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Preface

 

This is the fifth volume in a series of books that have emerged from five international
phytochemical conferences held over the past decade at California State Polytechnic
University, Pomona. The invited lectures at these conferences have ranged over a
wide variety of phytochemical-related topics including discussions of a broad range
of potentially important individual plant-based chemicals. The driving force behind
these phytochemical conferences has been to promote authoritative scientific
research to support the widespread renewed interest in phytochemicals and health
that emerged in the 1990s, to identify gaps in the phytochemical knowledge base,
to explore methodologies for screening and testing phytochemicals for efficacy and
safety, to encourage pharmacokinetic studies of phytochemicals, and to look at the
mechanisms of action of phytochemicals. The previous four volumes reflect the
direction of phytochemical research during the past ten years and highlight the key
phytochemicals and phytochemical classes that have shown promise in the promotion
of health and the prevention of disease. The four volumes include 

 

Phytochemicals:
A New Paradigm

 

 (1998), 

 

Phytochemicals as Bioactive Agents

 

 (2000), 

 

Phytochemi-
cals in Nutrition and Health

 

 (2002), and 

 

Phytochemicals: Mechanisms of Action

 

(2004).
The emphasis and direction of phytochemical research has shifted in the years

since this series of international phytochemical conferences was initiated in 1996.
Interest in phytochemicals has grown exponentially during the past few years as
evidenced by the creation of research centers, the proliferation of newsletters, jour-
nals and books, and the many conferences and symposia that are now held on an
annual basis. In order to maintain the relevance and value of the biannual conferences
held at California State Polytechnic University Pomona, the organizers took a more
focused approach to designing and planning the most recent conference. The previ-
ous conferences were quite eclectic. There was an identified theme but there were
typically a number of diverse topics covered in order to keep abreast of all the
important trends in phytochemical research.

The conference organizing committee decided that a critical direction for phy-
tochemical research is the understanding of interactions between the wide variety
of plant-based chemicals and genes. It was decided that the 2004 conference would
focus primarily on phytochemical–gene interactions and the potential implications
of those interactions for phytochemcial research, health care and research and devel-
opment in the food and pharmaceutical/supplement industries. The study of nutri-
ent–gene interactions is not new but research in this area is exploding with the
completion of the human genome project and the availability of new screening
technologies (see Chapter 3). There is significant epidemiological evidence (see
Chapters 9 and 11) demonstrating that diets rich in fruits, vegetables, and whole
grains can decrease the risk of chronic degenerative diseases. However, each person
will respond to dietary components in a unique and individual way depending on
his or her own genetic constitution. Understanding the interactions between phy-
tochemicals and genes will begin to help deliver on the promise of truly individu-
alized therapies tailored to one’s genetic makeup. Such individualized care opens



 

the door to the development of a wide range of new phytochemical-based therapeutic
products.

The Fifth International Phytochemical Conference, “Phytochemicals: Nutri-
ent–Gene Interactions,” took place on October 18 and 19, 2004. The papers discussed
at the conference, in expanded and updated form, are presented in this book. This
book will be of value to both those who are relatively unfamiliar with the fields of
nutrigenomics and nutrigenetics as well as those who want a current overview and
update of these fields of research. Interactions between dietary factors and genes are
explored in most of the chapters. These diet–gene interactions are discussed in the
context of inflammation (Chapters 1, 4, 6, 10 and 12), cardiovascular and coronary
heart disease (Chapters 2, 5, 8, 9, 10, 11 and 12), obesity (Chapters 3, 6, 7 and 11),
type II diabetes mellitus (Chapters 3 and 11) and cancer (Chapters 10, 11 and 12).
This book will appeal to nutrition researchers and nutritionists, food scientists and
food technologists, pharmacists, botanists, and other allied health professionals who
are interested in the opportunities created by an understanding of phytochemi-
cal–gene interactions.

In Chapter 1, Kornman and Fogarty define and describe nutrigenomics, nutrige-
netics and pharmacogenetics. Inflammation, a critical component of atherosclerotic
heart disease, is used as one example of how nutrigenomics can be applied in a way
that will both individualize and improve treatment of disease. These authors point
out that in the past nutrients were “first appreciated for their value as a fuel source,”
then as co-factors, and now “it is known that certain nutrients selectively alter gene
expression through transcription factor systems that regulate the activation of specific
sets of genes.” Four mechanisms are offered for the nutrient effects on gene expres-
sion. Knowledge of nutrigenomics presents both opportunities and challenges for
the development of therapeutic products. Kornman and Fogarty address the technical
and ethical issues facing the development of phytochemical and nutritional products.

Ordovas points out in Chapter 2 that the current approach to preventive medicine
is centered on blanket dietary recommendations such as the Dietary Guidelines for
Americans or what he calls a “one-size-fits-all” approach. While this approach has
seen some success, it clearly fails to take into account the well known individual
variation in response to dietary interventions. This chapter examines “how genetic
variations identified in samples from large population-based studies are beginning
to provide hints about gene–diet and gene–environment interactions.” The studies
described by Ordovas have found significant interactions between factors in the diet,
genetic variants and different markers of cardiovascular disease. With this type of
information in hand it is beginning to be possible to identify individuals who may
respond more favorably to one recommendation rather than another. In order to take
advantage of this new information, phytochemical product development will require
a solid grounding in nutrigenetics and nutrigenomics.

Chapters 3 and 4 discuss experimental methodologies. In Chapter 3, Kaput points
out that “identifying genes regulated by diet and involved in chronic diseases is
challenging because of the complexity of food and the genetic heterogeneity of
humans.” In his chapter, Kaput describes an experimental strategy that “identifies
genes regulated by diet, genotype, and genotype X diet interactions.” Utilizing this
strategy, Kaput and his colleagues were able to identify 29 murine genes regulated



 

by diet, genotype, or genotype X diet that map to diabetic Quantitative Trait Loci
(QTL). The identified genes are likely to be associated with the development of type
II diabetes mellitus in obese yellow mice. Clearly such studies need to be followed
up in humans. However, it is also clear that a time will come when genetic testing
will identify individuals who are likely to respond to specific diets or dietary com-
ponents. In that future, Kaput notes “food companies may develop new markets and
novel foods are likely to evolve in tandem with the ability to identify genotypes.”

Regulations in the United States do not require dietary supplements, including
phytochemical supplements, to be evaluated for safety and efficacy prior to market-
ing. In Chapter 4 Lemay makes a strong case that controlled clinical trials in the
dietary supplement field are a necessary part of the product development process
and are ultimately beneficial to supplement manufacturers. He describes a method-
ological approach that progresses from 

 

in vivo

 

 to 

 

ex vivo

 

 testing, followed by clinical
evaluation. To demonstrate the first two steps in the process, Lemay reports on the
results of a study that found that a hops extract dietary supplement exerted 

 

ex vivo

 

Cox-2 inhibition comparable to that of a known pain-reliever. This is an important
finding because Cox-2 selectivity might suggest an improved safety profile. Clinical
evaluation of the extract will still be required to prove its effectiveness compared to
other anti-inflammatory agents. Kornman comments in Chapter 1 that the lack of
regulation of dietary supplements combined with the substantial pseudo-science
being promoted to the consumer today can “poison the well” for science-based
commercial products. In light of these comments, it is refreshing to read the recom-
mendations of Lemay.

Interest in resveratrol, the major compound of the stilbene phytoestrogens found
in grape skins, has been high ever since the French Paradox was described and
moderate red wine consumption was hypothesized to provide antioxidant protection
to consumers of high fat diets. Chapters in two previous volumes (Chapter 4 in

 

Phytochemicals in Nutrition and Health, 

 

2002; and, Chapter 9 in 

 

Phytochemicals:
Mechanisms of Action

 

, 2004) discussed the role of resveratrol in the prevention of
cardiovascular disease. In light of the focus of the current volume on diet–gene
interactions, the organizers thought it was important to revisit resveratrol, and discuss
it in the context of lipid peroxidation and gene expression. In Chapter 5, Kutuk,
Telci and Basaga indicate that “oxidatively modified low-density lipoproteins and
end products of lipid peroxidation have all been shown to affect cellular processes
by modulation of signal transduction pathways hence effecting the nuclear transcrip-
tion of genes.” In their review they discuss the molecular mechanisms that underlie
resveratrol activity “with special focus on its effect on signaling cascades mediated
by oxidized lipids and their breakdown products.”

As indicated in Chapters 6 and 7, the worldwide prevalence of obesity and related
disorders is reaching epidemic proportions and is increasing unabated. The phy-
tochemical conference organizing committee realized the importance and complexity
of this issue and invited two researchers to address the role of genes in the patho-
genesis of obesity. Kern discusses adipose tissue gene expression in the context of
inflammation and obesity in Chapter 6. One of his most interesting observations
involves human evolution and the location of adipose tissue depots in the body.
“Modern humans still have the genome of a hunter-gatherer, trapped in a body



 

designed for a struggle against famine, infectious diseases and the threats from the
elements. These Paleolithic threats seldom emerge, and the new threat is the result
of the hunter-gatherer genome faced with an overabundant food supply and no need
for physical activity.” Pérusse echoes this theme in Chapter 7 where he places the
obesity epidemic in the context of “a changing environment characterized by a
progressive reduction in physical activity and the abundance of highly palatable
foods. These changes in our lifestyle occurred over a period of time that is too short
to cause changes in the frequencies of genes associated with obesity, which suggests
that genes interacting with diet and other components of the modern lifestyle are
important in determining an individual’s susceptibility to obesity.” Pérusse reviews
gene–environment interactions in obesity and the implications of these interactions
for the prevention and treatment of obesity.

The theme of the human genome incapable of evolving at a rate that could keep
up with the breathtaking changes in the environment over the past 10,000 years
since the introduction of agriculture and animal husbandry continues in Chapter 8
with a discussion of saturated fat consumption in ancestral diets and Chapter 10
which discusses the radical shift in the ratio of omega-6 to omega-3 fatty acids from
pre-agricultural diets to modern Western diets. Cordain presents very provocative
data in Chapter 8 that suggest the normal dietary intake of saturated fatty acids in
our ancestral diet fell in the range of 10 to 15% of total energy, higher than current
dietary recommendations of less than 10% of total energy. Based on these data
Cordain claims that there is no genetic or evolutionary foundation for recommending
such low levels of saturated fat intake and that we have insufficient data on the
effects of long term low saturated fat intake. Simopoulos presents data in Chapter
10 that suggest Western diets are deficient in omega-3 fatty acids and too high in
omega-6 fatty acids. She proposes that this imbalance contributes to cardiovascular
disease, cancer, inflammatory and autoimmune diseases. In her chapter, Simopoulos
discusses the influence of omega-3 and omega-6 fatty acids on the expression of
genes involved in lipogenesis, glycolysis, inflammation, early gene expression, and
vascular cell adhesion molecules.

Chapter 9 provides some of the background evidence suggesting a role for
phytochemicals in health promotion and disease prevention. In this chapter Hu
reviews and summarizes epidemiological research on plant-based foods and dietary
patterns and concludes that there is substantial evidence “that healthy plant-based
diets—those with adequate omega-3 fatty acids, that are rich in unsaturated fats,
whole grains, fruits and vegetables—can, and should play an important part in the
prevention of cardiovascular disease and other chronic diseases.”

Slavin gives a comprehensive overview of the research on whole grains and
chronic disease in Chapter 11. The protective components of grains are found in the
germ and bran and include dietary fiber, starch, fat, antioxidant nutrients, minerals,
vitamins, lignans and phenolic compounds. Consumption of the compounds in whole
grains has been linked to reductions in risk of coronary heart disease, cancer,
diabetes, obesity and other chronic diseases. Slavin makes a case for pursuing the
mechanisms of protective action for these components of whole grains which might
include phytonutrient-gene interactions.



 

Vitamin E is a popular topic in books on phytochemicals but these books typically
focus on the antioxidant properties of vitamin E. Zingg and Azzi discuss the molecular
activities of vitamin E in the final chapter, Chapter 12. What is unique about this
chapter is that it focuses on the non-antioxidant cellular properties of vitamin E. In
this comprehensive discussion, Zingg and Azzi cover the natural and synthetic vitamin
E analogues, their occurrence in foods, plasma and tissue concentrations, uptake and
distribution and finally the molecular action of vitamin E including the modulation of
enzymatic activity and the modulation of gene expression. There are strong indications
that each natural and synthetic vitamin E analogue can have a specific biological effect,
often not associated with its antioxidant activity. The non-antioxidant activities might
explain some of the health-promoting effects of vitamin E.

It is our hope that this volume will stimulate further interest and research in
nutrigenomics and nutigenetics. A new understanding of phytochemical–gene inter-
actions offers great potential for illuminating how diets rich in fruits, vegetables,
and whole grains can decrease the risk of chronic degenerative diseases. The idea
of a more individualized approach to dietary advice based on genotype is no longer
science fiction. Safe and effective phytochemical products, based on genomics, can
be developed responsibly based on real science.

 

Mark S. Meskin
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PHARMACOGENETICS: THE MODEL

 

Non-small cell lung cancer (NSCLC) is the number one cancer killer in the United
States.

 

1,2

 

 This type of lung cancer comprises 85% of all lung cancer cases. Iressa

 

©

 

,
or gefitinib, is a well-tolerated drug prescribed for the treatment of NSCLC as a
third line therapy — after the failure of two other well-established chemotherapy
treatments. Although many oncologic treatments are combination therapies, Iressa
has not been shown to enhance the effectiveness of other well-established drug
therapies.
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Studies have demonstrated an overall response rate of 10%, which means 10%
of the treated population will achieve a response. It is now known that essentially
all of the people who respond to Iressa have a genetic mutation in the epidermal
growth factor receptor (EGFR) gene.

 

4

 

 Others have shown that the EGFR mutation
occurs most frequently in Japanese people and is relatively uncommon in Cauca-
sians.
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 Although, the positive clinical response rate to Iressa is relatively low, that
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rate may be increased dramatically if patients are first screened for EGFR mutations.
This is an example of pharmacogenetics (i.e., the use of genetic information to guide
the use of drugs to patients who are most likely to have a favorable response).

The proceeding scenario is a good example of the impact our knowledge of
human genetics and its variations can have on improving the pharmacologic treat-
ment of disease. The field of pharmacogenetics offers practitioners and patients the
opportunity to use genetic information to guide drug use and selection. It offers
researchers and commercial drug developers the opportunity to more efficiently
identify safe and effective drugs through a better understanding of individual differ-
ences. Additionally, as knowledge in the field grows, it will offer the opportunity to
bring new effective drugs to market that may have been previously considered
failures due to excessively variable responses when used in broad populations.

 

NUTRIGENETICS

 

The field of nutrigenetics employs concepts that are similar to pharmacogenetics,
however, it is potentially more complex as it takes us away from disease toward a
more wellness-oriented model of research and practice. The field of nutrigenetics
contemplates the effects of genetic variations on nutrient influences in the health
and disease of an individual. It allows us to identify the nutritional factors that are
most influential for an individual to optimize their potential for a positive health
trajectory throughout their life. Several terms, such as those in Table 1.1, are routinely
used in discussions of how nutrients interact with the genome and the proteome.
The terms 

 

nutrigenetics

 

 and 

 

nutrigenomics

 

 are often used interchangeably and may
eventually be blended into one definition and one term. However, traditionally, these
terms have different meanings. While nutrigenetics focuses on single gene variations
and the nutritional implications associated with these variations; nutrigenomics

 

Table 1.1

 

Nutritional Genetics vs. Nutritional Genomics

What Is Nutritional Genomics?

 

Genomics
• Which genes and proteins are activated under different conditions

Genetics
• Mechanisms for inheriting specific traits
• How traits differ due to inherited factors

Nutrigenomics
• Effects of bioactive dietary compounds on the expression of genes

(genome), proteins (proteome), and metabolites (metabolome)

Nutrigenetics
• Effects of genetic variations on nutrient influences on health and

disease of an individual
• The nutitional factors that are most influential for a specfic individual
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contemplates the effects of nutritional compounds on the expression of multiple
human genes, proteins, and metabolites.

Some of the most common applications of nutritional genomics are depicted
in Figure 1.1. We know that dietary cholesterol and fats contribute to the clinical
expression of cardiovascular disease. The use of “-omics” technologies, such as
microarrays, to study which genes, proteins, and metabolites are activated by
dietary fats in the development of atherosclerosis is one application of nutritional
genomics (Figure 1.1;1a). One may also use the same technologies to attempt to
find nutrients that counter-balance the effects of dietary fats on atherosclerosis
(Figure 1.1;1b) as another application. Thus, nutritional genomics may be used to
discover which molecular targets are influenced by specific nutrients to improve
bioactive supplements or guide dietary modifications. This information may also
be used, as in pharmacogenetics, to identify a subset of individuals who receive
special benefit from specific nutrients, thereby reducing the variability of the
response.

We should emphasize, however, the reality of the field in 2004–2005. Nutri-
tional genomics does not mean that it is realistic to provide a unique formulation
for each individual based on their genetics. It also does not mean that nutritional
preparations or special diets can address all the component causes of a disease.
Some applications of nutrigenomics and nutrigenetics do appear to be practical
today. One is to substantially enhance our understanding of the genes and proteins
that are activated by specific nutrients in specific situations. We already know of
specific gene variations that influence single component causes of a disease, and
we know that there are nutrient formulations or specific dietary considerations
proven to benefit individuals who fit into certain genetic variation patterns asso-
ciated with disease.

 

Figure 1.1

 

The paths of nutritional genomics.
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Inflammation Is One Example of Applied Nutrigenomics

 

When the body is presented with a challenge, such as a cut to the finger; the immune
system responds by attacking foreign invaders and repairing the injured areas,
sending immune cells into tissue in which they do not normally reside. The cut
becomes 

 

inflamed

 

 as evidenced by the classic signs of redness and swelling due
primarily to vascular dilation, leakage of fluid from the vessels, and emigration of
leukocytes into the tissues. This state of acute inflammation is a normal and desired
reaction of the body to this challenge. However, in some individuals, the inflamma-
tory response to a challenge goes awry resulting in a chronic hyper-inflammatory
state. Chronic inflammation can develop as a result of a persistent challenge or a
dysregulated acute response. For example, if an individual has elevated low-density
lipoprotein (LDL) cholesterol levels, it activates arterial endothelial cells to express
adhesion molecules, such as VCAM-1 that recruit immuno-inflammatory cells.
Monocytes in the circulation attach to the arterial wall, migrate into the wall, are
activated, and phagocytose LDL-cholesterol. As they are activated, the monocytes
release cytokines and growth factors that amplify and shape the inflammatory process
in the arterial wall.

Inflammation and inflammatory mechanisms are now known to be central to
many diseases, including cardiovascular disease, Alzheimer’s disease, osteoporosis,
obesity, and diabetes, which affect individuals in their mid-to-late years. Although
inflammation-associated disease manifests itself later in life, inflammation can start
much earlier and continue for many years without producing symptoms in the body.
The inflammation association with common chronic disease has been most exten-
sively developed for cardiovascular disease.

It is now known that atherosclerotic heart disease may develop from multiple
paths, and that inflammation is a critical component. The first path in Figure 1.2

 

Figure 1.2

 

The paths of atherosclerotic heart disease.
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demonstrates the interaction between cholesterol and the gradual increase in block-
age, or stenosis, of the coronary arteries, which, if allowed to continue, will com-
promise blood flow to the heart. An individual whose disease follows the trajectory
of Path #1 will most typically experience chest pains during times of physical
exertion. This path is an extension of the early atherosclerotic processes described
above. After the monocytes enter the arterial wall, phagocytose lipid, and become
activated macrophages, the growth factors and cytokines they release recruit other
inflammatory cells to the area. This series of self-reinforcing processes produces an
expanding accumulation of lipid-laden macrophages within the arterial wall. If the
cholesterol challenge continues, the late stages of this process involves extension of
the lipid deposits into the lumen of the artery. Thus, the atherosclerotic plaque begins
to compromise blood flow, and this may lead to symptoms during physical exertion.
Expansion of plaque into the artery lumen is detectable by angiography.

The alternate path is now known to lead to approximately half of first heart
attacks in the U.S. That path involves different characteristics of inflammation in
the walls of the coronary arteries that alter the physical and biological properties of
the atherosclerotic plaques to make them less stable.

 

6,7

 

 The unstable plaques have a
less well-defined fibrous “cap,” which is most likely due to a different balance of
the cytokines and growth factors that determine the relative expression of inflam-
mation vs. repair. Matrix-metalloproteinases are prominent in the unstable plaques,
and they are therefore more prone to rupture. The acute results of the plaque rupture
are that the lipid core is exposed to the blood elements, thereby inducing a thrombotic
reaction, which can instantly block blood flow to segments of the heart. One of the
challenges with the second path is that there is often no advance warning. In addition,
an individual who follows this path may have cholesterol levels in the “normal”
range, yet still be at risk for an acute cardiovascular event because of an increased
propensity for inflammation. This exciting breakthrough in the understanding of
cardiovascular disease has been supported by research findings on a blood marker
of inflammation called 

 

C-reactive protein

 

 (CRP). The work of Paul Ridker has
demonstrated that an elevated CRP level in people with a prior history of heart
disease is as strong a predictor of future cardiovascular events as is elevated cho-
lesterol. In addition, reduction of inflammation has been shown to have as beneficial
an effect in reducing future events as lowering LDL cholesterol.

 

8

 

The findings on CRP and cardiovascular disease risk have also revealed that
some individuals maintain chronically higher levels of a low-grade inflammation
than others. One of the important questions is what is different about the people
with chronic inflammation, and can anything be done to modulate the inflammation
and associated risk or disease. Cytokines are proteins or glycoproteins produced by
most cells and are involved in the cell-to-cell communication involved in the
immuno-inflammatory response, wound healing, and parts of energy metabolism.
Interleukin-1 (IL-1) is a pro-inflammatory cytokine found at the beginning of the
cellular communication cascade and, along with IL-6 and TNF

 

α

 

, plays a pivotal
role in initiating and regulating inflammation.

IL-1 biologic activity is the result of primarily two agonists, IL-1

 

α

 

 and IL-1

 

β

 

,
and a naturally occurring antagonist, IL-1 receptor antagonist. Variations in these
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genes are commonly found in many people in the population and have been asso-
ciated with higher levels of inflammatory mediators, such as CRP.

 

9

 

 
The presence of certain gene variations in the IL-1 gene cluster has also been

associated with the risk of heart disease. Individuals enrolled in the Atherosclerosis
Risk in Communities study who shared a common variation in the IL-1A gene
(homozygous for the rare allele at +4845) were found to be at a four-fold increased
risk of death due to an MI in the setting of low serum cholesterol.

 

10,11

 

 In 1999,
Frances and colleagues demonstrated a strong association between the presence of
the rare allele in the IL-1RN gene variation at +2018 and IL-1B(-511) and coronary
artery disease.
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 The preceding studies provide evidence to support the evaluation
and modulation of individual genetic inflammatory tendencies early in life in order
to modulate these tendencies to prevent disease later in life. One route toward the
modulation of these tendencies lies in the path of nutrition.

 

Nutrients Directly Alter Gene Expression

 

Nutrients were first appreciated for their value as a fuel source for energy metabolism
and growth. In addition, there was extensive study of the roles of specific nutrients,
such as calcium, as essential elements of the structural components of the body. As
biochemical and physiological methods advanced, a new understanding emerged of
the role of certain nutrients as co-factors (i.e., vitamins) for the proper function of
enzymes involved in various aspects of metabolism and tissue maintenance. This
was a great advance in our understanding of the role of nutrition in biology and
represented a very different concept from the concept of “food as fuel.” In recent
years, a third advance in the understanding of the role of nutrients has emerged. It
is now known that certain nutrients selectively alter gene expression through tran-
scription factor systems that regulate the activation of specific sets of genes. The
remarkable aspect of this new role for certain nutrients is that it reveals specific
molecular targets for nutrients to influence the behavior of different tissues and under
different environmental conditions. Some nutrients bind to, or in some way directly
activate, specific transcription factors, which then regulate the activation of specific
sets of genes.

 

13

 

 Polyunsaturated fatty acids are one example of nutrients that directly
alter transcription factors, such as the PPAR system. Other nutrients alter the oxi-
dation-reduction status of the cell to indirectly influence transcription factor activity.
Many antioxidants will alter the activation status of the transcription factor NF-
kappa-

 

β

 

, which is a key regulator of many genes, such as those involved in several
aspects of the inflammatory response.

Common nutritional compounds, such as omega-3 fatty acids and isoflavones
have been shown to alter genes that code for cytokines, growth factors, cholesterol
metabolizing enzymes, and lipoproteins.

 

14–16

 

Some of the strongest evidence for nutrient effects on specific gene expression
comes from animal studies of nutrient modification during the prenatal or early
postnatal periods. For example, investigators have shown in mice that addition of
specific nutrients to the normal diet of the mothers during the gestational period can
produce a life-long change in the color of the coat in the pups.

 

17–19

 

 Others have
shown in rats that dietary modification of the pups only during the suckling period
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can induce an adult onset obesity and hyper-insulinemia that is transmitted to the
offspring of those pups.

 

20

 

 These nutrient-gene effects appear to be “epigenetic”
effects in which the nutrients alter the methylation and structure of the chemicals
that influence how certain genes are available to be regulated; i.e., this is not a direct
change of the DNA or an effect on regulatory elements within the DNA. These
methylation effects may be induced by a short-term diet modification during a critical
development phase, as in the study above, with diet modification during the suckling
period.

 

20

 

 As in this study, the genetic effect may not revert after changing the diet.
This specific study involves an animal model with a genetic background that makes
it susceptible to the epigenetic effects of the diet.

It should be emphasized that even though the effect of nutrients on gene expres-
sion may be prolonged and even extend to progeny, the nutrients do not change the
DNA structure of genes. As far as we know, the nutrient effects on gene expression
are through one of four major mechanisms. The first involves alterations in cell
membrane chemistry such that eicosanoid metabolism is altered. Eicosanoids are
key regulators of cell membrane receptor activity. Fatty acids on the 

 

sn

 

-2 position
of phospholipids in cell membranes are cleaved in response to specific stimuli via
the action of phospholipase A2 to generate free fatty acids that are then substrates
for eicosanoid metabolism primarily through the cyclooxygenase (COX), lipoxyge-
nase, (LOX), and epoxygenase enzymes. The mixture of unsaturated fatty acids in
the diet dramatically changes the distribution of different eicosinoid products

 

. 

 

These
eicosanoid products include prostanoids, such as prostaglandin E2, thromboxanes,
leukotrienes, and hydroxylated eicosapentaenoate products. Diets enriched with
omega-3 polyunsaturated fatty acids lead to a very different distribution of eicosanoid
products compared to diets enriched with omega-6 fatty acids.

 

21

 

 The different
eicosanoid products lead to different gene expression patterns and different cell
responses.

The second mechanism for nutrient effects on gene regulation involves direct
interaction of nutrients with transcription factors that enter the nucleus and bind
regulatory sites in the DNA to influence gene expression. Polyunsaturated fatty acids
have been shown to influence expression of multiple genes by this mechanism.

 

22,23

 

 
The third mechanism involves oxidation-reduction effects on transcription factors

to alter their activation state. For example, the transcription factor NF-kappa-

 

β

 

 that
is involved in inflammatory mechanisms is activated by oxidation and is inhibited
by dietary antioxidants.

 

24,25

 

The fourth mechanism for nutrient effects on gene expression involves the epige-
netic modification, such as methylation or acetylation, of the proteins that surround
and stick to the DNA, thereby regulating how the gene functions. An example of
dietary modification of epigenetic regulation of gene expression is given above.

 

Nutrient Effects May Be Determined by Genetic Differences in People

 

If nutrients affect expression of certain genes by directly or indirectly influencing
transcription factors, one may easily postulate how a given nutrient may have very
different effects in different individuals. For example, nutrients that influence tran-
scription factors may have different effects in individuals with polymorphisms in
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the binding sites for the transcription factors that are affected by the nutrients. A
recent study provided some support for this concept. One polymorphism in the
inflammatory gene arachidonate 5-lipoxygenase (5-LOX) has been associated with
risk for cardiovascular disease.

 

26

 

 In general, individuals who are homozygous for
the 5-LOX polymorphism have a greater thickness of the carotid arterial wall, one
indicator of atherosclerosis burden. However, when the dietary intake of polyunsat-
urated fatty acids (PUFA) was taken into consideration, a strong interaction was
observed between the PUFA intake and the 5-LOX polymorphism. Dietary intake
levels of arachidonic acid, an omega-6 PUFA, had no effect on carotid wall thickness
in subjects without the 5-LOX polymorphism, but increasing dietary levels of the
omega-6 PUFA were significantly associated with increasing carotid wall thickness
in subjects with 5-LOX gene variations. PUFAs are known to regulate expression
of several inflammatory genes. It is reasonable to conclude from this study that the
omega-6-PUFA activated the 5-LOX gene to a greater extent in individuals with the
polymorphism than in those without the polymorphism, thereby increasing the risk
for atherosclerosis in some individuals based on the presence of both dietary com-
ponents and specific gene polymorphisms.

 

OPPORTUNITIES AND CHALLENGES WITH PRODUCT DEVELOPMENT

 

Companies and researchers who wish to introduce legitimate, science-based com-
mercial products in the field of nutrigenomics face substantial challenges. Since
these products are currently not well regulated, there is substantial pseudo-science
being promoted to the consumer. Such products have little-to-no scientific basis but,
unfortunately, have the potential to “poison the well” for others who are committed
to the long-term opportunity to advance the science in this area. Unfortunately,
current regulations do not provide the information that is necessary for even an
intelligent informed consumer to differentiate legitimate products from the pretend-
ers. Although physicians are very comfortable making decisions about the use of
prescription drugs, they are generally not comfortable recommending nutritional
products. This reticence comes primarily from the fact that the data supporting the
value of specific nutritional products have been lacking, and it is difficult for a
consumer to know whether a specific product will deliver the desired active ingre-
dients in a bioavailable and safe formulation. With drugs, physicians normally rely
on the Food and Drug Administration’s certification of safety, efficacy, and bioavail-
able delivery of active ingredients. Such assurances do not currently exist for nutri-
tional products, so physicians are naturally skeptical. The linkage of genetic testing
to nutritional products introduces other appropriate concerns related to privacy,
discrimination, and value of the test information.

If there is great potential to benefit the public with better nutritional products to
enhance wellness, how can it be done responsibly? In our opinion, there are a few
starting points. First, we must have adequately sized, randomized, controlled clinical
trials to determine if the nutritional products are of real benefit. These studies must
be “product-specific” (i.e., the consumer should be able to know that a specific
product is capable of delivering the desired outcome) as opposed to “ingredient-
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specific” studies that do not really differentiate effective from ineffective products.
The studies should be published in peer-reviewed journals. Second, we ultimately
may need a third-party independent entity to establish standards for effective and
safe nutritional products and certify that specific products meet the standards. Third,
if genetic testing is part of the product, the issues associated with such testing must
be addressed in a manner that provides some assurances to the consumer.

Effective nutritional products, based on genomics, will be developed based on
real science and will be marketed responsibly by a few companies. Responsible
companies and responsible researchers in this field should look for ways to identify
the products that have true value, and find ways to assist the consumer in differen-
tiating such products.
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INTRODUCTION

Current dietary recommendations for reducing cardiovascular disease (CVD) risk
focus on mediating intermediate risk factors (e.g., hypertension, blood lipids, obesity,
diabetes) believed to promote atherosclerosis. These recommendations are applied
to the general population in a “one-size-fits-all approach” (with few exceptions for
pregnancy and well-known diet–disease associations). To date, the effectiveness of
these recommendations in lowering CVD prevalence has been limited. While it is
difficult (and perhaps unwise) to pinpoint a single reason for this shortfall, it cannot
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be explained solely by a population-wide failure to follow the dietary guidelines.
Experimental and observational studies have identified interindividual variability in
response to various dietary modifications. The revised food pyramid provided by
the United States Department of Agriculture (USDA) represents a small step toward
addressing variability of dietary needs, but is still fails to account for the effects of
age, gender, ethnicity, and genetic variations. The American Heart Association’s
(AHA) revised dietary guidelines in 2000 reflect an appreciation of the genetic and
metabolic heterogeneity underlying the ability of nutritional guidelines to meet the
needs of individuals.1 AHA further emphasizes the need for understanding the
influence of gene polymorphisms on individual responses to dietary factors.2

The current “one-size-fits-all” approach to preventive nutrition is centered around
blanket dietary recommendations, such as reducing total cholesterol and triglyceride
levels with a low-fat diet and regular, mild-to-moderate exercise. These recommenda-
tions are based on research indicating that serum total cholesterol concentrations are
linearly associated with mortality from coronary heart disease (CHD),3,4 but large
between-country differences in CHD mortality rates indicate that other factors, such
as diet, play a role in CHD risk. Previous guidelines recommending total cholesterol
below 200 mg/dL to reduce CHD mortality were modified in light of a 26-year follow-
up from the Framingham Heart Study in which 35% of CHD occurred in people with
total cholesterol <200 mg/dL.5 Further research determined the association between
serum cholesterol and CHD mortality is primarily a function of increased low-density
lipoprotein cholesterol (LDL-C) and that optimization of high-density lipoprotein
cholesterol (HDL-C) is also important for reducing heart disease risk.

This progression in our understanding of the relationship between serum cho-
lesterol and CHD mortality demonstrates the well-documented capacity for science
to adjust its models based on new and more detailed information. In the field of
nutritional genetics (nutrigenetics), researchers are studying gene–diet interactions
in an effort to better understand factors mediating individual response to dietary
interventions. The scientific literature is replete with accounts of interindividual
variability in response to specific dietary factors (such as high or low intake of total
fat or saturated fat). Exploration of the interactions between genetic variations and
diet are beginning to reveal evidence that more individualized nutritional recom-
mendations are required to address the interplay of dietary factors and genetic
variations on risk of cardiovascular disease.

In this chapter, we explore how genetic variations identified in samples from
large population-based studies are beginning to provide hints about gene–diet and
gene–environment interactions that may lead to more individualized recommenda-
tions for preventing cardiovascular disease.

INTERACTION OF DIETARY FAT AND HEPATIC LIPASE GENE 
POLYMORPHISM ON HDL-C

The challenge of optimizing lipid profiles has frustrated lay people and researchers
alike. To reduce the risk of developing heart disease, we’re told to minimize LDL-
C concentrations and maximize HDL-C concentrations. The inherent challenge, of
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course, is that while HDL-C can be increased by consuming saturated fatty acids
(SFA), this strategy increases LDL-C even more, thus raising a person’s risk of
developing atherosclerosis.

Consider the case of two male neighbors who commute together to their jobs at
the local utility company, each of whom has suffered a mild heart attack within the
past year. The two have teamed up to make the necessary changes to mediate their
atherosclerotic lipid profiles. Together they have quit smoking and are diligently
consuming less saturated fat, exercising more regularly, and drinking red wine in
moderation. But they are experiencing different effects of their modified lifestyles.
Dave’s doctor is very pleased with his progress. He has reduced his dietary fat intake
substantially, which has resulted in lower LDL-C and increased HDL-C. His
coworker, Gene, however, is frustrated. He’s been doing the same things but his
HDL-C remains low. The solution for Gene may be to start taking a lipid-lowering
drug that increases HDL-C. Or is there a genetic component to his problem?

There exists a wealth of scientific research documenting this apparent contra-
diction. The heterogeneity of plasma lipid response to changes in dietary fat suggests
a genetic component.6–8 A retrospective analysis of data from 1,020 men and 1,110
women in the Framingham Offspring Study has revealed a genetic factor that may
regulate plasma lipid response to dietary fat.9 The lipolytic enzyme hepatic lipase
(HL) plays an important role in HDL metabolism, such that overexpression of HL
decreases HDL-C concentrations and deficiency of HL increases it.10 At the genetic
level, a common polymorphism in the hepatic lipase gene (LIPC) has been identified
at position -514 bp upstream of the transcription initiation site for the hepatic lipase
gene, in which a C-to-T substitution results in differing metabolism of HDL-C. For
the T/T allele in the Framingham study, HDL-C increased with dietary fat intake
<30% of total energy, but decreased when dietary fat was 30% of total energy.
Among the C/C and C/T genotypes, however, no association was observed between
the percentage of dietary fat and plasma HDL-C concentrations. Regression model
analysis showed that in T/T individuals HDL-C decreased as total fat increased, but
the opposite was true for C/C individuals. Thus, T/T homozygotes who reduce
dietary fat intake to <30% of total energy will likely see improvements in their lipid
profiles in the form of lower LDL-C and higher HDL-C. At first glance, this finding
appears to conflict with the general observation that HDL-C increases with higher
dietary fat intake. The apparent conflict is resolved, however, when one considers
the high prevalence of the C/C and C/T genotypes in the general population. That
is, for the majority of the general population (C/C and C/T), higher total fat intake
does increase HDL-C, but the opposite is true for the minority T/T genotype. The
Framingham study population described here, for example, consisted of 64% C/C,
33% C/T, and 3% T/T subjects.

This clear association between dietary fat intake and plasma HDL-C in carriers
of the T/T allele provides strong support for a gene-nutrient interaction in the
expression of HL on lipid metabolism. Based on these findings, T/T homozygotes
would not be expected to gain an HDL-C benefit from dietary fat intake higher than
30% of total energy. If Dave is a T/T homozygote, then the low-fat diet is working
well for him in terms of reducing LDL-C and increasing HDL-C. Like the majority
of the population, though, Gene is not seeing an HDL-C benefit from his low-fat
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diet. Of course, we cannot discount the influences of other nutrients and gene
polymorphisms on the overall lipid profiles of these two men.

This same study identified statistically significant interactions of saturated fatty
acids (SFA) and monounsaturated fatty acids (MUFA) with LIPC genotype. How-
ever, no interaction was observed for polyunsaturated fatty acids (PUFA). When
consumption of animal fat and vegetable fat were analyzed separately, a statistically
significant interaction with LIPC genotype was present for animal fat but not veg-
etable fat.

The discovery that genetic profiles and dietary nutrients interact to determine
lipid profiles is exciting, but there is still much to understand about how the multitude
of dietary factors interact with specific genotypes to determine plasma lipid profile
and other determinants of cardiovascular disease risk. Furthermore, the mechanism
by which dietary fat interacts with the LIPC-514C/T polymorphism remains
unknown. This study provides a plausible explanation for the interindividual vari-
ability in HDL-C response to dietary intervention observed anecdotally and in well-
designed studies.

INTERACTIONS OF APOLIPOPROTEIN E (APOE) GENOTYPE 
WITH OBESITY AND ALCOHOL

Three major alleles of the APOE gene (APOE2, APOE3, and APOE4), which codes
for the plasma protein apolipoprotein E (apoE), have been studied for their associ-
ations with plasma lipoprotein concentrations. Polymorphisms in the APOE gene
have been shown to influence plasma lipoprotein concentrations in carriers of certain
alleles. Specifically, the E4 allele has been associated with increased LDL-C,
whereas the E2 allele has been linked with lower LDL-C.11 Both E2 and E4 have
been linked with increased plasma triglycerides.12

Again using data from the Framingham Offspring Study (1,014 men and 1,133
women), researchers examined the potential interaction of APOE and alcohol intake
on LDL-C.13 Carriers of the E2 allele (E2/E2 or E2/E3) typically have lower LDL-
C than E3 homozygotes (E3/E3); E4 carriers (E3/E4 or E4/E4) tend to have higher
LDL-C than E3 homozygotes. In this study, the expected lowering effect of the E2
allele on LDL-C was present in the overall study population. However, when strat-
ified by alcohol intake (drinkers vs. nondrinkers), the expected effects of the E2 and
E4 alleles were not observed in nondrinking men. The lowest LDL-C concentrations
were observed in E2 male drinkers and the highest concentrations were seen in E4
male drinkers. In fact, male drinkers with the E2 allele had significantly lower LDL-
C than male nondrinkers with the E2 allele. Conversely, among carriers of the E4
allele, LDL-C was higher in drinkers than in nondrinkers. There was no difference
in LDL-C concentrations between drinkers and nondrinkers with the homozygous
E3 genotype. In women, however, the expected effects of APOE genotype on LDL-
C were observed in drinkers and nondrinkers alike.

Extensive research, including a meta-analysis of studies, suggests that moderate
alcohol consumption (1 to 2 drinks per day) reduces CHD risk due to changes in
lipid profile,14–17 including increased HDL-C concentrations.18,19 However, the meta-
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analysis did not examine LDL-C concentrations, and other research on the associ-
ation of alcohol intake with LDL-C has been contradictory.20–24 Evidence from this
Framingham study of APOE genotypes suggests that the beneficial effects of alcohol
intake on LDL-C may not apply to male carriers of the APOE4 allele.

Studies seeking a link between APOE4 genotype and insulin resistance or diabetes
have failed to uncover a genotype–phenotype interaction.25–27 However, another anal-
ysis of subjects from the Framingham Offspring Study tested the hypothesis that
obesity modulates the association between APOE genetic variation and fasting insulin
and glucose levels.28 Researchers retrospectively analyzed genetic, biochemical, and
body mass index (BMI) data for 2,929 men and women from the Framingham study.
In this analysis, obese men with the E4 allele had higher plasma glucose and insulin
levels than subjects with the homozygous E3 genotype. Furthermore, obesity was
associated with higher fasting insulin in all three genotypes but with higher fasting
glucose only in the APOE4 genotype. No associations between genotype and plasma
glucose or insulin concentrations were observed among nonobese men or among
women. Here is evidence of both a genotype (APOE4)-phenotype (obesity) interaction
and a sex-specific association. In other research, interactions have been reported
between obesity and APOE4 on plasma triglyceride concentrations.12,29

The “personalized nutrition” lesson from this study is that while weight control
is important for mediating insulin sensitivity and reducing CVD risk, weight control
may be particularly important for male carriers of the APOE4 allele to prevent
increased fasting insulin and glucose (both risk factors for diabetes).

To put this in perspective, consider three male golfers heading into the clubhouse
for a beer after a round of golf. The men represent the genotypes E2, E3, and E4,
which correlate to approximately 14%, 65%, and 21% of the aforementioned study
population, respectively. According to the research described above, only E2 will
get the benefit of lower LDL-C by regularly partaking of a post-game beer. All else
the same, E3 will have the same LDL-C whether or not he makes a habit of drinking
a beer after regular golfing outings, and E4’s LDL-C concentrations are likely to be
higher if he typically drinks alcohol, even if only in moderation. When it comes to
diabetes risk, E4 will also need to be especially careful to maintain a healthy weight,
because mixing obesity with his APOE genotype will increase his risk for elevated
serum insulin and glucose concentrations.

INTERACTION OF POLYUNSATURATED FATTY ACIDS (PUFA) 
AND APOA1 G-A POLYMORPHISM

While it is known that dietary fatty acids and G-to-A substitution at –75 base pair
(bp) of the APOA1 gene can each influence plasma lipoprotein concentrations,
studies examining the effect of each factor separately have produced conflicting
results. In particular, evidence regarding the effect of dietary PUFA on HDL-C
concentrations is conflicting. Traditionally, increased dietary PUFA has been thought
to lower plasma HDL-C concentrations. However, analysis of allelic variations in
the APOA1 gene and dietary PUFA in a subset of the Framingham Offspring Study
challenge this association.30 In this analysis of 755 men and 822 women for whom
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complete genetic, biochemical, and dietary information was available, the association
of higher dietary PUFA with lower HDL-C concentrations was observed for female
G/G homozygotes but not for female carriers of the A allele (A/A or G/A). Because
the homozygous G/G genotype accounts for approximately 70% of the general
population, it is not surprising that studies examining only the association between
PUFA and HDL-C, without considering APOA1 genotype, would fail to detect an
HDL-lowering effect of PUFA. This Framingham analysis uncovered the differential
response to dietary PUFA between female carriers of the A allele (A/A or G/A) and
female G/G homozygotes.

This study is particularly interesting because it describes a sex-specific differ-
ential effect of dietary PUFA on HDL-C concentrations. Female G/G homozygotes
had higher HDL-C concentrations than female carriers of the A allele when dietary
PUFA was <4% of total energy, but the opposite was true when dietary PUFA was
>8% of total energy. In male subjects, the interaction between PUFA and G-A
polymorphism was only statistically significant when alcohol consumption and
smoking were factored into the regression model, confirming the importance of
analyzing men and women separately.

In this scenario, higher PUFA intake benefits female carriers of the A allele by
increasing their HDL-C concentrations and thus reducing their risk of cardiovascular
disease. In addition, no difference was observed between genotypes for moderate
dietary PUFA (4 to 8% of total energy), which is consistent with previous studies
that reported no effect of dietary PUFA related to allelic variation. The findings from
this study may explain the conflicting evidence from previous studies that did not
examine gene–diet interactions in a sex-specific manner.

INTERACTION OF PUFA AND PPARA POLYMORPHISM ON 
PLASMA TRIGLYCERIDES AND APOC-III

Another gene–PUFA interaction identified by analyzing data from the Framingham
Offspring Study is the relationship between PUFA intake and PPARA-L162V poly-
morphism. In this study, PUFA intake (predominantly in the form of vegetable oil)
was associated with lower plasma triglyceride and apoC-III concentrations in carriers
of the 162V allele (162V/162V or 162L/162V).31 Peroxisome proliferator-activated
receptor alpha (PPARA) regulates multiple genes involved in lipid metabolism.32,33

Substitution of leucine to valine at the PPARA 162 locus has been shown to influence
PUFA activation, with effects varying depending on plasma PUFA concentration.34,35

Previous population-based studies detected an association between 162V polymor-
phism and increased total and LDL-C, but not triglyceride concentrations, despite
evidence that PPARA plays a prominent role in regulation of triglyceride-rich lip-
ids.36 This lack of association is likely a result of the low prevalence of the 162V
allele in the general population (14% in this study).

While some people may know their plasma triglyceride concentrations, it is
unlikely that the average person knows his or her plasma apoC-III concentrations.
Imagine, though, two female triathletes who are master’s degree candidates in
nutrition. They live together, eat healthful diets, and cook with plenty of olive and
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canola oil, believing it to be good for their lipid profiles. As triathletes and nutrition
professionals, they of course abstain from smoking and drink alcohol only in mod-
eration. One of the two, however, is concerned because her high plasma triglyceride
concentrations persist despite her diet and exercise regimen. The answer to her
conundrum may lie in the results of the aforementioned study evaluating PPARA-
L162V polymorphism and PUFA intake.

In this retrospective analysis of data on 1,003 men and 1,103 women in the
Framingham Offspring Study, higher PUFA intake (predominantly in the form of
vegetable oil) was associated with lower plasma triglyceride and apoC-III concen-
trations in carriers of the 162V allele.31 This benefit of increased PUFA intake was
not observed in 162L homozygotes. Perhaps even more interesting, when the data
were stratified by PUFA consumption greater than and less than the population mean
(6% of total energy), a different effect was seen. Among subjects who consumed
<6% of total energy from PUFA, triglyceride and apoC-III concentrations were
slightly higher among carriers of the 162V allele than 162L homozygotes. The
interactions observed were consistent whether PUFA intake was analyzed as a
discrete or continuous variable and when controlling for sex, age, BMI, smoking,
alcohol, diabetes, blood-pressure medications, estrogen therapy, and energy intake.
Based on these findings, higher dietary PUFA appears to be very important for lipid
metabolism in carriers of the 162V allele, but less important for 162L homozygotes.

Once again, gene–diet interactions for PUFA and the PPARA-162V genotype may
explain the anecdotal evidence from our female triathletes. While any number of
gene–diet-environment interactions may be at play in this case, perhaps the triathlete
whose high triglyceride concentrations persist despite her high PUFA consumption is
an LL homozygote who does not benefit from increased dietary PUFA. The challenge
now is to determine what gene, diet, and environmental factors can be employed to
reduce her triglyceride concentrations, or perhaps her genetic make-up even protects
her from the cardiovascular risk associated with elevated triglycerides.

INTERACTION OF N-6 AND N-3 FATTY ACIDS WITH 
ARACHIDONATE 5-LIPOXYGENASE GENE PROMOTER

Research has identified differential effects of the n-6 and n-3 families of polyunsat-
urated fatty acids on plasma lipid profiles, inflammatory response and cardiovascular
risk.37 As the primary substrate for 5-lipoxygenase, n-6 and its metabolic precursor,
linoleic acid, enhance the production of leukotrienes, which could induce arterial
atherogenesis.38–41 In addition, variants of the 5-lipoxygenase gene promoter may
be linked with atherosclerosis.42,43 

In the Framingham study of dietary PUFA interaction with triglycerides and
apoC-III (described in the preceding section), n-6 and n-3 interacted with the
PPARA-162V genotype to influence plasma triglycerides and apoC-III concentra-
tions.31 In that study, higher dietary n-6 reduced plasma triglycerides and apoC-III
concentrations in 162V carriers. While the same was true for n-3 consumption, the
increase was only statistically significant for the interaction with apoC-III concen-
trations, but not triglycerides. The 162L homozygotes did not experience a reduction
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in plasma triglycerides in response to increased n-6, but their triglyceride concen-
trations did decrease in response to increased n-3. This hypotriglyceridemic effect
of n-3 has been reported consistently in experimental and observational studies, most
likely due to the high prevalence of the homozygous L/L allele (86% in this study)
at PPARA position 162 in the general population.

Retrospectively analyzing data on 470 men and women in the Los Angeles
Atherosclerosis Study, researchers tested the hypothesis that carotid-artery intima-
media thickness (a measure of atherosclerosis) is associated with arachidonate 5-
lipoxygenase gene promoter (ALOX5) genotype and dietary intake of n-6 and n-
3.44 In this study population (55% non-Hispanic white, 30% Hispanic, 8% Asian-
Pacific Islander, 5% black, and 2% other groups), carotid intima-media thickness
was increased in carriers of two variant alleles of ALOX5 compared with carriers
of the common allele. The magnitude of elevation was similar to that reported for
diabetics in this study, suggesting that these variant alleles of ALOX5 carry an
equivalent atherogenic risk. Higher dietary n-6 (in the form of arachidonic acid and
linoleic acid) was associated with an additional increase in intima-media thickness
in carriers of the variant alleles, thus compounding their already-elevated risk of
atherosclerosis. Conversely, increasing dietary intake of n-3 reduced intima-media
thickness in carriers of the variant alleles, in effect attenuating the atherosclerotic
risk associated with the variant ALOX5 genotype. Intake of saturated fatty acids
(SFA) and monounsaturated fatty acids (MUFA) had no effect on intima-media
thickness for any of the ALOX5 alleles studied. Furthermore, dietary fatty acids of
any kind (n-6, n-3, SFA, or MUFA) did not influence atherosclerotic profiles in
carriers of the common allele.

CONCLUSIONS

The evidence for gene–diet interaction as an integral factor in modulating cardiovas-
cular risk factors is mounting. There currently exists enough evidence to demonstrate
real interactions among gene polymorphisms, diet, and health outcomes (disease). The
research presented in this chapter begins to explain some of the interindividual vari-
ability observed anecdotally and documented in observational and experimental
research. However, we are still a long way from implementing “personalized” dietary
recommendations for various populations based on genetic variations.

It is important to stress the preliminary nature of these findings. In particular, five
of the six studies were retrospective analyses conducted using the database of a large,
population-based study of subjects with European white ethnicity. Furthermore, dietary
intake data in these studies were based on subject-reported data in the form of a semi-
quantitative food frequency questionnaire. Prospective intervention studies are needed
to reproduce these observational findings and further explain the interactions among
multiple gene polymorphisms, dietary factors, and other environmental factors (e.g.,
smoking, alcohol, exercise), as well as sex-specific differences.

As the nutrition industry enters this once predominantly academic arena of
nutrigenetics, nutritional product development and dietary recommendations need
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to be based on solid science and draw on additional research from the sister field
of nutritional genomics (nutrigenomics).

In closing, the research presented in this chapter emphasizes the importance of
analyzing dietary factors and health outcomes according to genotype. When we
conduct “one-size-fits-all” research, we tend to uncover only associations present in
the predominant genotype and remain confused by contradictory findings. Fully
characterizing the complexity of gene–diet interactions will require that we employ
an individualized, or “one-size-does-NOT-fit-all,” approach.
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GLOSSARY

Nutritional genetics Field of nutritional research that examines the effect of genetic 
variations on the interaction between diet and disease

Nutritional genomics Field of nutritional research that focuses on the effect of nutrients 
on the genome, proteome, and metabolome

Genetic Terms
Allele Any of a series of two or more different genes that may occupy 

the same position or locus on a specific chromosome
ALOX5 Arachidonate 5-lipoxygenase gene promoter
APOA and APOE Apolipoprotein A and Apolipoprotein E
Base pair One of the pairs of chemical bases joined by hydrogen bonds 

that connect the complementary strands of a DNA molecule or 
of an RNA molecule that has two strands

Genotype The genetic constitution of an individual referring to either a gene 
combination at one specified locus or any specified 
combination of loci

HL Hepatic lipase
Homozygote An individual with two identical genes at one or more paired loci 

in homologous chromosomes
LIPC Hepatic lipase gene
Phenotype Category or group to which an individual is assigned based on 

one or more clinical or observable characteristics that reflect 
genetic variation or gene–environment interaction

PPARA Peroxisome proliferator-activated receptor alpha
Nutrition Terms

HDL-C High-density lipoprotein cholesterol
LDL-C Low-density lipoprotein cholesterol
MUFA Monounsaturated fatty acids
PUFA Polyunsaturated fatty acids
SFA Saturated fatty acids
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INTRODUCTION

The Human Genome Project has provided the foundation for understanding health
and disease at the molecular level. Genomes, however, respond to and interact with
their environments. Nutrigenomics is an emerging field of research that examines
the interactions between the nutritional environment and cellular/genetic processes.
One of the primary aims of nutrigenomics is to understand the effects of diet on the
activity of an individual’s genes and health.44 Nutritional genomics is an integrative
systems biology that uses tools and concepts from nutritional science, molecular
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biology, genetics, and genomics. Since unbalanced nutrient intake alters the equi-
librium between health and disease, nutrigenomics research assesses physiologies
and pathologies. Much of the current emphasis of researchers is to associate phys-
iological measurements (such as HDL, LDL, cholesterol, height, weight, enzyme
activities, protein levels, metabolite concentrations, etc.) with genotype as measured
by expression analyses or, more typically, single nucleotide polymorphisms (SNPs)
in genes. The field is best summarized by the following tenets42:

• Improper diets in some individuals and under certain conditions are risk factors
for chronic diseases.

• Common dietary chemicals alter gene expression and genome structure.
• The influence of diet on health depends upon an individual’s genetic makeup.
• Some genes or their normal common variants are regulated by diet, and they may

play a role in the development of chronic diseases.
• Dietary interventions based upon knowledge of nutritional requirements, nutri-

tional status, and genotype can be use to develop individualized nutrition that
optimizes health and prevents or mitigates chronic diseases. Optimal nutrition
may also influence the aging process.

A BRIEF REVIEW OF NUTRITIONAL GENOMICS

Although Hippocrates proclaimed “let food be your medicine, and your medicine
be your food,” modern molecular biologists and geneticists usually do not include
nutrients as a variable in studies of disease processes.42 Even the simplest food
contains hundreds of chemicals, some of which are nutritive (provide energy), non-
nutritive but bioactive (e.g., a non-metabolized regulator molecule), or both nutritive
and bioactive. Examples of bioactive chemicals are genistein and hyperforin.
Genistein can be co-crystallized in the active site of the estrogen receptor — beta
(ER-β),52 a transcription factor that regulates a subset of estrogen-responsive genes.
St. John’s wort contains hyperforin, which has been shown to activate the pregnane
X receptor (PXR).99 PXR regulates members of the P450 gene family among other
genes. Metabolism can also produce transcriptional ligands: certain lipids are con-
verted to eiconosoids that bind to retinoid X receptors (RXRs) or peroxisome
proliferator activated receptors (PPARs).27,50 Several transcription factors are lipid
sensor receptors regulating genes that metabolize lipid nutrients.44

Some dietary chemicals may also regulate signal transduction pathways. The
polyphenol, 11-epigallocatechin-3-gallate (EGCG) inhibits tyrosine phosphorylation
of the Her-2/neu receptor and epidermal growth factor receptor.73 EGCG is found
in green teas. Other dietary chemicals such as docosohexonoic acid (DHA), α-
linolenic, linoleic, and oleic acids (among others) alter signal transduction pathways
by changing the activity of G-coupled membrane proteins (e.g., GPR40) in a dose-
dependent manner.39

Chemicals in food, therefore, can affect activities of proteins, receptors, and
metabolic pathways, making it crucial to assess diet as a variable while conducting
studies in model organism and humans. The need to test the effects of dietary
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chemicals applies not only to basic research, but also to diagnostic and drug devel-
opment where diet might alter response to drugs or treatments.42

The Influence of Genetic Makeup on Dietary Responses

Dietary reference intakes (DRIs) are average intakes for the majority of individuals
(~97%) in a population. However, these guides are often interpreted as optimum for
a given individual under the false assumption that everyone is culturally, socioeco-
nomically, physiologically, and genetically identical.66 Each of these variables may
alter DRIs independently or in combination, and assessing their impacts is one of
the goals of nutrigenomics research. Much current research is focusing on the
contribution of genetic variation to disease susceptibility and responses to diet.

Humans trace their genetic ancestry to Africa47 and are 99.9% identical at the
gene sequence level. Differences in phenotype such as hair and skin color, height
and weight potential, and susceptibility to disease or health, are produced by the
0.1% variations in DNA sequence. These polymorphisms are responsible for changes
in protein activity levels and gene expression levels.

• The canonical example of how single nucleotide polymorphisms (SNPs) can
alter gene expression is a polymorphism in the promoter region of lactase-
phlorizin hydrolase gene (LCH locus) that allows its expression into adulthood.
Whereas mammals generally do not drink or metabolize lactose after weaning,
mutations in the promoter of LCH gene in humans that occurred about 10,000
years ago in a northern European allowed expression beyond weaning into
adulthood. The specific mutation most highly associated with lactase persistence
is a C-13910T SNP located 14kb upstream of the LCH gene.19 This polymor-
phism is thought to alter regulatory protein-DNA interactions controlling expres-
sion of the LCH gene.37 Since milk is a rich source of nutrients, it may help
prevent dehydration under draught conditions, and improved calcium availabil-
ity, the mutation provided a selective advantage to carriers and was spread
through the population. This C-13910T allele occurs at 86% frequency in the
northern European population but at only 36% in southern European popula-
tions. Regulatory SNPs (rSNPs) in other promoters are likely to play a role in
regulating gene expression.2,6,53

• Gene expression may also be affected post-transcriptionally by altering mRNA
levels. The insulin receptor has at least two splice variants termed type A or B.
Exon 11 in the insulin receptor gene is spliced from the mRNA in the Type A
variant and is associated with hyperinsulinemia.38,90 Over 30,000 alternative splice
sites have been identified in a genome-wide analysis of humans,56 although func-
tional polymorphisms at these sites have yet to be fully characterized.

• Xenobiotics are often metabolized by the cytochrome P450 enzymes. The
CYP3A4 gene illustrates how SNPs in the coding sequence alters biochemical
activities of enzymes, proteins, and cellular processes. Eighteen coding SNPs
have been found in this gene53 and six affect activity of the enzyme.53 These
include CYP3A4*3 (M445T), CYP3A4*7 (G56D), CYP3A4*9 (V170I),
CYP3A4*10 (D174H), CYP3A4*11 (T363M), and CYP3A4*19 (P467S). These
polymorphisms only slightly alter testosterone, progesterone, or 7-benyloxy-4-
trifuloromethyl coumarin metabolism when compared to the activity of the
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reference sequence. Four other SNPs have more dramatic effects on enzyme
activities: CYP3A4*2 (S222P) has a six-fold increase in KM with decreased
clearance for nifedipine; CYP3A4*12 (L373F) has increased efficiency of
hydroxylations at 15β, 2β-positions of testosterone compared to the reference
sample; CYP3A4*18 (L293P) had a modest increase of 6β hydroxylation of
testosterone; CYP3A4*17 (F189S) had increased activity of chlorpyrofos de-
sulfation.53 Hence, xenobiotic, steroids, and drug metabolism will differ among
individuals with variations in this gene.

Genetic diversity within a population adds statistical noise to studies of diet in
humans. Variations in response to diet are caused by differences in gene expression
patterns,106 protein, and enzyme activities. Naturally occurring dietary chemicals
may interact with the same classes of proteins in each individual, but because
individuals have different variants of these proteins, the responses among individuals
differ.

Since each individual is genetically unique and it is difficult to control the
environment of free living organisms, humans are not good subjects for certain
research projects. Although individual variability has been recognized for centuries,
a 1956 book summarized variability in physiologies measured with modern bio-
chemical tools.102 More recently, high throughput gene expression technologies
showed a high degree of inter- and intra-individual variation in peripheral blood
samples.75,100 Laboratory animals, on the other hand, provide a useful model for
nutritional genomics studies because genotype and environment may be more rig-
orously controlled. For example, inbred mice are genetically identical because of
brother-sister matings over 20 generations.60 Experiments can therefore be replicated.
Rodents also contain 99% of all human genes,71 and disease physiologies are gen-
erally similar among mammals.

Certain Diet-Regulated Genes Are Involved in Disease Processes

Phenotypes result from the expression of genetic information. Qualitative and quan-
titative changes in gene expression therefore contribute to the manifestation of the
disease state. Epidemiological data from migration studies have demonstrated that
changes in environment (diet) produce dramatic changes in disease incidence and
severity. Hence, a subset of genes regulated by diet must be involved in disease
initiation, progression, and severity.45,68 The clearest example of genotype-diet inter-
actions in chronic disease is type 2 diabetes, a condition that frequently occurs in
sedentary, obese individuals, and certain minority groups.4,5 Some individuals can
control symptoms by increasing physical activity and by reducing caloric (and
specific fat) intake.64 Other chronic diseases do not show the phenotypic plasticity
seen in some type 2 diabetics, that is, symptoms are not reversible. Although the
molecular mechanisms are not yet established, chromatin remodeling and changes
in DNA methylation induced by unbalanced diets are possible mechanisms that
contribute to irreversible gene expression changes.
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METHODS FOR STUDYING NUTRIGENOMICS

Molecular Approach

Understanding the molecular mechanisms whereby diet alters health requires anal-
yses of diet-regulated gene expression. Goodridge and coworkers30,63 were among
the first to pioneer this approach, albeit, one gene at a time. Gene expression analyses
are now a standard method for analyzing the effects of diet,10,13,15,20,29 including
caloric restriction.8,57,58,74 Changes in gene expression are then associated with phe-
notype and can be explained by genetic variants in nuclear receptors, cis-acting
elements in promoters, or differences in metabolism that produce altered concentra-
tions of transcriptional ligands.

The limitations of assessing regulation of individual or multiple genes by diet are
(i) determining cause from effect for each gene, that is, what is the subset of causative
genes for a given phenotype, and (ii) gene expression patterns in one strain (or
genotype) may be unique to that genotype. The results from inbred mouse strains43

would suggest that individual humans106 may have unique patterns of gene expression
depending upon their genotype and diet. Individual qualitative and quantitative differ-
ences will complicate attempts to find patterns in gene expression results for dietary
intake. With diet recalls being imprecise and controlling diets difficult in large popu-
lation studies, identifying these complex interactions will be challenging.

The presence of a disease can be considered an additional environmental influ-
ence that could affect gene expression patterns. For example, obesity unmasks
additional type 2 diabetes loci in C57BL/6 and BTBR mice,89 which is caused by
two interacting loci that affect fasting glucose and insulin levels — these effects
were observed only in obese mice. Alleles from the two parental strains (C57BL/6
and BTBR) had different affects on the diabetic subphenotypes. Hence, one would
predict changes in gene expression based upon the presence or absence of disease
processes and changes caused by dietary differences. Separating these variables will
be an important component of future experimental designs for determining the effect
of diet on susceptibility and disease progression.

Genetic Approach

Genetic epidemiological studies have been successful in identifying gene regions or
the causative gene when the disease is caused by a mutation in a single gene.41

However, chronic diseases are the result of multiple genes, some of which interact
with the environment. Gene–gene (epistasis) and gene–environment interactions
complicate the search and identification for causative genes.36 Genetic epidemiolog-
ical associations of individual polymorphisms with chronic diseases or responses to
diets are frequently not replicated in subsequent studies. Several explanations have
been suggested, such as small sample size, poorly matched control groups, popula-
tion stratification, and over-interpreting data.9,54,79,93 These methods and approaches
are being improved to eliminate such errors and to reliably identify genes involved
in chronic diseases.11,17,62,69,72,78
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In addition to the design issues, many genetic mapping techniques and gene
association studies do not account for the effects of different environmental variables,
such as diet, on the expression of genetic information.42 Lander and coworkers70

showed the importance of environment on expression of phenotypic traits in F2 and
F3 generation tomato plants grown in Davis or Gilroy, CA, compared to plants grown
near Rehovot, Israel. Only 4 of a total of 29 quantitative trait loci (QTL) were found
at all three sites, and 10 QTL were found in only two sites. QTL identify multiple
regions within all chromosomes that collectively contribute to a complex pheno-
type.7,24,81 Since an individual QTL may encode many genes, identifying the causative
genes within the QTL is challenging if genetic methods alone are employed.93 Genes
within any QTL contribute different amounts (~1 to 100%) to the disease process.
The genes at each locus are likely to have alleles that contribute to the disease
(deleterious alleles), neutral alleles, or beneficial alleles. The most severe case would
result if deleterious alleles or variants are present at each locus so the total genetic
contribution is 100%. The particular mix of deleterious, neutral, and beneficial alleles
at different QTLs that a person inherits explains the differences in genetic suscep-
tibility found in outbred populations such as humans. QTLs in different species often
encode the same set of genes, suggesting that laboratory animals are good models
for some human diseases. For example, eight loci in humans that are associated with
diabetes or subtypes of diabetes25 are syntenic to loci in mice associated with type
2 diabetes mellitus (T2DM) subpheontypes.

Genetic epidemiology studies of gene–environment interactions are compounded
by the same factors that affect molecular (gene expression) analyses: epistatic inter-
actions between genes (the obesity example in mice89) in utero effects, diet–gene
interactions, and the “environmental history,” that is, the life-long exposure to chang-
ing diets may alter expression of genetic information later in life.88 Altered pheno-
types in laboratory and farm animals may be produced by differences in maternal
nutrition, which alter DNA methylation status,12,14,40,101 and such epigenetic phenom-
ena will likely affect gene-disease association studies. Sing and colleagues88 discuss
these multiple influences in an excellent review of changing expression of genetic
information during aging.

IDENTIFYING DIET-REGULATED GENES INVOLVED 
IN DISEASE PROCESSES

Our laboratory developed an experimental strategy of comparing across genotypes
and diets to identify genotype X diet interactions.18,43,67,68,92 Our method is based on
identifying differences in gene expression based on the differential susceptibility to
diet-induced disease (Figure 3.1). For example, strain A is genetically susceptible
to a diet-induced disease when fed an experimental but not control diet, and strain
B would be refractory to both experimental and control diets. Animals are symptom-
free when gene expression is analyzed because disease processes themselves may
alter gene expression. Expression analyses identify genes that are differentially
regulated by genotype (strain A fed diet 1 vs. strain B fed diet 1, and strain A vs.
strain B fed diet 2) and diet (diet 1 in strain A vs. diet 2 in strain A, and diet 1 in
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strain B vs. diet 2 in strain B). Genes that are regulated differently, depending upon
diet and genetic makeup (for example, by high-fat diet in strain A but low-fat diet
in strain B), are genes regulated by genotype X diet interactions. Such genotype X
diet regulated genes may contribute to the complexity of identifying genes involved
in chronic diseases.

Food intake is rigorously controlled in our studies so the nutrient status (fed vs.
fasted) is known.67,92 Reducing biological and environmental variables is critical for
interpreting gene expression data and testing for reproducibility. Dietary supplements
or phytochemicals can also be analyzed with our experimental design by spiking
control diets with mixtures or purified chemicals.

In our most recent work,43 groups of agouti mice (A/a) and obese yellow mice
(Avy/A) were fed either control diets (100% calories) or 70% calories. These strains
are genetically identical except for one locus: Avy, a mutation in the agouti gene,
which causes it to be over-expressed and expressed in multiple tissues. Agouti plays
a role in the melanocortin pathway involved in weight control.98 The yellow (Avy/A)
mouse becomes obese (65 grams) within about 8 months, while the A/a mouse
weighs only ~20–25 grams at that age, which is typical of most mouse strains.103

Figure 3.1 Experimental paradigm for identifying causal disease susceptibility genes. A/a and
Avy/A mice were fed micronutrient-balanced diets containing 70 or 100% calories
for 90 days (for details see J. Kaput et al., Physiol Genomics, 2004. 18(3): p.
316–24). 

A/a mice

Compare genes that differ to map position to disease QTL

Avy/A mice

Liver Liver

RNA RNA

cDNA cDNA

Identify genes with microarrays that
differ between strains and/or diets

Analyze candidate genes in animal models

Analyze SNPs in candidate genes in humans

Causative Genes
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The over-expression of the agouti protein also causes symptoms of diabetes (hyper-
insulinemia, hyperglycemia) and increases the susceptibility to cancers in a number
of tissues.104 Micronutrients, fiber, and vitamins were adjusted to maintain similar
intakes in both diets.

mRNA abundance (gene expression profiles) were analyzed in liver mRNA of
A/a (agouti) and obese yellow mice (Avy/A) fed 70% or 100% calories for 90 days.
Genes that differed in regulation helped produce the differences between the two
genotypes on each of the diets. However, genes that are differentially expressed by
diet, genotype, or their interactions do not identify cause from effect genes: diet and
genotype may regulate many genes but only a subset may play a role in initiating
changes that lead from health to disease.

To identify cause from effect genes, we mapped genes that are differentially
regulated to chromosomal regions that others have identified as contributing to
complex diseases (Figure 3.1). These regions are typically determined by QTL
analyses and are public-domain data derived by others.

One or more genes at some QTLs are likely to be regulated by diet, since
unbalanced diets are known to increase the risk and severity of chronic diseases
such as obesity and T2DM. Differentially regulated genes that map within QTL are
candidates for contributing to the specific quantitative trait when the diet alters
expression of the gene. The range of susceptibility a person inherits depends upon
the particular combination of genes that are inherited, but the specific susceptibility
within that range depends on how diet and other environmental variables affect the
expression of the genetic information, specifically the genes within the QTL. Hence,
disease susceptibility is not wholly deterministic, since a controllable variable, in
this case diet, alters the expression of genetic information and the probability of
developing the disease.

Our experimental system (Figure 3.1) identified 28 genes that were regulated by
caloric intake, genotype, or diet X genotype and that mapped to QTL associated
with T2DM or subphenotypes of T2DM (Table 3.1). A complete description of these
results is in Kaput et al.43 These genes were structural, enzymatic, and regulatory
and are candidates for analyses in humans (see Figure 3.1). Eight of the murine
QTL in Table 3.1 had analogous T2DM QTL in humans25 and are marked in Table
3.1 by footnote d. An additional 59 genes were regulated by diet, genotype, and
genotype X diet and mapped to QTL contributing to obesity (not shown). Additional
research will be required to test the involvement of these genes in T2DM and obesity
in mice and humans.

INDIVIDUALIZED NUTRITION

Personalized diets, or diets for groups of individuals with similar metabolic makeup,
will require genetic testing. These tests will be developed by experiments described
here, followed by studies in humans. Genetic tests will likely be done in conjunction
with physicians and genetic and nutritional counselors to develop an individualized
dietary plan based upon a personal genetic analysis and health status. Once the
knowledge of gene–diet–disease is developed, these tests may be done soon after
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birth because long-term health may be dependent on developmental windows that
may be affected by diet. However, society will have to debate and accept such testing
and the resultant preventative approaches to health. National and international
genetic privacy laws must be enacted before such testing becomes widely available.
Society will also have to address a host of consequences of such genetic testing that
include, for example, the possibility of offering insurance for different susceptibil-
ities to disease, or penalties for individuals who do not follow nutritional advice
based upon their genotypes. Although these ethical dilemmas are not currently
relevant, such issues become real as these tests emerge from academic and clinical
research.

Food companies may develop new markets, and novel foods are likely to evolve
in tandem with the ability to identify genotypes.22,26 Although it is unlikely that each
individual will have a unique diet because of manufacturing issues, foods are likely
to be designed for groups of individuals with similar genotypes. Individuals in these
groups will come from a variety of ancestral populations, since genetic variation
within an ethnic group is larger than between groups.80 Specific nutrients such as
vitamins, dietary supplements such as herbs, and minerals may be tailored to each
individual based upon genetic testing of the relevant gene sets. One of the key
challenges for implementing diets based on genotype will be analyzing the amount
of a nutrient or bioactive each individual should consume — the field currently is
examining whether a person can be helped by a nutrient, not how much. The outcome
of this research is expected to profoundly influence human health and dietary habits;
personalized diets are likely to maintain health and delay the effects of aging and
aging-related disorders.

The study of chronic diseases such as obesity, cardiovascular diseases, and type
2 diabetes mellitus are already being impacted by nutritional genomics concepts and
technologies.42 These diseases are associated with food abundance and high caloric
intake in affluent, industrialized countries. Since a large proportion of the world’s
population still suffers from malnutrition, the emphasis on studies of these diseases
has been criticized for its focus on wealthy nations where calories and nutrients are
in surplus. However, nutritional genomics research strategies and methods often
involve comparative analyses — differences between two or more genotypes and
two or more diets. Hence, nutrigenomic studies conducted in collaboration with
individuals in developing countries are socially and scientifically desirable. The
results and information from this field of research will have direct application for
improving the health of the large numbers of people who lack adequate nutrition as
well as those who over-consume.
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PERILS AND BENEFITS OF ANTI-INFLAMMATION

Aspirin, along with ibuprofen and other non-steroid anti-inflammatory drugs
(NSAIDs), is associated with injury to the gastrointestinal (GI) mucosa. Chronic
NSAID users, the elderly, and those who have had an ulcer in the past are
particularly susceptible to NSAID-induced gastropathy;1 but even short-term use
can cause detectable gastric damage.2 NSAIDs are believed to cause injury to the
GI tract at least in part by the unselective inhibition of the enzyme cyclooxygenase
(Cox). The Cox enzyme has two isoforms, Cox-1 and Cox-2. Cox-1 supports renal
and platelet function and protects the GI mucosa, and Cox-2 mediates pain and
inflammation. Existing NSAIDs inhibit Cox-1 more efficiently than they do Cox-
2, and the pain-relieving Cox-2 inhibition they provide comes with the drawback
of relatively greater Cox-1 inhibition. This can lead to mild gastric erosions,
bleeding ulcers, and increased risk of anemia from occult fecal blood loss or
catastrophic internal bleeding.3 The pharmaceutical industry, in response to this
real need, concentrated on developing a safer anti-inflammatory and analgesic
drug for long-term use; the first one to be launched in the U.S. was celecoxib
(Celebrex), followed by rofecoxib (Vioxx).

Intermittent, low-dose use of selective Cox-2 inhibitors such as celecoxib causes
fewer gastrointestinal side effects than unselective drugs.4–6 However, selective Cox-
2 inhibition is available only on prescription, is cost-effective only for high-risk
subjects,7 and is not without its own particular risks. Recently, high-dose, long-term
use of rofecoxib, a drug with about ten-fold the Cox-2 selectivity of celecoxib,8 was
reported to cause heart problems in some patients; in response, its manufacturer
withdrew it from the market.9,10

The over-the-counter market in Cox-2 inhibition remains divided between aspirin
and ibuprofen. These two are not equally unselective; in vitro, ibuprofen shows a
modest differential in selectivity toward Cox-2 compared to aspirin.8 The shift in
emphasis of drug action is small, yet yields a clinically important gastric safety
advantage for ibuprofen.11

That ibuprofen is safer than aspirin indicates a possible therapeutic window
of opportunity with regard to anti-inflammatory phytochemicals. Although Cox-2
inhibition is associated in the popular mind with modern and expensive pharma-
ceutical drugs, it is actually one of mankind’s oldest therapeutic drug targets.
Plant-based, pain-relieving Cox-2 inhibitors of one form or another have been
consumed for approximately 3,000 years.12 White willow bark, the traditional pain-
and-fever remedy,13,14 is a rich source of salicin,15 a molecule that was just over
100 years ago elaborated into the most popular pharmaceutical in the world today,
aspirin. Aspirin is not a selective Cox-2 inhibitor, but given the ubiquity of low-
concentration anti-inflammatory compounds in a healthy diet,16 one would expect
to find variations on this pharmaceutical theme in nature.17 Perhaps among all the
known and obscure anti-inflammatory phytochemical agents there are a few that
possess a favorable Cox-2 selectivity ratio, somewhere between that of ibuprofen
and rofecoxib.

Phytochemical anti-inflammation is also of interest for another reason. One
thriving focus of the young field of nutrigenomics — understood as the elucidation
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of disease-associated genetic variations, followed by their identification in a person
who is then offered a bespoke dietary recommendation to counter his specific
genetic susceptibility — has been cancer prevention. And closely related to cancer
is inflammation.18 One of the most important mediators in the body’s inflammatory
response is Cox-2, both the gene and the protein. While the role of the Cox-2
enzyme in pain and inflammation is well known,19,20 it is becoming increasingly
apparent that many anti-inflammatory drugs previously understood as Cox-2
enzyme inhibitors also work by inhibiting the Cox-2 gene,21,22 a finding that could
be of capital importance in the treatment or prevention of cancer23–25 and other
aging-related diseases.26,27 A plant-based anti-inflammatory that would work both
by inhibiting the Cox-2 enzyme (such as ibuprofen and other NSAIDs, or willow
bark extract) as well as by inhibiting the Cox-2 gene (such as theaflavin28 or
humulon from hops29,30) could potentially be used both for mild pain relief and
cancer prevention.

SCREENING FOR ANTI-INFLAMMATORY PHYTOCHEMICALS

The general rule in dietary supplement research, no less than in drug research, is
that cost and laboriousness of development efforts increase in tandem with the
predictive utility of the information being generated — predictive, that is, of
performance in what is probably the costliest and most laborious device in all of
product development, the clinical trial. The goal is to be able to make a substan-
tiated, health-related statement about the dietary supplement’s effects in healthy
humans. A clinical trial is not always necessary. The law holds that marketing
language be true and not misleading; it does not require that it be original or
striking. Many label claims can be substantiated with reference to the published
literature. However, novel claims must have support built up around them, piece
by piece; in one common approach, the first piece will be the in vitro bioassay.
This is the quickest way to get an answer. The answer will not be definitive, it
might even be misleading; but this step is simple and inexpensive enough that it
is hard to justify skipping it. After the in vitro assay, if appropriate, comes the ex
vivo bioassay. Here, a test article is given to volunteers, and blood or other
biological samples are taken from them at intervals after consumption. The samples
are then prepared and tested in vitro in various ways. This method has the signal
advantage of providing a functional bioavailability measure. Given whatever result
a first-pass in vitro assay produced, that result could only be replicated ex vivo if
the product is actually absorbed and distributed to the circulation in an active form
by humans. This model can still fail to predict clinical effectiveness, because the
desired reaction or effect still takes place outside the body. The final step in this
stepwise screening model, then, is the in vivo test, whether clinical trial, or other
means, of directly measuring a desired change or reaction in the human body.

The first step is deciding on the relevant outcome measures. To be sure, noci-
ception, which is the activity produced in the nervous system by noxious stimuli, is
a complex psychophysiological phenomena involving many more mediators than
Cox-2. There are pain-relieving or anti-inflammatory phytochemicals with a wide
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variety of mechanisms of action, postulated or verified;31 and for drawing inferences
about the possible pain-relieving or anti-inflammatory properties of phytochemicals,
many other bioassays are available.32 But many of those plants with “other” mech-
anisms of action are unmarketable, either for political reasons (cannabis, opium),
consumer resistance (capsaicin, available as a nasal spray), or supply challenges due
to chaos in the country of origin.17 And none of the other possible outcome measures
has the advantages that Cox-2 inhibition has, of being not only an activity widely
found in natural substances,16 and linked to a wide body of research about the health
benefits of anti-inflammation; but also, on a technical level, Cox-2 inhibition assays
have also been well-defined for both in vitro8 and ex vivo33 testing, with published
data providing reasonably strong links to clinical efficacy benchmarks.34

The disadvantage of such a choice is the possibility of missing out on discovering
an entirely novel mechanism of action, as happened with, for example, the dietary
supplement Sangre de grado, an Amazonian tree sap which appears to inhibit
neurogenic inflammation by a recently discovered physiological pathway.35

Botanical agents that have been shown to inhibit Cox-2 activity in vitro include
holy basil,36,37 curcumin,38–42 ginger and related products,43,44 green tea, hops, ber-
berine, and willow bark.45 However, in spite of extensive laboratory evidence that
these botanical agents can inhibit Cox-2 in vitro, and promising results from clinical
trials (e.g., of ginger and willow for pain46), it has not yet been demonstrated that
oral consumption of botanical agents can inhibit Cox-2 activity in humans.

MATERIALS AND METHODS

In Vitro Study

Cyclooxygenase-1 and -2 Assay

The potential of various botanical materials to inhibit Cox-1 and Cox-2 activity was
assessed in phorbol 12-myristate 13-acetate- (PMA) stimulated Caco-2 cells. Caco-
2 cells were maintained in ATCC recommended media (minimum essential medium
with 2 mM L-glutamate and Earle’s BSS adjusted to contain 1.5 g/L sodium bicar-
bonate, 0.1 mM non-essential amino acids, and 1.0 mM sodium pyruvate, and 20%
fetal bovine serum). Cells seeded into 96-well plates in growth media were pretreated
in triplicates with varying concentrations of treatment samples (range: 0–1000
μg/ml) for 4 hours prior to stimulation with 50 ng/ml PMA for an additional 20
hours to increase PGE2 secretion. Following stimulation with PMA, cells were
incubated with 10 μM arachidonic acid for 1 hour. PGE2 secreted into the culture
medium was quantitated using an ELISA kit specific for PGE2 (R&D Systems,
Minneapolis, MN).

Botanicals

We identified putative Cox-2 inhibiting or anti-inflammatory botanicals from the
literature, from ethnopharmaceutical reports, and from supplier-provided documen-
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tation. Samples were obtained from commercial suppliers. The identification of the
samples was predicated on visual inspection and the accompanying product data
sheets or certificates of analysis. The tested botanicals are listed in Table 4.1. For
the in vitro study, botanical samples were mixed into a solution of 50% DMSO,
30% ethanol, and 20% distilled water to a concentration of 50–100 mg/ml. Three
Cox-inhibiting drugs were also tested as positive controls: ibuprofen, aspirin, and
celecoxib.

Cell Culture

A549, a human epithelial carcinoma cell line (ECACC Ref. No. 86012804),
expresses Cox-2 when exposed to IL-1β.47 Production of PGE2 by this cell line can
therefore be used as an index of Cox-2 activity. A549 cells were maintained in a
humidified atmosphere of 5% CO2, 95% air at 37°C, and grown in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). For the experimental procedures, cells were seeded into 96-well plates and
grown to confluence before use. In order to induce Cox-2 expression, A549 cells
were incubated for 24 h in fresh DMEM supplemented with 10% FBS and IL-1β
at a concentration of 10 ng/ml. Before the experimental procedure, the medium was
replaced with 50 μl/well of fresh DMEM: Ca2+-free modified Krebs-Ringer solution
(see below) (4:1, v/v) at 37°C.

Washed Platelets

The production of TXB2 by platelets was used as an index of Cox-1 activity. Blood
from healthy volunteers, who had not taken NSAIDs for at least two weeks, was
collected by venipuncture into gelatin-coated (0.1% porcine gelatin in H2O, 1–3 h
at 37°C) plastic tubes containing trisodium citrate 3.15% (1:9, v/v). The blood was
centrifuged at 200 g for 7 min to produce platelet-rich plasma (PRP). Prostacyclin
(300 ng/ml) was then added to the PRP followed by centrifugation at 1000 g for
15 min to sediment the platelets. The resulting supernatant was removed and replaced
with an equal volume of Ca2+-free modified Krebs-Ringer solution at 37°C (10 mM
HEPES, 20 mM NaHCO3, 120 mM NaCl, 4 mM KCl, 2 mM Na2SO4, 0.1% glucose,
0.1% bovine serum albumin). The pellet was gently suspended and further prosta-
cyclin (300 ng/ml) added. The platelets were centrifuged again and suspended in
Ca2+-free modified Krebs-Ringer buffer at 37°C to match one fourth of the initial
plasma volume. Thirty minutes later the platelet suspension was diluted 1:5 in
DMEM supplemented with 10% FBS and plated into gelatin-coated 96-well plates
(50 μl/well).

Evaluation of NSAIDs Activity on Cox-1 and Cox-2

To assay NSAID activity in plasma collected from the volunteers, 50 μl of plasma
was added to medium bathing either pre-induced A549 cells or washed platelets.
After incubation for 30 min at 37°C, calcium ionophore A23187 (50 μM) was added
and the cells or platelets were incubated for an additional 15 min at 37°C. At the
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end of the incubation, plates containing the platelet suspension were centrifuged for
5 min at 1500 g (4°C) and the supernatant removed and snap frozen until analysis
by radioimmunoassay. Medium from A549 plates was also removed and frozen.

Ex Vivo Cox Inhibition

This was a single-center, randomized, active-controlled, double-blind parallel-groups
study performed at ABG. The clinical protocol was reviewed and approved by the
Western Institutional Review Board (Olympia, WA), and the study was performed
according to Good Clinical Practice standards. Each subject provided written
informed consent.

Validation Study

Ex vivo Cox inhibition was measured by the method of Giuliano and colleagues,34

who have demonstrated congruence between the ex vivo Cox-inhibitory potencies
and selectivities of selected NSAIDs and their known pain-relieving and gastric
tract-damaging (or -sparing) properties.33 First, to validate the assay methods, blood
from two healthy volunteers was collected before, as well as 30, 60, and 120 min
after a single dose of either ibuprofen 400 mg or celecoxib 200 mg. Plasma con-
taining NSAIDs and metabolites was evaluated for its effect on Cox-1 and Cox-2
activity ex vivo in calcium ionophore treated washed human platelets and A549 cells
(see below for detail), respectively. Measuring TxB2 and PGE2 as outcomes, inhibi-
tion of Cox-1 and Cox-2 by NSAID controls was demonstrated by expressing the
concentrations of TxB2 and PGE2 produced as a percentage of basal. Blood samples
were split and sent for analysis both at Alticor Analytical Services laboratory (Ada,
MI) and at William Harvey Research Limited (London, U.K.).

Clinical Ex Vivo Study

Subjects

Nineteen, healthy adult volunteers, with a mean age (± SD) of 42.3 ± 12.6 years
(range 24–65), participated in this study. Exclusion criteria included ulcer disease
or history of any bleeding from the GI tract, uncontrolled hypertension, use of anti-
inflammatory or analgesic drugs within 2 weeks of the study, cardiovascular disease,
cancer, diabetes, average alcohol consumption >2 units a day (1 unit = 12 g),
hypersensitivity to any of the tested ingredients, or any other condition that the
physician principal investigator (PI) believed could put the subject at risk.

After giving written informed consent, subjects provided a blood sample for a
complete metabolic panel (blood chemistry and hematology), which the PI reviewed
before the start of the study. On the test day, each subject’s medical history was
taken, and a brief medical exam was performed. Subjects were then randomized to
one of three test groups to receive either a single dose of ibuprofen 400 mg; a single
dose of hops resin 450 mg; or four doses of hops powder 300 mg, one dose every
2 hours for 6 hours (Table 4.2).
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Test Products

Hops Prototypes

The flowering tops and cones of hops (Humulus lupulus L., Cannabinaceae) have
long been used as ingredients in the beer brewing process to impart bitterness and
aroma to the beverage, and to act as a preservative. These effects are due to the
presence in hops of a volatile oil, composed chiefly of “alpha” and “beta acids,”
also known as humulone and lupulone, respectively. These compounds are fla-
vonoids with a prenylated chalcone structure.48 Humulone has been shown to
inhibit TNF-alpha-induced Cox-2 gene induction in a mouse osteoblastic cell
model with an IC50 of 30 nM, which suggests that a high-alpha acid hops may
possess Cox-inhibiting properties. Hops used for beer making contains typically
5 to 18% alpha acids; the concentrated extract used in the clinical study contained
80% alpha acids. Two different forms of the hops prototype were developed for
this study, a resin form packaged in a gelcap and a powder form packaged in a
two-piece hardshell. A single tablet of either formulation contained 150 mg alpha
acids from hops extract oleoresin, as well as 0.5 mg astaxanthin, a marine anti-
oxidant produced by microalgae, which has been found to limit exercise-induced
skeletal muscle damage in mice and possess potent antioxidant effects in humans.49

The resin formulation also contained the liquid-phase phenolic dieterpene carnosic
acid, and the powder formulation contained the solid-phase cafeoyl derivative
rosmarinic acid, both antioxidants found in rosemary.50 (Table 4.3). Both products
were test formulas manufactured by the Nutrilite Division of Access Business
Group LLC using IsoOxygeneTM hops extract provided by Lipoprotein Technol-
ogies, Inc. (Bodega, CA).

Subjects provided either 7 (hops resin 450 mg and ibuprofen group) or 9 (hops
powder 1200 mg in 4 divided doses group) blood draws and took either 1 or 4 doses
of product, over a 9-h test-day.

Ibuprofen

Ibuprofen is a commonly used, non-prescription NSAID with fever-reducing and
pain-relieving properties; reduced Cox-2 enzyme activity is largely responsible for
its anti-inflammatory and pain-relieving effects. In this study an OTC commercial
product (AdvilTM) was used; a dose of two tablets (delivering 400 mg ibuprofen)
was used as positive control.

Table 4.2 Treatment and Control Groups

Group 1 (n = 8): ibuprofen 400 mg 

Group 2 (n = 5): hops resin 450 mg

Group 3 (n = 6): hops powder 300 mg q2h X 4 
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STATISTICAL METHODS

In vivo results are shown as means (plus and minus standard error of the mean)
of duplicate treatments assayed in duplicate. Ex vivo results are expressed as group
means with standard errors. The degree of ex vivo Cox-1 and Cox-2 inhibition
caused by plasma samples was calculated as a percentage of the activity measured
at baseline (before any product consumption). The areas over the curve (AOC),
representing the total Cox inhibition over 9 hours, was calculated with Prism
(Graphpad Software, Inc., Version 4 for Windows). Larger AOCs correspond to
greater levels of Cox inhibition. Cox-2 selectivity was calculated by dividing Cox-
1 AOC by Cox-2 AOC. Data were tested for normality using the Kolmogorov-
Smirnov test with the Lilliefors method for P value approximation. Cox-2 selec-
tivity (Cox-1/Cox-2 ratio) within groups was compared to a hypothetical value of
1 (representing equipotent inhibition of either enzyme) with a Wilcoxon Signed
Rank Test. A two-tailed P value <0.05 was considered significant. Normally
distributed Cox-2 inhibitory potency (Cox-2 AOC) and selectivity (Cox-1
AUC/Cox-2 AOC) were analyzed by individual subjects first and then averaged
by groups and compared with a one-way analysis of variance, followed by Dunn’s
Multiple Comparisons Test of the four treatment groups to the ibuprofen control
group if the overall P value was <0.05. Selectivity comparisons between products
were calculated with a one-way anova and Bonferroni’s Multiple Comparisons
Test if the overall P value was <0.05. Cox-2 inhibitory potency and selectivity
data were analyzed for outliers beforehand with Grubb’s test. A single outlier
identified in this fashion was removed from calculations.

 Table 4.3 Active and Carrier Ingredients in the Two Formulations of Hops Extract 
Tablets

Product Active ingredients, per tablet Carrier

Hops powder • 150 mg hops alpha acids (from hops 
[humulus lupulus, leaves, flowers] extract)

• 10 IU natural Vitamin E (from 8 mg d-alpha 
tocopherol acetate)

• 0.5 mg astaxanthin (from Haematococcus 
pluvialis algal extract)

• 1.8 mg rosmarinic acid (from rosemary 
[Rosemarinus officinalis, leaves, flowers] 
extract)

• <50% maltodextrin,
• 10% calcium silicate
• 6% vegetable 

stearine

Hops resin • 150 mg hops alpha acids (from hops 
[humulus lupulus, leaves, flowers] extract)

• 10 IU natural Vitamin E (from 8 mg d-alpha 
tocopherol acetate)

• 0.5 mg astaxanthin (from Haematococcus 
pluvialis algal extract)

• 1.5 mg carnosic acid (from rosemary 
[Rosemarinus officinalis, leaves, flowers] 
extract)

• 100 mg olive oil
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RESULTS

In Vitro Cox Inhibition

Botanicals were selected for in vitro testing based on one or more of the following
criteria: known Cox-2 inhibitor; known anti-inflammatory action; or traditional for
pain relief. In vitro results are presented, separated by degree of Cox-2 inhibitory
activity for clarity, in Panels A (IC80 > 50 mcg/ml), B (IC80 = 10-50 mcg/ml), and
C (IC80 <10 mcg/ml) of Figure 4.1.

A product was deemed unsuitable for further development if a concentration
greater than 50 mcg/ml was required to achieve 80% Cox-2 inhibition. This 50
mcg/ml in vitro concentration roughly translates to 500 mg per the 5 L of a human
whole body blood volume; a crude guideline akin to the 1 g/kg guideline recom-
mended for hippocratic screening of botanical products in rats.17

Consistent with known activity against Cox enzymes, aspirin, ibuprofen, and
celecoxib (Panel C) were markedly effective in inhibiting PGE2 secretion in response
to PMA stimulation, with celecoxib being the most effective with an IC80 of 0.5–0.9
mcg/ml (see Table 4.1 for IC50 and IC80 summary). Of the test products, turmeric
root, grains of paradise (A. stipulatum), wild blueberry extract, and the hops extract
were the most effective in inhibiting pro-inflammatory cytokine PGE2 with presumed
IC80 values <10 mcg/ml.

Ex Vivo Cox Inhibition

Validation Study

Results from ex vivo assays performed at ABG and at William Harvey Research
Limited were compared with a 2-tailed Pearson correlation test; analysis was per-
formed twice, once for each Cox isoenzyme, using data pooled from both NSAIDs
(ibuprofen and celecoxib) together. For Cox-1, R squared was 0.67 (p <0.01) and
for Cox-2, R squared was 0.92 (p <0.001).

Clinical Study

Cox-2 Inhibitory Potency

The best performing agent from the in vitro assay was then evaluated in an ex vivo
assay. The inhibitory potency of the test products at any given time within the 9-h
sampling period is shown in Figure 4.2; Cox inhibition was achieved within 1 to 2
hours of dosing with the 2 hops dosage forms (450 mg resin in a single dose, and
1200 mg powder in 4 divided doses). There were no significant differences in total
Cox-2 inhibitory potency over 9 hours (P = 0.88) (Figure 4.3).

Total Cox-1 and Cox-2 inhibition over the 9-h sampling period are shown as
integrated areas over the inhibition curve (AOC) in Table 4.4, along with Cox-2
selectivity ratios, calculated by dividing the Cox-1 by the Cox-2 AOC. 
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Figure 4.1 In vitro Cox-2 inhibition by botanical extracts and reference drugs.
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Figure 4.2 Cox-1 and Cox-2 inhibitory activity over 9 hours as a percent of baseline activity.
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Cox-2 Selectivity

Consistent with in vitro observations, plasma from subjects who had taken ibuprofen
400 mg exhibited significant Cox-1 selectivity with a ratio of 1.50 over 9 hours, a
result comparable to the reported ex vivo selectivity ratio of 1.58 over 8 hours for
the unselective Cox inhibitor Naproxen 500 mg.34

Plasma from subjects who had taken either a single dose of hops resin 450 mg,
or hops powder 1200 mg in 4 divided doses, showed statistically significant Cox-2
selectivity, which was in turn significantly different from the Cox-1 selectivity of
the ibuprofen reference group. The 9-hour Cox-2 selectivity ratios of hops powder
1200 mg and hops resin 450 mg (0.44 and 0.42, respectively) are in the range of

Figure 4.3 Total Cox-2 inhibitory potency (percent inhibition × hours) over 9 hours.

Table 4.4 Area over the Inhibition Curve Values Obtained from the Curves Shown in 
Figure 4.2

Statistics          
Cox SelectivityTreatment AOC

  Cox-1    Cox-2  Ratio
Within 

products
Compared 
to control

Between 
products

Hops powder 
300 mg × 4

113.5 ± 18.2 284.5 ± 32.2 0.44 ± 0.09 * * a

Hops resin
450 mg

129.8 ± 70.3 260.2 ± 26.2 0.42 ± 0.18 * * a

Ibuprofen
400 mg

383.0 ± 69.9 271.7 ± 30.6 1.50 ± 0.31 * (control) b

* = P < 0.05. Selectivity comparisons between products: One-Way Anova P = 0.01; ratios not
sharing a letter are significantly different.

×
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the 8-hour Cox-2 selectivity ratios reported for plasma taken from subjects who had
taken the Cox-2 selective drugs etodolac 200 mg, meloxicam 7.5 mg, and nabume-
tone 500 mg (0.40, 0.36, and 0.71, respectively).34

Since Cox-2 inhibitory selectivity and potency are both important features of Cox-
inhibition, it would be of interest to compare on that basis the test products with known
pharmaceutical Cox-2 inhibitors. In Figure 4.4, the Cox-2 selectivity ratios and Cox-
2 Areas Over the inhibition Curve obtained from various Cox-2 inhibitors reported by
Giuliani and colleagues are compared with those from the present study. (The AOCs
are represented as averages per hour to make a comparison between the 8-hour and
9-h sampling periods possible.) Thus, in Figure 4.4, plasma from subjects who had
taken ibuprofen 400 mg inhibited Cox-2 by a mean of about 30% over 9 hours, with
a selectivity ratio between 1 and 2; plasma from subjects who had taken naproxen was
much more potent in inhibiting Cox-2 over 8 hours, but it was not more Cox-2 selective;
and meloxicam proved less potent but more selective than naproxen. Plasma samples
from subjects who had taken hops resin 450 mg exhibited a mean Cox-2 inhibition
and selectivity that overlaps with the corresponding value from subjects who had taken
etodolac 200 mg in the Giuliani et al. study.34 The results from the present study,
considered in conjunction with published data using the same assay method, supports
the pharmacological effectiveness of hops resin 450 mg, or hops powder 1200 mg in
4 divided doses, to inhibit Cox-2 with a potency and a selectivity comparable to that
of a known Cox-2 selective drug.

DISCUSSION

In vitro Cox-2 inhibitory potency and selectivity data often fail to predict clinical
usefulness. In order to predict in vivo performance, they must be related to bioavail-
ability data. For example, although the wild blueberry and turmeric test products
performed well in vitro, bioavailability data from the literature suggests that the
presumed active ingredients in such products, anthocyanins and curcuminoids,
respectively, would possess only local anti-inflammatory activity (i.e., in the GI tract)

Figure 4.4 Cox-2 selectivity and inhibitory potency of test products and reference drugs. 
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and would not provide systemic Cox-2 inhibition. While hops has previously been
found to exert Cox-2 inhibition at the level of gene expression,29,30 this study rep-
resents the first time a hops extract consumed in the form of a dietary supplement
has been shown to exert ex vivo Cox-2 inhibition in humans with a potency, summed
over 9 hours, comparable to that obtained with a dose of ibuprofen 400 mg, but with
a theoretically more favorable selectivity, comparable to known Cox-2 selective
drugs. The possible clinical utility of hops on this basis — that is, Cox inhibition
with a predilection toward Cox-2 rather than Cox-1 — remains to be determined.
The term “specific Cox-2 inhibitor” should be reserved for those agents with dem-
onstrated lower GI toxicity in patients.51 While the roughly three-fold difference in
Cox-2 selectivity between the dietary supplements and ibuprofen was modest, this
small difference could yet yield clinical benefit. While the peak Cox-2 inhibition
achieved by one of the test products (hops powder 1200 mg in 4 divided doses) was
equivalent to that achieved by ibuprofen 400 mg, the time course of this maximal
effect was different: hops caused a maximum 45% inhibition of Cox-2 at 8 hours
following four doses over 6 hours, whereas ibuprofen caused the same degree of
inhibition within 1 hour of dosing. Clinical testing would be required to establish
clinical pain-relieving efficacy and to test for possible pain relief differences between
the dietary supplement prototype and ibuprofen based on differences in time to
maximum pharmacological effect.

A safety study involving more subjects, and a risk–benefit analysis based on
actual use in different populations, would be required to assess the potential use of
a hops-based dietary supplement in a clinical setting (e.g., to treat benign pain) or
as a long-term supplement to maintain general health and reduce the risk of cancer.

Although botanical anti-inflammatory dietary supplements have generally not
been found to be as potent as analgesic drugs, it has been suggested that they could
at least be used to decrease the consumption of NSAIDs, with a concomitant decrease
in healthcare expense and risk of gastric side effects.14 Another possible application
is use by healthy persons who engage in strenuous exercise, which increases oxida-
tive stress and microscopic tissue damage,52 and gives rise to a non-disease yet
painful state that could potentially respond to an anti-inflammatory product. It is
clear, however, that if a Cox-2 selective dietary supplement could be produced and
marketed at a lower cost to the consumer, more could benefit from the improved
safety profile of Cox-2 selective over non-selective Cox-inhibiting agents.

In summary, the present study provides enough evidence to support the utility
of a powdered hops extract standardized to alpha acids as an anti-inflammatory
dietary supplement with a predilection toward inhibiting the Cox-2 over the Cox-1
isoform of the cyclooxygenase enzyme. Whether this predilection yields an improved
GI safety profile, and whether the mechanism of action of hops would be more
suited to local (GI tract) anti-inflammatory and anti-cancer effects such as with
turmeric curcuminoids, or to pain relief as with willow bark extracts, remains to be
determined.
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INTRODUCTION

Cellular signaling provides an organizational component to the multitude of
biochemical reactions that occur continuously for individual cells for the main-
tenance of life. These logistic signals travel between cells via the blood stream
and locally inside the tissues. On the membrane, signals are transduced and travel
into the interior where they become integrated with other signals and finally target
specific processes controlling cell division, differentiation, metabolism, and other
cellular functions.
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Oxidatively modified low-density lipoproteins and end products of lipid perox-
idation have all been shown to affect cellular processes by modulation of signal
transduction pathways, hence effecting the nuclear transcription of genes. Oxidized
low-density lipoproteins (oxLDL), oxy-sterols, and 4-hydroxynonenal (4-HNE) have
been widely investigated and these species are thought to contribute to atherogenesis
and development of atherosclerotic plaque. Diets rich in phytochemicals have been
demonstrated to modulate intracellular signaling pathways invoked by oxidized
lipids and may thus provide a molecular basis for prevention. Among those studied,
resveratrol, a polyphenolic compound found in red wine, has been extensively
studied for its antioxidant and preventive properties in atherosclerosis.

This review aims to provide an update on the molecular mechanisms underlying
resveratrol activity, with special focus on its effect on signaling cascades mediated
by oxidized lipids and their breakdown products.

LIPID PEROXIDATION AND CELL SIGNALING

Cellular signaling is mediated by molecules expressed on the cell surface, in the
case of cell-cell interactions, or secreted directly to the extracellular environment.
Most of these stimuli consist of chemical compounds that transport biologic infor-
mation, the “first messengers” or ligands. They are synthesized and released by
signaling cells, and produce a specific response in target cells that have a receptor
for that particular signal. These signaling molecules involve proteins, amino acids,
steroids, fatty acids, and gases such as nitric oxide. Most of the signaling molecules
are hydrophilic and therefore cannot pass through the plasma membrane directly.
Instead they bind to receptors on target cell membranes.

All cells receive and process signals not only from the plasma membrane but
also from different compartments within the cells. These signals involve alterations
in the availability of nutrients, growth factors, cytokines, as well as oxidative, heat,
or mechanical stresses. Specific pathways receive signals simultaneously and trans-
mit them to their corresponding targets; this refined type of cellular information
transfer is not through linear freestanding pathways but through strictly controlled
signaling networks.1,2 The dynamic characteristic of cells enables them to interpret
and respond to environmental or intracellular changes, a phenomenon that is fun-
damental to life (Figure 5.1).

Receptors are the gatekeepers for cellular signaling, and they exhibit specific
and high-affinity binding to their corresponding ligands. Once activated by an
extracellular ligand, these transmembrane proteins on the cell surface initiate a
series of signaling events that result in various cellular responses depending on
the nature of the stimuli. However some receptors are located inside the cells, and
they are targets for small, hydrophobic first messengers, which are able to diffuse
across the plasma membrane.3

In most cases, steroid hormones (estradiol, testosterone) and other hydrophobic
small signaling molecules act via endocrine signaling cascade. They are synthesized
and secreted into the circulation by specialized endocrine cells, and they bind to
their corresponding intracellular receptors following direct diffusion across the
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plasma membrane. These intracellular receptors may be both in the cytosol or
nucleus and, upon stimulation by the signaling hormone, they bind to unique hor-
mone response elements in the promoter region of specific target genes. In addition
to this classical hormone-signaling model, recent studies implicate ligand-indepen-
dent and non-nuclear surface receptor-dependent models for hormone receptors.
Although these non-traditional actions of hormone receptors need further mecha-
nistic investigation, these pathways seem to be involved in many physiological and
pathological cellular responses.4–6

The response to a molecular signal is mainly determined both by the properties
of the ligand and receptor as described above, but interestingly, different cell types
can respond differently to the same stimuli. The main reason for the divergence of
cellular responses to the same ligand-receptor modules can be explained by the
complexity of a third factor involved in cellular signaling; intracellular signaling
networks involving co-activators and repressors.2,7

Briefly, cellular signaling pathways act on multiple intracellular targets, ranging
from gene expression to protein localization. The complexity of cellular signaling
arises from the large number of gene products involved, simultaneous activation of

Figure 5.1 Signal transduction mechanism.
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distinct signaling cascades, coexistence of different protein-protein interactions,
relative abundance, as well as intracellular localization of adaptor proteins and
duration/amplification of the signal. All these factors, in the end, determine the nature
of the response to the signal; proliferation, differentiation, gene expression, cellular
migration, cell cycle progression/arrest or apoptosis.

Signaling by Oxidized Lipids

The regulation of cell function by extrinsic factors occurs through a series of second-
messenger signals that are initiated by ligand-receptor interaction and are responsible
from the modulation of both the intensity and the nature of cellular responses. In
this manner, second messengers exert control over principal cellular events, such as
metabolism, secretion, structure, and replication.7,8

LDL particles are examples of extrinsic factors that have been shown to trigger
a variety of biochemical and cellular events associated with the atherosclerotic
process, especially when their lipid moieties are oxidized.9–11 For example, oxLDLs
launch a cascade of intracellular signals through the cAMP (A-kinase) or the inositol
phosphate pathway, increasing the cytosolic calcium level of cultured endothelial
(EC) and smooth muscle cells (SMC).12,13 Apart from the effect on membrane-bound
enzyme activities, oxLDLs also stimulate other elements of the protein kinase C
signaling pathway, inducing tyrosine phosphorylation and activation of epithelial
growth factor receptor (EGFR).14,15

Modulation of the expression and function of vascular genes is yet another effect
exerted by oxLDLs by which these genes may participate in inflammatory and
atherosclerotic processes. OxLDL increases the VCAM-1 induction response to a
cytokine inflammatory signal in endothelial cells from different vascular beds.16

More recently, oxLDLs have been shown to stimulate intercellular adhesion molecule
(ICAM-1) expression in EC and monocyte adhesion, probably through activation of
a specific protein tyrosine kinase (PTK).17,18

The activation of nuclear transcription factors has been shown to be necessary
for the mechanism by which oxLDLs increase the expression of genes involved in
the cell growth, differentiation, and proliferative responses observed in atheroscle-
rosis. In fact, it has been demonstrated that oxLDLs stimulate activator protein-1
(AP-1) DNA–binding activity in fibroblasts, SMCs, and ECs, possibly via JNKs and
ERKs, and that lipid peroxidation products participates in this phenomenon.19 The
stimulation of DNA-binding activity of another redox-sensitive transcription factor,
nuclear factor κ B (NF-κB), by oxLDL has also been described.20

This finding has been confirmed by Tontonoz et al. and Nagy et al., who
demonstrated that activation of PPAR by oxLDL is dependent on oxLDL inter-
nalization via scavenger receptors. In particular, the activation of the PPAR:RXR
heterodimer in myelomonocytic cell lines induces transcriptional upregulation of
the scavenger receptor CD36, which in turn promotes uptake of oxLDL. Moreover,
oxidative modifications of the lipid moiety of LDL particles lead to the production
of derivatives (9-HODE, 13-HODE), which are efficient activators of PPAR. Thus,
signaling through a surface receptor may be directly coupled to signaling through
a nuclear receptor.21,22
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The biological responses triggered by oxLDLs are associated with lipid perox-
idation derivatives, which are able to induce various pathogenic intracellular signals
leading to cellular dysfunction. They interfere with various signaling pathways
involving calcium, trimeric G-proteins and cAMP, phospholipase C and D, protein
kinase C, and MAP kinase cascade. In summary, oxLDLs exhibit many biochemical
effects that are potentially involved in atherogenesis, lipid metabolism, and gene
expression of adhesion molecules, of heat shock proteins, cytokines, and growth
factors, as well as in cell migration, motility and contractility, cell viability, local
immune response, and vasomotor tone.23,24

Signaling by Oxidized Steroids

Low-density lipoproteins contain numerous other lipid oxidation products apart from
aldehydes that can participate in pathological events leading to atherosclerosis, or
to modulation of gene expression. Indeed, oxidized derivatives of the major com-
ponents of LDL, i.e., cholesterol and cholesterol esters, are of interest in this respect
because they are consistently found in human atherosclerotic lesions.25,26

Oxysterols account for 3 to 5% of total plasma cholesterol in normocholester-
olemic animals, and up to 60 to 70% of total cholesterol in oxLDLs found in
hypercholesterolemic animals. Applying oxysterols obtained from oxLDLs to cul-
tivated human promonocytes, (U937) cells upregulates production of the fibrogenic
cytokine TGFβ1, pointing to a possible effect of these compounds on gene expres-
sion. This possibility is supported by the previous observation that 25-hydroxycho-
lesterol is able to induce the mRNA transcript levels of basic fibroblast growth factor
in smooth muscle cells.27

Signaling by Aldehydic End Products of Lipid Peroxidation

Among the various end products of the oxidative breakdown of biomembrane poly-
unsaturated fatty acids, aldehydes have been well characterized for their potential
contribution to free radical pathobiology. The group of aldehydes that displays the
greatest number of biochemical activities is the 4-hydroxyalkenals. Quantitatively,
the most representative hydroxyalkenal in animal tissues is 4-hydroxy-2,3-nonenal
(4-HNE). This aldehyde derives from the oxidation of arachidonic acid, as well as
linoleic acid.28 Monoclonal antibodies against 4-HNE protein adducts have positively
identified this molecule in human chronic diseases, and several reports pointed to
the potential effect of increased levels of 4-HNE on different cell functions.29–33

We have previously shown that 4-hydroxynonenal (4-HNE) induced oxidative
stress and apoptotic cell death in Swiss 3T3 fibroblasts. Indeed, in vitro treatment
of 3T3 fibroblasts with 4-HNE induced a condition of oxidative stress as monitored
by the oxidation of dichlorofluorescein diacetate. Further, 4-HNE-treated fibroblasts
eventually underwent apoptotic death as determined by differential staining and
internucleosomal DNA fragmentation. These observations are consistent with a
potential role of lipid peroxidation-derived products in programmed cell death.34

It has also shown that enhanced lipid peroxidation or cell treatment with 4-HNE
at doses compatible to those detectable in vivo induce expression and synthesis of
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the fibrogenic cytokine transforming growth factor β1 (TGFβ1) in rat liver, in
macrophage-derived cell lines.35,36 In addition, collagen production is induced both
in rat liver and in cultivated human stellate cells.35,37

Both TGFβ1 and collagen type I genes require an active binding of AP-1
transcription factor for their optimal expression for which both genes (TGFβ1 and
collagen type 1) have consensus sequences in their promoter regions.38,39 The
demonstrated action of 4-HNE on the expression of defined genes prompted a
reanalysis of the aldehyde’s effect on cell signaling.

A marked activation of AP-1 nuclear binding as induced by 1–10 μM 4-HNE,
has now been demonstrated in different cytotypes including murine and human
macrophages,40 human hepatic stellate cells,41 and rat hepatocytes. With regard to
another well-studied redox-sensitive transcription factor, NF-κB, 4-HNE does not
appear to influence its activation and nuclear translocation in the mentioned cyto-
types.40,41 Moreover, in neuroblastoma-derived PC12 cell line, 4-HNE activates AP-
1 and significantly downregulates NF-κB nuclear binding.42

Mainly based on the two latter findings, the hypothesis is now put forward that,
under defined conditions, the aldehyde acts as an apoptotic trigger, signaling through
the MAP kinase pathway (Figure 5.2) and AP-1 binding (Figure 5.3), and simulta-
neously depressing NF-B activation.

Mitogen-activated protein kinases (MAPKs) and various caspases have been
proposed to mediate stress-induced apoptosis in many cell types. In order to get
insight into the mechanisms of apoptotic response by 4-HNE in 3T3 fibroblasts, we
followed MAPK and caspase activation pathways; 4-HNE induced early activation
of JNK1/2 and p38 pathways and ERK1/2.

AP-1 is a transcription factor involved in the regulation of cell growth, differ-
entiation, proliferation, and apoptosis. AP-1 exists as homo- and heterodimers and
is activated by growth factors, cytokines, and cellular stress. c-jun and c-fos are two

Figure 5.2 MAPK signaling pathways.
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main proteins that form AP-1 transcription factor complex and are targets for phos-
phorylation by MAP kinases to be transcriptionally active.

Parallel studies from different laboratories on different cytotypes led to the
conclusion that the aldehyde strongly activates c-Jun amino-terminal kinases (JNKs),
promoting their translocation in the nucleus where JNK-dependent induction of c-
jun and AP-1 takes place.41,43

It appears likely that in cells other than hepatic stellate cells, 4-HNE activates
JNKs through phosphorylation rather than direct binding. Uchida et al., demonstrat-
ing a rapid increase in JNK phosphorylation in rat liver epithelial RL34 cells, reached
this conclusion.44 These authors also reported a mild effect of the aldehyde on ERK
activity, while Ruef et al. showed a significant activation of ERK1 and ERK2 in 4-
HNE treated rat aortic smooth muscle cells.45 The aldehyde, at concentrations effec-
tive on JNKs, also markedly activates novel PKC isoforms, in particular, PKC beta
in hepatocytes.46

Figure 5.3 Mechanism of AP-1 upregulation and its effect on transcription of a number of
genes.
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The most striking evidence in support of a pathophysiologic involvement of 4-
HNE in gene modulation is the demonstration that the aldehyde externally added
could be rapidly recovered within the nuclei of cultured cells. This finding was first
obtained in liver stellate cells as reported above,41 and confirmed in macrophages.
This finding paralleled that of increased AP-1 binding.41

PHYTOCHEMICALS AND RESVERATROL IN CELL SIGNALING

Structure

Phytonutrients are compounds found in plants, which are not required for normal
functioning of the body but which nonetheless have a beneficial effect on health or
an active role in the amelioration of diseases. The major families of related phyto-
nutrients are flavonoids, phytoestrogens, isothiocyanates, monoterpenes, organosul-
fur compounds, saponins, capsaicin, and sterols.47–49 Many recent molecular and
cellular studies have focused on the beneficial effect of dietary phytoestrogens in
reducing the risk of cardiovascular diseases and cancer.49,50 Phytoestrogens are
polyphenolic non-streroidal secondary by-products of plant metabolism that play an
important role in protecting the plant from environmental stressors and predators.
In addition to chemopreventive and antiangiogenic properties, acting as a functional
analog of mammalian estrogen 17-b-estradiol (E2), phytoestrogens have potential
to gain importance at clinical applications in hormone therapy to prevent menopausal
syndromes and osteoporosis.49,51,52 

Currently, there are four phenolic compounds considered as phytoestrogens:
the isoavonoids, lignans, coumestans, and stilbenes. Isoflavonoids are the subclass
of flavonoids reported to exist as glucosides. They are hydrolyzed in the gut to
aglycones and transported across intestinal epithelial cells.52,53 The isoavonoids
appear in high amounts in soy-based foods.47,54 Lignans are a diverse class of
phenylpropanoid dimers and oligomers that can readily converted to mammalian
lignans such as enterodiol and enterolactone by the gut microflora.55,56 The major
source of phytolignans in the diet is from axseed, whole grain breads, vegetables,
and tea.54,57 Coumestans occur predominantly during germination. A large number
of coumestans have been identified, few of which show an estrogenic activity. The
main compound in this subgroup with estrogenic activity is coumesterol, found
mainly in legume sprouts.58,59

Stilbenes, like the avonoids, are synthesized via the phenylpropanoid-acetate
pathway. Resveratrol (trans-3,5,40-trihydroxystilbene) (Figure 5.4) has been identi-
fied as the major active compound of the stilbene phytoestrogens. It exists as trans
and cis isomers, however only the trans form has been reported to be estrogenic.60

The inverse relationship between risk of ischemic heart disease and French-pattern
dietary intake, moderate consumption of red wine and consumption of foods high
in saturated fats, raised a wave of interest in monitoring the presence of resveratrol
in red wine.61–65 Resveratrol is found only in grape skin, not in grape flesh, making
this stilbene the active ingredient of red wine but resulting in low levels in white
wine.66 Resveratrol was also detected in itadori tea and in peanut roots.67,68
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Pharmacokinetic and Antioxidant Properties

In evaluation of the response of living organisms to resveratrol, it is important to
determine the capacity of gastrointestinal absorption and the distribution of res-
veratrol to various target tissues as well as its metabolism. The bacterial microflora
in the ileum and cecum plays an important role in the metabolism and absorption
of resveratrol. Kinetics of trans- and cis-resveratrol (3,4',5-trihydroxystilbene)
after oral administration of red wine in rats showed that a fraction of resveratrol
(6.5mg/l) was absorbed by rats and can be detected in considerable concentrations
in plasma. Peak tissue concentrations recorded at cardiac tissue, liver, and kid-
neys.69 A recent study reported albumin as one of the plasmatic carriers of resver-
atrol. Interaction of resveratrol with albumin is essential for the transporting of
the compound in blood circulation and the delivery of resveratrol at the cell surface
before cell membrane uptake.70

Results from recent studies demonstrated the ability of resveratrol to detoxify
reactive oxygen species (ROS). ROS such as hydroxyl radical (. OH), superoxide
radical (O2

.-), and hydrogen peroxide (H2O2) are generated as by-products of molec-
ular cellular events and are involved in initiation of oxidative stress.71 Cells can
tolerate mild oxidative stress and often respond by synthesizing intracellular anti-
oxidants such as glutathione, α-tocopherol, ascorbic acid, β-carotene, and antioxi-
dant enzymes including catalase, superoxide dismutase, and glutathione peroxidase
as a part of the defense system against ROS-induced cellular injury. These antiox-
idants may provide a buffer against oxidative stress by quenching ROS. However,
when ROS production outweighs antioxidant defenses, cell injury or even cell death
may occur due to oxidative damage to DNA, proteins, and lipids.72 Resveratrol has
been proposed to prevent superoxide-dependent inflammatory response by acting in
a similar way to superoxide-dismutase.73 For example, resveratrol inhibits the det-
rimental effects of pro-oxidant tert-butyl hydroperoxide in cultured rat embryonic
mesencephalic cells.74 Results from another recent study demonstrate that pre-incu-
bation of macrophages with resveratrol prior to treatments with lipopolysaccharides
or phorbol esters exerts a strong inhibitory effect on superoxide radical and hydrogen
peroxide production.75 

The radical scavenging activity of resveratrol has also been shown in a number
of in vitro studies. Leonard et al. reports that resveratrol is an efficient . OH and O2.-

radical scavenger.76 By using hexavalent chromium (Cr[IV]), they have shown the
ability of resveratrol to scavenge radicals produced by the enzymatic reaction with

Figure 5.4 Structure of resveratrol.
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Cr[IV]. Consistent results were also obtained when in vitro synthesized resveratrol
derivatives showed free radical scavenging activity.50

Another aspect of free radical damage involves the lipid peroxidation of plasma
lipoproteins and cellular membranes, as mentioned in the first part of this review.
Oxidized polyunsaturated fatty acids in LDL show chemostatic properties for mono-
cytes and leading to endothelial dysfunction and vascular smooth muscle cell pro-
liferation.77 The oxidation also affects LDL binding to collagen, and stimulates
connective tissue formation and monocyte-endothelial cell interaction.78–80 Thus,
oxidized lipids in LDL may increase the permeability of endothelial cells leading
to accumulation and retention of intracellular and extracellular lipids at subendo-
thelial membrane and infiltration of pro-inflammatory monocytes and lymphocytes,
which are believed to play a major role in development of atherosclerosis.81–84

Atherosclerosis is a chronic inflammatory condition characterized by early fatty
degeneration and high levels of circulating LDL, monocytes, and lymphocytes,
leading to inflammation at the vessel wall.71 

Given the proposed role of oxLDL in the development of atherosclerosis, studies
have been performed to evaluate the role of antioxidants such as resveratrol on
inhibition of LDL oxidation. For example, short-term consumption of grape juice
by patients with coronary heart disease increases the mean lag time of LDL oxidation
in vitro.85–87 

In vitro, resveratrol behaves as a slight antioxidant against oxidation of fatty
acids of sunflower oil and rapeseed oils.88 Using a copper chloride-induced LDL
oxidative system, addition of resveratrol prolonged the lag time preceding the onset
of LDL oxidation in a dose-dependent manner.89 These findings were confirmed in
other assays showing the ability of resveratrol to reduce the oxidative alterations of
lipid and protein moieties of LDL. It lowers the non-specific uptake of oxLDL by
macrophages, hence preventing the formation of lipid-laden foam cells.90 

Resveratrol also inhibits the peroxidation of membrane lipids that destroy the
phospholipid bilayer of the cellular membrane, resulting in irreversible cell dam-
age. Resveratrol pretreatment of a rat model of dopaminergic neuronal cells
prevents lipid oxidation caused by iron and ethanol.91 In human primary cell
cultures and rat liver microsomes, Stivala et al. showed that resveratrol inhibits
the lipid peroxidation induced by free radical donors.92 Furthermore, lipid perox-
idation in cell membrane of macrophage tumor cells caused by exposure to . OH
radicals is inhibited by resveratrol.76 

Resveratrol in Cell Signaling

Resveratrol has been reported to protect against H2O2 and β-amyloid-induced oxidative
cell death in rat pheochromocytoma cells by attenuating intracellular ROS accumula-
tion and restoring the levels of some marker proteins of apoptosis, such as Bax, Bcl-
XL, JNK, and PARP.93,94 Leonard et al. found that resveratrol treatment of macrophage
tumor cells inhibits the DNA damage due to . OH radicals.76 In experimental models
of oxidant stress-mediated cell injury, resveratrol prevents internucleosomal DNA
fragmentation and apoptosis.34 By monitoring the oxidation of dichlorofluorescein,
resveratrol quenches the oxidative stress in Swiss 3T3 cells induced by the aldehydic
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product of the peroxidation of membrane w-6 polyunsaturated fatty acids, 4-HNE. In
a follow-up study, we have shown that resveratrol prevents oxidave stress, apoptosis,
and AP-1 activation induced by 4-HNE (Table 5.1).

The initial stages of arteriosclerosis involve changes in intracellular signaling
cascades leading to endothelial dysfunction, secretion of vascular cell adhesion
molecules, and smooth muscle cell proliferation contributing to the atherosclerotic
plaque formation.81–84 As mentioned before, the oxidation of extracellular LDL in
the arterial wall is associated with endothelial dysfunction. The adhesion of cir-
culating monocytes to dysfunctional endothelium is mediated by several adhesive
molecules expressed on both monocyte and endothelial cell surface membranes.
The adhesion molecules expressed on dysfunctional endothelial cells includes E-
selectin, intracellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion
molecule-1 (VCAM-1).71 Early observations by Ferrero et.al. suggest that resver-
atrol modifies ICAM-1 and VCAM-1 expression and induces a significant inhibi-
tion in the adhesion of monocytes on lipopolysaccharide-stimulated endothelial
cells.95 The genes of these endothelial cell adhesion factors contain NF-κβ tran-
scription factor binding sites at their promoter regions.71 Several studies within
the last few years have shown that resveratrol inhibits NF-κβ-mediated gene
expression.96–100 Resveratrol mediates the suppression monocyte adhesion to endo-
thelium by downregulating the E-selectin antigen expression on the endothelial
surface, possibly through the NF-κβ pathway.101 The increase of VCAM-1 mRNA
and protein levels in bacterial lipopolysaccharide- or cytokine-treated human
umbilical vein endothelial cells is prevented when cells are pretreated with res-
veratrol. This treatment remarkably reduces monocytoid cell adhesion to stimu-
lated endothelium. Reporter gene assays reveal reduced activation of both NF-κβ
and AP-1 after resveratrol pretreatment.102 In neuronal cells, resveratrol protected
cells from both the activation the NF-κβ/DNA binding activity and apoptotic cell
death induced by oxidized lipoproteins.103 The TNF- and LPS-induced activation
of NF-κβ binding and subsequent apoptosis in human monocyte and myeloid cells
is also diminished by resveratrol pretreatment.96,97 Resveratrol also blocks the NF-
κβ-dependent gene activation measured by a reduction in expression of monocyte
chemoattractant protein-1, an NF-κβ-regulated gene product. The molecular mech-
anism of NF-κβ inactivation by resveratrol is not clear, but emerging evidence
indicates the prevention of Iκβ phosphorylation and degradation is involved.96,104,105

 Table 5.1 Effect of Resveratrol on 4-HNE Induced Oxidative Stress and Apoptosis

4-HNE
• Induces oxidative stress
• Induces apoptosis, activates caspase 3,9 and releases cyt c from mitochondria
• Upregulates AP-1; upregulates c-jun mRNA and protein levels
• Activates MAPK; upregulates p-JNK and p-p38 levels; downregulaates ERK 1/2

Resveratrol
• Acts as an antioxidant
• Prevents apoptosis; prevents caspase activation and cyt c-release
• Downregulates AP-1 activation; downregulates c-jun mRNA and protein levels
• Prevents MAPK activation; downregulates JNK and p-38; upregulates ERK 1/2
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Proliferation and migration of vascular smooth muscle cells (VSMC) is one
of the hallmarks of atherosclerosis. Red wine polyphenols hinder the proliferation
and migration of cultured SMCs stimulated by growth factors through inhibition
of PI3K activity and p38 (MAPK) phosphorylation.106,107 In support, resveratrol
reversibly arrests VSMC proliferation in early S phase of the cycle.108 Recent
studies on SMCs demonstrate the anti-atherogenic actions of resveratrol via its
ability to inhibit the autocrine secretion and the mitogenic effects of endothelin-
1.109,110 Endothelin-1 (ET-1) is a small polypeptide with vasoconstrictive and
mitogenic properties. ET-1 originates from endothelial cells and VSMCs, and
induces the replacement of endothelial cells by neointimal SMC during arthro-
sclerotic plaque formation.110,111 Induction of ET-1 expression in SMCs by H2O2-
evoked oxidative stress is inhibited by resveratrol.110 Moreover, resveratrol pre-
treatment suppresses ET-1-mediated protein tyrosine phosphorylation and MAPK
activation, leading to SMCs proliferation and contraction.109

Another way ROS lead to impaired vasoregulation is the depletion of bioavailable
NO and suppression of NO synthase (NOS) with subsequent ROS generation. NO
is a potent vasodilator that also inhibits platelet and leukocyte adherence to vascular
endothelium. Evidence suggests that resveratrol induces NOS in pulmonary endo-
thelial cells, enhancing NO release and suppressing the proliferation of endothelial
cells by arresting cell cycles.112 In contrast, resveratrol inhibits NO generation and
expression of cytosolic inducible NOS (iNOS) protein in LPS-stimulated macro-
phages by blocking NF-κβ activation.100,113 

The cardiovascular protective effects rendered by resveratrol can also be ascribed
to its ability to modulate arachidonic acid metabolism and to inhibit the platelet
aggregation. Platelet aggregation is thought to be a precipitating event in cardiovas-
cular disease, as platelet clumping may trigger heart attacks and strokes. Platelet
aggregation is associated with the synthesis of eicosanoids from arachidonic acid.
Initial observations indicate that resveratrol inhibits arachidonic acid-induced plate-
let aggregation and the production of proatherogenic eicosanoids by human platelets
and neutrophils.114,115 Resveratrol has been demonstrated to decrease platelet aggre-
gation in human platelet-rich plasma by 50%.116 More recently, it has been shown
that LPS and phorbol ester treatment of peritoneal macrophages resulted in a COX-
2 induction with subsequent increase in prostaglandin and arachidonic acid synthesis.
Pretreatment of the cells with resveratrol prior to LPS or phorbol ester treatment
exerted a strong inhibitory effect on COX-2 expression with a marked reduction of
arachidonic acid and prostaglandin synthesis.75 Activation of platelets by endotoxin
or thrombin induces the adhesion of platelets to collagen and fibrinogen, the fibrillar
constituent of atherosclerotic plaques. Preincubation of platelets with resveratrol
inhibits this adhesion.117

In support of the antioxidant activity of resveratrol, a number of studies have
demonstrated protective effects on oxidative cardiovascular injury.118–122 In animal
models, preinfusion of resveratrol prevents reperfusion-induced arrhythmias and
mortality due to its antioxidant, free radical–scavenging activity as well as its ability
to increase NO release.123,124 These in vivo findings are supported by in vitro obser-
vations indicating that resveratrol significantly inhibits the ischemia/reperfusion-
induced leukocyte recruitment and superoxide-related microvascular barrier dys-
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function.73 Furthermore, resveratrol induces the endogenous antioxidants and phase
2 enzymes in rat cardiomyocytes as part of a protective cellular defense against ROS
and electrophilic species.125

CONCLUSION

The modulation of cellular signal transduction pathways by naturally occurring
substances has been extended to understanding the molecular basis of atherosclerosis
with dietary phytochemicals. Resveratrol has been shown to modulate diverse bio-
chemical processes involved in atherosclerosis. Cellular signaling cascades mediated
by oxidized lipids and their end products converge on AP-1 or NF-κβ, modulating
the transcription of a number of genes. Results from our group as well as other
laboratories suggest that resveratrol can act as an antioxidant by intercepting ROS-
induced by-products of lipid peroxidation and prevent apoptosis. Furthermore, acting
through MAPK-signaling pathways, resveratrol prevents AP-1 upregulation induced
by 4-HNE and prevents activation of caspases and subsequent apoptosis. The overall
picture suggests that the inhibitory effect of resveratrol on NF-κβ may turn off the
genes induced by 4-HNE and turn on the genes initiating cell survival.

Although AP-1 or NF-κβ can be suggested as prime targets for any chemical or
phytochemical, the stimuli and cell-specific cross talk between the transcription
factors complicates the processes. Therefore, additional molecular studies will be
needed to uncover the events taking place in the theme of “French paradox.” Res-
veratrol undoubtedly warrants further study to more clearly elucidate its potential
role in this diet-low disease risk relationship.
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INTRODUCTION

Obesity is among the most common diseases facing physicians. It is a major cause
of premature mortality, with enormous economic impact on our society. A recent
study estimated the annual cost of obesity in the U.S. as $93 billion per year, or
9.1% of all healthcare dollars, of which about half is paid by federal dollars.1 As
frightening as these numbers are, they are based on 1998 data on the prevalence of
obesity, and recent studies have indicated that the obesity epidemic has continued
unabated,2 and the percent of adults with BMI >30 kg/m2 has increased from 18.3%
to 22.5% in the 4 years from 1998 to 2002 (CDC, Behavioral Risk Factor Surveil-
lance System).

This paper will provide an overview of the pathogenesis of obesity, with
particular emphasis on metabolic syndrome and high risk obesity. In this review,
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we present evidence to suggest that the accumulation of adipose tissue, per se,
is not necessarily a precursor to the metabolic syndrome that accompanies obesity,
but the accumulation of lipid “in all the wrong places” leads to many of the
adverse outcomes.3

CLINICAL FEATURES OF OBESITY, METABOLIC SYNDROME, 
AND TYPE 2 DIABETES

Although obesity is defined as an excess of adipose tissue, a useful classification of
obesity is based not on adiposity alone but as excess adipose tissue leading to a
spectrum of health consequences. These adverse effects on health usually occur
when a patient exceeds “normal” body weight by 20% or more. However, there is
considerable variation among individuals, and some subjects can become remarkably
obese with few, if any, metabolic consequences, whereas others develop metabolic
syndrome with minimal weight gain. There are numerous approaches to measuring
degrees of obesity, and the body mass index (BMI) has gained widespread acceptance
in a clinical setting. The BMI represents weight (kg) divided by height (m)2. Although
the terminology is imprecise, the normal weight range usually falls between a BMI
of 20 and 25 kg/m2. A BMI range of 25 to 30 kg/m2 is often referred to as
“overweight, and a BMI >30 kg/m2 is obese. Severe obesity is characterized by a
BMI in excess of 35.

In population studies, most of the complications of obesity increase with pro-
gressive increases in BMI, beginning when the BMI exceeds 25 kg/m2.4 For example,
the relative risk of type 2 diabetes in relation to BMI is shown in Figure 6.1 using
data from the Nurses Health Study.5 The risk of developing diabetes begins to
increase at a BMI of 25, however this risk is three-fold higher when the BMI reaches

Figure 6.1 BMI and the relative risk of type 2 diabetes from the Women’s Health Study. The
relative risk for the development of type 2 diabetes over 8 years for women 30–55
years of age in 1976 is shown. The data are adjusted for age, and the risk of
diabetes at a BMI <22 kg/m2 is adjusted to 1.0. (Data from Colditz et al., Am. J.
Epidemiol., 132:501–513. Redrawn with permission, Oxford University Press.)
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30. This increasing risk of diabetes with obesity is particularly disturbing, since the
prevalence of obesity has increased in an epidemic fashion over the last 20 years.
It is therefore not surprising that the prevalence of type 2 diabetes and impaired
glucose tolerance has risen during this same time period.6,7

In addition to diabetes, there are many health risks associated with obesity,
ranging from metabolic disturbances such as hyperlipidemia, insulin resistance, and
hypertension, to sleep apnea, gallstones, arthritis, and an increased risk for several
malignancies.8,9 These obesity-related medical problems are compounded by the
social stigmata of obesity, depression, and the difficulties that obesity poses on the
physical examination, diagnostic medical tests, and otherwise routine surgery.

The constellation of insulin resistance, abnormal lipid metabolism, hypertension,
and abdominal fat distribution are genetically linked and constitute the metabolic
syndrome (Table 6.1). Body fat distribution is a particularly important factor in
determining high risk obesity. Patients with abdominal obesity are at greater risk
for heart disease, diabetes, hypertension, and hyperlipidemia compared to patients
with more gluteal fat distribution.10 In a recent study, the removal of subcutaneous
fat by liposuction, without any removal of visceral fat, resulted in no improvement
in insulin resistance or inflammation, further highlighting the importance of the
visceral adipose depot.11 This difference in risk level with adipose tissue distribution
is especially important for mildly obese persons. The reason for the abdominal
obesity-metabolic syndrome association is not clear, but one leading concept main-
tains that visceral adipose tissue has a higher rate of lipolysis, resulting in elevated
portal non-esterified fatty acids, which increase hepatic VLDL production, increase
hepatic glucose production, and impair peripheral insulin sensitivity.12

The development of type 2 diabetes coincides with progressive obesity but occurs
in individuals who are genetically susceptible. The risks of diabetes include
microvascular disease, resulting in diabetic retinopathy and nephropathy, along with
a number of different forms of neuropathy, and accelerated systemic atherosclerosis,
resulting in coronary artery, cerebrovascular, and peripheral vascular disease. The
atherosclerosis of diabetes is complex, but is not entirely dependent on hyperglyce-
mia since patients with insulin resistance, hyperinsulinemia, and the metabolic
syndrome are also at increased risk for atherosclerosis. There is a strong statistical
association between obesity and metabolic syndrome, and most patients will dem-
onstrate some features of metabolic syndrome with more severe obesity. A minority

 Table 6.1 Features of the Metabolic Syndrome

Abnormal carbohydrate metabolism: type 2 diabetes, impaired 
glucose tolerance/impaired fasting glucose, insulin resistance, 
hyperinsulinemia 

Hypertriglyceridemia

Low HDL

Hypertension

Increased visceral adipose tissue
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of patients, however, are remarkably immune to the metabolic consequences of
obesity, in spite of extreme obesity, whereas other patients develop the full spectrum
of metabolic syndrome with only a small incremental increase in BMI.

ECTOPIC LIPID ACCUMULATION AND METABOLIC SYNDROME

Adipose tissue is the primary organ of lipid storage. However, with progressive
obesity, lipid is deposited into other non-adipose organs, provoking the term “ectopic
lipid” (Figure 6.2). Some of this ectopic lipid is deposited in the liver, leading to
the commonly observed fatty liver, also known as non-alcoholic steatohepatitis
(NASH), or hepatic steatosis. Fatty liver is very common in patients with metabolic
syndrome, and is associated with elevated glucose production by the liver, which is
one of the hallmarks of type 2 diabetes. NASH may also lead to the development
of hepatic cirrhosis, although the precise pathogenesis of NASH-mediated cirrhosis
is not known.

Subjects who are obese or who have metabolic syndrome usually demonstrate
hyperinsulinemia.13 Although this hyperinsulinemia might be interpreted initially as
robust β-cell function, when one considers the degree of insulin resistance, β-cell
compensation shows signs of deterioration long before the development of type 2
diabetes.14–16 Much of this deterioration in β-cell function is likely due to lipid
accumulation in islets. Although this has not been demonstrated in humans, Zucker
diabetic fatty rats demonstrated islet lipid accumulation, apoptosis, and decreased
cell mass and function.17

Figure 6.2 Ectopic lipid accumulation and insulin resistance. As obesity progresses, lipid
accumulation occurs in other organs (“ectopic” sites). The lipid accumulation in
these ectopic sites leads to insulin resistance (impaired glucose uptake in muscle,
and increased glucose output in liver), and to impaired insulin secretion from the
β-cells of the pancreas.
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Most of peripheral glucose disposal occurs in skeletal muscle,18 making this
tissue extremely important in understanding the mechanisms underlying peripheral
insulin resistance. Insulin resistant subjects demonstrate increased intramyocellu-
lar lipid (IMCL), decreased proportion of the oxidative type I and type IIA muscle
fibers, decreased oxidative capacity of each class of muscle fiber, and decreased
capillary density.19,20 The cause-effect relationship between muscle glucose uptake
and muscle lipid metabolism is not well understood. However, there is accumu-
lating evidence that IMCL induces lipotoxicity, which affects peripheral insulin
sensitivity and muscle glucose transport.21–24 In lean subjects who are at risk for
the development of type 2 diabetes, there is evidence for a muscle mitochondrial
defect in lipid oxidation.25

Thus, metabolic syndrome is strongly associated with lipid deposition into skel-
etal muscle, liver, islets, and other organs, suggesting that the accumulation of lipid
in subcutaneous adipose tissue depots may lead to excess weight and obesity, but
may not necessarily lead to obesity-related metabolic complications unless there is
simultaneous lipid deposition into other organs. Since metabolic syndrome is con-
trolled by complex genetics, these data would suggest that the tendency to accumu-
late lipid in ectopic sites is also under genetic control. Based on the hunter-gatherer
lifestyle during early human development, and the survival advantage conferred upon
an individual with efficient fat storage, lipid deposition into ectopic sites may have
been desirable as an adjunct to adipose tissue storage. Unfortunately, these evolu-
tionary forces were designed for a human population exposed to intermittent star-
vation in a setting of extreme physical activity, which is a far cry from the lifestyle
of modern humans in developed countries.

ADIPOSE TISSUE SECRETORY PRODUCTS AND INFLAMMATION

Adipose tissue is viewed not simply as a passive lipid storage depot but instead as
a highly active metabolic tissue, which secretes numerous products that affect insulin
resistance either through a traditional (circulating) hormonal effect, or through local
effects on the adipocyte. The term “adipokines” has been used to describe the
numerous adipocyte secretory proteins, which include TNFα, IL-6, leptin, PAI-1,
resistin, and adiponectin.

Beginning with the description of TNFα expression by adipose tissue of obese
rodents and humans in the mid 1990s,26–28 many adipokines with inflammatory or
immunologic properties have been described in adipose tissue and have been impli-
cated in the pathogenesis of metabolic syndrome (Table 6.2). For example, plasma
levels of IL-6 and adipose secreted TNFα are associated with obesity, and with
insulin resistance, independent of obesity.29–31 There are several presumed mecha-
nisms for the actions of TNFα on insulin resistance, including an inhibition of insulin
receptor signaling,32 along with an autocrine effect on adipose tissue causing a
stimulation of lipolysis and elevation of plasma NEFA.33 In other studies, TNF
knock-out mice did not become insulin resistant with diet-induced obesity.34

A number of other genes are expressed in adipose tissue of obese rodents and
humans and may be important in insulin resistance. Leptin is expressed by adipose
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tissue and increased with obesity.35 In rodents, there is evidence for leptin-mediated
stimulation of lipid oxidation in skeletal muscle, myocardium, and β-cells, and leptin
has been suggested as a host homeostatic mechanism designed to prevent metabolic
syndrome.36 Resistin is an 11 kDa protein that is expressed exclusively in adipose
cells, secreted into plasma, and was discovered as a downregulated gene in response
to thiazolidinediones.37 In rodent studies, insulin action was improved by anti-resistin
antibodies and was impaired by treatment of normal mice with recombinant resistin.
In humans, there is evidence for a link between gene polymorphisms in the resistin
gene and insulin resistance.38

An important adipocyte secretory product is adiponectin, which is secreted by
adipocytes at a high level and acts as an antidiabetic, anti-inflammatory, and anti-
atherogenic adipokine.39,40 Adiponectin circulates as complex multimeric forms, and
two receptors for adiponectin have been described.41 When placed on high-fat diets,
adiponectin knockout mice developed marked insulin resistance that significantly
improved following adiponectin supplementation.42 In humans, blood levels of adi-
ponectin were decreased under conditions of obesity, insulin resistance, type 2
diabetes, and coronary disease.43–45 Several studies have demonstrated that low
plasma adiponectin was an independent predictor of insulin resistance,45,46 and
plasma adiponectin increased following treatment of diabetes with thiazolidinedi-
ones and weight loss.47–50

The cell of origin of many adipokines has come under renewed scrutiny with
the recent demonstration that adipose tissue contains macrophages, which may be
responsible for the expression of many inflammatory components, and which infil-
trates adipose tissue during obesity.51,52 The expression of macrophage markers was
highly correlated with obesity in rodents, and the majority of the macrophages
resident in adipose tissue were due to recruitment from the bone marrow. Once
activated, macrophages secrete a host of cytokines such as TNFα, IL-6, and IL-1,53

and the adipose tissue resident macrophages were responsible for the expression of
most of the tissue TNFα and IL-6. In human studies, there was a correlation between
adipose macrophage markers and BMI.52 The description of adipose tissue macro-

 Table 6.2 Proteins Expressed by Adipose Tissue

Tumor necrosis factor-α (TNFα) 

Interleukin-6 (IL-6)

Angiotensinogen

Plasminogen activator inhibitor-1 (PAI-1)

Macrophage chemoattractant protein-1 (MCP-1)

Resistin

Adiponectin

Adipsin

Leptin
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phages further complicates the interpretation of the role of adipose tissue in insulin
resistance. Whereas our hypotheses previously involved an adipose tissue–muscle
connection, we now must confront the infiltration of adipose tissue with macro-
phages, and posit an adipocyte–macrophage–muscle cell hypothesis, with ectopic
lipid accumulation and impaired glucose transport and insulin action as the end
products. According to this hypothesis (Figure 6.3), progressive obesity leads to
adipose tissue macrophage infiltration, with consequent overexpression of inflam-
matory cytokines and metabolic syndrome.53

DIVERSION OF LIPID INTO ADIPOSE TISSUE AS A MECHANISM 
FOR IMPROVEMENT IN LIPOTOXICITY

As described above, the excess accumulation of lipid in muscle, islets, and liver
results in many of the features of metabolic syndrome and obesity. Hence, treat-
ments aimed at reducing ectopic lipid accumulation would be expected to improve
lipotoxicity and, hence, result in a reduction in some of the features of metabolic
syndrome. Fortunately, this improved lipotoxicity has been demonstrated in a
number of instances. In humans, weight loss and exercise results in improved
insulin sensitivity, a reduction in hepatic glucose production, and improved β-cell
response,54–56 along with improved muscle oxidative capacity.57 However, since
many patients cannot or will not undertake such lifestyle measures, much attention
has been devoted to drugs, which may improve diabetes or the metabolic syndrome
through improved lipotoxicity.

The thiazolidinedione class of drugs includes pioglitazone and rosiglitazone (and
formerly troglitazone). These drugs are used in the treatment of diabetes and result
in lower blood glucose levels through improved peripheral insulin sensitivity. The

Figure 6.3 Infiltration of adipose tissue with macrophages. With progressive obesity, adipose
tissue of some subjects accumulates resident tissue macrophages, which then
secrete inflammatory cytokines, and account for much of the inflammatory con-
dition associated with metabolic syndrome.
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thiazolidinediones are potent agonists for the transcription factor peroxisome pro-
liferator activated receptor γ  (PPARγ), which is found primarily in adipose tissue.
Improved insulin sensitivity is a function that primarily involves glucose transport
into skeletal muscle.18 Hence, the beneficial effects of these drugs implicate an
adipose tissue–muscle metabolic relationship that is greatly improved by stimulation
of adipocyte PPARγ.

PPARγ activation in adipose tissue would be expected to result in an activation
of adipocyte differentiation, as has been demonstrated in vitro.58,59 Thus, humans
treated with pioglitazone would be expected to demonstrate an increase in adipocyte
differentiation,60 which would lead to a potential increase in adipose tissue lipid.
The mechanism of this increase in differentiation may be a direct effect of stimulation
of adipogenesis from preadipocytes, or it may be due to a thiazolidinedione-induced
decrease in inflammatory cytokine expression by macrophages. As a result of a
thiazolidinedione-mediated increase in lipid accumulation in adipose tissue, there
may be a diversion of dietary lipid into adipose tissue and away from other organs
that are more susceptible to lipotoxicity, such as muscle, islets, and liver. Thus, the
increase in adipose tissue lipid may, in effect, “steal” lipid from other organs, such
as islets and muscle, which are crucial components of glucose homeostasis.

Several recent studies have provided evidence in favor of this lipid diversion.
In patients with type 2 diabetes, rosiglitazone, but not metformin, resulted in a
reduction in liver fat content.61 In another study, subjects with impaired glucose
tolerance were treated with either metformin or pioglitazone, followed by muscle
biopsies and the assessment of intramyocellular lipid. There was no change in
intramyocellular lipid with metformin, but there was a significant decrease in
intramyocellular lipid with pioglitazone treatment, which accompanied an
improvement in insulin sensitivity.62 This reduction in intramyocellular lipid was
accompanied by an increase in the ration of subcutaneous/visceral adipose tissue
mass, as estimated using CT scans, and no evidence for an increase in muscle
lipid oxidation. Thus, these data suggest that the thiazolidinediones may promote
adipocyte differentiation or lipid accumulation and, hence, divert lipid into adipose
tissue and away from muscle, resulting in less lipotoxicity.

ADIPOSE TISSUE: FRIEND OR FOE?

Most modern humans regard the bulges of adipose tissue on their hips, waists, and
thighs as cosmetically unacceptable and a threat to their health. Although the precise
etiology of metabolic disturbance resulting from obesity is unknown, it may stem
from an accident of our evolution and the rapid changes that have occurred in our
lifestyle. Modern humans still have the genome of a hunter-gatherer, trapped in a
body designed for a struggle against famine, infectious diseases, and the threats from
the elements. These Paleolithic threats seldom emerge, and the new threat is the
result of a hunter-gatherer genome faced with an overabundant food supply and no
need for physical activity.

It is likely that the “master planner” of the human genome never imagined a
BMI over 25 kg/m2, except for perhaps brief periods of time when the hunting was
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good and the harvest was truly abundant. In the environment surrounding most
human evolution, where the human BMI was always low, physical activity was
constant, and starvation was a threat, the ability to store lipid in non-adipose organs
may have represented a survival adaptation. Liver and muscle lipid may have rep-
resented one more depot for energy storage in anticipation of the next famine. The
accumulation of macrophages in adipose tissue may have represented another line
of immunologic defense against injury and disease. All of these adaptations devel-
oped in a backdrop of leanness and high physical activity, where there was no
possibility of obesity, and where the degree of ectopic fat did not reach extreme
levels — or only did so with advanced age and post-reproduction years.

Most modern humans are not desirous of returning to the lifestyle of the hunter-
gatherer, and unfortunately we are stuck with our hunter-gatherer genome in an easy-
living fast food environment. Although it is certainly important that public policies
be devoted toward an improvement in lifestyle factors, new drug development should
concentrate on the ability of adipose tissue expansion to divert lipid from more toxic
sites, coupled with treatments aimed at increasing lipid oxidation.

Fat need not be our enemy. It simply needs to know its place.
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INTRODUCTION

Overweight, defined as a body mass index (BMI: body weight in kg divided by the
square of the height in m) between 25 and 30 kg/m2, and obesity, defined as a BMI
of 30 kg/m2 and above, are prevalent conditions in industrialized populations.
According to a recent report from the World Health Organization,1 the prevalence
of both conditions has reached epidemic proportions worldwide, with rates of about
50 to 60% of the adult population in the U.S., Canada, and European countries.2–6

The health consequences of obesity are enormous. Obesity is associated with some
of the most prevalent diseases of modern societies, including type 2 diabetes, hyper-
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tension, cardiovascular diseases and certain types of cancer (breast, uterus, prostate,
colon). The increase in the prevalence of obesity observed worldwide in the past 50
years has occurred in a changing environment characterized by a progressive reduc-
tion in energy expenditure associated with physical activity and the abundance of
highly palatable foods. These environmental changes occurred over a period of time
that is too short to cause changes in the frequencies of genes associated with obesity.
Thus, genes that were selected for energy storage in the primitive hunter/gatherer
populations are now detrimental in an era of food abundance. From a genetic point
of view, this suggests that gene–environment interactions are important in determin-
ing an individuals’ susceptibility to obesity and related co-morbidities.

This chapter provides an overview of the role of gene–environment interactions
in obesity. The evidence supporting the role of genetic factors in obesity will first be
reviewed followed by a brief description of the methods used to detect gene–environ-
ment interactions in human populations and a review of the evidence for a role of
gene–environment interactions in obesity. The implications of gene–environment inter-
actions for the prevention and treatment of obesity will also be discussed.

GENETIC AND NON-GENETIC DETERMINANTS OF OBESITY

Before investigating the issue of gene–environment interactions in obesity, it must first
be established that obesity is a condition characterized by familial resemblance and
influenced by genetic factors. It is well established that obesity runs in families,
suggesting that individuals with a positive family history of obesity are at increased
risk of obesity. This risk can be quantified by calculating the ratio of the risk of being
obese when a biological relative is obese to the risk in the population at large (i.e., the
prevalence of obesity).7 Studies have shown that risk of obesity is about 2 to 8 times
higher in families of obese individuals than in the population at large, a risk that tends
to increase with the severity of obesity.8–11 This familial risk was estimated for various
indicators of obesity in the Canadian population using data from 6,377 families (15,245
subjects) who participated in the 1981 Canada Fitness Survey.10 The indicators of
obesity included the body mass index (BMI), the sum of 5 skinfold thickness (SF5),
the ratio of the trunk-to-extremity skinfolds ratio (TER), and waist circumference
(WC). Figure 7.1 presents the age- and sex-standardized risk ratios (SSRs) comparing
the prevalence rates for the various obesity indicators in spouses and first-degree
relatives of probands who exceeds the 99th percentile of the age- and sex-specific
distributions of the indicators. Except for SF5, the SSRs are higher in first-degree
relatives than in spouses, suggesting a greater role of genetic factors. The comparison
of the SSRs between spouses and first-degree relatives reveals that the SSRs are
reduced to 1.0 for TER and WC, while they remain to a value of about 3.0 for BMI.
As spouses do not share genes by descent, this suggests that the contribution of genetic
factors is probably more important for indicators of abdominal obesity than for indi-
cators of body mass. These data clearly suggest that obesity is a condition that runs
in families. We have estimated from these data that approximately 30 to 40% of the
variability in various indicators of obesity and fat distribution could be explained by
the transmission of genetic and cultural factors from parents to offspring.12
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Several studies have been conducted over the past 20 years to determine the
relative contribution of genetic vs. familial environmental factors in this familial
aggregation. An overview of these studies from several review papers13–19 indicates
that heritability estimates vary from about 0 to 90% depending on the obesity
phenotype investigated and the study design and methods used to assess the herita-
bility. In general, heritability estimates are highest (around 70%) when derived from
twin studies20,21 and lowest (around 10%) in adoption studies16,22 and tend to be
higher for phenotypes indexing fat distribution than for phenotypes indexing total
body mass or body fat.23 The results obtained in the Quebec Family Study (QFS)
and reviewed by Pérusse at al.,18 indicate heritability estimates of about 25 to 40%
for the amount of body fat (assessed by underwater weighing) and about 40 to 50%
for phenotypes indexing fat distribution, like waist circumference or abdominal fat
derived from measures of trunk skinfolds. Studies with direct measures of abdominal
fat obtained by computed tomography showed that about 50 to 60% of the variance
in the amount of abdominal fat could be accounted for by genetic factors.24,25

The yearly updates of the obesity gene map published over the past 10 years
provide a good indication of the progress accomplished in the past decade in the
search for genes and DNA sequence variations associated with human obesity. One
of the strongest pieces of evidence for a role of genes in human obesity is the
existence of monogenic forms of obesity. These rare and severe forms of obesity
are due to deficiencies in single genes. According to the most recent obesity gene
map,26 a total of 173 human obesity cases due to single-gene mutations in 10 different
genes have been reported worldwide. The gene that has been the most frequently
associated with these monogenic forms of obesity is the melanocortin-4 receptor
(MC4R) gene, with 51 mutations accounting for 82% of the monogenic forms of
obesity. MC4R is expressed in the brain, in a region of the hypothalamus involved

Figure 7.1 Age- and sex-standardized risk ratios comparing the prevalence of various indi-
cators of obesity in spouses and first-degree relatives of probands exceeding the
99th percentile of the distribution. BMI = body mass index; SF5 = sum of 5 skinfolds
(biceps + triceps + subscapular + suprailiac + calf); TER = trunk-to-extremity
skinfold ratio adjusted for SF5; WC = waist circumference adjusted for BMI.
(Adapted from Katzmarzyk et al., Am. J. Epidemiol., 1999, 149:933–942.)
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in the regulation of food intake. Another line of evidence supporting the role of
genetic factors in obesity comes from studies that have reported positive associations
between candidate genes and various obesity-related phenotypes. Based on the
literature reviewed up to the end of October 2004, a total of 358 studies reported
positive associations with 113 candidate genes.26 Those that have been most fre-
quently associated with obesity include the adrenergic receptor beta-3 (ADRB3) and
the peroxisome proliferator-activated receptor-gamma (PPARG) genes with more
than 20 studies with positive findings for each of them.

Despite strong evidence showing that genes could play a role in obesity, the
variance accounted for by genetic factors for obesity-related phenotypes rarely exceeds
50%, which suggests that environmental factors are also important in the etiology of
obesity. The WHO report on obesity1 identified physical activity and the availability
of high-fat energy-dense foods as the two principal modifiable environmental factors
responsible for the increased prevalence of obesity observed worldwide. Results from
several cross-sectional studies reviewed by Hill et al.27 show that there is an inverse
relationship between physical activity level and various indicators of obesity and that
regular physical activity is protective against obesity. Because of the alarming trends
noted in the rates of childhood obesity,28 the issue of the relationship between physical
activity and obesity has received considerable attention. In children, sedentary behav-
iors are often assessed by the time spent watching television and playing video games.
Several studies have investigated the association between television viewing and chil-
dren’s risk of obesity. Generally, hours of television viewing are closely associated
with increased levels of obesity both in cross-sectional and prospective studies.28 For
example, a prospective study of 700 children aged 10 to 15 years followed for 4 years
showed a strong dose-response relationship between hours of television viewing and
prevalence of overweight: children watching television more than 5 hours a day were
5 times more likely to be overweight than those watching fewer than 2 hours a day.29

Despite these positive associations, it is important to keep in mind that television
viewing is not a direct correlate of the overall physical activity level of children. The
association between television viewing and body fatness and physical activity level
was recently reviewed using a meta-analysis.30 The association with body fatness was
investigated with data from 30 studies including more than 44,000 children, while the
association with physical activity was investigated using data from 33 studies including
more than 143,000 children. The authors reported a positive association between
television viewing and body fatness and a negative association with physical activity
level but concluded that the associations were probably too small to be of substantial
clinical relevance.30

The role of dietary fat in the etiology of obesity has been addressed in several
studies but remains controversial. It is generally accepted that high-fat diets induce
an overconsumption of energy, which can lead to the development of obesity over
time. However, the question as to whether or not a high-fat diet by itself (i.e.,
independent of total energy intake) is a risk factor for obesity remains controversial.
A recent review of the available evidence concluded that despite the lack of a study
showing a definitive causal relationship, studies consistently show that high-fat diets
increase the likelihood of obesity and that the risk of obesity is low in individuals
consuming low-fat diets.31
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DETECTION OF GENE–ENVIRONMENT INTERACTIONS IN HUMANS

Data reviewed above clearly indicate that genetic and environmental factors, partic-
ularly diet and physical activity, contribute to obesity. In addition to the main effects
of genes and environment, there may be interactions among these factors. These
effects are generally non-additive and not considered in the studies reviewed above.
From a statistical point of view, gene–environment interaction (G×E) corresponds
to a departure from expectation of the joint effect of the genetic and environmental
determinants of a trait or a disease. This means that attempts to estimate the relative
contribution of genetic and environmental factors to a disease while ignoring their
interactions could lead to incorrect estimates of the proportion of the disease that is
explained by genes, the environment, and their joint effects.32 In the context of
obesity, G×E may occur when the response of an obesity phenotype to an intervention
(diet or exercise) depends on (or is modified by) an individual’s genotype. There
are two major approaches used to study G×E in humans — unmeasured genotype
and measured genotype, as described previously.33

The unmeasured genotype approach is based on statistical analysis of the distri-
bution of phenotypes in individuals and families and does not rely on any direct
measure of DNA variation. Evidence of G×E using the unmeasured approach can
be obtained by comparing the effect of an environmental exposure in individuals
with and without a genetic susceptibility to the disease being investigated. In that
case, genetic susceptibility is inferred from family history (presence or absence of
a positive family history of disease) or a phenotype (skin color, for example). The
twin methodology is a very useful unmeasured genotype approach for testing G×E.
The effect of an environmental factor on a phenotype can be tested for significant
differences between monozygotic (MZ) and dizygotic (DZ) twins, which share on
average, 100% and 50% of their genes, respectively. Evidence that the effects of the
environment differ across twin types is an indication of a G×E effect. We have
proposed that another way to test for the presence of a G×E using the unmeasured
genotype approach is to perform an intervention study in monozygotic (MZ) twin
pairs, where MZ pairs (who share 100% of their genes in common) are challenged
under standardized treatments.34 A comparison of the within- and between-pair
variances of the response to treatment provides an indication of whether genetic
factors underlie the response. That is, a greater variability between- than within-
pairs suggests a greater correlated response to environmental challenge.

The measured genotype approach uses genetic variation in random genetic mark-
ers or in candidate genes and attempts to evaluate the impact of variation at the
DNA level on the quantitative phenotype under study. With the advent of methods
from molecular biology and the completion of the human genome sequence,
gene–environment interactions are now almost exclusively studied using the mea-
sured genotype approach. The method is usually applied to association analysis of
candidate genes. Several designs can be used to assess gene–environment interaction
using the candidate gene approach.32 In association analysis of candidate genes, the
risk of disease is compared among groups stratified by genotype (e.g., carriers vs.
non-carriers of a genetic variant increasing the risk of disease) and environmental
exposure (exposed vs. non-exposed). In this case, the environmental exposure and
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genotype are treated as dichotomous variables and gene–environment interaction
involves testing whether the relative risk for joint exposure is significantly greater
than would be expected by multiplying the relative risks for environmental exposure
or genetic susceptibility alone.32 Environmental exposure can also be treated as a
continuous variable and included as a main effect in a regression model, which also
incorporates the genotype as well as the interaction term between them. The depen-
dent variable can be either dichotomous (obese vs. non-obese) or continuous (e.g.,
body mass index). Finally, G×E can be tested using an intervention design by
comparing the response to intervention among groups stratified by genotypes. If
individuals with a particular genotype at candidate gene tend to respond to the
intervention differently than do individuals with alternative genotypes, evidence of
gene–environment interaction can be inferred.

EVIDENCE OF GENE–ENVIRONMENT INTERACTION IN OBESITY

Evidence from the Unmeasured Genotype Approach

One longitudinal study of obesity, dietary fat, and familial predisposition to obesity
conducted in women provided indirect evidence of gene–diet interaction for obe-
sity.35 After controlling for total energy intake and other factors, such as smoking,
activity, menopausal status, a high dietary fat intake was associated with 6-year
changes in BMI, but only among women with a familial history of obesity. In another
longitudinal study, the Finnish Twin Cohort Study was used to examine whether
physical activity was playing a role in 6-year body weight changes in 1,571 MZ and
3,029 DZ same-sex twin pairs.36 The results showed that associations between weight
change in twin A and twin B were significantly stronger for monozygotic than for
same-sex dizygotic twins at all levels of physical activity, suggesting an interaction
between genotype and physical activity level for changes in body weight.

More direct evidence of GxE on obesity was obtained from intervention studies
conducted in MZ twins. We have performed a series of studies to investigate the
role of the genotype in determining the response to changes in energy balance by
submitting both members of male MZ twin pairs either to positive energy balance
induced by overfeeding37 or negative energy balance induced by exercise training38

in presence of clamped energy intake conditions. In the overfeeding experiment, 12
pairs of healthy male MZ twins were submitted to a 1000 kcal caloric surplus, 6
days a week, for a period of 100 days for an excess energy intake over the entire
protocol of 84,000 kcal. In the negative energy balance experiment, 7 pairs of male
MZ twins exercised on cycle ergometers twice a day, 9 out of 10 days, over a period
of 93 days while being kept on a constant daily energy and macro nutrient intake.
The mean total energy deficit caused by exercise above the estimated energy cost
of body weight maintenance reached about 58,000 kcal. The results of these exper-
iments are summarized in Table 7.1. Mean body gain was 8.1 kg with a range of
about 4 to 13 kg, while mean body weight loss was about 5.0 kg with a range of
about 1 kg to about 8 kg. As indicated by the F ratios, the variance in the response
was about 3 to 14 times higher between pairs than within pairs depending on the
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phenotype and the protocol. The intraclass correlation coefficients used to assess the
within-pair resemblance were all significant, ranging from 0.48 to 0.87. These results
suggest that the response to a caloric surplus or a caloric deficit is strongly dependent
of the individual’s genotype. As of today, these results remain the best experimental
evidence supporting the role of gene–environment interaction in obesity.

Evidence from the Measured Genotype Approach

Gene–Diet Interactions

Despite the obvious connection between food intake and obesity, there is a paucity
of gene–diet interaction studies for phenotypes of obesity. Some results from inter-
vention studies have provided evidence for a role of a few candidate genes in
modulating the changes in body fatness following a dietary intervention. Some of
this evidence is coming from the overfeeding studies that were conducted in MZ
twins and is reviewed in detail elsewhere.39 A total of 58 polymorphisms in 40
candidate genes were tested for association with changes in various body fatness
indicators in response to overfeeding. Table 7.2 provides a summary of the genes
that showed significant evidence of association for changes in body weight, fat mass,
subcutaneous fat (sum of 8 skinfolds) and abdominal visceral fat. The gene encoding
adipsin, a protein secreted by the adipoctyes and found to be elevated in obesity,
showed significant association with changes in body weight and body fat accounting
for up to 20% of the variance in fat mass changes. The beta-2 adrenergic receptor
(ADRB2) gene was found to be strongly associated (p < 0.005) with body fatness
accounting for about 7% of the gains in body weight and subcutaneous fat. ADRB2
plays an important role in the regulation of energy balance by controlling lipid
mobilization in the adipose tissue. The Bcl I variant of the glucocorticoid receptor
gene (GRL) was also associated with the overfeeding response accounting for 5%
and 8% of the variance in body weight (p < 0.005) and abdominal visceral fat (p <
0.05) changes, respectively. GRL plays an important role in the regulation of energy
balance as it binds cortisol, a hormone inhibiting food intake. A polymorphism in
the insulin-like growth factor binding protein-1 (IGFBP1) was also found to be
associated with changes in the amount of abdominal visceral fat in response to
overfeeding. The role of the resistin gene in determining the response to overfeeding
was also examined.40 Resistin is a hormone secreted exclusively by the adipocytes
and involved in the development of insulin resistance associated with obesity. An
intronic variant in the resistin gene was found to be associated with changes in total
abdominal (p = 0.03) and visceral (p = 0.004) fat in response to overfeeding.

Few other intervention studies involving candidate genes of obesity support the
role of GxE in obesity. Fumeron et al.41 submitted 163 obese patients to a low-calorie
diet and found that a polymorphism in the uncoupling protein-1 (UCP1) gene was
associated with a resistance to lose weight, weight loss being lower in patients
carrying the less frequent allele (4.5 kg) compared to patients carrying the more
frequent allele (7.5 kg). In 211 obese patients undergoing treatment with sibutramine
(a drug prescribed to lose weight), weight losses were significantly (p = 0.001)
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associated with the C825T polymorphism of the guanine nucleotide binding protein-
3 (GNB3) gene.42

Evidence of gene–diet interaction for obesity can also be obtained without
intervention using a cross-sectional design. For example, interactions between
dietary fat intake and polymorphisms in 11 different candidate genes of obesity
were tested on 154 obese subjects and 154 age- and sex-matched normal weight
controls.43 Effects of interactions between candidate genes and dietary fat on the
risk of obesity were assessed by means of a logistic regression after adjustment
for total energy intake and physical activity. Significant evidence of interaction
was found between the Pro12Ala polymorphism of the PPARG gene and dietary
intake of arachidonic acid. Individuals who were carriers of the PPARG Ala variant
and who consumed high amounts of arachidonic acid had a significantly higher
risk of obesity than the Pro12Pro individuals. Significant evidence of interaction
with linoleic acid intake was also found with polymorphisms in the leptin (LEP)
and the tumor necrosis factor-alpha (TNFA) genes.43 Results from this study clearly
suggest that genetic variation in the LEP, PPARG, and TNFA genes can influence
diet-related risk of obesity. We also found evidence of gene–diet interaction with
the Pro12Ala polymorphism of the PPARG gene and obesity-related phenotypes
in the Quebec Family Study.44 Total and saturated fat intakes were measured using
a 3-day dietary record in a cohort of 720 adult subjects, and interaction with the
PPARG Pro12Ala polymorphism was tested for various obesity-related phenotypes
using regression procedure. Significant interactions with dietary fat intake were
found for BMI (p = 0.001) and waist circumference (p = 0.002). As shown in
Figure 7.2, an increase in fat intake was associated with increases in waist cir-
cumference, but only in Pro12Pro individuals.

Figure 7.2 Effects of dietary fat intake and PPARG Pro12Ala polymorphism on waist circum-
ference. Quartiles (QT) of total fat intake (g) are: 1 = 22.5 – 65.5; 2 = 65.5 – 86.8;
3 = 86.8 – 100.9; 4 = ≥ 100.9.
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Gene–Physical Activity Interactions

A certain number of candidate genes of obesity have been investigated for their role
in modulating the response to exercise training or for their interactive effects with
exercise or physical activity. Details of these studies can be found in our series of
the Human Gene Map for performance and health-related fitness phenotypes reviews
published since 2001.45–48 Table 7.3 presents a summary of the genes involved in
interactive effects with physical activity and the response to exercise training. The
Gln27Glu polymorphism in the ADRB2 gene was found to be associated with higher
body weight, BMI, waist and hip circumferences, and WHR, but only in inactive
men and not in those who were physically active. The risk of obesity associated
with the Gln27Glu polymorphism was 3.45 (p = 0.002) in sedentary men compared
to 1.6 (p = 0.30) in active men.49 The same polymorphism of the ADRB2 gene was
investigated for its effect on the risk of obesity in 139 obese women and 113 normal-
weight controls.50 The effect of the polymorphism on the risk of obesity was tested
using a logistic regression procedure taking into account interaction with leisure-
time physical activity. A significant (p = 0.005) interaction between physical activity
and ADRB2 polymorphism was observed; women who were active in their leisure
time and were carriers of the Glu variant had a higher BMI compared to non-carriers,
suggesting that the former may be more resistant to exercise-induced weight loss.

Table 7.3 Summary of Candidate Genes Involved in Interactive Effects with Physical 
Activity and Response to Exercise

Gene Chromosome Phenotypes Reference

Interaction with Physical Activity

ADRB2 5q31-q32 Body weight, BMI, waist 
circumference, waist-to-hip ratio

Meirhaeghe et al.49

Obesity, BMI Corbalan50

UCP3 11q13 BMI Otabe et al.51

Response to Exercise

PPARG 3p25 Body weight Lindi et al.56

ADRB2 5q31-q32 BMI, fat mass, percent body fat, 
subcutaneous fat

Garenc et al.52

Trunk fat, percent body fat Phares et al.53

ADRB3 8p12-p11.2 Fat mass, percent body fat, trunk fat Phares et al.53

Body weight, BMI, waist-to-hip ratio Sakane et al.54

Body weight, BMI, waist 
circumference

Shiwaku et al.55

LPL 8p22 BMI, fat mass, percent body fat, 
abdominal visceral fat

Garenc et al.57

CYP19 10q26 BMI, fat mass, percent body fat Tworoger et al.58

UCP3 11q13 Subcutaneous fat Lanouette et al.59

GNB3 12p13 Fat mass, percent body fat Rankinen et al.60

PNMT 17q21-q22 Body weight Peters et al.61

ACE 17q23 Body weight, fat mass Montgomery et al.62

COMT 22q11.21 Percent body fat Tworoger et al.58
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Evidence of gene–physical activity interaction was also reported with the UCP3
gene, which was found to modulate the association between BMI and physical
activity.51

Most of the evidence suggesting a gene–physical activity interaction for obesity
comes from intervention studies involving exercise training. Four studies involved
polymorphisms in the ADRB2 and ADRB3 genes. In the first study, the effects of
the ADRB2 gene on various adiposity phenotypes in response to a 20-week endur-
ance training program were investigated, and results revealed that endurance training
resulted in greater reductions of BMI (p = 0.04), fat mass (p = 0.0008) and percent
body fat (p = 0.0003), and subcutaneous fat (p = 0.03) in subjects with the Arg16Arg
genotype compared to those with the Gly16Gly genotype.52 In the second study,
changes in percent body fat, fat mass, and trunk fat in response to 24 weeks of
endurance exercise were tested for associations with polymorphisms in the ADRB2
and ADRB3 genes in 29 sedentary men and 41 postmenopausal women.53 The
Gln27Glu polymorphism of the ADRB2 gene was associated with changes in percent
body fat and trunk fat, while the Trp64Arg polymorphism of the ADRB3 gene was
associated with changes in fat mass, percent body fat, and trunk fat. In a third study,
the effects of the Trp64Arg mutation in the ADRB3 gene on changes in body mass
and indicators of body fat distribution following 3 months of a low-calorie and
exercise program were investigated in 61 obese women with type 2 diabetes melli-
tus.54 Compared to non-carriers, carriers of the mutation were found to have smaller
reductions in body weight, BMI, and waist-to-hip ratio. Finally, in a fourth study,
the impact of the Trp64Arg polymorphism of the ABDRB3 gene on obesity-related
phenotypes in response to a 3-month behavioral intervention using a combination
of diet and exercise programs was investigated in 76 middle-aged women.55 The
intervention resulted in a significant reduction of body weight, BMI, and waist
circumference, but there were significant differences in the response to the interven-
tion between carriers and non-carriers of the mutant Arg64 allele. Changes in body
weight (p = 0.001), BMI (p = 0.002), and waist circumference (p = 0.02) were
significant only in wild-type (Trp64Trp) women, which led the authors to conclude
that the Trp64Arg mutation of the ADRB3 gene is associated with difficulty in losing
weight through behavioral intervention.55

A few other genes have been found to modulate the response of body fatness to
exercise. The impact of the PPARG Pro12Ala polymorphism on body weight
changes was investigated in cohort of 552 obese subjects with impaired glucose
tolerance who were randomized to either an intensive diet and exercise group or a
control group and followed for a 3-year period.56 Subjects from the intervention
group received individually tailored dietary counseling and advice on physical activ-
ity, while subjects from the control group received general information on the
benefits of a healthy diet and regular physical activity. In the intervention group,
subjects with the Ala12Ala genotype lost more weight during the follow-up (8.3 kg)
than subjects with the other genotypes (4 kg). The S447X polymorphism in the LPL
showed associations with changes in body fat in response to 20 weeks of endurance
training, with greater reductions of body mass index, fat mass, percent body fat, and
abdominal visceral fat in women carrying the X447 allele.57 Another study examined
whether polymorphisms in the CYP19 and COMT genes, which encode enzymes



GENE–ENVIRONMENT INTERACTIONS IN OBESITY 109

regulating the concentrations of estrogen and androgen, were associated with
changes in body fatness following a year-long exercise intervention trial in 173
postmenopausal women.58 One polymorphism in the CYP19 gene was associated
with greater reductions in BMI, percent body fat, and fat mass, while a polymorphism
in the COMT gene was associated with a smaller decrease in percent body fat. A
polymorphism in the UCP3 gene was found to be associated with changes in
subcutaneous fat (assessed by the sum of 8 skinfolds in 503 subjects) in response
to 20 weeks of endurance training.59 The C825T polymorphism of the G protein
beta-3 (GNB3) was tested for association with changes in body composition follow-
ing 20 weeks of endurance training,60 and the TT genotype was found to be associated
with a greater decrease in fat mass (p = 0.012) and percent body fat (p = 0.006).
The effect of a polymorphism in the phenylethanolamine N-methyltransferase
(PNMT) gene on weight loss was investigated in 149 obese women who participated
in a 6-month weight loss trial that included daily intake of a dose of 15 mg of
sibutramine and a monthly 1-hour behavior modification seminar that encouraged
participants to eat low-fat food, increase their consumption of vegetables and fruits,
and to exercise daily.61 The PNMT gene encodes the rate-limiting enzyme of the
conversion of norepinephrine to epinephrine and is thus considered as a candidate
gene of sibutramine-induced weight loss, because this drug acts as an inhibitor of
the reuptake of norepinephrine in the neurons. A mutation in the promoter of the
PNMT gene was associated with greater weight loss in the homozygotes compared
to the heterozygotes (p < 0.002). Finally, changes in body composition in response
to 10 weeks of exercise training were also investigated in 81 subjects as a function
of the I/D polymorphism in the angiotensin converting enzyme (ACE) gene.62 Results
indicated that subjects with the II genotype exhibited greater changes in body weight
(p = 0.001) and fat mass (p = 0.04) than carriers of the D allele.

IMPLICATIONS FOR THE PREVENTION AND TREATMENT OF OBESITY

The identification of genes playing a role in interactive effects with environmental
factors leading to the development of obesity has several implications for the
prevention and treatment of obesity. Some of these implications have been recently
summarized32 and will be briefly discussed in the context of obesity. For the
geneticist interested in estimating the contribution of genetic factors in obesity,
ignoring interactions can lead to false estimates of the respective contributions of
genetic vs. non-genetic determinants of obesity. For the epidemiologist interested
in assessing the risk of obesity relative to exposure to an environmental risk factor
of obesity (e.g., high-fat diet), ignoring interactions can also lead to false estimates
of the risk in exposed vs. non-exposed individuals. For example, if the risk of
obesity associated with a high-fat diet is present only in a subgroup of subjects
who are genetically susceptible, analysis of the effect of fat intake in the whole
group can lead to the false conclusion of a lack of association between dietary fat
intake and obesity. Failure to account for gene–environment interactions in obesity
might explain the difficulty to replicate the positive findings observed in many
candidate gene studies of obesity. The study of gene–environment interaction
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effects in obesity has the potential to lead to better estimates of the population-
attributable risk for genetic and environmental risk factors. The study of gene–envi-
ronment interactions in obesity also has the potential to increase our understanding
of the etiology of obesity by providing information on new biological pathways
relevant to obesity and environmental factors most likely to influence these path-
ways. This information can be used to develop new preventive and therapeutic
strategies and eventually to offer patients personalized preventive advice or treat-
ment. It seems likely that, in the near future, it will be possible to use DNA-based
tests to determine whether an individual carries genes that increase the suscepti-
bility to gain weight when exposed to a particular diet or increase the resistance
to lose weight in response to diet or exercise. The information provided by these
DNA tests could then be used to better prevent and treat obesity in individuals
having an inherited susceptibility or resistance by altering the appropriate envi-
ronmental exposure. 
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INTRODUCTION

Genetic Discordance

Nutritional requirements for all organisms are ultimately determined by the expres-
sion of specific genes within an organism’s genome. These genes, in turn, are
created and shaped by an ongoing interaction between the genome and its envi-
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ronment via evolution acting through natural selection over many generations.
Genetic traits may be positively or negatively selected relative to their concordance
or discordance with environmental selective pressures.1 When the environment
remains relatively constant over a long period of time, stabilizing selection tends
to maintain genetic traits that represent the optimal average for a population.2 On
the other hand, when environmental conditions change over long periods of time,
evolutionary discordance arises between a species’ genome and its environment,
and stabilizing selection is replaced by directional selection, moving the average
population genome to a new set point.1,2 Initially, when long term environmental
changes occur in a population, individuals bearing the previous average status-
quo genome experience evolutionary discordance.2,3 In the affected genotype, this
evolutionary discordance manifests itself phenotypically as disease, increased
morbidity and mortality, and reduced reproductive success.1–3

Since the introduction of agriculture and animal husbandry 10,000 years ago,
and more recently with the beginning of the Industrial Revolution 200 years ago,
crucial changes have occurred in both diet and lifestyle conditions that are vastly
different than the prevailing environmental conditions during which the human
genome adapted. Numerous Neolithic and Industrial era food introductions have
been identified that promote the development of chronic disease in contemporary
western populations.4–10 In most cases, a dose response exists between these
novel foods and the emergence of disease. For instance, occasional seasonal
exposure to honey (a refined sugar) results in negligible dental caries rates in
hunter-gatherers,11 whereas daily consumption of refined sucrose in Western diets
almost universally causes a high incidence of caries and dental decay.12 In many
cases (such as with dental caries) the proximate physiological and biochemical
causes for the diseases are well understood. Despite this knowledge, it is fre-
quently less well appreciated that the ultimate basis for most diet-related diseases
results from the evolutionary discordance between our ancient and conservative
genome and recently introduced foods.2,3,13 By examining pre-agricultural diets
and their nutritional characteristics and comparing them to contemporary diets,
insight can be gained into complex questions regarding diet and disease in
existing populations.

Dietary Saturated Fats

A diet–disease question that has become contentious in recent years is saturated
fats and the role they might play in the pathogenesis of coronary heart disease.14–17

The traditional view has been that certain saturated fats (12:0, 14:0, and 16:0)
downregulate the LDL receptor and thereby increase plasma concentrations of
LDL cholesterol, which in turn increases the risk for coronary artery disease
(CAD).18,19 It is increasingly being recognized that this traditional model of
atherosclerosis and CAD is overly simplistic, primarily because CAD is a mul-
tifactorial disease involving numerous dietary and genetic factors acting in concert
with one another.17 The dietary glycemic load, the n6/n3 fatty acid balance,
chronic inflammation, trans fatty acids, homocysteine, alcohol intake, exercise,
smoking, and numerous other dietary and lifestyle factors play key roles in the
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pathogenesis of CAD.17 Nevertheless, the molecular20 and clinical21 basis for the
elevation of plasma LDL by saturated fatty acids cannot be ignored, nor can the
continuous and graded risk for CAD mortality with increasing LDL and total
cholesterol concentrations,22,23 despite suggestions otherwise.14–16

The relative contribution that dietary saturated fats may make to the overall
development and progression of CAD under the backdrop of the typical Western
diet and lifestyle is unclear, particularly given that individual genetic differences
may modulate the cholesterol-raising effects of saturated fats.17 However, this lack
of precise evidence by no means exonerates dietary saturated fats. Rather, they
represent a known risk factor for CAD that should be recognized and considered
similar to other known dietary risk factors. In the current U.S. diet, an average of
11% of the daily energy is derived from saturated fat,24 a figure slightly higher than
the 10% or less recommended by the American Heart Association.25 By examining
the amounts of saturated fats in pre-agricultural hominin diets, an evolutionary
baseline can be established regarding the normal range and limits of saturated fats
that would have conditioned the human genome.

SATURATED FATS IN PRE-AGRICULTURAL DIETS

Figure 8.1 demonstrates that since the evolutionary emergence of hominins, 20 or
more species may have existed.26 Similar to historically studied hunter-gatherers,27,28

there would have been no single, universal diet consumed by all extinct hominin
species. Rather, diets would have varied by geographic locale, climate, and specific
ecologic niche. However, a number of lines of evidence indicate that all hominin
species and populations were omnivorous; consequently, dietary saturated fats would
have always been a component in hominin diets.

Saturated Fat in Early Pliocene Hominin Diets

Our closest living primate relative, the chimpanzee (Pan paniscus and Pan tro-
glodytes) is omnivorous and consumes a substantial amount of meat throughout
the year obtained from hunting and scavenging.29–31 Observational studies of wild
chimpanzees demonstrate that during the dry season, meat intake is about 65 g
per day for adults.30 Accordingly, it is likely that the very earliest Pliocene
hominins would have been capable of obtaining animal food through hunting and
scavenging in a manner similar to chimpanzees. Additionally, fossils of early
African hominins including Australopithecus africanus, and Australopithecus
robustus maintain carbon isotope signatures characteristic of omnivores.32,33

Quantitative estimates of energy intake from animal food sources in these early
hominins are unclear, other than that they were likely similar to, or greater than,
estimated values (4 to 8.5% total energy) for chimpanzees.30,34 Consequently, the
amount of dietary saturated in the earliest hominin diets would have been sub-
stantially lower than later hominins whose diet became more dependent upon
animal food energy sources.
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Figure 8.1 The hominin fossil record. Species are indicated with the dates of the earliest and
latest fossil record. (Adapted from Wood, B., Nature, 418, 133, 2002.)
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Saturated Fat in Pliocene/Pleistocene Hominin Diets

Approximately 2.6 million years ago (MYA), the hominin species that eventually
led to Homo began to include more and more animal food in their diet. A number
of lines of evidence support this viewpoint. First, Oldowan lithic technology appears
in the fossil record 2.6 MYA,35 and there is clear cut evidence to show that these
tools were used to butcher and disarticulate animal carcasses.36–37 Stone tool cut
marks on the bones of prey animals and evidence for marrow extraction appear
concurrently in the fossil record with the development of Oldowan lithic technology
by at least 2.5 MYA.37 It is not entirely clear which specific early hominin specie
or species manufactured and used these earliest stone tools, however Australopith-
ecus garhi might have been a likely candidate.37,38

The development of stone tools and the increased dietary reliance upon animal
foods allowed early African hominins to colonize northern latitudes outside Africa
where plant foods would have been seasonally restricted. Early Homo skeletal
remains and Oldowan lithic technology appear at the Dmanisi site in the Republic
of Georgia (40°N) by 1.75 MYA,39 and more recently Oldowan tools dating to 1.66
MYA have been discovered at the Majuangou site in North China (40°N).40 Both of
these tool-producing hominins would likely have consumed considerably more ani-
mal food than pre-lithic hominins living in more temperate African climates because
of reduced availability of plant foods during winter and early spring. Hence, the
consumption of saturated fat would have, accordingly, been higher. Once again,
quantitative estimates of the saturated fat content in early Homo species are specu-
lative because of the uncertain plant–animal subsistence ratio. However, there is
suggestive isotopic data indicating that the majority of the energy in more northerly
living Homo species may have been obtained from animal foods.

Saturated Fat in Late Pleistocene Hominin Diets

Richards et al.41 have examined stable isotopes (13C and 15N) in two Neanderthal
specimens (~28,00 to 29,000 years BP) from Vindija Cave in northern Croatia and
contrasted these isotopic signatures to those in fossils of herbivorous and carnivorous
mammals from the same ecosystem. The analysis demonstrated that Neanderthals,
similar to wolves and arctic foxes, behaved as top-level carnivores, obtaining all of
their protein from animal sources. A comparable analysis was made of five Upper
Paleolithic Homo sapiens specimens dated to the Upper Paleolithic (~11,700 to
12,380 years BP) from Gough’s and Sun Hole Caves in Britain.42 The data indicated
these hunter-gatherers were consuming animal protein on a year-round basis at a
higher trophic level than the arctic fox. Although precise quantitative estimates of
saturated fat intake are not possible, the saturated fat intake in both Neanderthal and
Upper Paleolithic Homo sapiens would have been substantial because of their great
dependence upon animal food sources for daily energy.
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Saturated Fat in Historically Studied Hunter-Gatherer Diets

Because reasonable estimates exist for the average plant-to-animal subsistence ratio
for historically studied hunter-gatherers, it is possible to estimate the amount of
saturated fat in their diet. Our analysis (Figure 8.2) of the Ethnographic Atlas data43

showed that the dominant foods in the majority of historically studied hunter-gatherer
diets were derived from animal food sources.27 Most (73%) of the world’s hunter-
gatherers obtained >50% of their subsistence from hunted and fished animal foods,
whereas only 14% of worldwide hunter-gatherers obtained >50% of their subsistence
from gathered plant foods. For all 229 hunter-gatherer societies, the median subsis-
tence dependence upon animal foods was 56 to 65%. In contrast, the median sub-
sistence dependence upon gathered plant foods was 26 to 35%.27

The major limitation of ethnographic data is that the preponderance of it is
subjective in nature, and the assigned scores for the five basic subsistence economies
in the Ethnographic Atlas are not precise but, rather, are approximations.44 Fortu-
nately, more exact, quantitative dietary studies were carried out on a small percentage
of the world’s hunter-gatherer societies. Table 8.1 lists these studies and shows the
plant to animal subsistence ratios by energy.28 The average score for animal food
subsistence is 65%, while that for plant food subsistence is 35%. When the two
polar hunter-gatherer populations, who have no choice but to eat animal food because
of the inaccessibility of plant food, are excluded from Table 8.1, the mean score for
animal subsistence is 59% and that for plant food subsistence is 41%. These animal-
to-plant subsistence values fall within the same respective class intervals (56 to 65%
for animal food; 26 to 35% for plant food) as those we estimated from the ethno-
graphic data when the confounding influence of latitude was eliminated.27 Conse-
quently, there is remarkably close agreement between the quantitative data in Table

Figure 8.2 Frequency distribution of subsistence dependence upon total (fished + hunted)
animal foods in world wide hunter-gatherer societies (n = 229). (Adapted from
Cordain, L. et al., Am. J. Clin. Nutr., 71, 682, 2000.)
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8.1 and the ethnographic data that animal food comprised more than half of the
energy in historically studied hunter-gatherer diets.

THE ESTIMATION OF DAILY DIETARY SATURATED FATS

Using the same model we developed for estimating the macronutrient content in
hunter-gatherer diets,27 it is possible to estimate the dietary saturated fat content,
provided saturated fat values in the plant and animal food databases are known.
Similar to our previous model, a range of plant-to-animal subsistence ratios are
utilized to estimate the most likely range for dietary saturated fat.

Saturated Fat in Plant Foods

In the current model, fat contributed 24% of the total energy derived from all wild
plant food (n = 768), whereas carbohydrate (62% energy) and protein (14%) com-
prised the balance of plant food energy. The mean fatty acid breakdown for 64
cultivated equivalent category plant foods was 22.4% saturated fatty acids, 28.6%
monounsaturated fatty acids, and 49% polyunsaturated fatty acids.45 Accordingly, in
our model, 5.4% of plant food energy was derived from saturated fat.

Saturated Fat in Animal Foods

The estimation of saturated fat from animal sources is more complex because hunter-
gatherers typically ate the entire edible carcass of most vertebrates,46,47 thereby
necessitating the calculation of the total edible carcass saturated fatty acid content.
In mammals and most vertebrates, organ and tissue mass scales closely with body

Table 8.1 Quantitatively Determined Proportions of Plant and Animal Food in 
Hunter-Gatherer Diets

Population Location Latitude
% animal 

food
% plant 

food

Aborigines
  (Arhem Land) Australia 12S 77 23
Ache Paraguay 25S 78 22
Anbarra Australia 12S 75 25
Efe Africa 2N 44 56
Eskimo Greenland 69N 96 4
Gwi Africa 23S 26 74
Hadza Africa 3S 48 52
Hiwi Venezuela 6N 75 25
!Kung Africa 20S 33 67
!Kung Africa 20S 68 32
Nukak Columbia 2N 41 59
Nunamiut Alaska 68N 99 1
Onge Andaman Islands 12N  79 21

Source: Cordain, L. et al., Eur. J. Nutr., 56 (Suppl 1), S42, 2002.
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mass. Consequently, the mass of individual edible organs can be calculated from
body mass using allometric equations.48–51 The edible carcass mass can then be
determined by subtracting the mass of the bones (minus marrow), hide, hooves,
antlers, blood, urine, and gastrointestinal contents from the total live weight. Edible
carcass saturated fatty acid mass can be computed by multiplying individual tissue
and organ mass by their respective saturated fatty acid compositions (% mass) and
then summing these values. Finally, the edible carcass saturated fatty acid content
by energy can be calculated from values by mass using the cubic regression equations
developed by Cordain et al.27 Figure 8.3 shows the cubic relationship between edible
body fat percent by mass and edible body saturated fat percent by energy in mam-
mals. Application of this equation along with the saturated fat content of plant and
fish foods, as previously described,27 allows for the estimation of total dietary
saturated fat when the relative plant-to-animal subsistence values are known (Table
8.2). In the current model, a range of likely plant-to-animal subsistence values in
hunter-gatherer diets have been employed as previously outlined.27 Note that in the
current model, saturated fat content for fish was derived from the mean value (26.1%
of total fat energy) from 20 species of fish.45

DISCUSSION

In Table 8.2 the mean dietary saturated fat as a percentage of total energy is 11.0 +
3.9 (S.D.). However, it is likely that a number of the projected values are physio-
logically unrealistic because they encroach upon or exceed the physiologic protein
ceiling.27,52 If those values whose protein intake exceeds 35.1% of total energy are
excluded from the analysis, the mean dietary saturated fat as a percentage of total
energy is 13.2 + 2.8. In the typical hunter-gatherer diet, the animal subsistence falls
between 55 to 65% of total energy; consequently, in this group, the mean dietary

Figure 8.3 Regression of whole edible carcass fat percentage by weight on edible carcass
saturated fat % by energy.
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saturated fat as a percentage of total energy is higher still (15.1 + 1.9). Even in plant
dominated (>50% energy from plant foods) hunter-gatherer diets, the mean dietary
saturated fat as a percentage of total energy is slightly higher (11.3 + 2.8) than
recommended healthful values of <10%.25

The present data suggests that the normal dietary intake of saturated fatty acids
that conditioned our species genome likely fell between 10 to 15% of total energy,
and that values lower than 10% or higher than 15% would have been the exception
rather than the rule. Consequently, population-wide recommendations to lower

Table 8.2 Dietary Macronutrient (% energy) and Saturated Fat (SAT) (% 
Energy) Estimates in Worldwide Hunter-Gatherer Societies (n = 
229) with Varying Plant:Animal Subsistence Ratios and with 
Varying Animal (Hunted + Fished) Body Compositions

% PRO% % CHO % FAT % SAT FAT

(Plant:Animal) 
Subsistence Ratio

35:65 – 20% animal fat 21 22 58 17.6
35:65 – 15% animal fat 28a 22 50 16.3
35:65 – 10% animal fat 35a 22 43 14.1
35:65 – 5% animal fat 47a,b,c 22 32 10.6
35:65 – 2.5% animal fat 56a,b,c 22 23 8.1

45:55 – 20% animal fat 20 28 52 15.8
45:55 – 15% animal fat 26 28 46 14.5
45:55 – 10% animal fat 32a 28 40 12.3
45:55 – 5% animal fat 42a,b,c 28 30 8.7
45:55 – 2.5% animal fat 49a,b,c 28 23 6.3

50:50 – 20% animal fat 20 31 49 15.1
50:50 – 15% animal fat 25 31 44 13.8
50:50 – 10% animal fat 31a 31 38 11.6
50:50 – 5% animal fat 39a,b 31 30 8.1
50:50 – 2.5% animal fat 46a,b,c 31 23 5.6

55:45 – 20% animal fat 19 34 47 14.5
55:45 – 15% animal fat 24 34 42 13.1
55:45 – 10% animal fat 29a 34 37 11.0
55:45 – 5% animal fat 37a,b 34 29 7.4
55:45 – 2.5% animal fat 43a,b,c 34 23 4.9

65:35 – 20% animal fat 19 40 41 13.1
65:35 – 15% animal fat 22 40 37 11.8
65:35 – 10% animal fat 26 40 34 9.6
65:35 – 5% animal fat 32a 40 28 6.1
65:35 – 2.5% animal fat 37a,b 40 23 3.6

a Exceeds low value (27.6% protein energy) for the range of maximal hepatic urea
synthesis

b Exceeds mean value (35.1% protein energy) for the range of maximal hepatic
urea synthesis

c Exceeds high value (40.9% protein energy) for the range of maximal hepatic urea
synthesis
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dietary saturated fat below 10% to reduce the risk of CAD25 have little or no
evolutionary foundation in pre-agricultural Homo sapiens. Because no randomized
clinical trials of low saturated fat diets of sufficient duration have been carried out,53

there is a lack of knowledge how low saturated fat intake can be without the risk of
potentially deleterious health consequences.17 Hence, extremely low, or conversely,
high, lifelong consumption of dietary saturated fatty acids is likely to be discordant
with the human genome.
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INTRODUCTION

Plant-based foods (e.g., fruits and vegetables, nuts, natural vegetable oils, and whole
grains) are important components of traditional diets in Mediterranean and Asian
regions.1 Such diets have been associated with low rates of cardiovascular disease
(CVD) and mortality in these regions. Recent data linking plant-based diets to
reduced risk of CVD have prompted numerous epidemiologic and clinical studies2

on the relation between dietary patterns and CVD. In this report we summarize
epidemiologic research on plant-based foods and dietary patterns as they relate to
the risk of CVD.
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FRUITS AND VEGETABLES

Data suggest that many nutrients in fruits and vegetables (e.g., dietary fiber, folate,
potassium, flavonoids, and antioxidant vitamins) are associated with reduced risk of
CVD. These findings are consistent with studies showing an association between
decreased risk of CVD and total intake of fruits and vegetables3–10 (Figure 9.1). Knekt
et al.3 report an inverse relation between intake of fruits and vegetables and risk of
coronary heart disease (CHD). Bazzano et al.10 found a similar association between
intake of foods high in flavonoids (e.g., apples, berries, and onions) and death  from
CHD. Similarly, Gillman et al. found that increased fruit and vegetable intake offered
protection against stroke.4

In the Physicians’ Health Study,9 Liu et al. noted a significant association between
increased intake of vegetables rich in carotenoids (such as broccoli, carrots, spinach,
lettuce, yellow squash, and tomatoes) and reduced risk of CHD. Data from Joshipura
et al. suggest a dose-response relation between intake of fruits and vegetables and
risk of stroke and CHD,6,7 with cruciferous vegetables, citrus fruit and juices, and
vitamin C-rich fruits and vegetables offering the most protection against stroke, and
green leafy vegetables the most protection against CHD (Table 9.1). However, higher
consumption of potatoes and french fries were associated with a lightly increased
risk of both CHD and stroke, probably because these foods induce high glycemic
and insulinemic responses.12 Other data link dietary patterns to risk of CVD. A
Mediterranean diet high in fruits and vegetables and α-linoleic acid is known to
reduce recurrence of myocardial infarction MI and mortality compared with a regular
low-fat diet.13 Dietary patterns high in fruits and vegetables are known to improve
blood pressure.14,15

Conversely, several clinical trials indicate that high-dose supplementation with
beta carotene offers no protective benefits against CVD.16–19 Researchers have yet
to determine whether antioxidants consumed as supplements havethe same effect as

Table 9.1 Multivariate RRsa of CHD or Stroke Comparing the Highest vs. the Lowest 
Quintiles of Fruit and Vegetable Intakes in the Pooled Analyses of the 
Nurses’ Health Study and the Health Professionals’ Follow-Up Study

Food RR and 95% CIs
CHD                     Stroke  

All fruits 0.80 (0.69–0.92) 0.69 (0.52–0.91)
All vegetables 0.82 (0.71–0.94) 0.90 (0.68–1.18)
Total citrus fruits 0.88 (0.77–1.00) 0.72 (0.47–1.11)
Citrus fruit juices 1.06 (0.85–1.32) 0.65 (0.51–0.84)
Cruciferous vegetables 0.86 (0.75–0.99) 0.71 (0.55–0.93)
Green leafy vegetables 0.72 (0.63–0.83) 0.76 (0.58–0.99)
Vitamin C-rich fruits and vegetables 0.91 (0.79–1.04) 0.68 (0.52–0.89)
Legumes 1.06 (0.91–1.24) 1.03 (0.77–1.39)
Potatoes (including French fries) 1.15 (0.78–1.70) 1.18 (0.90–1.54)

a RRs are based on the comparison between the highest and lowest quintiles of intake
for each item, adjusted for standard cardiovascular risk factors.2  
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those consumed as part of a dietary pattern. Also, the optimal doses and combinations
of multiple antioxidants for benefits are yet to be determined.

NUTS

Several epidemiologic studies have shown an inverse association between consump-
tion of nuts and decreased risk of CHD.20–25 Fraser et al. found that relative risk
(RR) of nonfatal MI was 0.52 for 5 times per week; corresponding RR for fatal MI
was 0.62.20 Other studies report similar findings.26 Jiang et al. recently found that
higher consumption of nuts and peanut butter was independently associated with a
significant decrease in risk of type 2 diabetes in women.27

Nuts contain mostly monounsaturated and polyunsaturated fats. Numerous met-
abolic studies have demonstrated that diets high in nuts (peanuts, walnuts, or
almonds) significantly lower LDL cholesterol and the ratio of total cholesterol to
HDL cholesterol.28 Most nuts are rich in arginine, the precursor of endothelium-
derived relaxing factor, nitric oxide (NO). NO is a potent vasodilator that can inhibit
platelet adhesion and aggregation. Cooke et al. suggest that the anti-atherogenic
effect of nuts might be related in part to the arginine-NO pathway.29 Increased intake
of alpha-linoleic acid (e.g., via walnuts) has also been associated with reduced risk
of CHD,30 as have other micronutrients found in nuts (i.e., magnesium, copper, folic
acid, potassium, fiber, and vitamin E).

WHOLE GRAINS

Whole grain products (e.g., whole wheat breads, brown rice, oats, and barley) usually
have lower glycemic index (GI) values12 and are known to be rich in fiber, antioxidant
vitamins, magnesium, and phytochemicals. Refined grain products lose substantial
amounts of dietary fiber, vitamins, minerals, essential fatty acids, and phytochemicals
during processing. Several studies suggest an inverse association between consump-
tion of whole grain foods and risk of CVD.20,31–33

Jacobs et al. reported a relation between whole-grain intake and reduced risk
of death from ischemic heart disease in postmenopausal women; between the first
and last quintiles, RRs declined from 1.0 to 0.70, respectively (p = 0.02).31 Liu et
al. observed that women who ate nearly three servings of whole grains per week
had a 25% lower risk of CHD compared with those who ate less than one serving
per week.32 

Data suggest that increased consumption of whole grains reduces risk of ischemic
stroke independent of known CVD risk factors.33 Evidence indicates that additional
factors provide protective effects beyond those mediated through folate, fiber, and
vitamin E. Cleveland et al. report that the average American eats less than one
serving per day of whole grains.34 Increasing consumption of whole grains represents
an opportunity to reduce incidence of CVD.
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DIETARY PATTERNS

Although numerous studies have examined the relation between intake of individual
nutrients or foods and risk of CHD, less research has been done on the effects of
dietary patterns.35 Two major dietary patterns, prudent and Western, have been
identified.36,37 The former is characterized by higher intakes of fruits, vegetables,
legumes, fish, poultry, and whole grains; the latter with higher intakes of red and
processed meats, sweets and desserts, french fries, and refined grains (Figure 9.1).

A comparison of the highest and lowest quintiles in the Nurses’ Health Study36

showed a RR for CHD of 0.76 (p = 0.03) for the prudent diet, and 1.46 (p = 0.02)
for the Western diet. These data are consistent with those from the Health Profes-
sionals’ Follow-Up Study.37 Relative risks from the lowest to the highest quintiles
of the prudent diet ranged from 1.0 to 0.70, respectively (p = 0.0009). Relative risks
for the Western diet ranged from 1.0 in the lowest quintile to 1.64 in the highest
(p<0.0001).36

Figure 9.1 Factor loadings for selected foods in the two major dietary patterns identified from
food frequency questionnaire in a subsample of the Health Professionals’ Follow-
Up Study. (From Hu, F.B., Am. J. Clin. Nutr. 78:544S–551S, 2003.)
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Similarly, Fung et al. observed significant correlations between dietary patterns
and plasma biomarkers of obesity and cardiovascular risk.38 Jang et al. found that
replacement of refined rice with whole grain and legume powder led to significant
reductions in fasting glucose and insulin, homocysteine, and lipid peroxidation in
patients with CVD.39 These data are consistent with those from other clinical inter-
vention studies.14,40,41

THE ROLE OF DIETARY FAT IN PLANT-BASED DIETS

Evidence suggests that the type of fat in plant-based diets is more important than
the amount of fat in determining risk of CHD. Hu et al. found a significant positive
association between intake of trans fatty acids and risk of CHD and an inverse
association between polyunsaturated fat and CHD.42 Data from several other pro-
spective studies also showed a strong inverse relation between intake of polyunsat-
urated fats and CHD.43,44,45 Metabolic studies have shown strong cholesterol-lower-
ing effects of vegetable oils rich in linoleic acid.46 Overall, diets high in
polyunsaturated fats reduce total serum cholesterol and risk of CHD more effectively
than do low-fat, high-carbohydrate diets.30 These findings suggest that replacing
saturated and trans fats with non-hydrogenated mono- and polyunsaturated fats might
prevent CHD more effectively than reducing overall intake of fat.

Mediterranean countries in which olive oil (a major source of oleic acid) is the
primary source of dietary fat have very low rates of CHD compared with most
Western countries. These data suggest beneficial cardiovascular effects from
monounsaturated fats, yet few data are available to support that hypothesis. Con-
versely, Posner et al. and Esrey et al. report a relation between higher intakes of
monounsaturated fat and increased risk of CHD in younger subjects.47,48 However,
these studies did not adjust for other types of fats.

After adjusting for other kinds of fats, the ATBC Study found an inverse asso-
ciation between intake of monounsaturated fats and risk of CHD, as did the Nurses’
Health Study.42,49 Metabolic studies have shown that replacing carbohydrates with
monounsaturated fat raises HDL without affecting LDL50; it also improves glucose
tolerance and insulin sensitivity in patients with diabetes mellitus.51 In addition,
monounsaturated fat is resistant to oxidative modification.52

Major non-animal sources of monounsaturated fat include olive and canola oils,
nuts, and avocados. Canola oil and nuts are also important sources of polyunsaturated
fat. Natural liquid vegetable oils can be used in place of animal fat, stick margarine,
and hydrogenated vegetable shortenings in cooking, frying, and baking. In general,
vegetable oils contain higher amounts of vitamin E compared with animal fat, which
has few antioxidants. Some vegetable oils (e.g., canola and soybean) are high in
alpha-linolenic acid (ALA), an essential omega-3 fatty acid important to prevention
of CVD. Data show that women who consumed oil and vinegar salad dressings (a
major source of ALA) at least five to six times per week had approximately 50%
lower risk of fatal CHD compared with those who rarely consumed this type of
salad dressing.53
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PLANT-BASED DIETS AND OBESITY

Although increased consumption of high-fat, energy-dense foods (e.g., nuts and
vegetable oils) have raised concerns about weight gain, data show an inverse relation
between intake of nuts and weight.20,22 At the same time, there is no convincing
evidence that reduced intake of dietary fat produces weight loss.54 Today the role of
carbohydrates in the development of obesity is receiving growing attention.55 Exper-
imental data suggest that diets with a high glycemic index (GI) contribute to obe-
sity.56,57 Denyer et al. report that high GI diets increase fat synthesis compared with
isocaloric, low GI diets.58 Roberts found a direct association between consumption
of low GI foods and liquids and increased satiety.57 High GI diets can contribute to
weight gain and obesity by promoting excess energy consumption.56 Evidence also
suggests that diets lower in refined carbohydrates, with moderately high protein,
improve blood lipids,59,60 facilitate weight loss,61 and lower risk of CHD.62

CONCLUSIONS

The past decade has seen an expansion of epidemiologic and clinical research on
the roles of plant-based foods and dietary patterns in the prevention of CVD. This
research has revolutionized our thinking about heart-healthy foods and the biological
mechanisms that link dietary factors and CVD. Some foods that were thought
unhealthy on the basis of fat content (e.g., nuts) have become important parts of
diets designed to lower blood pressure14 and serum cholesterol,63 control weight,64

enhance secondary prevention of CHD,13 and add flavor, variety, and texture to meals.
Other widely accepted foods (e.g., white bread and refined cereals) have been
implicated in long-term adverse effects on insulin resistance and CHD.55 Substantial
evidence suggests that healthy plant-based diets — those with adequate omega-3
fatty acids that are rich in unsaturated fats, whole grains, fruits, and vegetables —
can, and should, play an important part in the prevention of CVD and other chronic
diseases.
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INTRODUCTION

The interaction of genetics and environment, nature and nurture, is the foundation
for all health and disease. In the last two decades, using the techniques of molecular
biology, it has been shown that genetic factors determine susceptibility to disease
and environmental factors determine which genetically susceptible individuals will
be affected.1–6 Nutrition is an environmental factor of major importance. Whereas
major changes have taken place in our diet over the past 10,000 years since the
beginning of the Agricultural Revolution, our genes have not changed. The spon-
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taneous mutation rate for nuclear DNA is estimated at 0.5% per million years.
Therefore, over the past 10,000 years there has been time for very little change
in our genes, perhaps 0.005%. In fact, our genes today are very similar to the
genes of our ancestors during the Paleolithic period 40,000 years ago, at which
time our genetic profile was established.7 Genetically speaking, humans today live
in a nutritional environment that differs from that for which our genetic constitution
was selected. Studies on the evolutionary aspects of diet indicate that major
changes have taken place in our diet, particularly in the type and amount of
essential fatty acids and in the antioxidant content of foods7–11 (Table 10.1; Figure
10.1). Using the tools of molecular biology and genetics, research is defining the
mechanisms by which genes influence nutrient absorption, metabolism and excre-
tion, taste perception, and degree of satiation — and the mechanisms by which
nutrients influence gene expression.

Table 10.1 Characteristics of Hunter-Gatherer and Western Diet and Lifestyles

 Characteristic
Hunter-Gatherer Diet 

and Lifestyle
Western Diet and 

Lifestyle

Physical Activity Level high low

Diet

Energy density low high
Energy intake moderate high
Protein high low–moderate
  Animal high low–moderate
  Vegetable very low low–moderate
Carbohydrate low–moderate moderate

  (slowly absorbed)   (rapidly absorbed)
Fiber high low
Fat low high
  Animal low high
  Vegetable very low moderate to high  
Total long-chain ω6 + ω3 high (2.3 g/day) low (0.2 g/day)
Ratio ω6/ω3 low (2.4) high (12.0)

Vitamins, mg/d Paleolithic period Current U.S. intake

Riboflavin 6.49 1.34–2.08
Folate 0.357 0.149–0.205
Thiamin 3.91 1.08–1.75
Ascorbate 604 77–109
Carotene 5.56 2.05–2.57
  (Retinol equivalent) (927) —
Vitamin A 17.2 7.02–8.48
  (Retinol equivalent) (2870) (1170–429)
Vitamin E 32.8 7–10

Source: Modified from Simopoulos, A.P., in Antioxidents in Nutrition and Health, Papas, A.,
Ed., CRC Press, Boca Raton, FL, 1999.
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EVOLUTIONARY ASPECTS OF DIET WITH EMPHASIS ON 
OMEGA-6 AND OMEGA-3 ESSENTIAL FATTY ACIDS

The foods that were commonly available to pre-agricultural humans (lean meat, fish,
green leafy vegetables, fruits, nuts, berries, and honey) were the foods that shaped
modern humans’ genetic nutritional requirements. Cereal grains as a staple food are
a relatively recent addition to the human diet and represent a dramatic departure
from those foods to which we are genetically programmed and adapted.12–17 Cereals
did not become a part of our food supply until very recently — 10,000 years ago
— with the advent of the Agricultural Revolution. Prior to the Agricultural Revolu-
tion humans ate an enormous variety of wild plants, whereas today about 17% of
plant species provide 90% of the world’s food supply, with the greatest percentage
contributed by cereal grains.12 Three cereals: wheat, maize, and rice together account
for 75% of the world’s grain production. Human beings have become entirely
dependent upon cereal grains for the greater portion of their food supply. The
nutritional implications of such a high grain consumption upon human health are
enormous. Cereal grains are high in carbohydrates and omega-6 fatty acids, but low
in omega-3 fatty acids and in antioxidants, particularly in comparison to green leafy
vegetables. Recent studies show that low-fat, high-carbohydrate diets increase insulin
resistance and hyperinsulinemia, conditions that increase the risk for coronary heart
disease, hypertension, diabetes, and obesity.18–21 And yet, for the 99.9% of mankind’s
presence on this planet, humans rarely or never consumed cereal grains. It is only
since the last 10,000 years that humans have consumed cereals. Up to that time,

Figure 10.1 Hypothetical scheme of fat, fatty acid (ω6, ω3, trans, and total) intake (as percent
of calories from fat), and intake of vitamins E and C (mg/d). Data were extrapo-
lated from cross-sectional analyses of contemporary hunter-gatherer populations
and from longitudinal observations and their putative changes during the preced-
ing 100 years. (From Simopoulos, A.P., in Antioxidents in Nutrition and Health,
Papas, A., Ed., CRC Press, Boca Raton, FL, 65,1999.)
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humans were non-cereal-eating hunter-gatherers — since the emergence of Homo
erectus 1.7 million years ago. There is no evolutionary precedent in our species for
grass seed consumption.7,12 Therefore, we have had little time (<500 generations)
— since the beginning of the Agricultural Revolution 10,000 years ago — to adapt
to a food type that now represents humanity’s major source of both calories and
protein. A number of anthropological, nutritional, and genetic studies indicate that
humans’ overall diet, including energy intake and energy expenditure, has changed
over the past 10,000 years with major changes occurring during the past 150 years
in the type and amount of fat and vitamins C and E intake7,9,13,22,23,26,27 (Table 10.1
and Table 10.2; Figure 10.1).

Eaton and Konner7 have estimated higher intakes for protein, calcium, potassium,
and ascorbic acid and lower sodium intakes for the diet of the late Paleolithic period
than the current U.S. and Western diets. Most of our food is calorically concentrated
in comparison with wild game and the uncultivated fruits and vegetables of the
Paleolithic diet. Paleolithic man consumed fewer calories and drank water, whereas
today most drinks to quench thirst contain calories. Today industrialized societies are
characterized by (1) an increase in energy intake and decrease in energy expenditure;
(2) an increase in saturated fat, omega-6 fatty acids, and trans fatty acids, and a decrease
in omega-3 fatty acid intake; (3) a decrease in complex carbohydrates and fiber; (4)
an increase in cereal grains and a decrease in fruits and vegetables; and (5) a decrease
in protein, antioxidants, and calcium intake7,9,22,23,24,25,26 (Table 10.1–Table 10.3). The

Table 10.2 Estimated ω3 and ω6 Fatty Acid Intake in the Late 
Paleolithic Period (g/d)a

Plants
LA 4.28
ALA 11.40

Animals
LA 4.56
ALA 1.21

Total
LA 8.84
ALA 12.60

Animal
AA (ω6) 1.81
EPA (ω3) 0.39
DTA (ω6) 0.12
DPA (ω3) 0.42
DHA (ω3) 0.27

Ratios of ω6/ω3
LA/ALA 0.70
AA+DTA/EPA+DPA+DHA 1.79
Total ω6/ω3 0.79a

Notes: LA, linoleic acid; ALA, α-linolenic acid; AA, arachidonic acid;
EPA, eicosapentaenoic acid; DTA, docosatetraenoic acid;
DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.

a Assuming an energy intake of 35:65 of animal:plant sources.23

Source: Data from Eaton et al., World Rev. Nutr. Diet., 83, 12, 1998.



EVOLUTIONARY ASPECTS OF DIET 141

increase in trans fatty acids is detrimental to health as shown in Table 10.4.28 In
addition, trans fatty acids interfere with the desaturation and elongation of both omega-
6 and omega-3 fatty acids, further decreasing the amount of arachidonic acid, eicos-
apentaenoic acid, and docosahexaenoic acid availability for human metabolism.29

BIOLOGICAL EFFECTS AND METABOLIC FUNCTIONS OF 
OMEGA-6 AND OMEGA-3 FATTY ACIDS

Food technology and agribusiness provided the economic stimulus that dominated
the changes in the food supply.30,31 From per capita quantities of foods available for
consumption in the U.S. national food supply in 1985, the amount of eicosapen-
taenoic acid (EPA) is reported to be about 50 mg per capita/day and the amount of

Table 10.3 Late Paleolithic and Currently Recommended Nutrient 
Composition for Americans

Late Paleolithic
Current 

Recommendations

Total dietary energy, (%)
Protein 33 12
Carbohydrate 46 58
Fat 21 30
Alcohol ~0 —

P/S ratio 1.41 1.00
Cholesterol (mg) 520 300
Fiber (g) 100–150 30–60
Sodium (mg) 690 1100–3300
Calcium (mg) 1500–2000 800–1600
Ascorbic acid (mg) 440 60

P/S = polyunsaturated to saturated fat

Source: Modified from Eaton et al., World Rev. Nutr. Diet., 83, 12, 1998.

Table 10.4 Adverse Effects of Trans Fatty Acids

Increase
Low-density lipoprotein (LDL)
Platelet aggregation
Lipoprotein (a) [Lp(a)]
Body weight
Cholesterol transfer protein (CTP)
Abnormal morphology of sperm (in male rats)

Decrease or inhibit
Decrease or inhibit incorporation of other fatty acids into cell membranes
Decrease high-density lipoprotein (HDL)
Inhibit delta-6 desaturase (interfere with elongation and desaturation of essential fatty acids)
Decrease serum testosterone (in male rats)
Cross the placenta and decrease birth weight (in humans)

Source: Simopoulos, A.P., in Obesity: New Directions in Assessment and Management,
VanItallie, T.B. and Simopoulos, A.P., Eds., Charles Press, Philadelphia, 1995, 241.
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DHA is 80 mg per capita/day. The two main sources are fish and poultry.32 It has
been estimated that the present Western diet is “deficient” in omega-3 fatty acids
with a ratio of omega-6 to omega-3 of 15–20/1, instead of 1/1, as is the case with
wild animals and, presumably, human beings.7–11,23,33–35

Thus, an absolute and relative change of omega-6 and omega-3 in the food supply
of Western societies has occurred over the last 100 years. A balance existed between
omega-6 and omega-3 for millions of years during the long evolutionary history of
the genus Homo, and genetic changes occurred partly in response to these dietary
influences. During evolution, omega-3 fatty acids were found in all foods consumed:
meat, wild plants, eggs, fish, nuts, and berries. Recent studies by Cordain et al.36 on
wild animals confirm the original observations of Crawford and Sinclair et al.33,37

However, rapid dietary changes over short periods of time as have occurred over
the past 100–150 years is a totally new phenomenon in human evolution23,26,38–40

(Table 10.5).
Mammalian cells cannot convert omega-6 to omega-3 fatty acids because they

lack the converting enzyme, omega-3 desaturase. Linoleic acid (LA) and alpha-
linolenic acid (ALA) and their long-chain derivatives are important components of
animal and plant cell membranes. These two classes of essential fatty acids (EFA)
are not interconvertible, are metabolically and functionally distinct, and often have
important opposing physiological functions. The balance of EFA is important for
good health and normal development. When humans ingest fish or fish oil, the EPA
and docosahexaenoic acid (DHA) from the diet partially replace the omega-6 fatty
acids, especially arachidonic acid (AA), in the membranes of probably all cells, but
especially in the membranes of platelets, erythrocytes, neutrophils, monocytes, and
liver cells.8 Whereas cellular proteins are genetically determined, the polyunsaturated
fatty acid (PUFA) composition of cell membranes is to a great extent dependent on
the dietary intake. AA and EPA are the parent compounds for eicosanoid production
(Table 10.6, Figure 10.2).

Because of the increased amounts of omega-6 fatty acids in the Western diet,
the eicosanoid metabolic products from AA, specifically prostaglandins, thrombox-
anes, leukotrienes, hydroxy fatty acids, and lipoxins, are formed in larger quantities
than those formed from omega-3 fatty acids, specifically EPA. The eicosanoids from
AA are biologically active in very small quantities, and if they are formed in large
amounts, they contribute to the formation of thrombus and atheromas; to allergic
and inflammatory disorders, particularly in susceptible people; and to proliferation

Table 10.5 Omega-6:Omega-3 Ratios in Various Populations

Population ω6/ω3 Reference

Paleolithic 0.79 [23]
Greece prior to 1960 1.00–2.00 [26]
Current Japan 4.00 [38]
Current India, rural 5–6.1 [39]
Current United Kingdom and 
northern Europe

15.00 [40]

Current United States 16.74 [23]
Current India, urban 38–50 [39]
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Table 10.6 Effects of Ingestion of EPA and DHA from Fish or Fish Oil

• Decreased production of prostaglandin E2 (PGE2) metabolites
• A decrease in thromboxane A2, a potent platelet aggregator and vasoconstrictor
• A decrease in leukotriene B4 formation, an inducer of inflammation, and a

powerful inducer of leukocyte chemotaxis and adherence
• An increase in thromboxane A3, a weak platelet aggregator and weak vasocon-

strictor
• An increase in prostacyclin PGI3, leading to an overall increase in total prosta-

cyclin by increasing PGI3 without a decrease in PGI2, both PGI2 and PGI3 are
active vasodilators and inhibitors of platelet aggregation

• An increase in leukotriene B5, a weak inducer of inflammation and a weak
chemotactic agent

Figure 10.2 Oxidative metabolism of arachidonic acid and eicosapentaenoic acid by the
cyclooxygenase and 5-lipoxygenase pathways. 5-HPETE denotes 5-hydroperox-
yeicosatetranoic acid and 5-HPEPE denotes 5-hydroxyeicosapentaenoic acid.
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of cells. Thus, a diet rich in omega-6 fatty acids shifts the physiological state to one
that is prothrombotic and proaggregatory, with increases in blood viscosity, vaso-
spasm, and vasoconstriction and decreases in bleeding time. Bleeding time is
decreased in groups of patients with hypercholesterolemia,41 hyperlipoproteinemia,42

myocardial infarction, other forms of atherosclerotic disease, and diabetes (obesity
and hypertriglyceridemia). Bleeding time is longer in women than in men and longer
in young than in old people. There are ethnic differences in bleeding time that appear
to be related to diet. Table 10.7 shows that the higher the ratio of omega-6/omega-
3 fatty acids in platelet phospholipids, the higher the death rate from cardiovascular
disease.43

The antithrombotic aspects and the effects of different doses of fish oil on the
prolongation of bleeding time were investigated by Saynor et al.44 A dose of 1.8 g/d
EPA did not result in any prolongation in bleeding time, but at 4 g/d the bleeding
time increased and the platelet count decreased without any adverse effects. In human
studies there has never been a case of clinical bleeding, even in patients undergoing
angioplasty while they were on fish oil supplements.45

There is substantial agreement that ingestion of fish or fish oils has the following
effects: platelet aggregation to epinephrine and collagen is inhibited, thromboxane
A2 production is decreased, whole blood viscosity is reduced, and erythrocyte mem-
brane fluidity is increased.46–49 Fish oil ingestion increases the concentration of
plasminogen activator and decreases the concentration of plasminogen activator
inhibitor 1 (PAI-1).50 In vitro studies have demonstrated that PAI-1 is synthesized
and secreted in hepatic cells in response to insulin, and population studies indicate
a strong correlation between insulinemia and PAI-1 levels. In patients with types
IIb and IV hyperlipoproteinemia and in another double-blind clinical trial involving
64 men aged 35 to 40 years, ingestion of omega-3 fatty acids decreased the fibrinogen
concentration.51 Two other studies did not show a decrease in fibrinogen, but in one,
a small dose of cod liver oil was used,52 and in the other the study consisted of
normal volunteers and was of short duration. A recent study noted that fish and fish
oil increase fibrinolytic activity, indicating that 200 g/day of lean fish or 2 g of
omega-3 EPA and DHA improve certain hematologic parameters implicated in the
etiology of cardiovascular disease.53

Table 10.7 Ethnic Differences in Fatty Acid Concentrations in Thrombocyte 
Phospholipids and Percentage of All Deaths from Cardiovascular 
Disease

Europe and 
United States Japan

Greenland 
Eskimos

%
Arachidonic acid (20:4ω6) 26 21 8.3
Eicosapentaenoic acid (20:5ω3) 0.5 1.6 8.0
Ratio of ω6/ω3 50 12 1
Mortality from cardiovascular disease 45 12 7

Source: Data modified from Weber, P.C., Are we what we eat? Fatty acids in nutrition
and in cell membranes: cell functions and disorders induced by dietary conditions,
Report No. 4, Svanoy Foundation, Svanoybukt, Norway, 1989, 9.
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Ingestion of omega-3 fatty acids not only increases the production of prosta-
glandin I3 (PGI3), but also of PGI2 in tissue fragments from the atrium, aorta, and
saphenous vein obtained at surgery in patients who received fish oil two weeks prior
to surgery.54 Omega-3 fatty acids inhibit the production of platelet-derived growth
factor (PDGF) in bovine endothelial cells.55 PDGF is a chemoattractant for smooth
muscle cells and a powerful mitogen. Thus, the reduction in its production by
endothelial cells, monocytes/macrophages, and platelets could inhibit both the
migration and proliferation of smooth muscle cells, monocytes/macrophages, and
fibroblasts in the arterial wall. Insulin increases the growth of smooth muscle cells,
leading to increased risk for the development of atherosclerosis. Omega-3 fatty acids
increase endothelium-derived relaxing factor (EDRF).56 EDRF (nitric oxide) facili-
tates relaxation in large arteries and vessels. In the presence of EPA, endothelial
cells in culture increase the release of relaxing factor, indicating a direct effect of
omega-3 fatty acids on the cells.

Many experimental studies have provided evidence that incorporation of alter-
native fatty acids into tissues may modify inflammatory and immune reactions and
that omega-3 fatty acids, in particular, are potent therapeutic agents for inflammatory
diseases. Supplementing the diet with omega-3 fatty acids (3.2 g EPA and 2.2 g
DHA) in normal subjects increased the EPA content in neutrophils and monocytes
more than sevenfold without changing the quantities of AA and DHA. The antiin-
flammatory effects of fish oils are partly mediated by inhibiting the 5-lipoxygenase
pathway in neutrophils and monocytes and inhibiting the leukotriene B4 (LTB4)-
mediated function of LTB5 (Figure 10.2).57,58 Studies show that omega-3 fatty acids
influence interleukin metabolism by decreasing IL-1β and IL-6.59–62 Inflammation
plays an important role in both the initiation of atherosclerosis and the development
of atherothrombotic events.63 An early step in the atherosclerotic process is the
adhesion of monocytes to endothelial cells. Adhesion is mediated by leukocyte and
vascular cell adhesion molecules (CAMs) such as selectins, integrins, vascular cell
adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1).64

The expression of E-selectin, ICAM-1 and VCAM-1, which is relatively low in
normal vascular cells, is upregulated in the presence of various stimuli, including
cytokines and oxidants. This increased expression promotes the adhesion of mono-
cytes to the vessel wall. The monocytes subsequently migrate across the endothelium
into the vascular intima, where they accumulate to form the initial lesions of ath-
erosclerosis. Atherosclerotic plaques have been shown to have increased CAM
expression in animal models and human studies.65–68 A balance between the omega-
6 and omega-3 fatty acids is a more physiologic state in terms of gene expression,69

eicosanoid metabolism, and cytokine production.
Further support for the need to balance the omega-6/omega-3 EFA comes from

the studies of Ge et al.70 and Kang et al.71 The study by Ge et al. clearly shows the
ability of both normal rat cardiomyocytes and human breast cancer cells in culture
to form all the omega-3’s from omega-6 fatty acids when fed the cDNA encoding
omega-3 fatty acid desaturase obtained from the roundworm C. elegans. The omega-
3 desaturase efficiently and quickly converted the omega-6 fatty acids that were fed
to the cardiomyocytes in culture to the corresponding omega-3 fatty acids. Thus,
omega-6 LA was converted to omega-3 ALA, and AA was converted to EPA, so
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that at equilibrium, the ratio of omega-6 to omega-3 PUFA was close to 1/1.71 Further
studies demonstrated that the cancer cells expressing the omega-3 desaturase under-
went apoptotic death, whereas the control cancer cells with a high omega-6/omega-
3 ratio continued to proliferate.70 More recently, Kang et al. showed that transgenic
mice expressing the C. elegans fat-1 gene encoding an omega-3 fatty acid desaturase
are capable of producing omega-3 from omega-6 fatty acids, leading to enrichment
of omega-3 fatty acids with reduced levels of omega-6 fatty acids in almost all organs
and tissues, including muscles and milk, with no need of dietary omega-3 fatty acid
supply.72 This discovery provides a unique tool and new opportunities for omega-3
research and raises the potential of production of fat-1 transgenic livestock as a new
and ideal source of omega-3 fatty acids to meet the human nutritional needs.

CLINICAL INTERVENTION STUDIES AND THE 
OMEGA-6/OMEGA-3 EFA BALANCE

The Lyon Heart Study was a dietary intervention study in which a modified diet of
Crete (the experimental diet) was compared with the prudent diet, or Step I American
Heart Association Diet (the control diet).73–75 The experimental diet provided a ratio
of LA to ALA of 4/1. This ratio was achieved by substituting olive oil and canola
(oil) margarine for corn oil. Since olive oil is low in LA, whereas corn oil is high
(8% and 61%, respectively) the ALA incorporation into cell membranes was
increased. Cleland et al.76 have shown that olive oil increases the incorporation of
omega-3 fatty acids, whereas the LA from corn oil competes. The ratio of 4/1 of
LA/ALA led to a 70% decrease in total mortality at the end of two years.73

The Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto miocardico
(GISSI) Prevenzione Trial participants were on a traditional Italian diet plus 850 to
882 mg of omega-3 fatty acids at a ratio of 2/1 EPA to DHA.77 The supplemented
group had a decrease in sudden cardiac death by 45%. Although there are no dietary
data on total intake for omega-6 and omega-3 fatty acids, the difference in sudden
death is most likely due to the increase of EPA and DHA and a decrease of AA in
cell membrane phospholipids. Prostaglandins derived from AA are proarrhythmic,
whereas the corresponding prostaglandins from EPA are not.78 In the Diet and
Reinfarction Trial (DART), Burr et al. reported a decrease in sudden death in the
group that received fish advice or took fish oil supplements relative to the group
that did not.79 Similar results have been obtained by Singh et al.80,81 Studies carried
out in India indicate that the higher ratio of 18:2ω6 to 18:3ω3 equalling 20/1 in
their food supply led to increases in the prevalence of non-insulin dependent diabetes
mellitus (NIDDM) in the population, whereas a diet with a ratio of 6/1 led to
decreases.82

James and Cleland have reported beneficial effects in patients with rheumatoid
arthritis83 and Broughton has shown beneficial effects in patients with asthma by
changing the background diet.84 James and Cleland evaluated the potential use of
omega-3 fatty acids within a dietary framework of an omega-6/omega-3 ratio of
3–4/1 by supplying 4 gm of EPA+DHA and using flaxseed oil rich in ALA. In their
studies, the addition of 4 gm EPA and DHA in the diet produced a substantial
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inhibition of production of IL-1β and TNF when mononuclear cell levels of EPA
were equal to or greater than 1.5% of total cell phospholipid fatty acids, which
correlated with a plasma phospholipid EPA level equal to or greater than 3.2%.
These studies suggest the potential for complementarity between drug therapy and
dietary choices that increased intake of omega-3 fatty acids and decreased intake of
omega-6 fatty acids may lead to drug-sparing effects. Therefore, future studies need
to address the fat composition of the background diet, and the issue of concurrent
drug use. A diet rich in omega-3 fatty acids and poor in omega-6 fatty acids provides
the appropriate background biochemical environment in which drugs function.

Asthma is a mediator-driven inflammatory process in the lungs and the most
common chronic condition in childhood. The leukotrienes and prostaglandins are
implicated in the inflammatory cascade that occurs in asthmatic airways. There is
evidence of airway inflammation even in newly diagnosed asthma patients within 2
to 12 months after their first symptoms.85 Among the cells involved in asthma are
mast cells, macrophages, eosinophils, and lymphocytes. The inflammatory mediators
include cytokines and growth factors (peptide mediators) as well as the eicosanoids,
which are the products of AA metabolism, which are important mediators in the
underlying inflammatory mechanisms of asthma (Figure 10.2, Table 10.8). Leuko-
trienes and prostaglandins appear to have the greatest relevance to the pathogenesis
of asthma. The leukotrienes are potent inducers of bronchospasm, airway edema,
mucus secretion, and inflammatory cell migration, all of which are important to the
asthmatic symptomatology. Broughton et al.84 studied the effect of omega-3 fatty
acids at a ratio of omega-6/omega-3 of 10/1 to 5/1 in an asthmatic population in
ameliorating methacholine-induced respiratory distress. With low omega-3 inges-
tion, methacholine-induced respiratory distress increased. With high omega-3 fatty
acid ingestion, alterations in urinary 5-series leukotriene excretion predicted treat-
ment efficacy and a dose change in >40% of the test subjects (responders), whereas
the non-responders had a further loss in respiratory capacity. A urinary ratio of 4-
series to 5-series of <1 induced by omega-3 fatty acid ingestion may predict respi-
ratory benefit.

Bartram et al.86,87 carried out two human studies in which fish oil supplementation
was given in order to suppress rectal epithelial cell proliferation and PGE2 biosyn-
thesis. This was achieved when the dietary omega-6/omega-3 ratio was 2.5/1 but
not with the same absolute level of fish oil intake and an omega-6/omega-3 ratio of
4/1. More recently, Maillard et al. reported their results on a case control study.88

They determined omega-3 and omega-6 fatty acids in breast adipose tissue and
relative risk of breast cancer. They concluded, “our data based on fatty acid levels
in breast adipose tissue (which reflect dietary intake) suggest a protective effect of
omega-3 fatty acids on breast cancer risk and support the hypothesis that the balance
between omega-3 and omega-6 fatty acids plays a role in breast cancer.”

Psychologic stress in humans induces the production of proinflammatory cyto-
kines such as interferon gamma (IFNγ), tumor necrosis factor α (TNFα), IL-6, and
IL-10. An imbalance of omega-6 and omega-3 PUFA in the peripheral blood causes
an overproduction of proinflammatory cytokines. There is evidence that changes in
fatty acid composition are involved in the pathophysiology of major depression.
Changes in serotonin (5-HT) receptor number and function caused by changes in
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PUFA provide the theoretical rationale connecting fatty acids with the current recep-
tor and neurotransmitter theories of depression.89–91 The increased C20:4ω6/C20:5ω3
ratio and the imbalance in the omega-6/omega-3 PUFA ratio in major depression
may be related to the increased production of proinflammatory cytokines and
eicosanoids in that illness.89 There are a number of studies evaluating the therapeutic
effect of EPA and DHA in major depression. Stoll and colleagues have shown that
EPA and DHA prolong remission, that is, reduce the risk of relapse in patients with
bipolar disorder.92,93

The above clinical studies in patients with cardiovascular disease, arthritis,
asthma, cancer, and mental illness clearly indicate the need to balance the omega-
6/omega-3 fatty acid intake for prevention and during treatment. The scientific
evidence is strong for decreasing the omega-6 and increasing the omega-3 intake to
improve health throughout the lifecycle.94 The scientific basis for the development

Table 10.8 Effects of Omega-3 Fatty Acids on Factors Involved in the Pathophysiology 
of Inflammation

Factor Function
Effect of ω3 

fatty acid

Arachidonic acid Eicosanoid precursor; aggregates platelets; 
stimulates white blood cells ↓

Thromboxane Platelet aggregation; vasoconstriction; 
increase of intracellular Ca++ ↓

Prostacyclin (PGI2/3) Prevent platelet aggregation; vasodilation; 
increase cAMP ↑

Leukotriene (LTB4) Neutrophil chemoattractant; increase of 
intracellular Ca++ ↓

Fibrinogen A member of the acute phase response; and 
a blood clotting factor ↓

Tissue plasminogen 
activator

Increase endogenous fibrinolysis
↑

Platelet activating factor 
(PAF)

Activates platelets and white blood cells
↓

Platelet-derived growth 
factor (PDGF)

Chemoattractant and mitogen for smooth 
muscles and macrophages ↓

Oxygen free radicals Cellular damage; enhance LDL uptake via 
scavenger pathway; stimulate arachidonic 
acid metabolism

↓

Lipid hydroperoxides Stimulate eicosanoid formation
↓

Interleukin 1 and tumor 
necrosis factor

Stimulate neutrophil O2 free radical 
formation; stimulate lymphocyte 
proliferation; stimulate PAF; express 
intercellular adhesion molecule-1 on 
endothelial cells; inhibit plasminogen 
activator, thus, procoagulants

↓

Interleukin-6 Stimulates the synthesis of all acute phase 
proteins involved in the inflammatory 
response: C-reactive protein; serum 
amyloid A; fibrinogen; α1-chymotrypsin; and 
haptoglobin

↓

Source: Adapted and modified from Weber, P.C., and Leaf, A., in Health Effects of w3
Polyunsaturated Fatty Acids in Seafoods, Simopoulos, A.P. et al., Eds., vol. 66 World Rev.
Nutr. Diet, Karger, Basel, 1991, 218.
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of a public policy to develop dietary recommendations for essential fatty acids,
including a balanced omega-6/omega-3 ratio is robust.95

OMEGA-3 FATTY ACIDS AND GENE EXPRESSION

Previous studies have shown that fatty acids released from membrane phospholipids
by cellular phospholipases, or made available to the cell from the diet or other aspects
of the extracellular environment, are important cell-signalling molecules.96 They can
act as second messengers or substitute for the classical second messengers of the
inositide phospholipid and the cyclic AMP signal transduction pathways.96 They can
also act as modulator molecules mediating responses of the cell to extracellular
signals.96 Recently it has been shown that fatty acids rapidly and directly alter the
transcription of specific genes.97

Table 10.9 and Table 10.10 summarize the effects of various PUFA on gene
expression. In the case of enzymes involved in carbohydrate and lipid metabolism,
both omega-3 and omega-6 fatty acids appear to suppress the genes that encode for
several enzymes (Table 10.9), whereas saturated, trans-, and monounsaturated fatty
acids fail to suppress. DHA appears more potent in its effect than other PUFA.
Omega-6 and omega-3 fatty acids and monounsaturated fatty acids induce acyl-CoA
oxidase, the enzyme involved in beta-oxidation, but here again, DHA appears to be
more potent.

In studies of inflammatory cytokines, such as IL-1β, both EPA and DHA suppress
IL-1β mRNA whereas AA does not, and the same effect appears in studies on growth-
related early response gene expression and growth factor (Table 10.10). In the case
of VCAM, AA has a modest suppressing effect relative to DHA. The latter situation
may explain the protective effect of fish oil toward colonic carcinogenesis, since
EPA and DHA did not stimulate protein kinase C.111 PUFA regulation of gene
expression extends beyond the liver and includes genes such as adipocyte glucose
transporter-4, lymphocyte stearoyl-CoA desaturase 2 in the brain, peripheral mono-
cytes (IL-1β, and VCAM-1), and platelets (PDGF)110 (Table 10.9 and Table 10.10).
Whereas some of the transcriptional effects of PUFA appear to be mediated by
eicosanoids, the PUFA suppression of lipogenic and glycolytic genes is independent
of eicosanoid synthesis and appears to involve a nuclear mechanism directly modified
by PUFA. Because of their coordinate or opposing effects, both classes of PUFA
are needed in the proper amounts for normal growth and development. Although,
so far the studies in infants have concentrated on the effects of PUFA on retinal and
brain phospholipid composition and intelligence quotient (IQ),112,113 motor develop-
ment is very much dependent on intermediary metabolism and on overall normal
metabolism, both of which are influenced by fatty acid biosynthesis and carbohydrate
metabolism. 

The amounts of PUFA found in breast milk in mothers fed diets consistent with
our evolution should serve as a guide to determine omega-6 and omega-3 fatty acid
requirements during pregnancy, lactation, and infant feeding. Of interest is the fact
that saturated, monounsaturated, and trans fatty acids do not exert any suppressive
action on lipogenic or glycolytic gene expression, which is consistent with their high
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content in human milk serving primarily as sources of energy. Because nutrients
influence gene expression, and many chronic diseases begin in utero or in infancy,
proper dietary intake of PUFA, even prior to pregnancy may be essential, as shown
for folate deficiency in the development of neural tube defects.

DIET–GENE INTERACTIONS: GENETIC VARIATION AND 
OMEGA-6 AND OMEGA-3 FATTY ACID INTAKE IN THE 

RISK FOR CARDIOVASCULAR DISEASE

As discussed above, leukotrienes are inflammatory mediators generated from AA
by the enzyme 5-lipoxygenase (Figure 10.2). Since atherosclerosis involves arterial
inflammation, Dwyer et al. hypothesized that a polymorphism in the 5-lipoxygenase
gene promoter could relate to atherosclerosis in humans, and that this effect could
interact with the dietary intake of competing 5-lipoxygenase substrates.114 The study
consisted of 470 healthy middle-aged women and men from the Los Angeles Ath-
erosclerosis Study, randomly sampled. The investigators determined 5-lipoxygenase
genotypes, carotid-artery intima thickness, markers of inflammation, C-reactive pro-
tein (CRP), interleukin-6 (IL-6), dietary AA, EPA, DHA, LA, and ALA, with the
use of six 24-hour recalls of food intake. The results showed that 5-lipoxygenase
variant genotypes were found in 6% of the cohort. Mean intima-media thickness
adjusted for age, sex, height, and racial or ethnic group was increased by 80 ± 19
μm from among the carriers of two variant alleles as compared with the carrier of
the common (wild-type) allele. In multivariate analysis, the increase in intima-media
thickness among carriers of two variant alleles (62 μm, p = 0.001) was similar in
this cohort to that associated with diabetes (64 μm, p = 0.01), the strongest common
cardiovascular risk factor. Increased dietary AA significantly enhanced the apparent
atherogenic effect of genotype, whereas increased dietary intake of omega-3 fatty
acids EPA and DHA blunted this effect. Furthermore, the plasma level of CRP of
two variant alleles was increased by a factor of 2, as compared with that among
carriers of the common allele. Thus, genetic variation of 5-lipoxygenase identifies
a subpopulation with increased risk for atherosclerosis. The diet–gene interaction
further suggests that dietary omega-6 fatty acids promote, whereas marine omega-
3 fatty acids EPA and DHA inhibit, leukotriene-mediated inflammation that leads
to atherosclerosis in this subpopulation.

The prevalence of variant genotypes did differ across racial and ethnic groups
with higher prevalence among Asians or Pacific Islanders (19.4%), blacks (24%),
and other racial or ethnic groups (18.2%) than among Hispanic subjects (3.6%) and
non-Hispanic whites (3.1%). Increased intima-mediated thickness was significantly
associated with intake of both AA and LA among carriers of the two variant alleles,
but not among carriers of the common alleles. In contrast, the intake of marine
omega-3 fatty acids was significantly and inversely associated with intima-media
thickness only among carriers of the two variant alleles. Diet–gene interactions were
specific to these fatty acids and were not observed for dietary intake of monounsat-
urated, saturated fat, or other measured fatty acids. The study constitutes evidence
that genetic variation in an inflammatory pathway — in this case the leukotriene
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pathway — can trigger atherogenesis in humans. These findings could lead to new
dietary and targeted molecular approaches to the prevention and treatment of car-
diovascular disease according to genotype, particularly in the populations of non-
European descent.

CONCLUSIONS

• Evidence from studies on the evolutionary aspects of diet, modern day hunter-
gatherers, and traditional diets indicate that human beings evolved on a diet in
which the ratio of omega-6/omega-3 EFA was about 1, whereas in the Western
diets the ratio is 15/1 to 16.7/1. Agribusiness and modern agriculture have led to
decreases in omega-3 fatty acids and increases in omega-6 fatty acids. Such
practices have led to excessive amounts of omega-6 fatty acids, upsetting the
balance that was characteristic during evolution when our genes were programmed
to respond to diet and other aspects of the environment.

• LA and ALA are not interconvertible and compete for the rate-limiting Δ6-
desaturase in the synthesis of long-chain PUFA.

• AA (omega-6) and EPA (omega-3) are the parent compounds for the production
of eicosanoids. Eicosanoids from AA have opposing properties from those of EPA.
An increase in the dietary intake of omega-6 EFA changes the physiological state
to a prothrombotic, proconstrictive, and proinflammatory state.

• Many of the chronic conditions — cardiovascular disease, diabetes, cancer, obe-
sity, autoimmune diseases, rheumatoid arthritis, asthma, and depression — are
associated with increased production of thromboxane A2 (TXA2), leukotriene B4

(LTB4), IL-1β, IL-6, tumor necrosis factor (TNF), and C-reactive protein. All these
factors increase by increases in omega-6 fatty acid intake and decrease by increases
in omega-3 fatty acid intake, either ALA or EPA and DHA. EPA and DHA are
more potent, and most studies have been carried out using EPA and DHA.

• In the secondary prevention of cardiovascular disease, a ratio of 4/1 was associated
with a 70% decrease in total mortality. A ratio of 2.5/1 reduced rectal cell prolif-
eration in patients with colorectal cancer, whereas a ratio of 4/1 with the same
amount of omega-3 PUFA had no effect. The lower omega-6/omega-3 ratio in
women with breast cancer was associated with decreased risk. A ratio of 2–3/1
suppressed inflammation in patients with rheumatoid arthritis, and a ratio of 5/1
had a beneficial effect on patients with asthma, whereas a ratio of 10/1 had adverse
consequences. These studies indicate that the optimal ratio may vary with the
disease under consideration. This is consistent with the fact that chronic diseases
are multigenic and multifactorial. Therefore, it is quite possible that the therapeutic
dose of omega-3 fatty acids will depend on the degree of severity of disease
resulting from the genetic predisposition.

• Studies show that the background diet, when balanced in omega-6/omega-3,
decreases the drug dose. It is therefore essential to decrease the omega-6 intake
while increasing the omega-3 in the prevention and management of chronic dis-
ease. Furthermore, the balance of omega-6 and omega-3 fatty acids is very impor-
tant for homeostasis and normal development. The ratio of omega-6 to omega-3
EFA is an important determinant of health, because both omega-6 and omega-3
fatty acids influence gene expression. Recent studies on diet–gene interaction
further suggest that dietary omega-6 fatty acids promote, whereas marine omega-
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3 fatty acids EPA and DHA inhibit leukotriene-mediated inflammation that leads
to atherosclerosis.
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HISTORICAL BACKGROUND ON WHOLE GRAINS

Whole grains became part of the human diet with the advent of agriculture about
10,000 years ago.1 For the last 3000 to 4000 years, a majority of the world’s
population has relied upon whole grains as a main portion of the diet. In North
America, wheat, oats, barley, and rye were harvested as staple foods as early as the
American Revolution. It is only within the past 100 years that a majority of the
population has consumed refined grain products. Prior to this time, gristmills were
used for grinding grains. They did not completely separate the bran and germ from
the white endosperm and produced limited amounts of purified flour. In 1873, the
roller mill was introduced and it more efficiently separated the bran and germ from
the endosperm. Widespread use of the roller mill fueled an increasing consumer
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demand for refined grain products and was a significant factor in the dramatic decline
in whole-grain consumption observed from about 1870 to 1970.1

Health aspects of whole grains have long been known. In the 4th century BC,
Hippocrates, the father of medicine, recognized the health benefits of whole-grain
bread. More recently, physicians and scientists in the early 1800s to mid 1900s
recommended whole grains to prevent constipation. The “fiber hypothesis,” pub-
lished in the early 1970s, suggested that whole foods, such as whole grains, fruits,
and vegetables, provide fiber along with other constituents that have health benefits.

WHAT ARE WHOLE GRAINS?

The major cereal grains include wheat, rice, and corn, with oats, rye, barley, triticale,
sorghum, and millet as minor grains. In the U.S., the most commonly consumed
grains are wheat, oats, rice, corn, and rye, with wheat constituting 66 to 75% of the
total. Buckwheat, wild rice, and amaranth are not botanically true grains but are
typically associated with the grain family due to their similar composition. All grains
have a barklike, protective hull, beneath which are the endosperm, bran, and germ.
The germ contains the plant embryo. The endosperm supplies food for the growing
seedling. Surrounding the germ and the endosperm is the outer covering, or bran,
which protects the grain from its environment, including weather, insects, molds,
and bacteria.

About 50 to 75% of the endosperm is starch, and it is the major energy supply
for the embryo during germination of the kernel. The endosperm also contains
storage proteins, typically 8 to 18%, along with cell wall polymers. Relatively few
vitamins, minerals, fiber, or phytochemicals are located in the endosperm fraction.
The germ is a relatively minor contributor to the dry weight of most grains (typically
4 to 5% in wheat and barley). The germ of corn contributes a much higher proportion
to the total grain structure than that of wheat, barley, or oats.

WHO CONSUMES WHOLE GRAINS?

Increased whole-grain consumption is widely promoted. Grain products comprise
the base of the U.S. Department of Agriculture (USDA) Food Guide Pyramid, which
suggests that several of the recommended 6 to 11 servings of grain products per day
should be from whole grains. The 2005 Dietary Guidelines for Americans placed
particular emphasis on eating more whole-grain foods. It is recommended that at
least three servings, or one-half of grain foods consumed daily, be whole grain.

Americans consume far less than the recommended three servings of whole
grains on a daily basis. According to a survey of Americans 20 years and older,2

total grain intake was 6.7 servings per day with only 1.0 of these servings being
whole grain. Only 8% of the study participants consumed the recommended three
servings of whole grains on a daily basis. Another investigation3 reported that less
than 2% of the study population consumed two or more whole grain servings per
day, and 23% consumed no whole grains over the two-week reporting period.
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Average whole-grain consumption for this study was 0.5 servings per day. A study
of U.S. children and teens reported consumption of whole grains was less than one
serving per day.4

Whole-grain intake studies in other countries find similar results. Except for
parts of Scandinavia where whole-grain breads are the norm, whole-grain con-
sumption is low.5 In the U.K., median consumption of whole grains was less than
one serving per day.5 Efforts have been made to increase whole-grain consump-
tion. A whole-grain health claim has also been approved in the U.S. For a whole-
grain food to meet the whole-grain health claim standards, the food must include
51% whole-grain flour by weight of final product and must contain 1.7 grams of
dietary fiber.

COMPONENTS IN WHOLE GRAINS

The bran and germ fractions derived from conventional milling provide a majority
of the biologically active compounds found in a grain. Specific nutrients include
high concentrations of B vitamins (thiamin, niacin, riboflavin, and pantothenic acid)
and minerals (calcium, magnesium, potassium, phosphorus, sodium, and iron), ele-
vated levels of basic amino acids (e.g., arginine and lysine), and elevated tocol levels
in the lipids. Numerous phytochemicals, some common in many plant foods
(phytates and phenolic compounds) and some unique to grain products (avenanthra-
mides, avenalumic acid), are responsible for the high antioxidant activity of whole-
grain foods.6

In developed countries, such as the U.S. and Europe, grains are generally sub-
jected to some type of processing, milling, heat extraction, cooking, parboiling, or
other technique prior to consumption. Commercial cereals are usually extruded,
puffed, flaked, or otherwise altered to make a desirable product. Most research finds
that processing of whole grains does not remove biologically important compounds.7

Analysis of processed breads and cereals indicate that they are a rich source of
antioxidants.6 Processing may open up the food matrix, thereby allowing the release
of tightly bound phytochemicals from the grain structure.8 Studies with rye find that
many of the bioactive compounds are stable during food processing, and their levels
may even be increased with suitable processing.9

Components in whole grains associated with improved health status include lign-
ans, tocotrienols, phenolic compounds, and antinutrients including phytic acid, tannins,
and enzyme inhibitors. In the grain refining process the bran is removed, resulting in
loss of dietary fiber, vitamins, minerals, lignans, phytoestrogens, phenolic compounds,
and phytic acid. Thus, refined grains are more concentrated in starch since most of
the bran and some of the germ are removed in the refining process.

Recent studies have suggested that components of whole grains could be used
as biomarkers for whole-grain intake. Alkylresorcinols are good markers of whole-
grain wheat and rye in foods, and their analysis in biological samples may indicate
whole-grain consumption.10 Additionally, plasma enterolactone, a phytoestrogen, has
been positively linked to whole-grain consumption in Danish women.11
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WHOLE GRAINS AND CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) is the number one cause of death and disability of
both men and women in this country. There is strong epidemiological and clinical
evidence linking consumption of whole grains to a reduced risk for coronary heart
disease.12 Morris et al.13 followed 337 subjects for 10 to 20 years and concluded that
a reduction in heart disease risk was attributable to a higher intake of cereal fiber.
Brown et al.14 concluded that soluble fiber from different fiber sources was associated
with small but significant decreases in total cholesterol. Other compounds in grains,
including antioxidants, phytic acid, lectins, phenolic compounds, amylase inhibitors,
and saponins have all been shown to alter risk factors for coronoary heart disease
(CHD). It is likely that the combination of compounds in grains, rather than any
one component, explains its protective effects in CHD.

Large prospective epidemiologic studies have found a moderately strong asso-
ciation between whole-grain intake and decreased CHD risk. Postmenopausal
women (34,492), aged 55 to 69 years and free of CHD were followed in the large
prospective Iowa Women’s Health Study for occurrence of CHD mortality (n = 387)
between baseline (1986) and 1994.15 Whole-grain intake was determined by 7 items
in a 127-item food frequency questionnaire that was used to divide participants into
quintiles based on mean servings of whole-grain intake per day. The risk reduction
in higher whole-grain intake quintiles was controlled for more than 15 confounding
variables and was not explained by adjustment for dietary fiber intake. This suggests
that whole-grain components other than dietary fiber may reduce risk for CHD.

In a Finnish study, 21,930 male smokers (aged 50 to 69 years) were followed
for 6.1 years.16 Reduced risk of CHD death was associated with increased intake of
rye products. Rimm et al.17 examined the association between cereal intake and risk
for myocardial infarction (MI) in 43,757 U.S. health professionals, aged 40 to 75
years. Cereal fiber was most strongly associated with reduced risk for MI with a
0.71 decrease in risk for each 10 g increase in cereal fiber intake.

The Nurses’ Health Study, a large, prospective cohort study of U.S. women
followed up for 10 years, was also used to examine the relationship between grain
intake and cardiovascular risk.18 A total of 68,782 women aged 37 to 64 years without
previously diagnosed angina, myocardial infarction, stroke, cancer, hypercholester-
olemia, or diabetes at baseline were studied. Dietary data were collected with a
validated semiquantitative food frequency questionnaire. After controlling for age,
cardiovascular risk factors, dietary factors, and multivitamin supplement use, the
relative risk was 0.77 (95% CI, 0.57 to 1.04). For a 10 g/day increase in total fiber
intake (the difference between the lowest and highest quintiles), the multivariate RR
of total CHD events was 0.81 (95% CI, 0.66 to 0.99). Among different sources of
dietary fiber (cereal, vegetable, fruit), only cereal fiber was strongly associated with
a reduce risk of CHD (multivariate RR, 0.63; 95% CI, 0.49 to 0.81 for each 5 g/d
increase in cereal fiber). The authors conclude that higher fiber intake, particularly
from cereal sources, reduces the risk of CHD.

Feeding studies have looked at different biomarkers relevant to cardiovascular
disease. Truswell19 concluded that enough evidence exists that whole-grain products
may reduce the risk of coronary heart disease. Katz et al.20 measured the effect of
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oat and wheat cereals on endothelial responses in human subjects. They report that
month-long, daily supplementation with either whole-grain oat or wheat cereal may
prevent postprandial impairment of vascular reactivity in response to a high-fat meal.
In a randomized controlled clinical trial, consumption of whole-grain and legume
powder reduced insulin demand, lipid peroxidation, and plasma homocysteine con-
centrations in patients with coronary artery disease.21 Finally, consumption of whole-
grain oat cereal was associated with improved blood pressure control and reduced
the need for antihypertensive medications.22 Thus, clinical studies to date support
that whole-grain consumption can improve biomarkers relevant to diabetes and
cardiovascular disease.

Food consumption patterns that include whole grains also appear protective for
cardiovascular disease. Van Dam et al.23 report that intake of refined diets that do
not include whole grains were associated with higher serum cholesterol levels and
lower intakes of micronutrients. A prudent dietary pattern, including intake of whole
grains, was associated with lower C-reactive protein levels and endothelial dysfunc-
tion, an early step in the development of atherosclerosis.24 Whole-grain food intake
was also associated with lower levels of C-reactive protein in the Nurses’ Health
Study.25

Since whole grains are the predominant dietary fiber source in the U.S., it is
difficult to separate the protection of dietary fiber from whole grains. Jensen et al.26

examined intakes of whole grains, bran, and germ and risk of coronary heart disease
from food frequency data in the Health Professionals Follow-Up Study. Added germ
was not associated with CHD risk, and the authors conclude that the study supports
the reported beneficial association of whole-grain intake with CHD and suggests
that the bran component of whole grains could be a key factor in this relation.

WHOLE GRAINS AND BLOOD GLUCOSE

It is well accepted that glucose and insulin are linked to chronic diseases, especially
diabetes. Whole-grain consumption is part of a healthy diet described as the “pru-
dent” diet. Epidemiologic studies consistently show that risk for type 2 diabetes
mellitus is decreased with consumption of whole grains.27,28 Whole grains are now
recommended by the American Diabetes Association for diabetes prevention.29

Whole foods are also known to slow digestion and absorption of carbohydrates.
Postprandial blood glucose and insulin responses are greatly affected by food struc-
ture. Any process that disrupts the physical or botanical structure of food ingredients
will increase the plasma glucose and insulin responses. Food structure was found
to be more important than gelatinization or presence of viscous dietary fiber in
determining glycemic response.30 Another study found the importance of preserved
structure in foods as an important determinant of glycemic response in diabetics.31

Refining grains tends to increase glycemic response and, thus, whole grains should
slow glycemic response.32

Intact whole grains of barley, rice, rye, oats, corn, buckwheat, and wheat have
glycemic indices (GI) of 36 to 81, with barley and oats having the lowest values.33

Lower blood glucose levels and decreased insulin secretion have been seen in both
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normal and diabetic subjects while consuming a low GI (=67) diet containing
pumpernickel bread with intact whole grains, bulgur (parboiled wheat), pasta, and
legumes compared to a high GI (=90) diet containing white bread and potatoes.

Heaton et al.34 compared glucose response when subjects consumed whole grains,
cracked grains, whole-grain flour, and refined grain flour. Plasma insulin responses
increased stepwise, with whole grains less than cracked grains less than coarse flour
less than fine flour. Oat-based meals evoked smaller glucose and insulin responses
than wheat- or maize-based meals. Particle size influenced the digestion rate and
consequent metabolic effects of wheat and maize, but not oats. The authors suggest
the increased insulin response to finely ground flour may be relevant to the etiology
of diseases associated with hyperinsulinemia and to the management of diabetes.

Some feeding studies have been conducted to evaluate the relationship between
whole grains and glucose metabolism. Pereiera et al.35 tested the hypothesis that
whole-grain consumption improves insulin sensitivity in overweight and obese
adults. Eleven overweight or obese hyperinsulinemic adults aged 25 to 56 years
consumed 2 diets, each for 6 weeks. Diets were identical, except that whole-grain
products replaced refined grain products. At the end of each treatment, subjects
consumed 355 ml of a liquid mixed meal, and blood samples were taken over 2
hours. Fasting insulin was 10% lower during consumption of the whole-grain diet.
The authors conclude that insulin sensitivity may be an important mechanism
whereby whole-grain foods reduce the risk of type 2 diabetes and heart disease.

Juntunen et al.36 evaluated what factors in grain products affected human glucose
and insulin responses. They fed the following grain products: whole-kernel rye bread,
whole-meal rye bread containing oat beta-glucan concentrate, dark durum wheat
pasta, and wheat bread made from white wheat flour. Glucose responses and the
rate of gastric emptying after consumption of the two rye breads and pasta did not
differ from those after consumption of white wheat bread. Insulin, glucose-dependent
insulinotropic polypeptide, and glucagon-like peptide 1, were lower after consump-
tion of rye breads and pasta than after consumption of white wheat bread. These
results support that postprandial insulin responses to grain products are determined
by the form of food and botanical structure rather than by the amount of fiber or
the type of cereal in the food.

Intake of fiber from whole-grain cereals has also been found to be inversely
related to type 2 diabetes. In a long-term study of almost 90,000 women37 and in a
similar study of about 45,000 men,38 researchers found that those with higher intakes
of cereal fiber had about a 30% lower risk for developing type 2 diabetes, compared
to those with the lowest intakes. Additionally, the Iowa Women’s Health Study found
that dietary fiber and whole-grain intake were protective against type 2 diabetes.39

In another study,40 individuals consuming large amounts of refined grains and small
amounts of whole grain had a 57% higher risk of type 2 diabetes than did those
consuming large amounts of whole grains. In the Health Professionals Follow-Up
Study, an investigation following 42,898 men, a 37% lower risk of type 2 diabetes
was associated with about three servings/day of whole-grain intake.41

Whole grains are good sources of dietary magnesium, fiber, and vitamin E, which
are involved in insulin metabolism. Relatively high intakes of these nutrients from
whole grains may prevent hyperinsulinemia. Whole grains may also influence insulin
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levels through beneficial effects on satiety and body weight. However, even after
adjusting for body mass index, studies have found a strong inverse relationship
between whole-grain intake and fasting insulin levels.

Montonen et al.42 reported an inverse association between whole-grain intake
and risk of type 2 diabetes in a cohort study. Cereal fiber intake was also associated
with a reduced risk of type 2 diabetes. Liu43 pooled data from prospective cohort
studies of whole-grain intakes and type 2 diabetes. The summary estimate of relative
risk was 0.70. These studies cannot provide direct causal proof of the effects of
whole grains in lowering the risk of type 2 diabetes, since confounding remains an
alternative explanation in nonrandomized settings.

The synergistic effect of several whole-grain components, such as phytochemi-
cals, vitamin E, magnesium, or others, may be involved in the reduction of risk for
type 2 diabetes. McKeown et al.44 reported that whole-grain intake was inversely
associated with body mass index and fasting insulin in the Framingham Offspring
Study. Juntunen et al.45 fed high-fiber rye bread and white-wheat bread to postmeno-
pausal women and measured glucose and insulin metabolism. Acute insulin response
increased significantly more during the rye bread periods than during the wheat
bread period. They suggest that high-fiber rye bread appears to enhance insulin
secretion, possibly indicating improvement of beta cell function. Pereira et al.35 did
find improvements in insulin sensitivity with whole-grain consumption.

WHOLE GRAINS AND CANCER

There is substantial scientific evidence that whole grains as commonly consumed
reduce the risk of cancer. In a meta-analysis of whole-grain intake and cancer, whole
grains were found to be protective in 46 of 51 mentions of whole-grain intake, and
in 43 of 45 mentions after exclusion of 6 mentions with design/reporting flaws or
low intake.46 Odds ratios were <1 in 9 of 10 mentions of studies of colorectal cancers
and polyps, 7 of 7 mentions of gastric and 6 of 6 mentions of other digestive tract
cancers, 7 of 7 mentions of hormone-related cancers, 4 of 4 mentions of pancreatic
cancer, and 10 of 11 mentions of 8 other cancers. The pooled odds ratio was similar
in studies that adjusted for few or many covariates. A systemic review of case-control
studies conducted using a common protocol in Northern Italy between 1983 and
1996 indicates that a higher frequency of whole-grain consumption is associated
with reduced risk for cancer.47 Whole grains were consumed primarily as whole-
grain bread and some whole-grain pasta in the Italian studies.

Other studies have demonstrated a lower risk for specific cancers, such as
stomach,48 mouth/throat and upper digestive tract,49 endometrial,50 and epithelial
ovarian cancer.51 Epidemiological studies have reported that higher serum insulin
levels are associated with increased risk of colon, breast, and possibly other cancers.
Reduction of these insulin levels by whole grains may be an indirect way in which
the reduction in cancer risk occurs.

Dietary factors, such as fiber, vitamin B6, and phytoestrogen intake, and lifestyle
factors such as exercise, smoking, and alcohol use, which are controlled for in most
epidemiologic studies, do not explain the apparent protective effect of whole grains
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against cancer, again suggesting that it is the whole-grain “package” that is effective.
Several theories have been offered to explain the protective effects of whole grains.
Because of the complex nature of whole grains, there are many potential mechanisms
that could be responsible their protective properties.

Several mechanisms have been proposed for the protective action of the dietary
fiber found in whole grains. Increased fecal bulk and decreased transit time allow
less opportunity for fecal mutagens to interact with the intestinal epithelium. Sec-
ondary bile acids are thought to promote cell proliferation, thus allowing increased
opportunity for mutations to occur and abnormal cells to multiply. The effect of
fiber on the actions of bile acids may be attributable to the binding or diluting of
bile acids.

Whole grains also contain several antinutrients, such as protease inhibitors,
phytic acid, phenolics, and saponins, which until recently were thought to have only
negative nutritional consequences. Some of these antinutrient compounds may act
as cancer inhibitors by preventing the formation of carcinogens and by blocking the
interaction of carcinogens with cells. Other potential mechanisms linking whole
grains to reduced cancer risk include large bowel effects, antioxidants, alterations
in blood glucose levels, weight loss, hormonal effects, and the influence of numerous
biologically active compounds.

Hormonally active compounds in grains called lignans may protect against
diseases. Lignans are compounds processing a 2,3-dibenzylbutane structure and exist
as minor constituents of many plants where they form the building blocks for the
formation of lignin in the plant cell wall. The plant lignans secoisolariciresinol and
matairesinol are converted by human gut bacteria to the mammalian lignans, entero-
lactone and enterodiol. Due to the association of lignan excretion with fiber intake,
it is assumed that plant lignans are contained in the outer layers of the grain.
Concentrated sources of lignans include whole-grain wheat, whole-grain oats, and
rye meal. Seeds are also concentrated sources of lignans, including flaxseeds (the
most concentrated source), pumpkin seeds, caraway seeds, and sunflower seeds.

Grains and other high-fiber foods increase urinary lignan excretion, an indirect
measure of lignan content in foods.52 Differences in metabolism of phytoestrogens
among individuals have been noted. Adlercreutz et al.53 found total urinary lignan
excretion in Finnish women to be positively correlated with total fiber intake, total
fiber intake per kg body weight, and grain fiber intake per kg body weight. Similarly,
the geometric mean excretion of enterolactone was positively correlated with the
geometric mean intake of dietary grain products (kcal/day) of five groups of women
(r = 0.996).

Due to the association of lignan excretion with fiber intake, plant lignans are
probably concentrated in the outer layers of the grain. Because current processing
techniques eliminate this fraction of the grain, lignans may not be found in processed
grain products on the market and would only be found in whole-grain foods.

Serum enterolactone was measured in a cross-sectional study in Finnish adults.54

In men, serum enterolactone concentrations were positively associated with con-
sumption of whole-grain products. Variability in serum enterolactone concentration
was great, suggesting the role of gut microflora in the metabolism of lignans may
be important. Kilkkinen et al.55 also report that intake of lignans is associated with
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serum enterolactone concentration in Finnish men and women. They suggest that
serum enterolactone is a feasible biomarker of lignan intake.

Jacobs et al.56 found similar results in a U.S. study. Subjects were fed either
whole-grain or refined-grain foods for 6 weeks. Most of the increase in serum
enterolactone when eating the whole-grain diet occurred within 2 weeks, though
the serum enterolactone difference between whole-grain and refined-grain diets
continued to increase throughout the 6-week study. Serum enterolactone was
associated with reduced cardiovascular disease-related and all-cause death in mid-
dle-aged Finnish men.57 The authors suggest that this evidence supports the impor-
tance of whole-grain foods, fruits, and vegetables in the prevention of premature
death from CVD.

Few studies have looked at the direct effects of feeding defined whole-grain diets
to humans. McIntosh et al.58 fed rye and wheat foods to overweight middle-aged
men and measured markers of bowel health. The men were fed low-fiber cereal grain
foods providing 5 grams of dietary fiber for the refined-grain diet and 18 grams of
dietary fiber for the whole-grain diet, either high in rye or wheat. This was in addition
to a baseline diet that contained 14 grams of dietary fiber. Both the high-fiber rye
and wheat foods increased fecal output by 33 to 36% and reduced fecal β-glucu-
ronidase activity by 29%. Postprandial plasma insulin was decreased by 46 to 49%
and postprandial plasma glucose was decreased by 16 to 19%. Rye foods were
associated with significantly increased plasma enterolactone and fecal butyrate,
relative to wheat and low-fiber diets. The authors conclude that rye appears more
effective than wheat in overall improvement of biomarkers of bowel health.

BODY WEIGHT REGULATION

Preliminary studies suggest an association between whole-grain intake and the
regulation of body weight. In the Coronary Artery Risk Development in Young
Adults (CARDIA) Study, whole grains were inversely associated with BMI and
waist-hip ratio at baseline and 7 years later.59 Although the differences were modest,
the risk for weight gain and the development of overweight or obesity could be
substantially decreased if the associations are true. A 10-year follow-up to the
CARDIA study looked at dietary fiber, of which whole grains are a good source.
Individuals with the highest dietary fiber intake (> 21 g/2000 kcal) gained approx-
imately 8 fewer pounds of weight than did those with the lowest intake (< 12 g/2000
kcal). Similar results were found for the waist-hip ratio.60

Several factors may explain the influence of whole grains on body weight
regulation. The high-volume, low-energy density and the relatively lower palatability
of whole-grain foods may promote satiation (regulation of energy intake per eating
occasion through effects of hormones influenced by chewing and swallowing
mechanics). Additionally, whole grains may enhance satiety (delayed return of
hunger following a meal) for up to several hours following a meal. Grains rich in
viscous soluble fibers (e.g., oats and barley) tend to increase intraluminal viscosity,
prolong gastric emptying time, and slow nutrient absorption in the small intestine.
Although preliminary evidence suggests whole grains may influence body weight
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regulation, additional epidemiological studies and clinical trials are needed. Newby
et al.61 report that a healthy eating pattern, including consumption of whole grains,
is associated with smaller gains in BMI and waist circumference in the ongoing
Baltimore Longitudinal Study of Aging.

Weight gain among men in the Health Professionals Follow-Up Study was
followed over 8 years and compared to changes in whole-grain, bran, and cereal
fiber intake.62 The increased consumption of whole grains was inversely related to
weight gain, and the associations persisted after changes in added bran or fiber
intakes were accounted for. This suggests that the components in whole grains
beyond dietary fiber may contribute to favorable metabolic changes that reduce long-
term weight gain.

ALL-CAUSE MORTALITY

Several epidemiological studies suggest whole grains reduce the risk for all-cause
mortality or all-cause death. In the Iowa Women’s Health Study, whole grains and
cereal fiber lowered all-cause death in postmenopausal women,63,64 and a Norwegian
study showed a lower mortality rate for men and women with a high whole-grain
bread intake.65 Liu et al.66 reported that both total mortality and CVD-specific
mortality were inversely associated with whole-grain but not refined-grain breakfast
cereal intake in the Physicians’ Health Study. 

CONCLUSION

Whole grains are rich in many components, including dietary fiber, starch, fat,
antioxidant nutrients, minerals, vitamin, lignans, and phenolic compounds that have
been linked to reduced risk of coronary heart disease, cancer, diabetes, obesity, and
other chronic diseases. Most of the protective components are found in the germ
and bran, which are reduced in the grain refining process. Based on epidemiological
studies and biologically plausible mechanisms, the scientific evidence shows that
regular consumption of whole-grain foods provides health benefits in terms of
reduced rates of CHD and several forms of cancer. It may also help regulate blood
glucose levels. More research is needed on the mechanisms for this protection. Also,
some components in whole grains may be most important in this protection and
should be retained in food processing.

Dietary intake of whole grains falls short of current recommendations to eat at
least 3 servings a day. The whole-grain health claim should increase consumption of
whole-grain foods in the American population. This is in keeping with the Food
Pyramid educational materials, which recommend that a minimum of six servings of
grain foods be eaten each day, with at least three of those servings as whole grains.
Successful implementation of these recommendations will require the cooperative
efforts of industry, government, academia, nonprofit health organizations, and the
media. Additional work is needed to confirm the health benefits of whole grains,
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develop processing techniques that will improve the palatability of whole-grain prod-
ucts, and educate consumers about the benefits of whole-grain consumption.
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INTRODUCTION

The phytochemicals present in the human diet are unique substances produced during
growth and development of plants. In addition to their nutritional role, phytochem-
icals can have a therapeutic role with health-protective benefits by acting as modifiers
of many physiological functions. Whereas most of these dietary phytonutrients are
not essential for the human body (flavonoids, polyphenols, most carotenoids, etc.)
and are either poorly taken up or their plasma concentration is limited by efficient
metabolism and elimination, a few of these molecules are essential for the human
body, such as pro-vitamin A (β-carotene), vitamin K (phylloquinone), or vitamin E
(tocopherols). The plasma and tissue concentrations of these essential compounds
are regulated either via their uptake, metabolism, or retention; concentrations below
the physiological normal lead to deficiency syndromes, and concentrations much
above that can lead to accumulation and toxicity. Many phytochemicals have the
ability to chemically scavenge free radicals and thus act in the test tube as antioxi-
dants, but their main biological activity is by acting as hormones, ligands for
transcription factors, modulators of enzymatic activities, or as structural components.
In fact, oxidation of these molecules may impair their biological activity, and cellular
defense systems exist, which protect these molecules from oxidation.

Vitamin E, which is essential for higher organisms, is present in plants in eight
different forms with more or less equal antioxidant potential (α-, β-, γ-, δ-toco-
pherol/tocotrienols). In higher organisms only α-tocopherol is preferentially
retained, suggesting a specific mechanism for the uptake of this analog. Absence of
selective α-tocopherol retention leads to vitamin E deficiency with consequent
development of disease. In the last 20 years, the route of tocopherol from the diet
into the body has been clarified and the proteins involved in the uptake and selective
retention of α-tocopherol discovered. Precise cellular functions of α-tocopherol that
are independent of its antioxidant/radical scavenging ability have been characterized
in recent years. These effects are unrelated to the antioxidant activity of vitamin E
and possibly reflect specific interactions of the tocopherols with enzymes, structural
proteins, lipids, and transcription factors. Several tocopherol-binding proteins have
been cloned, which may mediate the non-antioxidant signaling and cellular functions
of vitamin E and its correct intracellular distribution. In the present review, it is
suggested that the non-antioxidant activities of the tocopherols represent the main
biological reason for the selective retention of α-tocopherol in the body, or vice
versa, for the metabolic conversion and consequent elimination of the other toco-
pherol analogs.

NATURAL AND SYNTHETIC VITAMIN E ANALOGS

Vitamin E was first described by Evans and Bishop as an essential nutrient for
reproduction in rats.1 Vitamin E acts chemically as a free radical chain breaking
molecule within the lipid phase (lipoprotein and membranes) and thus protects the
organism against the attack of those radicals.2–4 In the last 20 years, alternative non-
antioxidant roles of vitamin E have been proposed, such as the modulation of cellular
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signaling, enzymatic activity, and gene expression.5–8 In the studies discussed here,
we focus on the different chemical and biological characteristics of the natural and
synthetic vitamin E analogs.

Natural Vitamin E

Natural vitamin E comprises 8 different forms, α-, β-, γ-, and δ-tocopherol and α-,
β-, γ-, and δ-tocotrienol. The tocotrienols have an unsaturated side chain, whereas
the tocopherols contain a phytyl tail with three chiral centers which naturally occur
in the RRR configuration (Figure 12.1). The tocopherols are exclusively synthesized
in photosynthetic organisms, including higher plants; significant amounts are found
in all green tissues and also in seeds.

Tocopherols in plants are generated from the condensation of phytyldiphosphate
and homogentisic acid (HGA), followed by cyclization and methylation reactions.
Homogentisate phytyltransferase (HPT) performs the first committed step in this
pathway, the phytylation of HGA. Tocopherol methylase converts δ- and γ-toco-
pherol into β- and α-tocopherol, respectively, but β-tocopherol is not accepted as a
substrate and, thus, not converted into α-tocopherol.9 As a consequence, the relative
concentration of the different tocopherol analogs in plants depends on the activity
of the tocopherol methyltransferases.10 This was demonstrated by overexpression of
γ-tocopherol methyltransferase in Arabidopsis thaliana or soybean seeds, shifting
oil compositions toward α-tocopherol and thus improving the vitamin E content.11,12

Arabidopsis thaliana plants that lacked all tocopherols due to a deficient tocopherol
cyclase activity showed slightly reduced chlorophyll content and photosynthetic
quantum yield during photo-oxidative stress, indicating a potential role for toco-
pherol in maintaining an optimal photosynthesis rate under high-light stress.13 In

Figure 12.1 Structure of the eight natural tocopherols. In plant tissues, four tocopherols and
four tocotrienols are synthesized, all with a side-chain in the natural RRR con-
figuration (here referred to as α-, β-, γ-, δ-tocopherol/tocotrienol). The relative
concentration of the tocopherols and tocotrienols depends on the plant species
and on the plant tissue.
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addition to that, the impaired photoassimilate export and deficient plasmodesmata
formation in zea mays deficient in vitamin E (SXD1, Sucrose Export Deficient 1)
both suggest that, beyond presumed antioxidant activities, tocopherols or tocopherol
breakdown products also function as signal transduction molecules.14–20

α-Tocopheryl Phosphate (TP)

Recently, using a novel isolation method, one of the synthetic analogs of tocopherol,
the α-tocopheryl phosphate, was shown to occur naturally in foods and in low
amounts in animal and human tissues.21 Sometimes the amounts of α-tocopheryl
phosphate are 10- to 30-fold higher than free α-tocopherol (e.g., in chocolate and
certain cheeses).21 In some animal tissues (including humans) the amounts of α-
tocopheryl phosphate is of the same order of magnitude as that of α-tocopherol, and
in some cases it can be decisively higher (e.g., rat and pig liver).21 Furthermore,
supplementation of the diet of rats with α-tocopheryl phosphate resulted in an
increased deposition of α-tocopheryl phosphate and α-tocopherol in liver and adi-
pose tissue.21 These findings prompt a number of questions, ranging from the pos-
sibility that α-tocopheryl phosphate is a reserve form of α-tocopherol to the hypoth-
esis that it may represent an active compound capable of exerting regulatory effects
at a cellular level.

Several functions and activities have been suggested for tocopheryl phosphate:
induction of hippocampal long term potentiation,22 protection of mouse skin against
ultraviolet-induced damage,23 activation of cAMP phosphodiesterase,24 and activa-
tion of rat liver phenylalanine hydroxylase.25 In human THP-1 monocytic leukemia
cells and RASMC rat aortic smooth muscle cells, α-tocopheryl phosphate was more
potent than α-tocopherol in inhibiting CD36 mRNA and protein expression and cell
proliferation.26 Contrary to α-tocopherol, α-tocopheryl phosphate was cytotoxic to
THP-1 cells at high concentrations. The higher potency of α-tocopheryl phosphate
may be due to a better uptake of the molecule and to its intracellular hydrolysis,
providing more α-tocopherol to sensitive sites. Alternatively, a direct effect of the
α-tocopheryl phosphate ester on specific cellular targets may be considered.

It seems possible that α-tocopheryl phosphate acts as a signaling molecule that
mediates some of the effects seen on gene expression and cellular signaling. In
particular, it seems possible that α-tocopheryl phosphate plays a similar “second
messenger” role as known for the phosphorylated forms of phosphatidylinositol, by
acting as membrane anchor and by attracting enzymes such as kinases, phosphatases,
or NADPH-oxidase to the plasma membrane, leading to their activation/inactivation
(Figure 12.2). In fact, low amounts of tocopherol may become phosphorylated and
dephosphorylated, suggesting that the inter-conversion may serve some cellular
signaling functions. Preliminary results suggest that α-tocopherol can be phospho-
rylated in HMC-1 mastocytoma cells and primary aortic smooth muscle cells,27

whereas other studies suggest that α-tocopheryl phosphate can be dephosphorylated
in human keratinocytes.23 Since PKB translocation to the plasma membrane is
inhibited by α-tocopherol in HMC-1 mast cells,28 it appears possible that α-toco-
pheryl phosphate is mediating these effects.
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Free Radical Scavenging

The overall antioxidant activity of the natural tocopherols is more or less similar;
however, clear individual chemical, physical, and biological effects can be distin-
guished at the molecular level. The free radical scavenging reactivity has been
measured as being in the order of α > γ > β > δ .29 The chemical reactivity of the
four tocopherols with singlet molecular oxygen (1O2) has been found to be very low,
with α > γ > δ > β. The physical quenching ability of 1O2 has been measured as
being in the order of α ≥ β > γ > δ.30 The rather complex physical and chemical
properties of tocopherols have been extensively reviewed.31 The in vivo biological
potency can be summarized with the order of α >> γ > δ > β, which is most likely
due to the selective retention of α-tocopherol by the liver. α-Tocopheryl phosphate
has no antioxidant activity per se, since it is phosphorylated at the chromanol –OH
group, which in α-tocopherol is essential for the scavenging of free radicals. How-
ever, at extremely high concentrations, it may reduce in in vitro systems the prop-
agation of free radicals in membranes from one polyunsaturated fatty acid to another,
or possibly interfere with their enzymatic generation.32

Commercial Vitamin E

Commercially available vitamin E consists of either a mixture of naturally occurring
tocopherols and tocotrienols (from natural sources), RRR-α-tocopherol (formerly
called d-α-tocopherol), synthetic α-tocopherol, consisting of the eight possible side-
chain stereoisomers at equal amounts (all rac-α-tocopherol, formerly called dl-α-
tocopherol), or their esters (α-tocopheryl succinate, α-tocopheryl acetate, α-toco-

Figure 12.2 Hypothetical cellular signaling by tocopheryl phosphate (TP). The tocopherols
become phosphorylated in the membrane by a kinase. Proteins containing a
tocopheryl phosphate binding domain (TP-domain) may translocate to TP in the
membrane and become activated or inactivated. A phosphatase would inactivate
the cellular signaling by removing the phosphate group.
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pheryl phosphate). α-Tocopheryl succinate and α-tocopheryl acetate are efficiently
converted into α-tocopherol by esterases. RRR-α-tocopherol is the most abundant
form in plasma (consequently, most supplements contain mainly α-tocopherol),
whereas the plasma γ-tocopherol level is only about 10% of that of α-tocopherol
despite that a higher amount of γ-tocopherol is often present in the diet. This
specificity is the consequence of a selective retention of RRR-α-tocopherol in the
body, or vice versa, to the metabolic degradation of the other tocopherols and their
elimination. Thus, bioavailability and bioequivalence of the natural forms of vitamin
E differ; this is taken into account for the determination of total vitamin E activity
in food.

Synthetic Vitamin E Analogs

The synthetic racemic tocopherol mixture contains eight different side-chain iso-
mers, the RRR form (natural) and all the others containing S isomers. Some of
these natural and the non-natural tocopherol isomers are excluded from the plasma
and secreted with the bile.33,34 Vitamin E acetate, the most often used analog in
food supplements and cosmetic products, is more stable due to its esterification
and consequent protection from oxidation. Once in the gut, the esters of vitamin
E are split to their unesterified forms under the action of pancreatic and intestinal
esterases and only the non-esterified tocopherols are efficiently taken up.35–38 Other
vitamin E analogs, such as α-tocopheryl succinate, the non-hydrolysable RRR-α-
tocopherol ether acetic acid analog [2,5,7,8-tetramethyl-2R- (4R,8R,12-trimethyl-
tridecyl)chroman-6-yloxyacetic acid (α-TEA)], α-tocopheryl polyethylene glycol
1000 succinate, tocopheryl nicotinate, tocopheryl ferulate, α-tocopheryl oxybu-
tyrate, tretinoin tocopheril, α-tocopheryl phosphate, and trolox, have also been
synthesized and their cellular effects investigated.38–45 These molecules often act
as completely novel compounds, are transported differently, and have their own
effects on cellular signaling and apoptosis.42,43,46–50 Since most of these analogs
are modified at the tocopherol-6-O position, they do not have any antioxidant
activity before their hydrolysis. It is often unknown to what degree these vitamin
E analogs enhance or disrupt pathways that are usually used by the natural
tocopherols. Vitamin E has also been modified by coupling it with a lipophilic
triphenylphosphonium cation through an alkyl linker so that it is targeted to
mitochondria and cancer cells.51

Tocopherol Metabolites

The selectivity of higher organisms for α-tocopherol has been impressively dem-
onstrated in recent years by analysing the metabolism of vitamin E. Excess α-
tocopherol and the other tocopherol analogs are extensively metabolized before
excretion. This finding suggests that the organism maintains the correct vitamin
E level by selective retention of α-tocopherol, and by specific metabolism of all
the other tocopherols and of the excess α-tocopherol. Keep in mind that the
tocopherol metabolites can also act as bioactive compounds, which can bind to
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transcription factors, membrane channels, and enzymes, and modulate their activ-
ity (see below).

1. Simon metabolites: Initially, two major metabolites of α-tocopherol, the “Simon
metabolites” (tocopheronic acid and tocopheronolactone) were described.52,53

Since they have a shortened side chain and an opened chroman structure, they are
often quoted to demonstrate the antioxidant function of α-tocopherol in vivo.
These metabolites are excreted in the urine as glucuronides or sulfates. The level
of these metabolites increases markedly in the urine of healthy volunteers after a
daily intake of 2 to 3 g all rac-α-tocopherol.

2. Carboxyethyl hydroxychromans (CEHCs): Further analysis of the vitamin E
metabolism in humans led to the discovery of a novel pathway of tocopherol
metabolism.54 Instead of Simon metabolites, a compound with a shortened side
chain but an intact chroman structure, α-carboxyethyl hydroxychroman (α-
CEHC), was identified after supplementation with RRR-α-tocopherol.55 This
metabolite is analogous to that of δ-tocopherol found previously in rats56 and that
of γ-tocopherol identified in human urine and proposed as a natriuretic factor.57

The intact chroman structure of these CEHCs suggests that they are derived from
tocopherols which have not reacted as antioxidants. The proposed pathway of
side-chain degradation of tocopherol proceeds first via ω- and then β-oxidation.56

The initial step, the ω-hydroxylation of the side chain is catalyzed by the action
of cytochrome P450 (CYP)-dependent hydroxylases. Inhibitors of the CYP3A
family, like sesamin and ketoconazole, inhibit the formation of γ-CEHC, and
dietary intervention with sesame oils in humans leads to increased serum γ-
tocopherol levels.58,59 Induction of CYP3A by rifampicin resulted in an increase
of the α-tocopherol metabolites in HepG2 cells.60 α-CEHC excretion was
increased with increasing vitamin E intake after a threshold of plasma α-toco-
pherol had been exceeded.55

CEHC accumulation may mediate anti-inflammatory and antioxidative effects
or have other regulatory properties.61–63 Both α-CEHC and γ-CEHC inhibited
microglial PGE(2) production, nitrite production, and reduced iNOS mRNA and
protein expression, but neither α- nor γ-tocopherol was effective at inhibiting these
cytokine-stimulated inflammatory processes. The metabolite of γ-tocopherol, γ-
CEHC has natriuretic activity by inhibition of the 70 pS potassium channel of the
thick ascending limb of the loop of Henle, and not by inhibiting the Na+/K+-
ATPase. The analogous α-tocopherol metabolite showed no inhibition.64 γ-CEHC
inhibits also cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2) synthesis
in activated macrophages and epithelial cells, events that could change the cellular
behavior and affect gene expression.65,66 In carrageenan-induced inflammation in
male Wistar rats, administration of γ-tocopherol or γ-CEHC, but not α-tocopherol,
reduces PGE2 synthesis at the site of inflammation, and inhibits leukotriene B4
formation, a potent chemotactic agent synthesized by the 5-lipoxygenase of neu-
trophils.67 γ-Tocopherol and γ-CEHC exerted an inhibitory effect on cyclin D1
expression with parallel retardation of cell proliferation.68 Interestingly, the inhi-
bition of cyclin D1 expression by γ-CEHC was competed for by α-CEHC, sug-
gesting a non-antioxidant mechanism. Another metabolite of vitamin E, 2,2,5,7,8-
pentamethyl-6-chromanol (PMCol), has been found to inhibit growth of androgen-
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sensitive prostate carcinoma cells, which is due to the potent anti-androgenic
activity of this compound.69

Tocopheryl Quinones

The tocopherols are converted by oxidation to tocopheryl quinones, which upon
reduction become tocopheryl hydroquinones. The reduction of α-tocopheryl quinone
to α-tocopheryl hydroquinone occurs either via NADPH-cytochrome P450 reduc-
tase,70 NAD(P)H:quinone oxidoreductase 1,71,72 or ascorbate71; for the other toco-
pherols these pathways have not been tested. The tocopheryl hydroquinones can
regenerate the tocopheroxyl radical and thus preserve α-tocopherol with different
efficiencies (α > β > γ-tocopheryl hydroquinone).73

δ-tocopheryl quinone and γ-tocopheryl quinone, but not α-tocopheryl
quinone, are cytotoxic to cultured aortic smooth muscle cells, acute lymphoblastic
leukemia (ALL) cells and AS52 Chinese hamster ovary cells.74,75 In HL-60 cells
and colon adenocarcinoma WiDr cells, γ-tocopheryl quinone induces apoptosis
via caspase-9 activation and cytochrome c release.76 Furthermore, γ-tocopheryl
quinone is highly mutagenic in AS52 cells, whereas α-tocopheryl quinone is not,
possibly given an evolutionary advantage to organisms limiting γ-tocopherol, the
precursor of γ-tocopheryl quinone.75 In vivo, dietary α-tocopherol decreased
genetic instability in the mouse mutatect tumor model, whereas γ-tocopherol had
no effects.77 

Recently, the tocopherol-associated protein (TAP/SPF) has been described to
bind α-tocopheryl quinone, the structure of the complex has been resolved, and it
remains to be shown whether any of the effects of the tocopheryl quinones are
mediated via the TAP proteins.78–80

Occurrence of Vitamin E in Food

The eight vitamin E analogs are widely distributed in nature, and the richest
sources are latex lipids (~80 mg/g of latex), followed by edible plant oils (Figure
12.3). Sunflower seeds contain almost exclusively α-tocopherol (59.5 mg/g of
oil), oil from soybeans contains the γ-, δ-, and α-tocopherol (62.4, 20.4, and 11.0
mg/g oil), while palm oil contains high concentrations of tocotrienols (17.2 mg/g
oil) and α-tocopherol (18.3 mg/g oil).81 However, the uptake of tocotrienols from
the human diet is generally low. As a result of different amounts of the various
tocopherols in the oils and the dietary oil preferences in different countries, the
plasma and tissue levels of certain tocopherols can be different. In the U.S. the
intake of γ-tocopherol is higher than that of α-tocopherol because of the high
intake of corn oil. In Europe the intake of α-tocopherol is higher than that of γ-
tocopherol because of the high intake of sunflower and olive oils, whereas the
higher intake of soybeans in Asia leads to a higher intake of δ-tocopherol. As a
consequence, the interpretation of epidemiological studies from different coun-
tries may require taking into account the different situations at the start of the
supplementation.
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Plasma and Tissue Concentrations of Vitamin E Analogs

In human plasma, average α-tocopherol concentrations (22 to 28 μM) are about 10
and 100 times higher than γ-tocopherol (2.5 μM) and δ-tocopherol (0.3 μM) con-
centrations, respectively48,63 In tissues, the highest contents of α-tocopherol are found
in adipose tissue (150 μg/g tissue) and the adrenal gland (132 μg/g tissue), other
organs like kidney, heart, or liver contain between 7 and 40 μg/g tissues, and
erythrocytes have a relatively low content (2 μg/g tissue).82,83 These differences in
the amount of α-tocopherol suggest tissue-specific mechanisms for enrichment or
storage of tissue α-tocopherol. When compared to the other tocopherol analogs, α-
tocopherol is found at the highest concentration in plasma and tissues, with the
exception of skin, where γ-tocopherol is highest (Figure 12.4). Whereas the proteins
involved in selective α-tocopherol retention have been well described in the last 20
years (see below), the mechanisms involved in enrichment of γ-tocopherol in skin
or muscle tissue remain unclear.

VITAMIN E UPTAKE AND DISTRIBUTION

Vitamin E Transport from the Intestine

In humans, vitamin E is taken up together with dietary lipids and bile in the
proximal part of the intestine, with an average efficiency of about 30%. All four
tocopherols are taken up equally, suggesting that, at this level, there is no selec-
tivity. Consequently, a diet rich in γ-tocopherol or δ-tocopherol increases the level

Figure 12.3 Tocopherols distribution in commonly used dietary oils. More than 50% of total
vitamin E uptake is derived from dietary oils. Olive and sunflower oils (common
to European diet) contain mainly α-tocopherol, corn oils (common to U.S. diet)
contain mainly γ-tocopherol, and soy oils (common to Asian diet) contain mainly
γ- and δ-tocopherol.48,81,186,187 With the exception of palm oil, which has high levels
of tocotrienols (13% α-tocopherol, 75% tocotrienols), most oils contain only low
amounts of tocotrienols (not shown). However, the uptake and retention of tocot-
rienols from the human diet are generally low.
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of γ-tocopherol in tissues, albeit in most tissues α-tocopherol is the predominant
form. Since competition between the tocopherols occurs, relative tissue levels of
tocopherols are dependent on the relative amount of each tocopherol in the diet.84

The tocopherols are reassembled together with triglycerides, cholesterol, phos-
pholipids, and apolipoproteins into chylomicrons (Figure 12.5). In the course of
chylomicron lipolysis, a part of the vitamin E is distributed to peripheral tissues,
and the liver with the chylomicron remnants captures the other part (→ chylomicron
tocopherol cycle).

α-Tocopherol Salvage Pathway from the Liver

Apparently, the plasma and tissue levels of the four tocopherols reached by chylo-
micron transport is not sufficient, since α-tocopherol is recycled from the liver by
a specific α-tocopherol salvage pathway and mutation of this pathway leads to
vitamin E deficiency syndromes (Figure 12.5). The liver α-tocopherol transfer pro-
tein (α-TTP) recognizes preferentially α-tocopherol and, thus, plays an important
role in determining the plasma vitamin E level (Figure 12.5).85 Vitamin E is then
transported in the blood by VLDL and delivered to peripheral tissues together with
triglycerides and cholesteryl esters. Lipolysis of the triglycerides in VLDL by lipo-
protein lipase converts VLDL into LDL. The plasma phospholipid transfer protein
facilitates the exchange of α-tocopherol between different lipoproteins, such as LDL
and HDL, which contain more than 90% of the total serum vitamin E. A part of α-
tocopherol is taken up by endothelial cells together with free fatty acids and
monoglycerides. Another pathway of α-tocopherol uptake occurs by endocytosis of
LDL via the LDL receptor.86

In the lungs, HDL is the primary source of vitamin E for type II pneumocytes,
and its uptake is regulated by the expression of scavenger receptor SR-BI.87 In the
brain, HDL-associated α-tocopherol is selectively transferred into cells constituting
the blood-brain barrier via SR-BI.88 Similarly, SR-BI transports HDL-associated α-
tocopherol coming from the periphery back into the liver, where it is again specif-
ically recognized by α-TTP, recycled, and secreted in VLDL.89

Figure 12.4 Tocopherols distribution in human tissues. With the exception of skin with high
levels of γ-tocopherol, α-tocopherol is the most abundant tocopherol in plasma
and peripheral tissues. The relative amounts of the tocopherol analogs in human
plasma and tissues is determined by their amounts in the diet, their transport by
chylomicrons (→ chylomicron tocopherol cycle), the relative affinity of liver α-TTP
for the tocopherols (→ α-tocopherol salvage pathway), and the uptake, export
and elimination efficiencies in different tissues (see Figure 12.5).
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Figure 12.5 Vitamin E uptake and metabolism. 

 Chylomicron tocopherol cycle and tocopherol metabolism: The four toco-
pherols are taken up with equal efficiency (average 30%) via the intestine and
distributed to peripheral tissues by chylomicrons (Cm). In the course of chylo-
micron lipolysis, a part of the vitamin E is distributed to peripheral tissues, and
the liver, with the chylomicron remnants, captures the other part. Chylomicron
remnants (CmR) are taken up by the liver; the α-tocopherol is preferentially
recognized, sorted and secreted with VLDL. The remaining tocopherols and
excess α-tocopherol is metabolized by the cytochrome P450 (CYP3A) enzyme,
a phase I enzyme recognizing foreign compounds.54 Thus, higher amounts of
β-, γ-, and δ-tocopherols may be recognized as “foreign,” possibly because they
have cellular effects that interfere with the normal cellular behavior. Alternatively,
as explained in the text, the metabolites of the tocopherols may have specific
cellular roles. Since they are water soluble, they are cleared by the kidney. Part
of the liver tocopherols (up to 14%) is also secreted with bile, and up to 60%
of biliary α-tocopherol is reabsorbed, thus possibly undergoing a second chy-
lomicron cycle.188,189 

  α-Tocopherol salvage pathway: In the liver the α-tocopherol transfer protein
(α-TTP) preferentially recognizes α-tocopherol and incorporates it into VLDL.
During circulation in the blood, VLDL converts to LDL and HDL and delivers
its content including the α-tocopherol to the peripheral tissues. Excess toco-
pherols are transported back in LDL and HDL to the liver, where they undergo
the next round in this cycle. Since the presence of α-tocopherol in chylomicrons
after dietary uptake is transient, the α-tocopherol salvage pathway may allow
maintaining a continuously increased level of α-tocopherol in plasma and
tissues.
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α-TTP is mainly expressed in the liver, and low levels are expressed in the
brain,90 in the retina,91 lymphocytes, and fibroblasts.92 Moreover, α-TTP expres-
sion in the labyrinthine trophoblast region of the placenta plays an important role
in supplying the vitamin to the fetus, which may explain the fetal resorption
occurring in rats fed a vitamin E deficient diet.93 Mutations in α-TTP result in a
familial disease, ataxia with vitamin E deficiency (AVED), associated with low
levels of α-tocopherol in plasma and symptoms closely resembling those of
Friedreich’s ataxia.91,94 By following the plasma concentrations in patients
expressing a mutant α-TTP gene, it became clear that the main physiological
purpose of the α-tocopherol salvage pathway is to maintain a high and continuous
plasma concentration of α-tocopherol.95,96 Thus, in addition to the dietary avail-
ability of α-tocopherol, the expression level of liver α-TTP protein is a critical
determinant of the α-tocopherol level in plasma and peripheral cells.

The maintenance of high concentrations of α-tocopherol in plasma protects the
lipoproteins (VLDL, LDL, and HDL) from oxidative damage,97 however, this may
not be the only physiological purpose of this pathway. Given the neurodegenerative
symptoms caused by a deficient α-TTP gene, it can be assumed that the evolutionary
benefit of this pathway is to improve the delivery of α-tocopherol to the brain and
the peripheral nervous system by maintaining adequate and continuous plasma levels
of α-tocopherol. Other tissues, such as muscle tissues, may be less affected by
vitamin E deficiency, since they may receive sufficient tocopherols via the chylomi-
cron tocopherol cycle, whereas the brain may rely more on VLDL/HDL and not
chylomicrons as a source for α-tocopherol. This is confirmed in α-TTP knockout
mice, in which the delivery of α-tocopherol is lowest for brain and spinal cord (2.5%
of normal), whereas other tissues (liver, skin, adrenal gland, muscle, and others) can
maintain a significant level of α-tocopherol (10 to 30% of normal), despite the
absence of a functional α-tocopherol salvage pathway.98

Intracellular Distribution of Vitamin E

Higher concentrations of vitamin E have been described in particular organelles,
such as Golgi, lysosomes, and mitochondria. Most α-tocopherol is located in the
mitochondrial fractions and in the endoplasmic reticulum, whereas little is found in
cytosol and peroxisomes.46 In mitochondria, more α-tocopherol is found in the inner
membrane (83.7%) than in the outer membrane (14.3%).99 This organelle-specific
tocopherol distribution could be explained by specific cellular tocopherol transport-
ers or by selective transport across the endothelial cell layer. In line with this, α-
and γ-tocopherols are differently taken up in cultured human endothelial cells,
suggesting specific tocopherol transporters and receptors.100

In the last decade, several proteins have been described that can bind toco-
pherols, however, their role in intracellular distribution of the tocopherols remains
to be shown in detail.101–105 A 14.2 kDa tocopherol-binding protein (TBP) was
shown to enhance up to ten-fold the transport of α-tocopherol to the mitochon-
dria.102 Among the tocopherol-binding proteins, only α-TTP and several human
tocopherol associated proteins (hTAP1, hTAP2, hTAP3) have been cloned and
shown in vitro to bind tocopherol with reasonable affinity (Table 12.1).78,80,106–109
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The binding of tocotrienols to these proteins has so far only demonstrated for α-
TTP, which bound α-tocotrienol with an affinity similar to γ-tocopherol.78,80,106–109

The hTAP proteins could participate in the intracellular distribution of vitamin E
and mediate tocopherol transport to the Golgi apparatus or to the mitochon-
dria.109,110 Moreover, the role of hTAPs and similar proteins may be that of con-
ferring specificity to the action of the different tocopherols, through recognition
and selective transport to enzymes, transcription factors, nuclear receptors such
as PXR, or organelles. Indeed, the hTAP1 protein recognizes the different natural
tocopherols with different specificity; among the tocopherols, the affinity for γ-
tocopherol is highest and it is unknown whether this explains the relatively high
concentration of γ-tocopherol in the skin (Figure 12.4).80 Furthermore, the hTAP
proteins bind phospholipids that are involved in cellular signaling, such as phos-
phatidylglycerol, phosphatidylinositol, phosphatidylserine, and phosphatidic acid,
and α-tocopherol can compete with these ligands.78,109,111 Thus, the hTAP proteins
may be involved in the regulation of cellular tocopherol concentration, tocopherol
transport, and tocopherol-mediated signaling.109,112,113

Cellular Export of Vitamin E

Apart from the α-TTP-mediated VLDL incorporation and export, secretion of α-
tocopherol from cultured cells is also mediated by ABCA1 and other not yet char-
acterized processes. ABCA1 is an ATP-binding cassette protein that transports cel-
lular cholesterol and phospholipids to lipid-poor high-density lipoproteins (HDL)
and apolipoproteins such as apoA-I.114 In this study, cells lacking an active ABCA1
pathway markedly increased secretion of α-tocopherol to apoA-I after overexpres-
sion of ABCA1.

Possible Biological Reasons for Selective α-Tocopherol Retention

Cells incubated with different natural or synthetic vitamin E analogs show striking
differences in cellular responses; since most of the synthetic analogs of vitamin
E cannot act as antioxidants, and the natural tocopherols have essentially equal
antioxidant activity, such differences can only be explained by specific non-

Table 12.1 Tocopherol Binding Proteins

Protein Proposed Function Related to Vitamin E

α-Tocopherol transfer protein (α-
TTP)

Tocopherol transport and retention; incorporation of α-
tocopherol into VLDL80,85,105,190

Tocopherol associated protein 1 
(TAP1/SPF)

Tocopherol and phospholipid transport and signaling; 
regulation of cholesterol synthesis80,106,107,109,191,192

Tocopherol associated protein 2 
(TAP2)

Tocopherol and phospholipid transport and signaling109

Tocopherol associated protein 3 
(TAP3)

Tocopherol and phospholipid transport and signaling109

Afamin Tocopherol transport, storage, and 
neuroprotection193,194
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antioxidant interaction of each tocopherol analog with cellular signaling and gene
expression pathways.

It is still unexplained why nature selected specifically the α form of tocopherol
to selectively increase its plasma and tissue concentration. As discussed below, it
can be speculated that α-tocopherol has some specific characteristics (e.g., the fully
methylated chromanol-head group may be required for optimal interactions with
enzymes or “α-tocopherol receptors”). In addition, the protection of the –OH group
of α-tocopherol by the nearby methyl groups may render its oxidation more difficult
and, once oxidation had taken place, the resulting radical may be long lived enough
to permit reduction and restoration of the original molecule. On the other hand, the
β-, γ-, and δ- tocopherols and the α-, β-, γ-, and δ- tocotrienols and their metabolites,
may have biological effects at higher concentrations that may interfere with normal
cellular processes, so that they need to be specifically recognized, metabolized by
the liver, and later eliminated. However, adverse effects of these tocopherols analogs
are difficult to assess experimentally, since in the normal setting they are continu-
ously eliminated from the body. It is furthermore unknown whether these tocopherols
analogs and their metabolites have an essential cellular function at low concentration;
since they are eliminated through the bile, they may in fact exert a direct beneficial
effect in the gastrointestinal tract.115

A unique feature of α-tocopherol is the location of the reactive –OH group
between two methyl groups; after reacting with a lipid peroxide the unpaired electron
can delocalize over the fully substituted chromanol ring, which is known to increase
its stability and chemical reactivity.31,116 As a consequence, α-tocopherol and α-
tocotrienol, but not the other forms of tocopherol, can reduce in vitro Cu(II) to give
Cu(I) together with α-tocopheryl quinones and α-tocotrienyl quinone, respectively,
and they can exert pro-oxidant effects in the oxidation of methyl linoleate in SDS
micelles.117 However, albeit α-tocotrienol has higher antioxidant activity than α-
tocopherol in membranes,118 only α-tocopherol is retained; this suggests that the
liver α-TTP protein evolved to recognize and retain α-tocotrienol inefficiently, since
the presence of continuously increased levels of α-tocotrienol in serum possibly
would interfere with normal cellular reactions. In addition, since α-tocotrienol is
taken up into certain cells in culture with higher efficiency than α-tocopherol, it may
exert biological effects already at lower effective concentrations. In line with this
model, it was shown that α-tocotrienol was more potent in many cellular reactions
than α-tocopherol, such as in reducing cholesterol levels by inhibition of HMG-
CoA reductase activity and its mRNA translation, by decreasing the secretion of
apoB and increasing its proteasomal degradation,119–123 or by blocking glutamate-
induced death.124 During ischemia/reperfusion, tocotrienol restored both 20S- and
26S-proteasome activities and significantly inhibited the phosphorylation of cSrc.125

Among the vitamin E analogs examined, α-tocotrienol exhibited the most potent
neuroprotective actions in rat striatal cultures.126 Furthermore, the efficacy of tocot-
rienol for reduction of VCAM-1 expression and adhesion of THP-1 cells and mono-
cytes to HUVECs was ten-fold higher than that of α-tocopherol, and this was
explained by a higher cellular uptake of α-tocotrienol in these cells.127–129 The
tocotrienols were more potent than the tocopherols in inhibiting proliferation and
inducing apoptosis in the estrogen-responsive MCF7 and estrogen-nonresponsive
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MDA-MB-435 human breast cancer cell lines in culture,130 as well as in preneoplastic
and neoplastic mouse mammary epithelial cells.131–133 The α- and γ-tocotrienols were
effective against transplantable murine tumors (sarcoma 180, Ehrlich carcinoma,
and IMC carcinoma), whereas α-tocopherol had only a slight effect.134 Recent studies
showed that tocotrienol-induced apoptosis results from the activation of specific
intracellular cysteine proteases (caspases) associated with death receptor activation
and signal transduction.135

MOLECULAR ACTION OF VITAMIN E

The molecular effects of the different tocopherols can be classified as either antiox-
idant, pro-oxidant, antialkylating or non-antioxidant. In the following we will focus
on non-antioxidant cellular properties of vitamin E (Table 12.2); the other activities
of vitamin E have been extensively reviewed.6,8,136–142

Modulation of Enzymatic Activity by Vitamin E

Over the last decade, vitamin E has been shown to have specific effects on cellular
signalling and gene regulation, modulating cellular events such as proliferation,
apoptosis/survival, migration, and adhesion.5,6,8,143 The main effects on signalling at
the enzymatic level are inhibition of protein kinase C (PKC) activity,144,145 activation
of protein phosphatase 2A (PP2A),146 inhibition of protein kinase B (PKB) activ-
ity,28,147 modulation of phospholipase A2 activity,148 and inhibition of cyclooxygen-
ase-2 activity.149 The crystal structure of phospholipase A2with the inhibitory vitamin
E is a strong example of non-antioxidant vitamin E-enzyme interaction with regu-
latory function.150 In many situations, only α-tocopherol has been checked, and it

Table 12.2  Molecular Activities of Vitamin E

Activity of Vitamin E Target of Vitamin E

Antioxidant activity Scavenging of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS)6,8,136–142

Prooxidant activity Lipid peroxidation197,198

Anti-alkylating activity Scavenging of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) 199–201

Non-antioxidant activity Reviewed in 5,6,8,166

Modulation of enzymatic activity Protein kinase C (PKC)145

Protein kinase B (PKB)28,147

Protein tyrosine phosphorylation202,203

Protein phosphatase 2A (PP2A)50,145

Phospholipase A2148,204

Cyclooxygenase149

5-Lipoxygenase205

Glutathione S-transferase206

NADPH-oxidase207

Modulation of gene expression More than 32 genes affected8,152,208,209 
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is unclear whether other tocopherols or tocotrienols work equally well. In some
studies, differences between the natural tocopherols were found, for example, δ-
tocopherol was more potent than α-tocopherol in inhibiting proliferation and induc-
tion of apoptosis in human mast cells as well as human hepatoma cells (HepG2).28,151

In other experiments, the effects of vitamin E have been only tested in the test tube
and need to be confirmed in vivo. Since the natural tocopherol analogs have essen-
tially equal antioxidant activity, differences seen in cellular reactions can only be
explained by non-antioxidant activities of the tocopherols. In summary, it can be
assumed that the tocopherols modulate cellular behavior by specific interactions
with enzymes, structural proteins, lipids, and transcription factors.

Modulation of Gene Expression by Vitamin E

Several genes have been described as being modulated by tocopherol.8,152 However,
how the tocopherols can modulate gene expression is not yet clearly resolved and,
indeed, may involve several different antioxidant and non-antioxidant molecular
mechanisms. To explain all the effects seen at the level of gene expression, several
regulatory pathways have to be considered: 

1. The tocopherols may influence gene expression by direct modulation of the activ-
ity of specific transcription factors in a non-antioxidant fashion, for example, via
the pregnane X receptor (PXR),153 possibly other nuclear receptors such as the
peroxisome proliferators activated receptors (PPARs), orphan nuclear receptors,
or via one of three human tocopherol associated proteins, hTAPs, recently reported
to modulate gene expression.109,154 As an example, the PPARγ mRNA and protein
expression in the SW480 colon cancer cells is upregulated by α- and γ-to-
copherol.155 Furthermore, vitamin E activates CYP3A4 and CYP3A5 mRNA
expression via the human pregnane X receptor (PXR) in a tocopherol-specific
manner: α-tocopherol activates weakly, whereas β-, γ-, and δ-tocopherol and the
tocotrienols lead to stronger induction, whereas the tocopherol metabolic products
do not activate.156 PXR is involved in the drug hydroxylation and elimination
pathways, and it activates genes such as cytochromes P450 (CYP) (e.g., CYP3A
and some ABC transporters).153 A physiological explanation for the selective
retention of α-tocopherol and the elimination of all the others tocopherol analogs
could thus be the absence of strong PXR activation by α-tocopherol and the
consequent absence of induction of enzymes involved in its metabolism. In the
liver, α-tocopherol may be specifically sorted by α-TTP into vesicles destined for
incorporation into VLDL. Only when the level of α-tocopherol exceeds the capac-
ity of α-TTP may transport to the metabolic enzymes occur. The other tocopherols
are not retained by α-TTP, activate PXR, and then become metabolized and
eliminated by CYP3A. Tocopherol-binding proteins, such as α-TTP and hTAPs,
could mediate these effects by generating specificity to the metabolism and action
of the tocopherols.

2. The tocopherols can change the activity of transcription factors and signal trans-
duction pathways by modulating enzymes, such as protein phosphatase 2A
(PP2A), protein kinase C α (PKCα), tyrosine kinases, protein kinase B (PKB),
the phospholipase A2, 5-lipoxygenase, and cyclooxygenase 2, which could indi-
rectly influence gene expression.8 Phosphorylation of the nuclear receptor, RXRα,
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was inhibited by α-tocopherol as a result of PKC inhibition, leading to increased
expression of the CRABP-II gene.157 In the absence of PMA, α-tocopherol led to
activation of AP-1, whereas in the presence of PMA inhibition occurred, whereas
β-tocopherol had no effect.158,159

3. The tocopherols may also influence gene expression by binding to proteins like
hTAP, which may act as “molecular chaperones,” which generate specificity to
the action of the tocopherols. These proteins may regulate tocopherol access to
specific enzymes and transcription factors or control the level of “free” tocopherol.
The hTAPs modulate in vitro the activity of recombinant phosphatidylinositol-3-
kinase and α-tocopherol modulates kinase activity in an hTAP-dependent manner,
possibly by competition with phosphatidylinositol. Thus, by modulating the intra-
cellular targeting of these ligands to enzymes and organelles, the hTAPs may
influence the activity of lipid-dependent enzymes.109,112

4. The tocopherols may be metabolized to bioactive compounds, such as Simon
metabolites, CEHCs, or tocopheryl quinones (see sections on tocopherol metab-
olites and tocopheryl quinones), which can bind to transcription factors and
enzymes and modulate their activity.

5. Tocopherols may act as a precursor for the synthesis of tocopheryl phosphates,
which would be the real effector molecules by influencing cellular events such
as signal transduction, apoptosis/survival, and gene expression (see section on
α-tocopherol phosphate).

PREVENTIVE EFFECTS OF VITAMIN E

Prevention of Vitamin E Deficiency Syndromes

It should be noted that vitamin E deficiency in humans with full neurological
symptoms is rare and usually is the consequence of mutations of the α-tocopherol
transfer protein (α-TTP) leading to ataxia with vitamin E deficiency (AVED). These
patients with plasma α-tocopherol concentrations below 2.2 μM are affected by
ataxia, loss of neurons, retinal atrophy, massive accumulation of lipofuscin in neu-
rons, and retinitis pigmentosa.48,94,160 These symptoms are similar to those of Frie-
dreich’s ataxia, a disease caused by defective expression of frataxin and the conse-
quent increased mitochondrial oxidative damage and cell death, which is also
beneficially influenced by vitamin E.91 In Friedreich’s ataxia fibroblasts cell damage
can be more efficiently prevented by using a mitochondria-targeted vitamin E deriv-
ative (MitoVit E) than by using α-tocopherol.161 Similar to that, the combined
coenzyme Q(10) (400 mg/d) and vitamin E (2100 IU/d) therapy of patients with
Friedreich’s ataxia over 47 months resulted in sustained improvement in mitochon-
drial energy synthesis that was associated with a slowing of the progression of certain
clinical features and a significant improvement in cardiac function.162

What is more frequent than vitamin E deficiency is vitamin E insufficiency, with
suboptimal vitamin E supply in the diet or inefficient uptake and distribution of
vitamin E. The normal average plasma concentration of vitamin E is 23.2 μM; a
plasma level below 11.6 μM is regarded as deficient.163 Certain diseases, like abe-
talipoproteinemia, chronic cholestatic liver disease, cystic fibrosis, chronic pancre-
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atitis, progressive systemic sclerosis, short-bowel syndrome, or several other lipid
malabsorption syndromes are associated with a low efficiency of vitamin E uptake,
leading to similar symptoms as in AVED. These symptoms clearly can be prevented
and, in some situations, reversed by supplemental vitamin E.163

Prevention of Atherosclerosis, Cancer, Fibrosis, and 
Neurodegenerative Diseases by Vitamin E

Several epidemiological studies have shown a preventive effect of α-tocopherol on
atherosclerosis and other diseases (Table 12.3).5,6,8,164–168 However, a more recent
clinical trial (the HOPE study) has failed to demonstrate the clinical utility for α-
tocopherol in the advanced cardiovascular patient.169 In a recent follow-up study
(HOPE-TOO), it was concluded that long-term vitamin E supplementation does not
prevent cancer or major cardiovascular events in patients with vascular disease or
diabetes mellitus.170 Thus, vitamin E may act more as a long-term preventive agent,
and in patients with advanced disease (as in the HOPE study), its effect may not be
evident. In these studies, vitamin E in lipoproteins (mainly LDL) and also in the
subendothelial space has been hypothesized to play a central role in reducing athero-
genesis by preventing lipid peroxidation and consequent lesion development.142

However, the non-antioxidant activities of vitamin E suggest alternative molecular
pathways that could be involved in the preventive effects of vitamin E.

Other studies have described preventive effects of vitamin E supplementation
against certain types of cancer,171–175 fibrotic disease,176,177 or neurodegenerative dis-
eases such as Alzheimer’s178,179 or Parkinson’s disease180 (reviewed by J.M. Zingg and

Table 12.3 Preventive Effects of Vitamin E on Several Diseases

Disease Proposed Mechanisms

Atherosclerosis Inhibition of smooth muscle cell proliferation; inhibition of 
inflammatory processes; modulation of gene expression; 
prevention of lipid and lipoprotein (LDL) 
oxidation5,6,8,164,167,168,170

Cancer (prostate, breast, 
colorectal, lung)

Inhibition of cell proliferation by modulation of signal 
transduction and gene expression; induction of 
apoptosis171–175

Fibrotic diseases Inhibition of oxidative stress; modulation of signal 
transduction and gene expression176,177

Neurodegenerative diseases 
(Alzheimer’s, Parkinson’s)

Prevention of cell death; inhibition of oxidative stress; 
modulation of signal transduction and gene 
expression178–180

Disorders associated with 
vitamin E deficiency (ataxia 
with vitamin E deficiency 
(AVED), chronic cholestatic 
liver disease, cystic fibrosis, 
chronic pancreatitis, short 
bowel syndrome, 
progressive systemic 
sclerosis, 
abetalipoproteinaemia)

Prevention of cell death; inhibition of oxidative stress; 
modulation of signal transduction and gene 
expression163,195,196
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A. Azzi8 and A. Azzi et al.166). All studies are based on the finding that vitamin E levels
can be increased by extra dietary supplementation, implying that pathways involved
in vitamin E uptake and body distribution are often not saturated. Plasma vitamin E
concentrations could vary in different individuals as a consequence of consumption
by excessive production of oxidants or of a deficient uptake and transport into plasma
and tissues. Polymorphisms of tocopherol binding proteins, like hTTP or hTAPs and
others, and their cellular expression levels, could be the reason for the individual
vitamin E uptake and response and could explain the differential susceptibility to
disorders such as atherosclerosis, certain cancers, and neurodegenerative diseases.181

Thus, further studies about proteins possibly involved in tocopherol uptake, cellular
distribution, and signaling are required to explain the beneficial function of vitamin E
in several degenerative diseases, ranging from cardiomyopathy to Alzheimer’s, Par-
kinson’s, and several ataxias with unknown etiologies. These diseases have in common
that they often show mitochondrial impairment, and reduced levels of mitochondrial
vitamin E may accelerate this process.180,182–185

CONCLUSIONS

The results summarized in this review strongly indicate that each natural and syn-
thetic vitamin E analog can have its specific biological effects, and these effects are
often not linked to its antioxidant activity. Thus, the term vitamin E should only be
used when also specifying the exact analog composition, in particular when describ-
ing the activities of vitamin E in experimental settings. At the molecular level, the
different vitamin E analog are modulating signal transduction and gene expression,
most likely by specific interaction of each vitamin E analog with specific proteins
and cellular structures, and not by acting primarily as antioxidants. As a consequence
it is reasonable to assume that the basis of the selective retention of α-tocopherol
is found in some of the non-antioxidant activities of this analog, or that the other
tocopherol analog at higher concentrations perform biological activities that interfere
with the normal cellular performance. Both of these molecular activities may explain
the health-promoting effects described for vitamin E.
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