is also present in the order of
parts per billion in many plant-based foods, including ginseng, aloe, and garlic (Mino et al. 1980).
Although germanium is not an essential element, at low doses, it has been credited with immu-
nopotentiating, antitumor, antioxidant, and antimutagenic activities (Kolesnikova, Tuzova, and
Kozlov 1997). However, although the germanium content of G. lucidum has been used to promote
G. lucidum-based products, there is no firm evidence linking this element with the specific health
benefits associated with the mushroom.

G. lucidum contains some other compounds that may contribute to its reported medicinal effect,
such as proteins and lectins. The protein content of dried G. lucidum was found to be around 7-8%,
which is lower than that of many other mushrooms (Chang and Buswell 1996; Mau, Lin, and Chen
2001). Bioactive proteins are reported to contribute to the medicinal properties of G. lucidum,
including LZ-8, an immunosuppressive protein purified from the mycelia (Van Der Hem et al.
1995); a peptide preparation (GLP) exhibiting hepatoprotective and antioxidant activities (Sun, He,
and Xie 2004; Shi, Sun et al. 2008); and a 15-kDa antifungal protein, ganodermin, which is isolated
from G. lucidum fruiting bodies (Wang and Ng. 2006).

The carbohydrate and crude fiber content of the dried mushroom was examined and found to
be 26-28% and 59%, respectively (Mau, Lin, and Chen 2001). Lectins were also isolated from
the fruit body and mycelium of the mushroom (Kawagishi et al. 1997), including a novel 114-kDa
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hexameric lectin, which was revealed to be a glycoprotein having 9.3% neutral sugar and showing
hemagglutinating activity on pronase-treated human erythrocytes (Thakur et al. 2007). Lectins
(from the Latin word legere, which means to pick up, choose) are nonenzymatic proteins or gly-
coproteins that bind carbohydrates. Many species of animals, plants, and microorganisms produce
lectins, and they exhibit a wide range of functions. In animals, for example, lectins are involved in a
variety of cellular processes and the functioning of the immune system (Wang, Ng, and Ooi 1998).

Other compounds that have been isolated from G. lucidum include enzymes such as metal-
loprotease, which delays clotting time; ergosterol (provitamin D,); nucleosides; and nucleotides
(adenosine and guanosine; Wasser 2005; Paterson 2006). Kim and Nho (2004) also described the
isolation and physicochemical properties of a highly specific and effective reversible inhibitor of
o-glucosidase, SKG-3, from G. lucidum fruit bodies. Furthermore, G. lucidum spores were reported
to contain a mixture of several long-chain fatty acids that may contribute to the antitumor activity
of the mushroom (Fukuzawa et al. 2008).

9.6 THERAPEUTIC APPLICATIONS

The combination of benefit without toxicity represents the desired end result in the development of
effective therapeutic interventions. G. lucidum has been used for hundreds of years as a health promo-
tion and treatment strategy; there are now many published studies that are based on animal and cell-
culture models and on in vitro assessment of the health effects of G. lucidum, and there are also some
reports of human trials in the field. However, there is no cohesive body of research, and the objective
evaluation of this traditional therapy in terms of human health remains to be clearly established. In
Sections 9.6.1 through 9.6.6, studies on the properties of G. lucidum in relation to cancer (which has
attracted the most interest), viral and bacterial infection, diabetes, and liver injury are discussed.

9.6.1 CANCER

G. lucidum is a popular supplement taken by healthy individual to boost the immune system and by
cancer patients along with conventional therapies. In this section, the scientific studies of G. lucidum
on its anticancer properties are summerized.

9.6.1.1 Introduction

Cancer is a worldwide leading cause of death, and despite comprehensive advances in the early
diagnosis of the disease and chemotherapy, it remains a major clinical challenge (WHO 2008). As
part of searching for new chemopreventive and chemotherapeutic agents, hundreds of plant spe-
cies, including mushrooms, have been evaluated. This has resulted in the isolation of thousands of
bioactive molecules that were shown to have antitumor activity from numerous mushroom species,
including Ganoderma species (Wasser and Weis 1999; Borchers et al. 2008). In G. lucidum, a large
number of chemical compounds can be extracted from the fruiting body, mycelia, or spores. Many
polysaccharides and triterpenes, the two major groups of components in the mushroom, exhibit
chemopreventive and/or tumoricidal effects, as proved by numerous studies from in vitro experi-
ments and animal and human in vivo studies (Yuen and Gohel 2005; Zaidman et al. 2005). Tumor-
implanted animal models have shown inhibitory effects on angiogenesis and metastasis. However,
evidence from well-designed human trials is still scarce.

9.6.1.2 In Vitro Anticancer Activities

Tomasi et al. (2004) tested 58 basidiomycetes mushrooms, of which G. lucidum was shown to
be the most effective in killing cancer cells. G. lucidum induced cell-cycle arrest and apoptosis
in various human and rodent tumor cells, including murine lymphocytic leukemia L1210 and
Lewis lung carcinoma (LLC; Min et al. 2000; Tomasi et al. 2004), mouse reticulocyte sarcoma
L-IT (Liu et al. 2002), murine sarcoma Meth-A (Min et al. 2000; Gao, Min et al. 2002) and S180
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(Gao, Min et al. 2002; Liu et al. 2002), human leukemia HL-60 (Muller et al. 2006; Kim et al. 2007,
Fukuzawa et al. 2008; Liu et al. 2009) and U937, K562, Blin-1, Nalm-6, RPMI8226 (Muller et al.
2006; Shang et al. 2009), human hepatoma PLC/PRF/5, KB (Lin et al. 2003), HepG2 (Liu et al.
2009; Weng et al. 2009), Hep3B (Chung et al. 2001), Huh-7 (Lin et al. 2003; Li, Chan et al. 2005),
human liver tumor SMMC7721 (Tang et al. 2006), human breast cancer MDA-MB-123 (Jiang et al.
2008; Liu et al. 2009; Zhao et al. 2010), MCF-7 (Jiang, Slivova, and Sliva 2006; Liu et al. 2009;
Shang et al. 2009), T-47D (Gao, Min et al. 2002) and MT-1 (Wu et al. 2006; Xie et al. 2009),
human prostate cancer PC-3 (Jiang et al. 2004; Evans et al. 2009), human cervix uteri tumor Hela
(Liu et al. 2002; Tang et al. 2006; Shang et al. 2009), human ovarian cancer SKOV4 (Shang et al.
2009), human colonic cancer HT-29 (Hong et al. 2004) and SW480 (Xie et al. 2006), human lung
carcinoma PG (Cao and Lin 2006; Cao, Lin, and Wang 2007) and 95-D (Tang et al. 2006), human
small-cell lung carcinoma NCI-H69 and multidrug-resistant strain VPA (Sadava et al. 2009), low-
grade bladder cancer MTC-11 (Lu et al. 2004), and human uroepithelial HUC-PC (Yuen, Gohel,
and Au 2008) cells.

Through the regulation of expression of different signals, tumor cells were arrested by G. lucidum
at different points of cell cycle, for example, breast at GO/G1 phase; lung at G1 phase; liver at G1/G2
phase; and bladder, prostate, and leukemia at G2 phase. A selenium-enriched extract of G. lucidum
mycelia was shown to induce G1/S phase arrest in human erythroid chronic myeloid leukemia K562
cells (Shang et al. 2009). Another extract induced GO/G1 phase arrest in estrogen-dependent breast
MCF-7 cells through the downregulation of estrogen-o. receptor and serine/threonine-specific pro-
tein kinase Akt/nuclear factor kB (NF-kB) signaling (Jiang, Slivova, and Sliva 2006). In various
human cancer cell lines, extracts of G. lucidum were shown to suppress the progression of the G1
phase in cell cycle, and apoptosis was confirmed by using terminal deoxynucleotidyl transferase
dUTP nick and labeling (TUNEL) assay (Liu et al. 2009). Many of these activities were accompa-
nied by apoptosis. Cao and Lin (2006) demonstrated that a fraction of GL-PP decreased the anti-
apoptotic protein Bcl-2 expression and increased the proapoptotic protein Bax expression in human
umbilical cord vascular endothelial cells (HUVECs). A triterpene-rich extract from G. lucidum
induced progressive apoptosis in the premalignant HUC-PC cell line by increasing the early apop-
tosis marker annexin-V within 3 hours. Half the cells stained positive for 7-amino-actinomycin D
(indicating late apoptosis) after 8 hours. All cells were dead at 24 hours, and this was associated
with the downregulation of telomerase (Yuen, Gohel, and Au 2008). Similar apoptotic activities
were also demonstrated in other human cancer cells (Fukuzawa et al. 2008). An ethanol extract
of G. lucidum decreased cyclooxygenase 2 (COX)-2 enzyme expression and increased nitric oxide
synthesis in colon HT-29 cells (Hong et al. 2004). In lung 95-D tumor cells, the pure compound
ganoderic acid T caused mitochondrial dysfunction, which resulted from the upregulation of pro-
apoptotic p53 and Bax expression (Tang et al. 2006). Moreover, the use of a combination of G.
lucidum and Duschesnea extracts upregulated cytochrome ¢ and Bax translocation to trigger cas-
pase-3 apoptosis in leukemia HL-60 cells (Kim et al. 2007). Activation of caspases-7 and -9 by G.
lucidum has been demonstrated in breast MCF-7 and lung H69-SCLC cancer cells, respectively (Hu
et al. 2002; Sadava et al. 2009). In hepatoma HepG2 cells, a lucidenic acid-rich G. lucidum extract
was shown to suppress phosphorylation of ERK1/2 and Akt signaling, which downregulated their
downstream NF-kB and proto-oncoproteins (c-Jun and c-Fos) activities, favoring apoptosis (Weng
et al. 2009).

A tumor mass requires a continuous nutrient supply via new blood vessels formed by the process
of angiogenesis. Invasive cancer cells spread to distant sites through blood and lymphoid vessels.
Therefore, agents that inhibit angiogenesis inhibit tumor growth and spread. The potential antian-
giogenic activities of G. lucidum have been demonstrated in ex vivo chick embryo chorioallantoic
membrane (CAM) assay (Cao and Lin 2004; Song et al. 2004). Polysaccharide peptide and ethanol
extract from G. lucidum has been proved to decrease microvessels around a microfiber filter disc
containing an embryo with intact yolks. Using a prostate cancer cell line, two angiogenic factors,
known as vascular endothelial growth factor (VEGF) and transforming growth factor (TGF)-f1,
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were suppressed by G. lucidum through inhibition of the ras/extracellular signal-regulated kinase
(Erk1/2) and Akt signaling pathways (Johnston 2005; Stanley et al. 2005). Similar effects were also
observed in a human lung cancer cell lines under hypoxic conditions after exposure to a high dose
of GL-PP (Cao and Lin 2006).

Cell adhesion, invasion, and migration are the key factors in determining the aggressiveness of
cancer; hence, control of cell motility is effective in avoiding cancer metastasis. A polysaccharide
extract of G. lucidum mycelia inhibited the formation of oncogenic ras-induced transformed foci
in an R6 embryo fibroblast cell line (Hsiao et al. 2004). Spores and the fruiting body of G. lucidum
were shown to inhibit the regulatory proteins phosphatidylinositol and NF-kB in highly invasive
breast and prostate cancer cells (Sliva et al. 2002). Cell adhesion, invasion, and colony formation
of breast cancer cells were significantly inhibited on exposure to G. lucidum extracts (Sliva 2004).
In addition, Lu et al. (2004) demonstrated that water and ethanol extracts of G. lucidum modulated
the F/G-actin ratio, which, in turn, reduced the formation of stress fiber and focal adhesion com-
plexes of bladder cancer cells, suggesting the actin remodeling was associated with the inhibition
of carcinogen-induced cell migration. Inhibition of mitogen-induced invasion of HepG2 cells was
demonstrated in a study by using Matrigel-coated filter inserts assay (Weng et al. 2009).

9.6.1.3 Animal Studies

Rodent studies of possible antitumorigenic effects of G. lucidum can be traced back to the early
1980s. Ten days of intraperitoneal (i.p.) injections of a polysaccharide fraction (GL-1) from the fruit
body was reported to inhibit (by 95-98%) the growth of transplanted sarcoma 180 tumor cells in
mice (Miyazaki and Nishijima 1981). A complex of polysaccharides and protein from the mush-
room was also found to show significant antitumor activity in a similar study conducted by Kim
et al. (1980). An inhibition rate of 88% was reported, and there was complete regression of tumor
in a third of the test animals. In a study conducted by Hyun, Choi, and Kim (1990), which used a
similar protocol but used various extracted polysaccharides, inhibition rates of 52—-81% were found.
A hot water extract (2 mg/mouse) given i.p. for 3 days resulted in an average 74% inhibition of tumor
growth in mice, with 3 out of 10 animals showing complete regression, and an oral administration
(daily for 5 weeks) showed 45-63% inhibition (Ohno et al. 1998). Similar inhibitory effects were
shown with implanted sarcoma 180 cells after polysaccharide was given orally to mice (Zhang and
Lin 1999). A pure B-(1—3) glucan was tested in parallel with crude G. lucidum extracts, which
resulted in 90% inhibition of tumor growth (Ohno et al. 1998). A dry powder preparation of the
antlered form of G. lucidum (known as deerhorn lingzhi due to its appearance) was shown to inhibit
tumor growth and elongate the life span in both allogeneic sarcoma-180-bearing ddY mice and
synergenic MM-46 mammary tumor—bearing C3H/He mice (Nonaka et al. 2000).

G. lucidum is a major component of many traditional botanical formulations, such as TBS-101,
which was demonstrated to inhibit tumor growth and invasion in PC-3-implanted mice (Evans et al.
2009). Yun (1999) reported that 9 weeks of oral administration of mycelial extract significantly inhib-
ited lung adenoma formation in mice. Oral administration of triterpenoid fractions for 18 consecutive
days inhibited Martigel-induced angiogenesis, which significantly reduced tumor weight and the
number of tumor cell colonies that had metastasized to the liver in female C57BL/6J strain mice with
intrasplenic implantation of Lewis lung cancer cells (Kimura, Taniguchi, and Baba 2002; Wang et al.
2007). In male ICR-nu/nu nude mice injected with hepatoma HepG2 cells, daily oral administration
of lucidenic acid—rich extract for 68 days (800 mg/kg dosage) decreased both the number and size of
tumors by up to 99%, and also the number of metastatic tumors occurring in liver and lung (Weng
et al. 2009). An aqueous extract (administered i.p. at 10, 20, and 40 mg/mouse) of the fruit body sig-
nificantly increased the life span of mice implanted with Lewis lung carcinoma cells. However, no
dose-response effect was seen (Furusawa et al. 1992). An additive effect was seen when G. lucidum
was given in combination with cytotoxic antineoplastic drugs, and there was a suggestion of a possi-
ble synergistic effect with cisplatin (Furusawa et al. 1992). In another study, G. lucidum was found to
also prolong the life span of tumor-transplanted mice by inhibiting metastasis to the lung (Lee et al.
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1995). When given 1 week prior to the administration of a carcinogenic agent, a hot water extract
of the mycelium/growth medium complex decreased the development of aberrant crypt foci (ACF)
and precancerous lesions in the colon (Lu et al. 2001; Lu et al. 2003). No toxicity or side effects were
seen in the rats when the extract was administered for 3 months. When tested with mouse colon
tumor—implanted chambers, a polysaccharide mixture containing isoflavone aglycons from cultured
G. lucidum mycelia was found to inhibit angiogenesis in vivo (Miura et al. 2002).

The chemopreventive activities of the mushroom on prostate cancer were demonstrated by a
triterpenoid-rich extract of G. lucidum that suppressed the ventral prostate growth induced by tes-
tosterone (Liu et al. 2007a). Ganoderol B was identified as the active principle that was able to
bind to an androgen receptor and inhibit So-reductase, suppressing androgen-induced LNCaP cell
growth and downregulating the prostate-specific antigen (Liu et al. 2007b).

9.6.1.4 Human Studies

In humans, whether the antitumor effect of lingzhi is a direct one or is mediated via effects on the
immune system is a key question to address. G. lucidum is one of the eight components of an herbal
mixture called “prostate cancer-hope” (known as PC-SEPS), which has been used as an alternative
in the treatment of androgen-dependent and -independent prostate cancer (Gao and Zhou 2009).
However, only a few clinical trials have used G. lucidum as a single agent on cancer patients (Gao,
Zhou et al. 2002; Gao, Zhou et al. 2003; Gao, Sai et al. 2003). Two randomized, controlled trials have
been conducted using a GL-PS-rich extract (a patented over-the-counter product, Ganopoly; Gao
et al. 2003; Gao and Sai et al. 2003). Gao, Zhou et al. (2003) recruited 134 patients with advanced
cancers of different sites and supplemented them with G. lucidum capsules at a dosage of 1800 mg/
day for 12 weeks. Cellular immunity in 80% of these patients was significantly enhanced in terms
of elevated plasma interleukin (IL)-2, IL-6, and interferon y (IFN-7y) levels and natural killer (NK)
cell activity. In another study, the same protocol was followed with 68 lung cancer patients (Gao,
Sai et al. 2003) in whom immune parameters including total T cells, NK cells, and CD4/CDS ratio
were significantly enhanced in the G. lucidum—treated group. In addition, quality of life in terms of
Karnofsky score was improved in about 65% of these patients (Gao, Sai et al. 2003). Ganopoly was
also demonstrated to enhance mitogenic activity and NK cells in patients with advanced cancer in
a before-and-after comparison study (Gao, Min et al. 2002). These results provide some evidence
that the antitumor effects of G. lucidum are mediated via effects on the immune system. However,
it must be noted that all studies were conducted by the same research group and that other direct
antitumor effects of G. lucidum have not yet been studied on humans in vivo.

9.6.2 IMMUNOMODULATION

Agents that enhance the functioning of the host immune system could be expected to enhance
health in terms of improved resistance and, thus, removal of malignant or premalignant cells. Many
G. lucidum products on the market are labeled or promoted as immunomodulating agents.

There is considerable evidence to support the immunostimulating activities of G. lucidum via
induction of cytokines and enhancement of immunological effector (Wang et al. 1997; Zhu and
Lin 2006). Different components from G. lucidum were proved to enhance the proliferation and
maturation of T and B lymphocytes, splenic mononuclear cells, NK cells, and dendritic cells in
culture in vitro and in animal studies in vivo (Bao et al. 2001; Cao and Lin 2002; Zhu, Chen, and
Lin 2007; Ma et al. 2008). In normal BALB/c mice, a polysaccharide-rich extract of G. lucidum
promoted the proliferation of splenocytes and enhanced the activities of macrophages and NK cells,
which resulted in the increase of IL-6 and IFN-y (Chang et al. 2009). Although a commercial G.
lucidum extract did not stimulate proliferation of lymphocytes, it activated the gene expression of
IL-1B, IL-6, IL-10, and tumor necrosis factor (TNF)-o. (Mao et al. 1999). A polysaccharide frac-
tion (F3) was shown to enhance both adaptive and innate immunities by triggering the production
of cytokines IL-1, IL-6, IL-12, IFN-y, TNF-o, and colony stimulating factors (CSFs) from mouse
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splenocytes (Chen et al. 2004). It was reported also that TNF-o and IL-6 production were stimu-
lated in human and murine macrophages by G. lucidum mycelia (Kuo et al. 2006). This effect might
be due to increased synthesis of nitric oxide (NO) induced by 3-D-glucan (Ohno et al. 1998). These
polysaccharides were also found to be highly suppressive to tumor cell proliferation in vivo while
enhancing the host’s immune response (Ooi and Liu 2000).

Wang et al. (1997) found that a polysaccharide-enriched fraction from G. lucidum activated cultured
macrophages and T lymphocytes in vitro, which led to an increase of IL-1J3, TNF-o, and IL-6 in the
culture medium. In another study (Zhang and Lin 1999), incubation of macrophages and T lymphocytes
with a polysaccharide resulted in an increase in TNF-o. and INF-y levels in the culture medium. This
“conditioned” culture medium was found to inhibit cell growth and induce apoptosis in sarcoma 180
and HL-60 cells (Zhang and Lin 1999). Furthermore, serum-incorporated treatment with a polysaccha-
ride peptide fraction from G. lucidum markedly inhibited the proliferation of human lung carcinoma
(PG) cells, whereas the pure fraction by itself did not induce similar effects (Cao and Lin 2004). In addi-
tion to polysaccharides, a lanostane triterpenoid, ganoderic acid Me, inhibited tumor growth and metas-
tasis of Lewis lung carcinoma in “T helper 1 responder”” C57BL/6 mice by enhancing immune function
in terms of IL-2 and IFN-y expression and NK cell activity (Wang et al. 2007). Zhu and Lin (2006)
used cytokine-induced killer (CIK) cells to investigate the interaction between GL-PSs and cytokines,
which mediated cell proliferation and antitumor activity. The cytotoxicity of CIK cells was correlated
well with the expression of perforin and granzyme B induced by IL-2 and anti-CD3. Results indicated
that GL-PSs enhance IL-2 and TNF-o production as well as protein and messenger ribonucleic acid
(mRNA) expression of granzyme B and perforin in CIK cells culture, and thus decrease the doses of
IL-2 and anti-CD3 without affecting the killing effects on NK-resistant mouse P815 mastocytoma cells
and NK-sensitive mouse YAC-1 lymphoma cells (Zhu and Lin 2006).

9.6.3 LINGZHI AS AN ANTIOXIDANT

Consumption of antioxidant-rich plants may help prevent cancer and other chronic diseases (Collins
2005; Benzie and Wachtel-Galor 2009). Antioxidants protect cellular components from oxidative
damage, which is likely to decrease risk of mutations and carcinogenesis and also protect immune
cells, allowing them to maintain immune surveillance and response. Various components of
G. lucidum, in particular polysaccharides and triterpenoids, show antioxidant activity in vitro (Lee
et al. 2001; Mau, Lin, and Chen 2002; Shi et al. 2002; Wachtel-Galor, Choi, and Benzie 2005; Yuen
and Gohel 2008; Saltarelli et al. 2009; Wu and Wang 2009). As shown in Figure 9.4, antioxidants
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FIGURE 9.4 Mean +SEM (standard errors of the mean) change in plasma total antioxidant power (as the fer-
ric reducing ability of plasma [FRAP] value) at 90 minutes postingestion of placebo (vertical lines), 1.1 g of G.
lucidum extract (horizontal lines), and 3.3 g of G. lucidum extract (diagonal lines) in a human intervention trial
(n=10). A significant (*p < .05) increase in plasma FRAP was seen after G. lucidum administration compared
with placebo intake, indicating an absorption of antioxidant compounds into plasma. (From Wachtel-Galor, S.,
Y. T. Szeto, B. Tomlinson, and 1. F. Benzie. F. 2004. Int J Food Sci Nutr 1:75-83. With permission.)
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from lingzhi were found to be absorbed quickly after ingestion, resulting in an increase in the
plasma total antioxidant activity of human subjects (Figure 9.4; Wachtel-Galor, Szeto et al. 2004).

Ooi and Liu (2000) reported that protein-bound polysaccharide (PBP) and polysaccharide pep-
tide were able to mimic the endogenous antioxidant superoxide dismutase (SOD) in cancer-bearing
animals in vivo. These polysaccharides were also reported to protect the immune cells from oxi-
dative damage (Ooi and Lui 2000). The protective effects of G. lucidum on DNA strand scission
induced by a metal-catalyzed Fenton reaction, ultraviolet irradiation, and hydroxyl radical attack
were shown in agarose gel electrophoresis in vitro (Lee et al. 2001). Hot water extracts of G. lucidum
significantly protected Raji cells from hydrogen peroxide (H,0,)-induced DNA damage (Shi et al.
2002). Hot water extracts protected human lymphocyte DNA only at low (<.001% w/v) concentra-
tions, and caused H,0O,-mediated damage at higher concentrations (>.01% w/v) (Wachtel-Galor,
Choi, and Benzie 2005). Two antioxidant-enriched extracts from G. lucidum acted oppositely in
premalignant HUC-PC cells under carcinogenic attack (Yuen and Gohel 2008). The aqueous extract
protected cellular DNA from oxidative damage, whereas the ethanolic extract damaged cellular
DNA, with increased H,O, production and significant cell-killing effects observed. The results sug-
gested that different effects of G. lucidum could be exhibited by different extractable components in
bladder chemoprevention. Methanol extracts of G. lucidum were reported to prevent kidney damage
(induced by the anticancer drug cisplatin) through restoration of the renal antioxidant defense sys-
tem (Sheena, Ajith, and Janardhanan 2003). In contrast, a fraction of ganoderma triterpenes (GTS)
was found to enhance the intracellular reactive oxygen species (ROS)-producing effect of doxoru-
bicin (DOX) in Hela cells, leading to more DNA damage and apoptosis, whereas such synergism
was inhibited by a ROS scavenger (Yue et al. 2008). In an animal study (diabetic rats), nonenzymic
and enzymic antioxidants levels increased and lipid peroxidation levels decreased with G. lucidum
treatment (Jia et al. 2009). However, a direct link has not been established between the antioxidant
properties of G. lucidum and its immunomodulatory and anticancer effects, and whether lingzhi
acts as an antioxidant or pro-oxidant may depend on concentration and environment.

9.6.4 VIRAL AND BACTERIAL INFECTIONS

The goal of research in the treatment of viral and bacterial infections is the discovery of agents that
specifically inhibit viral and bacterial multiplication without affecting normal cells. The undesired
side effects of antibiotics and antivirals and the appearance of resistant and mutant strains make
the development of new agents an urgent requirement. This has led researchers to investigate the
antibacterial and antiviral activity of medicinal plants and fungi (Wasser and Weis 1999; Zhong and
Xiao 2009). Isolation of various water- and methanol-soluble, high-molecular-weight PBPs from
G. lucidum showed inhibitory effects on herpes simplex virus type 1 (HSV-1), herpes simplex virus
type 2 (HSV-2), and vesicular stomatitis virus (VSV) New Jersey strain in a tissue culture system.
Using the plaque reduction method, a significant inhibitory effect was seen at doses that showed no
cytotoxicity (Eo et al. 1999; Oh et al. 2000). In addition, there was a marked synergistic effect when
PBP from G. lucidum was used in tissue culture in conjunction with antiherpetic agents, acyclovir or
vidarabine, and with IFN-o. (Kim et al. 2000; Oh et al. 2000). Similar results were shown in HSV-1
and HSV-2 with a GLPG isolated from the mycelia of G. lucidum (Liu et al. 2004; Li, Liu, and Zhao
2005). The cells were treated before, during, and after infection, and viral titer in the supernatant of
cell culture 48 hours postinfection was determined. The antiviral effects of the GLPG were more
remarkable before viral treatment than after treatment. Although the mechanism was not defined,
the authors concluded that GLPG inhibits viral replication by interfering with early events of viral
adsorption (Li, Liu, and Zhao 2005).

Some triterpenes from G. lucidum have also been reported to have an inhibitory effect against
human immunodeficiency virus (HIV)-1 protease activity, with ICs, values ranging from 20 to more
than 1000 uM; however, not all of the examined triterpenes showed anti-HIV activity (El-Mekkawy
et al. 1998; Min et al. 1998). In another study, a ganoderic acid isolated from G. lucidum showed
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inhibitory effects on the replication of hepatitis B virus (HBV) in HepG2215 cells (HepG2-
HBV-producing cell line) over 8 days. Production of HBV surface antigen (HBsAg) and HBV
e antigen (HBeAg) were, respectively, 20% and 44% of controls without ganoderic acid treatment
(Li and Wang 2006).

Some small studies in human patients have also reported beneficial effects of lingzhi intake.
A dried hot water extract of G. lucidum taken orally (equivalent to 36 or 72 g of dried mushroom
per day) was used as the sole treatment for postherpetic (varicella zoster virus) neuralgia in 4 elderly
patients. This treatment was reported to dramatically decrease pain and promote the healing of
lesions, without any toxicity even at very high doses (Hijikata and Yamada 1998). In another study,
a mixture of G. lucidum with other herbs improved recovery time in patients with herpes genitalis
(n = 15) and herpes labiallis (n = 13; Hijikata, Yamada, and Yasuhara 2007).

For evaluating the antibacterial effects of the mushroom, several in vitro and in vivo animal stud-
ies using G. lucidum were performed. Mice injected with G. lucidum extract (2 mg/mouse) 1 day prior
to injection with Escherichia coli showed markedly improved survival rates (>80% compared to 33%
in controls; Ohno et al. 1998). In an in vitro study that used the disk assay (Keypour et al. 2008), a
chloroform extract of G. lucidum was investigated for its antibacterial effect on gram-positive bac-
teria (Bacillus subtilis, Staphylococcus aureus, Enterococcus faecalis) and gram-negative bacteria
(E. coli, Pseudomonas aeruginosa). Results showed that the extract had growth-inhibitory effects
on two of the gram-positive bacteria with a minimal inhibitory concentration (MIC) of 8 mg/mL for
S. aureus and B. subtilis. In another in vitro study, the direct antimicrobial effect of a G. lucidum
water extract was examined against 15 species of bacteria alone and in combination with 4 kinds of
antibiotics (Yoon et al. 1994). G. lucidum was found to be more effective than antibiotics against E.
coli, Micrococcus luteus, S. aureus, B. cereus, Proteus vulgaris, and Salmonella typhi, but less effec-
tive against other species tested. The antimicrobial combination of G. lucidum with four commonly
used antibiotics (Yoon et al. 1994) resulted in an additive or synergistic effect in most, but not all,
instances, with apparent antagonism against cefazolin and ampicillin effects on P. vulgaris.

To date, the antimicrobial components of the tested crude extracts have not been identified,
although antimicrobial polysaccharides have been identified in other fungi and plant terpenes have
been reported to have antimicrobial activity (Wasser and Weis 1999; Zhong and Xiao 2009). In addi-
tion, the bioavailability of putative antimicrobial components of G. lucidum has not been established.
Nonetheless, G. lucidum offers a potentially effective therapy. There is also the implication that
combination therapy may be more safe and cost effective, as lower amounts of cytotoxic antiviral and
antibacterial drugs could be used with a concomitant decrease in the risk of side effects. However,
this needs further investigation in terms of in vitro studies and well-designed clinical trials.

9.6.5 DIABETES MELLITUS

Components of G. lucidum have been proved to have a hypoglycemic effect in animals. The admin-
istration of ganoderans A and B (dose of 100 mg/kg), two polysaccharides isolated from fruit-
body water extracts, by i.p. injection to normal and alloxan-induced diabetic mice significantly
decreased (by up to 50%) the plasma glucose concentrations, and the hypoglycemic effect was still
evident after 24 hours (Hikino et al. 1985). Using a mouse model, ganoderan B was also reported
to increase plasma insulin, decrease hepatic glycogen content, and modulate the activity of glucose-
metabolizing enzymes in the liver (Hikino et al. 1989). The same group reported that a third poly-
saccharide (ganoderan C) isolated from G. lucidum also showed significant hypoglycemic effects
in mice, and that ganoderan B increased plasma insulin levels in both normal and glucose-loaded
mice (Hikino et al. 1989; Tomoda et al. 1986).

In a more recent study, oral administration of G. lucidum hot water extract (0.03 and 0.3 g/kg
BW) for 4 weeks was found to lower the serum glucose levels in obese/diabetic (+db/+db) mice,
with effects seen after the first week of treatment (Seto et al. 2009). However, the glucose levels
were still higher in these animals than in the control animals, and insulin levels were not altered.
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The extract markedly reduced levels of phosphoenol-pyruvate carboxykinase (PEPCK), which
are usually high in obese/diabetic mice. The suggested mechanism, according to the authors,
is that of lowering the serum glucose levels through suppression of the hepatic PEPCK gene
expression. In another study (Jia et al. 2009), a polysaccharides-rich extract showed beneficial
effects in streptozotocin-induced diabetic rats. The diabetic rats were treated with G. lucidum
for 30 days. Following the treatment, serum insulin levels increased (compared with the non-
treated diabetic group) and glucose levels decreased in a dose-dependent way. Treatment with
streptozotocin also elevated levels of lipid peroxidation markers (thiobarbituric acid reactive sub-
stances [TBARS]), lipid hydroperoxides, and conjugated dienes); decreased levels of nonenzymic
antioxidants (vitamin C, reduced glutathione [GSH] vitamin E); and decreased activities of the
antioxidant enzymes, SOD, catalase, and glutathione peroxidase (Gpx). Following treatment with
GL-PSs, levels of nonenzymic and enzymic antioxidants increased and lipid peroxidation levels
decreased. Therefore, in addition to its glycemic modulation, treatment with G. lucidum helped
to decrease oxidative stress (Jia et al. 2009).

In one study reported in the literature, 71 adult patients with confirmed type 2 diabetes mellitus
(DM) were supplemented with Ganopoly (polysaccharide fractions extracted from G. lucidum).
The patients received either Ganopoly or placebo orally at 1800 mg, three times daily for 12 weeks.
Glycosylated hemoglobin (HbA1..) and plasma glucose decreased significantly after 12 weeks, indi-
cating a hypoglycemic effect of the extract (Gao, Lan et al. 2004). Overall, the data from different
studies suggest that G. lucidum intake helps in modulating blood glucose levels. However, the stud-
ies were performed mostly in animals. More support from well-planned human clinical studies is
needed with and without combination with conventional medicines.

9.6.6 Liver AND GASTRIC INJURY

Hot water and water—ether extracts of the fruit body of G. lucidum were found to have a potent hepa-
toprotective effect on liver injury induced by carbon tetrachloride (CCl,) given orally and intraperi-
toneally to rats (Lin et al. 1995; Kim et al. 1999). The measured markers for liver injury included
aspartate and alanine transaminases (AST and ALT) and lactate dehydrogenase (LDH). One active
compound of the extract was separated and identified as ganoderenic acid A. This was found to have
a potent inhibitory effect on B-glucuronidase, and the authors suggest that this inhibitory effect may
have mediated the hepatoprotection seen when this isolated compound was given (Kim et al. 1999).
Protection was also reported in a study in which a hot water extract of G. lucidum was given orally
to mice 30 minutes before administration of ethanol. The extract was found to have an inhibitory
effect against the formation of malondialdehyde (MDA), a degradation product of lipid peroxides,
in mouse liver and renal homogenate, with evidence of a dose response seen (Shieh et al. 2001). The
MDA effect was also reported by Shi et al. (2008) when the extract was given orally to mice (at
60, 120, and 180 mg/kg/day) for 2 weeks prior to treatment with D-galactosamine, which induced
hepatic injury. In addition, pretreatment with G. lucidum maintained normal values of AST, ALT,
SOD, and GSH (Shi et al. 2008). Alcohol and CCl, toxicity is associated with increased oxidative
stress and free-radical-associated injury. Therefore, hepatoprotection may also be mediated by the
radical-scavenging properties of G. lucidum. Lin et al. (1995) reported that hot water extracts of
G. lucidum showed significant radical-scavenging activity against both superoxide and hydroxyl
radicals.

Further, G. lucidum methanolic extract was reported to show hepatic protection. The extract
was given orally to rats (500 mg/kg/day) for 30 days before hepatic damage was caused by benzo(a)
pyrene (Lakshmi et al. 2006). The extract prevented the increase of serum AST, ALT, and alkaline
phosphatase (ALP) activities that result from benzo(a)pyrene challenge, and enhanced the levels
of GSH, SOD, GpX, CAT, and glutathione S-transferase (GST). Protection of liver injury induced
by CCl, was also observed in mice treated with ganoderic acid (from G. lucidum) at 10 mg and 30
mg/kg/day given by intravenous injection for 7 days (Li and Wang 2006). The medium in which
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G. lucidum was grown was also proved to have liver-protective effects in an animal study of CCl,-
induced liver damage (Liu et al. 1998). Oral administration of the medium in which G. lucidum
mycelia were grown (but not the mycelia alone) had marked beneficial effects, as assessed by lower
serum AST and ALT activities at 96 hours postinjury. No decrease was seen in the actual damage
caused, as transaminase activities at 24 hours were not different from levels in control animals,
implying that the mycelium medium may have promoted recovery in some way. The release of a
hepatoprotective component from G. lucidum mycelium was also reported by Song et al. (1998).
In this study, an extracellular peptidoglycan (a polysaccharide/amino acid complex named WK-003)
produced during mycelium fermentation was administered orally to rats for 4 days prior to CCl,
intoxication. The increase in serum ALT levels was significantly decreased (by 70%; P < .01) at
24 hours postinjury compared with untreated, intoxicated rats. The AST levels decreased by 27%;
however, this was not statistically significant. These studies of a possible mycelial product with
hepatoprotective activity being extruded into the culture medium are of interest because the mycelia
of G. lucidum are much easier and less costly to cultivate than the fruit body.

Polysaccharides extracted from G. lucidum and given orally to rats for 28 days were found to
ameliorate cirrhosis induced by biliary ligation (Park et al. 1997). In addition, collagen (measured
by hydroxyproline) content in the rat liver was lowered and improved liver morphology was found in
comparison with control animals. The treatment significantly decreased ligation-induced increases
in serum biochemical markers of liver damage (AST, ALT, ALP, and total bilirubin). Similar results
were noticed in a study conducted by Wu, Fang, and Lin (2010) in which a decrease in hepatic
hydroxyproline content and an improved liver histology were found in mice. In this study, liver fibro-
sis was induced by the administration of thioacetamide (TAA) for 12 weeks, which was followed
by 4 weeks of treatment with G. lucidum extract (0.5 and 1.0 g/kg/day, per oral administration).
The RT-QPCR analysis showed the extract treatment decreased mRNA expression of collagen (o.1),
smooth muscle o actin, and the enzymes metalloproteinase-1 and metalloproteinase-13. In addition,
the TA A-induced decrease in total collagenase activity was reversed by the extract treatment, indi-
cating that G. lucidum protection against injury may be related to the enhancement of collagenase
activity.

Apart from its effects on chemical-induced liver injury, the effects of lingzhi on gastric injury
have also been investigated. Gastric ulcers were induced in rats by acetic acid (Gao, Tang et al.
2004), and treatment with GL-PS fractions of 0.5 and 1.0 g/kg for 14 days significantly acceler-
ated the ulcer healing by 40% and 56%, respectively. Treatment with 1.0 g/kg extract significantly
restored mucus and prostaglandin levels compared with the control group.

9.7 CONCLUDING REMARKS

G. lucidum is a well-known Asian herbal remedy with a long and impressive range of applications.
Global consumption of G. lucidum is high, and a large, increasing series of patented and commer-
cially available products that incorporate G. lucidum as an active ingredient are available as food
supplements. These include extracts and isolated constituents in various formulations, which are
marketed all over the world in the form of capsules, creams, hair tonics, and syrups.

With its growing popularity, many studies on G. lucidum composition, cultivation, and reputed
effects are being carried out, and there are data that support its positive health benefits, including
anticancer effects; blood glucose regulation; antioxidant, antibacterial, and antiviral effects; and
protection against liver and gastric injury. However, most studies have been performed on animals
or in cell-culture models. Human experimental studies have often been small, and the results are
not always supportive of the in vitro findings. Now, the great wealth of chemical data and anecdotal
evidence on the effects of G. lucidum needs to be complemented by reliable experimental and clini-
cal data from well-designed human trials in order to clearly establish if the reported health-related
effects are valid and significant. Many challenges are encountered due to a range of factors from
dosage to production quality. Strategies for enhancing quality control procedures to define and
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standardize G. lucidum preparations are needed to determine mechanisms of action and to help
characterize the active component(s) of this putative medicinal mushroom.
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10.1 INTRODUCTION

Eating a diet rich in fruits and vegetables may lead to a reduction in the risk of common forms of
cancer and may be useful in cancer prevention. For pomegranate (Punica granatum L.), both basic
and clinical evidence of the benefits of particular classes of bioactive substances have been devel-
oped specifically for the juice and juice extracts. Since ancient times, pomegranate has been used
for medicinal purposes. Extensive research on bioactive substances in the pomegranate extract has
shown potential applications in the chemoprevention of common forms of cancer. This work has
progressed in cell culture, human studies, and in some clinical research demonstrating the preven-
tive potential of pomegranate.

Pomegranates have been shown to contain 124 different phytochemicals, and some of them act in
concert to exert antioxidant and anti-inflammatory effects on cancer cells. Ellagitannins are bioac-
tive polyphenols present in pomegranate. Pomegranate juice obtained by squeezing the whole fruit
has the highest concentration of ellagitannins than any commonly consumed juice and contains
the unique ellagitannin, punicalagin. Punicalagin is the known largest molecular weight polyphe-
nol. Pomegranate ellagitannins are not absorbed intact into the blood stream but are hydrolyzed to
ellagic acid over several hours in the intestine. Ellagitannins are also metabolized into urolithins
by gut flora, which are conjugated in the liver and excreted in the urine. These urolithins are also
bioactive and inhibit prostate cancer cell growth. Research on basic mechanisms of action in cell
culture, animal model systems, and limited clinical research in prostate cancer patients has been
carried out with pomegranate juice. This chapter discusses the evidence for the bioactivity of pome-
granate ellagitannins, along with the progress in defining the pharmacokinetics and metabolism of
ellagitannins in pomegranate juice in humans.

10.2 BIOACTIVITY OF POMEGRANATE POLYPHENOLS AND
METABOLITES

Ellagitannins are a family of bioactive polyphenols in fruits and nuts such as pomegranates, black
raspberries, raspberries, strawberries, walnuts, and almonds (Amakura et al. 2000; Clifford and
Scalbert 2000). Squeezing whole pomegranate fruit (P. granatum L.) yields the richest source of
ellagitannins among other fruit juices. This juice has been used for centuries in ancient cultures for
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medicinal purposes (Longtin 2003). Commercial pomegranate juice, which has recently become
popular in the United States, has more potent antioxidant properties than other common fruit juices,
and this is attributed to its high content of polyphenols. Emerging science has demonstrated antican-
cer effects, with the most impressive data so far in prostate cancer. However, the inhibition of subcel-
lular pathways of inflammation triggered by nuclear factor kB (NF-xB), angiogenesis under hypoxic
conditions triggered by the hypoxia-inducible factor lo. (HIF-1o), and cellular proliferation along
with the stimulation of apoptosis suggests that ellagitannins can act through multiple pathways and
may be used as a dietary agent for preventing and treating many common forms of cancer.

The most abundant type of polyphenols in pomegranate juice are ellagitannins that are hydro-
lyzable tannins releasing ellagic acid on hydrolysis (Gil et al. 2000) and form urolithins such as
urolithin A following metabolism by gut flora (Figure 10.1). Punicalagin is unique to pomegranate
and is part of a family of ellagitannins, which also include minor tannins such as punicalin and
gallagic acid (structures not shown here). All these ellagitannins have in common the ability to be
hydrolyzed to ellagic acid, resulting in a prolonged release of ellagic acid into the blood following
the ingestion of pomegranate juice.

Among the pomegranate ellagitannins, punicalagin, which is the largest polyphenol, having a
molecular weight of greater than 1000, is reported to be responsible for more than half the potent
antioxidant activity of the juice (Gil et al. 2000). Punicalagin is most abundant in the fruit husk
as opposed to the juicy seeds (arils) found within the fruit. By pressing the whole fruit during
the squeezing process, ellagitannins are extracted into pomegranate juice in significant quantities,
reaching levels of >2 g/L juice (Gil et al. 2000). Pomegranate juice also contains other polyphenols,
such as anthocyanins (cyanidin, delphinidin, and pelargonidin glycosides) and flavonols (quercetin,
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FIGURE 10.1 Chemical structures of punicalagin isomers, the major ellagitannins present in pomegranate
juice and its metabolites, dimethylellagic acid glucuronide, ellagic acid, and urolithins A and B.
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kaempferol, and luteolin glycosides; Gil et al. 2000). In all, about 124 phytochemicals have been
identified in the pomegranate (Seeram, Schulman, and Heber 2006).

Following metabolism by gut flora, urolithins A and B are formed and conjugated in the liver
prior to excretion in the urine over 12-56 hours after a single administration of 8 oz (250 mL) of
pomegranate juice. These urolithins circulate in the blood and can reach many of the target organs
where the effects of pomegranate ellagitannins are noted.

10.3 CANCER PREVENTIVE POTENTIAL OF POMEGRANATE POLYPHENOLS

Results from studies in cells, animals, and humans clearly point to the importance of following
ellagitannin metabolites as markers of pomegranate juice intake and studying them in detail to
explain the effects of pomegranate juice on the inhibition of prostate cancer cell growth in vitro and
in severe combined immunodeficient (SCID) mice with orthotopically transplanted human prostate
cancer cells. Our group and others have also shown that pomegranate fruit extract and its purified
ellagitannins inhibit the proliferation of human cancer cells and modulate the inflammatory subcel-
lular signaling pathways and apoptosis (Afaq et al. 2005; Seeram et al. 2005; Adams et al. 2006).

Based on the observation that a pomegranate fruit extract inhibited prostate cancer growth in
athymic nude mice, some authors have proposed that anthocyanins are the major phytochemical
group responsible for the observed anticancer effects (Malik et al. 2005). Although anthocyanins do
contribute to the observed antioxidant activity of pomegranate juice, it is unlikely that anthocyanins
account for the complete profile of activities observed with pomegranate juice and extracts. In fact,
pomegranate extracts containing ellagitannins without anthocyanins have previously been shown
to exhibit in vitro and in vivo anticarcinogenic properties, including induction of cell-cycle arrest
and apoptosis, inhibition of tumor formation, and xenograft tumor growth (Castonguay et al. 1997).
The bioavailability of ellagitannins from pomegranate extract is equivalent to that observed after
the administration of pomegranate juice, so that this point is highly relevant to the potential utility
of pomegranate extracts as dietary supplements (Seeram, Zhang et al. 2008).

Inflammation is a hallmark of prostate cancer and is observed in prostate tissue at the time of
prostatectomy. Inflammation has also been implicated in colon cancer, breast cancer, and other
common forms of cancer. Indeed, the proliferative inflammatory atrophy may be a precursor to
Prostatic Intraepithelial Neoplasia (PIN) and prostate cancer (De Marzo et al. 2