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Preface

The contents of this book evolved from papers delivered at the Third International
Phytochemical Conference, “Phytochemicals: From Harvest to Health,” held on the
campus of California State Polytechnic University, Pomona, on November 13 and
14, 2000. Three biennial conferences have been held since 1996. These conferences
have taken place during a period of time that has seen an explosion of public interest
in phytochemicals and a reinvigorated and expanded growth of scientific research on
plant-based bioactive chemicals The focus of these conferences has been to highlight
phytochemicals that have significant potential for promoting health or preventing
disease supported by solid scientific research.  The conferences have also included
discussions of research methodology, strategies for identifying promising chemicals,
and surveys of existing research.

Data from epidemiological studies suggest that diets rich in fruits, vegetables,
and whole grains are consistently associated with a decreased risk of chronic degen-
erative disease.  The essential nutrient content alone of various plant foods cannot
account for the health benefits associated with their consumption.  Many researchers
have correlated specific groups of phytochemicals with decreased incidence of a
number of chronic degenerative disease states. The focus of current scientific inves-
tigations in the field of phytochemistry centers on the unique mechanisms of action
associated with beneficial phytochemical groups and their role in the promotion of
optimal health and the treatment of disease.

This third book adds new phytochemicals and foods to the list covered by the first
two books, Phytochemicals: A New Paradigm (1998) and Phytochemicals As
Bioactive Agents (2000) (Chapters 2, 3, 4, and 10). Topics addressed in the two pre-
vious books are also updated and expanded (Chapters 5, 7, 8, 11, and 12). Finally,
several new and important topics have been added (Chapters 1, 6, and 9).
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Herbal medicinal products are among the best selling nutrition-related products
of our time. The public assumes these products are both safe and effective, but there
is little basis for this assumption, especially in a regulatory environment in which
these products are essentially unregulated. The ideal standard for determining the
safety and efficacy of these plant products is the double-blind, placebo-controlled
clinical trial. Such data are rarely available and when available, they are often con-
tradictory. In Chapter 1, Ernst suggests that in the current situation the best evidence
is provided by a systematic review or meta-analysis of existing data. A strong case
for evidence-based herbalism is articulated and the results of systematic reviews of
11 herbal medicinal products are described. The approach described can identify
herbal medicinal products that are currently safe and effective and highlight those
herbs which require much more evidence prior to widespread use.

A wide range of phytochemicals has been studied as potentially therapeutic.
Many of these chemicals have been identified based on chemical structure, in vitro
activity, epidemiological evidence, and bioactivity screening programs. The fact that
a chemical has interesting properties or that it demonstrates bioactivity in a screen-
ing protocol does not necessarily indicate that the chemical will be effective in vivo
in humans. If a chemical is not bioavailable or it is heavily metabolized in vivo, it will
be ineffective. The pharmacokinetics of phytochemicals in humans have been largely
ignored. In order to understand the potential therapeutic effectiveness of a phyto-
chemical, researchers will have to study its pharmacokinetics. Newmark and Yang
suggest guidelines for approaching studies of phytochemical pharmacokinetics in
Chapter 6. The illustrations provided demonstrate a wide variation in phytochemical
absorption and metabolism and emphasize the need for studies of phytochemical
digestion, absorption, metabolism, and excretion.

As interest heightens in the use of therapeutically beneficial phytochemicals,
researchers will be looking more closely at technologies for enhancing the phyto-
chemical content of traditional foods and for methods that will maximize plant pro-
duction of phytochemicals for extraction. In Chapter 9 Still compares and contrasts
the two ways plant biologists can manipulate the concentration of a phytochemical
in a plant: traditional plant breeding vs. biotechnology. The methodologies, advan-
tages, and disadvantages of both strategies are covered in detail. Bioengineering
technologies have been evolving rapidly and Still’s discussion clearly indicates that
there is great promise in these technologies while significant challenges need to be
addressed. Both novices and those already familiar with these technologies will be
challenged and informed by this review.

Chapters 2, 3, 4, and 10 cover phytochemicals or foods that have not been dis-
cussed in our previous books. Echinacea-based phytomedicines are widely con-
sumed around the world as cold and flu treatments, wound-healing agents, and
immunostimulants. Many of the producers of these products and the majority of con-
sumers do not understand or are unaware of the complex quality control issues that
are inherent in the production of a phytomedicine. Arnason, Binns, and Baum in
Chapter 2 point out that there are a wide number of species and varieties of Echinacea
native to North America. The species that are cultivated contain a variety of phyto-
chemicals and several medicinally important biological activities. These authors

viii Preface
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discuss such issues as botanical identity, phytochemical composition based upon
species and plant part, extraction and formulation issues, and biological activity.
Clearly, the quality of many Echinacea products on the market are questionable.
Those interested in quality control and the production of safe and effective phyto-
chemical-based products will benefit from this discussion.

Chapters 3, 4, and 10 are excellent reviews of phytochemicals in foods and bev-
erages that are consumed in significant amounts by consumers and have the poten-
tial to impact human health in a meaningful way. Camire in Chapter 3 covers the
fruits of the Vaccinium family which contain a variety of phytochemicals with varied
health benefits. Bilberries, blueberries, and cranberries are particularly interesting
because they are well liked by consumers, and it is likely that consumption of food
products containing these berries could easily be increased if their health benefits can
be proven. Camire discusses the anthocyanin pigments and other phytochemicals of
interest, their primarily antioxidant activities, and the purported roles of these chem-
icals in cardiovascular disease, glycemic control and diabetes, aging and memory
loss, cancer prevention, and urinary tract health. Dubick tackles a very controversial
topic in Chapter 4 with a comprehensive and thoughtful survey of research on wine
polyphenols and protection from atherosclerosis and ischemic heart disease. The
conclusions drawn and suggestions made in this chapter should interest researchers
as well as health professionals. Shahidi points out in Chapter 10 that oilseeds are an
important and rich source of phytochemicals, especially phenolic and polyphenolic
compounds. The occurrence and contents of oilseed phytochemicals are cataloged,
health benefits and toxicology are examined, and formulation for use in foods is dis-
cussed.

Phytochemicals As Bioactive Agents (2000) included chapters on the mecha-
nisms of chemoprevention by isothiocyanates and the effect of the soy isoflavone
genistein on human breast cancer cells. Chung in Chapter 7 of this book looks at the
role of isothiocyanates in cancer prevention and broadens the discussion to human
clinical trials. The evidence supports the pursuit of additional research on isothio-
cyanates as human cancer chemopreventive agents. Kim in Chapter 8 moves the
research on soy phytoestrogens into an entirely new area. The case is made that
research on soy isoflavones should expand beyond cardiovascular disease, breast
cancer, and prostate cancer. This chapter explores the intriguing hypothesis that soy
isoflavones have neuroprotective actions in the mammalian brain. The author offers
evidence from her own laboratory as well as studies from other researchers that soy
isoflavones may provide protection against dementia and Alzheimer’s disease.
Neuroprotective mechanisms of other phytochemicals are also discussed.

Our previous two books contained a number of chapters that discussed toco-
pherols and carotenoids, but the primary focus was on α-tocopherol and ß-carotene.
In this volume, Chapter 5 goes beyond α-tocopherol and Chapters 11 and 12 discuss
research on carotenoids other than ß-carotene. In Chapter 5, Papas reviews the
absorption, transport, metabolism, and biological function of non-α-tocopherols and
tocotrienols and their roles in health and disease. Chapter 11 is a review of the
carotenoid lycopene and its potential effects on cancer and heart disease. Lycopene
is particularly interesting because it is inexpensive, widely available, and often eaten
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in large quantities. Burri discusses the research on lycopene and the difficulty inter-
preting research on a phytochemical that is already consumed in large amounts by
the population. The author offers strategies for future research. In Chapter 12,
Landrum, Bone, and Herrero present research on four other carotenoids: astaxanthin,
ß-cryptoxanthin, lutein, and zeaxanthin. Of particular interest is the evidence of a
role for lutein and zeaxanthin in protecting against age-related macular degeneration.

Our aim in this volume is to continue to support and stimulate research-based dis-
cussions of the potential role of nonessential bioactive phytochemicals in health pro-
motion and disease prevention. It is also our goal to help focus and expand discus-
sions of appropriate research methodologies and new technologies. We believe that
the information presented in this book will be an important addition to the phyto-
chemical and functional food literature.

MARK S. MESKIN
Editor

x Preface
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CHAPTER 1

Evidence-Based Herbalism

EDZARD ERNST
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INTRODUCTION

Many of today’s synthetic drugs originated from the plant kingdom but, histori-
cally, medicinal herbalism went into decline when pharmacology established

itself as a leading and effective branch of medical therapeutics. In much of the
English-speaking world, herbalism virtually vanished from the therapeutic map of
medicine during the last part of the 19th and early part of the 20th century. However,
in many third world countries various forms of ethnic herbalism prevail to the pre-
sent day (e.g., Ayurvedic medicine in India, Kampo medicine in Japan, and Chinese
herbalism in China). In some developed countries, (e.g., Germany and France), med-
ical herbalism continues to co-exist with modern pharmacology, albeit on an increas-
ingly lower key. 

More recently this situation has changed remarkably. The usage of medicinal
herbals by the general U.S. population, for instance, has increased by a staggering
380% between 1990 and 1997 (Eisenberg et al., 1998). Medical herbalism was most
commonly employed for allergies, insomnia, respiratory problems, and digestive
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problems. The out-of-pocket expenditure amounted in 1997 to $5.1 billion
(Eisenberg et al., 1998).

Faced with this most remarkable revival of medical herbalism (also termed phy-
totherapy in Europe), mainstream healthcare professionals now ought to familiarize
themselves with this subject. The way forward for clinicians might well be an evi-
dence-based approach that is mainly concerned with the clinical effectiveness and
safety of herbal medicinal products (HMPs).

ARE HMPs EFFECTIVE?

This seemingly simple question is not easily answered. Obviously each HMP
(strictly speaking, even each type of extract) needs to be judged on its own merit.
Generalizations are therefore highly problematic. Moreover, the question arises as to
what type of evidence is acceptable. Traditional herbalists often seem to think that
no scientific evidence is required in settling this issue, claiming that the growing and
stunning acceptance of HMPs by their patients (see above) is ample proof of effec-
tiveness. Scientists are keen to point out that traditional use is by no means proof of
efficacy. In the age of evidence-based medicine, there should be no room for double
standards. Proof of effectiveness can come only from (placebo) controlled, double-
blind, randomized clinical trials (RCTs).

But evidence from RCTs rarely is totally uniform: one RCT shows one thing, the
next another, and the next yields a different result again. Therefore, it is important
not to base judgment on trials with outcomes that happen to fit preconceived ideas
while discretely forgetting about data that contradict pet theories. The best way to
achieve this goal is to conduct systematic reviews (and meta-analyses which are the
quantitative approach to systematic reviews). Such pieces of research explain in their
methods section all necessary details for rendering them reproducible. In particular,
the authors have to show that selection bias was minimized and the totality of the
available evidence meeting certain predefined criteria was taken into account.
Traditional (narrative) reviews are today obsolete because they run a high risk of
being grossly misleading, usually overoptimistic.

Researchers in the Department of Complementary Medicine, University of
Exeter, have recently concentrated on conducting such systematic reviews related to
defined HMPs. The results of this activity are summarized in Table 1.1. As expected,
the findings vary from remedy to remedy, and often the emerging overall result is not
as compelling as one would have hoped. The reasons for this are diverse. The most
prevalent ones lie in the paucity of RCTs available for systematic review and in the
numerous methodological flaws in trials of HMPs. Yet in some cases the evidence is
sound and convincing.

The fact that systematic reviews represent the highest level of scientific evidence
in terms of therapeutic effectiveness or efficacy does not mean that they are flawless
or without limitations. One shortcoming is, as touched upon above, the fact that if
one submits flawed RCTs to such an exercise, the result will necessarily be flawed

2 PHYTOCHEMICALS IN NUTRITION AND HEALTH
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as well. But there are other problems, e.g., publication bias. We know that negative
trials tend to remain unpublished (Easterbrook et al., 1991). Thus, the published evi-
dence can be biased toward a false positive conclusion. In our systematic reviews
(Table 1.1) we invariably minimized this flaw by inviting manufacturers to contribute
unpublished material. Sadly, no one can force them to do so, and we, therefore, can
never be entirely sure whether all existing evidence has been included.

Recently it has been shown that the English medical literature tends to be biased
toward positive results, and negative trials tend to emerge in journals published in
other languages (Egger et al., 1997). It is, therefore, important to not restrict system-
atic reviews to the English literature. In herbal medicine this is of utmost relevance
since much of the data are published in German, French, Spanish, and Chinese (for
historical reasons, see above). As far as our systematic reviews are concerned, we
invariably made a point of including languages other than English.

In herbal medicine there are further important problems that relate to the (lack of)
standardization of extracts. If one preparation of a given herb is shown to be effec-
tive, preparation of the same herb made by a different manufacturer may not neces-
sarily be as effective. If, subsequently, all trials of different preparations of one herb
are systematically reviewed or meta-analyzed, one runs a considerable risk of gener-
ating an unreliable overall result. There is no easy way around this problem except
insisting that all herbal preparations be adequately standardized. Because of this lat-
ter limitation, systematic reviews of HMPs can yield false negative (but never false
positive) results.

ARE HMPs SAFE?

This question is equally complex and unanswerable through general judgments.
Specific herbs will cause specific adverse effects (Ernst, 1998). The most notorious
cases to illustrate the risks that can be associated with HMPs include the Belgian
Chinese herbal mixture claimed to aid weight reduction which caused serious harm
to over 100 individuals (van Ypersele de Strihou, 1998) and the adverse events
caused by Ma huang (Ephedra) which include at least 10 fatalities (Haller and
Benowitz, 2000). The reason for the Belgian cases, apparently, was a tragic misiden-
tification of one plant in the mixture. This event emphasizes better than many words
the urgent need for more stringent (quality) controls and regulation of the entire
herbal sector.

Most of the users of HMPs employ these products because they (are led to)
believe that HMPs are safer than conventional drug treatments. Are they wrong all
the time? Obviously not. Some HMPs have been shown to be as effective and bur-
dened with less adverse effects than synthetic competitors (e.g., Stevinson and Ernst,
1999). But no HMP is entirely free of adverse effects (Ernst et al., 2001);  indeed no
effective therapy will ever be. The relevant question here does not relate to adverse
effects in absolute terms but to the risk/benefit relation. This relation seems tenta-
tively positive for most of the HMPs summarized in Table 1.1.
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But this could be a false positive picture. Pharmacovigilance for phytomedicines
is in its very early infancy (Farah et al., 2000). The fact that a given HMP has been
used for millennia certainly does not prove its safety (Ernst, 1998). When trying to
make sense of the safety of HMPs and comparing it to that of conventional drugs,
more often than not we have to base our judgments on data which are not as reliable
as we would hope. Quite simply, the existing evidence is insufficient, and it is mis-
leading to compare the safety of synthetic drugs for which elaborate pharmacovigi-
lance is routine with HMPs for which pharmacovigilance is but a vision for the years
to come.

A particularly important problem relates to herb–drug interactions (Ernst, 2000a;
Ernst, 2000b). HMPs are invariably mixtures of pharmacologically active sub-
stances, and users of HMPs are likely to also use prescription drugs. Thus, the poten-
tial for interactions is great (Ernst, 2000b), even though, due to lack of research in
this area, relatively few case reports have so far emerged. Table 1.2 provides exam-
ples of herb–drug interactions that are documented in the medical literature.

CONCLUSION

HMPs can be powerful medications which may cause both benefit and harm. In
order to embark on reliable risk-benefit analyses, we need to know more about their
clinical efficacy and about their adverse effects. An evidence-based approach to med-
ical herbalism seems to be the most rational way ahead. This notion is in agreement
with the opinion of 88 to 90% of users of HMPs who state that research into the
safety and efficacy determines their product choice (Blumenthal, 2000).

6 PHYTOCHEMICALS IN NUTRITION AND HEALTH

TABLE 1.2
Examples of herb-drug interactions

Medicinal Herb Interaction Mechanism  

Garlic Increased effect of oral 
anticoagulants 

Garlic has antiplatelet
effects  

Ginkgo biloba Increased effect of oral 
anticoagulants 

Ginkgo has antiplatelet
effects  

Kava Increased effect of other 
anxiolytic drugs 

Synergistic action on cen-
tral nervous system  

St. John’s wort Increased breakdown of drugs
metabolized in the liver Hepatic enzyme inducer  

Note: For more details, see Ernst, E., Possible interactions between synthetic and herbal
medicinal products. Part 1: a systematic review of the indirect evidence, Perfusion,
2000a, 134–6 ,8-15, and Ernst, E., Interactions between synthetic and herbal medicinal
products. Part 2: a systematic review of the direct evidence, Perfusion, 2000b, 13:60–70.
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INTRODUCTION

Echinacea-based phytomedicines are among the most popular herbal products
sold in North America and Europe (Brevoort, 1995). Diversity of products,

species,  and phytochemicals is a key feature of this herbal medicine. There are over
800 Echinacea purpurea products in Europe alone (Bauer, 1998) which are based on
different plant parts and widely different extraction or formulation techniques. There
is a large number of other species and varieties in the genus. The phytochemistry of
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the genus is diverse (several classes of phytochemicals) and redundant (many phy-
tochemical analogues per class) and these phytochemicals provide several types of
medicinally important biological activities. All of the above make the understanding
and quality control and improvement of Echinacea products challenging. 

SPECIES DIVERSITY IN ECHINACEA

There are nine species and four varieties of Echinacea native to North America
according to McGregor’s (1968) taxonomic treatment. The three species that are
cultivated for phytomedicine production are E. purpurea (L.) Moench, E. angusti-
folia (D.C.), and E. pallida (Nutt.) Nutt., but the wild harvesting of natural popu-
lations leads to introduction of other species into commercial products. For exam-
ple, we have detected E. simulata in commercial samples and Bauer (1998) report
contamination with Parthenium integrifolium. Recently, we have revised the genus
using  numerical taxonomy based on plant morphology and phytochemistry.
(Binns et al., in press). In the revised taxonomy, 10 of the 11 taxa of McGregor are
retained in the revision but there is a reduction in the number of species. This revi-
sion leads to a more coherent taxonomy, and should simplify future botanical iden-
tification. A similar study of the genus using Amplified Restriction Fragment
Length Polymorphism (AFLP) techniques is in progress (Baum et al., 2000).
Pending publication of this revised taxonomy, the current article follows
McGregor’s taxonomy. 

TRADITIONAL AND CLINICAL USES OF ECHINACEA PRODUCTS

Echinacea was one of the most important traditional medicines of the First
Nations of the U.S. Great Plains and Canadian prairies. The plant, particularly the
roots of E. angustifolia, were used mainly for treatment of sore throat, mouth sores,
and septic wounds (Shemluck, 1982). Although popular in North America as an
herbal medicine in the 19th century, it was abandoned in the 20th century by North
Americans, and almost all laboratory and clinical evaluations up to 1990 were under-
taken in Germany. Modern uses include treatment of colds and influenza, wounds,
candidiasis, and lung conditions. Not surprisingly, due to the variability of prepara-
tions, clinical study results have been mixed, showing both significant and non-
significant results of treatments. Some of the significant clinical results reported
include a reduction in clinical scores and length of illness in patients with respiratory
illness treated with E. pallida tinctures (Dorn et al., 1997), stimulation of immune
responses in Echinacea-treated patients (Melchart et al., 1995), and positive
responses in the treatment of candidiasis (Bauer, 1998).
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PHYTOCHEMICAL DIVERSITY AND ASSOCIATED BIOLOGICAL
ACTIVITIES

Species of the genus Echinacea show a high level of phytochemical redundancy
with at least six different classes of secondary metabolites  and multiple derivatives
within any class (Table 2.1) (Bauer, 1998). The individual derivatives present vary
between species and can be useful to identify the species present in manufactured
products. Most biological activities have been associated with three classes of
Echinacea phytochemicals: the caffeic acid derivatives (phenolics), the alkamides,
and cell-wall derived polysaccharides.

Of the common caffeic acid derivatives (Figure 2.1), cichoric acid appears to
have the greatest reported activity. It is found in appreciable amounts in E. purpurea
(Cheminat et al., 1988). It acts as an antioxidant, it is an inhibitor of viral integrase
(Robinson et al., 1996), or bacterial hyaluronidase, and it has immunostimulant
activity in phagocytosis tests (Bauer, 1998). Echinacoside is used as a phytochemi-
cal marker by the medicinal plant industry and can protect collagen from free radi-
cal damage (Facino et al., 1995), but has little antimicrobial or immunomodulatory
activity.

The bioactive polysaccharides are pectins and hemicelluloses in the cell wall.
They are not secondary metabolites, but structural molecules that support the rigid
cellulose microfibrils in a soft matrix. These molecules are readily extracted in hot
water or mild base, but are not soluble in alcohol. The following polysaccharides
have been identified from E. purpurea: an 80kDa xyloglucan, a 45kDa ara-
binotrhamnogalactan, and a 35kDa 4-o-methyl-glucoronoarabinoxylan (Bauer,
1998). Additional polysaccharides and glycoproteins have been characterized from
Echinacea cell cultures. Polysaccharides from Echinacea have potent immunostim-
ulant activity, i.e., macrophage activation and cytokine production (IL-1, IL-6, IL-10
TNF-alpha) (Rininger et al., 2000; Wagner et al., 1988). Their activity is comparable
to other polysaccharides from immunostimulant plants, such as ginseng, but the
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TABLE 2.1
Phytochemical diversity and redundancy in Echinacea

Class of compound

Alkamides
Caffeic Acid Derivatives
Flavonoids
Alkaloids
Polyacetylenes
Polysaccharides
Essential Oil Volatiles

Approximate number of derivatives

>20
>  5
>  5

2
>10
>  5
>15
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polysaccharide composition is different. Recent work shows that digestion (simu-
lated) is required to express their activity (Rininger et al., 2000). The pharmcokinet-
ics of these materials remain poorly understood. 

The alkamides (isobutylamides) (Figure 2.2) and related polyacetylenes are
fatty-acid derived molecules with unsaturated double and triple bond systems and are
distributed in roots and flowers. E. angustifolia roots are an especially rich source of
these compounds. The isobutylamides are the taste-tingling components of
Echinacea that have analgesic properties and provide relief for sore throat symp-
toms. The isolated alkamides are also known to be mammalian lipoxygenase (LOX)
and cyclo-oxygenase (COX) inhibitors (Muller-Jakic et al., 1994) which confer an
anti-inflammatory activity. New research from our group has shown that lipophilic
extracts of Echinacea containing isobutylamides and polyacetylenes are toxic to a
variety of pathogenic fungi, including multidrug-resistant Candida spp. (Binns et al.,
2000). This activity is enhanced by light and is relevant to traditional uses for treat-
ments of sores and wounds and modern uses of Echinacea as a topical agent. Further
studies by J. Hudson (unpublished) have shown that Echinacea extracts also inhibit
Herpes simplex (cold sore virus).

Consideration of the components mentioned above is important in predicting the
activity of different formulations of Echinacea. Teas or the expressed juice of E. pur-
purea tops used in many European products are rich in polysaccharides and pheno-
lics, and these products in good condition should have immunostimulant and
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antioxidant properties. The alcoholic extracts popular in many preparations, on the
other hand, have higher levels of alkamides and are expected to have analgesic, anti-
inflammatory, antioxidant, and antimicrobial properties.

QUALITY CONTROL

As mentioned previously, quality control is a serious problem in Echinacea phy-
tomedicines with multiple actives, species, and formulations. Early industry meth-
ods based on the determination of total phenolics are unsuitable for quality control
because of the broad distribution of phenolics in all terrestrial plants. For species
identification and quality assurance, high performance liquid chromatography
(HPLC) determination of specific phytochemicals is the most appropriate technique
(Bergeron et al., 2000; Perry et al., 1997). Extraction of most phenolic and alkamide
components can be conveniently achieved in 70% ethanol using ultrasound and ana-
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lyzed by gradient diode array HPLC. No effective quantitative methods are yet avail-
able for the rapid analysis of polysaccharides, but HPLC techniques and immuno-
chemical analysis are under development.

For species identification of root materials, cichoric acid is often used in the
herbal industry as a marker for E. purpurea and echinacoside for E. angustifolia and
E. pallida. However, we have found these markers to be present in a number of wild
species and varieties and are consequently not the best choices for species identifi-
cation. On the other hand, the numerous alkamides found in the roots provide a phy-
tochemical profile that is unique for each commercial species (Bauer and Remiger,
1989) (Table 2.2), and are different from wild species.

Quantitative estimates of the phytochemical markers assessed by HPLC showed
a large amount of variation in commercial samples of different origin submitted to
our laboratory for analysis (Bergeron et al., 2000). For example, the level of alka-
mides or cichoric acid showed a 10-fold variation in raw plant material. This varia-
tion can be traced to a number of factors, including genetic variation in the crop,
effect of growing conditions, and loss of active principles in postharvest processing. 

IMPROVEMENT OF ECHINACEA QUALITY

Recent studies by Livesy et al. (2000) and Bauer (1997) show that Echinacea
markers are unstable in juice, during harvesting and drying, and in storage. However,
losses can be minimized by rapid drying during harvest, protection from oxidation
in storage, and use of cooler storage temperatures. 

Improvement in phytochemical marker consistency and amount can be achieved
in a number of ways. For example, phytochemical constituents are well known to be
influenced by soil nutrients, and we have recently found (Table 2.3) that the alka-
mides are inducible by the plant hormone methyl jasmonate (Binns et al., 2001). In
collaboration with Trout Lake Farm LLC, we found that flowering stage is also an
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TABLE 2.2
Alkamides useful in species identification

E. purpurea E. angustifolia E. pallida

2,4 diene Many Few
isobuylamides

Mono-ene  Few Many
isobutylamides

Ketoalkene and
Ketoalkyne

Many
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important determinant of cichoric acid concentration in aboveground harvest
(Letchamo et al., 1999). Cichoric acid is most concentrated in immature (preanthe-
sis) flowers of E. purpurea and declines after anthesis. Alkamide content of flowers
has an opposite trend (Figure 2.3). Genetics is another important component. Even
in germplasm that has been in cultivation for many years, there is still considerable
phytochemical variation between individual plants. Cloned plants derived by divi-
sion of the roots of individual plants in cultivated populations are very uniform and
are one method for selecting and producing high-performance cultivars from excep-
tional plants. Development of tissue culture methods, currently under investigation
in our laboratory, is expected to allow much faster and large-scale production of uni-
form elite plants. 

Diversity and Biological Activity in Echinacea 15

TABLE 2.3
Alkamides and ketoalkene/ynes in E. pallida roots (58 days) that showed a statistically sig-
nificant increase by methyl jasmonate treatment

Compound induced % increase P  

tetradeca-8Z-ene-11,13-diyn-2-one* 151 0.016  

dodeca-2E,4E,8Z,10E/Z-tetraenoic AIBA 63 0.046  

trideca-2E,7Z-dien-10,12-diynoic AIBA 227 0.035  

undeca-2E,4Z-dien-8,10-diynoic AIBA 134 0.021  

undeca-2Z,4E-dien-8,10-diynoic AIBA 156 0.007  

8-hydroxytetradeca-9E-ene-11,13-diyn-2-one* 353 0.001  

Note: Significantly different means were determined at P=0.05 by a two-tailed t-test.
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Figure 2.3 Changes in isobutylamides with flower stage. Stages 1and 2 are preanthesis and
stages 3 and 4 are postanthesis.
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Wild populations of Echinacea provide further scope for genetic improvement.
Our greenhouse investigations of E. angustifolia populations grown from seed col-
lected at nine locations on the Great Plains showed a latitudinal variation in the
amounts of several phytochemical markers (Binns unpublished). Echinacoside, for
example, increases significantly with latitude, while several alkamides decrease as
latitude increases. 

NEW TOOLS FOR QUALITY CONTROL

Germplasm improvement requires assessment and selection from a large number
of individuals. Recently we have developed molecular-methods based AFLP
(Amplified Restriction Fragment Length Polymorphism), which reliably predict the
HPLC-determined cichoric acid content across a wide selection of Echinacea
germplasm (Baum et al., 2001). These methods are useful in the development of
genetic-marker assisted selection of crop germplasm, which is expected to be much
faster than traditional phytochemical analysis.

Assessment of the quality of raw materials and finished products can be
enhanced with modern bioassays. Protein-based bioassays such as LOX enzyme
inhibition assays by Echinacea or cytokine stimulation in macrophages by
Echinacea have been considered recently for quality control (Rininger et al., 2000).
We have also assessed the potential for drug interaction with different Echinacea
herbal products in assays with cloned human CYP3A4 enzymes (Budzinski et al.,
2000). New DNA array and quantitative PCR techniques now allow scientists to
rapidly assess the induction of genes for cytokine production by measuring m-RNA
levels in cultured cells treated with Echinacea (Orndorff, 2000). While these bioas-
says cannot completely replace constituent analysis, they are powerful new additions
to the toolkit for assessment and improvement of herbal products.
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INTRODUCTION

Vaccinium fruits are rich in antioxidant activity. Purported health benefits of
these berries include maintenance of normal vascular health and vision, pre-

vention or reduced severity of cardiovascular disease, diabetes and cancer, and
antimicrobial action. Although many species are consumed, only a few have
achieved commercial significance.  These berries have an important place in the
botanical history of many cultures. Increased production has led to ample supplies
and consequently, commodity groups have begun to sponsor research on the health
benefits of these berries in order to tap the growing functional foods and nutraceuti-
cal markets. 

SPECIES

Vaccinium species in the Chinese Materia Medica include the Asiatic bilberry (V.
bracteatum Thunb.), South China blueberry (V. dunalianum var. urophyllum Rehd.
and Wils.), and bilberry or lesser bilberry (V. fragile Franch.). Other species have a
place in traditional medicine in Turkey and in northern climates.  The species dis-
cussed in this chapter will focus on those harvested for commercial use in North
America and parts of Europe.

The bilberry (Vaccinium myrtillus L.) is native to northern Europe and is also
found in parts of North America and Asia. The fruit of this low-growing shrub has an
intense dark blue color with pigmented flesh. Bilberries grown in Europe have found
application in the pharmaceutical and dietary supplement markets. The commercial
drug Difrarel® contains 100 mg of bilberry anthocyanins plus 5 mg of β-carotene,
and is prescribed for circulatory ailments.

Blueberries are native to North America and commonly found as either the low-
bush or highbush variety. In both varieties, the blue pigments are confined to the
berry skin and berries may be harvested mechanically or by hand. The wild or low-
bush blueberry (V. angustifolium Ait.) is grown primarily in Maine and eastern
Canada. Highbush blueberries (V. corymbosum L.) are commercially grown in large
quantities in New Jersey and Michigan (Moore, 1994), as well as in other states that
meet the temperature requirements of 800 to 1060 h below 7.2°C without winter tem-
peratures below -24°C (Eck, 1998). In Canada, British Columbia is the largest pro-
ducer of cultivated highbush blueberries (Villata, 1998) and other major growing
regions include Australia, Chile, Germany, and New Zealand. The crop is also being
developed in regions of Europe and China. V. ashei Reade, the rabbiteye blueberry,
is produced in the southern U.S., with Georgia, Florida, Arkansas, and Texas being
the major growing states.
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Several cranberry species are grown throughout the world for commercial appli-
cation. The American cranberry (V. macrocarpon Ait.) is produced commercially in
Massachusetts, New Jersey, Wisconsin, Oregon, Maine, and in other northern states
and Canadian provinces. The European or small cranberry (V. oxycoccus L.) and the
lingonberry (V. vitis-idaea L.) may also be found in North America despite their pre-
dominance in northern Europe and the former Soviet republics.

MARKETING TRENDS

As international notoriety grows, horticultural production is spurred.
Anticipation of new markets for Vaccinium-derived nutraceuticals can lead to supply
problems. For example, in the 1990s cranberry production increased in the U.S. and
Canada, but demand failed to rise. In 2000, farmers received only ten cents per
pound, compared with $0.80 in earlier years. New plantings of blueberries and bil-
berries are expected to have a similar effect on prices for those berries. Generally
speaking, specified health claims for phytochemical activity of berries do not exist.
“Dr. Blueberry” appears in Japanese products containing blueberries for health ben-
efits, but as yet there is no Foods for Specified Health Use (FOSHU) claim approved
for blueberry products.

PHYTOCHEMICALS

The most apparent phytochemicals in these fruits are the anthocyanin pigments.
Most anthocyanins are colorless at pH 4–6, and anthocyanin activity is reduced by
heat, oxygen, ascorbic acid, light, and polyphenoloxidase. Anthocyanins in
Vaccinium species are discussed in detail by Mazza and Miniati (1993). Other phe-
nolics and flavonoids are present in varying amounts. Chlorogenic acid is the pre-
dominant phenolic compound in blueberries (Kader et al., 1996); benzoic acid is the
primary phenolic in cranberry juice (Chen et al., 2001), and quercetin is found in
most species as well. Berry flavonoid and phenolic composition differs greatly from
that in leaves. Geographic and cultivar variations are significant in blueberries, while
geographic differences may be less significant for cranberries.

ANTIOXIDANT ACTIVITY

IN VITRO STUDIES

Numerous studies have evaluated the in vitro antioxidant activity of Vaccinium
constituents. Chlorogenic and caffeic acids inhibited linoleic acid oxidation (Ohnishi
et al., 1994). Crude acidified ethanol extracts from four V. corymbosum cultivars
were studied for their antioxidant activity, but this activity was not directly related to
anthocyanin or polyphenol content of the extracts (Costantino et al., 1992). Cv.
Collins was the most effective inhibitor of both NBT reduction by superoxide anion
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and xanthine oxidase, and it had the highest concentration of both anthocyanins and
polyphenols.

Velioglu and coworkers (1998) compared the antioxidant activity of methanol
extracts from 28 food and medicinal plants using a β-carotene bleaching assay. V.
angustifolium cv. Fandy from Nova Scotia had greater antioxidant activity than other
products studied, with the exception of 50 mg/L α-tocopherol, 200 mg/L BHT, and
a few other botanical products such as sea buckthorn and buckwheat hulls.

The oxygen radical absorbance capacity (ORAC) test is an assay which can
assess hydrophilic antioxidants for their ability to reduce free radicals. Blueberry and
bilberry ORAC values were correlated with anthocyanins (r = 0.77) and total phenols
(r = 0.92) (Cao et al., 1998), with variation among species and cultivars. The
researchers concluded that ascorbic acid played only a minor role in ORAC activity. 

ORAC activity, anthocyanins, and total phenolics increased with maturity in the
two rabbiteye blueberry cultivars, Tifblue and Brightwell. Highbush blueberry cv.
Jersey was grown in three states, but location had no effect on composition or ORAC
activity. Based on these findings, the researchers suggested that daily consumption
of 1/2 cup (72.5 g) of blueberries would raise ORAC intake by 1–3.2 mmol, based
on Trolox equivalency. Fourteen anthocyanins tested for ORAC had greater antioxi-
dant activity than Trolox (Wang et al., 1997). Cyanidin-3-glucoside and cyanidin-3-
rhamnoglucoside had the highest ORAC values.  

Oxidation of human low density lipoprotein (LDL) oxidation is involved with
development of atherosclerotic plaques in arteries. Vaccinium phenolic compounds
vary in ability to retard LDL oxidation (Meyer et al., 1998); however, additive effects
were lower than expected. In the aqueous-based ABTS+ system, the antioxidant
activity of compounds was reversed: quercetin > cyanidin > catechin (Rice-Evans et
al., 1995).

Berry antioxidant activity in different systems was compared by Heinonen and
coworkers (1998). Acetone extracts of highbush blueberries (cv. Jersey) were less
effective in preventing LDL oxidation than were extracts from blackberries, red rasp-
berries, and sweet cherries. Hydroxycinnamates in blueberries were better at inhibit-
ing oxidation in lecithin liposomes. 

When 10 µM copper was used to initiate human LDL oxidation, anthocyanins
were protective in the following order: malvidin > delphinidin > cyanidin >
pelargonin; at higher copper concentration (80 µM) delphinidin was most effective
(Satué-Gracia et al., 1997). Malvidin was the best antioxidant in a liposome model
since the others were pro-oxidants at the 3 µM level.

Aqueous extracts of V. myrtillus at low levels (15–20 µg/mL) retarded human
LDL oxidation in vitro (Laplaud et al., 1997). The lag phase for production of con-
jugated dienes was significantly delayed by the bilberry extract, and levels of perox-
ides and thiobarbituric acid reactive substances (TBARS) were lower for up to seven
hours after induction with copper. Further research is needed to evaluate dose levels
and long-term consumption effects.

Although cyanidin is not one of the predominant anthocyanins in bilberries and
blueberries, it has been studied the most. Cyanidin and cyanidin-3-O-β-D-glucoside
(C3G) were effective antioxidants in several systems: linoleic acid autoxidation,
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lecithin liposome, rabbit erythrocyte membrane, and rat liver microsomes (Tsuda et
al., 1994). The aglycone was stronger in the liposome and rabbit cell systems.
Reaction of C3G with a free radical generator (2,2′-azo-bis-(2,4)-dimethylvaleroni-
trile) produced another free radical scavenger, protocatechuic acid, and 4,6-dihy-
droxy-2-O-β-D-glucosyl-3-oxo-2,3-dihydrobenzofuran (Tsuda et al., 1996).

IN VIVO STUDIES

In another study, rats were fed C3G (2 g/kg diet) for 14 d (Tsuda et al., 1998).
There was no difference between the control animals and the experimental group for
weight gain, food intake, liver weight, and serum triglycerides, phospholipids, and
antioxidants (α-tocopherol, ascorbic acid, reduced glutathione, and uric acid). Free
and total cholesterol was lower in the C3G-fed rats. Serum was subjected to ex vivo
oxidation by two methods: 2,2′-azobis (2-amidinopropane) hydrochloride (AAPH)
and CuSO4. Initially, the serum TBARS from the C3G rats were slightly but signifi-
cantly lower than that of the control group, but the differences became more pro-
nounced with time in both reaction systems. C3G did not appear to have an antioxi-
dant effect in rat liver. 

A small study of healthy Danish women (N = 9) found no difference in antioxi-
dant status after drinking 500 mL of blueberry juice, but increased antioxidant activ-
ity was maximal 1–2 h after drinking an equal amount of cranberry juice (Pedersen
et al., 2000). In a Finnish study, 60-year old men consumed 100 g of frozen berries
(bilberries, lingonberries, and black currants), 600 mg antioxidant vitamins, or a cal-
cium placebo for eight weeks (Marniemi et al., 2000). Although decreases in LDL
oxidation and increases in antioxidant activity were not significant at the 5% level, a
short-term (5-hr) study found a significant increase (p = 0.039) in antioxidant activ-
ity following berry consumption.

CARDIOVASCULAR DISEASE

ARTERIAL RELAXATION

Cardiovascular disease, as well as the many diseases involved with vascular
health, can be expected to increase in the U.S. population as the proportion of older
adults grows. Schramm and German (1998) have summarized potential benefits of
flavonoids in preventing vascular disease, including: prevention of oxidation and
Maillard reactions, inhibition of leukocyte adhesion, antimicrobial activity that pre-
vents inflammation, and estrogenic effects. Figure 3.1 illustrates potential cardio-
vascular benefits of Vaccinium phytochemicals.

Hypertension, atherosclerosis, and diabetes decrease arterial flexibility, con-
tributing to poor blood flow and plaque formation. Rat aortas exposed to antho-
cyanin-enriched blueberry extract in vitro exhibited relaxation caused by endothe-
lium-generated nitric oxide (Andriambeloson et al., 1996). Delphinidin induced a
maximal relaxation of 89%, which was comparable to red wine polyphenols
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(Andriambeloson et al., 1998). Fitzpatrick and coworkers (1995) reported that mal-
vidin did not produce a vasorelaxation response. Since neither malvidin nor cyani-
din were effective, vasorelaxation effects may be caused by as yet unknown antho-
cyanin features. 

A commercial V. myrtillus extract (Myrtocyan®) enhanced relaxation of calf aor-
tas in an in vitro system that had been exposed to adrenalin (Bettini et al., 1985). The
dose response was nearly linear as the extract concentration was increased from
25–100 µg/mL (Figure 3.2), and the researchers proposed that the relaxation of the
blood vessels was due to inhibition of catechol-O-methyltransferases (COMT).
Anthocyanins and ascorbic acid inhibited contractile responses of calf aortas in the
presence of histamine or angiotensin II (Bettini et al., 1987). This effect was not
observed when indomethacin or lysine acetylsalicylate were added, suggesting that
anthocyanin-rich products may have little benefit for persons already taking med-
ications to inhibit prostaglandin synthesis enzymes.
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Figure 3.1 Potential cardiovascular benefits of Vaccinium phytochemicals.
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CAPILLARY PERMEABILITY

Mian and coworkers (1977) proposed that anthocyanins protected blood vessels
by stabilizing membrane phospholipids and by increasing production of the acid
mucopolysaccharides of the connective ground substance. Anthocyanin extracts
inhibited porcine elastase in vitro (Jonadet et al., 1983). Vascular protection in rats
was measured by retention of Evans blue dye in serum, and appeared to be dose-
dependent. Grape (Vitis vinifera) anthocyanins were better at protecting blood ves-
sels than V. myrtillus extracts at the lowest dose, 50 mg/kg/I.P. Extracts from both
fruits were significantly different from the control treatment at doses of 100 and 200
mg/kg/I.P. 

Capillary strength is another important element in cardiovascular health. Easily
damaged or porous capillaries contribute to electrolyte imbalances, and lead to
edema and other dysfunctions. The commercial V. myrtillus preparation Difrarel

containing 20 mg of anthocyanins was tolerated well by patients with chronic ill-
nesses affecting blood vessels, even though patient improvement was mixed
(Amouretti, 1972). Coget and coworkers (1968) described the progress of 27 patients
treated with Difrarel 20, and concluded that the drug was an effective vascular pro-
tective agent. Exposure to radiation, either therapeutic or accidental, promotes weak-
ened capillaries. Interest in protective effects of V. myrtillus against radiation dam-
age has been high in Eastern Europe. 

Oral doses of V. myrtillus extract were slightly less effective in increasing capil-
lary resistance to permeability than were intraperitoneal administrations to rabbits
and rats (Lietti et al., 1976a). However, hamsters given oral doses (10 mg/10 g body
weight) of a commercial product containing 36% bilberry anthocyanosides for 2 or
4 weeks exhibited better capillary perfusion and fewer sticking leukocytes in the cap-
illaries that had been clamped to induce ischemia (Bertuglia et al., 1995).

A commercial V. myrtillus extract, known as Myrtocyan®, with 25% anthocyani-
dins, was effective in reducing capillary permeability and increasing capillary resis-
tance (Cristoni and Magistretti, 1987). The extract was administered intraperi-
toneally to rats starved for 16 hr, then Evans blue dye was given intravenously, fol-
lowed by an intradermal dose of histamine. Rats given varying amounts of
Myrtocyan had reductions of 32–54% in permeability.

PLATELET EFFECTS

A related cardiovascular issue involves platelet aggregation where excessive
aggregation has been known to lead to blood vessel blockage. In a small human
study, consumption of cranberry juice (4 glasses per day for 4 days) inhibited aggre-
gation ex vivo (Wilson and Marley, 2001). A solution of 30 mg/ml bilberry antho-
cyanins reduced platelet aggregation in vitro, comparing favorably with aspirin and
other drugs (Zaragozá et al., 1985).

Elevated serum homocysteine is yet another risk factor for cardiovascular dis-
ease. Interestingly, in a study where cranberry juice was used as a vehicle for nitro-
glycerine to study endothelial dysfunction, the cranberry juice placebo had no effect
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on flow-mediated vasodilation and serum asymmetrical dimethylarginine (Boger et
al., 2001). Despite this finding, Vaccinium phytochemicals may play a role in these
aspects of vascular health.

GLYCEMIC CONTROL AND DIABETES

Diabetes is a leading cause of death, and the incidence of Type 2 diabetes is
growing in most developed nations. The leaves and fruit of V. myrtillus are used in
Europe to treat many conditions resulting from diabetes. High levels of serum glu-
cose trigger many adverse physiological events. Medical complications of diabetes
include microangiopathy, cataracts, blindness due to retinopathy, neuropathy,
decreased resistance to infections, and hyperlipidemia. 

CAPILLARY EFFECTS

The capillary walls in diabetic patients thicken due to collagen and glycoprotein
deposits. The thickened capillaries are less flexible and more susceptible to blockage
and atherosclerosis. Rat aorta smooth muscle cells incorporated less radio-labeled
amino acids when cultured with V. myrtillus anthocyanins (VMA) (Boniface et al.,
1986), suggesting one mechanism by which bilberry maintains normal capillary
structure. Similar results were obtained for collagen content in cells from diabetic
rats, and VMA reduced collagen content more than did insulin. 

Boniface and colleagues (1986) also reported positive results for diabetic
patients treated with 500–600 mg of VMA for 8–33 months. Improvements in capil-
laries and microaneurysms were found for many, but not all, patients. Although there
was no change in soluble collagen due to VMA, insoluble collagen levels returned to
levels similar to those in normal subjects, and structural glycoproteins in diabetics
were reduced by 30%. Based upon this series of experiments, the French scientists
recommended that diabetic patients be given 500 mg VMA daily, split in 2 doses, for
a period of at least several months. Sporadic doses of lower quantities were not
believed to be of value.

GLYCEMIA

An aqueous alcohol extract of V. myrtillus leaves produced a 26% reduction in
plasma glucose levels in streptozotocin-induced diabetic rats (Cignarella et al.,
1996). Plasma triglycerides decreased in proportion with the amount of bilberry leaf
extract given to rats (1.2 or 3.0 g/kg body weight) fed a hyperlipidemic diet, but the
reduction was less than that obtained for rats treated with ciprofibrate (10 or 20
mg/kg). Ciprofibrate also reduced plasma levels of free fatty acids, the precursors for
triglycerides, while leaf extract affected only triglycerides. Increased tendency to
form blood clots or thrombi represents another diabetes-related risk for cardiovascu-
lar problems. Thrombus weight and protein content was lower in diabetic rats given
ciprofibrate, but not for those rats given bilberry leaf extract.
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Flavonoids interfere with starch enzymes and therefore affect post-prandial
blood glucose levels because glucose is released gradually in the small intestine. An
in vitro survey of plant materials for ß-glucosidase inhibitory activity found no activ-
ity in blueberry (species not identified) skin extract (Matsui et al., 2001a), presum-
ably because acylated anthocyanins in other plants have greater inhibitory ability
(4–18 mM) (Matsui et al., 2001b). Pectin and other types of soluble fiber in berries
also slow digestion of carbohydrates and subsequent absorption of sugars. An in vitro
study indicated that fiber affects glucose levels by three mechanisms: increased
intestinal content viscosity that slows diffusion to the brush border, entrapment of
glucose, and physical separation of enzyme and substrate (Ou et al., 2001).

Flavonoids inhibit aldose reductase, which converts glucose to sorbitol (Varma,
1986). This conversion is associated with many of the adverse outcomes associated
with diabetes. We have demonstrated that anthocyanins and anthocyanin-rich fruit
products can inhibit recombinant aldose reductase in vitro (Figure 3.3). Enzyme inhi-
bition by juice powders was not highly correlated with anthocyanin content, sug-
gesting that ascorbic acid and other antioxidants in fruit contribute to inhibition. 

AGING AND MEMORY LOSS

OXIDATIVE STRESS

As people age, balance, coordination, short-term memory, information retrieval,
and other brain tasks are hindered. A lifetime of oxidative stress may induce dam-
ages to lipids and proteins that lead to cellular damage. Dementia results from
impaired vascular supply, both chronic and acute, and from the formation of amyloid
plaques associated with Alzheimer’s disease. An animal study recently provided
some evidence that dietary antioxidants can protect the brain from oxygen-induced
damage (Joseph et al., 1998). Six- to eight-month-old F344 rats were fed a control
diet or diets containing antioxidants (500 IU/kg vitamin E, 10 g/kg dried aqueous
blueberry extract, 9.4 g/kg dried strawberry extract, or 6.7 g/kg dried spinach
extract). After 8 weeks of the diet, the rats were subjected to 48 h of 100% O2 to
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induce damage similar to that found in aged rats. All antioxidant diets prevented
decreases in nerve growth factor in the basal forebrain, and other adverse effects
were ameliorated. In another study, 19-month-old Fisher 344 rats fed a blueberry diet
(14.8 g dried aqueous extract per kg) generally performed better in cognitive perfor-
mance than did rats fed strawberry or spinach diets, but only the blueberry-fed rats
demonstrated a reversal in age-related motor deficits (Joseph et al., 1999).

Differences in polyphenolic composition were thought to be responsible for
varying effects of rabbiteye (cv. Tif) and lowbush blueberry extracts fed to rats for 8
weeks (Youdim et al., 2000). Rats fed either type of berry had higher striatal con-
centrations of dopamine and ascorbic acid than did controls. Psychomotor skills var-
ied, but for all tests at least one blueberry group had superior results compared with
rats fed the control diet.  

HORMONAL INFLUENCES

The thyroid hormones thyroxine (T4) and triidothyronine (T3) regulate temper-
ature and metabolism. In rats given intraperitoneal injections of bilberry antho-
cyanins (200 mg/kg/day) for 5 days, significantly more T3 was found in their brains
than rats given only the solvent (26% alcohol) (Saija et al., 1990). T3 enters the brain
via specific transport in the capillaries, therefore anthocyanins may mediate T3
transport at the capillary level. The specific portions of the brain that contained more
T3 in the bilberry-treated animals were those responsible for memory, vision, and
control of sensory input — the frontal, temporoparietal and occipital cortexes, and
the components of the limbic system (hippocampus, thalamus, and hypothalamus).

VISION

Bilberry extract is prescribed in Europe for eyesight, particularly night vision.
This health benefit is the primary reason for the product’s popularity in Japan and
Korea, where it is used to relieve computer-induced eyestrain (Kalt and Dufour,
1997). This benefit may be due, in part, to the small amounts of carotenoids present
in the fruit. However, a double-blind, placebo-controlled study demonstrated that
oral doses of anthocyanins are important for regeneration of visual purple (Alfieri
and Sole, 1966). Bilberry extracts appear to benefit vision in several ways: improved
night vision by enhanced regeneration of retinal pigments, increased circulation
within the capillaries of the retina, inhibition of Maillard reactions in the lens to
reduce cataract formation, and protection from ultraviolet light. The antioxidant
properties of V. myrtillus extracts may be responsible for these health benefits.
Antioxidants have been suggested to retard oxidation in the lens and to slow retinal
angiopathy, which occurs in both age-related macular degeneration and diabetic
retinopathy (Trevithick and Mitton, 1999). 

Using adapto-electroretinograms (AERG) to assess dark adaptation, six subjects
adapted to light within 6.5 minutes, compared with 9 minutes for the control group.
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A dose of 500 mg V. myrtillus anthocyanins with 25 mg ß-carotene improved vision
in poor light due to improved mesoptic vision and reduced sensibility at direct glare
(Scialdone, 1966). Bilberry extract slightly improved retinal sensitivity in 16 normal
adults (Magnasco, 1966). In a study of 20 25-year-olds with good vision, the group
(N = 30) receiving bilberry extract had slightly, but significantly, improved adaption
related to night vision compared to the placebo group (Jayle et al., 1965).

Inhibition of aldose reductase by Vaccinium flavonoids should aid in minimizing
lens damage in diabetics since free sugars form Maillard-type products that con-
tribute to lens clouding. Quercetin decreased sugars in sugar alcohols in the lens of
diabetic degus; quercitrin inhibited xylitol synthesis in rat lens (Varma, 1986).
Diabetic hyperopia was controlled in rabbits given flavonoids before or after admin-
istration of alloxan to induce diabetes. 

No studies have been published to date that describe the use of blueberry or cran-
berry products to treat visual problems, although these products are being used as
dietary supplements for this purpose. The dose of anthocyanins required to improve
or maintain vision is not yet fully understood, and the lower concentration of the pig-
ments in blueberries suggest that they may be less effective. During the spring of
2002 we will conduct a study involving 100 middle-aged adults who will be given
dried blueberry juice or a placebo for 3 months, with periodic assessment of contrast
sensitivity.

ANTICANCER ACTIVITY

Consumption of fruit is linked to reduced risks for several cancers. Research
involving Vaccinium species has focused on in vitro and animal studies. The relative
value of fruit components is not clear; thus, estimation of recommended consump-
tion levels is difficult. Spray-dried V. angustifolium juice was fractionated for several
in vitro assays (Smith et al., 2000). A crude 70% acetone extract induced quinone
oxidase, suggesting potential benefits in inhibiting carcinogenesis. Other studies are
summarized in Table 3.1.

URINARY TRACT HEALTH

Bilberries, blueberries, and cranberries have been used in several countries to
treat urinary and digestive tract infections. In the 1960s, several studies examined the
effects of anthocyanins on pathogenic bacteria. Monoglucosides of delphinidin, mal-
vidin, and petunidin varied in their ability to inhibit key microbial enzymes
(Carpenter et al., 1967). Aflatoxin B1 production by Aspergillus flavus was inhibited
by anthocyanidins in the following order: delphinidin > pelargonidin > peonidin >
cyanidin (Norton, 1999). Glycosides were less effective in toxin suppression than the
aglycones. It is not known whether these compounds retard toxins formed by mold
species found on Vaccinium fruit.
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URINARY TRACT INFECTIONS

According to the National Institute of Diabetes and Digestive and Kidney
Diseases (2001), urinary tract infections (UTI) resulted in over 8.5 million doctor
visits in 1997. These infections are painful and can lead to serious infections of other
organs, usually the kidneys. Interstitial cystitis afflicts about 500,000 Americans
annually; 90% of these sufferers are women. As much as half of the older women in
long-term care facilities or hospitals may suffer from UTIs (Monane, et al.1995).
UTIs tend to recur, but statistics on the recurrence rate are not available. Prevention
of these infections can significantly reduce medical expenses and improve quality of
life for persons prone to recurrent infections.

UTIs develop when bacteria, and occasionally yeasts and fungi, are introduced
into the normally sterile urinary tract, which consists of the bladder and ureters.
Microbes may enter the tract in a number of ways, primarily from sexual intercourse,
poor hygiene, and catheters. Painful and frequent urination, burning, and fever result
when the bacteria multiply. Conventional medical therapy consists of antibiotic
administration along with increased consumption of water. The additional liquid is
believed to aid in flushing bacteria from the tissues. In the past few years, the med-
ical community and the public have become concerned about the development of
antibiotic-resistant strains of bacteria. Recurrent UTIs treated with the same antibi-
otic could lead to selection for drug-resistant bacteria. Without an effective antibi-
otic, such bacteria could proliferate and spread to the kidneys and other vital organs. 

Concerns about antibiotics and other medications have spurred more Americans
to seek alternative, “natural” treatments for ailments. One widely accepted concept
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TABLE 3.1
Summary of Research on Anticancer Properties of Vaccinium Fruits.

Fruit product Results Reference  

Blueberry juice Decreased mutagenicity of
polycyclic aromatic hydrocar-
bons in the Ames assay 

Edenharder et al., 1994  

Solvent fractions of V.
angustifolium, myrtilis,
macrocarpon, and vitis-
idaea

Proanthocyanidins and
crude extracts inhibit
ornithine decarboxylase
activity at lower IC50 than
did ethyl acetate extracts
and anthocyanins 

Bomser et al., 1996

Anthocyanins Aglycons decreased growth
of the human vulva carci-
noma cell line A431; glyco-
sides were effective at con-
centrations > 100 µM 

Meiers et al., 2001  
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is the use of cranberry juice cocktail to prevent or treat UTIs. Although the earliest
history of this practice is not known, many people assume that Native Americans dis-
covered the beneficial properties of cranberries (V. macrocarpon) before the arrival
of European colonists. The first scientific study of the medicinal properties of cran-
berry products was published in 1923. Nearly 80 years later, the medical community
is still divided over the actual benefits of cranberry juice for UTIs.

Mechanisms for Reducing UTI

Bacteria can be killed in a number of ways: extremes of temperature, radiation,
electrical currents, extremes of pH, and numerous antimicrobial compounds.
Obviously the first three options are not possible within a patient, but most fruit
juices have a low pH (high acidity). Many juices also contain organic acids and other
compounds that naturally inhibit bacteria. Escherichia coli are gram-positive bacte-
ria naturally present in the large intestine, but they may contaminate the urinary tract.
E. coli have pili or fimbriae on their surface that resemble hairs. These fimbriae con-
tain two types of adhesins, compounds that promote adhesion to other cells, such as
the epithelial cells lining the bladder. One adhesin is called mannose-specific (MS)
since it preferentially binds to the sugar mannose. Fructose is the only other sugar
that can bind to this adhesin. Most E. coli strains from urinary tract infections have
Type I fimbriae that have this MS adhesin.  

The other adhesin is referred to as mannose-resistant (MR), since it does not bind
to either sugar. MR adhesin is found in E. coli strains from both diarrhea and urinary
tract infections. This adhesin appears to be inhibited by large-molecular weight com-
pounds that are not yet clearly identified (Ofek et al., 1996). Binding these inhibitors
prevents the bacteria from attaching to other cells, thus producing an inhibitory effect
on their infective ability.  

Blueberries and cranberries appear to have unique phytochemical mixtures that
aid in reduction of urinary tract pathogens. The combination of low pH, organic
acids, fructose, and MR-adhesin inhibitors provide a hurdle effect (Figure 3.4). By
using several methods to kill bacteria, or in the case of UTIs, preventing adhesion of
bacteria to tissues, bacterial strains resistant to one process will be overcome by
another, resulting in a minimal microbial risk. 
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Urine Acidification

The first theory proposed to explain why drinking cranberry juice seemed to help
some patients was based on the idea that the naturally tart cranberry juice contained
acids that lowered the pH of urine. Normal urine pH is close to neutral (7.0); a pH of
5.5 or lower is necessary to retard development of UTIs. An early clinical study
found that 53% of 60 patients with acute UTIs showed some improvement after con-
suming 16 ounces of cranberry juice daily for three weeks; 27% had no change in
symptoms (Papas et al., 1966). The researchers suggested that cranberry juice aided
the drug methenamine by keeping urine pH sufficiently low for the drug to have
enhanced antibacterial activity. They concluded that cranberry juice was a helpful,
well-tolerated, and inexpensive adjunct to traditional antibiotic therapy. 

Sweetened, diluted cranberry juice (about 80% juice) was provided along with
meals to 40 healthy young adults (Kinney and Blount, 1979). Each treatment group
(150, 180, 210, or 240 mL cranberry juice per meal) had significantly lower urine pH
than the control group. There was no apparent dose relationship; i.e., it did not appear
to matter how much juice each person drank. However, incidence of urinary tract
infections was not monitored, and it is unlikely that most people would drink a prod-
uct containing 80% cranberry juice, even if sweetened, due to the strong bitter and
sour flavor. In a double-crossover experiment with 21 elderly men, no cranberry
juice cocktail was provided for 4 weeks, followed by 4 weeks in which two 118.3 mL
servings were consumed daily; then the experiment concluded with another 4-week
period with no cranberry juice (Jackson and Hicks, 1997). Urine pH was signifi-
cantly lower during the juice phase of the program. 

Organic Acids

Fellers and coworkers (1933) first proposed that cranberry juice might retard
bacteria via formation of hippuric acid from organic acids found in the berries.
Benzoic and quinic acids are converted to hippuric acid in order for the body to more
easily excrete them in the urine. Hippuric acid acts directly upon bacteria by causing
electrical imbalances that result in cell death. Benzoic acid itself inhibits bacteria
when it is present at concentrations of 0.1–0.2%.

Inhibition of Bacterial Adhesins

As mentioned earlier, bacteria causing UTIs have one of two types of adhesins
that allow the bacteria to stick to tissues in the body. Urine from mice and humans
fed cranberry juice cocktail prevented adhesion of E. coli to isolated bladder cells
(Sobota, 1984), lending support to the idea that active compounds must be present in
the urine. The same study diluted cranberry juice, cranberry juice cocktail, and con-
centrate, and dilution up to 1:100 significantly reduced bacterial adhesion compared
with the saline control. A subsequent study found that cranberry juice was less effec-
tive in removing bacteria that were already attached to tissues (Schmidt and Sobota,
1988), suggesting that cranberry juice may have more potential as a preventative
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measure than as a cure. Drinking cranberry juice twice daily reduced the number of
blood cells in the urine of 17 disabled children, but E. coli was still recovered
(Rogers, 1991). Cranberry juice appeared to reduce mucus formation in those
catheterized children with spina bifida. 

Yeast aggregation by E. coli is used to measure the mannose-binding potential of
the bacteria; this test approximates the ability of bacteria to adhere to urinary tract
tissue. Fructose concentrations of 5%, whether in cranberry juice cocktail or as a
fructose solution, produced 50% inhibition yeast agglutination by three strains of E.
coli, even at a 1:52 dilution for Strain 346 (Zafriri, et al., 1989).

A letter to the editor of the New England Journal of Medicine reported that only
blueberry and cranberry juices contained an MR-inhibitor among seven juices tested
(Ofek et al., 1991). However, only data for the cranberry inhibitor has been pub-
lished.  Correspondence with Dr. Itzhak Ofek of Tel Aviv University revealed that the
group had little data on blueberries, and that no data had been published on the
inhibitory effect of blueberries. The inhibitor from both cranberries and blueberries
had a molecular weight over 15000, and was acid-resistant but sensitive to high pH
(Ofek et al., 1996). 

Clinical Studies

A highly publicized study examined the effect of cranberry juice cocktail on bac-
teriuria and pyuria in 153 elderly women (Avorn et al., 1994). By the second month
of the study, the placebo group had three times the number of bacteria-contaminated
urine samples as the cranberry group. Although the differences varied with time, the
differences between groups became smaller after 6 months. Some patients in each
group (16, placebo; 8, cranberry) were treated with antibiotics for UTIs during the
course of the study. A major critique of this study is that the placebo group had a
much greater number of patients who had been treated in the past 6 months for UTIs.
This group may have been predisposed to development of such infections, thereby
skewing the results in favor of the cranberry treatment. However, the researchers did
account for the difference in groups with statistical analyses. Interestingly, all cran-
berry beverage samples inhibited bacterial adhesion in vitro, while none of the
placebo beverages inhibited adhesion.

In a recent study involving a blend of juices from European cranberry (V. oxy-
coccus) and lingonberry, 150 women were assigned to drink the juice, a probiotic
beverage, or no treatment for 6–12 months, depending upon the treatment
(Kontiokari et al., 2001). Although the study was not placebo controlled, the juice
significantly delayed the onset of UTI recurrence (Figure 3.5). 

Although most studies have reported the effect of beverages, capsules containing
400 mg of cranberry solids were tested in a small study (Walker et al., 1997). Only
ten women completed the study, which involved consumption of the cranberry sup-
plement or a calcium placebo for 6 months after diagnosis and treatment with antibi-
otics of a UTI. The researchers concluded that the cranberry capsules were effective
in reducing development of UTIs in young women prone to such infections. 
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A review article for nurses summarized situations in which cranberry juice cock-
tail could be used: as a preventative measure for persons prone to UTIs, as part of the
treatment for UTIs, to acidify urine to prevent calcium stone formation and improve
urine odor, and to reduce mucus formation in patients with urostomies or catheters
(Leaver, 1996). Fleet (1994) suggested that the effect of cranberry juice on intestinal
flora may be an important first step in reducing UTIs, since bladder contamination
with fecal bacteria is common. Significantly fewer bacteria were found adhering to
bladder cells from 15 persons with spinal cord injuries who had drunk three glasses
of cranberry juice (Reid et al., 2001). Howe and Bates (1987) questioned the high cost
of cranberry juice and raised the issue of taste.  Persons who dislike the taste of
cranberry juice will be reluctant to drink it, despite potential health benefits. Table 3.2
lists other conditions that may be improved by cranberry or blueberry consumption.

ISSUES TO BE RESOLVED

Opinions differ on how and if these compounds enter the body. Glycosides could
be cleaved at the intestinal brush border or by microbes, causing only aglycones to
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TABLE 3.2
Potential Antimicrobial Applications for Vaccinium Products

Condition

Dental plaque 
Stomach ulcer  
Diarrhea 

Reference

Weiss et al. 1998
Burger et al., 2000
Folklore  

0

0.2

0.4

0.6

0.8

1
In

ci
de

nc
e 

de
ns

ity

Treatments

Juice Lactobacillus No trt.

*

Figure 3.5 Incidence density of urinary tract recurrence in 150 women in 3 treatment groups
(N = 50).* indicates significant difference (p = 0.03). (Source: Kontiokari et al. 2001. Brit.
Med. J., 322(7302):1571–1575. With permission.)
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be absorbed. However, intact anthocyanins may be absorbed. Published studies of
anthocyanin absorption have used pure compounds or extracts, not whole foods,
from which extraction and absorption is presumably more difficult. V. myrtillus
anthocyanins given to rats by either oral or intravenous routes were recovered from
urine and bile (Lietti and Forni, 1976b). Ring fission products were isolated from the
urine of rats fed either delphinidin or malvin (malvidin-3,5-diglucoside) (Griffiths
and Smith, 1972).

Improved analytical techniques have enabled researchers to better identify phy-
tochemicals in biological samples. Direct feeding of cyanidin-3-glucoside and cyani-
din-3,5-diglucoside resulted in recovery of the compounds and their metabolites
from both rat and human plasma (Miyazawa et al., 1999). In four healthy elderly
women fed 12 g of elderberry extract, which contained 720 mg anthocyanins, peak
plasma anthocyanins levels (97.4 nmol/L) were achieved 71 min after consumption
(Cao et al., 2001). The estimated anthocyanin half-life was 132.6 min, and both gly-
cosides and aglycones were identified in the women’s urine. The fate of these com-
pounds is not clear. Health effects persist long after the presumed clearance; perhaps
these compounds adhere to capillaries and other tissues.

Even less is known about the absorption and metabolism of larger compounds
such as the proanthocyanidins. Mice fed cranberry juice cocktail or isolated
proanthocyanidins (50 or 500 mg/300mL water) excreted urine with E. coli anti-
adherence activity in vitro (Howell et al., 2001). The researchers concluded that these
compounds must be absorbed in order to have reached the urinary tract.

DESIGN OF CLINICAL STUDIES

It is not clear what constitutes a typical dose of these products. The blueberry
industry recommends 1/2 cup of fresh or frozen berries daily; cranberry researchers
are urged to test the equivalent of one 8 oz glass of cranberry juice cocktail (with
27–31% cranberry juice) per day. Another issue is the use of foods vs. supplements
or purified compounds in studies. Use of berries or juice could cause compliance
problems, and certainly makes it difficult to design placebos. Arguments against
purified or processed materials include loss of bioactivity in processing, and lack of
interaction among multiple phytochemicals and dietary fiber in the whole berries. A
final consideration is whether the study goal is to prevent or cure a health condition.
Larger doses maybe needed for longer periods, and effective dose levels must be
determined.

The fruits of the Vaccinium family contain a variety of phytochemicals with
diverse health benefits. Publicity surrounding these fruits has spurred more
researchers to examine the effects of these fruits and their components. While suffi-
cient evidence does not yet exist for health claims, structure-function claims are pos-
sible for dietary supplements. Fortunately these berries are available in appealing
products with low toxicity; thus, consumers may be willing to consume them before
research validates potential benefits.
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INTRODUCTION

The past few years, since the passage of the Dietary Supplement Health and
Education Act of 1994, have seen an explosion of interest in the development of

nutriceuticals and functional foods, with the purpose of identifying foods or
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components of foods, such as phytochemicals, that may contribute to overall health
or even treat existing disease. In this context, grapes and wine have a long history of
being touted for the promotion of human health and for the treatment of disease.
Recent legislation to allow wines to carry a statement citing their health benefits has
the support of over 25 years of epidemiologic studies of individuals 25–84 years old
which showed a U- or J-shaped relationship between incidences of myocardial
infarctions, angina pectoris or coronary-related deaths, to alcohol consumption
(Hegsted and Ausman, 1988; St. Leger et al., 1979; Klatsky et al., 1997; Schneider
et al., 1996, Hein et al., 1997; Zakhari and Gordis, 1999; Constant, 1997). That is, at
low to moderate ethanol intake, the risk of heart disease or death is lower than in
abstainers, and in those who consume high levels. 

This association between moderate alcohol consumption and risk of ischemic
heart disease has generated what has come to be known as the “French Paradox”, i.e.,
epidemiologic studies have observed that in southern France, mortality rates from
heart disease were lower than expected despite the consumption of diets high in sat-
urated fats and the tendency to smoke cigarettes (Drewnoswski et al., 1996; Renaud
and Ruf, 1994). Aspects of the French paradox have been more completely described
elsewhere (Criqui and Ringel, 1994; Renaud and De Lorgeril, 1992; Cleophas et al.,
1996; Burr, 1999; Law and Wald, 1999) and are beyond the scope of this review.
However, a major factor in explaining this presumed paradox is the common prac-
tice of the French consuming wine, particularly red wine, with their meals (St. Leger
et al., 1979; Klatsky et al., 1997; Cleophas et al., 1996).

Although the exact mechanisms by which wine drinking could offer protection
against atherosclerosis and ischemic heart disease are not fully known, a large body
of literature has emerged which suggest that the actions of polyphenolic compounds
found in these beverages may account for this protection (Sharp, 1993; Fero-Luzzi
and Serafini, 1995; Goldberg, 1995; Hollman et al., 1999). This review will evaluate
the scientific evidence for the proposed mechanisms through which polyphenols
may reduce certain risk factors associated with development of cardiovascular dis-
ease (CVD).

POLYPHENOLS IN GRAPES AND WINE

Polyphenols or phenolic compounds found in the plant kingdom account for any-
where from 4000–8000 individual compounds (Fero-Luzzi and Serafini, 1995;
Dresoti, 1996; King and Young, 1999; Croft, 1998; Bravo, 1998). These compounds
are the secondary by-products of plant metabolism and have often evolved to help
protect the plant from environmental stressors and predators. Consequently, in addi-
tion to grapes and wine, polyphenols are found in many commonly eaten fruits and
vegetables, such as apples, grapefruit, and onions as well as teas (Fero-Luzzi and
Serafini, 1995; Bravo, 1998). 

The various polyphenolic substances in wine and grapes have been described
over the years and efforts continue to better characterize their composition (Soleas
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and Goldberg, 1999; Hertog et al., 1993b,c; Lanningham-Foster et al., 1995).
Overall, the total polyphenolic content of red wines has been estimated to be about
1200 mg/L (Soleas and Goldberg, 1999), while others have reported concentrations
as high as 4000 mg/L, of which 500–900 mg/L come from the tannins (Dresoti,
2000). Part of the discrepancy reported may relate to different extraction techniques.
In contrast, the polyphenolic content of white wine is about 200–300 mg/L (Frankel
et al., 1995). It is also reported that the total flavonoid content of red wine can be 10-
to 20-fold higher than in white wine (Soleas and Goldberg, 1999). Grape juice has
about one half the flavonoid content of red wine by volume (Constant, 1997). The
stilbene, resveratrol, is present mainly in grape skins, where concentrations are esti-
mated to be 50–100 µg/g (Chun et al., 1999). Thus, resveratrol is found primarily in
red wines, with concentrations around 1 mg/L (Brouillard et al., 1997). The concen-
trations of select flavonoids and resveratrol in wine have been summarized in a more
comprehensive review (Dubick and Omaye, 2001).

It is also realized that polyphenols in aged wines may be more polymerized than
those in young wines or grape juices (Bravo, 1998; Brouillard et al, 1997; Muller and
Fugelsang, 1997). In addition, the amount of flavonoids in wine can be influenced
by several factors, including temperature, sulfite and ethanol concentrations, the type
of fermentation vessel, pH, and yeast strain, as well as the type of insecticides or her-
bicides used on the grapes (Muller and Fugelsang, 1997; Das et al., 1999). 

POLYPHENOLS METABOLISM

In the overall evaluation of the efficacy of wine polyphenols in the prevention of
atherosclerosis and heart disease, it is important to determine how well such com-
pounds may be absorbed through the gastrointestinal tract, distributed to various tar-
get tissues, and metabolized. Unfortunately, there is limited information in humans,
which has led to uncertainty that in vivo, these compounds could express activity of
physiologic significance. Because such compounds occur as complex, highly-vari-
able mixtures in plant materials, it is difficult to study their bioavailability and phys-
iologic effects accurately. 

Nevertheless, studies continue to investigate the absorption and metabolism of
single polyphenolic compounds. In general, the absorption of polyphenols varies
depending on the type of food, the chemical form of the polyphenols [(polymerized
forms may be less absorbed (Muller & Fugelsang, 1997)], and their interactions with
other substances in food, such as protein, ethanol, and fiber (Bravo 1998; Scalbert
and Williamson, 2000). It is important to note that polyphenols from wine may be
absorbed better than the same substances from fruits and vegetables, because the
ethanol may enhance the breakdown of the polyphenols into smaller products that
are absorbed more readily (Goldberg, 1995). The elimination of free catechin, con-
sumed as reconstituted red wine, was increased 22% by ethanol in human subjects
(Bell et al., 2000). However, since these substances rarely exist as free compounds
in plasma (Manach et al., 1995, 1999), the true significance of this observation
remains unknown.
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Studies in experimental animals and humans indicate that some polyphenols, at
least, can be absorbed (Manach et al., 1996; Manach et al., 1995; Ueno et al., 1983;
de Vries et al., 1998, Clifford et al., 1996; Maiani et al., 1997; Clydsdale, 1999). As
has been described elsewhere, bacteria that colonize the ileum and cecum play a sig-
nificant role in the metabolism of polyphenols and are important for their absorption
(Bravo, 1998; Scalbert and Williamson, 2000). In general, peak blood levels of
flavonoids occur between 2 and 3 h after consumption and the elimination half-life
varied between 5 and 17 h depending on the particular flavonoid or the food source
(van het Hof et al., 1998; Hollman et al., 1996). However, it is important to note that
some human studies of polyphenol absorption and metabolism may be misleading
due to administration of pharmacologic (4 g) doses (Gugler et al., 1975). Handling of
pharmacologic doses may not reflect the normal physiologic mechanisms of absorp-
tion and metabolism of dietary flavonoids that would occur with usual dietary intakes. 

It should also be mentioned that evidence is accumulating that not all polyphe-
nols need to be absorbed to be effective in reducing oxidative stress in plasma. For
example, studies have shown that tannins become complexed in the gut and may not
be absorbed, yet are able to reduce plasma levels of peroxides observed after con-
sumption of a high-fat meal (Ursini et al., 1999).

ROLE OF FLAVONOIDS IN CARDIOVASCULAR DISEASE

In addition to alcohol, evidence that dietary flavonoid intake was inversely
related to mortality from coronary heart disease has been supported by recent epi-
demiologic studies (Knekt et al., 1996; Hertog et al., 1993a, 1995, 1997; Rimm et al.,
1996). In the Zutphen Elderly study, Hertog et al. (1993a, 1997) showed that after
adjustment for age, weight, certain risk factors of coronary artery disease, and intake
of antioxidant vitamins, the highest tertile of flavonoid intake, primarily from tea,
onions, and apples, had a relative risk for heart disease of 0.32 compared with the
lowest tertile, assigned a relative risk of 1.0. It should be noted that wine was not a
significant contributor to flavonoid intake in these studies. At present it is not possi-
ble to distinguish from these epidemiologic observations whether the protective
effect is related to polyphenols in general, consumption of certain foods high in these
compounds, or other dietary components. Thus the evidence supporting a protective
effect of polyphenol intake against ischemic heart disease in humans is suggestive,
but still inconclusive. 

As a group, the polyphenols and in particular flavonoids, have generally been
recognized to possess significant antioxidant activities, such as scavenging oxygen
free radicals or chelating metals (Salah et al., 1995; Rice-Evans et al., 1996; Cao et
al., 1997; Sugihara et al., 1999). It is likely that various polyphenols, including
flavonoids, act similar to dietary antioxidants and that collectively they may bestow
protection from the development of heart disease. Other polyphenols, such as
resveratrol, have been reported to have glutathione sparing mechanisms, at least in
vitro (Burkitt and Duncan, 2000). In addition, the functional effectiveness of these
compounds in protecting from ischemic or reperfusion injury has been demonstrated
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in various animal models (Canali et al., 2000; Sato et al., 1999, 2000; Hung et al.,
2000). Table 4.1 lists the various actions suggested through which polyphenols could
impact on the development of CVD. 

EFFECTS ON CHOLESTEROL

Several studies in humans have suggested that the consumption of wine or
ethanol was associated with lower serum total cholesterol and LDL levels, and
higher HDLs (Schneider et al., 1996; Hein et al., 1997; Lavy et al., 1994). Wine or
grape seed extract was also observed to be more effective than ethanol in preventing
the development of atherosclerotic lesions in cholesterol-fed rabbits (Klurfeld and
Kritchevsky, 1981; Yamakoshi et al., 1999). Another investigation observed that red
wine consumption decreased plasma concentrations of lipoprotein [a] (Sharpe et al.,
1995), an independent risk factor for atherosclerosis (Cao et al., 1998), but this
observation was not supported in another study (Goldberg et al., 1996).

Studies have also supported the benefit of specific polyphenols as possibly being
protective. In Japanese women, flavonoid intake, and in particular quercetin, was
inversely related to plasma total and LDL cholesterol (Arai et al., 2000). Also, Xu et
al (1998) reported that in hamsters fed a hypercholesterolemic diet for 16 wk,
catechin supplementation was as effective as vitamin E in inhibiting plaque forma-
tion. Other recent work in hamsters suggested that the hypolipidemic activity of cat-
echins related to their action on the absorption of dietary fat and cholesterol, rather
than inhibitory effects on cholesterol or fatty acid synthesis (Chan et al., 1999).
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TABLE 4.1
Proposed Properties of Wine or its Polyphenols to Reduce Risk of Atherosclerosis and 
Heart Disease

I. General Antioxidant Activity
Chelate transition metals
Inhibit oxidation of LDL
Scavenge oxygen free radicals
Maintain plasma antioxidant vitamin levels
↑ Plasma uric acid (?)

II. Effects on Plasma Lipids
↓ Total cholesterol 
↑ HDL levels
↓ LDL levels
↓ Lipoprotein synthesis
↓ Lipoprotein [a] levels (?)

III. Other Effects
Anticoagulant effects including aspirin-like activity
↑ Nitric oxide synthesis to keep blood vessels patent
Other anti-inflammatory activity
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ANTIOXIDANT PROPERTIES OF WINE

A number of in vitro studies have reported that wines possess intrinsic antioxi-
dant activity. Maxwell et al. (1994) reported that red wines themselves had about 30-
fold greater antioxidant activity than normal human serum, and the contribution of
various polyphenols to the total antioxidant activity of red wine has been described
(Rice-Evans et al., 1996). It was also observed that the total reactive antioxidant
potential of red wines was 6 to 10 times higher than white wine (Campos and Lissi,
1996).

Antioxidant properties of wine have also been observed in vivo. For example, in
nine healthy subjects who drank 300 mL of red wine, 18 and 11% increases in serum
antioxidant capacity was observed after 1 h and 2 h, respectively, but less than the 22
and 29% increases seen at these times in subjects who took 1000 mg ascorbic acid
(Whitehead et al., 1995). Lesser increases in serum antioxidant capacity were
observed if the subjects drank white wine, or apple, grape, or orange juice. Plasma
antioxidant potential also increased about 20% over baseline 2 h or 4 h after normal
subjects consumed red wine or ate 1g/kg of black grapes, respectively (Durak et al.,
1999), in agreement with the observation that the presence of ethanol enhances
absorption of polyphenols (Ozturk et al., 1999). Others observed that drinking red
wine with meals or consumption of red wine polyphenols (1 or 2 g/d) increased total
plasma antioxidants by 11 to 15%, respectively, in comparison to a 7% increase by
vitamin E (Maxwell et al., 1994; Nigdikar et al., 1998; Serafini et al., 1998; Struck
et al., 1994). In contrast to other studies, Struck et al. (1994) observed a greater effect
when the subjects drank white rather than red wine. In addition, they observed no
changes in plasma vitamin E, vitamin C, or beta-carotene, but a 23% reduction from
baseline in plasma retinol levels. Although these results suggest that the enhanced
antioxidant potential observed after drinking wine is not due to higher concentrations
of plasma antioxidant vitamins, it was reported that 73% of the increase in serum
antioxidant capacity following consumption of port wine could be attributed to an
increase in serum uric acid levels (Day and Stansbie, 1995), a well-recognized
antioxidant (Nyyssonen et al., 1997). Caccetta et al. (2000) also observed an increase
in serum uric acid levels 1 and 2 h after red wine consumption in 12 healthy males.
On the other hand, Cao et al. (1998) observed an 8% increase in serum antioxidant
capacity in elderly women who drank 300 ml of red wine, that could not be attrib-
uted to an increase in uric acid or vitamin C.

It should be noted that studies that did not observe an effect of red wine on
plasma antioxidant status may reflect too low a consumption (Sharpe et al.,
1995) or, as in a rat study, may reflect the limited effects polyphenols may exert
when a well-balanced diet with more than adequate intake of micronutrients is
consumed (Cestaro et al., 1996). Thus, from the above studies it would appear
that polyphenols in wine and grapes demonstrate antioxidant activity, but the
expression of this activity can depend on a variety of dietary and other health-
related factors.
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LDL OXIDATION

Citing the presumed role of oxidized LDL in the development of atherosclerosis,
a large number of studies have evaluated the role of wines, grapes, or select polyphe-
nols on inhibition of LDL oxidation. For example, Ishikawa et al. (1997) observed
that catechins could inhibit LDL oxidation in a dose-dependent manner in vitro, and
EGCG appeared to be more potent than vitamin E. Generally, studies have shown
that wine  polyphenols can inhibit oxidative changes of LDL, and red wine appeared
more potent than white wine (Caldu et al., 1996; Rifici et al., 1999). In one study, 3.8
and 10 µM polyphenols extracted from red wine and added to LDLs in vitro inhib-
ited its oxidation by 60 and 98%, respectively (Frankel et al., 1993a). Red wine also
inhibited cell-mediated LDL oxidation, while white wine and ethanol were not effec-
tive (Rifici et al., 1999). Red wine, catechin, or quercetin also produced inhibitory
effects on development of aortic atherosclerotic lesions, reduced the susceptibility of
LDL to aggregation (Aviram and Fuhrman, 1998), and subsequent atherogenic mod-
ification of LDL in atherosclerotic apolipoprotein E-deficient mice (Hayek et al.,
1997). 

Polyphenols from grape extract also have the ability to inhibit oxidative changes
of LDL (Yamakoshi et al., 1999; Lanningham-Foster et al., 1995). However,
although red wine and grape juice could inhibit LDL oxidation, in vitro, LDL oxi-
dation was only inhibited in vivo in those who drank wine (Miyagi et al., 1997).
Using a copper chloride-induced LDL oxidative system, addition of grape extracts
produced a dose-dependent prolongation of the lag time before LDL oxidation
(Miyagi et al., 1997). Frankel et al. (1993a,b) further observed that the inhibition of
copper-catalyzed LDL oxidation by dilutions of wine could be mimicked by equal
concentrations of quercetin, but inhibition by resveratrol was only about one-half
that of quercetin or epicatechin (Frankel et al., 1993b). 

About eight times more white wine was required to produce a similar effect on
LDL oxidation and increase HDL concentrations (Caldu et al., 1996; Rifici et al.,
1999). However, if equal concentrations of wine polyphenols extracted from red or
white wine were compared, inhibition of LDL oxidation was similar. Comparing
dilutions of red or white wine, red grape juice, or beer, LDL oxidation was inhib-
ited in a dose-dependent manner depending on the final polyphenol concentration
(Abu-Amsha et al., 1996). These observations suggest that the reported advantage
of red wine over white wine in inhibiting LDL oxidation reflects the higher con-
centrations of polyphenols in red than white wine, rather than red wine polyphenols
being more potent than those found in white wine. However, the potencies of the
various polyphenols acting alone versus potential additive or synergistic effects of
the combinations found in wines have not been fully elucidated in the assay systems
examined. 

Despite the positive results suggesting that wine polyphenols can inhibit LDL
oxidation in vitro, few studies have examined these effects in vivo. Hayek et al.
(1997) fed atherosclerotic apolipoprotein-E-deficient mice red wine, quercetin, or
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catechin in their drinking water for 42 d. They observed that LDLs isolated from
these mice were more resistant to oxidation than LDLs isolated from ethanol-fed
control mice. In 15 subjects who drank 8 ml/kg of purple grape juice/d for 14 d, LDL
oxidation was reduced 34.5% in comparison to controls (Stein et al., 1999). Others
have also demonstrated that red wine consumption by healthy volunteers reduced the
susceptibility of their LDL to oxidative damage (Lavy et al., 1994; Nigdikar et al.,
1998; Seigneur et al., 1990). 

The most significant in vivo effects of red wine consumption on inhibiting LDL
oxidation was observed in 17 healthy men given 400 mL of red or white wine for 14
d. Plasma collected from red wine drinkers at the end of the study was about 20%
less likely to peroxidize than plasma collected at baseline, and LDLs isolated from
these subjects were more resistant to oxidation; effects independent of plasma vita-
min E or ß-carotene concentrations (Fuhrman et al., 1995). However, this study has
come under question because the results obtained far exceeded the clinical benefit
obtained previously by dietary or pharmacologic interventions to prevent LDL oxi-
dation (De Rijke et al., 1996). In addition, other studies have reported no significant
change in LDL oxidation lag times after acute or subchronic (10–28 d) consumption
of red wine despite marked increases in plasma levels of red wine polyphenols
(Sharpe et al., 1995; De Rijke et al., 1996; Caccetta et al., 2000).

It should be noted that flavonoids could also accelerate LDL oxidation if they
were added to minimally oxidized LDL (Otero et al., 1997). Also, some flavonoids
enhanced LDL aggregation (Rankin et al., 1993), and in cholesterol-fed rabbits,
resveratrol actually promoted atherosclerotic lesions in the aorta (Wilson et al.,
1996). Since atherosclerotic plaque contain high concentrations of copper and iron
which may catalyze LDL oxidation (Dubick et al., 1991), the net in vivo effect of
polyphenols on LDL oxidation cannot be predicted easily. Therefore, despite the in
vitro inhibition of LDL oxidation and the acute rise in serum antioxidant potential
following consumption of red wine or grapes in particular, the limited human data do
not provide strong evidence that a major in vivo effect of wine polyphenols is inhi-
bition of LDL oxidation. Further work is needed to define whether these results sim-
ply reflect insufficient absorption and/or deposition of polyphenols into the target tis-
sues, or whether different results would be obtained if these compounds were given
to individuals with preexisting cardiovascular disease.  

EFFECTS ON HEMOSTASIS

Wine may also have a positive influence on risk factors of CVD by inhibiting
platelet aggregation and prolonging clotting times. Ethanol has long been known to
exert an aspirin-like effect on clotting mechanisms (Renaud and De Lorgeril, 1992);
however, the concentrations required to inhibit platelet aggregation have generally
been high (Drewnoswski et al., 1996, Demrow et al., 1995). In patients with coro-
nary artery disease, those who drank 330 mL of beer per day (~ 1 bottle/d) for 30 d
showed evidence of reduced thrombogenic activity compared with patients who did
not consume an alcoholic beverage (Gorinstein et al., 1987). However, this study
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could not determine whether these effects were due to the ethanol, polyphenols in
beer, or both.

Both intravenous or intragastric administration of red wine or grape juice, but not
white wine, inhibited platelet-mediated thrombus formation acutely in stenosed dog
coronary arteries (Demrow et al., 1995). In addition, low concentrations (nM) of
quercetin dispersed platelet thrombi that adhered to rabbit aortic endothelium in vitro
(Gryglewski et al., 1987). It was shown that platelet aggregation was inhibited about
70% in rats fed ethanol, white wine, or red wine in their drinking water for 2 or 4
months compared with controls (Ruf et al., 1995). However, if the ethanol or wine
was withheld for 18 h, platelet aggregation rebounded to greater than control levels
in the ethanol- or white wine-fed groups, whereas aggregation was still inhibited in
the red wine group.

Studies of the effects of wine on hemostasis in humans have not been as impres-
sive as the animal studies. In 20 healthy men who consumed 400 mL of red or white
wine for 14 d, prothrombin time increased but partial thromboplastin time decreased
significantly in both groups (Lavy et al., 1994). When collagen was employed as
agonist, no significant change in platelet aggregation was observed. Also, no signif-
icant effects on platelet aggregation were observed in 20 hypercholesterolemic sub-
jects who drank red or white wine for 28 d (Struck et al., 1994). In contrast, colla-
gen-induced platelet aggregation was lower in male volunteers who consumed 30 g
of ethanol/d (about 2–3 drinks) in the form of red wine or ethanol-spiked clear fruit
juice for 28 d when compared to subjects who drank dealcoholized red wine
(Pellegrini et al., 1996). However, no difference in platelet aggregation was observed
if ADP was employed as agonist. These data prompted the authors to conclude that
their observations were due to ethanol and not to components in red wine. On the
other hand, Seigneur et al. (1990) reported that ADP-induced platelet aggregation
was inhibited following wine consumption. Epinephrine or arachidonic acid-induced
platelet aggregation were not affected in these subjects, nor was aggregation affected
in subjects who drank white wine or an ethanol solution. 

In a comprehensive study by Pace-Asciak et al. (1996), 24 healthy males con-
sumed 375 mL/d of red or white wine, or grape juice without or with added trans-
resveratrol (4 mg/L) with meals for 28 d. Only white wine inhibited ADP-induced
platelet aggregation, whereas red and white wine and resveratrol-supplemented
grape juice inhibited thrombin-induced platelet aggregation. These authors observed
that in vitro ADP- and thrombin-induced platelet aggregation was inhibited about
50% by grape juice without or with resveratrol, while red wine nearly abolished
platelet aggregation, and white wine had no appreciable effect (Pace-Asciak et al.,
1996). In a previous in vitro study these authors reported that platelet aggregation
could be inhibited by dealcoholized red wine, quercetin, and resveratrol in a dose-
dependent manner (Pace-Asciak et al., 1995). 

Most recently, in 10 healthy subjects drinking 5–7.5 ml/kg/d of grape juice for 1
wk, whole blood platelet aggregation was reduced 77% when collagen was used as
agonist (Keevil et al., 2000). However, consuming 1 g/d of quercetin supplements
did not affect collagen-induced platelet aggregation in healthy men and women
(Conquer et al., 1998). Again, these data suggest that the in vitro effects of wine and
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its polyphenols on platelet aggregation are more pronounced than the in vivo effects
in humans. Nevertheless, it remains to be determined whether these effects on
platelet aggregation are of clinical importance and can translate into reduced risk
from thrombi formation and the risk of a coronary event. 

NITRIC OXIDE-RELATED EFFECTS

Nitric oxide (NO) is a major mediator of vascular relaxation that also inhibits
platelet adherence to endothelium. Evidence suggests that wine polyphenols may
modulate the production of nitric oxide, since wines, grape juice, and extracts from
grape skins relaxed precontracted rat aortic rings (Andriambeloson et al., 1997;
1998). In addition, quercetin could reproduce the effects of wine and grape fractions,
while resveratrol, catechin, and malvidin could not (Fitzpatrick et al., 1995; Keaney,
1995). In human subjects who consumed grape juice for 14 d, endothelial-dependent
vasodilation was about three-fold higher than in controls (Stein et al., 1999). Taken
together these results are interesting, but most of the work has been in vitro and fur-
ther studies are needed to define the role of polyphenols in inducing vasodilation,
particularly after in vivo consumption, and it remains unknown whether such effects
could translate into reduced risk for CVD.

In addition, both red and white wine contain significant amounts of salicylic acid
and its dihydroxybenzoic acid metabolites, which also have vasodilator and anti-
inflammatory activities (Muller and Fugelsang, 1994). The concentrations of these
compounds in wine range from 11–28.5 mg/L, with the concentrations being higher
in red than white wine. Again, it remains to be determined whether these compounds
are absorbed after drinking wine or whether plasma concentrations attained would
have the physiologic effect observed in vitro.

POTENTIAL ADVERSE EFFECTS OF POLYPHENOLS 

Before consumption of polyphenols as a supplement or in wine can be recom-
mended as part of a dietary regimen to reduce risk factors associated with CVD, it is
important to review any evidence related to adverse effects. Generally, consumption
of polyphenols through a variety of foods is not likely to produce adverse effects,
because of the diversity and varying quantities of polyphenols in plant sources.
However, evidence suggests that flavonoids may cross the placenta and become con-
centrated in the developing fetus and perhaps increase the risk of developing infan-
tile leukemia. Therefore, consumption of large doses of polyphenols probably should
be avoided during pregnancy, but this area has received little attention. In addition,
chronic pharmacologic doses have been reported to produce adverse effects. For
example, doses of 1–1.5 g/d of cianidanol, a flavonoid drug, produced renal failure,
hepatitis, fever, hemolytic anemia, thrombocytopenia, and skin disorders (Jaeger et
al., 1988). Also, high doses of flavonoids can induce mutagenic effects, produce free
radicals, and inhibit enzymes involved in hormone metabolism (Skibola and Smith,
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2000). Considering that polyphenols are redox chemicals, these activities may also
be due to the concomitant production of hydrogen peroxide by phenolics during their
autoxidation in a process that is dependent on divalent metal ions, similar to the
metal-induced pro-oxidant effect of vitamin C (Stadler et al., 1995; Arizza and
Pueyo, 1991).

The potential adverse effects of some individual polyphenols have also been
studied. For example, in subjects consuming about 1 g/d EGCG supplements,
approximately the dose found in people who drink >10 cups of green tea/d, some
stomach discomfort was noted that resolved if the tablets were taken after a meal.
Some transient sleeplessness was also reported, but could be due to caffeine conta-
mination of the extract. The LD50 in rats is reported to be 5g/kg in males and 3.1
g/kg in females, suggesting that EGCG has relatively low acute toxicity, but may
express teratogenicity at concentrations potentially achievable with daily consump-
tion. In addition, sensitivity to EGCG reportedly has induced asthma in workers at
a green tea factory (Clydesdale, 1999). Thus, concerns of allergic reactions, much
like those reported with herbal teas, may need to be considered in susceptible indi-
viduals.

Quercetin also appears to be relatively nontoxic with an LD50 in mice over 100
mg/kg. In a phase I clinical study, nephrotoxicity was not observed until a cumula-
tive dose of 1700 mg/m2 was achieved (Clydesdale, 1999). No evidence of carcino-
genicity or teratogenicity with quercetin has been reported, even when fed at dietary
levels as high as 10% (Clydesdale, 1999).

A study in Portugal observed a dose-dependent relationship between red wine
consumption and incidence of gastric cancer (Falcao et al., 1994). However, it is not
known if this observation is related to the ethanol, red wine polyphenols, or their
interaction with other risk factors. Free radicals have been identified in red wines and
their originating grape source, but have not been detected in white wine (Troup et al.,
1994). Flavonoids can also express pro-oxidant effects in the presence of copper
(Cao et al., 1997) or NO (Ohshima et al., 1998), and Halliwell (1993) reported that
plant phenolics may show an oxidant effect against proteins and DNA. Conditions
where phenolic compounds act as pro-oxidants have been described (Decker, 1997;
Laughton et al., 1989).

CONCLUSIONS

The results from the studies summarized here indicate that the polyphenols pre-
sent in grapes and wine, among other foods, possess antioxidant activity, and have
the potential to modify plasma cholesterol and lipoprotein concentrations, inhibit
LDL oxidation, reduce platelet aggregation, and have vasorelaxant effects, i.e., mod-
ify certain risk factors associated with the development of atherosclerosis or
ischemic heart disease in susceptible individuals. Although these effects have been
well demonstrated in vitro, in most cases the in vivo results have been less convinc-
ing. These differences may simply reflect low rates of absorption of the active com-
pounds, differences in methodologies employed by the various investigators to detect
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these effects, the antioxidant status of the subjects, or other factors. In most
instances, studies in humans have employed healthy subjects, and it is unknown
whether potential benefit would be observed in individuals with varying stages of
CVD. It is also realized that wines are complex mixtures and their polyphenol con-
tent varies. Even in cases where specific polyphenols are studied, the results have not
always been consistent. In studies where red wine is reportedly superior to white
wine, the differences most likely merely reflect the higher polyphenol concentrations
in red than white wine, rather than differences in the potencies of polyphenols that
may be found in both wines. 

To date, in studies of increases in antioxidant potential in plasma after wine con-
sumption, the changes have been transient and disappear a few hours after drinking.
In the platelet aggregation studies, results have been reported for only 1 or 2 time
points after drinking, and aggregation may change in response to one agonist, but not
another, making the overall physiologic significance difficult to interpret. Also, it
remains to be established whether these results would be sustained after continued
consumption, or whether adaptation to these effects would occur. 

As mentioned above, polyphenols are also present in a number of common fruits
and vegetables (Fero-Luzzi and Serafini, 1995; Bravo, 1998; Hertog et al., 1995).
Numerous studies have touted the potential health benefits of consuming diets rich
in fruits and vegetables, particularly with regard to cancer prevention. Since it is
unclear which of the polyphenols offer the most health-promoting advantage, it
would seem premature and inappropriate to recommend drinking wine specifically
as a major source of polyphenols in an attempt to raise an individual’s plasma antiox-
idant status as a means to reduce risk of CVD. Even in the case where wine may con-
tain a particular polyphenol such as resveratrol, not generally found in other common
foods, the evidence that it possesses any specific protective effects against CVD in
vivo, is insufficient. On the other hand, there is sufficient information to suggest that
for adults, consuming 1 to 2 glasses of wine with meals would not be harmful, and
may be beneficial (Meister, 1999). In considering any recommendation for wine, one
must always keep in mind the well-known adverse health effects and consequences
of chronic ethanol abuse or the effects and risks of acute inebriation (Zakhari and
Gordis, 1999; Dufour and Fe Caces, 1993; Rubin, 1993). 

From the forgoing discussion, it would appear that despite a wealth of in vitro
studies citing the potential efficacy of grape and wine polyphenols against known
risk factors of CVD, much research is required to confirm benefit in vivo. Many of
these studies employed high doses of flavonoids, and additional studies could
address repeated administration of lower doses and/or identify definitively which
polyphenols in wine and grapes may be most important for human health. It is also
unknown whether individual polyphenols can act in an additive or synergistic fash-
ion in vivo. Since some polyphenols are mutually exclusive in nature (Rice-Evans et
al., 1996), it is not known whether packaging them together in a supplement would
be potentially harmful. 

In summary, the available data to date indicate that grape and wine polyphenols,
as well as the complex beverage, possess biologic activity that may potentially mod-
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ify certain risk factors associated with atherogenesis and CVD. Indeed, these
polyphenols have the potential to be an important source of nonnutritive antioxidants
in the diet (Prior and Cao, 1999). Epidemiologic studies showing an inverse rela-
tionship between flavonoid intake and incidence of CVD suggest that individuals 35
to 65 or 70 years of age may benefit most from these compounds. Unfortunately, the
data are slim to suggest convincingly that these substances may offer long-term pro-
tection from these diseases. There is also no definitive evidence that wine consump-
tion would be beneficial in trying to overcome the adverse health consequences of
smoking or other factors associated with an unhealthy lifestyle. Since the best
polyphenols to promote health are not known, it also seems premature to recommend
dietary supplements containing individual compounds or complexes at this time, par-
ticularly since standard Western diets may contain up to 1 g/d of polyphenols
(Scalbert and Williamson, 2000). Also, in view of potential adverse effects of vari-
ous polyphenols, caution is advised against long term intake of gram doses of indi-
vidual compounds above normal daily dietary levels, and certainly in pregnant
women (Skibola and Smith, 2000). As usual, variety, moderation, and balance should
remain the best recommendation when considering the addition of wine or various
polyphenols to the diet.
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INTRODUCTION

Eight natural compounds,  four tocopherols, designated as α, β, γ, and δ, and four
tocotrienols, also designated as α, β, γ, and δ, have vitamin E activity. Yet α-

tocopherol has become synonymous with vitamin E because it is the predominant
form in human and animal tissues. In addition, it is the most bioactive form based on
the rat fetal resorption test, which is the classical assay for vitamin E activity. Recent
research, however, shows that the other tocopherols and tocotrienols have important
and unique antioxidant and other biological effects in nutrition and health and are
now receiving increased attention (Papas, 1999). 

This chapter will review the absorption, transport, metabolism, and biological
function of tocopherols (with emphasis on non-α-tocopherols) and tocotrienols and
their role in health and disease.

CHEMISTRY AND OCCURRENCE IN FOODS

Tocopherols consist of a chroman ring and a long, saturated phytyl chain. The
four tocopherols differ only in the number and position of the methyl groups on the
chroman ring. Tocotrienols have identical chroman rings to the corresponding toco-
pherols, but their side chain is unsaturated with double bonds in the 3′, 7′, and 11′
positions (Figure 5.1). Tocopherols are found most abundantly in the oils extracted
from oil seeds such as soy, corn, canola, cotton, and sunflower seeds. γ-Tocopherol
is the predominant tocopherol in soy and corn oils. Tocotrienols are found primarily
in the oil fractions of cereal grains such as rice, barley, rye, and wheat, and the fruit
of palm (Table 5.1). Commercial quantities of tocotrienols are extracted from palm
oil and rice bran oil deodorizer distillates (Papas, 1998). 

Only α-tocopherol is available commercially both as natural and synthetic.
Tocopherols have three asymmetric carbons at the 2, 4′, and 8′ positions.
Biosynthesis of tocopherols in nature yields only the RRR stereoisomer. For exam-
ple, α-tocopherol derived from natural sources is 2R,4′R,8′R-α-tocopherol. In con-
trast, α-tocopherols produced by chemical synthesis, by condensing isophytol with
tri-, di-, or monomethyl hydroquinone, is an equimolar racemic mixture (all-rac) of
eight stereoisomers. In commercial product labeling, natural RRR-α-tocopherol is
designated as d-α-tocopherol and synthetic all-rac- is labeled as dl-α-tocopherol.

The National Research Council (NRC, 1989) recommended that, for dietary pur-
poses, vitamin E activity be expressed as d-α-tocopherol equivalents (α-TE; 1.0 mg
RRR-α-tocopherol = 1.0 α-TE). For mixed tocopherols the NRC proposed the fol-
lowing biopotencies in a-TE: β-tocopherol 0.5, γ-tocopherol 0.1, α-tocotrienol 0.3.
Commercial products are usually labeled in IU (1.0 α-TE = 1.49 IU). Vitamin E
activity in commercial products is computed only from its α-tocopherol content; no
IU or α-TE is included from other tocopherols or tocotrienols. The biopotency of
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Figure 5.1 Structure of tocopherols and tocotrienols. Tocopherols and tocotrienols have the
same chroman ring, but the phytyl tail of tocotrienols contains three double bonds.

TX838 CH05  02/01/2002  1:27 PM  Page 63



64 PHYTOCHEMICIALS IN NUTRITION AND HEALTH

TABLE 5.1
Tocopherol and tocotrienols in vegetable oils and animal fats

Oil 
Tocopherols, mg/100g 

α β γ δ Total α β γ δ

Soybean 10  59 26 96 0 96

Corn 11 5 60 2 78 0 78

Canola 17  35 1 53 0 53

Sunflower 49  5 1 55 0 55

Peanut 13 22 2 37 0 37

Cottonseed 39  39  78 0 78

Safflower 39 17 24 80 0 80

Palm 26  32 7 65 14 3 29 7 53 118

Coconut 0.5 0.6 1 0.5 2 0.6 3 4

Olive 20 1 1 22 0 22

Evening
Primrose 16 42 7 65 0 65

Wheat
Germ 121 65 24 25 235 2 17 19 254 

Rice 12 4 5 21 18 2 57 77 98

Barley 35 5 5 45 67 12 12  91 136

Oats 18 2 5 5 30 18 3 21 51

Butter 2 0 0 0 2 0 0 0 0 0 2 

Lard 1.2 1.2 0.7 0.7 1.9  

Margarine 7 0 51 3 62 0 0 0 0 0 62  

1 From Papas, 1998; Papas, 1999  

Grand Total
mg/100g

Tocotrienols, mg/100g 

Total   

From Papas, A.M. (ed.), CRC Press, Boca Raton, FL. 1998; Papas, A.M. HarperCollins, New
York, 1999.
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synthetic dl-α-tocopherol is officially recognized as 0.74 α-TE or 1.1 IU vs. 1.0 α-
TE or 1.49 IU for the naturally occurring d-α-tocopherol. Based on recent research
(Burton et al., 1998; Acuff et al., 1994), the NRC recommended that the biopotency
of the naturally occurring d-α-tocopherol is twice that of the synthetic dl form (Food
and Nutrition Board, 2000). 

ABSORPTION,TRANSPORT, AND BIOAVAILABILITY

Tocopherols are absorbed in the same path as other nonpolar lipids such as
triglycerides and cholesterol (Figure 5.2). Bile, produced by the liver, emulsifies the
tocopherols and incorporates them into micelles along with other fat-soluble com-
pounds, thereby facilitating absorption. Tocopherols are absorbed from the small
intestine and secreted into lymph in chylomicrons produced in the intestinal wall.
Lipoprotein lipases catabolize chylomicrons rapidly and a small amount of toco-
pherol may be transferred from chylomicron remnants to other lipoproteins or tis-
sues. During this process, apolipoprotein E binds to chylomicron remnants. Because
the liver has specific apolipoprotein E receptors, it retains and clears the majority of
the chylomicron remnants. Tocopherols in the remnants are secreted into very low-
density lipoproteins (VLDL) and circulated through the plasma. VLDL is
hydrolyzed by lipoprotein lipase to low density lipoproteins (LDL), which carry the
largest part of plasma tocopherols and appears to exchange them readily with high-
density lipoproteins (HDL). Tocopherols in HDL may be readily transferred back to
chylomicron remnants as they pass through circulation returning plasma tocopherol
to the liver (Kayden and Traber, 1993).
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Figure 5.2 Absorption of tocopherols and tocotrienols in humans.
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Absorption of tocotrienols appears similar to tocopherols. Their transport and tis-
sue uptake, however, appear to differ from α-tocopherol. Tocotrienols disappear
from plasma with chylomicron clearance and are deposited, in conjunction with
triglycerides, in the adipose tissue (Hayes et al., 1993; Ikeda et al., 1996). 

Our plasma and tissues contain at least 2-3 times more α- than γ-tocopherol even
though the typical American diet contains more γ- than α-tocopherol (Bieri and
Evarts, 1973; Murphy et al., 1990). Concentration of tocotrienols in plasma and tis-
sues is low even when consumed in comparable amounts with α-tocopherol. All
tocopherols and tocotrienols are apparently equally well absorbed. However, α-toco-
pherol is preferentially secreted into nascent VLDL. It was proposed that a toco-
pherol-binding protein is responsible for incorporating preferentially a-tocopherol
into nascent VLDL. This protein has been identified and characterized in the rat, rab-
bit, and in humans. This protein has greater affinity for α-tocopherol than other toco-
pherols and tocotrienols (Kayden and Traber, 1993).

Little information is available on the catabolism of different tocopherols and
tocotrienols in tissues. Two metabolic products of α-tocopherol, called the Simon
metabolites, have been isolated and characterized in the urine of rabbits, humans, and
rats. These are 2-(3-hydroxy-3-methyl-)-3,5,6-trimethyl-1,4-benzoquinone and its γ-
lactone (Dutton et al., 1990). Two other tocopherol metabolites were isolated
recently from human urine. The first, 2,5,7,8-tetramethyl-2(2′carboxyethyl)-6-
hydroxychroman, a metabolite of α-tocopherol, has been suggested as an indicator
of vitamin E supply (Schultz et al., 1995). The second, 2,7,8-trimethyl-2-(β-car-
boxyethyl)-6-hydroxychroman is believed to be a metabolite of γ-tocopherol. This
metabolite, named LLU-α, has been suggested to be part of the natriuretic system,
which controls extracellular fluids (Wechter et al., 1996). It was recently reported
that γ-tocotrienol increases the production of LLU-α in rats (Hattori et al., 2000). It
is believed that oxidized tocopherols (quinones) and other metabolic products are
secreted in the bile, but information on their structure and relative abundance is very
limited (Papas, 1998).

BLOOD AND TISSUE LEVELS: INTERACTIONS OF TOCOPHEROLS
AND TOCOTRIENOLS

Research from several laboratories, including ours, show that high intake of α-
tocopherol reduces the blood and tissue levels of γ-tocopherol (Handelman et al.,
1994; Traber and Kayden, 1989; Stone et al., 1998). Since there is evidence that all
tocopherols are absorbed in a similar manner (Kayden and Traber, 1993), it is possi-
ble that this effect is due to the affinity of the tocopherol transfer protein for α-toco-
pherol. In contrast, high levels of γ-tocopherol increase the blood levels of α-toco-
pherol, which may be due to a sparing effect of γ-tocopherol for α (Clement and
Bourre, 1997). We observed a similar effect in our study (Figure 5.3, Stone et al.,
1998). The effect of high levels of α-tocopherol on blood and tissue levels of the
other tocopherols and tocotrienols is not known, although an interaction of α-toco-
pherol and tocotrienols has been suggested (Qureshi et al., 1996).
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The practical significance of the effect of high levels of α-tocopherol on the
blood and tissue levels of γ-tocopherol (and possibly other tocopherols and
tocotrienols) merits serious evaluation, especially because α-tocopherol is the pre-
dominant form used in food fortification and in dietary supplements. This is partic-
ularly important in light of the emerging understanding of the role of the other toco-
pherols and the tocotrienols.

TOCOPHEROLS AND TOCOTRIENOLS AS ANTIOXIDANTS

LIPID OXIDATION

A major antioxidant function of vitamin E in humans, studied mostly with α-
tocopherol, is the inhibition of lipid peroxidation (Burton et al., 1982). Vitamin E
also plays a critical role in preventing lipid oxidation in lipoproteins. α-Tocopherol
was thought to be primarily responsible for this effect in LDL because it is the most
abundant and the best scavenger of peroxyl radicals. Chylomicrons, however, carry
other tocopherols and tocotrienols in similar or even higher concentration than α-
tocopherol, depending on the diet, and they may also play an important role as lipid
antioxidants. The other tocopherols and the tocotrienols may also function as impor-
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Figure 5.3 Plasma α- and γ-tocopherol levels after 22-week feeding. The trial included 6
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diet (high). Tocopherols were none, α-tocopherol (0.156 mmol/kg of feed) and γ-tocopherol
(0.156 mmol/kg). Both tocopherols were in the naturally occurring RRR form. (From Stone,
W. L. et al., Cancer Detection and Prevention, 22:S110,1998. With permission.)
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tant lipid antioxidants in adipose tissue and the liver. Some in vitro studies (reviewed
by Papas, 1998) suggested that tocotrienols are significantly more effective than
tocopherols in inhibiting LDL oxidation; in contrast, studies with plasma obtained
from rats fed tocotrienol rich diets indicate approximately similar inhibition by α-
tocotrienol and α-tocopherol; γ-tocopherol and γ-tocotrienol had similar effects but
lower than the α forms. A recent study with rats indicated that γ-tocopherol was more
effective than α-tocopherol in inhibiting LDL oxidation (Li et al., 1999; Saldeen et
al., 1999). Another recent study with humans evaluated the acetate esters of the
tocotrienols. The results indicated that α-tocotrienol was the most potent tocotrienol
for inhibiting LDL oxidation (O’Byrne et al., 2000).

NITROGEN RADICALS

In addition to peroxy radicals, tocopherols and tocotrienols trap singlet oxygen,
and other reactive species and free radicals. The antioxidant effect of vitamin E on
nitrogen reactive species has been receiving increasing attention. In biological sys-
tems, nitrogen dioxide (NO2) is produced from the reaction of nitrogen oxide (NO)
with oxygen. α-Tocopherol reacts with NO2 to yield a nitrosating agent, but this does
not occur with γ-tocopherol. In contrast, γ-tocopherol reduces NO2 to NO or reacts
with it without generating a nitrosating species (Cooney et al., 1993; Christen et al.,
1997). The unique ability of γ-tocopherol, probably due to the number and position-
ing of the methyl groups on the chroman ring, may be particularly important in car-
cinogenesis, arthritis, and neurologic diseases because nitrosating agents can deam-
inate DNA bases causing mutations or interfere with important physiological and
immune functions (Wink et al., 1998; Strijbos, 1998). 

OTHER ANTIOXIDANT EFFECTS

Antioxidants function as components of a complex system with significant addi-
tive, synergistic, and antagonistic effects. Additive and synergistic effects of mix-
tures of tocopherols have been demonstrated in food systems and in vitro (reviewed
by Papas, 1998). Vitamin C has been shown to regenerate α-tocopherol in such sys-
tems. These interactions are very important in evaluating the overall antioxidant
properties. For example, it was reported that both α- and γ-tocopherol increased
superoxide dismutase (SOD) activity in plasma and arterial tissues, as well as Mn
SOD and Cu/Zn SOD protein expression in arterial tissues. γ-Tocopherol was more
potent than α-tocopherol in these effects (Saldeen et al., 1999). 

OTHER BIOLOGICAL EFFECTS OF TOCOPHEROLS AND
TOCOTRIENOLS

Tocopherols and tocotrienols and their metabolites appear to have significant and
sometimes quite different metabolic effects, which may be independent or only par-
tially related to their function as antioxidants. The following are major examples of

68 PHYTOCHEMICIALS IN NUTRITION AND HEALTH

TX838 CH05  02/01/2002  1:27 PM  Page 68



such effects with focus on γ-tocopherol and tocotrienols. The effects of α-tocopherol
were reviewed previously.

ANTI-INFLAMMATORY EFFECTS

Researchers at Berkeley evaluated the effects of α- and γ-tocopherol on γ-toco-
pherol reduced PGE2 synthesis in both lipopolysaccharide-stimulated macrophages
and IL-1β-treated human epithelial cells. The major metabolite of dietary g-toco-
pherol, 2,7,8-trimethyl-2-(β-carboxyethyl)-6-hydroxychroman (γ-CEHC or LLU-
α), also exhibited an inhibitory effect in these cells. In contrast, α-tocopherol slightly
reduced PGE2 formation in macrophages, but had no effect in epithelial cells. The
inhibitory effects of γ-tocopherol and γ-CEHC stemmed from their inhibition of
COX-2 activity, rather than affecting protein expression or substrate availability, and
appeared to be independent of antioxidant activity (Jiang et al., 2000). 

NATRIURETIC EFFECTS? 

LLU-α, a metabolite of γ-tocopherol has been suggested as an endogenous natri-
uretic factor (Wechter et al., 1996) which may inhibit the 70 pS K channel in the api-
cal membrane in the kidney. It was recently reported that γ-tocotrienol increased the
concentration of this metabolite in the urine of rats (Hattori et al., 2000). If the pro-
posed function of LLU-α is confirmed, then γ-tocopherol and γ-tocotrienol may play
a role in the control of extracellular fluids which is important in hypertension and
cardiovascular health. 

SIGNAL TRANSDUCTION 

Tocopherols and tocotrienols inhibit Protein Kinase C, an important isoenzyme
in signal transduction. α-Tocopherol is a stronger inhibitor than β, γ, and δ-toco-
pherols and α-tocotrienol (Õzer and Azzi, 1998). It was reported recently that α- and
γ-tocopherol increased NO generation and nitric oxide synthase (cNOS) activity.
However, only γ-tocopherol increased cNOS protein expression (Li et al., 1999). NO
plays a key role in signal transduction, arterial elasticity and dilation, and has antiox-
idant and other major functions in the body (Ignarro et al., 1987; Murad, 1998). High
levels of NO, however, can lead to production of nitrosating agent; this does not
occur with g-tocopherol (Cooney et al., 1993; Christen et al., 1997). Excess NO has
been implicated in cerebral ischemic neurodegeneration and excitotoxicity (Strijbos,
1998). If, indeed, γ-tocopherol stimulates the production of NO while preventing its
conversion to NO2, it could have a beneficial effect in cardiovascular health (Ignarro
et al., 1987; Murad, 1998).

PLATELET ADHESION 

This is the initial event in a cascade, which converts the soluble fibrinogen to
insoluble fibrin and causes blood to clot. Platelet adhesion and aggregation are
absolutely essential for prevention of hemorrhaging to death. Adhesion, however, of
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platelets to atherosclerotic lesions accelerates the formation of plaque and heart dis-
ease. α-Tocopherol and its quinone form reduce the rate of adhesion of platelets in a
dose-dependent manner (Dowd and Zheng, 1995). An antioxidant effect cannot
explain the activity of the quinone. Vitamin E compounds appear to modulate the
function of phospholipase A2 and lipoxygenases and production of prostacyclin, a
major metabolite of arachidonic acid (Papas, 1998). It was reported recently that 
γ-tocopherol was more effective than α in reducing platelet aggregation and throm-
bus formation in rats (Saldeen et al., 1999).

EFFECTS ON CHOLESTEROL SYNTHESIS AND REMOVAL

Tocotrienols and particularly γ-tocotrienol appear to inhibit 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase in vitro and animal models. This
enzyme is important for the synthesis of cholesterol. Specifically, it was suggested
that tocotrienols inhibit the posttranscriptional suppression of HMG-CoA reductase
(Parker et al., 1993). Unlike tocopherols, tocotrienols (particularly γ-tocotrienol)
appear to reduce plasma apoB levels in hypercholesterolemic subjects. It has been
suggested from preliminary data that γ-tocotrienol stimulates apoB degradation pos-
sibly as the result of decreased apoB translocation into the endoplasmic reticulum
lumen (Theriault et al., 1999). 

EFFECTS ON CANCER CELLS

Research on the role of vitamin E on cancer focused on α-tocopherol. Recent
studies, primarily in cell cultures, suggest that the other tocopherols and tocotrienols
may affect the growth and/or proliferation of several types of human cancer cells.
Tocopherol/tocotrienol blends reduced cell growth of breast cancer cells in vitro,
while α-tocopherol alone had no effect (Nesaretnam et al., 1998). Other researchers
reported that α, γ, and δ-tocotrienols and δ-tocopherol induce breast cancer cells to
undergo apoptosis (Yu et al., 1999). Another study suggested a role of γ-tocotrienol
in inhibiting the growth of breast, leukemia, and melanoma cells (Mo and Elson,
1999). γ-Tocopherol appeared to be superior to α-tocopherol in inhibiting prostate
cancer cells in vitro (Moyad et al., 1999). Our research indicated that γ-tocopherol,
added to a semipurified diet, was more effective than α-tocopherol in reducing ras-
p21 oncogenes in the colonocyte of rats (Figure 5.4, Stone et al., 1998). Although
limited, the results of cancer cell studies conducted to date have been promising, and
suggest a need for more research to determine the role of all tocopherols and
tocotrienols (Stone and Papas, 1997).

EFFECT ON C REACTIVE PROTEIN AND CELL APOPTOSIS

It was reported recently that high levels of α-tocopherol reduced C reactive pro-
tein in healthy and diabetic people (Devaraj and Jialal, 2000). The effect of the other
tocopherols and tocotrienols is not known. A recent study examined the role of γ-
tocopherol in oxidized LDL-induced nuclear factor (NF)-κB activation and apopto-
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sis in human coronary artery endothelial cells. Treatment of cells with γ-tocopherol
attenuated degradation of IκB and activation of NF-κB and reduced apoptosis (Li et
al., 1999). Another study reported that both α- and γ-tocopherol reduced oxidized
LDL-induced activation and apoptosis in human coronary artery endothelial cells in
vitro with the α- being more effective than the γ-tocopherol (de Nigris et al., 2000).
As discussed above, tocotrienols and tocopherols may induce apoptosis of some can-
cer cells. This would suggest a different effect of tocopherols and tocotrienols on
cancerous versus noncancerous cells. It also appears that the apoptotic effects of
tocopherols and tocotrienols are not uniform. 

TOCOPHEROLS AND TOCOTRIENOLS IN HEALTH AND DISEASE

EFFECT ON CHOLESTEROL

Because of their effect on HMGCoA reductase, there has been significant inter-
est on the role of tocotrienols on the lipoprotein profile. The tocotrienol rich prod-
ucts available commercially are mixtures of tocopherols and tocotrienols and other
phytochemicals such as sterols. For this reason, direct comparisons of results from
human studies with effects observed in vitro are difficult.

In animal studies reviewed earlier, tocotrienols and tocotrienol-rich extracts were
reported to decrease total and LDL cholesterol (Watkins et al., 1998). In a recent
study with apolipoprotein ApoE +/- female mice, which develop atherosclerosis only
when fed diets high in triglyceride and cholesterol, mice fed a palm oil tocotrienol-
rich extract had 60% lower plasma cholesterol than groups fed the atherogenic diets.
Mice fed the atherogenic diet had markedly higher VLDL, intermediate density
lipoprotein (IDL) and LDL cholesterol, and markedly lower HDL cholesterol than
the controls. Lipoprotein patterns in mice supplemented with α-tocopherol were
similar to those of the mice fed an atherogenic diet alone, but the pattern in mice sup-
plemented with the tocotrienol extract was similar to that of mice fed the control diet
(Black et al., 2000). 
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Figure 5.4 Effect of α and γ-tocopherol on the expression of ras-p21 oncogenes in rat colono-
cytes. The trial included 6 dietary groups of 10 rats each as described in Figure 5.3. (From
Stone, W. L. et al., Cancer Detection and Prevention, 22:S110,1998. With permission.)
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Human studies have produced conflicting results. In a recent study in humans,
subjects were randomly assigned to receive placebo, α, γ, or δ-tocotrienyl acetate
supplements (250 mg/d). Subjects followed a low-fat diet for 4 weeks, and then took
supplements with dinner for the following 8 weeks while still continuing diet restric-
tions. α-Tocotrienyl acetate increased in vitro LDL oxidative resistance by 22%, and
decreased its rate of oxidation. Neither serum or LDL cholesterol nor apolipoprotein
B were significantly decreased by tocotrienyl acetate supplements (O’Byrne et al.,
2000). 

In two other studies in humans with tocotrienol-rich palm oil there was no sig-
nificant effect on cholesterol profile. In the first study, conducted in the Netherlands,
20 men with slightly elevated lipid concentrations received daily for 6 weeks a palm
oil-rich tocotrienol extract, which supplied 140 mg tocotrienols and 80 mg α-toco-
pherol; 20 other men received daily 80 mg α-tocopherol. The tocotrienol-rich extract
had no marked favorable effects on the serum lipoprotein profile (Mensink et al.,
2000). In the second study, a 5-year clinical study described below, a palm oil-rich
tocotrienol extract which supplied approximately 240 mg tocotrienols and 98 mg 
α-tocopherol did not reduce cholesterol levels after 18 months’ supplementation.
There was, however, significant effect on LDL oxidation as indicated by thiobarbi-
turic acid reactive substances (TBARS; Watkins et al., 1998; Tomeo et al., 1995).

In contrast, with the same experimental group, a rice bran oil tocotrienol-rich
extract supplying 312 mg tocotrienols and 360 mg tocopherols significantly reduced
total cholesterol, LDL, and triglycerides. HDL was higher in the treated group than
in the control (Watkins et al., 1999). The conflicting results from these studies may
be due in part to the levels used and the composition of the supplement, especially as
it relates to other components which may have an additive or synergistic effect. In
the case of rice bran oil extract there is significant literature suggesting a cholesterol-
reducing effect. Sterols and other compounds present in palm oil may have a similar
effect. Beneficial effects on cardiovascular health may not necessarily be associated
with reduction in cholesterol levels, as discussed below. 

CARDIOVASCULAR HEALTH

Epidemiological studies indicated a strong inverse association of blood vitamin
E or vitamin E intake, measured as α-tocopherol, and heart disease (Rimm et al.,
1993; Stampher et al., 1993). Subsequent large intervention studies with high levels
of α-tocopherol failed to show the beneficial effect, especially in high-risk subjects
(GISSI Group, 1999; Yusuf et al., 2000). 

It is important to consider whether these results are due, at least in part, to the use
of α-tocopherol alone. This is an important consideration because, as discussed
above, high levels of supplemental α-tocopherol reduce the blood and tissue levels
of γ-tocopherol and probably of the other tocopherols and tocotrienols. Some epi-
demiological studies suggest an inverse association of blood γ-tocopherol and heart
disease (Kontush et al., 1999; Kristenson et al., 1997). In this regard, the role of
tocotrienols may also be very important.
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A 5-year study in humans evaluated 50 patients with previous cerebrovascular
disease. These patients with confirmed carotid atherosclerosis were divided ran-
domly into two groups. Twenty-five consumed a tocotrienol-rich extract which con-
tained 240 mg of tocotrienols (plus tocopherols)/d while 25 control patients received
a placebo. After 18 months, patients receiving the tocotrienol supplement demon-
strated a significant regression or slowed progression in the amount of blockage of
their carotid artery as revealed by ultrasonography compared to the controls (Tomeo
et al., 1995). This trend continued through 4 years of supplementation. Those receiv-
ing a placebo had an overall worsening of the disease. These results are remarkable
because over 40% of the patients showed regression of stenosis (Watkins, personal
communication). 

CANCER

A major intervention clinical study indicated that in elderly smokers receiving 
α-tocopherol as dl-α-tocopheryl acetate (50 mg/d), the incidence of prostate cancer
was lower than in the controls (Heinonen et al., 1998). There was also a trend for
lower incidence of colon cancer. Researchers at Johns Hopkins University reported
that there was a stronger inverse relationship between blood γ-tocopherol and
prostate cancer than the association observed with α-tocopherol (Helzlsouer et al.,
2000). As discussed above, tocotrienols and δ-tocopherol inhibited the growth of
several lines of cancer cells, including breast, leukemia, and melanoma. In light of
these findings, it is important to evaluate the role of the tocopherols and tocotrienols
in the prevention of some cancers, especially colon, breast, and prostate cancers.

OTHER CHRONIC DISEASES

The role of α-tocopherol on chronic disease has been evaluated for a variety of
diseases including cataracts, Alzheimer’s, and diabetes (Papas, 1999). In light of our
emerging understanding of the role of the other tocopherols and tocotrienols, it is
important to determine whether individually, or more important as mixtures, they
have a role in the prevention and/or treatment of these diseases. This is particularly
important for the γ-tocopherol, which has been suggested to affect the production
and metabolism of NO which can have either beneficial or harmful effects if it is
metabolized to nitrogen-reactive compounds. 

CONCLUSION

Recent studies suggest that the non-α-tocopherols and the tocotrienols have
antioxidant and other functions and may play an important role in nutrition and
health. The understanding of their effects will help us determine whether the current
practice of using α-tocopherol in food fortification and in supplements is warranted.

Beyond α-tocopherol 73

TX838 CH05  02/01/2002  1:28 PM  Page 73



REFERENCES

Acuff, R. V., Thedford S. S., Hidiroglou N. N., Papas, A. M., and Odom, T. A., Jr., Relative
bioavailability of RRR- and all-rac-alpha-tocopheryl acetate in humans: studies using
deuterated compounds, Am. J. Clin. Nutr., 1994;60:397–402.

Bieri, J. G. and Evarts R. P., Tocopherols and fatty acids in American diets, J. Am. Diet. Assoc.
1973;62:147–151.

Black, T. M., Wang, P., Maeda, N., and Coleman, R.A., Palm tocotrienols protect ApoE +/-
mice from diet-induced atheroma formation, J. Nutr., 2000;130:2420–6.

Burton, G. W., Joyce, A., and Ingold, K. U., First proof that vitamin E is major lipid-soluble,
chain-breaking antioxidant in human blood plasma, Lancet, 1982;8292 ii:327.

Burton, G. W., Traber, M. G., Acuff, R. V., Walters, D. N., Kayden, H., Hughes, L., and Ingold,
K. U., Human plasma and tissue alpha-tocopherol concentrations in response to supple-
mentation with deuterated natural and synthetic vitamin E, Am. J. Clin. Nutr.,
1998;67:669–84.

Christen, S., Woodall, A. A., Shigenaga, M. K., Southwell-Keely, P. T., Duncan, M. W., and
Ames, B. N., Gamma-tocopherol traps mutagenic electrophiles such as NO(X) and com-
plements alpha-tocopherol: physiological implications, Proc. Natl. Acad. Sci. U.S.A.,
1997;94:3217–22.

Clement, M. and Bourre, J. M., Graded dietary levels of RRR-gamma-tocopherol induce a
marked increase in the concentrations of alpha- and gamma-tocopherol in nervous tis-
sues, heart, liver and muscle of vitamin E-deficient rats, Biochim. Biophys. Acta.
1997;1334:173–181.

Cooney, R. V., Franke, A. A., Harwood, P. J., Hatch-Pigott, V., Custer, L. J., and Mordan, L.
J., Gamma-tocopherol detoxification of nitrogen dioxide: superiority to alpha-toco-
pherol, Proc. Natl. Acad. Sci. U.S.A., 1993;90:1771–1775.

de Nigris, F., Franconi, F., Maida, I., Palumbo, G., Anania, V., and Napoli, C., Modulation by
alpha- and gamma-tocopherol and oxidized low-density lipoprotein of apoptotic signal-
ing in human coronary smooth muscle cells, Biochem. Pharmacol., 2000;59:1477–1487.

Devaraj, S. and Jialal, I., Alpha-tocopherol supplementation decreases serum C-reactive pro-
tein and monocyte interleukin-6 levels in normal volunteers and type 2 diabetic patients,
Free Rad. Biol. Med., 2000;29:790–792.

Dowd, P. and Zheng Z. B., On the mechanism of the anticlotting action of vitamin E quinone,
Proc. Natl. Acad. Sci. U.S.A., 1995;92:8171–8175.

Dutton, P. J., Hughes, L. A., Foster, D. O., Burton, G. W., and Ingold, K.U., Simon metabo-
lites of alpha-tocopherol are not formed via a rate-controlling scission of the 3′C-H bond,
Free Rad. Biol. Med., 1990;9:435–439.

Food and Nutrition Board, National Academy of Sciences, Dietary Reference Intakes for
Vitamin C, Vitamin E, Selenium, and Carotenoids, National Academy Press, 2000.

GISSI Group. Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E
after myocardial infarction: results of the GISSI-Prevenzione trial, Lancet,
1999;354:447–455.

Handelman, G. J., Epstein, W. L., Peerson, J., Spiegelman, D., and Machlin, L. J., Human adi-
pose α-tocopherol and γ-tocopherol kinetics during and after 1 year of α-tocopherol sup-
plementation, Am. J. Clin. Nutr., 1994;59:1025–1032.

Hattori, A., Fukushima, T., Yoshimura, H., Abe, K., and Ima, K., Production of LLU-alpha fol-
lowing an oral administration of gamma-tocotrienol or gamma-tocopherol to rats, Biol.
Pharm. Bull., 2000;23:1395–1397.

74 PHYTOCHEMICIALS IN NUTRITION AND HEALTH

TX838 CH05  02/01/2002  1:28 PM  Page 74



Hayes, K. C., Pronczuk, A., and Liang, J. S., Differences in the plasma transport and tissue
concentrations of tocopherols and tocotrienols: observations in humans and hamsters,
Proc. Soc. Exp. Biol. Med., 1993;202:353–359.

Heinonen, O. P., Albanes, D., and Virtamo, J., Prostate cancer and supplementation with
alpha-tocopherol and beta-carotene: incidence and mortality in a controlled trial, J. Natl.
Cancer Inst., 1998;90:440–446.

Helzlsouer, K. J., Huang, H.-Y., Alberg, A. J., Hoffman, S., Burke, A., Norkus E. P., Morris,
J. S., and Comstock, G. W., Association between alpha-tocopherol, gamma-tocopherol,
selenium, and subsequent prostate cancer, J. Natl. Cancer Inst., 2000:92; 2018–2023.

Ignarro, L. J., Byrns, R. E., Buga, G. M., Wood, K. S., and Chaudhuri, G.,
Endothelium–derived relaxing factor produced and released from artery and vein is nitric
oxide, Proc. Natl. Acad. Sci. U.S.A., 1987;84:9265–9269.

Ikeda, I., Imasato, Y., Sasaki, E., and Sugano, M., Lymphatic transport of alpha-, gamma-, and
delta-tocotrienols and alpha-tocopherol in rats, Int. J. Vit. Nutr. Res., 1996;66:217–221.

Jiang, Q., Elson-Schwab, I., Courtemanche, C., and Ames, B. N., gamma-Tocopherol and its
major metabolite, in contrast to alpha-tocopherol, inhibit cyclooxygenase activity in
macrophages and epithelial cells, Proc. Natl. Acad. Sci. U.S.A., 2000;97:11494–11499.

Kayden, H. J. and Traber M. G., Absorption, lipoprotein transport and regulation of plasma
concentrations of vitamin E in humans, J. Lipid Res., 1993;34:343–358.

Kontush, A., Spranger, T., Reich, A., Baum, K., and Beisiegel, U., Lipophilic antioxidants in
blood plasma as markers of atherosclerosis: the role of alpha-carotene and gamma-toco-
pherol, Atherosclerosis, 1999;144:117–122.

Kristenson, M., Zieden, B., Kucinskiene, Z., Elinder, LS., Bergdahl, B., Elwing, B.,
Abaravicius, A., Razinkoviene, L., Calkauskas, H., and Olsson, A.G., Antioxidant state
and mortality from coronary heart disease in Lithuanian and Swedish men: concomitant
cross sectional study of men aged 50, BMJ, 1997;314:629–633 

Li, D., Saldeen, T., Mehta, J. L., Gamma-tocopherol decreases ox-LDL-mediated activation
of nuclear factor-kappaB and apoptosis in human coronary artery endothelial cells,
Biochem. Biophys. Res. Commun., 1999;259:157–161.

Li, D., Saldeen, T., Romeo, F., and Mehta, J. L., Relative effects of alpha- and gamma-toco-
pherol on low-density lipoprotein oxidation and superoxide dismutase and nitric oxide
synthase activity and protein expression in rats, J. Cardiovasc. Pharmacol. Ther.,
1999:219–226.

Mensink, R. P., van Houwelingen, A. C., Kromhout, D., and Hornstra, G., A vitamin E con-
centrate rich in tocotrienols had no effect on serum lipids, lipoproteins, or platelet func-
tion in men with mildly elevated serum lipid concentrations, Am. J. Clin. Nutr.,
1999;69:213–219.

Mo, H. and Elson, C. E., Apoptosis and cell-cycle arrest in human and murine tumor cells are
initiated by isoprenoids, J. Nutr., 1999;129:804–813.

Moyad, M. A., Brumfield, S. K., and Pienta, K. J., Vitamin E, alpha- and gamma-tocopherol,
and prostate cancer, Semin. Urol. Oncol., 1999;17:85–90.

Murad, F., Nitric oxide signaling: would you believe that a simple free radical could be a sec-
ond messenger, autacoid, paracrine substance, neurotransmitter, and hormone? Recent
Prog. Horm. Res., 1998;53:43–59. 

Murphy, S. P., Subar, A. F., and Block, G., Vitamin E intakes and sources in the United States,
Am. J. Clin. Nutr., 1990;52:361–367.

NRC. Recommended Dietary Allowances, 10 ed., Washington, D.C.: National Academy Press,
1989.

Beyond α-tocopherol 75

TX838 CH05  02/01/2002  1:28 PM  Page 75



Nesaretnam, K., Stephen, R., Dils, R., and Darbre, P., Tocotrienols inhibit the growth of
human breast cancer cells irrespective of estrogen receptor status, Lipids,
1998;33:461–469.

O’Byrne, D., Grundy, S., Packer, L., Devaraj, S., Baldenius, K., Hoppe, P. P., Kraemer, K.,
Jialal, I., and Traber M. G., Studies of LDL oxidation following alpha-, gamma-, or delta-
tocotrienyl acetate supplementation of hypercholesterolemic humans, Free Rad. Biol.
Med., 2000;29:834–845.

Õzer, N. K. and Azzi, A., Beyond antioxidant function: other biochemical effects of antioxi-
dants, in Antioxidant Status, Diet, Nutrition and Health, Papas, A.M. (ed.), CRC Press,
Boca Raton, 1998;449–460.

Papas, A. M., The Vitamin E Factor, HarperCollins, New York, 1999.
Papas, A. M. (ed.), Antioxidant Status, Diet, Nutrition and Health, CRC Press, Boca Raton,

FL, 1998.
Parker, R. A., Pearce, B. C., Clark, R. W., Gordon, D. A., and Wright, J. J., Tocotrienols 

regulate cholesterol production in mammalian cells by post-transcriptional suppression
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, J. Biol. Chem., 1993;
268:11230–11238.

Qureshi, A. A., Pearce, B. C., Nor, R. M., Gapor, A., Peterson D. M., and Elson, C. E., Dietary
alpha-tocopherol attenuates the impact of gamma-tocotrienol on hepatic 3-hydroxy-3-
methylglutaryl coenzyme A reductase activity in chickens, J. Nutr., 1996;126:389–394.

Rimm, E.B., Stampher, M. J., Ascherio, A., Giovannuci, E., Colditz, M. B., and Willet, W. C.,
Vitamin E consumption and the risk of coronary disease in men, N. Engl. J. Med., 1993:
1450–1456.

Saldeen, T., Li, D., and Mehta, J. L., Differential effects of alpha- and gamma-tocopherol on
low-density lipoprotein oxidation, superoxide activity, platelet aggregation and arterial
thrombogenesis, J. Am. Coll. Cardiol., 1999:1208–1215.

Schultz, M., Leist, M., Petrzika, M., Gassmann, B., Brigelius-Flohé, R., A novel urinary
metabolite of α-tocopherol, 2,5,7,8-tetramethyl-2(2′carboxyethyl)-6-hydroxy chroman
(α-CEHC) as an indicator of an adequate vitamin E supply? Am. J. Clin. Nutr., 1995;62
(suppl):1527S–1534S.

Stampfer, M. J., Hennekens, C. H., Manson, J. E., Colditz, G. A., Rosner, B., and Willett, W.
C., Vitamin E consumption and the risk of coronary disease in women, N. Engl. J. Med.,
1993: 1444–1449.

Stone, W. L. and Papas, A. M., Tocopherols and the etiology of colon cancer, J. Natl. Cancer.
Inst., 1997;89:1006–1014.

Stone, W. L., Papas, A. M., LeClair, I. O., Min, Q., and Ponder, T., The influence of dietary
iron and tocopherols on oxidative stress in the colon, Cancer Detection and Prevention,
1998, 22: S110.

Strijbos, P. J., Nitric oxide in cerebral ischemic neurodegeneration and excitotoxicity, Crit.
Rev. Neurobiol., 1998;12:223–243.

Theriault, A., Wang, Q., Gapor, A., and Adeli, K., Effects of gamma-tocotrienol on ApoB syn-
thesis, degradation, and secretion in HepG2 cells, Arterioscler. Thromb. Vasc. Biol.,
1999;19:704–712.

Tomeo, A. C., Geller, M., Watkins, T. R., Gapor, A., and Bierenbaum, M. L., Antioxidant
effects of tocotrienols in patients with hyperlipidemia and carotid stenosis, Lipids
1995;30:1179–1183

Traber, M. G., Kayden, H. J., Preferential incorporation of alpha-tocopherol vs. gamma-toco-
pherol in human lipoproteins, Am. J. Clin. Nutr., 1989;49:517–526.

76 PHYTOCHEMICIALS IN NUTRITION AND HEALTH

TX838 CH05  02/01/2002  1:28 PM  Page 76



Watkins, T. R., Bierenbaum, M. L., and Giampaolo, A., Tocotrienols: Biological and Health
Effects, in Antioxidant Status, Diet, Nutrition and Health, Papas, A. M. (ed.), CRC Press,
Boca Raton, 1998;479–496.

Watkins, T. R., Geller, M., Kooyenga, D. K., and Bierenbaum, M., Hypocholesterolemic and
antioxidant effects of rice bran oil nonsaponifiables in hypercholesterolemic subjects, J.
Environ. Nutr. Interactions, 1999;3:115–122.

Wechter, W. J., Kantoci,. D., Murray, E. D., Jr., D’Amico, D. C., Jung, M. E., and Wang, W.
H., A new endogenous natriuretic factor: LLU-alpha, Proc. Natl. Acad. Sci. U.S.A.,
1996;93:6002–6007.

Wink, D. A., Vodovotz, Y., Laval, J., Laval, F., Dewhirst, M. W., and Mitchell, J. B., The mul-
tifaceted roles of nitric oxide in cancer, Carcinogenesis, 1998;19:711–721.

Yu, W., Simmons-Menchaca, M., Gapor, A., Sanders, B. G., and Kline, K., Induction of apop-
tosis in human breast cancer cells by tocopherols and tocotrienols, Nutr. Cancer,
1999;33:26-32.

Yusuf, S., Dagenais, G., Pogue, J., Bosch, J., and Sleight, P., Vitamin E supplementation and
cardiovascular events in high-risk patients, The Heart Outcomes Prevention Evaluation
Study Investigators, N. Engl. J. Med., 2000;342:154–160.

Beyond α-tocopherol 77

TX838 CH05  02/01/2002  1:28 PM  Page 77



TX838 CH05  02/01/2002  1:28 PM  Page 78



791-58716-083-8/02/$0.00 + $1.50 
© 2002 by CRC Press LLC

CHAPTER 6

Phytochemical Pharmacokinetics

HAROLD L. NEWMARK
and CHUNG S.YANG

CONTENTS

Introduction.............................................................................................................79
Examples.................................................................................................................80
Discussion...............................................................................................................82
Conclusion ..............................................................................................................83
References...............................................................................................................83

INTRODUCTION

Human beings process about 500 g of chemicals daily in the form of food. Often
the bulk of this is in the form of components of plants, created by evolutionary

processes for functions in the plants themselves, not necessarily designed for human
intake. These plant components comprise tens of thousands of compounds in a large
variety of chemical structures. Besides the (moderately) well-known proteins, car-
bohydrates, and fats, potent biological activities can often be found in the lesser
(quantitatively) plant phenols, terpenes, terpenoids, alkaloids, purines, pyrimidines,
nucleic acids, steroids, etc. Some of these compounds can produce adverse effects
(e.g., β-sitosterol) or even toxic effects (e.g., digoxin), and the human body has often
developed mechanisms for protection (e.g., blocking absorption of β-sitosterol). At
the other end of the safety spectrum, some plant components are essential for human
existence (e.g., ascorbic acid, folic acid). Often these latter few essential plant chem-
ical components have been carefully studied for pharmacokinetic properties and con-
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trol mechanisms in humans. However, the pharmacokinetics of most of the phyto-
chemical components of our foods, herbs, and general environment is generally not
known, or well studied.

This chapter suggests some guidelines to use in approaching studies of phyto-
chemical pharmacokinetics, and illustrates with a few examples of active phyto-
chemicals that have been studied, a wide variation in absorption and metabolism,
resulting in potential uses and limitations in biological effects in humans (Table 6.1).

EXAMPLES

Tea, particularly the catechins of green tea, has been well studied for bioavail-
ability, pharmacokinetics, and pharmacodynamic effect in a local tissue (e.g., lower-
ing of prostaglandin E-2 in the human colon on oral beverage intake (Hollman et al.,
1997; Yang et al., 1998; August et al., 1999)). The closely chemically related

80 PHYTOCHEMICALS IN NUTRITION AND HEALTH

TABLE 6.1

Guidelines:

A. Phytochemical Pharmacokinetics Requirements
1.Identification of pharmacologically active chemical substance(s).
2.Determination of the nature of the pharmacologic activity, and 

probable mechanism(s).

B. Determination of the Active Chemical Moiety Possibilities
1.Native plant substance as such.
2.Food processing product (e.g., garlic allicin products)
3.Digestive enzyme changes (e.g., esterases)
4.Gastrointestinal chemical alterations (e.g., microbial and epithelial

cell saturation of double bonds of caffeic acid and curcumin)

C. Bioavailability and Pharmacokinetics
1.Bioavailability is generally defined as measurement of plasma 

concentrations after oral administration (drug, food, fluid, etc.) 
compared to intravenous (I.V.) administration.

2.Few data are available on I.V. administered phytochemicals.
3.Therefore, bioavailability of phytochemicals is often measured by 

plasma levels over prolonged oral intake and in comparison to a 
standard of reference.

4.Pharmacokinetics can be derived from blood plasma measure
ments over a short time period, usually after a single dose.
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catechins of red wine also have been studied and demonstrate good bioavailability
(Donovan et al., 1999). However, the circulating chemical forms of these catechins
in the blood is largely as conjugates (glucuronides, sulfates), similar to other xeno-
biotic phenolic compounds. It is not completely clear whether biologic activity
depends primarily on the circulating free phenols or whether the conjugates are also
active, perhaps equally.

Quercetin, and its glycosides such as rutin, are common phenolic constituents of
many plants used in human foods. Significant dietary intake is derived from onions,
and tea, but lower levels are present in many foods. Both 3 and 4 hydroxyglucosides
of quercetin appear equally bioavailable to humans (Olthof et al., 2000), with appar-
ently similar pharmacokinetics.

In contrast to the catechins of tea and red wine, and quercetin and its glycosides
in foods, many of the common dietary plant phenolics derived from a hydroxycin-
namic acid are poorly bioavailable, due to metabolism largely within the gastroin-
testinal tract of humans. Caffeic acid is essentially ubiquitous in most fruits in free
form but also commonly esterified with quinic acid to form chlorogenic acid (e.g.,
apples). Coffee beans contain about 7–8% chlorogenic acid (about 15% in dry
instant coffee) (Weiss, 1957). Chlorogenic acid is rapidly hydrolyzed in the gas-
trointestinal tract to free caffeic acid. When 1.0 g of caffeic acid was administered
orally to human volunteers, only about 11% was recovered in their urine over the fol-
lowing 48 h mostly as metabolites (Jacobson et al., 1983). Studies in rats previously
indicated that the bulk of orally administered caffeic or chlorogenic acids is hydro-
genated by intestinal microorganisms to a mixture of phenyl propionic acids which
mostly appear in the feces, (not absorbed) (Booth and Williams, 1963).

Curcumin, and the closely related curcuminoids desmethoxycurcumin and bis-
desmethoxy curcumin, is the yellow pigment of tumeric (spice). By itself, it is taste-
less, and represents 3–5% of dried tumeric. When isolated from tumeric, curcumin
has been used in ointments as a topical anti-inflammatory agent in India for cen-
turies. In laboratory studies over the past 12 years, our group at Rutgers, and also oth-
ers, have found that curcumin is a potent and effective tumor inhibitor on topical
application to skin tumors of mice (Huang et al., 1992a; 1992b; 1998; Kuttan et al.,
1985). It also inhibits, on oral administration, chemical carcinogen-induced tumors
in the stomach (Huang et al., 1994), small intestine (Huang et al., 1994), and colon
(Huang et al., 1994; Rao et al., 1995). Curcumin, extracted from tumeric and admin-
istered orally, is a very safe substance, and is therefore an FDA-approved food color.
Curcumin appears to be hydrogenated to tetrahydrocurcumin, a much less effective
compound, phenyl propionic acid and other metabolites, by the intestinal microor-
ganisms and appears essentially almost completely in the feces (Huang et al., 1995).

The laboratory animal and safety studies suggest that curcumin may be a useful
colon cancer chemo-preventive agent, especially since it shows inhibitory activity of
cyclooxygenase and lypoxygenase enzymes affecting arachidonate metabolism
(Conney et al., 1991; Huang et al., 1991). A Phase 1 clinical study in humans is cur-
rently under way (Brenner, 2000). In doses up to 0.5 g, no detectable serum levels of
curcumin or tetrahydrocurcumin could be found in humans (Brenner, 2000). Thus
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the poor bioavailability (for absorption), and local tissue effectiveness as a colon car-
cinogenesis inhibitor combine to make curcumin a potentially useful, safe, and
inexpensive chemopreventive agent for the colon. This, of course, must yet be
demonstrated in further clinical trials.

DISCUSSION

The examples given above are just a few in the chemical class of plant phenolics.
Analagous problems of the interaction of absorption, metabolism to more active
agents in vivo, or conversely to less active metabolites and excretion, pose individ-
ual problems for phytochemicals of other chemical classes as well. An example is d-
limonene which comprises over 90% of orange oil, and was found to be an inhibitory
agent of tumors of the forestomach, lung, and mammary gland (Wattenberg, 1992;
Gould, 1995; Elegbede et al., 1984, Haag et al., 1992). However, it was later shown
that perillyl alcohol, a hydroxylated derivative (and probable metabolite) of 
d-limonene, was a far more active substance (Crowell et al., 1992; Haag and Gould,
1994; Mills et al., 1995). Subsequent studies in dogs and rats revealed that perillyl
alcohol is rapidly absorbed from the gastrointestinal tract and metabolized to peril-
lic acid and dihydroperillic acid, now considered to be the true active metabolites
(Phillips et al., 1995).

The careful study of the pharmacokinetics of biologically active phytochemicals
will likely become mandatory to prevent undue reactions, damage, and toxicity, sim-
ilar to the lessons learned over the centuries from the administration of excess
amounts of any xenobiotic agents. We are all familiar with the close controls required
when administering digitalis alkaloids extracted from the leaves of the foxglove
plant in order to achieve cardiac regulation without toxicity, controls obtained as a
result of much pharmacokinetic study. A scan of some recent scientific literature
strongly suggests rapidly growing requirements for many other phytochemicals as
well, illustrated by the following examples:
1. Urothelial carcinoma (kidney cancer) associated with presence of

Aristolochia species of Chinese herbs (Nortier et al., 2000).
2. Maternal oral ingestion of bioflavanoids may induce gene strand breaks and

potential translocations in utero leading to infant and early childhood
leukemia (Strick et al., 2000).

3. St. John's wort (Hypericum perforatum) is an herbal remedy used widely for
the treatment of depression. Recent clinical studies demonstrated that
Hypericum extracts increase the metabolism of various drugs, including
combined oral contraceptives, cyclosporin, and indinavir. Moore et al.,
(2000) show that hyperforin, a consitutent of St. John's wort with antidepres-
sant activity, is a potent ligand (Ki = 27 nM) for the pregnane X receptor, an
orphan nuclear receptor that regulates expression of the cytochrome P450
(CYP) 3A4 monooxygenase. Treatment of primary human hepatocytes with
Hypericum extracts or hyperforin results in a marked induction of CYP3A4
expression. Because CYP3A4 is involved in the oxidative metabolism of >
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50% of all drugs, our findings provide a molecular mechanism for the inter-
action of St. John's wort with drugs and suggest that Hypericum extracts are
likely to interact with many more drugs than previously had been realized.

These few examples serve to illustrate the growing importance of quantitation of
intake of phytochemicals, specifically chemically identified and related to well
understood biological and biochemical functions, with knowledge of their typical
pharmacokinetics, as well as the range of individual deviations from the typical or
normal pharmacokinetics.

CONCLUSION

In summary, phytochemicals, components of plants in our foods, herbs and gen-
eral environment, comprise an enormous variety of chemical structures from many
chemical classes. In practical terms, a clear definition of biological activity and
structural identification of the specific phytochemical agent responsible for this
activity, is the first requirement before undertaking pharmacokinetics studies. Only
then can useful studies be made of characteristics and mechanisms for potentially
useful manipulation to control or enhance activity. These studies would include
absorption, distribution, metabolism and metabolites, effective half-life, site and
mode of activity, inactivation, excretion, etc.  Unfortunately, only a minority of phy-
tochemicals with claimed biologic effects have been properly or adequately studied
in this manner.
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INTRODUCTION

Isothiocyanates (ITCs) are a group of naturally occurring compounds commonly
found in the crucifer family, such as watercress, broccoli, radish, and cabbage

(Fenwick and Heaney, 1993). The consumption of this family of vegetables has been
linked to the reduced risk of certain human cancers (Verhoeven et al., 1996;
Steinmetz and Potter, 1991). It has been speculated that ITCs may contribute to the
protective effects of cruciferous vegetables. The first study on the inhibition of tumor
development by ITCs was published in the 1960s by Sidransky et al. (1966). In the
study, it was reported that 1-naphthyl ITC, a synthetic ITC, inhibits liver tumorigen-
esis in rats induced by ethionine, N-2-fluorenylacetaminde, and aminoazobenzene.
Almost a decade later, Wattenberg (1978) demonstrated that certain dietary aromatic
ITCs suppressed benzo(a)pyrene (BaP) and 9,10-dimethyl-1,2-benzanthracene
(DMBA)-induced mammary tumorigenesis in animals. 

These studies prompted us to initiate a screening assay of dietary-related
inhibitors against environmental nitrosamine-induced tumorigenesis in the early
1980s. The screening study marks the beginning of our long-standing effort to inves-
tigate the role of ITCs in cancer prevention. Our screening was conducted with the
liver microsomes obtained from rats fed diets containing one of 25 different com-
pounds commonly found in fruits and vegetables (Chung et al., 1984). The results
demonstrated that benzyl ITC (BITC) and phenethyl ITC (PEITC), occurring pri-
marily in gardencress and watercress, respectively, are two remarkably effective
agents in blocking cytochrome P450-mediated activation of various nitrosamines,
including the potent and highly specific nicotine-derived lung carcinogen, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (Chung et al., 1985). These
findings led us to focus on BITC and PEITC, and to test their chemopreventive
potential in the lung tumor bioassays. This chapter describes our studies on the struc-
tural features and the mechanisms of ITC compounds important for tumor inhibition,
as well as their metabolic fates in rodents and humans. In addition, our recent stud-
ies of sulforaphane (SFN), a major constituent of ITC in broccoli, for its effect on
colon aberrant crypt foci (ACF) formation, is presented. Finally, based on analysis of
a urinary marker for dietary uptake of ITCs, the potential role of ITCs in reducing
lung cancer risk in humans was evaluated in a large prospective study. 

ITCs AS CHEMOPREVENTIVE AGENTS FOR LUNG TUMORIGENESIS
AND STRUCTURE-ACTIVITY RELATIONSHIP 

Over the years we have used the A/J mouse to screen chemopreventive agents for
lung tumors. The A/J mouse is a useful model, as a single dose of NNK (10 µmol)
induces a significant number of lung adenomas within 16 weeks (Hecht et al., 1989).
Our studies showed that the pretreatment of A/J mice with PEITC significantly
inhibited the number of lung adenomas per mouse (tumor multiplicity) induced by
NNK, whereas the pretreatment with lower homologues BITC and phenyl ITC
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(PITC) did not affect lung tumor development (Morse et al., 1989a). A subsequent
study showed that PEITC administered in the diet throughout the bioassay also
inhibited lung tumorigenesis in F344 rats chronically exposed to NNK (Morse et al.,
1989c). 

The differences in tumor inhibitory potency by PEITC and its lower homologues
in A/J mice indicate the importance of alkyl chain length. This notion was further
verified by the structure-activity relationship (SAR) studies showing that the alkyl
chain length is indeed a critical feature for the inhibitory activity against lung tumori-
genesis, and that the potency of ITCs increase with the increased carbon chain up to
six carbons (Morse et al., 1989b). Thus, the newly synthesized 6-phenylhexyl ITC
(PHITC) was found to be one of the most potent inhibitors for NNK lung tumorige-
nesis so far studied (Chung, 1992). A closer examination of the SAR among 16 ITC
compounds demonstrated that the potency of ITCs is correlated directly with
lipophilicity, and inversely related to their reactivity toward glutathione (Figure 7.1)
(Jiao et al., 1994). Based on SAR data, some of the synthetic diphenyl alkyl ITCs
were predicted and found to have remarkable chemopreventive activity for lung
tumors.

ITCs AS CHEMOPREVENTIVE AGENTS FOR TUMORIGENESIS AT
OTHER ORGAN SITES

The activity of ITCs is not only limited to lung tumorigenesis, as a large number
of animal studies have shown that ITCs are chemopreventive for cancer at a variety
of other organ sites, including mammary gland, liver, esophagus, bladder, pancreas,
and colon (Hecht, 1995; Zhang and Talalay, 1994). Most of these bioassays used pro-
tocols involving chronic administration of ITC before, during, and after the carcino-
gen exposure. Therefore, ITCs as a class appear to be promising and versatile agents
toward prevention of chemical carcinogenesis. Among ITCs, SFN is the most abun-
dant that occurs in broccoli and broccoli sprouts. SFN has been shown to inhibit
DMBA-induced mammary tumorigenesis (Zhang et al., 1994) and, recently, AOM-
induced ACF in the rat colon (Chung et al., 2000). 

It should be noted, however, while results of most studies are consistent with the
view that ITCs are effective inhibitors independent of the model, a few studies
reported the adverse effects of the treatment with certain ITCs. For example, PEITC
appears to enhance carcinogen-induced mammary and bladder tumorigenesis (Lubet
et al., 1997; Hirose et al., 1998). PHITC, the synthetic compound, given in the diet,
appeared to cause an increase in tumor formation in AOM-induced colon tumorige-
nesis (Rao et al., 1995). Even though PEITC and phenylpropyl ITC (PPITC) were
remarkable inhibitors against the NMBA-induced esophageal tumor, it was found
that PHITC caused an increase in tumor formation in this model (Stoner et al., 1995).
These results did raise cautions in choosing the appropriate and relevant doses and
models for the study of chemoprevention by ITCs, and emphasized the need for more
studies to define efficacy and mechanisms. 
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Figure 7.1 Structures of ITCs screened in lung tumorigenesis in A/J mice and the relation-
ship of their relative potency (4 as the most potent) with lipophilicity (log P) and reactivity
toward GSH (Kobs).
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MECHANISMS OF TUMOR INHIBITION BY ITCs

Several mechanisms have been proposed and investigated for tumor inhibition by
ITCs. The inhibition of NNK-induced lung tumorigenesis by PEITC and other
related ITCs was mediated primarily by the inhibition of NNK metabolism. This
resulted in a decrease in O6-methylguanine in lung DNA, indicating that ITCs target
cytochrome P450s (Morse et al., 1989a; Morse et al., 1991). This mechanism was
verified by a number of in vitro and in vivo experiments showing specific binding and
inhibition by ITCs of cytochrome p450 isozymes (Smith et al., 1996; Guo et al.,
1993). ITCs such as SFN and PEITC are also potent inducers of the phase II enzymes
involved in detoxification of carcinogens (Zhang and Taladay, 1994). An interesting
observation was that a methylthiol conjugate of SFN, sulforamate, was found to be
equally potent in phase II enzyme induction as the parent ITC, but was less toxic
(Gerhauser et al., 1997). These results, together with the data of thiol conjugates of
BITC and PEITC on the inhibition of lung tumorigenesis, suggest the potential of
ITC conjugates as more efficacious chemopreventive agents (Jiao et al., 1997). 

Phase II enzyme induction may not be critical in the prevention of nitrosamine
tumorigenesis; however, it has been shown to play an important role in carcinogen-
esis induced by polycyclic aromatic hydrocarbons and heterocyclic aromatic amines.
Many of these studies on phase I and phase II enzyme modulation constitute the early
investigations on the mechanisms of ITCs. More recently, however, several labora-
tories demonstrated in tumor cells that ITCs, including PEITC and SFN, induce
MAP kinases and other transcription factors, AP-1, c-jun, and p53, and apoptosis and
arrest cell cycle (Chen et al., 1998; Huang et al., 1998; Yu et al., 1998; Gamet-
Payrastre et al., 2000). These studies showed that ITC induce apoptosis and these
activities may be, in part, related to the induction of phosphorylation of MAP
kinases. These results thus suggest yet another potentially important mechanism by
which ITCs inhibit tumorigenesis. 

Results of our recent bioassay in A/J mice with PEITC and BITC and their NAC
(N-acetylcysteine) conjugates administered after a single dose of either NNK or BaP
appear to support the mechanisms of induction of apoptosis (Yang et al., 2002). A/J
mice fed diets containing BITC or PEITC (5 µmol/g diet), or their NAC conjugates
(15 µmol/g diet) for 20 weeks beginning 2 days after initiation with 20 µmol BaP
showed decreases in lung tumor multiplicity by 30–40% in all treatment groups.
Since ITC was given during the postinitiation stage of lung tumorigenesis, the effects
cannot be attributed to the modulation of phase I or phase II enzymes. 

We investigated the in vivo mechanisms of the postinitiation tumor inhibition by
ITCs or their conjugates in BaP-treated A/J mice. Lung tissues obtained from interim
sacrifices during the bioassay showed significant increases in the apoptotic index in
lung tissue of BITC-NAC and PEITC-NAC groups at 84 and 140 days, with con-
comitant down-regulation of Bcl-2. The MAP kinase pathway was activated in lungs
of treatment groups. The specific activity of JNK was detected in all treatment
groups using a phosphorylation-specific antibody, with higher activity occurring in
the BITC-NAC and PEITC-NAC groups. The phosphorylation level of Erk 1 was
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increased by PEITC-NAC and PEITC, while no significant changes in Erk 2 and p38
MAP kinase activities occurred. Downstream of MAP kinase, AP-1 and p53 were
also activated. A gel shift assay showed that the AP-1 binding activity was remark-
ably increased in lungs from BITC-NAC and PEITC-NAC treatment groups.
Phosphorylation of p53 was induced above constitutive levels after ITC treatment
and was highest in PEITC-NAC and PEITC groups, but no induction of p53 accu-
mulation was detected in any group. The study is the first in vivo demonstration that
dietary ITCs induce MAP kinase activity, AP-1 activity, and p53 phosphorylation.

CHEMOPREVENTIVE EFFECT OF SFN AND PEITC AGAINST 
AOM-INDUCED ABERRANT CRYPT FOCI WITH F344 RATS 

A recent case-control study in Los Angeles showed that high consumption of
broccoli reduced the risk of colon cancer, and the protective effect was only found in
GST-null individuals (Lin et al., 1998). Since ITCs are metabolically eliminated by
GST-mediated conjugation with GSH, these authors suggested that the protection is
likely to be attributed to dietary ITCs in broccoli. Surprisingly, there has been no ani-
mal data on the effect of SFN, a major ITC in broccoli, in colon tumorigenesis until
recently. The scarcity of animal data on SFN has been, for the most part, due to its
limited availability and cost, and yet SFN is by far the most abundant ITC (approxi-
mately 40–50% of total ITCs) in broccoli. Therefore, we carried out a bioassay to
examine the effect of SFN and PEITC on AOM-induced ACF in F344 rats (Chung et
al., 2000). Treatment with SFN and PEITC and their NAC conjugates by gavage (5
or 20 µmol, respectively) three doses per week for 8 weeks after AOM dosing
resulted in a 30–40% reduction in formation of ACF in F344 rats (Table 7.1).

The dose of the conjugate was four times that of ITCs; however, no significant
differences in the inhibition of ACF were found. These results suggest the conjugates
render the inhibitory activity via gradual dissociation to parent ITCs. The protection
of SFN and PEITC against ACF during the postinitiation phase of colon tumorigen-
esis may have important implications in the prevention of human colon cancer.
However, since ACF are precancerous lesions, these results are considered prelimi-
nary. Nevertheless, the animal bioassay data are consistent with the epidemiological
observations and support a potential role of SFN and PEITC in protecting against
colon cancer. A preclinical efficacy study in this model is warranted. 

Current data from mechanism studies also support SFN in the prevention of
colon cancer. Gamet-Payrastre et al. recently showed that SFN induces cell cycle
arrest in HT29 human colon cancer cells (Gamet-Payrastre et al., 2000). The growth
arrest induced by SFN, followed by cell death via apoptosis, appeared to be associ-
ated with expression of cyclins A and B1. Although the mechanisms by which SFN
and SFN-NAC inhibited ACF in our bioassay are yet to be investigated, its effects on
apoptosis via cell cycle arrest, as demonstrated in human colon cell lines, is certainly
a possibility. In addition, NAC, released by dissociation of SFN-NAC in an equilib-
rium, is a known antioxidant capable of inhibiting mouse fibroblast cell proliferation
and locking cells in G1 phase (Sekharam et al., 1998) and induce p53-dependent
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apoptosis in several transformed cell lines (Liu et al., 1998). All these activities may
have contributed to the inhibition of ACF in this model. 

INHIBITION OF GROWTH OF HUMAN PROSTATE TUMORS BY SFN
AND PEITC

Much attention has been given to prostate cancer because of its rapid increase in
incidence in recent years. The notion that prostate cancer can be protected by high
consumption of cruciferous vegetables has been controversial. A recent case-control
study, however, showed that intake of crucifers, but not fruits or other vegetables,
lowered the prostate cancer incidence (Cohen et al., 2000). We conducted a study of
PEITC-NAC on LNCaP, androgen-dependent, and DU145, androgen-independent,
human prostate cancer cell lines (Chiao et al., 2000). At high concentrations, PEITC-
NAC caused cytolysis, while at lower concentrations PEITC-NAC mediated a 
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TABLE 7.1
Effects of SFN and PEITC on the formation of aberrant crypt foci induced by AOM

Dose of ITC
Compounds

(µmol)

Average
Body

Weight at
Termination

Number of aberrant crypt foci

Treatment Groupa
>4 Crypts Total

1. AOM — 310 52 153

2. AOMÆSFN 5 301 30 (42)b,c 103 (33)d

3. AOMÆSFN-NAC 20 297 31 (40)c 116 (24)e

4. AOMÆPEITC 5 306 27 (48)c 100 (35)d

5. AOMÆPEITC-NAC 20 313 38 (27)f 113 (26)e

6. SFN 5 309 0 0

7. SFN-NAC 20 312 0 0

8. PEITC 5 333 0 0

9. PEITC-NAC 20 301 0 0

10. Control — 320 0 0

aITC compounds are administered during postinitiation phase.
bPercent of inhibition compared to Group 1.
cSignificantly different from Group 1 at p < 0.01.
dSignificantly different from Group 1 at p < 0.0001.
eSignificantly different from Group 1 at p < 0.001.
fSignificantly different from Group 1 at p < 0.05.
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dose-dependent growth modulation, with reduction of DNA synthesis and growth
rate, inhibition of clonogenicity, and induction of apoptosis in both types of prostate
cancer cells. PEITC-NAC decreased cells in S and G2M phases of cell cycle, block-
ing cells entering replicating phases. In parallel, a significant enhancement of cells
expressing the cell cycle regulator p21, as well as its intensity, was seen using a flu-
orescent antibody technique. 

In a similar study, we also investigated the effects of SFN and its NAC conjugate
(SFN-NAC) on LNCaP (Chiao et al., 2001). Both SFN and SFN-NAC mediated a
dose-dependent growth inhibition and apoptosis. DNA strand breaks were detected
in the apoptotic cells; total caspase activity was also elevated. SFN-NAC displayed
a weaker activity than SFN in mediating apoptotic cell death. Parallel to apoptosis
induction, the agents reduced the expression of cyclin D1 and the entry of G1 cells
into S and G2M phases. DNA synthesis and subsequent cell densities were decreased
in treated cell cultures. Additionally, SFN and SFN-NAC attenuated the expression
of the androgen receptor and PSA production. The results indicate that SFN and
SFN-NAC regulate the mechanism of cellular replication and development in human
prostate cancer cells. Although tumor bioassays need to be performed, these data do
suggest that dietary SFN and PEITC and their thiol conjugates may be active in the
prevention of prostate cancer.

METABOLISM,TISSUE DISTRIBUTION, AND PHARMACOKINETICS 
OF ITCs

RODENT STUDIES 

Using 14C-PEITC synthesized in our laboratory with the α-carbon adjacent to the
–N=C=S labeled with 14C, the tissue distribution and metabolism in mice treated
with PEITC by gavage were studied (Eklind et al., 1990). After a single oral dose of
5 µmol (2 µCi)/mouse 14C-PEITC in corn oil, a total of 50% of the dose was excreted
in the urine within 48 h. Two major urinary metabolites were isolated in the urine and
identified as a cyclic mercaptopyruvic acid conjugate and the NAC conjugate (Figure
7.2a). These metabolites accounted for 25 and 10%, respectively, of the administered
PEITC dose.

Radioactivity in all major organs was counted, up to 72 h, after dosing of PEITC
and was distributed readily in all tissues within 1 h after dosing and persisted up to
8 h. Lungs showed a maximal radioactivity between 4 and 8 h, after dosing, sug-
gesting this time period would be optimal for inhibition. Benzyl ITC (BITC) has a
similar metabolic fate as PEITC, and the main metabolite in the urine of rats dosed
with BITC is the NAC conjugate (Brusewitz et al., 1977). Kassahun et al. (1997)
showed that SFN is also metabolized in rats via GSH conjugation to excrete NAC
conjugates in the urine as the major metabolite (>60% of the dose administered).
Erucin, the sulfide analog of SFN, was produced as a metabolite, which was subse-
quently conjugated and excreted via mercapturic acid pathway as an NAC conjugate.
These results indicate that a major metabolic pathway for ITCs through GSH conju-
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gation is likely to be mediated by GST (such as GSTM1) via the mercapturic acid
pathway.

We also conducted a disposition and pharmacokinetic study of PEITC and
PHITC, two potent inhibitors against NNK-induced lung tumorigenesis, in F344 rats
(Conaway et al., 1999). The purpose of this study was to address the question of why
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Figure 7.2 HPLC analysis of a single dose of urinary metabolites of PEITC in (a) A/J mice
after oral administration of 14C-PEITC. The upper panel are the UV standards of the cyclic
mercaptopyruvic acid conjugate 1 and the NAC conjugate 2 and (b) humans after ingestion of
watercress.  The HPLC mobile phase used was different for each experiment.
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PHITC is about two orders of magnitude more potent than PEITC (Morse et al.,
1991). 14C-PEITC and 14C-PHITC were used for these studies. A single gavage dose
of 50 µmol/kg (3.71 µCi/µmol) 14C-PEITC or 50 µmol/kg (6.59 µCi/µmol) 14C-
PHITC in corn oil was administered. After 14C-PEITC dosing, whole blood 14C
peaked at 2.9 h, with an elimination half-life of 21.7 h; blood 14C from 14C-PHITC-
treated rats peaked at 8.9 h, with elimination half-life of 20.5 h. 

In lungs, the target organ, the elimination half-life for 14C-PHITC and its labeled
metabolites was more than twice that for 14C-PEITC and its labeled metabolites; the
effective dose (area under the curve -AUC) for 14C from PHITC was >2.5 times the
AUC of 14C from PEITC in liver, lungs, and several other tissues. During 48 h,
approximately 16.5% of the administered dose of 14C-PHITC was expired as 14C-
CO2, more than 100 times the 14C-CO2 expired by rats treated with 14C-PEITC. In
rats given 14C-PEITC, 88.7±2.2% and 9.9±1.9% of the dose appeared in the urine
and feces, respectively, during 48 h; however, rats given 14C-PHITC excreted
7.2±0.8% of the dose of 14C in urine, and 47.4±14.0% in the feces. This study con-
cluded that higher effective doses of PHITC in the lungs and other organs may be the
basis, in part, for its greater potency as a chemopreventive agent.

HUMAN STUDIES 

The intake of ITCs in humans is primarily through the consumption of crucifer-
ous vegetables. When the vegetables are chewed or chopped, glucosinolates are
hydrolyzed by the enzymatic action of myrosinase to yield ITC. An example of inges-
tion of PEITC from gluconasturtiin is shown in Figure 7.3. The metabolic fate of
PEITC in humans, after ingestion of watercress, is somewhat different from that in
rodents. Like mice, humans process PEITC and other ITC, such as allyl ITC from
mustard, primarily by conjugation with GSH via the mercapturic acid pathway.
However, humans do not produce the cyclic mercaptupyruvic acid conjugate, but only
excrete the NAC conjugate in urine (Chung et al., 1992; Jiao et al., 1994) (Figure
7.2b). Approximately 50% of the PEITC administered was excreted as the NAC
metabolite in the urine within 24 h. The peak of excretion was 4 h after ingestion. 

Since most vegetables are consumed after being cooked, and cooking destroys
myrosinase, it is important to examine whether dietary glucosinolates are actually
converted to ITCs after eating cooked vegetables. A urinary marker, based on a
cyclocondensation product formed by the reaction of ITCs with 1,2-benzenedithiol,
was used to quantify the uptake of ITCs in humans (Zhang et al., 1992; Chung et al.,
1998). Approximately one third of PEITC was excreted as PEITC-NAC after eating
a total of 350 g of cooked watercress compared with uncooked watercress. These
results indicate that bioavailability of PEITC is markedly compromised by cooking.
The fact that the cooked watercress is completely devoid of myrosinase activity for
hydrolysis of glucosinolates to ITCs and yet ITC metabolites were still found in
urine, suggests that intestinal microflora are likely to be involved in converting
gluco-nasturtiin to PEITC after ingesting cooked watercress (Figure 7.4a). The con-
version of gluconasturtiin to PEITC upon incubation with a human fecal preparation
seems to support this notion (Getahun and Chung, 1999) (Figure 7.4b). 
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Similar results on SFN were obtained from another crossover study using cooked
and uncooked broccoli (Conaway et al., 2001). In the study, 12 volunteers consumed
200 g of fresh or steamed broccoli. The average 24 h urinary excretion of ITC equiv-
alents amounted to 32.3±12.7% and 10.2±5.9% of the amounts ingested for fresh
and steamed broccoli, respectively. About 40% of ITCs in urine occurred as SFN-
NAC. Figure 7.5 shows the time course of total ITC excretion up to 24 h after inges-
tion. Not only a substantial difference in the amount of ITC excreted, but also a small
shift to a later time was noted after eating steamed vs. uncooked broccoli. Shapiro et
al. (1998) have drawn the same conclusions from a similar study.
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Figure 7.3 Metabolism of gluconasturtiin and PEITC in rodents and humans.  Hydrolysis of
gluconasturtiin by myrosinase to PEITC followed by GSH conjugation and enzymatic degra-
dation via the mercapturic acid pathway.
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THE ROLE OF DIETARY ITCs IN THE PROTECTION AGAINST 
HUMAN CANCERS

There is ample evidence from animal studies supporting the potential protective
effect of ITCs against cancers, yet there is little known about their roles in human
cancers. It is well documented that consumption of cruciferous vegetables reduces
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the risk of certain human cancers, including colorectal cancer; however, the exact
nature of ingredients contributing to the beneficial effect is still not clear. There are
many active compounds in cruciferous vegetables that may contribute to cancer pro-
tection. 

From a chemoprevention point of view, it is important to know whether the ben-
eficial effects of crucifers come, at least in part, from ITCs. To this end, we have col-
laborated with Dr. Mimi Yu and colleagues at the Norris Cancer Center of USC to
apply the validated urinary marker of dietary ITCs developed in our laboratory
(Seow et al., 1998). These studies have allowed us to evaluate the protective role of
dietary ITCs in human cancers, such as lung, stomach, esophagus, and colon. The
examination of the relationship between the amount of ITCs in urine, collected
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before diagnosis, of 232 lung cancer patients and 710 matched controls from a cohort
of 18,244 men in Shanghai, China, followed from 1986 to 1997, has been recently
completed. More than 80% of the cases are current smokers, whereas only 47% of
the controls are smokers. The protective effect of dietary ITC against lung cancer was
supported by the findings that individuals with detectable levels of ITCs in the urine
are less likely to develop lung cancer than those with no detectable ITCs (RR,95%
CI,0.60–0.65). More interesting was the observation that the reduction in risk was
strongest among individuals genetically deficient in GSTM1 and T1 (RR,95%
CI,0.28–0.30). Since GSTM1 is shown to be involved in conjugation of ITCs to elim-
inate ITCs via the mercapturic acid pathway, these results provide support for the
role of ITCs in lowering risk of lung cancer (London et al., 2000). 

Thus far, few studies have examined the direct relationship of ITC and human
cancer. This study is the first to provide direct evidence to support the role of dietary
ITCs in the prevention of human cancer, and it also suggests that the protective effect
of ITCs may vary depending on the individual genetic makeup in ITC metabolism.
These results warrant future clinical trials to directly evaluate the effects of ITCs on
human cancers or other alternative cancer biomarkers. 

CONCLUSION

ITCs are natural products that humans consume through eating cruciferous veg-
etables, such as watercress, broccoli, and cabbage. These compounds are readily
taken up and metabolized by tissues in rodents and humans, and exhibit activities
against chemical-induced carcinogenesis in various animal models. Evidence from
epidemiological studies show that these compounds may play a role in the preven-
tion of certain human cancers, a claim supported by mechanistic data from in vitro
and in vivo studies. However, not everyone likes these vegetables (a notable example
is former President Bush who does not like broccoli). The extensive evaluation and
development of some ITCs as chemopreventive agents in clinical trials presents a
practical alternative to the dietary sources.
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INTRODUCTION

The purpose of this chapter is to stimulate thinking, not just about the potential
benefits of the soy phytoestrogens in the brain, but also about the larger issue of

the role of diet in general in determining late life health. This chapter will discuss
experimental approaches taken to address whether soy phytoestrogens, or
isoflavones, can have neuroprotective actions in the mammalian brain. The structural
similarity between the soy isoflavones and the natural estrogen, 17β-estradiol
(Figure 8.1), has been the rationale for experiments by many others that have shown
that soy isoflavones can have beneficial effects in models of cardiovascular disease
(Anthony et al., 1996; Clarkson et al., 1997), breast cancer, and prostate cancer (both
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reviewed in Lamartiniere and Fritz, 1998). Indeed, the brain is the last frontier for
testing the efficacy of soy or any phytoestrogen as an estrogen alternative, although
epidemiology and experimental data provide strong rationale for both estrogen-
replacement and identification of estrogen alternatives for maintaining post-
menopausal brain health (Sherwin, 1988: Sherwin, 1997; McEwen and Alves, 1999;
Tang et al., 1996; Toran-Allerand et al., 1999; Yaffe et al., 1998).

Our intrinsic scientific interest in the brain has been the role of the neuronal
cytoskeletal elements, the microtubules, in neuronal function and viability, and the
consequences of estrogen deprivation to this cytoskeletal system. Hyperphosphory-
lation of the microtubule-associated protein tau has been linked with Alzheimer’s
disease (AD) pathology, in that the neurofibrillary tangles (NFT) that are histologic
markers for AD brain are comprised of tau that is hyperphosphorylated at selected
sites (Goedert et al., 1992; Kosik et al., 1988). The dogma is that although these
phosphorylations are normal phosphorylations, the extent to which the hyperphos-
phorylated sites are modified in tau in the NFTs renders the tau less able to associ-
ate with microtubules. These in turn become more susceptible to depolymerization
(Hong et al., 1998; Kim et al., 1986), leading to loss of neuronal morphology and,
ultimately, function (Figure 8.2). 

Thus, the identification of the molecular consequences of postmenopausal estro-
gen loss is critical, particularly identification of those which are attenuated by estro-
gen-replacement, or estrogen-like compounds such as the soy isoflavones.   This is
particularly true for estrogen loss, since it is  a risk factor, not a causal factor, for AD.
Obviously, not every elderly woman becomes afflicted with AD, although every
woman experiences menopausal estrogen reduction. Epidemiological data obtained
with postmenopausal women in the U.S. suggested, however, that even limited estro-
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gen-replacement after menopause could lower one’s risk for Alzheimer’s disease
(Tang et al., 1996). In view of the demographics, namely that there will be a signifi-
cant aged portion of the American population within our children’s lifetime, any
leads for reducing our collective risk for debilitating conditions such as AD are crit-
ical to pursue. Moreover, the possibilities for intervention through the use of botan-
ical or “natural” food components such as soy, to prevent or delay the onset of late-
life dementia (including AD), are crucial to explore and rigorously examine, in view
of the fact that the majority of postmenopausal women resist taking estrogen-
replacement therapy even given the probable adverse consequences on cardiovascu-
lar and bone health. 

THE HYPOTHESIS AND EXPERIMENTS

In our laboratory, we carried out quantitative western blot analysis of homogenates
of brain tissues from ovariectomized aged primates exposed to either soy isoflavones,
or conjugated equine estrogens (Premarin™). The antibodies utilized recognize epi-
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hyperphosphorylation

stable microtubule disassembled microtubule

Figure 8.2 Schematic of the effect of hyperphosphorylation of the microtubule-associated
protein tau at selected sites on microtubule stability. Neuronal function and morphology
require stable microtubules, the stability of which is regulated, in part, by the associated
microtubule-associated proteins, such as tau. The association of tau with microtubules is
thought to be regulated by phosphorylation, which in general lowers the affinity of the tau pro-
teins for the microtubules. Normally, these phosphorylations are thought to be reversible, and
to occur at levels that maintain the neuronal microtubules in the polymeric state. In
Alzheimer’s disease, due to unknown molecular events, tau undergoes excessive or hyper-
phosphorylation at certain sites, indicated by the dots, which reduces the affinity of tau for the
microtubules, resulting in the tau proteins becoming dissociated from the microtubules.  The
net result: a loss of microtubule integrity, and microtubule depolymerization, indicated
schematically above.
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topes on the microtubule-associated protein tau, that are hyperphosphorylated in
Alzheimer’s disease (Binder et al., 1985; Greenberg et al., 1992). It should be empha-
sized that the studies are ongoing, with the full report to be published in the future. 

The hypothesis underlying these experiments was that dietary intake of either
Premarin™ or soy isoflavones would have neuroprotective actions which might
include attenuation of AD-relevant phosphorylations of tau. Given the structural sim-
ilarity between genistein, the principal soy isoflavone, and 17β-estradiol, the princi-
pal physiological estrogen (shown in Figure 8.1), it was not unreasonable to predict
that the soy isoflavones might mimic the biological actions of 17β-estradiol.

The results described in this chapter were obtained from analysis of primate
brain tissues archived from a study that was carried out by Dr. Tom Clarkson and his
colleagues at Wake Forest University in the Department of Comparative Medicine.
They set up a primate model of menopause by ovariectomizing aged macaca fascic-
ularis monkeys and asked whether soy isoflavones taken through the diet were as
efficacious as estrogen-replacement therapy with regard to osteoporosis and cardio-
vascular disease (CVD) risk factors. While part of the results of this study were pub-
lished (Clarkson et al., 2001), additional data analysis is ongoing. 

In brief, the ovariectomized primates were segregated into three dietary groups,
all based on soy protein. One group received intact soy protein, a second group
received soy protein that had been extracted of 90% of the isoflavones, and a third
group received Premarin™, against the same extracted soy protein. The exact diet
compositions and amounts of Premarin™ are described elsewhere (Clarkson et al.,
2001). After being maintained in these dietary groups for 36 months, the monkeys
were sacrificed, and their brains were dissected, sliced into 6 mm sections, frozen in
liquid nitrogen, and stored at –80°C until used.  

Brain samples were analyzed by quantitative western blot as follows: a piece of
frontal cortex was chipped off, weighed, and pulverized under liquid nitrogen. The
sample was then homogenized using a Dounce homogenizer in lysis buffer (50 mM
PIPES, pH 6.9; 2 mM EGTA; 1 mM MgCl2; 0.1 mM GTP, 1 tablet of Compleat™
protease inhibitor tablet [GIBCO-BRL] per 50 ml of solution) at a 1:4 g:ml ratio of
tissue:buffer. This homogenate was clarified by centrifugation at 100,000 x g for 30
min. All manipulations up to this point were carried out at 4°C. The supernatant from
the clarification was diluted 1:1 with 2x SDS-PAGE sample buffer (Laemmli et al.,
1976) without tracking dye, and boiled at 100oC for 5 min. 

After the protein concentration was determined, 30 µg of each SDS-denatured
sample were loaded on a 7.5% acrylamide gel, and electrophoresed until the track-
ing dye reached the bottom. The gel was then transblotted onto nitrocellulose
(Towbin et al., 1979) at 130 mA overnight with cooling. Afterward, the blots were
blocked for 15–30 min in 5% nonfat dry milk (NFDM) in borate buffered saline
(BBS) (25 mM sodium borate, 100 mM boric acid, 75 mM NaCl), after which they
were incubated in appropriately diluted primary antibody in 1% NFDM in BBS
overnight with agitation. Unbound primary antibody was rinsed off with three 5 min
rinses in BBS, after which the blot was agitated in peroxidase-conjugated secondary
antibody diluted in 1% NFDM in BBS for 1 h at room temperature. Unbound sec-
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ondary antibody was rinsed off with three 10 min rinses in BBS. Primary antibody
binding was visualized with the Lumiglo chemiluminescence detection kit
(Kirkegaard and Perry, Inc.) using Kodak xomat film. The film was densitometrically
scanned using a BioRad GS-250 Molecular Imager, and the differences in
immunoreactivity were quantitated using the Molecular Analyst software version 2.1
(BioRad).

The initial results obtained from the quantitative western blot analysis with the
antibodies indicated that the brains of the animals that ingested soy protein contain-
ing the isoflavones had tau protein whose phosphorylation at two AD-relevant sites
were attenuated relative to the control group which did not receive the isoflavones.
Contrary to expectations, these phosphorylations were not affected in the brains of
the animals that ingested Premarin™ (Kim et al., 2000). The densitometric data of
the western blots are summarized in Figure 8.3.

Additional western blots with antibodies that recognized total tau proteins and
total tubulin, the microtubule subunit, indicated that the amount of microtubule pro-
teins was the same in all samples (data not shown). Thus, the differences in tau
phosphorylations detected were normalized against unchanging amounts of tau and
tubulin.
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Figure 8.3 Quantitative assessment of tau phosphorylations modulated by soy versus
Premarin™. Monkey brain samples were processed for SDS-PAGE and western blot as
described in the text. The gel lanes were loaded with equivalent amounts of total protein 
(30 µg).  After blocking, the blot was incubated overnight with PHF-1 antibody. (Courtesy of
Dr. Sharon Greenberg, Albert Einstein College of Medicine of Yeshiva University.) Binding
of primary antibody was detected with horse peroxidase-conjugated secondary antibody, and
the Lumiglo chemiluminescent detection system (Kirkegaard and Perry, Inc.). After visual-
ization, the x-ray film was scanned and the immunoreactivities for the  different samples was
quantitated by  densitometry using Molecular Dynamics software. The graph was generated
by scanning three lanes for each of the three dietary groups and averaging the intensities
among the three samples in each group. Lane 1: brain homogenate from group 1 that ingested
soy protein that had been extracted from the isoflavones (SOY-); lane 2: brain homogenate
from group 2 that ingested soy protein that had not been extracted (SOY+); lane 3: brain
homogenate from group 3 that ingested Premarin™ (conjugated equine estrogens, or CEE)
added to the same soy protein that group 1 ingested. The error bars reflect the standard error
of the  mean.
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THE RATIONALE SUPPORTING THE HYPOTHESIS AND 
EXPERIMENTS

This section offers a brief review of the specific evidence and understandings that
led us to hypothesize that dietary soy isoflavones might have neuroprotective actions
in primate brain. 

ESTROGEN LOSS IS A RISK FACTOR FOR LATE-LIFE COGNITIVE 
DYSFUNCTION

One of the first compelling pieces of evidence that postmenopausal estrogen-
replacement might protect against Alzheimer’s disease in elderly women was the
epidemiological study by Mayeux and coworkers (Tang et al.,1996) that showed a
high correlation between estrogen use and lowered incidence of AD. Their study,
which analyzed a large group of postmenopausal women in the New York City area,
determined that if estrogen-replacement was undertaken for even as little as 1 year,
a woman was 50% less likely to get AD. Moreover, if estrogen-replacement was
undertaken for more than 1 year, a woman’s risk for AD was reduced severalfold
(Figure 8.4). 

In related studies, animal experiments demonstrated that ovariectomy-induced
estrogen-loss without replacement resulted in a measurable loss of cognitive func-
tion, that could be essentially prevented by estrogen-replacement (Singh et al., 1994;
reviewed in Green and Simpkins, 2000). In considering these data however, it is cru-
cially important to understand that while the animal studies indicate that reduction in
estrogen definitely results in impairment of cognitive function, the human data
demonstrated that postmenopausal estrogen-loss was a risk factor,  not a causal fac-
tor, for cognitive dysfunction. Clearly other factors, as yet undefined, must play cru-
cial roles in determining whether one woman becomes an AD patient, and another
merely suffers cognitive impairment, if at all. 
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Figure 8.4 Postmenopausal estrogen
replacement lowers risk for Alzheimer’s
disease. The three different groups of
women represented here either undertook
no estrogen-replacement therapy (ERT)
postmenopausally, undertook ERT for up
to 1 year, or undertook ERT for greater
than 1 year. (Drawn from Tang, M.X. et al.,
1996. Lancet, 348:429–432. 
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THE ROLE OF ESTROGEN IN PROTECTION AGAINST 
NEUROPATHOLOGY

It has been accepted dogma that “estrogen is good for the brain,” in that the hor-
mone was essential for the maintenance of normal neuronal viability and indeed sur-
vival (McEwen and Alves, 1999; Toran-Allerand et al.,1999). Recent experiments
however, indicate a direct role for estrogen  in protecting against neuropathology. 

Specifically, Xu et al. (1998) demonstrated that estrogen inhibited toxic β-amy-
loid generation by cultured neurons. Since one of the downstream events in neurons
exposed to the prooxidant β-amyloid peptide is certain pathology-relevant phospho-
rylations of the tau protein (Takashima et al., 1998), it was not unreasonable to pos-
tulate that the reduction in circulating estrogen levels that occurs postmenopausally
may render the brain vulnerable to molecular events such as aberrantly high levels of
tau phosphorylations that could lead to neuropathology or neurodegeneration.  

ESTROGEN-LIKE ACTIONS OF SOY ISOFLAVONES IN MODELS OF
HUMAN CHRONIC DISEASE

The correlation between estrogen loss and risk for osteoporosis and cardiovas-
cular disease development has been strongly demonstrated by epidemiological data
(Rosano and Panina, 1999). Sufficient experiments have been carried out to warrant
the conclusion that dietary intake of soy protein, or specifically the soy isoflavones,
results in estrogen-like protection against the development of the hormone-depen-
dent breast and prostate cancers (Barnes, 1997; Lamartiniere and Fritz, 1998), as
well as atherosclerosis (Anthony et al., 1996; Adlercreutz and Mazur, 1998; Setchell
and Cassidy, 1999). 

The mechanisms of protection against the cancers do not appear to be identical
to those involved in cardioprotection, since the isoflavones only had effects against
atherosclerosis when administered in a soy protein matrix (Clarkson et al., 1997),
while breast cancer protection was measured with the soy isoflavone genistein, inde-
pendent of soy protein (Murrill et al., 1996). Thus, these data foreshadowed our com-
plex results, which suggested that the soy isoflavones and physiological estrogen
have nonidentical actions in primate brain, although the end results in both cases may
be beneficial, and similar behaviorally. 

In terms of overall actions, it could be concluded that the soy isoflavones mim-
icked the effects of estrogen in protecting against the major chronic diseases that
result from postmenopausal estrogen loss. These data added to the rationale for the
hypothesis that dietary soy isoflavones might have neuroprotective actions in the pri-
mate model of menopause.

THE POTENTIAL ROLE OF TRANSFORMING GROWTH FACTOR BETA
IN THE MECHANISM OF ACTION OF SOY ISOFLAVONES 

Since its discovery, transforming growth factor beta (TGF-β) has been exten-
sively studied for its pleiotropic actions, both in enhancing and in inhibiting cell
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growth (Lawrence, 1996). Because both TGF-β and genistein inhibited proliferation
of cultured human cells (Roberts et al., 1990; Peterson et al., 1993), the question of
whether the two factors might be linked somehow in their actions was explored, with
normal human mammary epithelial (HME) cells. 

First, these cells were shown to be growth inhibited at genistein concentrations
attainable physiologically (Peterson et al., 1998). At concentrations of genistein that
inhibited cell growth but were not cytotoxic, the resulting conditioned medium from
the HME cells contained significantly higher levels of TGF-β relative to that from
HME cells not exposed to genistein (Kim et al., 1998). These observations prompted
the hypothesis that the cell growth-inhibitory mechanism of genistein could be
mediated by TGF-β, rather than directly by the isoflavone. It is intriguing to consider
that this involvement of TGF-β is an aspect of estrogen action in selected tissues:
TGF-β mRNA was lowered in rats following ovariectomy (Ikeda et al.,1993), an
established model for osteoporosis, where bone loss occurs predictably unless the
animals are given estrogen-replacement. 

A second line of evidence supports the idea that soy isoflavone action may
involve TGF-β action: a limited preclinical trial of hereditary hemorrhagic telan-
giactasia (HHT) patients showed that drinking a soy beverage containing soy
isoflavones alleviated symptoms dramatically in several of the patients where noth-
ing else had shown  efficacy (Korzenik et al., 1996). HHT patients suffer chronic
nasal bleeding and often require transfusions due to malformed capillary beds under-
neath the skin surface (Haitjema et al., 1996; Shovlin and Letart, 1999). Of relevance
to this discussion is that of the several genetic mutations that have been identified,
all map thus far to genes that encode proteins that are involved in TGF-β signaling
(McAllister et al., 1994; Vincent et al., 1995; Johnson et al., 1996; Gallione et al.,
1998).

The relevance of TGF-β to the question of identifying neuroprotective actions of
soy was specifically suggested by experiments that showed that TGF-β was required
for serotonin-mediated long-term facilitation of synaptic connections. These experi-
ments suggested that TGF-β may play an essential role in brain development, as well
as in adult learning and memory (Zhang et al., 1997). Though not generally consid-
ered in the context of estrogen-mimicking actions of the soy isoflavones, the poten-
tially important role of TGF-β in neuronal functioning provided further rationale for
examining whether dietary soy, which had been shown to have efficacy in a human
disease involving mutations in TGF-β signaling, might have neuroprotective actions
in a model of menopause.

DISCUSSION OF DATA OBTAINED TO DATE

As stated at the beginning of this chapter, the lab studies are ongoing, and the full
analysis of the “monkey brain” data has yet to be completed. We will assume, how-
ever, that the remainder of the archived monkey brains in the data set will yield data
consistent with the initial numbers. What then do the data mean, and how do they
extend our understanding of the actions of soy isoflavones, or of estrogens? The fact
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that intact soy protein, but not soy protein depleted of the isoflavones, protected
against pathology-relevant tau phosphorylations implies that some component(s) in
the isoflavone fraction contributed to this effect, independent of the soy protein.
These data were corroborated by Pan et al. (2000), who showed that a similar soy
isoflavone fraction, or 17β-estradiol, against a casein protein background, prevented
ovariectomy–induced cognitive impairment in rats. An important control that Pan
and his colleagues carried out was to show that neither soy isoflavones nor 17β-estra-
diol inhibited the beneficial actions of the other when administered together.
However, again consistent with our data, the combination of soy isoflavones and
17β-estradiol did not have greater protection than either one alone, suggesting that
the two were acting through complementary pathways. This latter concept may
become important as experiments continue to define the actions and effects of soy
and other sources of phytoestrogens on human tissues. 

In brief, the data discussed here, showing different biochemical effects of soy
isoflavones versus Premarin™ in the primate brain, was the first demonstration of in
vivo modulation of tau phosphorylations. While striking, follow-up experiments are
crucial to determine whether other sites of phosphorylations are affected similarly.
Finally, it will be intriguing to study the differences in tau function in the brains of
the monkeys in the three dietary groups. Fortunately, the function of tau can be exam-
ined in vitro. One of its primary functions, which is thought to mirror its in vivo func-
tions, is its ability to enhance microtubule assembly when recombined with the
microtubule subunit tubulin (Kim et al., 1986). 

Because of the number of phosphorylations that tau can undergo, changes in
function do not correlate simply with phosphorylation by a single kinase. In general,
however, the phosphorylations that are hallmarks for AD are considered to reduce the
affinity of tau for microtubules, which then results in microtubules being more likely
to disassemble (Hong et al.,1998). It will be intriguing and important to follow up
our data, to determine whether differences in function correlate with the differences
in biochemical effects of soy isoflavones vs. Premarin™. Finally, in these experi-
ments, as well as in others using similar soy protein preparations, the exact compo-
nent of the soy isoflavone fraction that was responsible for the protection against
AD-relevant tau phosphorylations is not understood chemically. Neither behavior
nor dietary experiments have been carried out with a pure isoflavone such as genis-
tein to determine if the beneficial effects of the intact soy protein are actually due to
the isoflavones, and if so, to a single isoflavone such as genistein. Studies with pure
compounds will need to be carried out to ultimately understand  the molecular basis
of the health benefits of soy in the primate brain.

COMPLEXITIES IN THE EXISTING LITERATURE

The data discussed in this chapter suggest that dietary intake of soy protein
including the isoflavones, has health benefits in the primate brain that may protect
against AD-relevant protein modifications involving the microtubule protein tau.
Thus, these data suggest that incorporating soy containing isoflavones into human
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diets may be neuroprotective. Yet scientific data are never perfect, and in this
relatively new area of research on the effects of soy in the nervous system, the data
are both sparse and complex.  An epidemiological study that followed the dietary
patterns of a group of elderly Japanese men in Hawaii found a link between high tofu
consumption and increased incidence of dementia, and reduced brain size at death
(White et al., 2000). While the raw data were undeniable, the conclusion that higher
tofu consumption was correlated with increased incidence of dementia is difficult to
reconcile with the documented health benefits of soy and the lower incidence of
dementia in Asian countries. However, until the molecular mechanisms that underlie
AD pathology, and the increased risk for dementia caused by estrogen loss, are bet-
ter understood, the epidemiological data of White et al. (2000) remain poorly under-
stood, yet unchallenged.

If estrogen loss predisposed elderly women to AD, it is possible that estrogen
treatment may have therapeutic effects for AD patients. But a recently completed
clinical trial demonstrated that in already-diagnosed AD patients, estrogen therapy
was not effective in either attenuating symptoms, or in slowing progression of the
neurodegeneration, demonstrating that estrogen therapy is not a viable option for AD
patients (Mulnard et al., 2000). The preponderance of the experimental data, how-
ever, predicted that estrogen treatment of already-diagnosed AD patients would not
have beneficial effects. It is extremely critical to consider whether qualitatively dif-
ferent effects would have been obtained if a clinical trial had been carried out with
women at risk for, but not yet diagnosed with, AD. Given the public health issues
involved, such a clinical trial, expensive and long term though it may be, may be the
only way to determine whether giving estrogen or estrogen alternatives in the pre-
menopausal period, or pre-AD, will have efficacy in delaying the onset or incidence
of AD in elderly women.

Although it appears that estrogen has no therapeutic effectiveness once neurode-
generation has been diagnosed, the concept of premenopausal treatment, particularly
with a benign estrogen-alternative such as soy, to protect against a decline in cogni-
tive function, or progression to pathology, is valid. Pan et al. (1999) showed that
dietary soy isoflavones mimicked estrogen action in inhibiting ovariectomy-induced
reduction in the mRNAs of critical brain proteins. More compelling, however, was
the evidence that dietary soy isoflavones, against a casein protein background, pro-
tected (again like estrogen) against ovariectomy-induced decline in cognitive func-
tion in rodents (Pan et al., 2000).  

Thus, while the epidemiological evidence suggested that postmenopausal estro-
gen-replacement therapy could lowers one’s risk for AD, the clinical data strongly
suggested that intervention after onset of disease was not effective (Wang et al.,
2000). Limited animal behavior studies demonstrated that both estrogen and a
dietary soy isoflavone fraction without soy protein protected against ovariectomy-
induced cognitive dysfunction, suggesting that either estrogen or soy isoflavones,
prior to the development of neurodegeneration, could be protective, as Shaywitz and
Shaywitz have proposed (2000). Finally, our biochemical studies of the effects of soy
vs. Premarin™ in the brain, in a primate model of menopause, indicated that soy can
potentially protect against the development of pathology in the brain, but the mech-
anisms may be different, possibly complementary, to those of estrogen.
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LOOKING INTO THE FUTURE

Projections have been made that within our children’s lifetime, 1 in every 45
Americans will be living with Alzheimer’s disease (Brookmeyer et al., 1998); since
women live longer than men, the majority of these will be women. This will present
interesting and serious public health issues, since historically women have been the
primary caregivers. Taking into account the current prevalence of AD in the U.S., and
everything that is known about the progression of the disease, Brookmeyer et al.
(1998) projected that even a modest 1- or 2-year delay in the onset of AD will have
a significant impact on the prevalence of the disease in 50 years. These projections
underlie the urgent need for continued research to identify the molecular mecha-
nisms that increase one’s risk for AD and other dementias, and in turn the mecha-
nisms that underlie potential neuroprotection by factors such as soy isoflavones and
other phytochemicals. 

Adding to the complexity in our understanding of human dementias, and the
apparent risk factors, American and Chinese scientists collaboratively studied a large
population of elderly men and women in Shanghai to determine the prevalence and
incidence of dementias with respect to gender and age. They found that the patterns
of dementia with respect to age groups and gender were similar to those in the U.S.
An unexpected finding was that lack of education early in life among women was the
most significant risk factor for late life dementia (Zhang et al., 1990). Thus, there
may be a window of brain development early in life, perhaps regulated by estrogen,
that may be especially dependent on environmental factors such as intellectual stim-
ulation, so that inadequate levels of the latter have detrimental consequences for
brain health much later in life. These concerns should be the basis for research.

OTHER MECHANISMS FOR NEUROPROTECTIVE ACTIONS BY SOY
AND OTHER PHYTOCHEMICALS

This chapter has dealt with the potential for soy isoflavones to have potential ben-
efit in the primate brain, in particular against brain protein modifications that are
linked with AD pathology. Future experiments are important to understand both the
molecular basis of human dementia and the protective actions of physiological estro-
gen and phytochemicals, such as the soy isoflavones, in either mimicking or com-
plementing estrogen action. Recent experiments suggest that soy isoflavones
undergo halogenation in inflammatory situations where neutrophils are stimulated to
release a respiratory burst of hypochlorous acid (Boersma et al., 1999). This modifi-
cation may enhance the ability of soy isoflavones to protect against oxidative dam-
age under inflammatory conditions (Boersma et al., 1999). 

Given that the brain is a primary site for aging-related oxidations, and that oxida-
tive stress is a risk factor for AD (Joseph et al., 1998), it is important to examine pro-
tein oxidations in animal models of ovariectomy-induced cognitive dysfunction, and
brains (i.e., the primate brain) from animals treated with either estrogen-replacement
or soy, to determine the extent to which protein oxidations are attenuated by estro-
gen, and which of these are also affected by soy isoflavones. In this context, it is
important to note that Joseph and coworkers showed that dietary supplementation of
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rodent diets with dietary plant extracts high in antioxidant activity (blueberries,
spinach, strawberries) significantly protected against age-related cognitive dysfunc-
tion (Joseph et al., 1998). These studies and others (including ours) strongly suggest
that certain food components may be essential for maintaining the health of the brain
and other tissues, particularly late in life. Thus, modern research in “functional
foods” and especially in the area of phytochemicals, may redefine “eating healthy.”
However, with the plethora of nonregulated botanicals-based dietary supplements
currently available to the American consumer, research must define the phytochem-
icals that truly offer benefits, corresponding dosages and toxicity issues. Both con-
sumers and health professionals must become better informed as to these parameters,
if long-term benefits are to be truly gained from consumption of isolated phyto-
chemicals, or even botanical extracts such as from blueberries or strawberries. 
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WORLD POPULATION AND HEALTH

Feeding the world’s ever-increasing population has two separate components,
which are largely based on the economies of the respective country. For devel-

oping countries, simply meeting the caloric intake on a daily basis will continue to
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be a challenge. Because the food supply of those living in technologically advanced
countries has generally been accomplished, interest has turned to developing food
with greater health benefits. Plant breeders have focused most of their efforts over
the previous 5 decades into increasing the yield of staple crops, and these efforts have
proven wildly successful as the number of people eating less than 2100 calories per
day has fallen by 75%, largely as a result of the Green Revolution (Mann, 1999).

There are a number of factors, however, that portend trouble with our food sup-
plies. First, the majority of the world’s food is provided by only 20 crop species, and
it is predicted that wheat and corn will provide 80% of the caloric needs in develop-
ing countries. Because of plant domestication and the tendency for breeders to use
the same or similar germplasm, the genetic diversity within each crop is surprisingly
narrow (Tanksley and McCouch, 1997). Second, the maximum yields of cereal crops
have not increased in 25–30 years, an indication that the genetic yield potential has
been reached. Third, average yields rarely meet the maximum (record) yields.
According to Kramer and Boyer (1995), average yields of all major U.S. crops are
only 22% of record yields. 

Since 1929, U.S. farmers have harvested approximately 96% of the acreage
planted (calculated from National Agricultural Statistics Service data); 70% of the
loss in yield is attributed to unfavorable physical/chemical environments (e.g., water
and nutrient availability, temperature, excessive salt, etc.), while 12% is due to biotic
causes (diseases, insects, and weeds). Almost 90% of the land surface in the U.S. and
world-wide is subjected to physical/chemical conditions that limit crop growth
(Dudal, 1976). Fourth, productive land in the U.S. and abroad is being developed for
other uses that decrease biodiversity and are largely incompatible with farming. In
the U.S., for example, each year for the past 40 years, 1.5% of the total acreage of
farmland was lost to urbanization (U.S. Census Bureau, 2000). Past trends have
shown that the land for housing and other development has largely taken place on
land that was previously farmed. Fifth, the unspoken reality caused by the lack of any
comprehensive local, regional, and national farmland conservation policies is that
our society expects advances in agriculture and biotechnology to outpace global
demand of food. 

The world’s population is expected to increase by over 22% to 7.5 billion people
by the year 2020, with most of the population growth occurring in developing coun-
tries (U.S. Census Bureau, 2000). The WHO has predicted that by 2020 rice, wheat,
and maize production will have to increase by 40% to meet the caloric needs of the
world (Pinstrup-Andersen et al., 1999). Thus, there are two approaches for ensuring
that the world’s caloric and nutritional needs are met in the upcoming decades. The
first approach is obvious, but has been adopted by governments (India and China)
only after a clear crisis has presented itself, and that is to restrict population growth.
The second alternative is to increase, yet again, the Earth’s carrying capacity by
improving the nutritional content of food, effectively delivering more nutritional
value with the same, or lower, level of production. Accomplishing this will be imper-
ative, as the genetically controlled yield potential of the major food crops has appar-
ently been reached using current levels of breeding and biotechnology. Any further
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increase in yield will likely include fundamental changes in a plant’s ability to add
biomass by improving carbon or water use efficiency. The purpose of this article is
to review the current status and future prospects of improving the nutritional content
of food, including vitamins, micronutrients, and phytochemicals using plant breed-
ing and bioengineering methods. 

ROLE OF NATURAL PRODUCTS 

What nutritionists and physicians define as phytochemicals are called sec-
ondary metabolites or natural products by plant biologists (Croteau et al., 2000).
Classifying certain metabolites as either primary or secondary is sometimes diffi-
cult. For example, chlorophyll, while being necessary for primary metabolism, is
classified as a tetraterpene, which is normally considered a secondary metabolite.
In general, primary metabolites have key roles in the physiological processes cen-
tral to plants, such as photosynthesis, respiration, lipid metabolism, and amino acid
and nucleic acid synthesis (Table 9.1). In this paper, phytochemicals are defined as
secondary metabolites, distinct from vitamins and micronutrients. Secondary
metabolites are divided into three groups based on their biosynthesis: terpenoids,
alkaloids, and the phenylpropanoids and associated phenolic compounds (Table
9.1). Natural products are synthesized from many of the same intermediaries, such
as phosphoenolpyruvate (PEP), pyruvate, and acetyl-CoA (Figure 9.1). Plants pro-
duce more than 25,000 terpenoids, 12,000 alkaloids, and 8,000 phenolic com-
pounds, and many secondary metabolites are unique to individual taxa. It is thought
that these compounds, while not directly involved in primary plant metabolism,
have evolved from interactions with other organisms: herbivores, pathogens, polli-
nators, and other plants. For example, plants, in response to insect herbivory, release
elevated levels of volatiles, which serve as a signal to insect predators and para-
sitoids by the insect-damaged plants (Paré and Tumlinson, 1997). The exact func-
tion in plants of the vast majority of natural products is largely unknown and their
role in human health has been provided by epidemiological studies and bioassays.
In this respect, they differ from vitamins and micronutrients, whose metabolic func-
tions and physiological consequences of deficiencies are well defined. Yet, phyto-
chemical mining and discovery is a very active field in the medicine and pharma-
ceutical industry. For strategies on discovery of bioactive compounds, the reader is
referred to Duke et al. (2000). 

Plant biologists can manipulate the concentration of a phytochemical by one of
two ways: traditional plant breeding or bioengineering. Both methods have in com-
mon the necessity to have a clear understanding of basic physiology and biochemi-
cal pathways through which plant improvement is realized. With a bioengineering
approach, the biosynthetic pathway, target genes, and metabolic flux controls must
be clearly elucidated. Plant breeding offers the advantage that if genetic variation
exists for the chemical of interest between interbreeding species or cultivars, then the
concentration of that compound can be increased in elite horticultural lines.

Bioengineering and Breeding Approaches 123
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I. Primary Metabolism

A. Respiration 
- Glycolysis – primary pathway for the breakdown of glucose, and all carbohydrates that

can be converted to glucose. Glucose is broken down to pyruvate.
• Enzymes localize to mitochondria.
• Phosphoenolpyruvate serves as a substrate for aromatic amino acids.
• Pyruvate serves as a substrate for aliphatic amino acids.
• Acetyl-CoA serves as a substrate for fatty acids and isoprene derivatives.

- Pentose phosphate pathway – glucose phosphate is converted to pentose and CO2.
- Tricarboxylic acid cycle – (Krebs cycle, citric acid cycle) – release of reduction equiva-

lents from activated acetate units.

B. Carbohydrate Synthesis and Metabolism
• Carbohydrates are classified as either structural or storage polysaccharides.
• Synthesis from carbon dioxide (carbon-linked reactions) or by gluconeogenesis.

- Carbon-linked reactions (Calvin cycle) produce 3-phosphoglycerate (3PGA) or phos-
phophenolpyruvate (PEP), which is converted into oxaloacetate (OAA).
• Enzymes localize to the chloroplast.

- Light reactions – (water oxidations) produce O2, ATP, and NADPH.
• Enzymes localize to the chloroplast.

- Gluconeogenesis is the net process by which lipids (triglycerides) are converted to
sucrose.
• Process occurs in the glyoxysome, mitochondria, spherosome, and the cytoplasm.

C. Lipid Metabolism
• Lipids are classified as fatty acids, neutral lipids, and polar lipids.

- Glyoxylate cycle – converts fats (acetate units) to sugars; occurs in glyoxysome, cytosol,
and mitochondria.
• Enzymes localize to plastids.
• Acetyl-CoA is the initial substrate for synthesis of the carbon backbone of all fatty

acids.

D. Amino Acid Synthesis
- GS/GOGAT pathway functions as the primary assimilation of inorganic N and sec-

ondary assimilation of free ammonium.
• Enzymes localize to plastids.
• Synthesis of glutamine, glutamate, asparagines, aspartate.

- Aromatic amino acid pathways: important precursors of primary and secondary 
metabolism.
• Enzymes localize to plastids.
• Phenylalanine and tyrosine serve as precursors of alkaloids, flavonoids, isoflavonoids,

hydroxycinnamic acid, and lignin.
• Tryptophan serves as a precursor for indole phytoalexins, indole alkaloids, and indole

glucosinolates.
- Aspartate-derived amino acid pathway: leads to lysine, threonine, and methionine.

• Required in human diets.
• Enzymes localize to chloroplasts, mainly, and the cytosol.
• Methionine incorporated into proteins; S-adenosylmethionine used for transmethyla-

tion of lipids, pectins, chlorophyll, and nucleic acids.
- Branched-chain amino acids.

• Includes threonine, isoleucine, valine and leucine.
• Isoleucine and valine are synthesized in chloroplasts.
• Acetohydroxy acid synthase (AHAS) is a key enzyme in valine and isoleucine synthe-

sis, and a target for herbicides.

TABLE 9.1
Major pathways involved in primary and secondary metabolism
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E. Purine and Pyrimidine Synthesis 
- Pyrimidine nucleotides are synthesized from the orotic acid pathway.

• Amino donor is glutamine.
• All enzymes used in pyrimidine synthesis localize to plastids.

- Purine nucleotides are synthesized directly from 5-phosphoribosyl-1-pyrophospho-
phate by sequential addition of purine precursors that include glycine, amide groups
from aspartate and glutamine, and methenyl and formyl tetrahydrofolates.
• Synthesis occurs in the cytosol.

II. Secondary Metabolism

A. Terpenes and terpenoids
• Classification of terpenes is based on a basic branched C5 isoprene unit.
• Isopentenyl diphosphate (IPP) is the fundamental precursor for terpenoids.
• Plants emit about 15% of their fixed carbon into the atmosphere as isoprene.
• Most terpenoids are produced, stored, and emitted in specialized structures, such as

glandular trichomes, flower petals, and resin ducts.

# of C5 units Class Name Examples
1 hemiterpenesa isoprene
2 monoterpenesa volatile essences of flowers, essential oils, pyrethrin 
3 sesquiterpenesb essential oils, abscisic acid
4 diterpenesa gibberellins, phytoalexins, taxol, skolin
6 triterpenesb sterols, brassinosteroids, oleanolic acid (surface 

waxes) 
8 tetraterpenesa carotenoids accessory pigments (photosynthesis)

> 8 polyterpenesb plastoquinone, ubiquinone, dolichol, rubber
10 meroterpenes partially derived from terpenoids;

cytokinins, vincristine, vinblastine
a Synthesized in plastids.
b Synthesized in cytosol and endoplasmic reticulum.

B. Alkaloids 
• All alkaloids contain nitrogen, most are basic. Accumulate in actively growing tissue,

epidermal and hypodermal cells, vascular sheaths and latex vessels; present in vac-
uoles.

• Often stored in tissues other than where synthesized.
• Formed from L-amino acids (tryptophan, tyrosine, phenylalanine, lysine, arginine)

alone or with steroidal, secoiridoid, or other terpenoid-type moiety.
- Aromatic amino acids.

• Phenylalanine and tyrosine give rise to peyote and morphine alkaloids, colchicines,
and betalains.

• Tryptophan gives rise to indole phytoalexins, indole glucosinolates, and indole 
alkaloids.

C. Phenylpropanoids
• Derived from phenylpropanoid (C6C3) and phenylpropanoid-acetate (C6C3-C6) 

skeletons.
• Most phenolic compounds are derived from phenylpropanoids and include lignins, 

lignans and flavonoids.
• Major classes of plant phenols are given below.
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Complete biochemical knowledge of the pathway is not necessary. Although it is
often research in the model systems that provide the requisite knowledge to improve
cultivated species, the vast majority of unique and undiscovered phytochemicals are
produced in noncultivated plants. Arabidopsis thaliana (mouse-ear cress or thale
cress) serves as the model plant for plant biologists, and gene sequences of certain
enzyme classes can be identified from the Arabidopsis database, with the caveat that
genes encoding enzymes in natural product pathways are not closely linked in plants
(Dixon, 2001). Conversely, the pathways for vitamins are widely conserved by both
eukaryotes and prokaryotes.

Many phytochemicals have antioxidant properties, including vitamins C and E,
ß-carotene, a variety of carotenoids, and plant phenols. It is generally thought that by
increasing the dietary intake of phytochemicals with antioxidant properties, aging
effects on cells and diseases can be delayed. Commercial preparations often consist
of a mixture of antioxidants. For example, Pycnogenol is a mixture of phenolic and
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# of C atoms Class Example Source
6 phenols catechol Galutheria leaves
7 phenolic acids ρ-hydroxybenzoic acid widespread
8 phenylacetic acids 2-hydroxyphenylacetic Astilbe leaves

acid
9 hydroxycinnamic acids caffeic acid ubiquitous

phenylpropenes myristicin Myristica fragrans
coumarins 6-7,dimethoxycoumarin Dendrobium densiflorum

8-methoxypsoralen Heracleum
mantegazzianum

isocoumarins hydrangenol Hydrangea macrophylla
chromones eugenin Eugenia aromatica

10 napthoquinones juglone Juglans nigra
13 xanthones mangiferin widespread
14 stilbenes resveratol, lunularic acid Vitis vinifera, liverworts

anthraquinones emodin rhubarb
15 flavonoids flavones, catechins, soybean, green tea

isoflavones
18 lignans pinoresinol conifers

neolignans eusiderin Magnoliaceae
30 bioflavonoids amentoflavone gymnosperms

From Goodwin, T.W. and Mercer, E.I. 1983. Int. Plant Biochem., 2nd ed., Pergamon Press, NY, 677 pp.

- Benzopyranones
• A group of defense-related compounds that include coumarins, stilbenes, styrlpy-

rones, and arylpyrones.
• Coumarins can cause internal bleeding, photophytodermatitus, and are used to treat

skin disorders.
• Stilbenes, styrlpyrones, and arylpyrones are derived from cinnamoyl-CoA and mal-

onyl-CoA and flavonoids pathways.

(Adapted from Goodwin T.W. and Mercer, E.I. 1983. Intr. Plant Biochem, 2nd ed., Pergamon
Press, NY, 677 pp.; Mohr, H. and Schopfer, P. 1995. Plant Physiology, 4th ed., Springer-Verlag,
Berlin, Heidelberg, 629 pp., Buchanan, B.B., Gruissem, W., and Jones, R.L. (eds.) 2000.
Biochem, Molecular Biology of Plants, Am. Soc. Plant Physiology, Rockville, MD, 1367 pp.
With permission.)

TABLE 9.1 
— continued
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polyphenolic compounds (Dillard and German, 2000). With mixtures, the specific
bioactive chemical is usually not known, and it is possible the efficacy of the isolated
compounds would diminish if ingested separately, i.e., mixtures of bioactive com-
pounds may act synergistically.  Improvement of the phytochemical content of plants
using breeding or bioengineering requires that specific compounds be identified and
quantified. Any step in the biosynthetic pathway could potentially be a target for
manipulation, and it is theoretically possible that several intermediaries could be
increased along the pathway in addition to the target metabolite. 

THE ROLE OF PLANT BREEDING IN IMPROVING PHYTOCHEMICAL
CONTENT 

Traditionally, the primary goal of plant breeders has been to improve yield by
developing varieties resistant to diseases, insects, and abiotic stress.  Only recently
have breeders attempted to change the phytochemical composition of plants for
human health. The number of species that have had their nutritional content altered
is few, and most of the attention within this area has been directed toward micronu-
trient (defined as most minerals and all vitamins) content, not phytochemicals
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Figure 9.1 Primary metabolites, intermediate products and derived natural products.
(Adapted from Goodwin, T.W. and Mercer, E.I. 1983. Intr. Plant Biochem., 2nd ed., Pergamon
Press, NY, 677 pp.; Mohr, H. and Schopfer, p. 1995. Plant Physiology, 4th ed., Springer-
Verlag, Berlin, Heidelberg, 629 pp.; Buchanan, B.B., Gruissem, W., and Jones, R.L. (eds.)
2000. Biochem, Molecular Biology of Plants, Am. Soc. Plant Physiology, Rockville, MD,
1367 pp. With permission.)
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(Graham et al., 1999). The major emphasis has been on increasing the iron, zinc, and
β–carotene content in wheat, maize, rice, beans, and cassava (Bouis, 1996). The FAO
and WHO have identified micronutrient malnutrition as a primary health concern,
affecting more than two billion people worldwide (Welch and Graham, 1999). In
developed countries, however, caloric intake generally exceeds needs, and there has
been an increased emphasis on improving micronutrient and phytochemical content
of food. 

Allard (1999) defined plant breeding as the “controlled evolution of plants …
by humans with the goal of producing populations that have superior agricultural
and economic characteristics.” Plant improvement by breeding is limited by nat-
urally occurring variation and the restriction of reproductive barriers between dis-
tantly related plants. Although these conditions limit the breadth of genetic trans-
fer that is possible, the relatively low cost of implementing and conducting a
breeding program ensures that this method will continue to be used. Variation is
key to plant improvement through breeding, and results from mutations are esti-
mated to occur at a rate of 10-5 to 10-7/locus/generation (Allard, 1999). Random
mutations that affect amino acid sequences, and therefore protein function, nor-
mally have deleterious effects on plant survival. It is not likely, therefore, that
either naturally occurring or chemically induced random mutations would gener-
ate useful plants with respect to phytochemical content. Further, identifying and
characterizing the mutation is slow and is arguably the bottleneck of this technol-
ogy, especially as it relates to developing useful screening procedures (Zhu,
2000). Recently developed methods such as T-DNA insertional mutagenesis
offers an alternative to random mutations, and are used to introduce mutations and
quickly characterize the function and location of the gene (Azpirox-Leehan and
Feldmann, 1997; Krysan et al., 1999). 

Most of our major, and many minor, domesticated crops are well represented in
seed banks around the world. Within these collections are named cultivars and vari-
eties, numbered accessions, and land races. A much smaller number of wild (nondo-
mesticated) relatives are housed in seed banks, and these offer a source of rich genetic
variation that has often been overlooked. Many of these species can be used as gene
donors and crossed with the domesticated species. Potentially, there is great genetic
diversity within a species having wide geographic distribution. Over time, in response
to geographic and reproductive isolation, different multilocus assemblages of alleles
would have accumulated in these populations in response to natural selection. It is
likely that these accessions would differ significantly in many traits including vitamin,
micronutrient, and phytochemical expression. Accessions from wild populations have
commonly been used as sources for disease resistance (Tanksley and McCouch,
1997), and they should be screened for nutrient and phytochemical content. It is these
traits in unimproved accessions and land races that breeders must identify and
introgress into breeding lines. This task is a substantial undertaking because very lit-
tle assessment of genetic diversity has been made of the germplasm held within gene
banks. 
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BREEDING IS INHERENTLY INEFFICIENT

Breeding in its simplest form consists of the controlled transfer of pollen from
one plant to another and subsequently selecting for the desired trait from among the
progeny. Genetic recombination occurs during meiosis, when homologous chro-
matids exchange chromosomal segments, and again during chromosome assortment.
Although crossover events are not random, the physical rearrangement of the chro-
mosomes cannot be controlled in situ, and therefore the genetic composition of the
gametes, and by extension, the phenotypes of the progeny, cannot be controlled.
Specific single-gene transfer is not possible by plant breeding. 

Frequently, unwanted genes are transferred along with the desired genes when
they are in close physical proximity, a well-known phenomenon called genetic link-
age. A process of repeated crosses between a recurrent parent and the progeny, fol-
lowed by selection of the desired traits, must be performed to break the linkage and
remove the unwanted genes. With many breeding schemes, selection must be per-
formed with each generation and large numbers of plants must be grown to ensure
that all genotypes are represented from the original cross. For example, in a cross
between two parents that differ in only six loci, 4,096 F2 plants must be grown and
screened to recover each of the possible genotypes. In tomato, more than 20 loci have
been found that affect carotenoid synthesis, so recovery of all the genotypes would
theoretically require a very large population (Porter et al., 1984). Environmental
variation from sources such as mineral composition of the soil, temperature, and
light intensity and quality, must be minimized. Ideally, the most efficacious method
in which to control these variables is to screen plants using hydroponics and a con-
trolled environment chamber. 

Selecting for phytochemical content also requires extraction and analysis of the
phytochemical from tissue samples from every plant of the population. High
throughput technology makes this feasible, but in many instances, greenhouses or
suitable land and labor needed to grow large numbers of plants may not be available.
It is well documented that metabolic pathways are controlled by multiple genes, and
therefore, phytochemical content is influenced by the environment, genotype, tissue,
and maturity of the plant. For example, Prior et al., (1998) found an increase in phe-
nolics and anthocyanins of blueberries with plant maturity. Isoflavone content in soy-
bean seeds was shown to vary with environment and variety (Eldridge and Kwolek,
1983; Tsukamoto, 1995). Breeders over the past 50 years have focused mainly on
improving protein quantity and quality of staple foods, so information is largely
lacking on the effects that agronomic practices, climate, and soil have on phyto-
chemical levels. This area of research should be given high priority, as manipulating
the cultural environment may be the easiest way to increase the phytochemical con-
tent of a plant (Graham et al., 1999; Scott et al., 2000). 

Metabolic pathways are often controlled by multiple genes and complex feed-
back mechanisms, and therefore the need to identify genotype-by-environment
(G:E) interaction is of paramount importance. Thus, plants must be grown in multi-

Bioengineering and Breeding Approaches 129

TX838 CH09  02/01/2002  1:35 PM  Page 129



ple environments for evaluating G:E interaction, which adds to the expense of breed-
ing for improved phytochemical content. The efficiency and capabilities of plant
breeding have been improved with the development of molecular markers to identify
specific traits and the ability to treat quantitative traits as discrete Mendelian units
(Lander and Botstein, 1989; Paterson et al., 1989). Once identified, these quantita-
tive trait loci (QTL) can be mapped to chromosomal regions in much the same man-
ner as single gene traits. 

MARKER-ASSISTED SELECTION 

Genetic recombination is a result of crossing-over between homologous chro-
mosomes, and from the independent assortment of maternal and paternal chromo-
somes during meiosis. One cannot make predictions a priori where crossing-over
will occur and what the genotype of the resulting progeny will be. Only by making
crosses and developing segregating populations can linkage maps be constructed,
and predictions made about the transmission and inheritance of genes. Marker-
assisted selection (MAS) is a method in which DNA markers are associated with a
specific trait or QTL. Markers are generated by crossing genetically and phenotypi-
cally dissimilar parents, evaluating the progeny of a segregating population from that
mating, and associating a polymorphic marker with the trait. To be useful, the marker
must be in close physical proximity to the gene of interest and, ideally, the marker
will bracket the gene. Selection efficiency is increased because the DNA from each
individual of the population can be assayed for the marker. Based on the presence or
absence of the marker, the individual is either included or excluded from the gene
pool. MAS allows culling of genetic material at a much earlier stage and linkage drag
is minimized because a clearer relationship between genotype and phenotype is
established, thereby increasing efficiency by lowering the number of plants required
in each filial population. MAS is especially useful in backcross breeding in which
single genes or QTLs are introgressed into elite germplasm that lack the trait of inter-
est (Bernacchi et al., 1998; Tanksley and Nelson, 1996).

A distinct advantage of both conventional plant breeding and marker-assisted
selection is that metabolic pathways, enzyme structures, or catalytic mechanisms do
not need to be well defined (Schmidt-Dannert et al., 2000). It has been a long-held
presumption, with no supporting evidence, that increasing the nutrient content might
lower crop yield (Ruel and Bouis, 1998). It should be feasible to alter phytochemi-
cal or nutrient content without altering yield, because phytochemicals make up a
very small percentage of a plant’s dry weight (<0.1%) (DellaPenna, 1999). Most
species show two- to three-fold differences of phytochemicals and antioxidants
(Ruel and Bouis, 1998; Prior et al., 1998; USDA source of phytochemicals, 1998),
yet no significant yield differences have been reported. Further, vitamin and
micronutrient concentration can be increased severalfold without detriment to
human health, with the notable exception of the toxic heavy metals Zn, Cu, and Ni
(DellaPenna, 1999). Because of the expense involved with breeding for phytochem-
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icals, more scientifically based data are needed which clearly define the relationship
between phytochemicals and human health. 

GENOMIC AND PROTEOMIC APPROACHES 

Arabidopsis thaliana was the first higher plant to be sequenced (The Arabidopsis
Genome Initiative, 2000). The same benefits to human health attributed to the human
genome project will be realized for plants. Namely, the number of genes, their loca-
tion, and most importantly, the ability to assign function to genes based upon the
translation of the nucleotide sequence into amino acids and proteins. The
Arabidopsis genome has been estimated to contain about 25,500 genes encoding
11,000 protein families (The Arabidopsis Genome Initiative, 2000). Thirty-five per-
cent of the predicted proteins are unique to the Arabidopsis genome. Functional
analysis of the proteins was based upon sequence similarity to proteins of known
function of all organisms, which has been shown to share a surprising amount of
trans-kingdom sequence homology at the primary protein level (DellaPenna, 1999).
It is expected that many phytochemicals will be unique to one or a few species; these
enzymes will not have homologs in Arabidopsis. 

Nevertheless, Arabidopsis has been useful in elucidating phytochemical path-
ways using a variety of strategies. For example, Borevitz et al. (2000) using activa-
tion-tagged Arabidopsis lines found that different transcription factors were
involved in the phenylpropanoid pathway, and the authors discussed how phyto-
chemical production could be increased by activation tagging methodology. Taking
advantage of the public database, a genomic approach based on fungal and human
orthologs and Arabidopsis sequence data was used to increase α-tocopherol in
seeds by 80-fold by over-expressing γ–tocopherol methyltransferase (Shintani and
DellaPenna, 1998). 

Proteomics has been defined as the systematic analysis of expressed proteins of
a given genome (Jacobs et al., 2000). Because sequencing and transcription profil-
ing does not directly give information about gene function, proponents in the field
of proteomics believe a more efficient method of determining gene function can be
realized by global protein profiling. The most complete protein database has been
derived from yeast, where 6100 of the 6800 proteins have been identified and 56%
of them experimentally characterized (Jacobs et al., 2000). In contrast, only 9% of
the expressed proteins have been characterized experimentally in Arabidopsis (The
Arabidopsis Genome Initiative, 2000). The question that remains to be answered is
how much of the information gained from other (trans-kingdom) organisms will be
useful in manipulating phytochemical content of plants. In terms of improving vit-
amin and micronutrient content, this information will be useful as the genes utilized
in these pathways are highly conserved among plants as well as bacteria and yeast.
Genetic databases can be used to identify orthologous genes, elucidate pathways,
and serve as a blueprint to add enzymes to pathways in staple crops in which these
are lacking (Croteau et al., 2000; DellaPenna, 1999; Ye et al., 2000). The
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Arabidopsis databases contain a wealth of gene sequence information and it should
be utilized to the extent possible, but many phytochemicals are limited to specific
plant taxa, and therefore orthologs will not exist in Arabidopsis databases. Gene
function is not known for approximately 30% of the Arabidopsis proteins and will
have to be empirically determined. Thus, at this point, having the genomic
sequence of a higher plant will not aid phytochemical engineering of pathways of
rare secondary metabolites. 

BIOENGINEERING 

Bioengineering can be defined as the alteration of the gene expression of any
biological organism by molecular methodologies. Bioengineering in any metabolic
pathway requires that all steps within the pathway be defined, the regulatory points
identified, and the stability of the intermediates determined (Scott et al., 2000).
Phytochemicals are often differentially expressed both spatially and temporally. For
example, the concentration of alkamides differs among plant organs in Echinacea
purpurea with the roots having the highest concentration (Perry et al., 1997). To
increase harvest efficiency, the production of any phytochemical should be directed
to a readily harvestable organ, such as a leaf or seed. Using recombinant technol-
ogy, expression cassettes can be made to redirect synthesis into different organs (Ye
et al., 2000).  

Elucidation of metabolic pathways can be accomplished by performing isotopic
tracer experiments, screening for mutants, or gene silencing/overexpression of the
putative genes in transgeneic plants. Modeling metabolic flux in combination with
in vivo analysis must be performed to find control mechanisms. Earlier strategies
worked under the premise that there is a rate-limiting enzyme, but there is general
agreement that any enzyme in a pathway may affect flux. There are homeostatic
genetic and metabolic control mechanisms that keep each enzyme at ideal levels
(Jensen and Hammer, 1998); however, over-expression of a single enzyme, γ-TMT,
increased tocopherol by 80-fold in Arabidopsis seeds, a clear indication that this was
the rate-limiting enzyme (Shintani and DellaPenna, 1998). 

Metabolic pathways from different organisms can be combined and expressed in
E. coli and other organisms (Schmidt-Dannert et al., 2000). A well-reported success
of this strategy was the expression of β–carotene in the endosperm of rice (Ye et al.,
2000 and references within). β–Carotene is produced in plastids of plant cells by the
isoprenoid pathway (Figure 9.2). The genes encoding phytoene synthase, δ–carotene
desaturase, and lycopene β-cyclase were introduced into the rice endosperm to
enable β–carotene production. The genes for phytoene synthase were taken from
daffodil (Narcissus pseudonarcissus), while the latter two genes originated in
Erwinia uredovora. These carotene pathway genes were placed into three vectors
(Figure 9.3) and placed under control of an endosperm-specific (glutelin; Gt1 p) and
a constitutive CaMV (cauliflower mosaic virus; 35S p) promoter. Correct expression
of the genes also required that functional transit peptides for import into plastids be
part of the construct (crtI, and tp, Figure 9.3). Transferring the pathway and direct-
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ing its expression to the endosperm was technically demanding and expensive, report-
edly requiring $2.6 million and 7 years (Nash and Robinson, 2000), yet this example
demonstrates the potential for interkingdom transfer and expression of metabolic
pathways into plants.

EXPANDING POSSIBILITIES 

Until now researchers in the field of bioengineering and plant breeding have
altered the expression of existing enzymes or have introduced the expression of a phy-
tochemical. These approaches have in common the fact that no novel phytochemicals
are synthesized; no “new to nature” products have been made. New theories and tech-
nologies are being developed that are directed toward changing the efficiency of
enzymes, and in these experiments, phytochemicals have been produced in microor-
ganisms that are “essentially inaccessible from natural sources or by synthetic chem-
istry” (Schmidt-Dannert et al., 2000).  

This recent body of work applies the principles of Darwinian evolution to alter
enzyme efficiency and function (Arnold and Volkov, 1999; Stemmer, 1994a,b). Two
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separate strategies have been utilized; a rational design approach involving iterative
computer protein design and site-directed mutagenesis of single nucleotides, and a
second strategy in which blocks of nucleotides are shuffled to produce novel pep-
tides, a method called “DNA shuffling” (Stemmer, 1994,a,b). The former method
can be viewed as in vitro molecular evolution because in vitro recombination can
occur between the DNA templates of two related genes that differ in their sequence,
and the recombinants screened for improved performance (Stemmer, 1994,a,b). The
DNA templates can contain random point mutations, single genes, or homologous
genes (Crameri et al., 1998). 

As mentioned above, a frequently used method in plant breeding is the back-
cross, in which a specific trait is introduced into a cultivar or variety and the desired
genetic background is recovered by repeated crosses of the progeny to the recurrent
parent. Similarly, by molecular backcrossing against the wild-type DNA, nonessen-
tial mutations can be selected against in the resulting recombinants (Stemmer, 1994).
This relatively simple technique resulted in a 32,000-fold increase in antibiotic resis-
tance (Stemmer, 1994a), and a 1,000-fold increase in substrate specificity of β-
fucosidase (Zhang et al., 1997). Related sequences have been bred (Schmidt-Dannert
et al., 2000), as well as sequences with only 50% homology (Ostermeier et al., 1999).
One can imagine a strategy to improve metabolic processes in plants using in vitro
molecular evolution. 

To increase the efficiency with which candidate plants and phytochemicals are
discovered, more sophisticated networks are being developed between ethnob-
otanists, medical professionals, and the agriculture/botany community. As the
process matures, increasingly sophisticated experiments can be designed to more
clearly define the role of phytochemicals in human health and plant function. Cell
lines from specific tissues and defined genotypes can be used to screen the efficacy
of phytochemicals. Genetic and metabolic profiling of plants will enable phyto-
chemicals to be precisely identified and determine under what conditions they are
produced. Information from cell screening can be used to direct the development of
plants with unique phytochemical profiles. Any promising plant collected from the
wild must be adapted to agriculture, and its propagation methods worked out. Most
perennial, and many annual plants have seed dormancy mechanisms that make effi-
cient agronomic production all but impossible. Further, the seed of many subtropical
and tropical plants are recalcitrant, meaning they cannot withstand desiccation and
therefore cannot be stored for appreciable lengths of time. Alternatively, whole meta-
bolic pathways, or portions thereof, could be transferred into domesticated plants
exhibiting good agronomic characteristics such as high biomass production and no
seed dormancy. 
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INTRODUCTION

Oilseeds serve as a main source of edible vegetable oils, including essential fatty
acids belonging to both the ω3 and ω6 families, but also include a considerable

amount of protein and carbohydrate. Furthermore, oilseeds contain minor compo-
nents in both their oil and deoiled meal. The minor components in oleaginous seeds
belong to a wide array of compounds representing different classes of phytochemi-
cals which are often bioactive; these include phenolics and polyphenolics, toco-
pherols and tocotrienols, glucosinolates, phytates, phytosterols, lignans, carotenoids,
lectins, and enzyme inhibitors, among others. The type of phytochemicals and their
contents in different oilseeds depend primarily on the species concerned as well as
agronomic, seasonal, and environmental conditions. This chapter provides a brief
discussion of oilseed phytochemicals with specific emphasis on their phenolic and
polyphenolic constituents.

PHENOLICS AND POLYPHENOLICS

BIOSYNTHESIS AND HEALTH EFFECTS 

Phenolic compounds are the most widely distributed secondary metabolites in
plants, and constitute several thousands of compounds. Phenolics in plants are pri-
marily responsible for their protection from free radical stress under photosynthetic
conditions and ultraviolet light, and act against herbivores and pathogens (Shahidi,
2000a). They also contribute to the variety of color and taste of foods containing
them (Shahidi and Naczk, 1995). In addition, they serve as wound-healing agents in
plants as a result of their oxidation and subsequent condensation with free amino
acids and proteins.

Structurally, phenolics are derived, as a first step, from phenylalanine and in a
small number of plants from tyrosine via the action of ammonia lyase. These com-
pounds generally contain at least one aromatic ring with one hydroxyl group (phe-
nols) or more (polyphenols). In oilseeds, they exist as low-molecular-weight com-
pounds which occur universally in higher plants with only some species specificity,
and oligomeric and polymeric forms. The resultant compounds from the action of
ammonia lyase on aromatic amino acids, known as phenylpropanoids, may then be
subjected to a variety of modifications in plants, including hydroxylation and methy-
lation, to afford a wide range of C6 - C3 compounds which are derivatives of trans-
cinnamic acid (Figure 10.1). These compounds may lose a two-carbon moiety to
yield benzoic acid derivatives. Condensation of C6 - C3 compounds with malonyl
coenzyme A affords chalcones which may subsequently cyclize, under acidic condi-
tions, to produce flavonoids and isoflavonoids as well as related compounds with C6

- C3 - C6 units (Figure 10.2), among others (Shahidi, 2000b).
Phenolic acids, phenylpropanoids, and flavonoids/isoflavonoids in foods may

occur in the free form, but are often glycosylated with sugars, especially glucose.
While the presence of sugars in such compounds is responsible for their specific
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characteristics and transport in the plants and/or body fluids, they do not have any
significant effect on the biological activity of compounds involved once ingested.
Nonetheless, when measuring total antioxidant capacity of oilseeds and their
extracts, it might be necessary to hydrolyze them to free their phenolic hydroxyl
groups that are responsible for their antioxidant behavior in vivo. Phenolic acids may
also be present in the esterified as well as bound forms (Naczk and Shahidi, 1989).
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Figure 10.1 Biosynthesis of phenylpropanoids (C6 - C3) and benzoic acid derivatives from
phenylalanine and tyrosine. PAL, phenylalanine ammonia lyase; TAL, tyrosine ammonia
lyase.
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Oilseed phenolics may exist in both simple and complex forms; the latter group con-
sists of both hydrolyzable and condensed tannins. Condensed tannins are produced
via polymerization of flavonoids, and are abundantly present in woody plants and
seed coats, but are distinctly absent in herbal species. However, hydrolyzable tannins
are formed by the reaction of gallic acid with hexose molecules and are more selec-
tively present in 15 out of the 40 orders of dicotyledons. Thus, oilseeds contain a
cocktail of different phenolics that may act cooperatively and synergistically with
one another to exert their effects, both in terms of antioxidative action (Shukla et al.,
1997) and health promotion and disease prevention.

In the body, oxidation products and reactive oxygen species (ROS) may lead to
a number of diseases and tissue injuries such as those of the lungs, heart, kidney,
liver, gastrointestinal tract, blood, eye, skin, muscle, and brain, as well as the aging
process. In healthy individuals, ROS are neutralized by the action of antioxidant and
antioxidant enzymes. However, when the action of the enzyme system is inadequate
because of illness and during infancy or due to aging, the oxidation process is not
controlled naturally, and augmentation may provide the necessary means to combat
degenerative diseases and other ailments caused by ROS. The manner in which
antioxidants intervene is by their effect in a multistage process and may involve pre-
vention of lipid oxidation, protein cross-linking, and DNA mutation, among others
(Shahidi, 1997).
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Figure 10.2 Biosynthesis of flavonoids (C6 - C3 - C6) and condensed tannins.
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In terms of neutralizing free radicals, phenolics are well known to protect cells and
their components against cancer development. Simple phenolic acids and tocopherols
have been shown to be potent inhibitors of formation of carcinogens such as N-nitroso
compounds (Kuenzig et al., 1984). Meanwhile, inhibition of benzo (a) pyrene-
induced neoplasia in the forestomach of mice fed various plant phenolics has been
reported by Wattenberg et al. (1980). Chromosomal aberrations induced by polycyclic
aromatic hydrocarbons were inhibited by caffeic acid (Raj et al., 1983), while chloro-
genic acid blocked chemically induced carcinogens in the large intestine of hamsters
(Mori et al., 1986). Chang et al. (1985) have demonstrated antitumor-promoting activ-
ity of ellagic acid and quercetin. Flavonoids, including catechins, were also found to
reduce hyperlipedemia in animals (Choi et al., 1991). In the case of heart disease, inhi-
bition of LDL cholesterol oxidation helps in prevention of foam cells formation and
lipid streaks development. Oxidized LDL cholesterol is more atherogenic than native
LDL and is also known to affect tissue factor expression. Several recent studies pro-
vide compelling evidence that dietary intake of antioxidants can lower the production
of atherogenic oxidized LDL cholesterol and thus may decrease the risk of cardio-
vascular disease (Steinberg et al., 1989; Niki, 1991, Niki et al., 1995).

OCCURRENCE AND CONTENTS

The occurrence, content, and type of phenolics in oilseeds is dictated by the
species involved; phenolic acids and phenylpropanoids are often prevalent in many
oilseeds. Canola and other cruciferae seeds contain considerable amounts of pheno-
lic compounds compared to other oilseeds. The total content of phenolic acids,
including phenylpropanoids, in defatted rapeseed flour has been reported to be
approximately 623–1281 mg/100g (Krygier et al., 1982; Kozlowska et al., 1983a,b;
Naczk and Shahidi, 1989). Sinapic acid was recognized as a predominant phenolic
compound of canola while p-hydroxybenzoic, vanillic, genistic, protocatechuic,
syringic, p-coumaric, ferulic, and caffeic acids were among the minor phenolics pre-
sent (Krygier et al.,1982; Dabrowski and Sosulski, 1984). Recently, Wanasundara et
al. (1994) reported that the most active phenolic antioxidant in canola meal was 1-
O-ß-D-glucopyranosyl sinapate. Quercetin and isorhamnetin were isolated in less
than 1 ppm from canola/rapeseed, while rapeseed contained a number of condensed
tannins composed of cyanidin, pelargonidin, kaempferol, and their derivatives.
While canola hulls serve as a rich source of condensed tannins, cotyledons possess
little tannins (Blair and Reichart, 1984; Naczk et al., 1994). The acetone extractable
condensed tannins of rapeseed hulls were composed of leucocyanidin units (Leung
et al., 1979). The hulls may be separated by dehulling and the isolated tannins may
potentially be used as a source of raw material for functional food applications
(Naczk et al., 2000). 

Mustard seeds also contain a considerable amount of phenolic acids; the levels being
similar, to those in rapeseed and canola. The most abundant phenolics in mustard were
trans-sinapic and p-hydroxybenzoic acids. In addition, cis-sinapic and trans-ferulic
acids were present in relatively high amounts (Dabrowski and Sosulski, 1984). The
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antioxidant activity of ethanolic extracts of mustard flour were attributed to the presence
of polyhydroxyphenols, including flavones and flavonols (Shahidi et al., 1994).

The phenolics of importance to soybeans are the isoflavones, and their content in
raw soy is 0.1–0.5%. However, during processing, a considerable loss of isoflavones
may occur. Soybean germ is a rich source of isoflavones, 2.5–3.5%. These include
genistein, daidzein, and glycitin, all present mainly as glycosides, and minor
amounts as aglycones. A very small amount of coumesterol (6.05 ppm) was also pre-
sent. Meanwhile, presence of prunetin, formononetin, and 4′,6′,7′-trihydroxy-
isoflavone (Foote et al., 1970) has been reported in soybean. Soybean flour also con-
tained chlorogenic, isochlorogenic, caffeic, ferulic, p-coumaric, syringic, vanillic,
p-hydroxybenzoic, salicylic, and sinapic acids (White and Xing, 1997). It should be
noted that the distribution of isoflavones in the germ is different from that of the
whole seed. Thus, the biological activity of phytochemicals may depend on their dis-
tribution in different seed parts. Soybean isoflavones have been reported to have both
estrogenic and antiestrogenic properties. Several epidemiological studies have
shown excellent correlation between soy protein consumption and reduced risk of
cancer as well as inhibition of tumor formation (Boyd, 2001). Other beneficial health
effects have also been attributed to the phytochemicals present in soybean products
(Hirota et al., 2000). Thus, expanding utilization of soybean and its products in foods
has been encouraged (Wolf, 1983; Liu, 2000).

The presence of chlorogenic, quinic, and caffeic acids as major phenolics in sun-
flower meal has been reported; chlorogenic acid being most predominant at 2.7%
(Cater et al., 1972). Quinic acid was present at 0.38% and caffeic acid at 0.2% (Cater
et al., 1972). In addition, p-hydroxybenzoic, syringic, trans-p-coumaric, trans-fer-
ulic, and vanillic acids were present in small amounts in sunflower flour (Dabrowski
and Sosulski, 1984). Rutin and quercetin glycosides have been identified in cotton-
seed; however, the main phenolic in glanded cottonseed is gossypol which is present
at 1.1–1.3% (Lawhon et al., 1977). This polyphenolic compound has antifertility
properties. Cottonseed also contained trans-ferulic, trans-p-coumaric, trans-caffeic,
and p-hydroxybenzic acids in minute amounts. Peanut extracts contained dihydro-
quercetin and taxifolin, as well as trans-p-coumaric acid and minor amounts of
trans-ferulic, trans-sinapic, p-hydroxybenzoic, and trans-caffeic acids (Pratt and
Miller, 1984).

The phenolic acid content of flaxseed was considerably lower than that of other
oilseeds (Kozlowska et al., 1983a; Dabrowski and Sosulski, 1984; Wanasundara and
Shahidi, 1994). Trans-ferulic acid was the predominant phenolic acid present, but
trans-sinapic, trans-p-coumaric, trans-caffeic, and p-hydroxybenzoic acids were
found in smaller amounts. In addition, presence of 0-coumaric, genistic, and vanillic
acids was reported (Kozlowska et al., 1983a,b; Dabrowski and Sosulski, 1984).
Flaxseed also contained a considerable amount of secoisolericresorsinol diglucoside
(SDG; Amarowicz et al., 1994), a lignan with anticarcinogenic and chemopreventive
activity (Westcott and Muir, 2000). Furthermore, the presence of matairesinol,
another lignan, has been reported in smaller amounts in flaxseed (Adlercreutz and
Mazur, 1997; Mazur and Adlercreutz, 1998), together with a number of polymeric
phenolics (Bakke and Klostermann, 1956; Westcott and Muir, 1996, 2000). SDG and
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its corresponding aglycone are converted to enterodiol and enterolactone, once con-
sumed. These latter metabolites have been postulated to possess antiestrogenic prop-
erties (Adlercreutz, 1997; Adlercreutz and Mazur, 1997). 

The phenolic acids in sesame include trans-caffeic, trans-p-coumaric, and trans-
ferulic acids in the decreasing order of abundance (Dabrowski and Sosulski, 1984).
However, vanillic, syringic, sinapic, and 0-coumaric acids were also present
(Kozlowska et al., 1983a). Two lignans, sesamin and sesamolin, were found in crude
sesame oil at 0.44 and 0.25%, respectively. However, during the refining process
these lignans may be converted to their corresponding alcohols. Thus, following
bleaching of sesame oil, a drastic change in the amounts of sesamin, episesamin, and
sesamolin occurred. The compounds sesamol, sesamolinol, sesaminol, pinoresinol,
and a sesamol dimer were present in the processed oils (Fukuda et al., 1985). In addi-
tion, the sesame cake contained a number of glucosides of pinoresinol as well as
those of sesaminol. These latter compounds, considered as pro-antioxidants, are con-
verted to potent antioxidants once the meal is treated with ß-glucosidase to release
the corresponding aglycones (Namiki, 1995).

Recently, phenolic components of borage and evening primrose meal were
reported by Wettasinghe and Shahidi (1999a,b). Borage meal contained rosmarinic
acid, syringic acid, and sinapic acid, while evening primrose contained gallic acid,
(+) catechin and (-) epicatechin, and a high-molecular-weight polyphenol known as
oenothin B (Shahidi, 2000a). The latter compound has also been isolated from leaves
and branches of evening primrose as well as other plants (Hatano et al., 1990). This
compound was found to serve as an effective antitumorigenic and anticarcinogenic
agent (Miyamoto et al., 1993); thus its potential health-promoting activity requires
further attention. The reactive oxygen species - and 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH•) - scavenging activity of borage and evening primrose extracts have
been documented (Shahidi et al., 2000, Wettasinghe and Shahidi, 2000). Dietary
evening primrose was also found to have a hypocholesterolemic effect in rats
(Balasinska, 1998).

In general, the beneficial health effects of seed phenolics, in part, arise from their
antioxidant activity. Although antioxidant activity may arise from contributions of
different bioactives, phenolic compounds are among the most powerful antioxidants
known in food sources. In general, the type of phenolics and their substitution pat-
terns determine the antioxidant activity of molecules involved. Thus, structure-
antioxidant activity relationship of phenolics in oilseeds is of interest. Presence of a
second hydroxyl or a methoxy group in the ortho- or para-position of benzoic acid
derivatives, phenylpropanoids, or flavonoid/isoflavones is known to enhance the
antioxidant activity of compounds involved. While the presence of two hydroxyl
groups in the ortho- or para-position may lead to production of stable quinoid-type
structures, a second methoxy group in the ortho- or para-position is an effective elec-
tron donor that stabilizes the free radicals formed, thus enhancing even further the
activity of compounds involved. Phenylpropanoids are more effective antioxidants
when compared with their phenolic acid counterparts. This is due to further stabi-
lization of the free radicals formed via the extended conjugation arising from the
propene moiety of the molecules.
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In flavonoids, structural parameters play a prominent role in the antioxidant effi-
cacy of the compounds involved. Therefore, presence of an ortho-diphenolic group
in the B ring, a 2-3 double bond conjugated with the 4-oxo function, and occurrence
of hydroxyl groups in positions 3 and 5 are most important structural features dic-
tating the efficacy of flavonoids as antioxidants (Bors et al., 1990; Ratty and Das,
1988). 

TOCOPHEROLS,TOCOTRIENOLS, AND UBIQUINONES

Unsaponifiable matter present in the extracted oil from oilseeds contain a variety
of components, some of which are volatile and may be partially stripped during the
deodorization process. The content of tocols, referred to as the total amount of toco-
pherols (T) and tocotrienols (T3), varies with the type of oilseed; their distribution is
also species-dependent. The members of each of the T and T3 families are designated
as alpha, beta, gamma, and delta, depending on the number and position of methyl
groups on the chroman ring (Figure 10.3) (Kamal-Eldin and Appelqvist, 1996).
Furthermore, there are eight different isomers for each of the tocopherols (three chi-
ral centers) and the vitamin E activity of each is based on that of the d-α-tocopoherol,
which is an RRR isomer. Other isomers have activities that are always less than that
of the natural isomer (Papas, 1999). With respect to their antioxidant activities in
vitro, generally δ-and γ-tocopherols are most effective tocopherols, and tocotrienols
are still more effective than tocopherols (Dziezak, 1986).

In oilseed lipids, there appears to be a direct relationship between the degree of
unsaturation, as represented by the iodine value, and the total content of tocopherols
(Shahidi and Shukla, 1996). Most vegetable oils contain an abundance of alpha-,
gamma-, and delta-tocopherols (Table 10.1), while the beta-isomer is less prevalent,
except in wheat germ oil. Meanwhile, tocotrienols are present mainly in palm, rice
bran, and wheat germ oils. In view of new developments in the genetic modification
of oilseeds, the content and profile of minor components, including those of tocols,
may vary considerably in different varieties. However, the importance of seasonal
variation, geographical area of cultivation, and degree and type of processing cannot
be ignored.

With respect to ubiquinones, also known as coenzyme Q, these compounds occur
naturally as 6 to 10 isoprenoid units, designated as Q6 (UQ-6) to Q10 (UQ-10).
Coenzyme Q10 (UQ-10) and to a lesser extent UQ-9 (Figure 10.3) have been found
in edible oils from vegetable origin (Table 10.1). Ubiquinol is the reduced form of
ubiquinone and may protect cell membranes from oxidizing radicals by a direct rad-
ical-scavenging mechanism (Halliwell and Gutteridge, 1999). Ubiquinol provides
efficient protection in vivo for mitochondria against oxidation, similar to vitamin E
in the cell.
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OTHER PHYTOCHEMICALS

A wide array of nonphenolic phytochemicals are present in oilseeds (Table 10.2).
These include phospholipids, phytosterols, phytic acid, carotenoids, saponins,
enzyme inhibitors, lectins and haemagglutinins, glucosinolates, oligosaccharides of
sucrose, and cyanogenic glycosides, among others. The following sections provide a
cursory account of these phytochemicals in oilseeds.
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Figure 10.3 Chemical structures of tocopherols, tocotrienols, and coenzyme Q’s.
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PHOSPHOLIPIDS

Phospholipids were, until recently, known to be responsible for off-flavor devel-
opment in vegetable oils and other lipid-containing foods during storage. The oxida-
tion sensitivity of phospholipids has been attributed to the higher degree of unsatu-
ration of their fatty acid constituents. Phospholipids constitute the structural lipids of
plant cell membranes and account for up to 10% of total lipids in oilseeds, depend-
ing on the type of seed examined (Belitz and Grosch, 1987). However, more recent
studies have demonstrated that phospholipids may act as antioxidants, as they exert
a synergistic effect when present together with tocols and ascorbates. Nonetheless,
the exact mechanism and mode of action of phospholipids remains speculative. With
respect to the claims related to the potential memory improvements upon consump-
tion of phosphatidylserine, although the presence of docosahexaenoic acid (DHA) in
brain phospholipids was originally thought to be responsible for the effects, more
recent studies have provided evidence that the cognition-enhancing effects originally
ascribed to bovine cortex were duplicated by phosphatidylserine from egg and soy-
bean sources (Blokland et al., 1999). In addition, choline and phosphatidylcholine
(lecithin) have been shown to have beneficial effects in enhancing cognition (Ladd
et al., 1993; Meck and Williams, 1999).

PHYTOSTEROLS

Sterols constitute a major portion of unsaponifiable matter in oilseeds. These are
composed of free sterols, sterol esters of fatty acids, and possibly sterol glucosides
and acylated sterol glucosides (Shahidi and Shukla, 1996). Plant sterols are classi-
fied into three distinct groups belonging to the cholestane series, i.e., the phytosterol
known as 4-desmethylsterols, 4-α-methylcholestane series known as 4-
monomethylsterols, and lanostane series, that is triterpene alcohols known as 4,4′-
dimethylsterols. Sterols are known to have antipolymerizing effect during frying
(Sims et al., 1972; Yan and White, 1990).

The phytosterols are 28- and 29-carbon compounds including brassicasterol,
campesterol, stigmasterol, ß-sitosterol, fucosterol, δ-avenasterol, and α-spinasterol.
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TABLE 10.1
Tocopoherols (T) and Ubiquinones (UQ) in edible oils (mg/100g) 

Oil α–T β–T γ–T δ–T UQ-9 UQ-10 

Canola/rapeseed 17–26 — 35–61.2 0.4–1.2 0.2 7.3 
Soybean 10.1–10.2 0.27 47.3–59.3 26.4–35.6 0.8 9.2 
Sesame 1.0–1.8 0.1 24.4–51.2 3.2 — 3.2 
Sunflower 48.7–78.3 0.25 1.9–5.1 0.7–1.0 2.1 0.4 
Peanut 13.9–26.1 3.0–3.9 13.1–34.3 9.2–2.0 — 5.4 
Cottonseed 38.9 — 38.7 — ND ND 
Evening primrose 16 — 42 7 ND ND  
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The major sterols of oilseeds are generally ß-sitosterol, stigmasterol, and campes-
terol. A majority of oils contain 100–500 mg sterols /100g sample. Notable excep-
tions are corn, rapeseed/canola, rice bran, and sesame oils, which contain up to 1.4,
1.0, 3.2, and 2.9 g sterols/100g sample, respectively. Rapeseed and mustard oils con-
tain brassicasterol, which is characteristic of the cruciferae family and is present at
55–95 and 66–88 mg/100g oil, respectively (Shahidi and Shukla, 1996).

Phytosterols, at least some of them, are important inhibitors of cholesterol
absorption by interfering with cholesterol synthesis and enhancing cholesterol excre-
tion (Hicks and Moreau, 2001). They also exert anticancer properties and cytotoxic-
ity (Piironen et al., 2000).

PHYTIC ACID

Phytic acid or myo-inositol 1,2,3,4,5,6-hexakis-dihydrogen phosphate is present
at 1–6% in oilseeds and their defatted meals (Harland and Obertas, 1977), and serves
as a source of storage phosphorus in plants (Rickard and Thompson, 1977). The
phytic acid content, on a fat-free and dry basis, is 2–4% in canola and rapeseed,
2.4–2.7% in flax, 1.9% in peanut, 5.3% in sesame, 1.4% in soybean, and 1.9% in
sunflower. Other oilseeds have similar levels of phytic acid. Of the 12 replaceable
protons in phytic acid, 6 could be easily dissociated, thus giving rise to a highly
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TABLE 10.2
Distribution of various phytochemicals and/or their breakdown products in selected oilseeds
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negatively charged molecule which can bind ions of Ca, Mg, and Zn. By virtue of its
ability to chelate iron, phytic acid is a potent inhibitor of iron-driven hydroxyl radi-
cal formation. Phytic acid also complexes with protein and starch molecules under
physiological pH conditions, and hence may be regarded as an antinutrient.
Nonetheless, recent evidences suggest that phytic acid has healthful properties.
Reduction in glycemic response to starchy foods, as well as lowering of plasma cho-
lesterol and triacylglycerol levels, have been observed with endogenous phytate con-
sumed in foods. In addition, phytic acid has anticancer effects in the colon and mam-
mary glands in rodent models and in various tumor cell lines (Rickard and
Thompson, 1997). Furthermore, beneficial effects of phytic acid in relation to car-
diovascular disease have been attributed to its hypocholesterolemic properties and
chelation of metal ions that inhibits oxidation.

CAROTENOIDS

Carotenoids are widespread in oilseeds and particularly in all organisms that are
exposed to light. In oilseeds, ß-carotene and other carotenoids are present in small
amounts. However, these compounds are largely removed or decomposed during
processing. Palm oil contains the highest content of carotenoids at a 500–700 ppm
level (Goh et al., 1985). The beneficial health effects of carotenoids are attributed to
their anticarcinogenic activity. Furthermore, the role of carotenoids as scavengers of
singlet oxygen deserves attention. In this relation, carotenoids serve as the best sup-
pressant in erythropietic protoporphyria, which results from the action of sunlight on
individuals suffering from this condition.

SAPONINS

Saponins are made of a steroid (or triterpene) group attached to a sugar moiety.
These surface-active compounds are found in legumes and oilseeds such as soybean.
Saponins are able to lyse erythocytes due to their interaction with cholesterol in the
membranes, thus exerting hemolytic properties. These compounds have a bitter taste
and are toxic at high concentrations. Their surface activity is of interest due to their
beneficial biological effects. The hypocholesterolemic effect of saponins is quite
strong, especially when fed in the presence of cholesterol. Saponins also have anti-
carcinogenic properties and contribute to the enhancement of the immune system
(Rao and Koratkar, 1997).

ENZYME INHIBITORS

Protease and amylase inhibitors are found in legumes and certain oilseeds
(Whitaker, 1997). Protease inhibitors are easily denatured by heat, as are the amy-
lase inhibitors. The antinutrient activity of protease inhibitors is due to their growth
inhibitory effect and pancreatic hypertrophy. While potential health benefits of pro-
tease inhibitors remain unclear, lower incidences of pancreatic cancer have been
observed in populations where the intake of soybean and its products is high.
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Amylase inhibitors are known to have hypoglycemic effects, and trypsin inhibitors
in soybean are known to have anticarcinogenic properties and are also effective in
lowering caloric intake.

LECTINS AND HAEMAGGLUTININS

These are sugar-binding proteins that may bind and agglutinate red blood cells
(Liener, 1997). They occur in most plant foods that are often consumed in the raw
form. Although lectins in soybeans and peanuts are not toxic, those from many
other beans, such as lima beans, are toxic when taken orally. The toxicity of lectins
arises from their binding with the specific receptor sites on the epithelial cells of
the intestinal mucosa with subsequent lesions and abnormal development of
microvillae. The lectin-induced disruption of the intestinal muscosa may allow
entrance of the bacteria and their endotoxins to the blood as well as other compli-
cations.

GLUCOSINOLATES

Brassica oilseeds contain a variety of glucosinolates that have traditionally been
considered as antinutritional factors with goitrogenic effects (Shahidi et al., 1997).
Their breakdown products, upon the action of myrosinase, are nitriles, thiocyanates,
isothiocyanates, and possibly oxazolidinethione. Although glucosinolate degrada-
tion products are toxic, they are also responsible for the desirable pungent flavor and
biting taste of mustard and Wassabi (Japanese horseradish). However, certain glu-
cosinolates and their corresponding isothiocyanates have been found to exert poten-
tial benefits in inhibiting chemical and other types of carcinogenesis. For example,
glucobrassicin and its myrosinase-catalyzed transformation products have been
shown to inhibit carcinogenesis induced by polycyclic aromatic hydrocarbons and
other initiators (Loft et al., 1992; Talalay and Zhang, 1996). An autolysis product of
glucobrassicin, indole-3-carbinol, was found to induce monooxygenase (Loub et al.,
1975) and glutathione-S-transferase (Sparnins et al., 1982), and inhibit development
of forestomach, mammary, and pulmonary tumors (Wattenberg and Loub, 1978).
Thus, potential benefits of certain glucosinolates may require the design of oilseeds
where healthful glucosinolates are retained, or perhaps their content increased at the
expense of their harmful counterparts. 

OLIGOSACCHARIDES OF SUCROSE

These compounds, specifically raffinose, stachyose, and verbascose, are passed
without digestion to the lower intestine where they are fermented (Naczk et al.,
1997). This brings about generation of different gases which cause discomfort and
cramps. However, these sugars are useful nutrients for the bifidus bacteria that reside
in the lower intestine and are good for health. Therefore, potential benefits of these
oligosaccharides is a subject of recent interest. 
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CYANOGENIC GLYCOSIDES

These are secondary metabolites which upon hydrolysis produce HCN. They are
synthesized in plants from aromatic amino acids such as phenylalanine, tyrosine, and
branched amino acids, i.e., leucine, isoleucine, and valine. Flaxseed contains several
cyanogenic glycosides, i.e., linamarin, linustatin, and neolinustalin (Shahidi and
Wanasundara, 1997). Other sources of cyanogenic glycosides are seeds of bitter
almond and apricot, as well as those of peach and cherry. Cassava, lima bean, and
bamboo may also contain cyanogens. Cyanogens in flaxseed meal have been shown
to provide protection against selenium toxicity (Palmer, 1995). 

CONCLUSIONS

Oilseeds, similar to other plant sources, provide an important reservoir of a myr-
iad of phytochemicals. While some of the phytochemicals present may possess
harmful effects when consumed in large amounts, the beneficial health effects of
such components when used in appropriate quantities is well documented. To keep
the balance, use of intact or crushed whole seeds, such as those of flax and sesame,
together with other plant-based material, in food formulations and in baked products
is recommended.
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INTRODUCTION

Many people eat large amounts of lycopene, a powerful antioxidant found in
tomatoes (Ford, 2000; Nebeling et al., 1997; Casso et al., 2000). Several inter-

esting and recent experiments suggest that lycopene may protect against some forms
of cancer and heart disease (Bramley, 2000; Gerster, 1997; Giovannucci, 1999; Arab
and Steck, 2000). Cell culture studies show that lycopene inhibits the growth of
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many kinds of human cancer cells, sometimes more effectively than either alpha- or
beta-carotene (Levy et al., 1995). Animal studies show that tumor formation can be
inhibited by lycopene (Astorg et al., 1997; Nagasawa et al., 1995). Many human epi-
demiological and case-control studies suggest that tomatoes, or lycopene, can delay
or prevent certain types of cancers (Giovannucci, 1999; Clinton, 1998). Currently,
the most extensive evidence of protection appears to be against prostate cancer. 

We know that these preliminary reports might paint an overly optimistic picture
of the power of lycopene against disease. Often larger studies on the effect of nutri-
ents on disease show lower efficacy than hoped. Prostate cancer is a common med-
ical problem; therefore, even if lycopene simply postponed the progression of
prostate cancer for a few years, this delay would be very useful. Any commonly con-
sumed phytonutrient that can delay disease, pain, suffering, and medical costs by
even a few years is well worth studying. 

We have to be careful in devising nutrition studies for phytonutrients. A small but
real benefit, or a benefit that occurs only for some people and not for others can be
difficult and expensive to pinpoint. Hundreds of cell culture and epidemiological
studies showed that people who ate more beta-carotene-rich fruits and vegetables
had lower risks of premature death from cancer or heart disease than people who ate
less (Ziegler, 1991). The overwhelmingly positive data from these cell-culture and
epidemiological studies led to several clinical trials using beta-carotene supplements
(Blot et al., 1995; Hennekens et al., 1996, Omenn et al., 1996; Alpha-Tocopherol
Beta-Carotene Cancer Prevention Study Group, 1994). These trials were mostly dis-
appointing. Many scientists now believe that either some other phytonutrient (such
as lycopene) was protective, or that the maximum benefit from beta-carotene was
provided from dosages that were much lower than given in the clinical trials (Burri
et al., 1999; Lin et al., 1998). This paper reviews current research on lycopene and
human health, and makes recommendations for future research directions in light of
our experiences with beta-carotene. 

LYCOPENE: WHAT IT IS, ITS FORMS, AND GOOD FOOD SOURCES

Lycopene is a bright red pigment that colors several fruits, vegetables, and flow-
ers (Tables 11.1 and 11.2; Laval-Martin et al., 1975, Shi and Le Maguer, 2000). It has
gained recent media attention because it may prevent or delay a variety of degener-
ative diseases, including cancer and heart disease (Gerster, 1997; Clinton, 1998;
Krinsky, 1998; Rao and Agarwal, 2000). Chemically, lycopene is a carotenoid. There
are over 700 members of the carotenoid family, but only a few of these are present in
amounts that are easily measured in animal blood and tissue. The best known of these
common carotenoids are beta-carotene, lycopene, and lutein. Lycopene is a long
hydrocarbon chain with eleven conjugated double bonds, that lacks the characteris-
tic ring structures found in most carotenoids (Figure 11.1) (Stahl and Sies, 1996; Sies
and Stahl, 1998). 
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ALL-TRANS LYCOPENE

There are many isomers of lycopene; an all-trans isomer and many varieties of
cis isomer. All trans-Lycopene is the most common form of lycopene found in foods.
In the common red tomato, about 90% of total lycopene is in this all-trans isomer
(Beecher, 1998; Gartner et al., 1997; Hirota et al., 1982). Trans-Lycopene is also
found in pink grapefruit, watermelon, and most other food sources of lycopene.
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Figure 11.1 The chemical structure of lycopene. 

TABLE 11.1

Common Lycopene-Rich Fruits in the Diet

Tomato Lycopersicon esculentum
Apricot Prunus armeniaca
Grapefruit (pink) Citrus paradisi
Guava (pink) Psidium guajava
Watermelon Citrullus tanatis

Minor food sources of lycopene in the American and European diet

Bitter melon Momordica charantia
Carrot Daucus carota
Cloudberry Rubus chamaemorus
Cranberry Vaccinium vitis
Date Palm Phoenix dactylifera
Eggplant Solanum melongeria
Grape Vitis vinifera
Mango Mangifera indica
Papaya Carica papaya
Peach Prunus persica
Sweet Pepper Capsicum annuum
Persimmon Diospyros kaki
Plum Prunus domestica
Pumpkin Cucurbita pepo
Rutabaga Brassica napus napobrassica
Tea Camellia sinensis
Turnip Brassica rapa rapa
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However, some foods contain cis-isomers. At least 90% of the lycopene found in tan-
gerine tomatoes (Lycoperison esculentum var. Tangella) is the tetra-cis isomer (7Z,
9Z, 7′Z, 9′Z)-lycopene (Zechmeister,1941; Clough and Pattenden, 1979; Hirota et
al., 1982). Many common forms in human blood and tissues are also cis isomers: 9-
cis, 13-cis, and 15-cis lycopene.

Lycopene is found in a relatively small number of foods, most of which are pink
or red fruits (Beecher, 1998; United States Department of Agriculture, 2000). Most
of these fruits are native to the tropics (guava), or to the New World
(http://www.tomato.org, 1/3/2002). 

Lycopene was not a common phytonutrient in the diet of most people until mod-
ern times. However, millions of people eat lycopene regularly now. One of the rich-
est sources of lycopene is also one of the world’s largest crops, the tomato. California
alone grows and processes over 11 million tons of tomatoes per year
(http://www.tomato.org, 12/13/2000).

All forms of lycopene are brightly colored pigments, varying from orange to red.
Aside from its presence in fruits and vegetables, lycopene tints the lobster shell,
some fish scales and bird feathers, and some of the most colorful flowers found in
nature. 

POTENTIAL FUNCTIONS OF LYCOPENE IN THE HUMAN BODY

Like essential nutrients, lycopene is not made in the human body; however,
unlike essential nutrients, lycopene does not seem to have a unique, irreplaceable
function. Historically, millions of people survived without eating lycopene, since
lycopene would have rarely been a part of pre-Columbian European and Asian diets.
No known reduction of disease or increase in lifespan has been associated with the
introduction of lycopene-rich foods into an area. No human study has shown a char-
acteristic or identifiable physiological consequence from lycopene deprivation; how-
ever, this is not surprising, since no study has ever been designed to identify a char-
acteristic deficit caused by lycopene deprivation. Stronger evidence is that no in vitro
or in vivo experiment has shown any evidence for a unique or irreplaceable function.
Lycopene is associated with antioxidant status (Sies and Stahl, 1998; Stahl et al.,
1998), gap-junction formation (Bertram et al., 1991; Stahl et al., 2000), and inhibi-
tion of cholesterol synthesis (Aviram and Fuhrman, 1998; Fuhrman et al., 1997). We
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TABLE 11.2
Common Flowers Containing Lycopene

Calendula
Damask rose
Red bryony

Saffron
Rose
Yew
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do not know whether other phytonutrients, such as beta-carotene, can replace
lycopene, but it seems likely. Thus, it is very unlikely that lycopene is a classic,
“essential nutrient.” 

Many phytonutrients that do not have unique, irreplaceable functions are impor-
tant because they help preserve human health and well being. Hundreds of epidemi-
ological studies have shown that people who eat greater than average amounts of
phytonutrients from fruits and vegetables have lower risks of premature death from
cancer and heart disease than people who eat fewer servings (Frei, 1995; Sengupta
and Das, 1999; Ziegler, 1991). One of the largest and most consistent differences
between people who eat greater or lesser amounts of fruit and vegetables is a differ-
ence in the amount of carotenoids they consume. And the carotenoid found in high-
est concentrations in people in the United States is lycopene (Ford, 2000).

Although most of the research on lycopene has centered on its antioxidant func-
tion, it also has a direct impact on cholesterol synthesis. Cholesterol homeostasis is
maintained through feedback regulation of cholesterol biosynthesis and LDL-recep-
tor activity. Cholesterol is synthesized by the mevalonate biosynthesis pathway. 3-
hydoxy-3-methylglutaryl coenzyme A (HMGCoA) reductase controls the rate-limit-
ing step in mevalonate biosynthetic pathway to cholesterol. Lycopene (and beta-
carotene) are synthesized from mevalonate and share early synthesis steps with cho-
lesterol. Therefore, these carotenoids could inhibit cholesterol synthesis, by compet-
itively inhibiting the activity of HMGCoA reductase. Preliminary studies support the
existence of this negative feedback loop: increased beta-carotene or lycopene con-
centrations suppress cholesterol synthesis and increase the removal of LDL from the
plasma (Aviram and Furhman, 1998; Furhman et al., 1997). 

Gap junctions function in cell-to-cell communication, by bridging cell walls and
allowing the communication of small molecules between cells (Bertram et al., 1991;
Krutovskikh et al., 1997; Stahl et al., 2000; Zhang et al., 1992). Connexin43, impor-
tant in cell-to-cell communication, is initiated by a variety of carotenoids, including
lycopene. The mechanism for this enhancement does not appear to be related to
lycopene’s antioxidant function, but instead is independent of it (Zhang et al., 1992).
However, although gap-junction formation is necessary for normal cell growth and
differentiation, lycopene does not appear to be a very potent initiator (Krutovskikh
et al., 1997). Therefore, its role in gap-junction formation has not been established. 

The first identified function of lycopene was immunological (Lingen et al.,
1959). Research that is more recent has shown that lycopene can function in choles-
terol metabolism and gap-junction formation, but none of these roles has been stud-
ied extensively. Most studies of lycopene and human health have focused on the
antioxidant properties of lycopene (di Mascio et al., 1989; Lowe et al., 1999; Riso et
al., 1999; Sies and Stahl, 1998; Stahl et al., 1998).

ANTIOXIDANTS IN HEALTH AND DISEASE

Lycopene is a powerful antioxidant (di Mascio et al., 1989; Sies and Stahl, 1998;
Torbergsen and Collins, 2000). Although oxygen is essential to human life, it is also
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destructive. Rust and rot are both oxidative mechanisms. Many human tissues are
also susceptible to oxidation, especially those containing polyunsaturated fats.
Exposure to environmental pollutants such as smoking, smog, and irradiation
increase oxidation. In fact, most scientists believe that oxidative damage is a major
factor in most degenerative diseases of aging, such as heart disease, cancer, and mac-
ular degeneration. During life, our tissues would be susceptible to similar processes,
except for the intervention of a variety of antioxidants. The antioxidant defense sys-
tem is a network of vitamins (C, E), minerals (selenium, copper), phytonutrients
(beta-carotene, lycopene, lutein), and biological products (bilirubin, coenzyme Q10)
that protect tissues from oxidative damage (Jacob and Burri, 1996).

Lycopene is an especially powerful antioxidant because its multiplicity of con-
jugated double bonds makes it a good quencher of free radicals. Lycopene is also
usually one of the most common carotenoids in the blood serum. Therefore, it can be
an important part of the antioxidant defense system.

CELL CULTURE AND ANIMAL STUDIES THAT SHOW LYCOPENE MAY
PREVENT CANCER

Recent experiments suggest that lycopene may function as an anticancer agent
(Rauscher et al., 1998, Tinkler et al., 1994). In vitro studies showed that lycopene
inhibited the growth of human leukemic (Amir et al., 1999), endometrial, lung, and
mammary cancer cells (Karas et al., 2000; Lowe et al., 1999). In some cases,
lycopene is more effective than either alpha- or beta-carotene (Levy et al., 1995,
Tinkler et al., 1994). Animal studies have shown that liver (Astorg et al., 1997;
Matsushima-Nishiwaki et al., 1995); brain, colonic (Narisawa et al., 1996; Narisawa
et al., 1998), and mammary (Sharoni et al., 1997) tumorigenesis could be inhibited
by lycopene (Bertram et al., 1991; Clinton, 1998). Experiments in rats and mice typ-
ically show that lycopene concentrates or pure lycopene can delay cancer progres-
sion. Of course, not all results reported have been positive. A lesser number have
shown little or no benefit from lycopene supplements (e.g. Cohen et al., 1999). 

HUMAN EPIDEMIOLOGICAL AND CASE-CONTROL STUDIES FOR
LYCOPENE

Large epidemiological studies have shown that people who eat tomato products
experience lower rates of cancer (Weisburger, 1998) and heart disease (Klipstein-
Grobusch et al., 2000; Kohlmeier et al., 1997; Kristenson et al., 1997). Many epi-
demiological and case-control studies suggest that tomatoes, or lycopene, can delay
or prevent certain types of cancers (Giovannuci et al., 1995; Jordan et al., 1997; de
Stefani et al., 2000; Palan et al., 1996). Promising results have been found for cervi-
cal (Batieha et al., 1993) and breast (Dorgan et al., 1998; London et al., 1992) can-
cer.   

The most studied interaction — and probably the most promising results — are
against prostate cancer (Gann et al., 1999; Giovannucci et al., 1995; Hsing et al.,
1990; Kristal and Cohen, 2000; Norrish et al., 2000; Rao et al., 1999). Estimates of
lycopene consumption in these studies can be better predictors of prostate cancer risk
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than beta-carotene or total carotenoid consumption. Prostate cancer is a common and
increasing medical problem (Carter and Coffey, 1990; Garnick and Fair, 1998),
therefore, identifying a phytonutrient that may delay its onset would be useful.

There have been no clinical trials published on lycopene intervention, but several
interventions have looked at preliminary biomarkers. For example, studies have
reported that tomato consumption increased DNA protection from oxidation (Porrini
and Riso 2000); and that tomato juice (Uprichard et al., 2000) or tomato oleoresin, a
semipurified source of lycopene, decreased lipoprotein oxidation (Agarwal and Rao,
1998). Other studies have shown no effect from dietary supplements (Dugas et al.,
1999) or tomato consumption (Pellegrini et al., 2000). 

The fact that most lycopene in the diet comes from tomatoes and tomato prod-
ucts has had both beneficial and deleterious impact on research. It has been benefi-
cial, because it is probably easier and more accurate to get good dietary intake esti-
mates or food records when only a few foods are important. Furthermore, tomatoes
are generally not hidden nutrients, as flour, salt, and sugar might be. Typically, when
we eat tomato products we know that they contain tomatoes. Better and easier esti-
mates of dietary intakes should lead to better nutrition research based on these esti-
mates. Although lycopene is found in foods other than tomatoes, these foods are
eaten rarely by most people. Substituting tomatoes for lycopene does not give a sig-
nificantly biased result for people eating typical European or Western diets. Further,
tomatoes are eaten by most ethnic groups, and cut across most cultures and lifestyles.
For example, eating raw tomatoes in salads is associated with healthy lifestyles,
while eating cooked tomato sauce on pizza (a better vehicle for lycopene) is associ-
ated with bad diets. So, unlike most phytonutrient-rich foods, tomatoes are probably
not a surrogate for a healthy lifestyle, good income, increased education, or health
consciousness.  

Unfortunately many epidemiological studies have been conducted and reported
as if ‘tomato’ and ‘lycopene’ were equivalent terms; however, a tomato is a complex
entity, not a single phytonutrient. Tomatoes also provide substantial amounts of vit-
amin C and other carotenoids including beta-carotene, phytofluene, zeta-carotene,
gamma-carotene, neurosporene, and phytoene. A recent study demonstrated that
phytofluene is more bioavailable than expected based on its concentrations in toma-
toes (Paetau et al., 1998). This suggests that phytofluene might play a role in pro-
tecting human health. Beta-carotene and vitamin C both have known biological func-
tions. Furthermore, tomatoes are good sources of fiber and potassium. Thus, the
functions hypothesized for lycopene from epidemiological studies may actually be
associated with an unrelated phytonutrient.  

BETA-CAROTENE: WHAT IT IS, GOOD FOOD SOURCES

Beta-carotene is a carotenoid with the many conjugated double bonds seen in
lycopene, forming a connected double-ring structure. Beta-carotene plays a crucial
role in human health, since it is the major source of vitamin A for most of the people
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throughout the world (Burri, 1997). It is a bright orange pigment found in a variety
of vegetables and fruits, with a much wider distribution than lycopene. Although it
is present in hundreds of dark-green vegetables, the most concentrated sources of
beta-carotene are carrots, squash, pumpkin, and mangos (United States Department
of Agriculture, 2000).  

CELL CULTURE AND EPIDEMIOLOGICAL STUDIES OF 
BETA-CAROTENE, CANCER, AND HEART DISEASE

Over 250 epidemiological studies of cancer or heart disease risk have shown that
high dietary intakes of beta-carotene rich fruits and vegetables were associated with
lower risk of premature disease and death (Ziegler, 1991). Beta-carotene was linked
to the prevention of cancer, heart disease, macular degeneration, and premature
aging in these studies (Burri, 1997; Erdman et al., 1996). Cell culture, animal,
human, and in vitro studies showed that beta-carotene was an effective antioxidant
(Dixon et al., 1998; Dugas et al., 1999; Lin et al., 1998; Lowe et al., 1999).
Furthermore, it was more powerful in gap-junction formation than lycopene
(Bertram et al., 1991; Zhang et al., 1992), and inhibits cholesterol synthesis by the
same mechanism as lycopene (Aviram and Fuhrman, 1998; Fuhrman et al., 1997).  

BETA-CAROTENE AND THE CANCER TRIALS: CAUTIONS FOR
LYCOPENE RESEARCH

The overwhelmingly positive data from these experimental and epidemiological
studies led to a series of clinical trials using purified beta-carotene supplements
(Alpha Tocopherol Beta Carotene Cancer Prevention Study Group, 1994, Blot et al.,
1995; Hennekens et al., 1996; Omenn et al., 1996) in an effort to delay cancer inci-
dence (Table 11.3); however, these clinical trials have been very disappointing.
While some studies showed no difference, others had adverse effects. 
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TABLE 11.3
Beta Carotene Phase III Trials

Trial Dosage (per day) Results

PHS 25 mg BC none
ATBC 30 mg BC harm
CARET 30 mg BC + 25 mg retinoid discontinued (potential harm)
Linxian 15 mg BC + Se + vitamin E benefit

Note: PHS = Physician’s Health Study (Hennekens, C.H., et al., NEJM, 1996; 334:1145.With permission.);
ATBC = Alpha-Tocopherol Beta-Carotene Study (Alpha-Tocopherol Beta-Carotene Cancer Prevention
Study Group, NEJM, 1994; 330:1029. With permission.); CARET = Carotene and Retinoid Study
(Omenn, G.S., et al., J. Natl. Cancer Inst., 1996; 88:1550. With permission.); Linxian = Linxian Study
(Blot, W.J., et al., Am. J. Clin. Nutr., 1995; 62:14245. With permission.); BC = beta-carotene, Se = sele-
nium
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Unfortunately, most clinical trials of beta-carotene were conducted by feeding
high dosages of purified beta-carotene to well-fed individuals with easy access to
beta-carotene-rich foods. For example, in the Physician’s Health Study middle-aged
and elderly male medical doctors ate a supplement containing approximately ten
times the median dietary intake of beta-carotene, provided in a highly bioavailable
form. No significant differences, positive or negative, between the treatment and
control group occurred (Hennekens et al., 1996). Other clinical trials fed even larger
amounts of beta-carotene, or beta-carotene plus retinol to Finnish smokers, or U.S.
smokers and asbestos workers (Alpha Tocopherol Beta Carotene Cancer Prevention
Study Group, 1994; Omenn et al., 1996). These trials indicated that high doses of
beta-carotene were harmful. Smokers and asbestos workers who ate the beta-
carotene supplements had higher rates of cancer than the control group. However, a
clinical trial of a mixed antioxidant supplement containing lower dosages of beta-
carotene (plus selenium and vitamin E) given to marginally malnourished adults in
Linxian China showed positive results (Blot et al., 1995). In this poorly fed group of
adults, moderate antioxidant supplementation decreased cancer risk and death.

The dosage of beta-carotene selected, the other nutrients provided, and the pop-
ulations studied may all have made a difference between success and failure in these
trials. In fact, clinical trials for many nutrients are problematic, because they may
give significant results for one population and not another. Nutrient interventions
generally only give good results if the amount of the nutrient that is beneficial is
higher than typical dietary intakes. Studies that deplete people of nutrients can be dif-
ficult and expensive, but they identify physiologically important functions with more
certainty.

CAROTENOID DEPLETION STUDIES

Carotenoid depletion trials, where well-fed people are fed foods low in lycopene
and other carotenoids, should give a clearer picture of whether, and when,
carotenoids such as lycopene might have important physiological functions.
Unfortunately, there have only been a few studies of carotenoid depletion on oxida-
tive damage, and none on gap-junction formation or cholesterol metabolism. All of
these studies have shown deleterious increases in oxidative damage during depletion
(Burri, 1997; Burri et al., 1999; Dixon et al., 1998; Lin et al., 1998). 

We used the information from a well-controlled double-blind placebo-controlled
carotenoid-depletion study to estimate the effective range of beta-carotene in the
antioxidant defense system. The study population was healthy adult women who
lived on our metabolic unit for 120 days. They ate foods low in carotenoids, but that
provided adequate nutrients and energy. We measured serum retinol and carotenoid
concentrations, and conducted several tests to assess oxidative damage (malondi-
aldehyde-thiobarbituric acid concentrations and reactive carbonyls). We analyzed
results by fitting a random regression coefficient model to the data. The saturation
point was extrapolated similarly to a low-dose extrapolation in dose-response analy-
sis. The maximal protection of low-density lipoproteins from oxidative damage
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occurred at serum concentrations of 2.3 ± 1.6 micromoles/L. These serum concen-
trations are provided by intakes of 10 to 18 micromoles/day of carotenoid (Lin et al.,
1998). Thus, maximal protection from oxidative damage occurs at relatively low
carotenoid concentrations that are easily attained by eating the recommended num-
ber of servings of fruits and vegetables per day. Higher dosages of carotenoids (15
mg/day, about half the dosage used in the Phase III trials) normalized oxidative dam-
age in depleted subjects but did not improve it over baseline values.  

Our results suggest that maximal protection against oxidative damage is pro-
vided by relatively modest intakes of carotenoids. It follows that carotenoid trials
that feed small amounts of beta-carotene to people who eat diets low in fruits and
vegetables (similar to the Linxian trial; Blot et al., 1995) may be more successful
than the clinical trials that fed large amounts of beta-carotene to well-fed people. 

FUTURE DIRECTIONS FOR LYCOPENE STUDIES

These results have implications for lycopene research. The most obvious impli-
cation relates to any clinical trial planned to test the effect of lycopene supplements
on cancer or heart disease. Normally, Phase III clinical trials are considered the gold
standard of human research experiments; however, clinical trials were designed to
test new drugs. Ideally, the control group in a clinical trial has never taken the drug,
has no access to it, and will not be able to take it during the trial. Meanwhile, the
intervention group takes the drug in amounts that have already been estimated to be
safe and effective in smaller studies. This is not possible for most phytonutrients,
including lycopene. A plentiful source of lycopene—tomatoes—is inexpensive,
available, and commonly eaten in large quantities already. The control groups avail-
able for most clinical studies of lycopene, then, has eaten and will continue to eat
variable and sometimes very large amounts of lycopene on an irregular but frequent
basis. To get good comparisons between the control and treatment groups, the treat-
ment group would have to eat enough lycopene to raise its levels high above back-
ground lycopene intakes. Further, the amount of lycopene fed to the treatment group
might have to be based on an amount of lycopene large enough to separate it from
the control group, and not on scientific estimates of the safe and effective dose.
Similar to beta-carotene, experiments already suggest that lycopene may be an
effective antioxidant only at relatively low concentrations (Lowe et al., 1999).  

Thus, clinical trials are likely to show positive results for lycopene only if the
amount of lycopene that is beneficial is significantly and substantially more than the
typical baseline intakes of lycopene. In many communities in the U.S. and through-
out the world, these intakes would have to be very high; several large servings of
tomatoes a week. There is no convincing evidence that these high dosages are nec-
essary to attain any health benefits lycopene could provide. Unfortunately, the higher
the intake of lycopene in the treatment group, the more likely the dosage will exceed
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its safe upper limit of intake. It might be given at such high levels in clinical trials
that deleterious side effects of the high dosage would predictably outweigh the ben-
efits.

A broader implication is that forcing useful but nonessential nutrients like
lycopene to meet the definitions and tests set up for essential nutrients can give bad
results, and hamper research and education. Experiments that worked well for essen-
tial nutrients may not be suitable for nutrients that are useful, but replaceable. If a
nutrient is useful but not essential, if it can be replaced, then it will be replaced in
some people. Thus, some people will benefit from the phytonutrient, while others
will not.

We know that lycopene appears to be useful, but not essential. However, we do
not know yet what nutrients, or combination of nutrients, might replace it. We do not
know how much lycopene is useful, or under what circumstances these amounts may
change. We have not identified the populations that might benefit from lycopene.
Finally, we do not know how completely lycopene may be replaced, how simply and
easily. To use an analogy: a person who loses their right hand can learn to use their
left hand for all critical functions, so that it would be difficult to prove scientifically
that they needed their right hand. Still, two hands make life’s functions much sim-
pler and easier. Similarly, lycopene could be replaced by other phytonutrients to the
extent that no essential functions could be reliably identified through scientific
experiments, yet still not be entirely and reasonably replaced.

Suppose all the functions normally done by lycopene could be replaced by an
equivalent amount of beta-carotene. That substitution is simple and reasonable. We
could make dietary recommendations for carotenoid-rich foods, instead of making
separate recommendations for beta-carotene-rich foods and lycopene-rich foods. On
the other hand, suppose all the functions could be replaced, but only with ten times
as much beta-carotene, plus increased vitamin E and vitamin C. The replacement is
neither simple nor especially reasonable. It would usually be easier to recommend
lycopene-rich foods instead of the foods that could replace it.      

Lycopene, lutein, wine solids, garlic and onions, soy, and many other phytonu-
trients may be beneficial to some populations in physiological concentrations. Our
experience with beta-carotene suggests we should treat this phytonutrient with cau-
tious optimism; however, we need to improve and target our phytonutrient interven-
tion studies to get better results. More basic research on what lycopene does, how
much lycopene appears to be beneficial, who might benefit, and what other phyto-
chemicals can replace it are critical. Ideally, this should be determined before many
more lycopene intervention trials are planned. Hopefully, future trials will also
explore more mechanisms than oxidative damage, and will investigate the role of
lycopene in cholesterol synthesis and gap-junction formation. Meanwhile, setting up
clinical interventions with relatively low supplements of lycopene (similar to that
provided by a slice of pizza or serving of tomato sauce) targeted to people eating low
amounts of carotenoids are unlikely to do harm and may be beneficial.
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INTRODUCTION

Carotenoids are predominantly produced by photosynthetic plants, algae, bacte-
ria, and some fungi (Britton et al., 1995; Weedon, 1971). The functions of

carotenoids in photosynthesis are: 1) to intercept and quench the excited triplet-state
chlorophyll molecule preventing the generation of singlet oxygen and 2) to serve as
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accessory pigments absorbing light in the blue region of the visible light spectrum
where chlorophyll is an inefficient absorber (Goodwin, 1980; Krinsky, 1971). In
higher plants, carotenoids function in the zeaxanthin cycle, which is responsible for
regulating the extent that blue light is converted into chemical energy by the photo-
synthetic process (Demmig-Adams et al., 1996). A host of other essential or sub-
sidiary functions are known or postulated for carotenoids in plants, including the
important functions of leaf, flower, and fruit coloration (Goodwin, 1980). The
process of evolution has refined photosynthesis for a period of more than one billion
years during which a wide diversity of naturally occurring carotenoids have devel-
oped specialized roles in the many plant and algal species. Nearly 1000 structurally
distinct carotenoids that are natural products have been isolated from living systems
(Straub, 1987). The total global biosynthesis of carotenoids is estimated to be in
excess of 100 million tons per year (Britton et al., 1995). Higher animals are unable
to synthesize carotenoids but, nevertheless, have developed a dependence on these
compounds for a range of functions.

Primarily because of the limited number of carotenoids that are present in the
dominant food plants, higher animals and humans consume only a small fraction of
the known natural carotenoid structural types (Khachik et al., 1991). In human serum
there are as many as 50 carotenoids, but only half a dozen or so are normally present
in percentages exceeding 5–10% (Khachik et al., 1995; 1992). These include α- and
β-carotene, lycopene, β-cryptoxanthin, lutein, and zeaxanthin. Figure 12.1 shows the
typical composition of the carotenoids extracted from human serum in the U.S.
These carotenoids are all fairly abundant in varying quantities in the green and yel-
low vegetables, and red and orange fruits (Klaüi and Bauernfeind, 1981). The hydro-
carbon carotenoids, α- and β-carotene, and lycopene have received intense scrutiny
because of their abundance and potential or proven functions in animal physiologi-
cal processes, including provitamin-A status. It is the xanthophylls, oxycarotenoids,
that are the focus of our attention.

β-Cryptoxanthin, lutein, and zeaxanthin are the major, although not exclusive,
oxycarotenoid components of human serum. With the exception of β-cryptoxanthin,
these are not provitamin A carotenoids because of the functional oxygen groups pre-
sent in their structures. There is a keen interest in defining what their functional sig-
nificance may be. It is important to understand to what extent these compounds indi-
vidually or collectively contribute to optimal human health, and whether they do so
by uniquely serving one or more vital physiological functions within one or more tis-
sues. We include in our discussion the naturally abundant oxycarotenoid astaxanthin,
and while it is a minor or perhaps more accurately an occasional component in the
human diet, it has been identified as an especially effective antioxidant (Martin et al.,
1999).

A question that naturally arises as part of this discussion is: What criteria estab-
lish when a dietary component, an oxycarotenoid in this instance, serves an essential
functional role within a biological system? We might also ask: What criteria estab-
lish when a nonessential dietary component confers benefits that are significant to
optimal health? Clearly, there are simplistic answers to each question, but it is
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equally clear that an in-depth understanding of the human physiology of the oxy-
carotenoids will be essential for the development of comprehensive answers as they
apply to each specific carotenoid.

Important criteria which determine whether carotenoids individually or collec-
tively are required by humans for normal, optimal health can be itemized Table 12.1.
An essential dietary component must be universally present in all human popula-
tions. This is a surprisingly high hurdle to overcome and the conclusive data needed
are not currently available for all human populations, much less for all carotenoids.
The American dietary intake of carotenoids is not necessarily representative of that
of other human populations. Therefore we cannot conclude that the carotenoids char-
acteristically observed in human serum in the U.S. will be universally seen in all pop-
ulations throughout the world.  The seasonal availability of vegetable sources of
carotenoids and the diversity of diets around the world add to the challenges of such
investigations. Even if it is accepted that a dietary component is universally available
in the human diet, there remains a considerable amount of physiological evidence
required to establish unambiguously that it has an essential, functional role. The abil-
ity of humans to accumulate a carotenoid from the dietary sources at concentrations
that are significant to a proposed function in a specific tissue, or cell types within a
given tissue, must be established. Accumulation of a carotenoid in specific identifi-
able tissues, or cell types, by active transport is strongly supportive of the argument
that the carotenoid serves a functional role, but passive nonspecific accumulation
does not argue against the possibility of required function. That a given carotenoid is
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Figure 12.1 The concentrations of the principal carotenoids in human serum.
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essential ultimately must be established by the associated pathology or dysfunctional
condition that occurs in its absence. 

Whether or not any of the oxycarotenoids found in humans unambiguously
meets these requirements remains to be established. As we briefly review the role of
the four title carotenoids, we should look for not only evidence that they may play an
essential, functional role, but also evidence that they may play a more vague non-
specific, yet nevertheless functional and advantageous, role in human physiology. 

ASTAXANTHIN

Astaxanthin is an abundant oxycarotenoid (Structure 12.1). It is found in green
algae and in the plumage of many birds including the flamingo. It is bound to the
carotenoproteins present in the carapace of crustacea, and it is present in the flesh of
salmon (Britton, 1983). Salmon is certainly a well known, but occasional, human
source of astaxanthin. Astaxanthin is not found in common food plants and conse-
quently is not a regular dietary carotenoid. Nor is it found in detectable levels in nor-
mal human serum. In many animals astaxanthin is produced through a biosynthetic
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TABLE 12.1
Evidence Needed to Establish a Functional Requirement for Carotenoids in Humans Must
Satisfy Three Criteria

1. The carotenoid must be universally available in the diet of all human populations.

2. The carotenoid must be accumulated (either by active or passive transport) at con-
centrations consistent with the proposed function.
A. Evidence of active transport
B. Identification of regional sites of accumulation within specific tissues or 

subcellular organelles

3. Evidence must exist that a pathological condition is associated with a deficiency of
the carotenoid.
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pathway from β-carotene, lutein, or zeaxanthin. There is no evidence that this path-
way exists in humans (Scheidt, 1990). 

Martin et al. and others have shown that astaxanthin is a highly effective antiox-
idant carotenoid in vitro (Martin et al., 1999; Terao et al., 1989; Woodall et al., 1997;
Rengel et al., 2000; Miki, 1991). The antioxidant behavior of many carotenoids is
characterized by a U-shaped graph (Figure 12.2). The rate of substrate oxidation
decreases with increasing carotenoid concentration up to a concentration that is
roughly 1 mM, but reverses and increases at higher concentration. This is typical of
carotenoids such as β-carotene, which are designated mixed antioxidant/prooxidant,
and the extent of the prooxidant upturn is dependent upon oxygen partial pressure.
Astaxanthin is a pure antioxidant and lacks the right-hand arm of the U-curve at high
carotenoid concentrations. 

It has been suggested that interception of peroxy radicals and singlet oxygen by
astaxanthin could be more effective than β-carotene, particularly in tissues where
oxygen partial pressures are high. Astaxanthin has been regarded as having excep-
tional antioxidant properties. The relative antioxidant ability of several carotenoids
is shown in Figure 12.3 (Martin et al., 1999). The high antioxidant ability of astax-
anthin is ascribed to the presence of two keto groups at the 4 and 4’ positions. These
are conjugated to the polyene chain of the carotenoid through the 5,6 and 5’,6’ dou-
ble bonds in the respective ionone rings. Several investigations using animal models,
and a few investigations in humans, have been conducted to determine the ability of
astaxanthin to function as an antioxidant.
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Figure 12.2 These qualitative curves illustrate the comparative antioxidant abilities of 
β-carotene and astaxanthin. The U-shape of the β-carotene curve (dashed) at high partial pres-
sures of oxygen seen here is consistent with antioxidant function at low carotenoid concen-
trations. This function undergoes a transition at higher concentrations of oxygen to participate
in chain-propagating oxidation steps characterized by an increased rate of substrate oxidation.
At low partial pressures of oxygen, β-carotene (dotted) shows little prooxidant behavior.
Astaxanthin (solid) is almost independent of the oxygen partial pressure. (Adapted from
Martin, H.D. et al., Pure Appl. Chem., 71, 2253–2262, 1999. With permission.)
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HUMAN STUDIES

There is little published work documenting the role of astaxanthin in humans.
Humans fed supplemental astaxanthin accumulate the carotenoid in the lipoproteins
present in circulating blood. Serum levels of astaxanthin peaked at 1.2 µg/mL 6
hours after supplementation of subjects with a 100 mg dose of astaxanthin (Østerlie
et al., 1999). 13-Z-astaxanthin was preferentially absorbed relative to all-E or the 
9-Z isomers. The effect of geometrical isomerism on solubility may play a role in
determining the extent of absorption in humans. The astaxanthin was equally dis-
tributed between the lipoprotein fractions (HDL, LDL, and VLDL) within the serum.
(It should be noted that this is an extraordinarily large dose of carotenoid when com-
pared to natural dietary intake for other carotenoids.) Astaxanthin has also been
administered to Heliobacter pylori-positive nonulcer dyspeptic patients. A 21-day
period of treatment of 10 patients with 8 mg of astaxanthin 5 times per day resulted
in improvement of heartburn symptoms (8 of 10) and epigastric pain symptoms (7 of
10) at the end of an 8-week assessment period (Lignell et al., 1999).  

ANIMAL STUDIES

Similarly, H. pylori-infected mice responded to astaxanthin treatment with a
reduction in gastric inflammation (Bennedsen et al., 1999). Mice given astaxanthin
also showed increased cytokine release from splenocytes. Nishino et al. have studied
the ability of astaxanthin to inhibit spontaneous liver tumorigenesis in C3H/He mice
(Nishino et al., 1999). Fifteen control mice were compared to an equal number of
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Figure 12.3 Relative antioxidant ability of β-carotene, lycopene, zeaxanthin, and astaxanthin
illustrating the greater ability of carotenoids with oxygen functionalities to effectively disrupt
the chain-propagation mechanism of peroxy radical oxidation. (Adapted from Martin, H.D. et
al., Pure Appl. Chem., 71, 2253–2262, 1999. With permission.)
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mice treated with astaxanthin (0.2 mg in 0.2 mL of corn oil, intragastric lavage, 3
times per week for 40 weeks). They found that treatment reduced the number of
tumors from 0.87 in controls to 0.27 in treated animals (p < 0.05). The percentage of
mice with tumors decreased from 53% in controls to 27% in treated animals. Chew
has reported that astaxanthin was effective in limiting the growth of mammary
tumors in mice (Chew et al., 1999). Tso and Lam treated rats with astaxanthin and
found that they were less prone to photic damage than control animals, implying
uptake of astaxanthin within the rat retina (Tso and Lam, 1996). Bendich reports that
treatment of rats with astaxanthin produced an increase in HDL levels within the
blood (Bendich, 1990).  

These results are suggestive that the in vivo antioxidant function of astaxanthin
may exert a positive influence on health status. Astaxanthin is clearly not an essen-
tial dietary component, nor does it have a normal functional role in humans, or for
that matter, most animals. It nevertheless may be able to significantly reduce free
radical damage in some tissues and its influence and effects should be further inves-
tigated. It is important to determine effects of different astaxanthin dosages, to what
tissues astaxanthin is transported, and to what levels it accumulates in tissues.

β-CRYPTOXANTHIN

HUMAN STUDIES

β-Cryptoxanthin is an asymmetrically substituted hydroxycarotenoid (Structure
12.2). Tangerines, mangoes, and red bell peppers are some of the common human
food sources rich in β-cryptoxanthin (Scott and Hart, 1994). Other more common
food substances including corn also contain β-cryptoxanthin, although at lower lev-
els. Based upon an estimated average human dietary intake of about 0.03 mg/day of
β-cryptoxanthin for the American population, it appears that this carotenoid is more
effectively absorbed than other major serum carotenoids. Normal serum levels of 
β-cryptoxanthin are ca. 0.15 µg/mL (Khachik et al., 1992). It would appear, at least
in the American population, that β-cryptoxanthin is a universal component of the diet
and consequently the serum as well. Humans are not known to accumulate 
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β-cryptoxanthin specifically in any particular tissue, and it is not identified with any
known deficiency or physiologic disorder. On the basis of these data, it would be
hard to argue that β-cryptoxanthin serves a uniquely essential function in humans. It
is well known, however, that β-cryptoxanthin is a provitamin A carotenoid and is
readily converted into 1 equivalent of vitamin A by cleavage between the 15 and 15’
carbons (Bauernfeind et al., 1971). In addition, it has been identified as one of the
xanthophylls present in human skin where it may be protective against sunburn
(Stahl et al., 1999).

A very interesting and potentially significant report demonstrates that β-cryp-
toxanthin functions as an antioxidant. Incubation of cultured human lymphocytes
with β-cryptoxanthin was followed by treatment with H2O2 and subsequently
assayed for DNA damage using the Comet Assay (Astley et al., 1999). The Comet
Assay detects single-strand breaks in the DNA resulting from peroxy radical attack.
The conclusion of these investigators was that β-cryptoxanthin, as well as β-carotene
and lutein, increases DNA resistance to H2O2 attack, and increases the repair rate for
single-strand breaks induced by H2O2. In a similar study of 37 women by Haegele et
al., serum β-cryptoxanthin concentration was inversely correlated with the level of
8-hydroxy-2’-deoxyguanosine (a product of DNA oxidation) detected in human
lymphocytes isolated from serum and urine samples (Haegele et al., 2000). 

There have been no human studies that document supplementation with purified
β-cryptoxanthin, but several epidemiological studies show an association exists
between serum or dietary levels of β-cryptoxanthin and disease conditions. In a study
conducted by Franke et al., the association between a number of serum components,
including carotenoids and thiobarituric acid-reactive substances (TBA-RS), was
investigated (Franke et al., 1994). (TBA-RS are considered to be a measure useful in
estimating lipid peroxide levels, which in turn are implicated as the cause of cellular
oxidative damage including DNA cleavage and lipid peroxidation.) Their study indi-
cates that there is a statistically significant inverse correlation between TBA-RS and
several carotenoids, including β-cryptoxanthin (r = -0.38, p = 0.006), lutein/zeaxan-
thin (r = -0.61, p = 0.0001), and α- and β-carotene (r = -0.67, p = 0.0001). 

β-Cryptoxanthin intake has been observed to be inversely associated to the inci-
dence of lung cancer (Voorrips et al., 2000). In another study, carotenoid levels in
lymphocytes from lung cancer patients were compared to those in healthy subjects
(Schut et al., 1997). They observed a statistical association between reduced levels
of lutein, lycopene, and α-carotene and lung cancer, but not between β-cryptoxan-
thin and lung cancer. In 528 elderly Dutch subjects studied, no association between
lung function and serum β-cryptoxanthin was observed, though associations were
observed with α- and β-carotene and lycopene (Grievink et al., 2000). 

In a study of Crohn’s disease, a chronic intestinal inflammatory condition, a
group of 28 patients was compared to a control group of 23 healthy subjects. In the
study, Crohn’s disease was found to correlate with statistically lower levels of lutein,
zeaxanthin, α-, and β-carotene, but not β-cryptoxanthin (Rumi et al., 2000). In cord
blood samples obtained from 96 infants it was observed that β-carotene levels, but
not β-cryptoxanthin or retinol, were lowered by maternal smoking (Moji et al.,
1995). Among breast cancer patients (n = 266) studied in India, lowered levels of 
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β-cryptoxanthin and other carotenoids were observed compared to levels in healthy
subjects (Ito et al., 1999). For cirrhosis patients (n = 18), compared to controls 
(n = 20), a decrease of β-cryptoxanthin was observed in both serum and liver tissue
for the former (p < 0.01) (Leo et al., 1993). (It was noted that cirrhosis patients hav-
ing normal serum levels had depleted liver carotenoid levels, suggesting that cirrho-
sis interferes with liver uptake of carotenoids and normal carotenoid metabolism.) 

In an investigation of the influence of alcohol on serum carotenoid levels, no
statistical effect was detected between serum carotenoids (including β-cryptoxan-
thin) in alcholics (n = 95) before or after withdrawal from alcohol consumption or
in comparison with control subjects (n = 118) (Lecompte et al., 1994). For women
having high-risk type human papilloma virus, the adjusted mean concentration of
serum carotenoids including β-cryptoxanthin was on average 24% lower for those
in the highest risk categories (Guiliano et al., 1997). Among elderly patients with
type II diabetes, serum levels of the carotenoids β-cryptoxanthin (p < 0.02), β-
carotene (p < 0.01), and lycopene (p < 0.002) were inversely associated with age
(Polidori et al., 2000). 

ANIMAL STUDIES

The direct influence of β-cryptoxanthin intake on the development of colon
tumors has been studied in F344 rats (Narisawa et al., 1999 ). N-methyl-nitrosourea-
induced colon cancer in rats is significantly reduced for those given high doses of β-
cryptoxanthin (25 ppm dietary level). Twenty-four (96%) of 25 control rats com-
pared to only 17 (68%) of 25 β-cryptoxanthin-supplemented rats developed tumors
during the 30-week study (p < 0.02). Lower doses of 1 or 5 ppm did not produce a
statistically significant reduction in the number of tumors observed in similar study
groups. Tissue levels were significantly elevated for the high-dose animals but not
for those given the lower doses. Another rodent study (Nishino et al., 1999) investi-
gated the effect of β-cryptoxanthin against tumorigenesis in mouse skin. Skin cancer
was induced in 15 SENCAR mice, which were consuming β-cryptoxanthin at a level
of 25 ppm in drinking water, by treatment with peroxynitrite and promotion with
TPA (12-O-tetradecanoylphorbol-13-acetate). Comparison to 15 control mice
revealed a modest, statistically significant reduction in the number of tumors among
the β-cryptoxanthin-supplemented animals. A similar experiment with ICR mice in
which skin cancer was induced with dimethyl benz[a]anthracene [DMBA] showed
that β-cryptoxanthin administration resulted in a 29% tumor rate compared to a 64%
rate in the mice not supplemented with the carotenoid. The authors concluded that 
β-cryptoxanthin is effective at inhibiting tumor formation and that it functions by
stimulating the expression of the RB oncogene (Nishino et al., 2000).

Effective gap-junctional communication is an important functional characteristic
in healthy multicellular tissues (Stahl et al., 1997; Stahl et al., 1998; Zhang et al.,
1991). Gap junctions are direct channels connecting adjacent cells, which permit
transfer between cells of molecules having masses below about 1000 amu, and are
formed by a class of proteins referred to as connexin proteins. Gap-junctional com-
munication is important in exchange of nutrients, ions, and signaling compounds.
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There is a developing understanding that gap-junctional communication, or the lack
thereof is important to the mechanisms of carcinogenesis and teratogenesis. A
number of carotenoids are effective at stimulating gap-junctional communication,
including β-cryptoxanthin. Importantly, the ability of carotenoids to induce gap-
junctional communication is apparently unrelated to their antioxidant abilities.

It is apparent that there remains a considerable void in our knowledge of the
influence of β-cryptoxanthin on human health and disease processes. Despite this, a
fairly significant body of evidence supports the hypothesis that β-cryptoxanthin is
effective as an antioxidant, and that it may play a role either directly or indirectly in
the stimulation of important cell regulatory functions including cell gap-junctional
communication and possibly oncogene stimulation.

LUTEIN AND ZEAXANTHIN

Lutein is the dominant xanthophyll in leafy green and yellow vegetables that are
the primary human sources of carotenoids. Not surprisingly, lutein is also the domi-
nant xanthophyll in human serum. Zeaxanthin is a constitutional isomer of lutein,
and it differs from lutein structurally in subtle but important ways (Structures 12.3
and 12.4) (Landrum and Bone, 2001). Lutein has one β and one ε end-group whereas
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zeaxanthin is symmetric and has two β end-groups. Both lutein and zeaxanthin are
dihydroxy carotenoids with the hydroxyl groups located on the 3 and 3’ carbons. In
lutein, the hydroxyl group is allylic to the isolated double bond in the ε-ring. Rich
sources of lutein include spinach, kale, and broccoli. Zeaxanthin is the abundant xan-
thophyll in only a small number of food sources. In some of these, zeaxanthin is the
dominant xanthophyll; they include orange peppers and Gou Zi Qi or lycium mill
(Lycium chinense) berries, probably the richest source of zeaxanthin (Scott et al.,
1994; Khachik et al., 1995). 

The average combined lutein and zeaxanthin dietary intake is estimated to be
1.3–3 mg/d in the normal American diet (Nebling et al., 1997). The individual intake
of lutein and zeaxanthin is dependent on dietary preferences, and the lutein to zeax-
anthin ratio in the diet is not well established. Serum levels of lutein and zeaxanthin
are often reported as a single combined value because separation of these isomers by
HPLC is often impractical if the nonpolar hydrocarbons are simultaneously ana-
lyzed. Combined serum lutein and zeaxanthin concentration averages between 0.14
and 0.26 µg/mL, depending upon the study population (Yong et al., 1994; Khachik
et al., 1992). The lutein to zeaxanthin ratio in human serum is somewhat variable and
ranges from 2.5:1.0 to 4.0:1.0 (Landrum and Bone, 2000). Typical concentrations of
serum lutein and zeaxanthin are 0.14 µg/mL and 0.05 µg/mL, respectively
(Landrum et al., 1999). 

HUMAN STUDIES

Lutein and zeaxanthin are uniquely accumulated within the macula of the human
retina. The concentration of the macular pigment in the inner layers of the retina can
be as great as 1 mM (Landrum et al., 1997). There is no site in the human body, with
the possible exception of the corpus luteum, where exceptionally high carotenoid
concentrations are observed. (Note: The bovine corpus luteum is well studied and the
concentration of β-carotene is reported to be 2.3 µg/g in the corpus luteum itself, but
is as great as 0.16 mg/g in the orange pigmented corpuscles of the ovary. There is no
mention of significant levels of xanthophylls in the corpus luteum, nor have human
studies been reported (Kirsche et al., 1987).) This is significant and is suggestive that
the macular pigment must be accumulated via a mechanism that requires active
transport and/or binding within the retina (Bone et al., 1993). Recently, Bernstein et
al. have presented evidence that proteins within the retina bind lutein and zeaxanthin
(Bernstein et al., 1997; Bernstein, 1999). Additional supportive evidence that the
amount and composition of the macular pigment is actively controlled comes from
the distribution of the two carotenoids within the retina (Bone et al., 1988). 

In the central macula, zeaxanthin is the dominant carotenoid and exceeds the
concentration of lutein by at least a factor of two; this ratio is inverted relative to the
proportions found in the peripheral retina and also those in the diet and serum.
Indeed, meso-zeaxanthin, a less common stereoisomer of zeaxanthin (Structure
12.5), which is not present in the human diet, is found in the central macula in quan-
tities similar to that of the dietary R,R-zeaxanthin. In fact, the lutein and meso-zeax-
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anthin proportions appear to be inversely related. We think this relationship is con-
sistent with a metabolic interconversion of lutein to meso-zeaxanthin. 

Khachik has identified a minor carotenoid component of the macula, 3-hydroxy-
ε,ε-caroten-3’-one, also called oxolutein (Structure 12.6). Oxolutein is produced by
oxidation of the allylic hydroxyl of lutein (Herrero et al., 2000; Khachik et al., 1997;
1998). We have also observed this compound in our studies of human retinal extracts.
We hypothesize this compound may be chemically reduced in an efficient process in
the macula to generate meso-zeaxanthin, thereby accounting for several features of
the carotenoid distribution within the retina. In summary, lutein and zeaxanthin are
effectively accumulated within the retina in a manner that is highly indicative of
active physiological control. 

Epidemiological studies have implicated the macular pigment in the reduction
of risk for the neovascular form of age-related macular degeneration (AMD)
(Seddon et al., 1994). Dietary intake of lutein and zeaxanthin is associated with a
43% reduction in risk of advanced neovascular AMD for individuals in the highest
quintile of intake. Similarly, a study of serum levels reveals the same association
(EDCCSG, 1993). More recently, through a study of postmortem retinal samples,
we have demonstrated that higher retinal levels of macular carotenoids are associ-
ated with a reduction in the odds ratio for the occurrence of AMD (Bone et al.,
2001). Further, we have demonstrated through supplementation studies that mac-
ular pigment optical density is related to serum lutein and zeaxanthin levels. High
doses of lutein produce macular pigment increases in the range of 20–40%
(Landrum et al., 1997). Indeed, it is even possible to modulate the level of macu-
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lar pigment in human subjects who consume supplemental lutein (Landrum et al.,
2000; Chen et al., 1999). 

Lutein and zeaxanthin appear to be the only carotenoids that have been iden-
tified in human tissues that meet the basic criteria, described earlier, that might
encourage us to characterize them as essential. They appear to be universally
accumulated within the macula of humans and primates, where they may function
by protecting against AMD. The mechanism by which the macular pigment func-
tions to protect against AMD is probably twofold. Lutein and zeaxanthin in the
inner retinal layers absorb in the range of 20–90% of the blue light incident on the
retina, thereby reducing in a proportional extent the potential for photooxidative
damage (Bone et al., 1992). 

A second potential function for macular carotenoids involves their direct
involvement in breaking the propagation steps involved in peroxy radical oxidation
and/or interception of singlet oxygen that may be produced within the rods and
cones themselves (Sommerburg et al., 1999; Rapp et al., 2000). Van Kuijk and
Rapp have in separate investigations demonstrated the presence of lutein and zeax-
anthin in rod outer-segment membranes, thereby placing these carotenoids in inti-
mate contact with the structures most affected by the destructive effects of AMD.
Lutein and zeaxanthin are effective antioxidants that have a lower prooxidant
behavior than the hydrocarbon carotenoids, α- and β-carotene, at the high partial
pressure of oxygen that is reported to be present in the central macula (Snodderly,
1995). 

In addition to their highly specialized function in the macula, lutein and zeax-
anthin may function as antioxidants, in what may be described as a generic man-
ner, throughout the body. These carotenoids have, like β-cryptoxanthin, been
demonstrated both by epidemiological studies and by animal and human studies to
provide a protective function. Lutein and zeaxanthin protect against DNA damage,
reducing both the number of single-strand breaks as demonstrated by the Comet
Assay, and the amounts of 8-hydroxy-2’-deoxyguanosine formed in human lym-
phocytes exposed to oxidative stress (Haegele et al., 2000; Astley et al., 1999). 

Epidemiological data collected for South Pacific Islanders found an associa-
tion between a high intake of lutein and zeaxanthin and a lowering of the risk for
lung cancer (Le Marchand et al., 1995). In the study conducted by Voorrips et al.
2000; (part of the Netherlands Cohort Study on Diet and Cancer, n = 58,279),
intake of lutein and zeaxanthin (in addition to β-cryptoxanthin, folate, and vitamin
C) was found to provide a protective effect against lung cancer. Lutein and zeax-
anthin, like β-cryptoxanthin, are also both capable of stimulating gap-junctional
communication (Stahl et al., 1998; Zhang et al., 1991). In a study of inflammatory
response, lutein was shown to reduce inflammatory response in nonsmall-cell lung
cancer patients as evidenced by an inverse correlation of C-reactive protein with
serum lutein concentration (p < 0.01) (Talwar et al., 1997). In a case-control study
(n = 231) of atherosclerosis, an inverse association between lutein and zeaxanthin
levels and the extent of atherosclerosis was obtained (Iribarren et al., 1997). 

Astaxanthin, β-Cryptoxanthin, Lutein, and Zeaxanthin 185

TX838 CH12  02/01/2002  1:41 PM  Page 185



ANIMAL STUDIES

In studies involving rodent tumorigenesis, Nishino et al. (1999) demonstrated
that zeaxanthin can reduce spontaneous liver tumor formation in C3H/He mice when
supplied at the level of 50 ppm in drinking water. Compared to controls (n = 14), of
which 36% developed tumors, only 8% of zeaxanthin-treated mice (n = 12) were
found to develop tumors. Rodent studies have also shown that lutein reduces the rate
for occurrence of lung tumors promoted with 4-nitroquinoline-1-oxide in ddY mice
(Nishino et al., 2000). Lutein-treated mice developed an average of 2.2 tumors per
mouse compared to 3.1 tumors per mouse for untreated mice. Sprague-Dawley rats
treated with the colon cancer initiator, N-methyl-nitrosourea, developed fewer aber-
rant crypt foci when treated with lutein as compared with control animals (Narisawa
et al., 1999).

CONCLUSION

The evidence that the xanthophylls, particularly lutein and zeaxanthin but also 
β-cryptoxanthin, naturally function in part as generic lipophylic antioxidants in
humans is a sound hypothesis based upon epidemiological data and animal studies.
There is a compelling amount of evidence that lutein and zeaxanthin are essential
components of the human macula, and that they function to reduce photooxidation
in sensitive tissues. They may also be involved directly as antioxidants in the pho-
toreceptors. Supplementation with lutein and zeaxanthin is a potentially practical
therapeutic means to ensure that adequate levels of macular pigmentation are main-
tained to protect the retina and slow the processes which contribute to AMD. 

Astaxanthin is a powerful antioxidant and may have great potential in reducing
human disease processes that involve free radical mechanisms. Because there is a
paucity of knowledge about astaxanthin metabolism in humans, extensive work must
be done to determine what benefit can be realized by the incorporation of this
carotenoid in the human diet. Indeed, care is warranted in the consumption of these
carotenoids at levels that far exceed normal intake, until solid data establishing the
desirability of such practices are available. This is especially true for smokers, as
suggested by the Finnish ATBC study and the CARET study (Albanes et al., 1996;
Redlich et al., 1999).
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Aberrant crypt foci (ACF), 88, 89, 92–93
Absorption, See also Pharmacokinetics

anthocyanins, 35
interactions, 82
tocopherols and tocotrienols, 65–67
wine polyphenols, 43, 46

Acidity, 31, 32
Adapto-electroretinograms (AERG), 28
Adhesins, 31, 32–33
Adverse effects, 3, 82

beta-carotene, 165
crucifer isothiocyanates, 89
lectins, 151
polyphenols, 50–51
wine polyphenols, 50–51

Aflatoxin B1, 29
Aging effects

age-related macular degeneration 
(AMD), 28, 184–185

estrogen loss and cognitive 
dysfunction, 106–107, 110

neuroprotective effect of phytoestro-
gens, See Soy phytoestrogens

oxidative damage, 28, 162
Vaccinium species berries and, 27–28

A/J mouse model, 88–89
Alcoholic beverages, See Ethanol; Wine 

polyphenols
Aldose reductase, 27, 29
Alkaloids, 123
Alkamides, 11, 12, 132

species identification, 14–15

Allergic reactions, 51
Aloe vera, 4
Alzheimer's disease, 27

tocopherols and, 73
estrogen and, 106–107, 110, 114
future projections, 115
neurofibrillary tangles, 106
neuroprotective effect of phytoestro-

gens, See Soy phytoestrogens
Ammonia lyase, 140
Amplified Restriction Fragment Length 

Polymorphism (AFLP), 10, 16
Amylase inhibitors, 150–150
β-Amyloid, 111
Angina pectoris, 42
Anthocyanins, 20, 21, See also Vaccinium

species berries
absorption, 35
antioxidant activity, 22
capillary permeability effects, 25
glycemic effects, 26–27
hormonal influences, 28
plant maturity and content, 129
starch enzyme inhibition, 27
urinary tract health and, 29–34
vasorelaxation effects, 23–24
vision effects, 28–29

Antibiotic resistance, 135
Anticancer activity, See Cancer
Antidepressants, 82
Antiinflammatory activity

curcumin, 81
tocopherols and tocotrienols, 69

Antimicrobial effects, cranberry, 29–34
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Antinutritional factors, 151
Antioxidant activity, See also specific 

antioxidants
carotenoids, 185, 186, See also

specific carotenoids
astaxanthin, 177, 186
β-cryptoxanthin, 180
depletion studies, 165
lutein and zeaxanthin, 185
lycopene, 160, 161–162

oilseed phenolics, 141–143, 145–146
phospholipids, 148
phytochemical neuroprotective activity 

and, 115–116
tocopherols and tocotrienols, 67–68
Vaccinium species berries, 20, 21–23

antiaging effects, 27–28
effects on vision, 28

wine, 46–48
ApoB, 70
Apolipoprotein E, 65
Apoptosis, tocopherols and tocotrienols 

and, 70, 71
Apple, 42, 44, 46
Apricot, 152, 159
Arabidopsis Genome Initiative, 131
Aristolochia species, 82
Arterial relaxation, 23–24
Ascorbic acid, 46
Asiatic bilberry, 20
Astaxanthin, 174, 176–179, 186
Atherosclerosis, 185

soy isoflavones and, 111
wine consumption and, 45, 48

δ-Avenasterol, 148

B

Bacterial adhesins, 31, 32–33
Bamboo, 152
Barley oil, 62, 64
Beer, 48
Benzo(a)pyrene (BAP), 88
Benzoic acid, 21, 32
Benzyl ITC (BITC), 88–92, 94
Berries, See Vaccinium species berries
Beta-carotene, 163–164, See also

Carotenoids
bioconcentration, 186
bioengineering, 132
cancer and, 164–165
clinical trials, 164–165, 166
food sources, 164

BHT, 22
Bilberry, 20, 23, 25, See also Vaccinium

species berries
capillary effects, 26
diabetes and, 26–27
hormonal influences, 28
platelet effects, 25
urinary tract health and, 29
vision effects, 28–29

Bile, tocopherol metabolism, 65
Bioassays, 16
Bioavailability, tocopherols and 

tocotrienols, 65–67, See also
Pharmacokinetics

Bioengineering, 123, 132–135
Bitter almond seed, 152
Bitter melon, 159
Blackberry, 22
Black currant, 23
Bladder cancer, 89
Blueberry, 20, See also Vaccinium species 

berries
antiaging effects, 27–28
anticancer activity, 29
antioxidant activity, 22, 23, 116
phytochemical content and plant 

maturity, 129
phytochemicals, 21
recommended intake, 35
specified health claims, 21
urinary tract health and, 29–34
vasorelaxation effects, 23

Borage, 145
Brain cancer, 162
Brassica oilseeds, 151
Brassicasterol, 148, 149, 162, 70, See also

Mammary cancer
Breast cancer

β-cryptoxanthin and, 180
soy isoflavones and, 111

Breeding, See Plant breeding
Broccoli

cooking effects, 97
isothiocyanates and cancer, 88, 92, 

100, See also Isothiocyanates
lutein, 183

Buckwheat, 22
Butter, tocopherol and tocotrienol content, 64

C

C3G, 22–23
Cabbage, 100, 88
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Caffeic acid, 11, 12
antioxidant activity, 21
oilseed content, 143, 144
pharmacokinetics, 81

Caffeine, 51
Campesterol, 148, 149
Cancer, See also specific types

cancer-promoting effects, 51, 82, 
165

carotenoids and, 180, 185, See also
specific carotenoids
beta-carotene, 164–165
β-cryptoxanthin, 180
lycopene, 157–158, 162–163

curcumin and, 81–82
glucosinolates and, 151
isothiocyanates and, 87–101, See also

Isothiocyanates
oilseed phenolics, 143, 145
orange oil components and, 82
phytate and, 150
soy products and, 111, 144, 150
tocopherols and tocotrienols and, 70, 

73
Vaccinium species berries and, 29

Candida spp., 12
Candidiasis, 10
Canola, 62, 64

phenolic content, 143
sterols, 149

Capillary permeability, 25
Carbon-14 isotope (14C) studies, 94–95
Cardiovascular health, See also Heart 

disease
flavonoids and, 44–45
phytate and, 150
tocopherol natriuretic effects, 69
tocopherols and tocotrienols and, 

72–73
Vaccinium species berries and, 

23–26
wine polyphenols and, 43–45

β-Carotene, See Beta-carotene
Carotene pathway genes, 132
Carotenoids, 173–176, See also Beta-

carotene; specific carotenoids
antioxidant, 185
astaxanthin, 174, 176–179
cancer and, 180, 185–186
β-cryptoxanthin, 174, 179–182
depletion studies, 165–166
diabetes and, 181
ethanol effects on blood levels, 181

human functional requirements issues, 
174–176

lutein, 174, 182–186
lycopene, 157–167
macular concentration, 183–185
oilseed, 150
photosynthesis and, 173–174
zeaxanthin, 174, 182–186

Carrot, 159, 164
Cassava, 152
Cataracts, 73
Catechins, 47–48, 50, See also

Polyphenols; Wine polyphenols
oilseed content, 145
pharmacokinetics, 80–81
plaque formation inhibition, 45

Catechol-O-methyltransferases (COMT), 
24

γ-CEHC, 66, 69
Cell growth, soy isoflavones and TGF-b 

and, 111–112
Cell-wall derived polysaccharides, 11
Cervical cancer, 162
Cherry seed, 152
Chinese herbs, 4
Chlorogenic acid, 21, 143

antioxidant activity, 21
oilseed content, 144
pharmacokinetics, 81

Cholesterol
beta-carotene and, 164
lycopene and, 160, 161
phytate and, 150
saponins and, 150
tocopherols and tocotrienols and, 70, 

71–72
wine effects, 45

Choline, 148
Chylomicrons, 65, 67
Cianidanol, 50
Cichoric acid, 11, 14–15
Ciprofibrate, 26
Cirrhosis, 181
Clinical trials, 2

beta-carotene, 164–165
lycopene, 166
Vaccinium fruit effects, 35

Cloudberry, 159
Coconut oil, 64
Coenzyme Q, 146
Coffee beans, 81
Cold sores, 12
Colon cancer, 73, 81–82, 162, 181, 186
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isothiocyanates and, 88, 89, 92–93
phytate and, 150

Colorectal cancer, crucifer consumption 
and, 99

Comet Assay, 180
Condensed tannins, 142, 143
Connexin43, 161–162
Cooking effects, 96–97
Copper, 22, 130
Corn oil, 62, 64, 149
Corpus luteum, 183
Cottonseed oil, 62, 64, 144
O-Coumaric acid, 144, 145
p-Coumaric acid, 143, 144, 145
Coumesterol, 144
Cranberry, 21, See also Vaccinium species 

berries
antioxidant activity, 23
bacterial adhesin inhibition, 32–33
lycopene, 159
phytochemicals, 21
platelet effects, 25
urinary tract health and, 29–34

C reactive protein, 70–71
Crohn's disease, 180
Crop yields, 122

nutrient content and, 130
Cruciferous vegetables, See also specific 

plants
cancer prevention effects, 88–101, See

also Isiothiocyanates; specific 
vegetables

cooking effects, 96–97
β-Cryptoxanthin, 174, 179–182
Curcumin, 81–82
Cyanidins, 22, 35, 143, 152, See also

Anthocyanins
Cyanogenic glycosides, 152, See also

Anthocyanins; Cyanidins
Cyclooxygenase (COX) inhibitors, 12
Cytochrome P450 3A4 monooxygenase, 

82–83

D

Daidzein, 144
Date palm, 159
Delphinidin, 22, 23, 29, 35, See also

Anthocyanins
Dementia, 27, See also Alzheimer's disease

intellectual stimulation and, 115
tofu consumption and, 114

Desmethoxycurcumin, 81

Developing countries, population and 
health, 121–123

Diabetes, 26–27
carotenoid blood levels and, 181
tocopherols and, 73

Diabetic retinopathy, 28
Difrarel, 20, 25
Digitalis, 82
Dihydroquercetin, 144
4,6-Dihydroxy-2-<O>-β-D-glucosyl-3-

oxo-2,3-dihydrobenzofuran, 23
Dimethylsterols, 148
DMBA-induced tumorigenesis, 88
DNA shuffling, 135
Docosahexaenoic acid (DHA), 148
Drug-phytochemical interactions, 6, 82–83

E

Echinacea, 9–16
bioengineering, 132
phytochemical diversity, 11–13
quality control and quality 

improvement, 13–16
species diversity, 10
uses, 10
wild populations, 16

Echinacea angustifolia (D.C.), 10, 12, 14, 
16

Echinacea pallida (Nutt.) Nutt., 10, 14
Echinacea purpurea (L.) Moench, 10, 14, 

See Echinacea
Echinacea simulata, 10
Echinacoside, 11, 16
Effectiveness, 2–3
EGCG, 51
Eggplant, 159
Elderberry, 35
Ellagic acid, 143
Endothelial-dependent vasodilation, 50
Enterodiol, 145
Enterolactone, 145
Enzyme inhibitors, 150–151
Ephedra, 3
Epicatechin, 47, 145
Epigastric pain, 178
Erythropoietic protoporphyria, 150
Escherichia coli, 31, 33
Esophageal tumor, 89
17β-Estradiol, 105, 108, 113
Estrogen

aging-related oxidation and, 
115–116
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cognitive dysfunction and, 106, 
110–111, 114

premenopausal treatment, 114
Estrogenic phytoestrogens, neuroprotective 

activity, 105–116, See Soy 
phytoestrogens

Ethanol
absorption and metabolism, 43
platelet aggregation and, 48
polyphenol absorption and, 46
serum carotenoid levels and, 181

Evening primrose, 64, 145
Evidence-based herbalism, 1–7
Extract standardization, 3
Eyesight, See Vision

F

Ferulic acid, 143, 144, 145
Feverfew, 4
Flavonoids, See also Anthocyanins; 

Carotenoids; Wine polyphenols; 
specific flavonoids

adverse effects, 50–51
antioxidant properties, 48
cardiovascular disease and, 44–45
cholesterol and, 143
structure and antioxidant efficacy, 

146
Flaxseed, 144, 149, 152
Food supply, 122
Foreign language literature, 3
Formononetin, 144
Free radicals, 22–23, 142–143

in wine, 51
French paradox, 42
Fruit juice acidity, 31
β-Fucosidase, 135
Fucosterol, 148
Fungi, 12

G

Gallic acid, 145
Gap junction, 160, 161, 181, 185
Garlic, 4, 6
Gastric cancer, 51
Gastric inflammation, 178
Genetic databases, 131
Genetic linkage, 129
Genetics

bioengineering, See Bioengineering
breeding, See Plant breeding

Genistein, 106, 108, 144, See also Soy 
phytoestrogens

cell growth and, 112
Genistic acid, 143, 144
Genomic approaches, 131–132
Genotype-by-environment (G:E) 

interaction, 129–130
Germplasm quality improvement, 

15–16
Ginger, 4
Ginkgo biloba, 4–5, 6
Ginseng, 5
Gluconasturtiin, 96
<β>-Glucosidase inhibition, 27
Glucosinolates, 151
Glutathione, 44
Glycemic response, See also Diabetes

phytate and, 150
Vaccinium species berries, 26–27

Glycitin, 144
Glycosylation, 140
Gossypol, 144
Gou Zi Qi, 183
Grape, 25, 42, See also Wine polyphenols

lycopene, 159
Grapefruit, 42, 159
Grape juice, See also Wine polyphenols

antioxidant properties, 46, 48
platelet aggregation and, 49
polyphenolic content, 43

Green algae, 176
Green Revolution, 122
Green tea, 80

adverse effects, 51
Guava, 159
Gut microflora, 151

H

Haemagglutinins, 151
Heartburn, 178
Heart disease, See also Cardiovascular 

health
beta-carotene and, 164
flavonoids and, 44–45
lycopenes and, 157
tocopherols/tocotrienols and, 72–73
wine consumption and, 42

Heavy metals, 130
Helicobacter pylori, 178
Hemicelluloses, 11
Hemolytic properties, 150
Herbal medical products (HMPs), 1–7, See 
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also specific plants, phytochemi-
cals, products

effectiveness, 2–3
safety, 3, 6
systematic reviews, 2–5

Herb-drug interactions, See Drug-phyto-
chemical interactions

Hereditary hemorrhagic telangiactasia 
(HHT), 112

Herpes simplex, 12
High density lipoproteins (HDLs), 45

tocotrienols or tocopherols and, 65, 
71–72

High-performance liquid chromatography 
(HPLC), 13–14

Hippuric acid, 32
HMG-CoA reductase, 70, 71, 161
Homocysteine, 25
Hormonal influences, 28
Horse chestnut, 5
Human papilloma virus, 181
Hydrolyzable tannins, 142
p-Hydroxybenzoic acid, 143
Hydroxycinnamates, 22
Hydroxycinnamic acid, 81
2-(3-Hydroxy-3-methyl-)-3,5,6-trimethyl-

1,4-benzoquinone, 66
Hyperforin, 82
Hypericium perforatum, See St. John's 

wort

I

Immunostimulant activity, 10, 11
Indole-3-carbinol, 151
Indomethacin, 24
Infantile leukemia, 50
Interactions, See Drug-phytochemical 

interactions
Intestinal bacteria, 151
Isobutylamides, See Alkamides
Isochlorogenic acid, 144
Isoflavones, neuroprotective effect of 

phytoestrogens, See also Soy 
phytoestrogens

Isorhamnetin, 143
Isothiocyanates, 87–101

adverse effects, 89
colon aberrant crypt foci and, 88, 89, 

92–93
cooking effects and metabolism, 

96–97
glucosinolate metabolites, 151

lung cancer and, 88–89, 100
prostate cancer and, 93–94
structures, 90
tissue distribution and metabolism, 

94–97
tumor inhibition mechanism, 91–92

K

Kaempferol, 143
Kale, 183
Kidney cancer, 82

L

Land use, 122
Lard, tocopherol and tocotrienol content, 

64
Lectins, 151
Leukemia, 50
Lignans, 144
Lima bean, 151, 152
Limonene, 82
Linamarin, 152
Lingonberry, 21, 23, 33
Linustatin, 152
Lipid metabolism, See Cholesterol; High 

density lipoproteins; Low 
density lipoproteins

Lipoxygenase (LOX) inhibitors, 12
Liver cancer, 88, 89, 162, 185
LLU-α, 66, 69
Low density lipoproteins (LDLs)

oilseed phytochemicals and, 143
tocopherols/tocotrienols and, 67–68
tomato products and, 163
Vaccinium antioxidant activity, 22
wine effects, 45, 47–48

Lung cancer
carotenoids and, 185
β-cryptoxanthin and, 180
isothiocyanates and, 88–89, 100

Lung tissue, isothiocyanate distribution, 
94–95

Lutein, 174, 182–186
Lycium mill berries, 183
Lycopene, 157–163, 174

antioxidant activity, 160, 161–162
cancer and, 162–163
carotenoid depletion studies, 165–166
cholesterol synthesis and, 160, 161
clinical trials, 166
diabetes and, 181
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food sources, 159–160
potential functions, 160–163

Lysine acetylsalicylate, 24

M

Macular carotenoids, 183–185
Macular degeneration, 28, 164, 184–185
Ma huang, 3
Maize, cryptoxanthin content, 179
Malvidin, 22, 24, 29, 50, See also
Anthocyanins
Malvin, 35
Mammary cancer, 162, See also Breast 

cancer
isothiocyanates and, 88, 89
phytate and, 150

Mango, 159, 164, 179
Mannose-specific adhesins, 31
Margarine, tocopherol and tocotrienol 

content, 64
Marketing trends, Vaccinium species 

berries, 21
Matairesinol, 144
Memory, 27–28

phospholipids and, 148
Menopause-associated estrogen loss, 106, 

108
Methylhydroxychromans, 66, 69
Methyl jasmonate, 14
Micronutrient content, 130
Micronutrient malnutrition, 128
Microtubule-associated protein, 106, 

108–109, 113
Molecular markers, 130
Mouth sores, 10, 12
Mustard, 143–144, 149, 151
Mutations, random, 128
Myocardial infarction, 42
Myoinositol, 149
Myosinase, 96, 151
Myrtocyan®, 24, 25

N

Naphthyl ITC, 88
Natriuretic effects, 69
Natural products, 123
Neolinustatin, 152
Neuroprotective effects, See also

Alzheimer's disease
phytoestrogens, 105–116, See also 

Soy phytoestrogens

Vaccinium species berries, 27–28
Nickel, 130
Night vision, 28
Nitric oxide (NO), 50, 68, 69
Nitric oxide synthase, 69
Nitrogen dioxide, 68
Nitrogen reactive species, tocopherol/to-

cotrienol activity, 68
Nitrosamine-induced tumorigenesis, 88, 

143, 181, 186
Nuclear factor (NF)-kB, 70

O

Oat oil, 64
Oenothin B, 145
Oilseed phytochemicals, 139–152, See also
specific oilseeds

carotenoids, 150
cyanogenic glycosides, 152
enzyme inhibitors, 150–151
glucosinolates, 151
haemagglutinins, 151
lectins, 151
oligosaccharides, 151
other phytochemicals, 147
phenolics and polyphenolics, 

140–146, See also Phenolics
phospholipids, 148
phytic acid, 149–150
phytosterols, 148–149
saponins, 150
tocopherols and tocotrienols, 62, 146
ubiquinones, 146

Oligosaccharides, 151
Olive oil, 64
Onion, 42, 44
Orange juice, 46
Orange oil, 82
Orange peppers, 183
Oxidative stress, 27–28, 142–143, 162, See 

Antioxidant activity
Oxygen radical absorbance capacity (ORAC),

22

P

Palm oil, 62, 64, 72, 146, 150
Pancreatic cancer, 89, 150
Papaya, 159
Parthenium integrifolium, 10
Peach, 152, 159
Peanut
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lectins, 151
phenolics, 144
phytic acid, 149
tocopherols and tocotrienols, 64

Pectins, 11, 27
Pelargonidin, 143
Pelargonin, 22
Peppermint, 5
Perillyl alcohol, 82
Peroxides, 22
Persimmon, 159
Petunidin, 29
pH, fruit juices, 31
pH, urinary, 32
Pharmacokinetics, 79–83, See also

Absorption; Bioavailability
crucifer isothiocyanates, 94–97

Phenethyl ITC (PEITC), 88–97
Phenolics, 11, 123, See also Chlorogenic 

acid; Wine polyphenols; specific 
phenolic compounds

antioxidant properties, 141–143, 
145–146

biochemistry, 140–143
cancer and, 143
ethanol effects on absorption, 43, 46
oilseed, 143–146
pharmacokinetics, 81–82
plant maturity and content, 129
potential adverse effects, 50–51
Vaccinium phytochemicals, 21

Phenylpropanoids, 140, 143, 145
Phosphatidylcholine, 148
Phosphatidylserine, 148
Phospholipids, 148
Phosphorylation, tau protein, 106, 109, 113
Phytic acid, 149–150
Phytochemicals, 123, See specific 

activities, properties, substances
adverse effects, See Adverse effects
definition, 123
drug interactions, 6, 82–83
markers, 14

Phytoene synthase, 132
Phytoestrogens, neuroprotective activity, 

105–116
Phytofluene, 163
Phytosterols, 148–149
Pinoresinol, 145
Placenta, 50
Plant breeding, 123, 127–132

genomic and proteomic approaches, 
131–132

genotype-by-environment (G:E) 
interaction, 129–130

inherent inefficiency, 129–130
marker-assisted selection, 130–131
new technologies and applications, 

134–135
Plaque formation, wine effects, 45, 48
Platelet aggregation, 25–26

tocopherols and tocotrienols, 69–70
wine effects, 48–50

Plum, 159
Polycyclic aromatic hydrocarbons, 143, 

151
Polyphenols, See Phenolics; Wine 

polyphenols; specific substances
adverse effects, 50–51
in fruits and vegetables, 52

Polysaccharides, 11
Population growth, 121–123
Pregnancy, 50
Premarin, 107–114
Prescription drug-herb interactions, 6, See 

also Drug-phytochemical
interactions

Primary metabolism, 123–125
Primate brain model, neuroprotective 

effect of soy phytoestrogens, 
107–114

Prostate cancer, See also Cancer
crucifer isothiocyanates and, 93–94
lycopene and, 158, 162–163
soy isoflavones and, 111
tocopherols and tocotrienols and, 70, 

73
Protease inhibitors, 150
Protein database, 131
Protein kinase C, 69
Proteomic approaches, 131–132
Protocatechuic acid, 23, 143
Prunetin, 144
Publication bias, 3
Pumpkin, 159, 164

Q

Quality control, Echinacea products, 13–16
Quercetin, 21, 45, 47, 50, 143

oilseed content, 143, 144
pharmacokinetics, 81

Quinic acid, 32, 144
Quinone oxidase, 29
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R

Rabbiteye blueberry, 20, 22, 28
Radiation protective effects, 25
Radish, 88
Raffinose, 151
Randomized clinical trials (RCTs), 2
Rapeseed, 143, 149
Reactive oxygen species, 21–23, 142–143, 

See also Antioxidant activity; 
Oxidative stress

Recombinant technology, 132
Red bell pepper, 179
Red raspberry, 22
Red wine

antioxidant properties, 46–48
catechin pharmacokinetics, 81
free radicals, 51
platelet aggregation and, 49
polyphenolic content, 23, 43, See also

Wine polyphenols
Respiratory illness, 10
Resveratrol, 43, 44, 47, 50, 52
Retinal carotenoid concentration, 183–185
Retinal sensitivity, 28–29
Retinol, wine consumption and serum 

levels, 46
Rice bran oil, 62, 64, 72, 146
Rosmarinic acid, 145
Rutabaga, 159
Rutin, 81, 144
Rye bran oil, 62

S

Safety issues, 3, 6
Safflower oil, 64
St. John's wort, 5, 82–83
Salicylic acid, 50
Salmon, 176
Saponins, 150
Sea buckthorn, 22
Secoisolericresorsinol diglucoside, 144
Secondary metabolism, 123–125
Seed banks, 128
Selenium toxicity, 152
Septic wounds, 10
Sesame, 145, 149
Sesamol, 145
Signal transduction, tocopherols and 

tocotrienols and, 69
Simon metabolites, 66
Sinapic acid, 143, 144, 145

β-Sitosterol, 148, 149
Skin cancer, 181
Smokers

cancer-promoting effects of beta-
carotene supplements, 165

maternal smoking and infant blood 
levels, 180

Sore throat, 10, 12
South China blueberry, 20
Soybean

anti-cancer properties, 144, 150
antioxidant activity, 116
environmental and variety effects on 

content, 129
isoflavones in germ, 144
lectins, 151
oil phytic acid, 149
oil tocopherols, 62, 64
phenolic content, 144

Soy phytoestrogens, 105–116, 144
cancer protection effects, 111
chronic disease models, 111
epidemiological evidence, 114
future projections, 115
TGF-b role in mechanism of action, 

111–112
Spina bifida, 33
Spinach, 27–28, 116, 183
α-Spinasterol, 148
Squash, 164
Stachyose, 151
Standardization of extracts, 3
Starch enzyme inhibition, 27
Sterols, 148
Stigmasterol, 148, 149
Stilbene, 43
Strawberry, 27–28, 116
Sulforaphane (SFN), 88, 92–94, 97
Sunflower, 62, 64, 144
Superoxide anion, 21
Superoxide dismutase (SOD), 68
Sweet cherry, 22
Sweet pepper, 159
Syringic acid, 143, 144, 145
Systematic reviews, 2–5

T

Tangerine, 179
Tannins, 43, 142, 143
Tau protein, 106, 108–109, 113
Taxifolin, 144
Tea
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adverse effects, 51
flavonoid intake and cardiovascular 

health, 42, 44
lycopene, 159
pharmacokinetics, 80–81

Terpenoids, 123
Tetrahydrocurcumin, 81
2,5,7,8-Tetramethyl-2(2'carboxyethyl)-6-

hydroxychroman, 66
Thiobarbituric acid reactive substances 

(TBARS), 22–23, 72, 180
Thyroid hormones, 28
Thyroxine (T4), 28
Tissue culture methods, 15
α-Tocopherol, 62

antiinflammatory effects, 69
antioxidant activity, 22, 67–68
bioengineering, 131, 132
C reactive protein and, 70
cancer and, 73
cardiovascular health and, 72
γ-tocopherol interactions, 66–67
signal transduction and, 69
Simon metabolites, 66
vitamin C and, 68

δ-Tocopherol, cancer and, 70, 73
γ-Tocopherol, 62, See also Tocopherols

antioxidant activity, 68
cancer and, 70, 73
natriuretic effects, 69
α-tocopherol interactions, 66–67

γ-Tocopherol methyltransferase, 131
Tocopherol-binding protein, 66
Tocopherols, 61–73

absorption, transport, and 
bioavailability, 65–67

antiinflammatory effects, 69
antioxidant activity, 67–68
cancer and, 70, 73
cardiovascular health and, 72–73
cell apoptosis and, 71
chemistry, 62
cholesterol and, 70, 71–72
C reactive protein and, 70–71
interactions, 66–67
natriuretic effects, 69
occurrence in foods, 62, 64, 146
oilseed, 146
platelet adhesion, 69–70
signal transduction, 69

α-Tocotrienol
antioxidant activity, 68
cholesterol and, 72

γ-Tocotrienol
antioxidant activity, 68
nitrogen radicals and, 68

Tocotrienols, 61–73
absorption, transport, and 

bioavailability, 65–67
antiinflammatory effects, 69
antioxidant activity, 67–68
apoptosis and, 70, 71
C reactive protein and, 70–71
cancer and, 70, 73
cardiovascular health and, 72–73
chemistry, 62
cholesterol and, 70, 71–72
interactions, 66–67
natriuretic effects, 69
occurrence in foods, 62, 64, 146
oilseed, 146
platelet adhesion, 69–70
signal transduction, 69

Tofu, age-associated cognitive impairment 
and, 114

Tomato, lycopene and human health, 
157–167

Transforming growth factor beta (TGF-b), 
111–112

Trihydroxyisoflavone, 144
Triiodothyronine (T3), 28
2,7,8-Trimethyl-2-(b-carboxyethyl)-6-hy-

droxychroman, 66, 69
Tumeric, 81
Tumor inhibitors, See Cancer; specific

substances
Turnip, 159
Tyrosine, 140

U

Ubiquinones, 146
Urinary tract health, 29–34
Urine acidification, 32
Urothelial cancer, 82

V

Vaccinium angustifolium, See Blueberry
Vacinnium myrtillus L., See Bilberry
Vaccinium species berries, 19–36, See also

Anthocyanins; Bilberry; 
Blueberry; Cranberry

aging and memory loss and, 27–28
anticancer activity, 29
antioxidant activity, 20, 21–23
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cardiovascular benefits, 23–26
design of clinical studies, 35
glycemic effects, 26–27
issues to be resolved, 34–35
marketing trends, 21
phytochemicals, 21
species, 20–21
urinary tract health and, 29–34
vision benefits, 28–29

Valerian, 5
Vanillic acid, 143, 144, 145
Vasorelaxation effects, 23–24, 50
Verbascose, 151
Very low density lipoproteins (VLDLs), 

65–66, 71–72
Vision

lutein and zeaxanthin and, 183–185
macular degeneration, 28, 164, 

184–185
tocopherols and, 73
Vaccinium species products and, 

28–29
Vitamin C, tocopherol regeneration and, 68
Vitamin content, 130
Vitamin E activity, 62, 146, See also

α-Tocopherol; Tocopherols; 
Tocotrienols

Vitis vinifera, 25

W

Wassabi, 151

Watercress, 88, 96, 100
Watermelon, 159
Wheat germ oil, 62, 64, 146
White wine

antioxidant properties, 46, 47
platelet aggregation and, 49

Wild Echinacea populations, 1
Wine polyphenols, 23, 41–43

antioxidant properties, 45–48
cardiovascular health and, 

43–45
content, red vs. white wines, 43
hemostasis effects, 48–50
metabolism, 43–44
nitric oxide-related effects, 50
pharmacokinetics, 81
potential adverse effects, 

50–51
World population, 121–123

X

Xanthine oxidase, 22

Y

Yeast aggregation, 33

Z

Zeaxanthin, 174, 182–186
Zinc, 130
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