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Preface

 

It may be difficult to imagine a more exciting time than today to be involved in nutrition research,
education, and general health promotion. The investigative opportunities seem to be limitless and
research tools range from large-scale epidemiology survey assessment to focused assessment of
cellular gene expression using molecular biology technique. Furthermore, scientific information
can be shared rapidly and globally via a variety of channels including scientific journals, magazines,
and Internet Web sites. The advent of many of the probing investigative techniques occurred in the
latter half of the 20th century and has evolved to the current state of the art. These advances have
allowed scientists to objectively investigate some of the most ancient concepts in the application
of foods as well as epidemiological relationships related to optimizing health and performance and
the prevention and/or the treatment of diseases. 

Throughout the bulk of the twentieth century nutrition recommendations seemed to focus more
upon “what not to eat” on a foundation consisting of the adequate provision of essential nutrients
such as essential amino and fatty acids, vitamins, minerals, and water. For instance, recommenda-
tions were to limit dietary substances such as saturated fatty acids, cholesterol, and sodium. Today
scientists are recognizing that the other side of the nutrition coin, or “what to eat,” may be just as
important, if not more so. We have known for some time now that people who eat a diet rich in
more natural foods, such as fruits, vegetables, nuts, whole grains, and fish, tend to lead a more
disease-free life. The incidences of certain cancers and heart disease are noticeably lower than in
populations that eat considerably lower amounts of these foods. For a while many nutritionists
believed that this observation was more of an association rather than cause and effect. This is to
say that the higher incidence of disease was more the result of higher calories, fat and processed
foods in conjunction with lower physical activity typically associated with the lower consumption
of fruits, vegetables, etc., rather than the lack of these foods. Thus, recommendations focused on
limiting many of the “bad” food items by substituting them with foods that were not associated
with the degenerative diseases, deemed “good” foods somewhat by default. With time scientists
were able to better understand the composition of the “good” foods. Evidence quickly mounted to
support earlier beliefs that many natural foods are seemingly prophylactic and medicinal.

Today we find ourselves at what seems to be an epoch in understanding humanity’s relationship
with nature. Nutraceutical concepts remind us of our vast reliance upon other life forms on this
planet. For it is these entities that not only provide us with our dietary essentials but also factors
that yield protection against the environment in which we exist and the potentially pathological
events we internally create. Food was an environmental tool used in the sculpting of the human
genome. It is only logical to think then that eating more natural foods such as fruits and vegetables
would lead to a healthier existence.

The advancement of scientific techniques has not only allowed us to better understand the diet
we are supposed to eat, but it has also opened the door to one of the most interesting events in
commerce. Food companies are now able to market foods with approved health claims touting the
nutraceutical or functional properties of the food. Food companies are also able to fortify existing
foods with nutraceutical substances and/or create new foods designed to include one or more
nutraceutical substances in their recipes. The opportunity afforded to food companies involved in
functional foods appears without limitations at this time.

Despite the fact that this book reviews numerous nutraceuticals and functional foods, the field
is still very young and surely there is much more to be learned and applied to a healthier existence.
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It is hard to imagine that nutrition science would ever be more exciting than this. But perhaps some
scientist wrote that very same thought less than a century ago during the vitamin and mineral boom.

I truly hope you enjoy this book and welcome your comments and thoughts for future editions.
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I. INTRODUCTION

 

The interest in nutraceuticals and functional foods continues to grow, powered by progressive
research efforts to identify properties and potential applications of nutraceutical substances, and
coupled with public interest and consumer demand. The principal reasons for the growth of the
functional food market are current population and health trends. Across the globe, populations are
aging. Life expectancy continues to rise, as does the contribution made by older individuals to the
total population. Also, obesity is now recognized as a global issue as its incidence continues to
climb in countries throughout the world. In the U.S., approximately 62% of the adult population
is classified as overweight (based on body mass index (BMI)), and more than half of those adults
are classified as obese. Heart disease continues to be a primary cause of death, responsible for 32%
of deaths in the U.S., and cancer, osteoporosis, and arthritis remain highly prevalent. As of this
writing, the International Obesity Task Force reports that the incidence of obesity in the majority
of European countries has increased by 10 to 50% in the last 10 years.

 

1

 

Although genetics play a major role in the development of the diseases mentioned above, by
and large most are considered preventable or could be minimized by a proper diet and physical
activity, weight management, and a healthier lifestyle including environment. Additionally, people
can optimize the health-promoting capabilities of their diet by way of supplementation and by
consuming foods that have been formulated or fortified to include health-promoting factors.
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Another reason for the growing trend in functional foods is public education. People today are
more nutrition-savvy than ever before, their interest in health-related information being met by
many courses of information. Each year more and more newspaper and magazine articles are
devoted to the relationship between diet and health, and more specifically, to nutraceutical concepts.
Furthermore, more health-related magazines and books are appearing on bookstore shelves than
ever before. More television programs address topics of disease and prevention/treatment than ever.
But perhaps one of the most significant events to influence public awareness was the advent of the
Internet (World Wide Web). The Internet provides a wealth of information regarding the etiology,
prevention, and treatment of various diseases. Numerous Web sites have been developed by gov-
ernment agencies such as the U.S. Department of Agriculture (USDA; www.nal.usda.gov) and
organizations such as the American Heart Association (www.americanheart.org) and the American
Cancer Society (www.cancer.org). Other information-based businesses such as CNN have infor-
mation Web sites (i.e., www.WebMD.com) and Internet search engines exist for perusing medical
abstracts (e.g., www.nlm.nih.gov/medlineplus).

 

II. DEFINING NUTRACEUTICALS AND FUNCTIONAL FOODS

 

The term 

 

nutraceutical

 

 is a hybrid or contraction of 

 

nutrition

 

 and 

 

pharmaceutical

 

. Reportedly, it
was coined in 1989 by DeFelice and the Foundation for Innovation in Medicine.
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 Restated and
clarified in a press release in 1994,

 

 

 

its definition was “any substance that may be considered a food
or part of a food and provides medical or health benefits, including the prevention and treatment
of disease. Such products may range from isolated nutrients, dietary, supplements and diets to
genetically engineered ‘designer’ foods, herbal products, and processed foods such as cereals,
soups, and beverages.”
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 At present there are no universally accepted definitions for nutraceuticals
and functional foods, although commonality clearly exists between the definitions offered by
different health-oriented professional organizations.

According to the International Food Information Council (IFIC), functional foods are “foods
or dietary components that may provide a health benefit beyond basic nutrition.”

 

4

 

 The International
Life Sciences Institute of North America (ILSI) has defined functional foods as “foods that by
virtue of physiologically active food components provide health benefits beyond basic nutrition.”
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Health Canada defines functional foods as “similar in appearance to a conventional food, consumed
as part of the usual diet, with demonstrated physiological benefits, and/or to reduce the risk of
chronic disease beyond basic nutritional functions.” The 

 

Nutrition Business Journal

 

 classified
functional food as “food fortified with added or concentrated ingredients to functional levels, which
improves health or performance.
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 Functional foods include enriched cereals, breads, sport drinks,
bars, fortified snack foods, baby foods, prepared meals, and more.”

As noted by the American Dietetics Association in a position paper dedicated to functional
foods, the term “functional” implies that the food has some identified value leading to health
benefits, including reduced risk of disease, for the person consuming it.
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 One could easily argue
that functional foods include everything from natural foods, such as fruits and vegetables endowed
with antioxidants and fiber, to fortified and enriched foods, such as orange juice with added calcium
or additional carotenoids, to formulated ready-to-drink beverages containing antioxidants and
immune-supporting factors.

The 

 

Nutrition Business Journal

 

 states that it uses the term nutraceutical for anything that is
consumed primarily or particularly for health reasons. Based on that definition, a functional food
would be a kind of nutraceutical.
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 On the other hand, Health Canada states that nutraceuticals are
a product that is “prepared from foods, but sold in the form of pills or powders (potions), or in
other medicinal forms not usually associated with foods. A nutraceutical is demonstrated to have
a physiological benefit or provide protection against chronic disease.”
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 Based on this definition and
how functional foods are characterized, as noted previously, nutraceuticals would be distinct from
functional foods.
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The potential functions of nutraceutical/functional food ingredients are so often related to the
maintenance or improvement of health that it is necessary to distinguish between a food ingredient
that has function and a drug. The core definition of a drug is any article that is “intended for use
in the diagnosis, cure, mitigation, treatment, or prevention of disease in man or other animals.”(21
U.S.C. 321(g)(1)(B)). At the same time, certain health claims can be made for foods and ingredients
that are associated with health conditions. In the U.S., such health claims are defined and regulated
by the U.S. Food and Drug Administration (USFDA). Health claims related to foods and ingredients
include an implied or explicit statement about the relationship of a food substance to a disease or
health-related condition (21 U.S.C.343(r)(1)(B) and 21 C.F.R.101.14(a)(1)). The major categories
of health claims are listed in Table 1.1 with examples of each.

 

III. CLASSIFYING NUTRACEUTICAL FACTORS

 

The number of purported nutraceutical substances is in the hundreds, and some of the more
recognizable substances include isoflavones, tocotrienols, allyl sulfur compounds, fiber, and caro-
tenoids. In light of a long and growing list of nutraceutical substances, organization systems are
needed to allow for easier understanding and application. This is particularly true for academic
instruction, as well as product formulation by food companies.

Depending upon one’s interest and/or background, the appropriate organizational scheme for
nutraceuticals can vary. For example, cardiologists may be most interested in those nutraceutical
substances that are associated with reducing the risk factors of heart disease. Specifically, their

 

TABLE 1.1
Food Label Claim Guidelines

 

Claim Purpose Example

 

Nutrient content claim Describe content of certain nutrients. “Fat-free,” “low sodium.”
Qualified health claim Describe the relationship between food, food 

component, or dietary supplement and 
reduced risk of a disease or health related 
condition. This claim uses qualifying 
language because the evidence for this 
relationship is emerging and is not yet strong 
enough to meet the standard of significant 
scientific advancement set by the FDA.

“Some scientific evidence suggests that 
consumption of antioxidant vitamins may 
reduce the risk of certain forms of cancer. 
However, FDA has determined that this 
evidence is limited and not conclusive.”

NLEA authorized health 
claims

Characterize a relationship between a food, a 
food component, dietary ingredient, or 
dietary supplement and risk of a disease.

“Diets high in calcium may reduce the risk of 
osteoporosis.”

Structure/function claim Describes role of nutrient or ingredient 
intended to affect normal structure or 
function in humans.

May characterize the means by which the 
nutrient or ingredient affects the structure or 
function.

May describe a benefit related to a deficiency.
Must be accompanied by a disclaimer stating 
that FDA has not reviewed the claim and that 
the product is not intended to “diagnose, 
treat, cure, or prevent any disease.”

“Calcium builds strong bones.”

 

Source:

 

 Adapted from International Life Sciences Institute of North America Web site, http://www.ilsi.org/, 2006.
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interest may lie in substances purported to positively influence hypertension and hypercholester-
olemia and to reduce free radical- or platelet-dependent thrombotic activity. Nutraceutical factors
such as n-3 fatty acids, phytosterols, quercetin, and grape flavonoids would be of particular interest.
Meanwhile, oncologists may be more interested in those substances that target anticarcinogenic
activities. These substances may be associated with augmentations of microsomal detoxification
systems and antioxidant defenses, or they may slow the progression of existing cancer. Thus, their
interest may lie in both chemoprevention or potential adjunctive therapy.

On the other hand, the nutraceutical interest of food scientists working on the development of
a functional food product will not only include physiological properties, but also stability and
sensory properties, as well as issues of cost efficiency. To demonstrate this point, the anticarcino-
genic triterpene limonin is lipid-soluble and intensely bitter, somewhat limiting its commercial use
as a functional food ingredient.

 

10

 

 However, the glucoside derivative of limonin, which shares some
of the anticarcinogenic activity of limonin, is water soluble and virtually tasteless, thereby enhancing
its potential use as an ingredient.

 

11

 

Whether it is for academic instruction, clinical trial design, functional food development, or
dietary recommendations, nutraceutical factors can be organized in several ways. Cited below are
a few ways of organizing nutraceuticals based upon food source, mechanism of action, and
chemical nature.

 

IV. FOOD AND NONFOOD SOURCES OF 
NUTRACEUTICAL FACTORS

 

One of the broader models of organization for nutraceuticals is based upon their potential as a food
source to humans. Here nutraceuticals may be separated into plant, animal, and microbial (i.e.,
bacteria and yeast) groups. Grouping nutraceutical factors in this manner has numerous merits and
can be a valuable tool for diet planning, as well as classroom and seminar instruction.

One interesting consideration with this organization system is that the food source may not
necessarily be the point of origin for one or more substances. An obvious example is conjugated
linoleic acid (CLA), which is part of the human diet, mostly as a component of beef and dairy
foods. However, it is actually made by bacteria in the rumen of the cow. Therefore, issues involving
the food chain or symbiotic relationships may have to be considered for some individuals working
with this organization scheme.

Because of fairly conserved biochemical aspects across species, many nutraceutical substances
are found in both plants and animals, and sometimes in microbes. For example, microbes, plants,
and animals contain choline and phosphotidylcholine. This is also true for sphingolipids; however,
plants and animals are better sources. Also, linolenic acid (18:3 

 

ω

 

-3 fatty acid) can be found in a
variety of food resources including animal flesh, despite the fact that it is primarily synthesized in
plants and other lower members of the food chain. Table 1.2 presents some of the more recognizable
nutraceutical substances grouped according to food-source providers.

Nonfood sources of nutraceutical factors have been sourced by the development of modern
fermentation methods. For example, amino acids and their derivatives have been produced by
bacteria grown in fermentation systems. The emergence of recombinant-genetic techniques have
enabled new avenues for obtaining nutraceutical compounds. These techniques and their products
are being evaluated in the arenas of the marketplace and regulatory concerns around the world. An
example is the production of eicosapentaenoic acid (EPA) by bacteria. This fatty acid is produced
by some algae and bacteria. The EPA derived from salmon are produced by algae and are later
incorporated in the salmon that consume the algae. EPA can now be produced by non-EPA producing
bacteria by importing the appropriate DNA through recombinant methods.

 

12

 

 The ability to transfer
the production of nutraceutical molecules into organisms that allows for economically feasible
production is cause for both optimism and discussion concerning regulatory and popular acceptance.
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V. NUTRACEUTICAL FACTORS IN SPECIFIC FOODS

 

In an organization model related to the one above, nutraceuticals can be grouped based upon
relatively concentrated foods. This model is more appropriate when there is interest in a particular
nutraceutical compound or related compounds, or when there is interest in a specific food for
agricultural/geographic reasons or functional food-development purposes. For example, the interest
may be in the nutraceutical qualities of a local crop or a traditionally consumed food in a geographic
region, such as pepper fruits in the southwestern United States, olive oil in Mediterranian regions,
and red wine in western Europe and Northern California.

There are several nutraceutical substances that are found in higher concentrations in specific
foods or food families. These include capsaicinoids, which are found primarily in pepper fruit, and
allyl sulfur (organosulfur) compounds, which are particularly concentrated in onions and garlic.
Table 1.3 provides a listing of certain nutraceuticals that are considered unique to certain foods or
food families. One consideration for this model is that for several substances, such as those just

 

TABLE 1.2
Examples of Nutraceutical Substances Grouped by Food Source

 

Plants Animal Microbial

 

β

 

-Glucan
Ascorbic acid

 

γ

 

-Tocotrienol
Quercetin
Luteolin
Cellulose
Lutein
Gallic acid
Perillyl alcohol
Indole-3-carbonol
Pectin
Daidzein
Glutathione
Potassium
Allicin

 

δ

 

-Limonene
Genestein
Lycopene
Hemicellulose
Lignin
Capsaicin
Geraniol

 

β

 

-Ionone

 

α

 

-Tocopherol

 

β

 

-Carotene
Nordihydrocapsaicin
Selenium
Zeaxanthin
Minerals
MUFA

Conjugated Linoleic Acid (CLA)
Eicosapentaenoic acid (EPA)
Docosahexenoic acid (DHA)
Spingolipids
Choline
Lecithin
Calcium
Coenzyme Q

 

10

 

Selenium
Zinc
Creatine
Minerals

 

Saccharomyces boulardii

 

 (yeast)

 

Bifidobacterium bifidum
B. longum
B. infantis
Lactobacillus acidophilus

 

 (LC1)

 

L. acidophilus

 

 (NCFB 1748)

 

Streptococcus salvarius

 

 (subs. Thermophilus)

 

Note: 

 

The substances listed in this table include those that are either accepted or purported nutraceutical
substances.
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named, there is a relatively short list of foods that are concentrated sources. However, the list of
food sources for other nutraceutical substances can be much longer and can include numerous
seemingly unrelated foods. For instance, citrus fruit contain the isoflavone quercetin, as do onions,
a plant food seemingly unrelated. Citrus fruit grow on trees, whereas the edible bulb of the onion
plant (an herb) develops at ground level. Other plant foods with higher quercetin content are red
grapes — but not white grapes, broccoli (which is a cruciferous vegetable), and the Italian yellow
squash. Again, these foods appear to bear very little resemblance to citrus fruit or onions for that
matter. On the other hand, there are no guarantees that closely related or seemingly similar foods
contain the same nutraceutical compounds. For example, both the onion plant and the garlic plant
are perennial herbs arising from a rooted bulb and are also cousins in the lily family. However,
although onions are loaded with quercetin, with some varieties containing up to 10% of their dry
weight of this flavonoid, garlic is quercetin-void.

 

VI. MECHANISM OF ACTION

 

Another means of classifying nutraceuticals is by their mechanism of action. This system groups
nutraceutical factors together, regardless of food source, based upon their proven or purported

 

TABLE 1.3
Examples of Foods with Higher Content of Specific Nutraceutical Substances

 

Nutraceutical Substance/Family Foods of Remarkably High Content 

 

Allyl sulfur compounds Onions, garlic
Isoflavones (e.g., genestein, daidzein) Soybeans and other legumes, apios
Quercetin Onion, red grapes, citrus fruit, broccoli, Italian yellow squash
Capsaicinoids Pepper fruit
EPA and DHA Fish oils
Lycopene Tomatoes and tomato products
Isothiocyanates Cruciferous vegetables

 

β

 

-Glucan Oat bran
CLA Beef and dairy
Resveratrol Grapes (skin), red wine

 

β

 

-Carotene Citrus fruit, carrots, squash, pumpkin
Carnosol Rosemary
Catechins Teas, berries
Adenosine Garlic, onion
Indoles Cabbage, broccoli, cauliflower, kale, brussels sprouts
Curcumin Tumeric
Ellagic acid Grapes, strawberries, raspberries, walnuts
Anthocyanates Red wine
3-n-Butyl phthalide Celery
Cellulose Most plants (component of cell walls)
Lutein, zeaxanthin Kale, collards, spinach, corn, eggs, citrus
Psyllium Psyllium husk
Monounsaturated fatty acids Tree nuts, olive oil
Inulin, Fructooligosaccharides (FOS) Whole grains, onions, garlic
Lactobacilli, Bifidobacteria Yogurt and other dairy
Catechins Tea, cocoa, apples, grapes
Lignans Flax, rye

 

Note: 

 

The substances listed in this table include those that are either accepted or purported nutraceutical
substances.
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physiological properties. Among the classes would be antioxidant, antibacterial, antihypertensive,
antihypercholesterolemic, antiaggregate, anti-inflammatory, anticarcinogenic, osteoprotective, and
so on. Similar to the scheme just discussed, credible Internet resources may prove invaluable to
this approach. Examples are presented in Table 1.4. This model would also be helpful to an
individual who is genetically predisposed to a particular medical condition or to scientists trying
to develop powerful functional foods for just such a person. The information in this model would
then be helpful in diet planning in conjunction with the organization scheme just discussed and
presented in Table 1.3. It would also be helpful to a product developer trying to develop a new
functional food, perhaps for heart health. This developer might consider the ingredients listed in
several categories to develop a product that would reduce blood pressure, LDL cholesterol level,
and inflammation. However, as mentioned numerous times in this book, many issues related to
toxicity, synergism, and competition associated with nutraceutical factors and their foods are not
yet known.

It is worth considering that nutraceuticals occupy poorly defined research and regulatory
positions that lie somewhere between those of pharmaceuticals and foods. In recent times, it is not
uncommon for a successfully introduced pharmaceutical to incur $800 million in research costs
throughout a research and approval path that can easily span 10 years or more.

 

13,14

 

 Candidate
compounds must move through a range of animal studies that assess their toxicity in acute, chronic,
and multigenerational situations. The absorption, metabolism, and excretion of candidate com-
pounds are also studied in animal models, along with studies on their potential efficacy. Compounds
that exhibit acceptable characteristics in these early studies proceed through a total of four phases
of human studies, including a postmarketing phase. It is not unusual for a compound to have been
studied in thousands of subjects before it is first marketed. By contrast, only a very few ingredients

 

TABLE 1.4
Examples of Nutraceuticals Grouped by Mechanisms of Action

 

Anticancer

Positive Influence 
on Blood 

Lipid Profile
Antioxidant 

Activity Antiinflammatory
Osteogenetic or 
Bone Protective

 

Capsaicin
Genestein
Daidzein

 

α

 

-Tocotrienol

 

 

 

γ

 

-Tocotrienol
CLA
Lactobacillus acidophilus
Sphingolipids
Limonene
Diallyl sulfide
Ajoene

 

α

 

-Tocopherol
Enterolactone
Glycyrrhizin
Equol
Curcumin
Ellagic acid
Lutein
Carnosol
L. bulgaricus

 

β

 

-Glucan

 

γ

 

-Tocotrienol

 

δ

 

-Tocotrienol
MUFA
Quercetin

 

ω

 

-3 PUFAs
Resveratrol
Tannins

 

β

 

-Sitosterol
Saponins
Guar
Pectin 

CLA
Ascorbic acid

 

β

 

-Carotene
Polyphenolics
Tocopherols
Tocotrienols
Indole-3-carbonol

 

α

 

-Tocopherol
Ellagic acid
Lycopene
Lutein
Glutathione
Hydroxytyrosol
Luteolin
Oleuropein
Catechins
Gingerol
Chlorogenic acid
Tannins

Linolenic acid
EPA
DHA
GLA
(gamma-linolenic
acid)

Capsaicin
Quercetin
Curcumin

CLA
Soy protein
Genestein
Daidzein
Calcium
Casein phosphopeptides
FOS
(fructooligosaccharides)

Inulin

 

Note: 

 

The substances listed in this table include those that are either accepted or purported nutraceutical substances.
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classed as nutraceuticals even approach this level of study, and there is no codified requirement
that this should be done. The beta-glucan from oats, now extended to include barley, was the first
substance to achieve an FDA-approved health claim for labeling purposes, following the evaluation
of numerous animal and clinical studies that demonstrated a hypocholesterolemic effect. Plant
sterols and sterol esters have been the topic of more than 50 clinical studies and are also the subject
of an approved health claim. However, many other nutraceutical compounds have been the topic
of few or no clinical studies. A number of ingredients have been classified as “Generally Regarded
as Safe” (GRAS), based upon documentation submitted to the FDA, on the presence and safety of
the ingredients in the human diet. The GRAS designation allows an ingredient to be introduced as
a food-product ingredient. However, the comparison between the introduction of new pharmaceu-
ticals and nutraceuticals indicates the substantial difference between the developmental and safety
hurdles that compounds in each category must surmount.

Some nutraceutical ingredients or mixtures are marketed on the basis that they have been used
for many years in the practice of traditional or cultural medicine, i.e., treatments for medical ills
that have developed in cultural tradition as a result of trial and error. This rationale for use is at
the same time both superficially compelling and a cause for concern. The plant and animal kingdoms
contain many compounds that offer therapeutic benefit or danger; often the same compound offers
both, with the difference being dependent upon the dose. In addition, there has been no systematic
follow-up of side effects and fatalities that may possibly have arisen from the use of traditional
medicines. A 5-year study that followed over 1,000 cases reported a possible or confirmed associ-
ation between use and toxicity in nearly 61% of the cases.

 

15

 

 Thus, whereas a statement regarding
traditional use seems to offer a sense of safety by virtue of use by many individuals over time,
there has been no systematic regulatory effort to determine safety and little documentation to
confirm safety in this category of nutraceuticals.

What may be of interest is that there are several nutraceuticals that can be listed as having
more than one mechanism of action. One of the seemingly most versatile nutraceutical families is
the 

 

ω

 

-3 PUFAs. Their nutraceutical properties can be related to direct effects as well as to some
indirect effects. For example, these fatty acids are used as precursors for eicosanoid substances
that locally vasodilate, bronchodilate, and deter platelet aggregation and clot formation. These roles
can be prophylactic for asthma and heart disease. Omega-3 PUFA may also reduce the activities
of protein kinase C and tyrosine kinase, both of which are involved in a cell-growth-signaling
mechanism. Here, the direct effects of these fatty acids may reduce cardiac hypertrophy and cancer-
cell proliferation. Omega-3 PUFA also appears to inhibit the synthesis of fatty acid synthase (FAS),
which is a principal enzyme complex involved in 

 

de novo

 

 fatty acid synthesis. Here the nutraceutical
effect may be considered indirect, as chronic consumption of these PUFAs may theoretically lead
to decreased quantities of body fat over time and the development of obesity

 

.

 

 The obesity might
then lead to the development of hyperinsulinemia and related physiological aberrations such as
hypertension and hyperlipidemia.

 

VII. CLASSIFYING NUTRACEUTICAL FACTORS BASED ON 
CHEMICAL NATURE

 

Another method of grouping nutraceuticals is based upon their chemical nature. This approach
allows nutraceuticals to be categorized under molecular/elemental groups. This preliminary model
includes several large groups, which then provide a basis for subclassification or subgroups, and
so on. One way to group nutraceuticals grossly is as follows:

• Isoprenoid derivatives
• Phenolic substances
• Fatty acids and structural lipids
• Carbohydrates and derivatives
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• Amino acid-based substances
• Microbes
• Minerals

As scientific investigation continues, several hundred substances will probably be deemed
nutraceuticals. As many of these nutraceutical compounds appear to be related in synthetic origin
or molecular nature, there is the potential to broadly group many of the substances together (Figure
1.1). This scheme is by no means perfect, and it is offered “in pencil,” as opposed to being “etched
in stone.” It is expected that scientists will ponder this organization system, find flaws, and suggest
ways to evolve the scheme, or disregard it completely in favor of a better concept. Even at this
point several “gray” areas are apparent. For instance, mixtures of different classes can exist, such
as mixed isoprenoids, prenylated coumarins, and flavonoids. Also, phenolic compounds could
arguably be grouped under a very large “amino acid and derivatives” category. Although most
phenolic molecules arise from phenylalanine as part of the shikimic acid metabolic pathway, other
phenolic compounds are formed via the malonic acid pathway, thereby circumventing phenylalanine
as an intermediate. Thus, phenolics stand alone in their own group, whose most salient characteristic
is chemical structure, not necessarily synthetic pathway.

 

A. I

 

SOPRENOID

 

 D

 

ERIVATIVES

 

 (T

 

ERPENOIDS

 

)

 

Isoprenoids

 

 and 

 

terpenoids

 

 are terms used to refer to the same class of molecules. These substances
are without question one of the largest groups of plant secondary metabolites. In accordance with
this ranking, they are also the basis of many plant-derived nutraceuticals. Under this large umbrella
are many popular nutraceutical families such as carotenoids, tocopherols, tocotrienols, and saponins.
This group is also referred to as isoprenoid derivatives because the principal building block molecule
is isoprene (Figure 1.2). Isoprene itself is synthesized from acetyl coenzyme A (CoA), in the well-

 

FIGURE 1.1

 

Organizational scheme for nutraceuticals.

 

FIGURE 1.2

 

Isoprene.
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FIGURE 1.3

 

The mevalonic acid pathway.
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researched mevalonic acid pathway (Figure 1.3), and the glycolysis-associated molecules pyruvate
and 3-phosphoglycerate in a lesser-understood metabolic pathway.

 

16

 

 In both pathways the end
product is isopentenyl phosphate (IPP), and IPP is often regarded as the pivotal molecule in the
formation of larger isoprenoid structures. Once IPP is formed, it can reversibly isomerize to
dimethylallyl pyrophosphate (DMAPP) as presented in Figure 1.4. Both of these five-carbon
structures are then used to form geranyl pyrophosphate (GPP), which can give rise to monoterpenes.
Among the monoterpenes are limonene and perillyl alcohol.

GPP can also react with IPP to form the 15-carbon structure farnesyl pyrophosphate (FPP),
which then can give rise to the sesquiterpenes. FPP can react with IPP or another FPP to produce

 

FIGURE 1.4

 

Formation of terpene structures. In addition: (1) FPP + FPP produces squalene (30 carbons)
which yields triterpenes and steroids, and (2) GGPP + GGPP produces phytoene (40 carbons) which yields
tetraterpenes.

Dimethylallyl pyrophosphate (DMAPP)
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either the 20-carbon geranylgeranyl pyrophosphate (GGPP) or the 30-carbon squalene molecule,
respectively. GGPP can give rise to diterpenes while squalene can give rise to triterpenes and
steroids. Lastly, GGPP and GPP

 

 

 

can condense to form the 40-carbon phytoene structure which
then can give rise to tetraterpenes.

Most plants contain so-called essential oils, which contain a mixture of volatile monterpenes
and sesquiterpenes. Limonene is found in the essential oils of citrus peels, whereas menthol is the
chief monoterpene in peppermint essential oil (Figure 1.5). Two potentially nutraceutical diterpenes
in coffee beans are kahweol and cafestol.

 

17,18

 

 Both of these diterpenes contain a furan ring. As
discussed by Miller and colleagues,

 

19

 

 the furan-ring component might be very important in yielding
some of the potential antineoplastic activity of these compounds.

Several triterpenes (examples in Figure 1.6) have been reported to have nutraceutical properties.
These compounds include plant sterols; however, some of these structures may have been modified
to contain fewer than 30 carbons. One of the most recognizable triterpene families is the limonoids.
These triterpenes are found in citrus fruit and impart most of their bitter flavor. Limonin and nomilin
are two triterpenoids that may have nutraceutical application, limonin more so than nomilin.

 

19

 

 Both
of these molecules contain a furan component. In citrus fruit limonoids can also be found with an
attached glucose, forming a limonoid glycoside.

 

20

 

 As discussed above, the addition of the sugar
group reduces the bitter taste tremendously and makes the molecule more water soluble. These
properties may make it more attractive as a functional food ingredient. Saponins are also triterpene
derivatives, and their nutraceutical potential is attracting interest.

 

21–24

 

The carotenoids (carotenes and xanthrophils), whose name is derived from carrots (

 

Daucus
carota

 

), are perhaps the most recognizable form of coloring pigment within the isoprenoid class.
Carotenes and xanthrophils differ only slightly, in that true carotenes are purely hydrocarbon
molecules (i.e., lycopene, 

 

α

 

-carotene, 

 

β

 

-carotene, 

 

γ

 

-carotene); the xanthrophils (i.e., lutein, cap-
santhin, cryptoxanthin, zeaxanthin, astaxanthin) contain oxygen in the form of hydroxyl, methoxyl,
carboxyl, keto, and epoxy groups. With the exception of crocetin and bixin, naturally occurring
carotenoids are tetraterpenoids, and thus have a basic structure of 40 carbons with unique modifi-
cations. The carotenoids are pigments that generally produce colors of yellow, orange, and red.
Carotenoids are also very important in photosynthesis and photoprotection.

Different foods have different kinds and relative amounts of carotenoids. Also the carotenoid
content can vary seasonally and during the ripening process. For example, peaches contain violax-
anthin, cryptoxanthin, 

 

β

 

-carotene, persicaxanthin, neoxanthin, and as many as 25 other caro-
tenoids;

 

25

 

 apricots contain mostly 

 

β

 

-carotene, 

 

γ

 

-carotene, and lycopene; and carrots contain about
50 to 55 parts per million of carotene in total, mostly 

 

α

 

-carotene, 

 

β

 

-carotene, and 

 

γ

 

-carotene, as
well as lycopene. Many vegetable oils also contain carotenoids, with palm oil containing the most.
For example, crude palm oil contains up to 0.2% carotenoids.

 

FIGURE 1.5

 

Structure of select monoterpenes.

Limonene Menthol Myrcene

CH3 CH2CH3

CH2

CH3CH3
CH2 H3C H3CH3C

OH

 

6409_book.fm  Page 12  Saturday, September 16, 2006  9:54 AM



 

Nutraceuticals and Functional Foods

 

13

 

There are a few synthetic carotenoids, including 

 

β

 

-apo-8

 

′

 

-carotenal (apocarotenal), and can-
thaxanthin. Beta-Apo-8

 

′

 

-carotenal (apocarotenal) imparts a light reddish orange color, and canthax-
anthin imparts an orange-red to red color.

 

B. P

 

HENOLIC

 

 C

 

OMPOUNDS

 

Like the terpenoids, phenolic compounds are also considered secondary metabolites. The base for
this very diverse family of molecules is a phenol structure, which is a hydroxyl group on an aromatic
ring. From this structure, larger and interesting molecules are formed such as anthocyanins, cou-
marins, phenylpropamides flavonoids, tannins, and lignin. Phenolic compounds perform a variety
of functions for plants including defending against herbivores and pathogens, absorbing light,
attracting pollinators, reducing the growth of competitive plants, and promoting symbiotic relation-
ships with nitrogen-fixing bacteria.

There are a couple of biosynthetic pathways that form phenolic compounds. The predominant
pathways are the shikimic acid pathway and the malonic acid pathway. The shikimic pathway is
more significant in higher plants; although the malonic acid pathway is also present.

 

16

 

 Actually,
the malonic pathway is the predominant source of secondary metabolites in lower plants, fungi,
and bacteria. The shikimic pathway is so named because an intermediate of the pathway is shikimic
acid. Inhibition of this pathway is the purpose of a commercially available herbicide (Roundup).

 

FIGURE 1.6

 

Examples of triterpenes.
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The malonic acid pathway begins with acetyl CoA. Meanwhile, in the shikimic pathway, simple
carbohydrate intermediates of glycolysis and the pentose phosphate pathway (PPP) are used to
form the aromatic amino acids phenylalanine and tyrosine. A third aromatic amino acid, tryptophan,
is also a derivative of this pathway. As animals do not possess the shikimic acid pathway, these
aromatic amino acids are diet essentials. Obviously, these amino acids are considered primary
metabolites or products. Thus, it is the reactions beyond the formation of these amino acids that
are of greater importance to the production of secondary metabolites. Once formed, phenylalanine
can be used to generate flavonoids (Figure 1.7). The reaction that generates cinnamic acid from
phenylalanine is catalyzed by one of the most-studied enzymes associated with secondary metab-
olites, phenylalanine ammonia lyase (PAL). The expression of PAL is increased during fungal
infestation and other stimuli which may be critical to the plant.

From 

 

trans

 

-cinnamic acid several simple phenolic compounds can be made. These include the
benzoic acid derivatives vanillin and salicylic acid (Figure 1.8). Also, 

 

trans

 

-cinnamic acid can be
converted to 

 

para

 

-coumaric acid. Simple phenolic derivatives of 

 

para

 

-coumaric acid include caffeic
acid and ferulic acid. CoA can be attached to 

 

para

 

-coumaric acid to form para-coumaryl CoA. Both
para-coumaric acid and para-coumaryl CoA can also be used to form lignin-building blocks, para-
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. After cellulose, lignin is the most abundant
organic molecule in plants. To continue the formation of other phenolic classes, para-coumaryl CoA
can undergo further enzymatic modification, involving three malonyl CoA molecules, to create
polyphenolic molecules such as chalcones and then flavonones. The basic flavonone structure is then
the precursor for the flavones, isoflavones, and flavonols. Also flavonones can be used to make
anthocyanins and tannins via dihydroflavonols (Figure 1.7, Figure 1.9, and Figure 1.10).

The flavonoids are one of the largest classes of phenolic compounds in plants. The basic carbon
structure of flavonoids contains 15 carbons and is endowed with 2 aromatic rings linked by a 3-
carbon bridge (Figure 1.11).16 The rings are labeled A and B. Whereas the simpler phenolic
compounds and lignin-building blocks result from the shikimic pathway and are phenylalanine
derivatives, formation of the flavonoids requires some assistance from both the shikimic pathway
and the malonic acid pathway. Ring A is derived from acetic acid (acetyl CoA) and the malonic
acid pathway (see the use of 3 malonyl CoA to form chalcones in Figure 1.7). Meanwhile, ring B
and the 3-carbon bridge are derived from the shikimic acid pathway.16 The flavonoids are subclas-
sified based primairly on the degree of oxidation of the 3-carbon bridge. Also, hydroxyl groups are
typically found at carbon positions 4, 5, and 7 as well as other locations. The majority of naturally
occurring flavonoids are actually glycosides, meaning a sugar moiety is attached. The attachment
of hydroxyl groups and sugars will increase the hydrophilic properties of the flavonoid molecule,
while attachment of methyl esters or modified isopentyl units will increase the lipophilic character.

Anthocyanins and anthocyanidins (Figure 1.9) are produced by plants and function largely as
coloring pigments. Basically, anthocyanins are anthocyanidins with sugar moieties attached at position
3 of the 3-carbon bridge between ring A and B.16 These molecules help attract animals for pollination
and seed dispersal. They are responsible for the red, pink, blue, and violet coloring of many fruits
and vegetables, including blueberries, apples, red cabbage, cherries, grapes, oranges, peaches, plums,
radishes, raspberries, and strawberries. Only about 16 anthocyanidins have been identified in plants
and include pelargonidin, cyanidin, delphinidin, peonidin, malvidin, and petunidin.

Although the flavonols and flavones are structurally similar to their close cousin anthocyanidins
and the anthocyanidin-glycoside derivatives anthocynanins, they absorb light at shorter wavelengths
and thus are not perceived as color to the human eye. However, they may be detected by insects
and help direct them to areas of pollination. Because flavones and flavonols do absorb UV–B light
energy (280 to 320 nm), they are believed to serve a protective role in plants. Also as discussed in
more detail in the first chapter, certain flavonoids promote the formation of a symbiotic relationship
between plant roots and nitrogen-fixing bacteria. The primary structural feature that separates the
isoflavones from the other flavonoids is a shift in the position of the B ring. Perhaps the most
ubiquitous flavonoid is quercetin. Hesperidin is also a common flavonoid especially in citrus fruit.
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FIGURE 1.7 Production of plant phenolic molecules via phenylalanine.

�
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C. CARBOHYDRATES AND DERIVATIVES

The glucose derivative ascorbic acid (vitamin C) is perhaps one of the most recognizable nutra-
ceutical substances and is a very popular supplement. Ascorbic acid functions as a nutraceutical
compound, primarily as an antioxidant. Meanwhile, plants produce some oligosaccharides that
appear to function as prebiotic substances.

Several plant polysaccharide families are not readily available energy sources for humans as
they are resistant to secreted digestive enzymes. These polysaccharides are grouped together along
with the phenolic polymer compound lignin to form one of the most recognizable nutraceutical
families — fibers. By and large the role of fibers are structural for plants. For example, cellulose
and hemicellulose are major structural polysaccharides found within plant cell walls. Beyond
providing structural characteristics to plant tissue, another interesting role of certain fibers is in
tissue repair after trauma, somewhat analogous to scar tissue in animals.

The nonstarch polysaccharides can be divided into homogeneous and heterogeneous polysac-
charides, as well as into soluble and insoluble substances. Cellulose is a homegeneous nonstarch
polysaccharide as it consists of repeating units of glucose monomers. The links between the glucose
monomers is β1-4 in nature. These polysaccharides are found in plant cell walls as microfibril
bundles. Hemicellulose is found in association with cellulose within plant-cell walls and is com-
posed of a mixture of both straight-chain and highly branched polysaccharides containing pentoses,
hexoses, and uronic acids. Pentoses such as xylans, mannans, galactans, and arabicans are found
in relatively higher abundance. Hemicelluloses are somewhat different from cellulose in that they
are not limited to glucose, and they are also vulnerable to hydrolysis by bacterial degradation.

Another homopolysaccharide is pectin where the repeating subunits are largely methylgalac-
turonic acid units. It is a jelly-like material that acts as a cellular cement in plants. The linkage
between the subunits is also β1-4 bonds. The carboxyl groups become methylated in a seemingly
random manner as fruit ripen. Chemically related to pectin is chitin. Chitin is not a plant polysac-
charide but is found within the animal kingdom, although not necessarily in humans. It is a β1-4
homopolymer of N-acetyl-glucosamine found in shells or exoskeletons of insects and crustacea.26

Chitin has recently surfaced as a dietary supplement for weight loss.

FIGURE 1.8 Select coumarins (first row) and two benzoic-acid-derived phenolic molecules (second row).

6409_book.fm  Page 16  Saturday, September 16, 2006  9:54 AM



Nutraceuticals and Functional Foods 17

Another family of polysaccharides that is worthy of discussion is glycosaminoglycans (GAGs).
While these compounds are found in animal connective tissue, they are important to this discussion
as they are potential components of functional foods. At present, GAG and chondroitin sulfate are
popular nutrition supplements being used by individuals recovering from joint injuries and suffering
joint inflammatory disorders. Glycosaminoglycans are often referred to as mucopolysaccharides.
They are characterized by their content of amino sugars and uronic acids, which occur in combination
with proteins in secretions and structures. These polysaccharides are responsible for the viscosity
of body-mucus secretions and are components of extracellular amorphous ground substances sur-
rounding collagen and elastin fibers, and cells of connective tissues and bone. Some examples of
glycosaminoglycans are hyaluronic acid and chondroitin sulfate. Hyaluronic acid is a component
of the ground substance found in most connective tissue including the synovial fluid of joints. It is
a jelly-like substance composed of repeating disaccharides of β-glucuronic acid and N-acetyl-D-
glucosamine. Hyaluronic acid can contain several thousand disaccharide residues and is unique
from the other glycosaminoglycans in that it will not interact with proteins to form proteoglycans.

Chondroitin sulfate is composed of β-glucuronic acid and N-acetylgalactosamine sulfate.
This molecule has a relatively high viscosity and ability to bind water. It is the major organic
component of the ground substance of cartilage and bone. Both of these polysaccharides have
β1-3 linkage between uronic acid and acetylated amino sugars but are linked by β1-4 covalent

FIGURE 1.9 Anthocyanidin (A) and molecular derivatives including anthocyanin (B).
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FIGURE 1.10 Basic tannin structure formed from phenolic units.

FIGURE 1.11 (A) Basic flavonoid carbon structure and (B) Flavonoid structure production: Carbons 5 to 8
are derived from the malonate pathway and 2 to 4 and 1′ to 6′ are derived from the shikimic acid pathway
via the amino acid phenylalanine. Carbons 2 to 4 comprise the 3-carbon bridge.
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bonds to other polysaccharide units. Unlike hyaluronic acid, chondroitin sulfate will bind to
proteins to form proteoglycans.

D. FATTY ACIDS AND STRUCTURAL LIPIDS

At present, there are several fatty acids and/or their derivatives that have piqued the interests of
researchers for their functional potential. These include the ω-3 PUFA found in higher concentra-
tions in plants, fish, and other marine animals, and conjugated linoleic acid (CLA) produced by
bacteria in the rumen of grazing animals such as cattle. The formation of CLA probably serves to
help control the vitality of the released bacterial population in the rumen, whereas plants and fish
use ω-3 fatty acids for their properties in membranes. Some plants also use ω-3 PUFA in a second-
messenger system to form jasmonic acid when plant tissue is under attack (i.e., by insect feeding).

The CLA precursor, linoleic acid, and ω-3 PUFA are produced largely in plants. In processes
very similar to those found in humans, plants construct fatty acids using two-carbon units derived
from acetyl CoA. In humans and other animals, the reactions involved in fatty-acid synthesis occur
in the cytosol, whereas in plants they occur in the plastids. In both situations, FAS, acetyl CoA
carboxylase enzymes, and acyl carrier protein (ACP) are major players. Plants primarily produce
fatty acids to become components of triglycerides in energy stores (oils) as well as components of
cell membrane glycerophospholipids and glyceroglycolipids, which serve roles similar to the
phopholipids in humans. In fact, several of the plant glycerophospholipids are generally the same
as phospholipids. Some of the major fatty acids produced include palmitic acid (16:0), oleic acid
(18:1 ω-9), linoleic acid (18:2 ω-6), and linolenic acid (18:3 ω-3). Grazing animals ingest linoleic
acid which is then metabolized to CLA by rumen bacteria. Herbivorous fish also ingest these fatty
acids when they consume algae and other seaweeds and phytoplankton. Carnivorous fish and marine
animals then acquire these PUFA and derivatives from the tissue of other fish and marine life. Fish
will further metabolize the PUFA to produce longer and more unsaturated fatty acids such as DHA
(docosahexaenoic acid, 22:6 ω-3) and EPA (eicosapentaenoic acid, 20:5 ω-3). The elongation and
further unsaturation yields cell-membrane fatty acids more appropriately suited for colder temper-
atures and higher hydrostatic pressures, usually associated with deeper water environments.

CLA is distinct from typical linoleic acid in that CLA is not necessarily a single structure.
There seem to be as many as nine different isomers of CLA. However, the primary forms are
mainly 9-cis, 11-trans, and 10-trans, 12-cis From these positions it is clear that the locations of
the double bonds are unique. The double bonds are conjugated and not interrupted by methylene.
Said another way, the double bonds are not separated by a saturated carbon but are adjacent. CLA
is found mostly in the fat and milk of ruminant animals, which indicates that beef, dairy foods,
and lamb are major dietary sources.

Two other types of lipids in food products are structured lipids and diglycerides. Structured
lipids are triglycerides that have undergone hydrolysis and reesterification under conditions that
resulted in triglycerides with new combinations of fatty acids.27 For example, a mixture of medium-
chain triglycerides and fish oil taken through this process results in triglycerides that can contain
medium-chain fatty acids and EPA, and DHA. The basic process results in the free fatty acids being
randomly reesterified to the glycerol backbones. However, the process can be manipulated to place
specific fatty acids in preferred positions on the glycerol molecule. This option is quite expensive
and thus has not been adopted by the food industry to any degree. However, the random reesteri-
fication process has been used to produce structured triglycerides designed to facilitate the absorp-
tion of both medium-chain and long-chain omega-3 fatty acids.28

Diglycerides have been used as emulsifying agents in manufactured food products for many
years. More recently, more specialized diglycerides, termed diacylglycerols (DAG) have been
produced by limited hydrolysis of triglycerides. This process results in a mixture of 1,2-diglycerides
and 1,3-diglycerides. These diglycerides have absorption and metabolism characteristics similar to
those of medium-chain triglycerides, i.e., some of the fatty acids escape reesterification within the
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cells of the small intestine and subsequent delivery to adipose tissue via the lymphatic system.
Instead, they are delivered to the liver where they are oxidized to produce energy and possibly, to
produce ketones. The result is an apparent caloric content that is somewhat less than the 9 kcal/g
associated with most fats.29

E. AMINO ACID-BASED

This group has the potential to include intact protein (i.e., soy protein), polypeptides, amino acids,
and nitrogenous and sulfur amino acid derivatives. Today, a few amino acids are also being
investigated for their nutraceutical potential. Among these amino acids is arginine, ornithine,
taurine, and aspartic acid. Arginine has been speculated to be cardioprotective in that it is a precursor
molecule for the vasodilating substance nitric oxide (NO).30 Also, arginine may reduce atherogen-
esis. Meanwhile, the nonprotein amino acid taurine may also have blood pressure-lowering prop-
erties as well as antioxidant roles. However, the research in these areas is still inconclusive, and
the effects of supplementation of these amino acids on other aspects of human physiology is
unclear. Several plant molecules are formed via amino acids. A few of the most striking examples
are isothiocyanates, indole-3-carbinol, allyl sulfur compounds, and capsaicinoids. Another nutra-
ceutical amino acid-derived molecule is folic acid, which is believed to be cardioprotective in its
role of minimizing homocysteine levels.31 Other members of this group would include the tripeptide
glutathione and choline.

F. MICROBES (PROBIOTICS)

Where the other groupings of nutraceuticals involve molecules or elements, probiotics involves
intact microorganisms. This group largely includes bacteria, and its criteria are that a microbe must
be resistant to: acid conditions of the stomach, bile, and digestive enzymes normally found in the
human gastrointestinal tract; able to colonize the human intestine; be safe for human consumption;
and, lastly, have scientifically proven efficacy. Among the bacterial species recognized as having
functional food potential are Lactobacillus acidophilus, L. plantarum, L. casei, Bifidobacterium
bifidum, B. infantis, and Streptococcus salvarius subspecies thermophilus. Some yeasts have been
noted as well, including Saccharomyces boulardii.

G. MINERALS

Several minerals have been recognized for their nutraceutical potential and thus become candidates
for functional food recipes. Among the most obvious is calcium with relation to bone health, colon
cancer, and perhaps hypertension and cardiovascular disease. Potassium has also been purported
to reduce hypertension and thus improve cardiovascular health. A couple of trace mineral have also
been found to have nutraceutical potential. These include copper, selenium, manganese, and zinc.
Their nutraceutical potential is usually discussed in relation to antioxidation. Copper, zinc, and
manganese are components of superoxide dismutase (SOD) enzymes, whereas selenium is a
component of glutathione peroxidase. Certainly more investigation is required in the area of trace
elements in light of their metabolic relationships to other nutrients and the potential for toxicity.

REFERENCES

1. http://www.obesity.chair.ulaval.ca/index.htm.
2. Kalra, E.K. Nutraceutical — Definition and Introduction. AAPS PharmSci 2003; 5: Article 25 (found

at http://www.aapsj.org/).
3. DeFelice, S.L. What is a true nutraceutical? And what is the nature and size of the U.S. Market? 1994

http://www.fimdefelice.org/archives/arc.whatisnut.html.

6409_book.fm  Page 20  Saturday, September 16, 2006  9:54 AM



Nutraceuticals and Functional Foods 21

4. International Food Information Council Web site, http://ific.org/nutrition/functional/index.cfm, 2006.
5. International Life Sciences Institute of North America Web site, http://www.ilsi.org/, 2006.
6. Health Canada Web site, http://www.hc-sc.gc.ca, 2006.
7. American Dietetics Association. Position of the American Dietetic Association: functional foods

position statement. J. Am. Diet. Assoc., 104: 814–826, 2004.
8. Nutrition Business Journal. Weight Loss and Sport Nutrition Review 2005.
9. U.S. Food and Drug Administration, Center for Food Safety and Applied Nutrition, A Food Labeling

Guide, September 1994, http://www.cfsan.fda.gov.
10. Miller, E.G., Gonzales-Sanders, A.P., Couvillon, A.M., Binnie, W.H., Hasegawa, S., and Lam, L.K.T.,

Citrus liminoids as inhibitors of oral carcinogenesis, Food Technol., 110–114, 1994.
 11. Fong, C.H., Hasegawa, S., Herman, Z., and Ou, P., Liminoid glucosides in commercial citrus juices,

J. Food Sci., 54: 1505–1506, 1990.
12. Yu, R., Yamada, A., Watanabe, K., Yazawa, K., Takeyama, H., Matsunaga, T., and Kurane, R., Lipids,

35(10): 1061–4, 2000. 
13. Wierenga, D.E. and Eaton, C.R., Phases of Drug Development, found at http://www.allp.com/drug_

dev.htm.
14. Novartis Institutes for Biomedical Research, The Drug Development Process at Novartis, found at

http://www.nibr.novartis.com/OurScience/drug_development.shtml.
15. Shaw, D., Leon, C., Kolev, S., and Murray V., Traditional remedies and food supplements: a 5-year

toxicological study (1991–1995), Drug Saf. 17: 342–56, 1997.
16. Taiz, L. and Zeiger, E., Plant defenses, in Plant Physiology, 2nd ed., Sinauer Associates, Sunderland,

MA, 1998.
17. Wattenberg, L.W. and Lam, L.K.T., Protective effects of coffee constituents on carcinogenesis in

experimental animals, Banbury Rep., 17: 137–145, 1984.
18. Miller, E.G., McWhorter, K., Rivera-Hidalgo, F., Wright, J.M., Hirsbrunner, P., and Sunahara, G.I.,

Kahweol and cafestol: inhibitors of hampster buccal pouch carcinogenesis, Nutr. Cancer, 15: 41–46,
1991.

19. Miller, E.G., Gonzalez-Sanders, A.P., Couvillon, A.M., Binnie, W.H., Hasegawa, S, and Lam, L.K.T.,
Citrus limonoids as inhibitors of oral carcinogenesis, Food Technol., 110–114, 1994.

 20. Hasegawa, S., Bennet, R.D., Herman, Z., Fong, C.H., and Ou, P., Limonoids glucosides in citrus,
Phytochemistry, 28: 1717–1720, 1989.

21. Chang, M.S., Lee, S.G., and Rho, H.M., Transcriptional activation of Cu/Zn superoxide dismutase
and catalase genes by panaxadiol ginsenosides extracted from Panax ginseng, Phytother. Res., 13(8):
641–644, 1999.

22. Lee, S.J., Sung, J.H., Lee, S.J., Moon, C.K., and Lee, B.H., Antitumor activity of a novel ginseng
saponin metabolite in human pulmonary adenocarcinoma cells resistant to cisplatin, Cancer Lett.,
144(1): 39–43, 1999.

23. Craig, W.J., Health-promoting properties of common herbs, Am. J. Clin. Nutr., 70(3 Suppl.):
491S–499S, 1999.

24. Wattenberg, L.W., Inhibition of neoplasia by minor dietary constituents, Cancer Res., 43:
2448s–2453s, 1994.

25. Wildman, R.E.C. and Medeiros, D.M., Food in relation to the human body, in Advanced Human
Nutrition, CRC Press, Boca Raton, FL, 2000.

26. Wildman, R.E.C. and Medeiros, D.M., Carbohydrates, in Advanced Human Nutrition, CRC Press,
Boca Raton, FL, 1999.

27. Babayan, V.K., Medium chain triglycerides and structured lipids, Lipids, 22(6): 417–20, 1987.
28. Tso, P., Lee, T., Demichele, S.J., Lymphatic absorption of structured triglycerides vs. physical mix

in a rat model of fat malabsorption, Am. J. Physiol., 277(2 Pt. 1): G333–40, 1999.
29. Rudkowska, I., Roynette, C.E., Demonty, I., Vanstone, C.A., Jew, S., Jones, P.J., Diacylglycerol:

efficacy and mechanism of action of an anti-obesity agent. Obes Res. 13(11): 1864–76, 2005.
30. Nittynen, L., Nurminen, M.L., Korpela, R., and Vapaatalo, H., Role of arginine, taurine and homocys-

teine in cardiovascular diseases, Ann. Med., 31(5): 318–326, 1999.
31. Wildman, R.E.C. and Medeiros, D.M., Nutrition and cardiovascular disease, in Advanced Human

Nutrition, CRC Press, Boca Raton, FL, 2000.

6409_book.fm  Page 21  Saturday, September 16, 2006  9:54 AM



6409_book.fm  Page 22  Saturday, September 16, 2006  9:54 AM



 

23

 

2

 

Isoflavones: Source and 
Metabolism

 

Suzanne Hendrich and Patricia A. Murphy

 

CONTENTS

 

I. Food Chemistry of Isoflavones ............................................................................................23
II. Analysis Methods.................................................................................................................32

A. Isoflavones in Soy Ingredients (including Soybeans).................................................32
B. Isoflavones in Soy Foods.............................................................................................34
C. Soy Isoflavone Bioavailability.....................................................................................36
D. Major Sites of Action of Isoflavones ..........................................................................36

1. Health Beneficial Potential of Isoflavones ............................................................37
2. Toxicology of Isoflavones .....................................................................................38
3. Interactions of Isoflavones with Estrogen Receptors — Key Sites 

of Action? ..............................................................................................................40
E. Apparent Absorption and Relative Pharmacokinetics of Isoflavones.........................41
F. Endogenous Biotransformation of Isoflavones ...........................................................42

III. Microbial Biotransformation and Apparent Degradation of Isoflavones............................43
A. Equol ............................................................................................................................43

1. General Significance of Gut Microbial Metabolism of Isoflavones.....................44
IV. Summary ..............................................................................................................................45

Acknowledgments ............................................................................................................................45
References ........................................................................................................................................45

Isoflavones (Figure 2.1) continue to be a topic of great current interest due to their potentially
significant beneficial health effects in lowering cardiovascular disease, cancer, and osteoporosis
risk, as well as in reducing menopausal symptoms. Their potential for toxicity is also under intensive
investigation, as dietary and environmental substances with estrogenic activity have been linked
with endocrine disruption under some circumstances. The design of novel foods, food ingredients,
and dietary supplements with enhanced health properties has targeted isoflavones as a component
class. Increasing numbers of such isoflavone-containing products raises both awareness and concern
regarding efficacy and safety. To this end, understanding isoflavone sources, analysis, food pro-
cessing interactions, bioavailability, and metabolism remain important interests of the research and
regulatory communities.

 

I. FOOD CHEMISTRY OF ISOFLAVONES

 

Murphy recently reviewed the analytical and food chemistry of soybean isoflavones.

 

1

 

 Therefore,
this chapter will focus on literature published since the 2004 review. Earlier reviews by Murphy

 

1–3

 

have expressed concern that authors are not reporting their isoflavone analysis data in appropriate
scientific units such as 

 

μ

 

moles per g food or as total aglucon (

 

μ

 

g/g food). Fortunately, the situation
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in the literature is improving as more authors are using the correct nomenclature in presenting
their isoflavone data. A summary of method reports in Table 2.1 reveal 34% of the reports used

 

μ

 

mole per g food and 6% reported isoflavones as aglucon totals. However, 60% of the papers cited
in this table are still using confusing and incorrect concentration units to express their data. Thus,
authors, reviewers and journal editors still need to rectify the problems and misinterpretation in
the scientific literature.

One of the reasons for the problems in accurate reporting of isoflavone data in the literature
results from the methodology used to analyze isoflavones in food matrices. Unfortunately, the
analytical quality control used by laboratories evaluating isoflavones is not even. Not all researchers
account for all 12 of the isoflavone forms found in most foods. Too many authors use only aglucon
standards to quantify all 12 forms. The extraction protocols reported in the literature continue to
use solvents that have been demonstrated to underestimate several of the isoflavone forms. Table

 

FIGURE 2.1

 

Isoflavone glucoside and aglucon structures.
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2.1 tabulates the analytical quality control used by 47 isoflavone analysis reports in the literature
since Murphy (2004).1

The current USDA-Iowa State University Isoflavone Database 1.3 contains data on 128 foods
and is currently undergoing an update by the USDA Food Composition Laboratory.4 These data
are derived for the peer-reviewed literature.

II. ANALYSIS METHODS

The methodology for HPLC isoflavone analysis continues to be refined. Bennetau-Pelissero et
al. reported an ELISA method for the aglucons.5 Food and supplement extracts were analyzed
after enzymatic hydrolysis with glucoronidase/sulfatase, apparently, although no data were pre-
sented on the efficacy of these enzymes hydrolyzing glucosides. Antonelli et al. reported total
isoflavones after alkaline hydrolysis of glucosides.6 Peng et al. reported using capillary electro-
phoresis with electrochemical detection for only genistein and daidzein from 70% ethanol soni-
cated extracts of foods.7 Several “fast” HPLC procedures have been reported with flow rates > 2
ml/min and short columns (10 cm).8–10 Apers et al. report good analytical quality control (QC)
data but give no data on concentrations in food or other biological samples.8 Klejdus et al. report
on accelerated solvent extraction (ACE) protocols for isoflavones from soy.9–11 Klejdus et al.
compared sonication at room temperature, Soxhlet extraction at solvent boiling point and ACE
at solvent boiling point, all in 90% aqueous methanol.11 Very low yields of extraction amounts
(by a factor of 10) were reported compared to their room temperature extractions. Klejdus et al.
report some of the same data.9 Klejdus et al. report using ACE conditions of 140oC and 140 bar
for a few food samples.10 Malonyl-β-glucosides concentrations are not reported but are clearly
apparent in their chromatograms. Rostango et al. reported on a solid phase extraction technique
for soy isoflavone analysis using initial 50% ethanol extraction at 60oC for 30 min and data
reported in μg/g for all 12 forms.12 Rostango et al. evaluated the stability of isoflavone extracts
and reported data in μM.12 Sample extracts stored in ethanol between –20 and 10oC were stable
for one week. Lin and Guisti thoroughly evaluated 83% acetonitrile vs. 53% acetonitrile ± acid
for isoflavone extraction but only for soybeans, not other foods.13 Kawanishi et al. measured the
isoflavone levels in waste water effluent in Osaka and reported averages of 143 μg/l genistein
and 43 μg/l daidzein.14

A. ISOFLAVONES IN SOY INGREDIENTS (INCLUDING SOYBEANS)

There are about 24 reports documenting the isoflavone levels in soy ingredients. These ingredients,
which consumers rarely have direct access to, are soybeans, defatted soy flours, soy protein
concentrates, soy protein isolates, and texturized vegetable protein. Most of these reports extracted
the isoflavones with 80% methanol, report their data in μg isoflavone/g ingredient, do not adjust
for the difference in molecular weight of the different isoflavone forms, and use a limited number
of authentic isoflavone standards for quantification. However, there have been a few reports that
give us accurate insight into isoflavone levels in ingredients since the 2004 review.

Achouri et al. reported isoflavone levels in defatted soy flours and soy protein isolates that were
lower than literature values.15 The solvent volume to sample weight ratio was 5 or less and was
probably the reason for the low analytical values. Although isoflavones are soluble in alcoholic
solvents, their solubility is limited, even in the best solvents. A minimum of 10:1 solvent to weight
is needed with an even larger ratio for samples very concentrated in isoflavones such as soy germ.

Park et al. reported on isoflavone levels in the anticarcinogenic protein lunasin but provided
no details on how analysis was performed.16 These authors stated that isoflavones levels in mature
soybeans were lower than immature beans in contrast to all other reports comparing maturity.17

Hubert et al. compared isoflavone with soyasaponin μmole levels in soybean seeds, soy germ, and
soy supplements.18 The isoflavone/saponin were 1 to 3 for soybeans and soy germ but ranged from
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2–17 in soy supplements. Lee et al. report levels of isoflavones in 2002 Ohio-grown soybeans using
good analytical QC.19 The isoflavone contents ranged from 4.2 to 11.8 μmole/g.

Yu et al. attempted altering the synthetic pathway of isoflavone synthesis in soybeans to alter
distribution of genistein and daidzein forms as well as total isoflavone synthesis.20 Two analytical
methods were used for different soybean generations. All 12 isoflavones were reported to be
analyzed in F1 and F2 generations, whereas the AOAC method, which yields results for 6 isoflavone
forms (the other six are converted to β-glucosides), was used for the F3 generation.21 Samples were
all extracted with 80% methanol that under-extracts total isoflavones in this type of matrix.22 Duke
et al. evaluated isoflavone levels in glyphosate-treated glyphosate-resistant soybeans using an
unusual combination of analytical methods.23 Soy flours were extracted using accelerated solvent
extraction technology with 80% methanol, but no validation data were provided to compare with
conventional extract procedures. The β-glucosides and genistein were quantified by HPLC and
daidzein and glycitein were quantified by gas chromatography. The concentrations reported the
aglucons are very high compared to other reports in literature for control as well as experimental
treatments. Li et al. describe a procedure to glucosylate daidzein on multiple hydroxyl groups using
Thermotoga maritima maltosyltransferase.24 They created daidzein forms that were very hydro-
philic. The authors quantified their products by HPLC using a daidzein standard curve, which was
reasonable because they were using pure daidzein in this model system.

Variyov et al. reported the dose effect of irradiation on isoflavones in soybeans.25 When
isoflavone contents are recalculated on a μmol/g basis, the glucoside content decreases markedly
with irradiation dose from 3.4 μmol/g to 1.8 μmol/g; however, the aglucon contents remained
unchanged averaging 0.26 ± 0.03 μmol/g. Unfortunately, the authors used a hot methanol extraction
method, thus giving a very limited picture of the processing effects.

Barbosa et al. reported the distribution of isoflavones in soy protein isolate manufacture on a
laboratory scale.26 These authors use an unusual polyamide column preparation of the hot 80%
methanol extracts. They report acidified water washing compared to water washing resulted in soy
protein isolates with higher isoflavone concentrations. Fukui et al. described a chromatography
process using a hydrophobic Diaion HP20 column to produce an isoflavone-free soy protein
isolate.27 This isoflavone-free protein isolate reduced serum cholesterol in a rat feeding study.

Rickert et al. reported mass balance distributions of isoflavones and saponins during pilot plant
manufacture of the isolated soy proteins, glycinin and β-conglycinin, as well as an intermediate
protein product.28 At the laboratory scale, increased temperature of protein extraction, and to a
limited extent, solvent to flake ratio, resulted in more isoflavones in the intermediate protein fraction,
a more denatured protein than either the glycinin or β-conglycinin fractions. However, these altered
distributions did not translate to 10 kg defatted soy flake pilot plant scale extraction.

Rickert et al. demonstrated that increasing temperature and pH significantly increases saponin and
isoflavone concentrations during soy protein isolate manufacture.29 These authors show that initial pH
neutralization in analytical extraction of isoflavones and saponins from soy protein isolates increased
recovery rate and normalized the mass balance discrepancies observed without pH adjustment.

Xu et al. report a carefully performed study to determine effectiveness in using reverse-osmosis
and ultrafiltration to fractionate isoflavones from soymilk and to further concentrate the isoflavone
permeate.30 The mass balance analysis revealed about 50% of mole mass of isoflavones could be
recovered in retentate for other uses such as supplements or food additives. These authors suggest
that additional optimization would increase yield.

Penalvo et al. evaluated commercial soy supplements and reported all but one had isoflavone
levels 1–76% lower than label claim.31 Penalvo et al.32 reported on the analytical quality control
of their modification of the Klump et al. method21 by using an electrochemical detector. Chua et
al. examined 13 reportedly isoflavone-containing supplements.33 Unfortunately, the authors
extracted their samples in 75% ethanol at room temperature for 24 h, conditions that under-extract
isoflavones from most matrices.22 The authors seem totally unaware of the acetyl- and malonyl-
isoflavone forms and report these as impurities in their chromatograms.
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Pinto et al. conducted isoflavone distribution storage studies at –18 to 42oC and at several water
activities at 40oC for defatted soy flour and soy protein isolates.34 The temperature storage study
revealed no change in total mole mass of isoflavone at all temperatures. However, at 42oC, 10–20%
of the malonyl-glucosides were converted to their β-glucosides. These conversions were attributed
to the effects of temperature. Under controlled water activity conditions, major conversions of
glucosides to aglucons occurred in soy flours, but not soy protein isolates, at Aw = 0.87 but not at
lower water activities. These conversions were attributed to the effect of native glucosidases in soy
flour. Kim et al. compared isoflavone levels for 8 Korean soybean varieties after 3 y storage without
adjusting for molecular weight differences of the isoflavone forms.35 Under room temperature
storage, malonyl-β-glucosides decreased by a factor of 3 on mole basis but other isoflavone forms
remained unchanged. At –30oC, extractable malonyl-β-glucosides decreased and β-glucosides
increased but not on an equimolar basis. The authors do not indicate if data are on an “as is” or
dry weight basis.

Ismail and Hayes investigated the effects of β-glucosidase action on the different isoflavone
glucoside standards.36 The authors report using all 12 isoflavone standards but cited Fisher Scientific
as a source for malonyl-genistin and malonyl-daidzin, which cannot be correct. The data are reported
in mole%. These authors report no change in the concentrations of acetyl-genistein and malonyl-
genistin incubated 2 h at 37oC at pH 2, which seems unusual. The β-glucosides showed mixed
specificity for the isoflavone forms. Mixtures of isoflavone glucosides were hydrolyzed faster than
single glucosides. Almond β-glucoside hydrolyzed less than E. coli β-glucosidase. The E. coli β-
glucosidase preferentially hydrolyzed the β-glucosides with far less activity for the malonyl-β-
glucosides and acetyl-β-glucoside in the order of 90:6:5 mole% and these activities were consistent
for daidzein, genistein and glycitein forms. Whether this specificity holds for food matrices con-
taining isoflavones remains to be examined.

Choi et al. examined the effect of several strains of lactic acid bacteria’s β-glucosidases to
hydrolyze isoflavone glucosides.37 Yields of 70–80% for genistin and 25–40% for daidzin were
reported. However, some lactic acid bacteria strains did not hydrolyze any isoflavone glucosides.
Isoflavones were analyzed as aglucons and amount hydrolysis was calculated by difference.

B. ISOFLAVONES IN SOY FOODS

Isoflavones in soy foods were reported in about 14 citations. The same analytical and data reporting
problems cited above for soy protein ingredients are still a problem in interpreting the soy food
literature.

Chien et al. conducted a critical study on the kinetics of genistein and its glucosides intercon-
versions in a model system with kinetic estimates for this apparent first order reaction under dry
and moist heat treatments.38 Malonyl-genistin had the highest rate constant conversion to genistin
in both dry and moist systems; however, the magnitude of the rate constants were about ten times
faster in moist systems compared to dry. The rate constants for degradation in dry systems were:
MG to G > MG to AG >AG to G > MG to Gein ~ G to Gein ~ AG to Gein. The rate constants
for degradation in moist systems were: MG → G > MG → AG > AG → D2 > Gein → D4 > G →
D3 > AG → G >MG → D1 where Dx represents degradation products. The energies of activation
for moist heat conversions were in the following order: MG → G > G → D3 > Gein → D4 > MG
→ AG > AG → G > AG → D2. The energies of activation for dry heat conversions were in the
following order: G → D3 > MG → D1 > Gein → D4 > MG → AG >MG → G > AG → G. This
is the first report to give thermodynamic interpretation of isoflavone redistribution resulting from
thermal processing. These results mimic what has been observed in soy food systems for all 3
isoflavone forms.22

Setchell and Cole report isoflavone levels in 85 samples of soymilk and 2 types of soy protein
isolate produced commercially over a 3-year period.39 The data are not presented as individual
isoflavone forms but as total isoflavones or total malonyl, total β-glucoside, total acetylglucoside
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and total aglucons, all adjusted for molecular weight differences. Soy milks were made from
soybeans or soy protein isolates. Most soybean-based soy milks had higher isoflavone levels than
soy protein isolate-based soy milks. Traditionally produced soymilks, from soybeans, had the
highest variability in isoflavone content.

Zhang et al. examined the isoflavone distribution in wheat breads made with soy flour comparing
distributions between crumb and crust.40 These authors monitored the temperature exposure to each
site, 100oC for crumb and 165oC for crust. The authors reported their data on a nmole isoflavone/g
sample basis. Crumb and crust have very different distributions of isoflavone forms as expected
from the different heat treatments. In crumb, the glucoside:malonyl-glucoside:acetyl-gluco-
side:aglucon mole% were 33:36:7:24 whereas in crust, the mole% were 44:9:23:25. The authors
tested the biological activity of these food forms of isoflavones in cell systems, although the aglucon
and β-glucosides would not be what cells in intact organisms would ever be exposed to. Hydrolysis
and glucuronidation in the intestinal mucosa occur in isoflavone absorption and cells would be
exposed to glucuronides.

Hu et al. compared the total mole concentration of isoflavones with Group B soyasaponin in
several soy foods and soy ingredients.41 Soybeans, soymilk, tofus and ethanol-washed soy protein
concentrates had relatively equal mole concentrations of saponins and isoflavones. Tempeh and
textured vegetable (soy) protein (made from unknown starting soy ingredients) had about two times
the mole mass of isoflavones to soyasaponins. In contrast, soy protein isolates had 25 to 100 mole%
more soyasaponins to isoflavones. Acid-washed soy protein concentrates had 4–5X the mole mass
of soyasaponins to isoflavones. Two concentrated sources of isoflavones, soy germ and Nova Soy,
had 20 and 9 times greater mole% isoflavones to saponins. Clearly, processing has very different
effects on these two types of soy phytochemicals.

Kao et al. attempted to monitor the change in isoflavone form distribution during soaking and
cooking times for soymilk and coagulant for tofu production.42 Although the authors used all 12
isoflavone standards to accurately estimate the concentrations, they report their data in μg isoflavone
form/g sample rather than convert data to moles so direct comparisons can be made. As the data
was not reported in a mass balance form, we cannot account for masses in each fraction but rather
we can infer the trend based on isoflavone concentrations. When the authors’ data are converted
to μmole/g sample, there does not appear to be an equimole conversion between the isoflavone
forms. Soaked soybeans at 45oC for 12 h show decreases of 2.90 μmol/g malonyl-genistin and 1.35
μmol/g genistin with a 2.89 μmol/g increase in genistein. The mass balance does not match. Similar
lack of agreement in trends were observed in the soymilk cooking data with malonyl-genistin
decreasing 0.89 μmol/g and genistin increasing by 0.25 μmole/g with no change in aglucons.
Comparisons within the same sample should predict the mass balance trend.

Tsangalis et al. reported effects of Bifidobacteria fermentation on the distribution of 12
isoflavones using 6 standards and 80% methanol extraction of the samples.43 The data are reported
as mg isoflavone/100 ml soymilk, although the “soymilk” was actually soy protein isolate or soy
germ flour dispersed in water. When the data are converted to moles, the authors have fair mass
balance accounting. However, the authors’ data show a 49.6 nmole/mL increase in genistein with
a 41.0 nmol/ml decrease in the glucoside forms for their “soymilk.” The total mole concentration
of all isoflavones revealed a similar small lack of mass accounting. In a subsequent paper, Tsangalis
et al. report on isoflavone levels in artificial soy milks made with soy protein isolates.44 The
analytical method was the same as reported in Tsangalis et al.43 that had many anomalies.1 The
authors concluded that the bioavailability of the aglucons was no different from the glucoside
isoflavone forms.

Kao et al. attempted to quantify 6 isoflavone forms, genistin, malonyl-genistin, genistein,
daidzin, malonyl-daidzin, and daidzein, in tofu production although no source of standards was
reported nor chromatogram reported for the analyses.45 Only data for the β-glucosides and aglucons
were compared among the soy milk and tofu processing conditions although the authors report the
initial concentrations of all 6 forms, including the malonylglucosides, in the benchmark soybean,
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soymilk, and tofu. As the malonyl-glucosides accounted for a significant proportion of the isofla-
vones in each food, it is not clear why the authors ignored them in their processing effects analysis.

Antignac et al. examined cow’s milk for dietary phytoestrogens and report isoflavone levels
from 0.1 to 5 μg/l by LC/MS/MS.46 The isoflavone levels were 10 to 200 times lower than equol
and enterolactone in these dairy milks. Wu et al. used a koji extract containing glucosidases to
potentially produce higher yields of isoflavone aglucons from glucosides during tofu production.47

A 9 mole% increase in aglucons in the tofu was observed.
Wu et al. reported analytical quality control data for HPLC-electrochemical and mass spec-

trometry measurements of isoflavones.17 However, the data reported for edamame and mature
soybeans were the results of acid hydrolyzed samples; thus, only aglucon concentrations were
reported. Mature soybeans contained twice the mole mass of isoflavones compared to edamame,
although the authors do not report if data are on a dry weight or “as is” weight basis.

Wiseman et al. reported the isoflavone content and distribution of 39 different soy containing
foods using HPLC-MS to quantify the isoflavones.48 The authors classified 24 foods as “high”
isoflavone foods that would yield between 0.8 and 80 mg aglucons isoflavones per serving.

Thirty-three patents49–81 involving isoflavone contents or processing effects in foods have been
disclosed since the Murphy review.1 In contrast to those reviewed in 2004, most of the patents cited
here report on methods to recover or alter isoflavone composition in food or food ingredients. A
significant number of the patents cited here are modifications of previous patents in making
concentrated soy isoflavone extracts and recovering isoflavones in soy protein isolate production.

C. SOY ISOFLAVONE BIOAVAILABILITY

A major determinant of the safety and efficacy of isoflavones is their bioavailability. A few reviews
of isoflavone bioavailability have been published recently.82,83 Bioavailability is the access of a
compound to its sites of action. The solubility, absorption mechanisms, metabolism by mammalian
and microbial biotransformation, and interaction of the compounds with other dietary components
and host factors all determine isoflavone bioavailability (see Figure 2.2).84

D. MAJOR SITES OF ACTION OF ISOFLAVONES

Several recent reviews have described the actions of isoflavones, both potentially beneficial and
detrimental.3, 85–88 Isoflavones may benefit health by protecting bone mineralization,89 lowering

FIGURE 2.2 A current picture of isoflavone bioavailability.
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blood LDL-cholesterol,90 improving arterial dilation,91 suppressing mammary92 and other cancers,
and inhibiting menopausal symptoms.93 Isoflavones have shown no apparent long-term toxicity in
humans exposed to soy-based infant formula94 nor in single doses of up to 16 mg/kg body weight,95

but immunotoxicity in mice96 and reports of isoflavone genotoxicity in vitro97 suggest that certain
toxicological issues regarding isoflavones remain to be resolved.

1. Health Beneficial Potential of Isoflavones

A recent review of clinical trials and epidemiology related to isoflavones and osteoporosis indicated
that a dose of 80 mg isoflavones/d may protect bone mineral in younger postmenopausal women.89

Soy protein containing 80 mg isoflavones/d improved bone mineral density (BMD) of the lumbar
spine in 24 perimenopausal women compared with women fed a whey-based control product after
a 24 w trial.98 Mei et al. showed that in 357 postmenopausal women, those in the highest tertile
of phytoestrogen intake (mean isoflavone intake 26 mg/d) had greater lumbar spine BMD than did
those in the lowest tertile of phytoestrogen intake (mean isoflavone intake of 3 mg/d).99 Premeno-
pausal women sorted by phytoestrogen intake did not differ in BMD. But 38 postmenopausal
women given 118 mg isoflavones/d in soy protein for 3 months did not differ from 40 controls
given a placebo in indices of bone resorption.100 Ovariectomized 12-week-old Sprague-Dawley rats
given 45 mg genistein/kg b.w. per day for 12 weeks showed decreased bone resorption and increased
markers of bone formation (osteocalcin).101 It is not known if this estrogen-like mechanism of
action would hold true for lesser (and more human-relevant) doses of isoflavones. The data so far
provide limited support for bone protective effects of isoflavones, and suggest sites of action in
osteoclasts and osteoblasts.

Reviews of the role of isoflavones in protection from cardiovascular disease showed some
support for their preventive effects.102–105 Among 939 postmenopausal women from the Framingham
study, those in the highest quartile of isoflavone intake had a significantly lower cardiovascular risk
factor metabolic score (blood pressure, waist-hip ratio and lipoprotein status) than did women in
the lowest quartile of isoflavone intake.106 The role of isoflavones in cholesterol-lowering effects
of soy protein was shown in a group of 31 hypercholesterolemic subjects fed 62 mg isoflavones/d;
in subjects in the top half of the population with respect to LDL cholesterol, 37 mg isoflavones/d
was also effective in cholesterol-lowering after the 9-week treatment.90 The treatment diets did not
control for soyasaponin content, which may also be cholesterol-lowering. Hamsters (n = 10 males
and 10 females) fed 300 mg daidzein/kg diet (~20 mg/kg body weight) for 10 weeks showed
significantly lesser plasma total and non-HDL cholesterol than did casein-fed controls. This effect
was similar to that in hamsters fed 25% soy protein either containing the same total amount of
isoflavones or soy protein that had almost all of the isoflavones removed.107 In rabbits fed 1%
cholesterol, cholesterol peroxides and extent of atherosclerotic lesions were suppressed after feeding
1% isoflavones for 8 weeks, compared with a control group fed the high cholesterol diet, but the
isoflavone extracts did not affect serum lipids in the rabbits.108 Isoflavone composition may affect
cholesterol-lowering efficacy. In 10 hypercholesterolemic humans, 25 g soy protein containing
equal amounts of genistein, daidzein and glycitein did not lower LDL cholesterol, whereas in a
previous study of similar subjects, soy protein high in genistein and low in glycitein did lower LDL
cholesterol.109 Feeding ovariectomized cynomolgus monkeys an isoflavone extract (360 mg isofla-
vones/kg diet) for 20 w did not lower blood lipids, but soy protein containing isoflavones did.110

The effects of isoflavones on cholesterol status vary with the model used, which could be related
to differences in isoflavone bioavailability. This remains to be determined. Effects of isoflavones
on cardiovascular disease other than cholesterol-lowering may be significant. Postmenopausal
women (n = 28) fed 25 g soy protein containing isoflavones for 6 weeks showed a vasodilatory
effect not seen when the women were fed soy protein with isoflavones removed or milk protein.91

Arterial stiffness was lessened in 80 subjects fed 80 mg isoflavones/d for 6 weeks compared with
placebo treatment in a randomized, crossover study.111 Isoflavones may be protective against some
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aspects of cardiovascular disease, but the mechanisms remain to be discovered, and results are
equivocal as yet regarding cholesterol-lowering by these compounds. With respect to cardiovascular
diseases, isoflavone sites of action may include arterial smooth muscle and sympathetic nervous
system, and LDL receptor or other cholesterol regulatory gene expression.

Human epidemiology of the role of isoflavones in reducing cancer risk has shown a significant
association between urinary excretion of these compounds and reduced risk of mammary can-
cer,92,112 but the causal link is not established because most of these studies measured isoflavones
in subjects who already had cancer, compared with subjects who did not have cancer. Genistein or
daidzein (250 mg/kg diet) fed for up to 27 weeks to mouse mammary tumor virus-neu mice
increased the length of time for development of spontaneous mammary tumors.113 But daidzein
(250 mg/kg diet) given just after birth for 21 d to litters of Sprague-Dawley rats did not protect
against dimethylbenz[a]anthracene-induced mammary tumors.114

Moyad115 and Messina116 reviewed evidence regarding soy and isoflavones and prostate cancer,
concluding that these compounds showed promise in reducing this disease risk. A prospective study
of 12,395 Seventh Day Adventist men showed that drinking soy milk at least once per day was
associated with significantly reduced prostate cancer risk.117 Fifteen men with benign prostate
hyperplasia showed significantly less prostatic genistein, but not other isoflavones, than did 25
control subjects.118 34 men fed soy with and without isoflavones for 6 weeks in a randomized
crossover design showed no difference in prostate specific antigen.119 In the human prostate cancer
cell lines, LNCaP and PC-3, genistein and daidzein (10 μM) inhibited cell growth; only genistein
caused DNA damage to the cells.120 Prostates from rats fed 1000 mg genistein.kg diet for 2 weeks
postweaning showed somewhat reduced growth but normal expression of 2 prostate-specific pro-
teins.121 Mentor-Marcel et al.122 showed that genistein at 250 and 500 mg/kg diet suppressed the
incidence of poorly differentiated prostate adenocarcinomas in the transgenic mouse prostate
adenocarcinoma (TRAMP) model. Possible beneficial effects of isoflavones against human prostate
cancer are suggested but far from proven.

Other types of cancer may be prevented by isoflavones based on neoplastic cell culture, animal
model, and limited human studies.123 For example, genistein at 6 and 20 mg/kg body weight given
for 28 d decreased melanoma lung tumor nodules in B6C3F1 female mice and enhanced indicators
of innate immune defense.124 The mechanisms of action of isoflavones as anticancer agents, both
to prevent and treat this host of diseases are under very active investigation. Dose, model, and
metabolic relevance remain key issues. Numerous cell growth regulatory factors and their expression
could be sites of action for isoflavones, mediated by interaction with estrogen receptors or inhibition
of tyrosine phosphorylation by genistein.125 Treatment of cancer by genistein might be mediated
by its effects on DNA topoisomerase II, which induce DNA strand breaks that can lead to cancer
cell apoptosis.126

Messina and Hughes reviewed 13 clinical trials of isoflavones used in treatment of hot flushes.93

Women experiencing greater numbers of hot flushes/d (>5) experienced moderate relief from
35–100 mg isoflavones/day. Whereas this conclusion needs much more supporting evidence, isofla-
vones may act on neuromuscular signals involved in the vasodilation of hot flushes. Postmenopausal
women who took 110 mg isoflavones/d showed improved cognitive function, especially verbal
memory after 6 mos in a randomized, double-blind placebo-controlled trial involving 53 subjects
in total.127 Isoflavones seem promising for improved mental function in aging populations, suggest-
ing neuronal sites of action.

2. Toxicology of Isoflavones

Concerns about the toxicology of environmental estrogens have prompted investigation of isofla-
vones, known weak estrogens. The few human studies show a lack of adverse effects on endocrine
function and reproduction from exposure to soy infant formulas during infancy in 248 adults ages
20–34 compared with 563 subjects fed cow’s milk formula as infants. Women fed soy as infants
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showed greater discomfort during menstruation than those fed cow’s milk formula.94 Infant devel-
opment was shown not to be adversely affected by soy formula in several clinical trials recently
reviewed, but no data exist on early indicators of reproductive development.128 Single doses of up
to 16 mg purified isoflavone mixtures/kg body weight fed to postmenopausal women showed a few
instances of nausea, edema, and breast tenderness, but otherwise no signs of toxicity from mea-
surements of vital signs or clinical chemistry were observed.95 Takimoto et al. gave single doses
of up to 8 mg genistein/kg body weight to 13 cancer patients.129 One patient developed a rash and
no other toxicities were seen; peripheral blood mononuclear cells showed increased tyrosine
phosphorylation of proteins as genistein dose increased.

Animal models indicate a few toxicological concerns for genistein. C57Bl/6 ovariectomized
mice (5 w old) fed 1000 mg (n = 20) or 1500 mg genistein/kg diet (n = 10) had significantly less
thymic weight than did controls (n = 18) fed an AIN-93G diet after 12 d.96 Ovariectomy was thought
to create a model more similar to human infants in estrogen status. The circulating genistein
concentration (1 μM) was less than that measured in soy-fed human infants. A subsequent study
feeding 1000 mg equol/kg diet in a similar model showed that this isoflavone did not affect thymus
weight.130 Interactions among isoflavones have not been studied, but genistein was shown to alter
expression of numerous mouse thymic genes, suggesting sites of action.131 Thyroid peroxidase
activity was decreased significantly in Sprague-Dawley rats fed as little as 5 mg genistein/kg diet
throughout the lifespan until 140 days of age.132 Thyroid hormone levels were unaffected, but this
suggests another site of action. Huang et al. showed that rats fed soy protein isolate but not
isoflavones (50 mg/kg diet) for 90 d had increased hepatic thyroid hormone receptor β1, a key
regulator of cholesterol metabolism, so this was not a site of action for isoflavones in this model.133

Postmenopausal women given soy protein with 118 mg isoflavones/d for 90 d did not differ from
placebo controls in a randomized double blind study (n = 25/group) in hepatic protein synthesis,
or in thyroid or sex hormone binding proteins or sex hormones in plasma.134 When 817 female
thyroid cancer patients and 793 case controls were assessed for phytoestrogen intake, this cancer
risk was significantly less in the highest quintile of daidzein and genistein intake than for the lowest
quintile (~8 mg/d v. < 1 mg/d).135 Animal models suggest additional sites of action that should be
investigated in humans; thyroid may be a target of isoflavones in humans, but perhaps not for toxic
effects of these compounds.

Ovariectomized adult Long Evans rats fed isoflavones (13 mg genistein and 33 mg daidzein/kg
diet) for 6 d showed decreased sexual receptivity and decreased oxytocin receptor in ventromedial
hypothalamus compared with estrogen treatment alone.136 The isoflavones also increased estrogen
receptor β (ERβ) mRNA in the same tissue, but not in the presence of estrogen. Male rats, n = 12,
combined from 2 generations fed 500 mg genistein/kg diet throughout life until 12 weeks of age
showed significantly increased dopamine release from amphetamine-stimulated striatum compared
with controls (n = 13).137 This was not seen in females. When 420 mg isoflavones/kg diet was fed
to male and female Long-Evans rats until 120 d of age, the sexually dimorphic nucleus of the
preoptic area of the brain was significantly larger in males but not females compared with controls.
Similar phytoestrogen-fed male and female rats showed decreased anxiety as measured by time
spent in open areas of a maze compared with controls. Visual/spatial memory measured by maze
learning was enhanced in phytoestrogen-fed females, but diminished in phytoestrogen-fed males
compared with their controls within each sex.138 Opposite changes in anteroventricular periventric-
ular nucleus (decreased size in male, increased in female) were seen in adult Long-Evans rats
switched to a diet containing 420 mg isoflavones/kg from an isoflavone-free diet from d 75–120
of age.139 But young adult (8 weeks old) male Lister rats fed 150 mg isoflavones/kg for 14 days
showed increased anxiety (less time spent in open arms of a maze) and stress-induced vasopressin
release.140 Possible neurotoxic effects of isoflavones should be explored further; which animal
models and isoflavone doses are issues to be resolved.

Genotoxic effects of isoflavones have also been shown to occur. Human peripheral blood
lymphocytes exposed to 25 μM genistein, but not 100 μM daidzein, showed chromosomal abnor-
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malities by microscopic examination of Giemsa-stained metaphase spreads.141 Syrian hamster
embryo cells showed chromosomal aberrations by similar microscopic examination after treatment
with 50 μM genistein, but not 200 μM daidzein. 32P-post labeling revealed DNA adducts formed
in these cells by 50 μM daidzein and 12.5 μM genistein.142 Ishikawa (human endometrial carcinoma)
cell cultures exposed to 5 μM equol and 10 μM 3′-OH-daidzein, two possible daidzein metabolites
in humans, showed increased micronuclei, another indicator of chromosomal damage.143 These
isoflavone doses may be pharmacologically but not nutritionally relevant, and suggest both cancer
treatment efficacy (killing neoplastic cells by deranging their genetic information) and adverse side
effects of such treatments (genetic damage to normal or neoplastic cells that are not killed).

3. Interactions of Isoflavones with Estrogen Receptors — Key Sites of Action?

Because isoflavones are weakly estrogenic, their fundamental sites of potential benefit or toxicity
may be estrogen receptors (ERs), especially ER-β. Genistein showed an IC50 (50% inhibitory
concentration) of 8.4 nM competing against 17β-estradiol for binding to human recombinant ER-
β, and 145 nM with ER-α, whereas daidzein showed IC50 of 100 nM for ER-β and 420 nM for
ER-α. Genistein was ~150-fold less active than estradiol for ER-α binding but only 8-fold less
active for ER-β binding.144 Genistein was about 100-fold less active than estradiol for binding to
solubilized extract of human ER-α but only 10-fold less active than estradiol in binding to ER-β
whereas 5-O-methyl- and 7-O-methyl-genistein were much less active than genistein.145 Human
fetal osteoblasts responded in a manner similar to estrogen to 0.1-1 μM genistein, mediated through
both ER-α and β.146 Genistein was ~70-fold less potent than diethylstilbestrol (DES, a synthetic
estrogen) in binding to ERα but similar in potency to DES for ERβ binding in Ishikawa cells.147

ERβ is widely distributed in human tissues, so this may be an important site of action for isoflavones,
especially genistein. Genistein was also shown to interact with human sex hormone binding globulin
in nutritionally relevant concentrations (~1.5 μM), with an ability to displace estradiol significantly
at genistein concentrations of ~10 μM.148 Kurzer reviewed hormonal effects of soy isoflavones
during studies of human isoflavone intake; slightly lengthened menstrual cycles, and decreased
blood concentrations of estradiol, progesterone, and sex hormone binding globulin were suggested
in women, but few effects were seen in men.149 Isoflavone sites of action mediated by ER binding
deserve more investigation; at least some of these effects are likely to occur in nutritionally relevant
isoflavone concentrations.

Isoflavones have also been identified to interact with numerous other proteins (e.g., protein
tyrosine kinases, DNA topoisomerase II, thyroid peroxidase), but the link between these effects
and ER binding has been examined rarely, if at all. The ability of isoflavones to suppress human
natural killer (NK) activity in vitro150 is probably related to this inhibition, because tyrosine kinases
are crucial activators of NK cells.151 It is possible that this presumed effect on tyrosine kinases is
an indirect effect, mediated by ER binding; this remains to be determined. Because ERs are
expressed in numerous cell types,152 isoflavone sites of action, either possibly detrimental or
beneficial, occur throughout the body. Thus, general indicators of isoflavone bioavailability such
as plasma concentrations, or direct cellular measurements of isoflavone contents or the extent of
isoflavone binding to ERs would be appropriate measurements of these compounds. To our knowl-
edge, methods for measurement of ER binding by isoflavones in vivo have not been developed as
of yet. But both plasma and cellular isoflavone contents have been measured, the latter only in
animal models (see below). A recent novel technique for detecting metabolomic changes associated
with isoflavone intake in humans used 1H-NMR to detect urinary compounds during a period in
which healthy women were fed texturized vegetable protein (45 mg isoflavone glucosides) or miso
(25 mg isoflavone aglucons) daily for one month. Trimethylamine-N-oxide excretion was signifi-
cantly increased by either treatment, but it was not clear if this was solely attributable to isoflavone
intake.153 In any case, this method holds great promise for more detailed assessment of isoflavone
sites of action. When specific isoflavone metabolites or endogenous metabolites that are character-
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istically associated with isoflavone intake are identified to be important, these would become crucial
to the assessment of isoflavone bioavailability.

E. APPARENT ABSORPTION AND RELATIVE PHARMACOKINETICS OF ISOFLAVONES

Physicochemical interactions of the isoflavones with the gastrointestinal mucosa seem to depend
partly on the relative hydrophobicity/hydrophilicity of the compounds. The isoflavone aglucon
molecular weights (~250 g/mol) permit their diffusion. Although isoflavones are predominantly in
glucosidic form in foods, isoflavone glucosides have not been detected in human blood plasma or
urine. Thus, either human intestinal or gut microbial glucosidases must act before the isoflavones
are absorbed. Due to the time course of apparent absorption of isoflavones in which these com-
pounds appear quite rapidly in plasma, with peak concentrations achieved at 5–8 h, small intestinal
deglucosylation must be involved. Human lactase phlorizin hydrolase (LPH) cleaves isoflavone
glucosides.154 Isoflavone glucosides may also be absorbed intact by glucose transporters in the
gastrointestinal mucosa, and immediately deglucosylated by the transporter, such that no isoflavone
glucoside reaches circulation.155 Based on research on quercetin, it seems likely that flavonoids in
general, including isoflavones, are mainly deglucosylated by LPH in humans.156 Dietary isoflavone
aglucons are absorbed more rapidly than are glucosides (e.g., Zheng et al.157). Although the aglucon
isoflavones are absorbed more rapidly, all of the studies published so far except one158 show that
their overall bioavailability (overall plasma area under curve (AUC) or total urinary excretion) is
the same as for isoflavone glucosides, so that human isoflavone bioavailability is not limited
appreciably by mucosal absorption mechanism, in most subjects. Izumi et al.158 was the only study
performed with subjects from Japan. In this study 4 men and 4 women were fed a single isoflavone
dose and plasma isoflavone contents measured at 0, 2, 4, 6, and 24 h after dosing. Consuming a
product rich in isoflavone aglucons produced nearly tenfold greater plasma concentrations than did
a product rich in isoflavone glucosides. It is possible that later time points would have revealed
greater isoflavone concentrations from the isoflavone glucosides. Asian subjects are typically lactase
deficient, so this might explain the difference in result between this study and others.45, 157, 159, 160

In a randomized crossover design, for 14 d per treatment, 16 postmenopausal women in Australia
were given soymilk fermented with bifidobacteria (aglucon content 36–69% depending on isofla-
vone dose fed) compared with unfermented soymilk (7–10% aglucons). Total urinary excretion
was similar across all treatments measured as 31% of ingested dose from analysis of four 24-h
urine samples per treatment.13 In a randomized, double-blind study of 15 middle aged women in
the U.S. given isoflavone aglucon or glucoside tablets in a single dose, plasma AUCs did not differ
for the isoflavone forms, based on plasma samples collected at 0, 1, 2, 4, 8, 12, and 24 h after
dosing.159 In a randomized study of groups of 8 to 9 women fed fermented or unfermented soygerm
flour (~85% aglucon v. ~7% aglucon, respectively) for 7-d, 24-h urinary isoflavone excretion (mean
of day 1 and day 7 combined) did not differ with the type of isoflavone fed, although plasma
daidzein at 3 h after dosing was greater in women fed fermented soygerm. So, although there may
be short-term differences in pattern of absorption between isoflavone glucons and aglucons, the
apparent absorption of the two forms did not differ overall.157 The question of comparative absorp-
tion of isoflavone aglucons vs. glucosides could be of health significance if there are important
health effects that depend on more rapid absorption of isoflavones. This could be worth further study.

The relative absorbability and bioavailability of genistein, daidzein, and glycitein have been
studied; glycitein comparatively less so. Plasma and urinary isoflavone contents do not always
agree in the pattern of absorption reflected. Studies of urinary isoflavone excretion show a greater
percentage of ingested dose of daidzein excreted than of genistein, reflecting apparent absorption
(postmenopausal women,95 men,161, 162 premenopausal women163, 164). Urinary glycitein excretion
was similar to that of daidzein as a proportion of ingested dose.165 Xu et al. showed that 2 female
subjects who were high excreters of isoflavones, excreting ~10–30 times greater amounts of
isoflavones in feces than did 5 low excreters, excreted similar amounts of daidzein and genistein
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in urine and had similar plasma contents of the 2 isoflavones at 6.5 and 24 h after the initial
isoflavone dose during a day in which subjects were fed soymilk at 7am, 12pm, and 5 pm.166 Low
isoflavone excreters showed significantly greater plasma daidzein than genistein. At 24 h after initial
isoflavone dose, high excreters showed greater plasma genistein contents than did low isoflavone
excreters. When similar doses of genistein and daidzein (~2 mg/kg body weight) were compared
in the study of single-dose pharmacokinetics in 24 postmenopausal women,95 based on AUC over
24 h, daidzein showed ~67% greater bioavailability than did genistein. Setchell et al.163 in a study
of 4 single doses of isoflavones given to 16 premenopausal women showed 20% greater plasma
AUC for genistein than for daidzein. Interindividual differences in isoflavone metabolism between
subjects in these different studies might account for the differing results, perhaps due to gut microbes
(see below).

F. ENDOGENOUS BIOTRANSFORMATION OF ISOFLAVONES

Isoflavones seem to be rapidly and predominately glucuronidated in the gastrointestinal mucosa,
if genistein can be considered to be a model for all of the isoflavones.167 A recent study in CaCO2
cells confirmed this, in that glucuronide conjugates were the main isoflavone metabolites produced
in this human colon carcinoma-derived cell line. Isoflavone glucuronides were secreted to the
basolateral side of the cell membrane, whereas isoflavone sulfate conjugates tended to be secreted
more into the luminal side, but not for genistein or glycitein sulfates.168 Further glucuronidation
and sulfation occur in the liver. It seems that biliary excretion is a major fate of the isoflavones,
with more than 70% of a dose recovered in bile within 4 h after dosing in rats. This seems to be
a general characteristic of flavonoids.156

Genistein and daidzein glucuronides accounted for 72% of total isoflavones excreted in urine
of women fed soy in single meals on single days or during 6 d of soy feeding; daidzein and genistein
glucuronides constituted ~60% of total isoflavones in plasma at 3 h after daily dosing with aglucons
accounting for ~25% of total plasma isoflavones. Sulfate conjugates, measured by difference after
glucuronide-specific hydrolysis accounted for ~20% of urine and plasma isoflavone contents.169

Rats fed genistein showed ~90% isoflavone glucuronides in plasma, with 1–3% aglucons and
0.3–7% sulfate conjugates detected.170 But another study showed 52% of isoflavones in rat urine
as aglucons, with 26% as sulfate conjugates.171 An earlier study had shown about 4% of total
genistein dose excreted as sulfate conjugate and 2% of dose excreted as glucuronide conjugate.172

These studies used the same rat strain (Sprague Dawley) and similar isoflavone doses. Sulfation
of isoflavones was increased by fasting in Wistar male rats.173 The rat studies do not correspond
well with the limited human data available. Rats may not be appropriate models for human disease
studies of isoflavones if endogenous biotransformation is accounted for, as it should be. The
endogenous metabolites of isoflavones deserve additional study, as they are not inert and are less
toxic than the parent isoflavones.

Peterson et al. identified sulfate and hydroxylated and methylated metabolites of genistein in
breast cancer cell lines.174 The production of hydroxylated and methylated genistein metabolites
correlated with inhibition of cancer cell proliferation, but the sulfates were not associated with
antiproliferative effects of genistein. Genistein sulfate was less potent than genistein at inhibiting
platelet aggregation in vitro by about fivefold, although this metabolite showed antioxidant activity
similar to genistein in ferric reducing ability of plasma and less potent than genistein in Trolox®-
equivalent antioxidant capacity.175 Isoflavone sulfates were ineffective at preventing copper-
induced LDL oxidation in vitro.176 But in HeLa human cervical carcinoid cell line transfected
with an estrogen-response element, 0.1 μM daidzein-7-sulfate induced this response element and
1.0 mM daidzein-7-sulfate significantly suppressed the proliferation of this cell line.177 This
isoflavone metabolite may exert some anticarcinogenic effects in vivo, but likely concentrations
in vivo may be less than those shown to be effective in vitro. Additional studies should be expected
on isoflavone sulfates.
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Zhang et al.150 showed that genistein and daidzein glucuronides were about an order of mag-
nitude less estrogenic than their respective isoflavone aglycones, as measured by in vitro binding
with mouse uterine cytosolic estrogen receptor. The glucuronides also possessed modest ability to
enhance human natural killer cell activity in vitro, comparable in magnitude to genistein, but
effective and nontoxic over a wider concentration range than genistein. As little as 0.1 μM–0.5 μM
isoflavone or isoflavone glucuronide concentrations affected NK activity, which constitute readily
achievable plasma levels after consumption of soy foods.162, 164, 166

In vitro studies of isoflavone effects might be misleading unless isoflavone metabolism and
metabolites are considered. Isoflavone metabolism seemingly has importance to bioavailability and
efficacy of these compounds. Characterization of physiologically relevant metabolite levels and
patterns is likely to be necessary to determine the mechanisms of isoflavone action.

III. MICROBIAL BIOTRANSFORMATION AND APPARENT 
DEGRADATION OF ISOFLAVONES

A. EQUOL

Isoflavone activity may be altered by microbial biotransformation. The phytoestrogens equol and
O-desmethylangolensin (ODMA) are produced from daidzein by gut microbes.178 Both of these
metabolites are more estrogenic than is daidzein, with about one-third to one-half of human subjects
producing equol and at least four-fifths of subjects producing ODMA. Human cancer epidemiology
comparing equol and/or ODMA production with cancer risk, mostly in case-control studies, have
tended to show reduced cancer risk with increased production of these metabolites. ODMA has
been much less studied than has equol. Cardiovascular disease risk has shown similar weak but
possibly beneficial effects of equol production (disease risk and daidzein metabolites reviewed by
Atkinson et al.178). 0.5 μM equol, a relatively high concentration in comparison to that measured
in human plasma after soy challenge, inhibited LDL-oxidation in vitro by inhibiting superoxide
production and enhancing free nitric oxide in the J774A.1 mouse macrophage cell line.179 High
producers of equol showed a putative benefit of consuming soy not found in equol non-producers,
that of greater urinary 2-hydroyxestrogen: 16-hydroxyestrone ratio, associated with decreased breast
cancer risk, in a study of 20 breast cancer survivors and 20 matched control postmenopausal women
fed soy protein for 6 week intervals.180 The quantitative relationships between these metabolites
and health effects are not yet clearly established, but a prescreening protocol providing a 3-d soy
challenge and analyzing urinary excretion of these compounds is probably needed to most reliably
identify this seemingly quite stable gut microbial activity.178 Such screenings in human clinical
trials of soy efficacy and safety are highly desirable in helping to clarify findings.

Equol production may be influenced by dietary factors. Allred et al.181 showed that soy flour
and molasses containing similar or somewhat less daidzein than Novasoy® or mixed pure isofla-
vones caused significantly greater peak equol concentrations in ovariectomized 6-week-old
BALB/c mice fed these isoflavone sources for 10 days, suggesting that purer isoflavone sources
are not as effective as substrates for equol production. In 30 women given a 3-day soy challenge,
35% were equol producers. The equol producers consumed ~15% more dietary carbohydrate than
did non-producers and about 30% more total dietary fiber. These dietary differences were not
observed among 30 men who were sorted by their equol producing ability.182 Among 24 subjects
fed soy for 17 d, 36% of subjects who were equol producers consumed 17% more carbohydrate
as percentage of energy and 26% less fat.183 In a study of 45 men, 20 subjects who consumed >30
mg soy isoflavones/day for more than 2 y showed a fivefold greater probability of producing equol;
regular meat consumers had about a fivefold greater probability of producing equol; equol producer
showed high concentrations of this metabolite in prostatic fluid, which could be protective against
prostate cancer.184
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1. General Significance of Gut Microbial Metabolism of Isoflavones

Kelly et al.185 also identified several other urinary isoflavone metabolites likely to have been derived
from gut microbial fermentation including 6-hydroxy-ODMA, dehydro-ODMA, dihydrogenistein,
two isomers of tetrahydrodaidzein, and confirmed the presence of dihydrodaidzein. In addition to
these metabolites, cis-4-OH-equol was identified in human urine.186 Other gut microbial metabolites
of isoflavones identified in human urine include 3″-OH-ODMA, 3′,4′,7-trihydroxyisoflavanone,
4′,7, 8-trihydroxy-isoflavanone and 4′,6, 7-trihydroxyisoflavanone.187 Simons et al.188 incubated
glycitein anaerobically with feces from 12 human subjects; dihydroglycitein, dihydro-6,7,4′-trihy-
droxyisoflavone, and 5′-O-methyl-ODMA were identified as the main glycitein metabolites. Two
subjects produced a metabolite tentatively identified as 6-O-methyl-equol, a glycitein analog of
equol. The health significance of these isoflavone metabolites deserves further study.

Interindividual variation in isoflavone metabolism and degradation by gut microorganisms
seems to follow certain patterns. In a study of bioavailability of isoflavones from three soymilk
meals over a day, 2 women consistently showed 10–20 fold greater fecal excretion of isoflavones
in feces compared with the other 5 women. This paralleled 2–3 fold greater urinary and plasma
levels of isoflavones in the “high excretors” compared with the other 5 subjects.166 In vitro isoflavone
degradation by human fecal samples was shown to occur rapidly for both genistein and daidzein
(degradation half-lives of 3.3 and 7.5 h respectively). A study of in vitro human fecal isoflavone
degradation with 20 men and women showed that subjects sorted into three distinct degradation
phenotypes, with degradation rate constants for genistein of 0.023 (high degrader, n = 5), 0.163
(moderate degrader, n = 10), and 0.299 (low degrader, n = 5).189 These phenotypes seemed to be
relatively constant when reexamined 10 months later with degradation rate constants of 0.049 (high
degrader, n = 5), 0.233 (moderate, n = 4), and 0.400 (high, n = 5). Twelve of 14 subjects who
remained in the study after 10 months maintained their initial isoflavone degradation phenotype
(data not shown). When 8 men of varying degradation phenotypes were fed soymilk, plasma
isoflavone contents correlated negatively and significantly (p < 0.05) with degradation rate constant,
r = –0.88 for daidzein and r = –0.74 for daidzein.190 These data suggest that part of the interindividual
variability in isoflavone disposition might be accounted for by variation in gut microbial isoflavone
degradation rate. In 68 women, 35 recent Chinese immigrants to Iowa, and 33 Caucasian Iowans,
women sorted into high, moderate, and low fecal isoflavone degradation rates, with a significantly
greater proportion of Chinese subjects as high isoflavone degraders. Dietary habits, physical activity
and gut transit time (GTT) were assessed by questionnaire, physical test, and bead marker, respec-
tively. Subjects with significantly more rapid GTT (mean of 40 hours) and low isoflavone degra-
dation rate showed significantly greater apparent absorption of genistein than did other subjects
with longer GTT (mean > 60 hours), regardless of in vitro fecal isoflavone degradation rate. Neither
dietary habits nor physical activity were associated with in vitro fecal isoflavone degradation rate.191

In 25 women prescreened for anaerobic fecal daidzein degradation rate and GTT, 12 women with
low daidzein degradation rate (< 0.2 h–1) and more rapid GTT (mean of 71 h) showed about 50%
greater apparent isoflavone absorption (urinary excretion) compared with 13 women of high daid-
zein degradation rate (>0.3 h–1) and long GTT (mean of 106 h), measured after day 1 and 7 of a
week of soy feeding.157 Thus, fecal isoflavone degradation rate and GTT may be useful predictors
of isoflavone bioavailability. This remains to be done in human clinical trials of the health effects
of isoflavones, but might be helpful, especially coupled with equol and ODMA production screen-
ing, in sorting out the effects of isoflavones.

Isoflavone degrading microorganisms remain to be identified. Some Clostridia strains may
cleave the C-ring of flavonoids, including isoflavones.193 Clostridia are absent from the gastrointes-
tinal tracts of some individuals and may be introduced during meat consumption.193 Isoflavones
can be broken down into other compounds that possess biological activity, especially monopheno-
lics. For example, p-ethylphenol is a nonestrogenic metabolite of genistein identified in ruminants.194

Methyl p-hydroxyphenyllactate is a flavonoid metabolite that blocks nuclear estrogen receptor
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binding and inhibits the growth of MCF-7 breast cancer cells in vitro.195 Characterization of their
metabolism by gut microorganisms may yield insights into the mechanisms of action of isoflavones.
Identification of human gut microbes causing the disappearance of isoflavones from in vitro fecal
incubations is ongoing in our laboratory, using genomic techniques to characterize gut microbial
ecology based on variable regions within the 16S ribosomal RNA gene.196

IV. SUMMARY

Isoflavones continue to be of great interest, especially for their estrogen-like effects. The design of
foods that contain these phytochemicals is ongoing, but the health protective efficacy of these
compounds remains uncertain. Better control of clinical trials to account for the great extent of
interindividual variation in bioavailability of these compounds should facilitate understanding. Best
practices in screening for such trials are emerging, with a combination of examination of equol
and ODMA production, and analysis of isoflavone fecal degradation phenotypes and gut transit
time likely to be quite useful in clarifying the picture of isoflavones and human health.
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I. INTRODUCTION

 

Nearly 200 studies have examined the relationship between fruit and vegetable intake and cancers
of the lung, colon, breast, cervix, esophagus, oral cavity, stomach, bladder, pancreas, and ovary.

 

1

 

Of these, a protective effect of fruit and vegetable consumption was found in 128 of 156 dietary
studies. For most cancer sites, individuals with the lowest fruit and vegetable intake (at least the
lower one fourth of the population) had approximately twice the risk of developing cancer compared
with those with the highest intakes, even after controlling for potentially confounding factors.

There are innumerous compounds in fruits and vegetables that could individually or synergis-
tically contribute to improvements in human health. Carotenoids are the pigment compounds that
contribute to the coloring of fruits and vegetables. For example, lycopene (Figure 3.1) contributes
the red pigment found in tomatoes.

 

2

 

 Lycopene is one of nearly 700 carotenoids that have been
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characterized.

 

3,4

 

 These compounds share common features including the polyisoprenoid structure
and a series of centrally located double bonds.

 

3,4

 

The deep red crystalline pigment produced by lycopene was first isolated from 

 

Tamus communis

 

berries in 1873 by Hartsen.

 

5

 

 Subsequently, in 1875, a crude mixture containing lycopene was
obtained from tomatoes. However, not until 1903 was 

 

lycopene

 

 coined as it was determined that
it had a unique absorption spectrum that differed from carotenes obtained from carrots. In the
Western diet, lycopene is the most abundant nonprovitamin A carotenoid in the diet and human
plasma.

 

6

 

 Likewise, it can be readily detected in a variety of biological tissues. Continued studies
on lycopene have led to our increased understanding of its potential role in human health.

 

II. DIETARY SOURCES OF LYCOPENE

 

In the U.S., it is estimated that lycopene contributes approximately 30% of the total carotenoid
intake, which equates to about 3.7 mg/d.

 

7

 

 For comparison, daily lycopene intake in Great Britain
is 1.1 mg/d.

 

8

 

 Lycopene is unique in that it is primarily represented by a single dietary source:
tomatoes and tomato products

 

6

 

 (Figure 3.2). This is further emphasized by the fact that plasma
lycopene concentrations were not correlated with total fruit and vegetable consumption. Despite
the numerous cis configurations that can arise with lycopene, lycopene from natural dietary sources
is generally found in the all trans configuration (Figure 3.1).

 

9

 

In the U.S., estimates indicated that tomatoes and tomato products contribute more than 80%
of the lycopene content to the American diet.

 

10

 

 Although the lycopene content is dependent on the
stage of fruit ripening, fresh tomato contains 31–77 mg/kg.

 

11,12

 

 Furthermore, tomato variety plays
a factor into the lycopene content of the fruit. Redder varieties contain upwards of 50 mg/kg whereas
yellower varieties contain 5 mg/kg. Even though tomatoes and tomato products are the predominant
source of dietary lycopene (Figure 3.3), other foods including apricots, guava, rose hips, water-
melon, papaya, and pink grapefruit also contribute to the dietary lycopene intake.

 

13

 

Changes in carotenoid intake from 1987 to 1992 were evaluated in American adults.

 

14

 

 Inter-
estingly, during this period, mean lycopene intake increased 5–6% among adults 18–69 years old.
Moreover, those with more education (>13 yr), higher incomes (>$20,000), and residing in the
West had lycopene intakes that increased by 12.5, 8, and 16%, respectively.

 

FIGURE 3.1

 

Structures of lycopene and select isomers.

5-cis lycopeneall-trans lycopene

9-cis lycopene 5,5’-cis lycopene

13-cis lycopene

7,9,7’,9’-cis lycopene
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III. BIOAVAILABILITY, BIOLOGICAL DISTRIBUTION, 
AND METABOLISM

A. A

 

BSORPTION

 

 

 

AND

 

 B

 

IOAVAILABILITY

 

In general, carotenoids found in foods are tightly bound within the food matrix, which may result
in absorption difficulties and reduced bioavailability.

 

15

 

 Because lycopene is lipophilic, its absorption
is dependent upon the same processes that enable fat digestion and absorption such as solubilization
by bile acids and digestive enzymes, and the incorporation into micelles.

 

6

 

 The simultaneous presence
of dietary fat in the small intestine is recognized as an important factor for the absorption of
lycopene.

 

16

 

 Therefore, any disease, drug, or dietary compound that contributes to lipid malabsorp-
tion or that disrupts the micelle-mediated process could potentially reduce the bioavailability of

 

FIGURE 3.2

 

Carotenoid distribution of tomato products

 

.

 

 (Data have been adapted from Johnson, E.J., Human
studies on bioavailability and plasma response of lycopene, 

 

Proc Soc Exp Biol Med

 

, 218(2): 115–20, 1998.
With permission.)

 

FIGURE 3.3

 

Lycopene content of select foods.
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lycopene as well as other carotenoids. Optimal carotenoid absorption occurs if these compounds
can be effectively extracted from the food matrix and subsequently incorporated into the lipid phase
of the chyme present in the gut. Consequently, patients with cholestatis, who are known to have
difficulties with fat absorption, have lower plasma concentrations of lipophilic nutrients including
lycopene than healthy control patients.

 

17

 

Dietary fat stimulates bile acid secretion, which assists in the formation of micelles. However,
limited data exist regarding the optimal amount of fat required for lycopene absorption, but it has
been suggested that only 3–5 g fat were required for optimal 

 

α

 

- and 

 

β

 

-carotene absorption.

 

16

 

 Similar
to other lipophilic substances, lycopene is likely absorbed through passive diffusion across the
small intestines. Subsequently, it is packaged into chylomicrons and secreted into the lymphatic
system. Lipoproteins appear to be the only carriers for lycopene because no binding proteins or
carriers have been identified for lycopene.

 

18

 

 The LDL fraction seems to be the predominant carrier
for lycopene unlike lutein, zeaxanthin, canthaxanthin, and 

 

β

 

-cryptoxanthin, which seem to be more
equally distributed between LDL and HDL — which may be explained by the fact that lycopene
is a hydrocarbon whereas these other carotenoids are xanthophylls.

 

19,20

 

 Thus, plasma lycopene
seems to peak in chylomicrons in 3–5 h after a meal 

 

21

 

 followed by LDL and HDL peaks occurring
by 24–48 h.

 

20

 

Potentially, other carotenoids could compete with lycopene during absorption. An investigation
in which 60 mg each of all trans lycopene and 

 

β

 

-carotene dispersed in corn oil were coingested
with low carotenoid meals demonstrated that the absorption of lycopene was enhanced by 

 

β

 

-
carotene, but lycopene did not have any significant effect on 

 

β

 

-carotene absorption.

 

22

 

Many investigations have examined the bioavailability of lycopene from the food matrix. Fresh
tomatoes or tomato paste containing 23 mg lycopene were ingested with 15 g corn oil to healthy
participants on a single occasion.

 

23

 

 The lycopene isomer patterns in both preparations were similar,
but ingestion of tomato paste resulted in 2.5-fold higher total and all trans lycopene maximal
concentrations and a 3.8-fold higher area under the curve compared to the ingestion of the fresh
tomatoes, suggesting that lycopene derived from tomato paste may be more bioavailable.

A trial evaluated carotenoid bioavailability from a salad (containing ~9 mg lycopene) when
no-fat (0 g fat), low-fat (6 g fat), or full-fat (28 g fat) salad dressings were also ingested.

 

21

 

Following the ingestion of the salad with no-fat dressing, the appearance of lycopene in
chylomicrons was negligible. However, maximal plasma chylomicron lycopene concentrations
during the low-fat and full-fat dressing trials increased to approximately 1.5 nmol/L and 3.0
nmol/L, respectively, demonstrating that increasing the fat content of a meal enhances the
bioavailability of lycopene. Lycopene bioavailability from salsa (containing ~40 mg lycopene)
was investigated in healthy participants who also simultaneously ingested avocado as a fat
source.

 

24

 

 When the salsa was consumed alone, a small increase of lycopene in the triglyceride-
rich lipoproteins was observed. However, the simultaneous ingestion of avocado (150 g) resulted
in a 4.4-fold increase in the area under the curve, which further supported the need of dietary
fat for enhanced lycopene absorption.

Serum and tissue lycopene is > 50% cis lycopene whereas tomato and tomato product lycopene
is predominately of the trans configuration. This disconnect led to the investigation into the
bioavailability of lycopene cis isomers compared to all trans isomers.

 

25

 

 Cannulated ferrets were
used as a model for lycopene absorption. After feeding the ferrets a tomato extract containing 91%
all trans

 

 

 

lycopene (40 mg), the stomach, intestinal content, and lymph secretions were collected
and analyzed for lycopene isomers. In the stomach and intestines, lycopene cis isomers accounted
for 6.2–17.5% whereas in the lymph secretion, lycopene was found to be 77.4% cis lycopene. This
suggested that cis isomers of lycopene were more bioavailable and the enterocyte may contribute
in converting trans lycopene into cis isomers.

Androgen status has also been investigated as a factor that could potentially modulate lycopene
bioavailability.

 

26

 

 Intact and castrated F344 rats were fed lycopene (0–5 g/kg) for 8 weeks, and then
tissues were analyzed for lycopene isomers. A plateau in tissue lycopene concentrations was
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observed at the 0.5 g/kg dose. However, as the lycopene dose increased, the proportion of hepatic
cis lycopene also increased. With reduced androgen status (i.e., castration), hepatic lycopene
concentrations were doubled compared to controls, but this effect did not extend to serum, adrenal,
kidney, adipose, or lung tissue.

Because plasma lycopene is generally found in low quantities, it has been difficult to accu-
rately assess changes in plasma concentrations. To overcome these limitations, stable isotope,
deuterium labeled lycopene has been synthesized chemically or by growing hydroponic tomatoes
with deuterium labeled water.

 

27

 

 The advantage here is that participants can safely ingest the
deuterated lycopene, and then plasma samples can be extracted for lycopene and analyzed by
HPLC with mass spectrometry detection to differentiate between dietary lycopene and the deu-
terium labeled lycopene on the basis of the difference in molecular weight between the two forms.
Utilizing these advances in technology, a pilot study (n = 2 participants or groups) was conducted
to evaluate the differences in deuterium labeled lycopene bioavailability between capsules con-
taining 11 

 

μ

 

mol 

 

2

 

H

 

10

 

 lycopene in 6 g corn oil vs. tomatoes (steamed and pureed) containing ~17

 

μ

 

mol 

 

2

 

H

 

10

 

 lycopene. Following the ingestion of a meal containing 25% dietary fat, it appeared
that the bioavailability of lycopene was about three times higher from the capsule compared to
the tomatoes. Certainly, these novel methodologies will be used in future trials to more accurately
evaluate lycopene bioavailability.

 

B. E

 

FFECT

 

 

 

OF

 

 F

 

OOD

 

 P

 

ROCESSING

 

With most food-processing techniques, concerns of micronutrient destruction arise due to heating,
ultraviolet light exposure, and mechanical processing. Degradation of lycopene during food pro-
cessing would reduce its purported health benefits.

 

28

 

 The potential for oxidation to occur during
thermal processing (bleaching, retorting, or freezing) is of tremendous concern. Additionally,
lycopene from foods predominately exists in the all trans configurations (Figure 3.1), but food
processing could increase its isomerization to cis isomers. Furthermore, lycopene from powdered
or dehydrated tomato products has poor stability, unless the product is carefully processed and
sealed in a package containing inert gas.

In comparison to 

 

β

 

-carotene, lycopene was relatively resistant to isomerization during heat-
induced food processing of tomato products.

 

9

 

 Moreover, the percentage of fat, solids, and severity
of heat treatment did not contribute to the formation of lycopene isomers. Similar findings were
also reported in another investigation when lycopene stability and bioavailability were investi-
gated.

 

29

 

 In this trial, lycopene from heated tomato juice (boiled with 1% corn oil for 60 min) did
not differ from unprocessed juice. However, lycopene bioavailability, as measured by changes in
plasma lycopene concentrations, was enhanced two- to threefold by heating of the juice compared
to relatively no plasma changes without heat processing, suggesting the possibility that thermal
processing promotes tissue cell wall degradation and release of lycopene.

Interestingly, despite concerns of thermal processing on lycopene stability, heating tomatoes at
80

 

°

 

C for 2, 15, and 30 min increased the content of all trans lycopene from 2.01 ± 0.04 mg trans
lycopene/g tomato to 3.11 ± 0.04, 5.45 ± 0.02, and 5.32 ± 0.05 mg of trans lycopene/g of tomato,
respectively, suggesting that heating increased the bioaccessibility of lycopene.

 

30

 

 Furthermore, total
antioxidant activity significantly increased with heat processing despite the fact that vitamin C was
significantly reduced by heat processing.

Tomato peels that are often discarded during food processing are an important source of dietary
lycopene. Recognizing this, a trial was designed to evaluate lycopene bioavailability from tomato
paste enriched with 6% tomato peel (ETP) compared to classically prepared tomato paste (CTP).

 

31

 

It was determined 

 

in vitro

 

, using Caco-2 cells, that 75% more lycopene from the ETP treatment
was absorbed compared to the CTP. In eight healthy male participants who ingested ETP and CTP
on separate occasions, the lycopene response assessed in chylomicrons was 34% greater with ETP
compared to CTP, but this was not statistically significant (p = 0.09).
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C. F

 

ACTORS

 

 A

 

LTERING

 

 A

 

BSORPTION

 

 

 

AND

 

 P

 

LASMA

 

 C

 

ONCENTRATIONS

 

As mentioned previously, lycopene from food is mostly in the all trans configuration. Food pro-
cessing did not seem to increase lycopene cis-isomerization, but plasma from participants who
ingested all trans lycopene had significantly higher concentrations of 9-cis and 13-cis lycopene
isomers,

 

29

 

 suggesting that cis-isomers may be preferentially absorbed. However, since cis-isomers
were not formed with heating, it has been speculated that a yet-to-be-determined

 

 in vivo

 

 mechanism
must have increased the isomerization to enhance lycopene absorption.

 

9,29

 

Sucrose polyester, or Olestra™, is known to reduce plasma or serum concentrations of lipophilic
nutrients, including lycopene. The ingestion of Olestra™, fed at 3 or 12.4 g/d in double-blind,
placebo-controlled, crossover studies resulted in reductions of plasma lycopene concentrations by
0.12 

 

μ

 

mol/L (38%) and 0.14 

 

μ

 

mol/L (52%), respectively.

 

32

 

 In a 1-year, randomized, double-blind,
placebo-controlled investigation, daily ingestion of Olestra™ resulted in a 24% reduction in plasma
lycopene.

 

33

 

 While Olestra™ ingestion seems to have profound effects on lycopene and carotenoid
bioavailability, it is likely that these observed effects may be somewhat exaggerated because foods
containing Olestra™ are not typically consumed with foods rich in carotenoids.

Dietary fiber is known to reduce the bioavailability of 

 

β

 

-carotene.

 

34

 

 Because lycopene is a
hydrocarbon like 

 

β

 

-carotene, the potential for these effects were investigated for lycopene.

 

35

 

 Healthy
women ingested a mixture of carotenoids and 

 

α

 

-tocopherol with a standard meal containing no
fiber or enriched with pectin, guar, alginate, cellulose, or wheat bran. All of these fibers significantly
reduced 24-h area under the curves for lycopene by 40–74%.

Aging could potentially effect the efficiency of lycopene absorption. In young (20–35 yr) and
older (60–75 yr) adults who consumed three different meals containing 40 g triglycerides and
vegetables containing 30 mg lycopene, a 40% reduction in chylomicron or triglyceride adjusted
lycopene concentration was observed among the older subjects.

 

36

 

Additional research to define the relations among carotenoid intake, absorption, tissue distri-
bution, and biological effects is clearly necessary to address the potential health benefits of tomato
products and lycopene consumption.

 

37

 

D. B

 

IOLOGICAL

 

 D

 

ISTRIBUTION

 

The ability of lycopene to reduce the risk of or prevent chronic disease could be limited by its
uptake and biological distribution (Figure 3.4). Ferrets and F344 rats were supplemented with 4.6
mg/kg body weight of lycopene from a tomato oleoresin-corn oil mixture for 9 weeks, and tissues
were collected for analysis.

 

38

 

 Ferrets’ liver lycopene content was the highest with 933 nmol/kg wet
weight followed by intestine, prostate, and stomach with 73, 12.7, and 9.3 nmol/kg wet weight,
respectively. Rats had significantly higher lycopene concentrations compared to the ferrets with
lycopene concentrations (nmol/kg weight wet) in liver, intestine, stomach, prostate, and testis of
14213, 3125, 78.6, 24, and 3.9, respectively.

Serum lycopene concentrations in men were 0.6–1.9 nmol/L comprised of 27–42% all trans
lycopene and 58–73% cis lycopene isomers.

 

39

 

 In benign prostate tissues, cis lycopene isomers are
somewhat higher (79–88%) compared to plasma but importantly, lycopene is present in biological
concentrations that could potentially reduce disease risk. In men with clinical stage T1 or T2 prostate
adenocarcinoma, prostate biopsies were analyzed for lycopene prior to and after 3-week ingestion
of tomato sauce (30 mg lycopene/d).

 

40

 

 Serum lycopene doubled after dietary intervention whereas
total lycopene in prostate tissue tripled. Prior to dietary intervention, prostate tissue all trans
lycopene was 12.4% and increased significantly to 22.7% after 3 weeks, but serum all trans lycopene
only increased by 2.8%.

Breast milk may also contribute to lycopene status of infants. In lactating women, randomized
to low-lycopene or fresh tomatoes and tomato sauce (50 mg lycopene/d) for three days, a significant

 

6409_book.fm  Page 60  Saturday, September 16, 2006  9:54 AM



 

Lycopene: Food Sources, Properties, and Health

 

61

 

increase in breast milk lycopene was observed with the 3-d consumption of tomatoes or tomato
sauce but not with the low-lycopene diet.

 

41

 

E. M

 

ETABOLISM

 

Little is known regarding the metabolism of lycopene. From breast milk, 34-carotenoids, comprised
of 13 geometrical isomers and 8 metabolites, were separated and quantified by HPLC with photo-
diode array and mass spectrometry detection.

 

42

 

 Two oxidation products of lycopene were determined
as epimeric 2,6-cyclolycopene-1,5-diols and contained a novel five-membered-ring end group.
Lycopene metabolism has also been investigated, following the isolation of mitochondria of the rat
mucosa.

 

43

 

 When mitochondria were incubated with lipoxygenase, the increased production of
lycopene metabolites occurred. These products were identified as both cleavage and oxidation
products. The likely cleavage products were 3-keto-apo-13-lycopene or 6,10, 14-trimethyl-12-one-
3,5,7,9,13-pentadecapentaene-2-one and 3,4-dehydro-5,6-dihydro-15,15

 

′

 

-apo-lycopenal, whereas
the oxidation products were 2-apo-5,8-lycopenal-furanoxide, lycopene-5, 6, 5

 

′

 

, 6

 

′

 

-diepoxide, lyco-
pene-5,8-furanoxide isomer, lycopene-5,8-epoxide isomer, and 3-keto-lycopene-5

 

′

 

,8

 

′

 

-furanoxide.
Further investigations are still warranted to determine if these metabolites can be found in humans
consuming a lycopene rich diet. Determination of lycopene oxidation products 

 

in vivo

 

 may also
require improvements in analytical tools and techniques.

 

IV. ANTIOXIDANT PROPERTIES

 

It has been proposed that the antioxidant capability of carotenoids are the basis for their protective
effects against cancer.

 

44

 

 Whereas lycopene has clear antioxidant properties 

 

in vitro

 

, no clear or specific
evidence has indicated similar properties in humans. Some of the best evidence for its protective effect
is observed when lycopene is consumed from a diet rich in lycopene such as from tomatoes or tomato

 

FIGURE 3.4

 

Lycopene concentrations from select human tissues. Lycopene concentrations from adipose,
adrenal, brain, breast, cervix, colon, kidney, liver, lung, ovary, prostate, skin, stomach, and testes. (Adapted
from References 10,39,42,83,92–98

 

.
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products. Most of the antioxidant benefits observed with lycopene are likely attributed to its acyclic
structure, its numerous conjugated double bonds, and its relatively high hydrophobicity.

 

10

 

A.

 

I

 

N

 

 V

 

ITRO

 

Various 

 

in vitro 

 

investigations have demonstrated that lycopene is an effective singlet oxygen
quencher, has an excellent radical-trapping ability, and possesses a high ability to scavenge peroxyl
radicals. Singlet oxygen by definition is not a free radical because it does not possess an unpaired
electron.45 However, it is highly reactive, can damage various biomolecules, and is usually formed
through light-dependent or photosentization reactions.10

Lycopene may quench singlet oxygen through physical or chemical processes. Physical quench-
ing is typically more effective and occurs the majority of the time. In this process, the carotenoid
remains undamaged after the transfer of energy from singlet oxygen to the carotenoid, thus enabling
itself to undergo additional cycles of singlet oxygen quenching. During this process, singlet oxygen
becomes a ground-state oxygen and lycopene in the excited triplet state. Alternatively, during
chemical quenching, a bleaching or decomposition of the carotenoid occurs. However, this latter
process is believed to account for only < 0.05% of the overall quenching activity.20

Compared to other antioxidants, lycopene had the highest singlet oxygen scavenging ability.46

Its quenching rate constant with singlet oxygen was higher (kq = 31 × 109 M–1 s–1) than that of β-
carotene (kq = 14 × 109 M–1 s–1), albumin-bound bilirubin (kq = 3.2 × 109 M–1 s–1), and α-tocopherol
(kq = 0.3 × 109 M–1 s–1). Similar results were found in another investigation, which demonstrated
that lycopene had the highest singlet oxygen quenching rate compared to other compounds:
γ-carotene, astaxanthin, canthaxanthin, α-carotene, β-carotene, bixin, zeaxanthin, lutein, bilirubin,
biliverdin, tocopherols, and thiols.47 The higher singlet oxygen quenching rates by lycopene may
be explained, in part, by the fact that of all C40 carotenoids, lycopene has two additional double
bonds, which may improve its chemical reactivity.20 Interestingly, plasma lycopene occurs in the
lowest concentration compared to these other singlet oxygen quenchers but has the highest singlet
oxygen quenching capacity. Thus, on the basis of physiological concentrations, lycopene likely has
comparable effects to these other compounds.

The imbalance between free radicals and antioxidant defenses, in favor of the former, may result
in oxidative stress. Physiologically, innumerous free radicals exist such as superoxide, hydroxyl
radical, peroxynitrite, and peroxyl radicals. Concern regarding these free radicals stems from the fact
that they may react with biomolecules such as DNA, proteins, and lipids, and contribute to or possibly
cause free radical mediated diseases such as cancer, cardiovascular disease, or diabetes. It is believed
that lycopene, as well as other carotenoids, may provide protection against these deleterious species,
such that chronic disease risk is reduced via the prevention of oxidation of these biomolecules.48,49

Cigarette smoke exposure depletes lycopene from plasma, suggesting an antioxidant role in
the protection against free radicals found in cigarette smoke.50 The role of lycopene has also been
investigated in experimental models of cataract formation.51 Supplementation with lycopene in vitro
improved glutathione and reduced malondialdehyde concentrations, and also improved enzymatic
activities of superoxide dismutase, catalase, and glutathione-S-transferase. Further efforts will be
necessary to determine the role of lycopene in human eye health. In addition to reacting with
reactive oxygen species, lycopene may react with reactive nitrogen species such as peroxynitrite,
the product of the reaction between nitric oxide and superoxide.52 A variety of carotenoids in LDL
were treated with peroxynitrite and prevented the formation of rhodamine 123 from dihydro-
rhodamine 123 (caused by peroxynitrite).53 Lycopene, α-carotene, and β-carotene were more
effective than oxocarotenoids and may indicate a role for scavenging peroxynitrite in vivo.

B. IN VIVO

Modulation of the magnitude of oxidative stress in humans is an area of growing interest since it
is speculated that reductions in it would promote optimal health. Resistance to LDL oxidation was
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determined in healthy individuals who were instructed to follow a lycopene-free diet for 1 week
and then randomized to various tomato products (35 ± 1, 23 ± 1, or 25 ±1 mg lycopene/d) for 15
d.54 During the wash-out periods, plasma lycopene concentrations decreased by 35%. After 15 d
consumption of tomato products, total lycopene concentrations increased significantly in all groups
compared to their concentrations after the wash-out period, and the ex vivo lipoprotein oxidation
lag period increased significantly, suggesting a protective role of lycopene from tomato products.

Healthy male and female participants (n = 17) underwent a two-week washout period by
following a low lycopene containing diet.55 Subsequently, they were instructed to follow a high
lycopene-containing diet (30 mg/d) for 4 weeks. Serum lycopene significantly increased from
181.8 ± 31 to 684.7 ± 113.9 nmol/L, which paralleled significant increases in plasma total
antioxidant potential and significant reductions in lipid and protein oxidation. Thus, it was sug-
gested that diets high in lycopene from tomato products can improve plasma lycopene status while
reducing oxidative stress.

In an intervention trial, 19 healthy participants ingested lycopene daily from tomato juice,
tomato sauce, and tomato oleoresin for 1 week each, and blood samples were collected at the end
of each treatment.56 Plasma lycopene increased greater than twofold and lipid peroxidation markers
were significantly reduced, suggesting a protective effect by the high lycopene diet.

Inflammation measured by C-reactive protein concentrations, were inversely associated with
lycopene and other plasma antioxidants after adjustments for age, sex, race or ethnicity, education,
cotinine concentration, body mass index, leisure-time physical activity, and aspirin use, suggesting
that lycopene and other antioxidants may be depleted with chronic oxidative stress or inflammation.57

In lymphocytes harvested after participants ingested a lycopene-rich diet, it was demonstrated that
lymphocytes were more protective against nitrogen dioxide radical and singlet oxygen treatments.58

V. LYCOPENE AND CHRONIC DISEASE

A. EPIDEMIOLOGICAL STUDIES

A growing body of literature suggests a protective effect of lycopene, often provided from a high
tomato or tomato product diet, in the risk reduction of chronic diseases. Extensive efforts have
been taken to evaluate the association between plasma antioxidants and mortality.59 In statistical
models adjusted for age, plasma cholesterol, time-dependent smoking, treatment arm, study site
and gender, only plasma lycopene emerged as significantly inversely associated with total mortality
(hazard ratio = 0.53).

A review of epidemiological data from 72 studies indicated an inverse relationship between
tomato and tomato product consumption and a reduced cancer risk for 57 of these studies.60 Of
these 57 studies, 35 were found to be statistically significant for the inverse relationship between
lycopene or tomato consumption and cancer at a defined anatomical site. Interestingly, the strongest
relationships were found for cancers of the prostate, lung, and stomach, whereas lesser relationships
were determined for cancers of the cervix, colon, pancreas, esophagus, digestive tract, and breast.
Because these are observational studies, no cause–effect relationship can be established, but they
have paved the way for subsequent animal and human trials to evaluate the efficacy of lycopene
and tomato product in the prevention of chronic disease.

Further illustrating the role of lycopene and tomatoes in human health, epidemiological data
indicated that the increased consumption of lycopene from tomato products was significantly
associated with a lower risk of prostate cancer.61 Analysis of data from the Health Professionals
Follow-Up Study suggested that lycopene intake was associated with a relative risk of 0.84 when
high vs. low quintiles of dietary intake were compared, but the consumption of tomato sauce had
greater protective effects. Interestingly, foods that accounted for 82% of lycopene intake (tomatoes,
tomato sauce, tomato juice, and pizza) were inversely associated with prostate cancer risk (relative
risk = 0.65) when >10 servings/week were consumed compared to 1.5 servings/week.62 These
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protective effects also persisted for advanced prostate cancer (relative risk = 0.47). In the analysis
of lifestyle questionnaires from Seventh-Day Adventist men, it was determined that higher con-
sumption of tomatoes as well as beans, lentils, peas, raisin, dates, and other dried fruits were
significantly associated with reduced prostate cancer risk.63 A recent review summarized the epi-
demiological literature on tomato products, lycopene, and prostate cancer.64

Carotenoids may also modulate the risk of developing lung cancer.65 In a prospective investi-
gation, carotenoid intakes (α-carotene, β-carotene, lutein, lycopene, and β-cryptoxanthin) were
assessed by food frequency questionnaire to determine if their consumption was associated with
the reduction of lung cancer. In the pooled analysis of more than 124,000 participants, lycopene
and α-carotene intakes were significantly associated with a lower risk of cancer. However, the
lowest risk was observed among individuals who consumed the greatest variety of carotenoids.

The relationship between breast cancer risk and dietary nutrients has also been investigated.66

Using food frequency questionnaires to evaluate dietary history, it was determined that odds ratios
(after adjustment for age, education, parity, menopausal status, BMI, and energy and alcohol intake)
between total carotenoid (OR = 0.42) or lycopene (OR = 0.43) intakes were inversely related with
breast cancer risk. Interestingly, when all nutrients inversely associated with risk-reductions in
breast cancer were included in the statistical model, only lycopene and vitamin C intakes continued
to have a significant inverse relationship with breast cancer.

Similar findings have also been reported with regard to pancreatic cancer risk.67 In a case-
controlled study of confirmed pancreatic cancer cases and population based controls, it was deter-
mined that lycopene intake, particularly from tomatoes, was significantly associated with a 31%
reduction in pancreatic cancer risk when highest and lowest quartiles intake were compared. Similar
results were observed for β-carotene and total carotenoids, but these effects were only apparent
among individuals who never smoked.

B. TISSUE AND CELL CULTURE

Numerous in vitro studies have been conducted to determine the mechanisms of action of lycopene
in modulating disease risk. Lycopene, compared to α- and β-carotenes, more strongly inhibited
cellular proliferation in human endometrial, mammary, and lung cancer cell lines.68 This effect was
observed within 24 h of incubation with lycopene and persisted for 3 d. These investigators also
demonstrated that lycopene suppressed insulin-like growth factor-I-stimulated growth, suggesting
a possibility for lycopene in the modulation of the autocrine and paracrine systems.

The effect of lycopene on the proliferation of human prostate cells (LnCaP) has also been
investigated.69 Lycopene, administered to the media at final concentrations of 10–6 and 10–5 M,
significantly reduced cell growth after 48, 72, and 96 h by 24.4–42.8%. These effects were
subsequently tested at lower lycopene doses (10–9 and 10–7 M) with similar success. Lycopene, as
a chemopreventive agent, may also induce phase II detoxification enzymes.70 In transiently trans-
fected cancer cells, lycopene (compared to other carotenoids tested in this system) more strongly
activated the reported genes fused with the antioxidant response element.

High concentrations of insulin-like growth factor-1 are associated with increased risk for breast
and prostate cancers.71 In mammary cancer cells, lycopene inhibited growth stimulation by insulin-
like growth factor-1 without inducing apoptosis or necrosis. However, treatment of cells with
lycopene decreased insulin-like growth factor-1 stimulation of tyrosine phosphororylation of insulin
receptor substrate 1 as well as the binding capacity of AP-1. Furthermore, lycopene slowed cell
cycle progression. Thus, the inhibitory effects of lycopene on mammary cancer cells was not due
to its possible toxicity to cells, but rather due to its interference with insulin-like growth factor-1
receptor signaling and cell cycle progression.

Similarly, work has been conducted with the leukemia cell line HL-60.72 Lycopene dose
dependently decreased cell growth, inhibited cell cycle progression in the G0 and G1 phase, as
well as induced cell differentiation. Interestingly, a synergistic effect of lycopene and vitamin D
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(1,25-dihydroxyvitamin D3) was found for cell proliferation whereas an additive effect was found
on cell cycle progression. Thus, lycopene alone or with vitamin D may have potent cancer chemo-
preventive properties.

Because lycopene has repeatedly demonstrated a capacity to inhibit the growth of cancerous
cell lines, including prostate cancer cells, an investigation was conducted to determine if lycopene
has similar effects in normal prostate cells.73 Treating cells with up to 5 μM lycopene dose
dependently inhibited cell growth and significantly increased cell cycle arrest in the G0 and G1
phase. This suggested that lycopene may have a role in the prevention of early prostate cancer
events such as prostate hypertrophy or hyperplasia.

C. ANIMAL TRIALS

In recent years, numerous animal trials have been conducted to determine a biological role of
lycopene in disease. Rats pretreated for 5 d with lycopene (10mg/kg body weight) had significant
reductions in hepatic oxidative DNA damage and lipid peroxidation.74 Using a DMBA-induced
(7,12-dimethylbenz[a]anthracene) buccal pouch model of carcinogenesis induction, it was deter-
mined that lycopene significantly decreased the formation of lipid hydroperoxides while increasing
glutathione and the activities of hepatic transformation enzymes such as glutathione S-transferase.75

Lung cancer has one of the highest incidence rates in American men and women. Thus, treatment
of lycopene was tested in a mouse multiorgan carcinogenesis model.76 After 32 weeks of treatment,
the incidence of lung adenomas plus carcinomas was significantly reduced with lycopene treatment,
a finding made only in male mice. Unfortunately, no significant effects attributed to lycopene
treatment were found for liver, colon, or kidney. Further studies have investigated lycopene in
models of cigarette smoke-induced lung cancer.77 Ferrets subjected to cigarette smoke exposure
along with treatment with lycopene had higher concentrations of plasma insulin-like growth factor-
binding protein-3 and a lower ratio of insulin-like growth factor 1:insulin-like growth factor-binding
protein-3, compared to ferrets exposed to smoke alone. The smoke-exposed ferrets had lower
concentrations of lycopene compared to the lycopene supplemented animals and lycopene treatment
inhibited squamous lung cell metaplasia and prevented phosphorylation of BAD (a member of the
BH3-only subfamily of Bcl-2). Thus, the anticancer properties of lycopene may not be associated
with its antioxidant properties but possible through its ability to regulate factors that could promote
apoptosis and inhibit cell proliferation.

The effect of lycopene on prostate cancer has also been assessed in a rat carcinogenesis model.78

Rats were fed tomato powder, lycopene beadlets, or a control diet while being treated with N-
methyl-N-nitrosourea and testosterone to induce prostate cancer. Risk of death from prostate cancer
was lower among rats fed the tomato powder compared to the control diet. Interestingly, mortality
was similar between the control animals and those supplemented with lycopene. Thus, the authors
speculated that perhaps tomato products contained compounds in addition to lycopene that could
modify prostate cancer risk. Another rat study investigated the effects of lycopene on prostate
cancer risk in which rats were supplemented with 200 ppm lycopene for up to 8 weeks.79 Significant
accumulations of lycopene were found in all four prostate lobes, but the lateral lobe had the highest
concentration compared to the other three lobes. Lycopene supplementation significantly reduced
gene expression for select androgen-metabolizing enzymes and androgen targets and decreased the
lateral lobe expression of insulin-like growth factor-1. Significant reductions in transcript levels of
proinflammatory cytokines and immunoglobins were also observed with lycopene supplementation.
Thus, direct effects of lycopene supplementation on reducing prostate cancer risk were found.

Some data support the role of lycopene in breast cancer prevention as well.80 In mice supple-
mented with lycopene, mammary tumor development was inhibited, which was associated with
decreased mammary gland activity of thymidylate synthetase and decreased serum concentrations
of free fatty acids and prolactin. These studies highlight the need for additional research to establish
the role of tomatoes as part of the diet or lycopene as a supplement in cancer prevention.81
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D. HUMAN INVESTIGATIONS

1. Cancer

Epidemiological tissue culture and animal trials have indicated some beneficial role of lycopene
in health. Naturally, these health benefits can only be extended to humans if they are directly
tested in humans. Men with confirmed prostate cancer who were scheduled for prostatectomy
were provided lycopene (consumed from tomato sauce) for 3 weeks.82 Compared to baseline
serum concentrations and prostate biopsies, lycopene increased nearly 2- and 3-fold respectively
in the serum and prostate tissue following the controlled diet. Furthermore, serum PSA and
leukocyte DNA damage significantly decreased by 17.5 and 21.3%. Thus, at least in this short-
term trial, administration of lycopene rich foods significantly improved prostate lycopene con-
centrations and simultaneously improved markers of prostate cancer risk. In 26 men with newly
diagnosed prostate cancer, half were randomized to receive lycopene (15 mg, twice daily) three
weeks prior to radical prostatectomy in order to assess the beneficial effect of lycopene alone.83

In the men receiving lycopene, PSA decreased by 18% whereas PSA levels rose 14% in the
nonsupplemented group. Thus, in contrast to other studies, lycopene supplementation alone may
exhibit important benefits.

The relationship between breast cancer risk and plasma carotenoids was assessed using a nested
case-referent design.84 Plasma samples from 201 cases and 290 referents were obtained at study
enrollment, and breast cancer incidence was identified via cancer registries. None of the carotenoids
measured were related to the risk of developing breast cancer. However, among premenopausal
women only, there was a significant inverse relationship between breast cancer and plasma lycopene.
Therefore, it seems possible that lycopene may reduce the risk of breast cancer among young,
premenopausal women.

Carotenoids and their relationship to cancers of the digestive tract have been evaluated in recent
years. In Uruguay, a case-control study was conducted in which 238 cases and 491 hospitalized
controls were matched on the basis of age, sex, residence, and urban or rural status. After adjust-
ments for total energy intake, a significant reduction in risk for cancer of the upper digestive tract
was found with tomato intake and tomato sauce. Further analysis revealed that lycopene was also
strongly associated with a reduced risk of 0.22. Similarly, lower carotenoid intakes have been
associated with an increased risk for colorectal cancer. Thus, carotenoid concentrations were
evaluated in colorectal adenomas.85 Comparing colorectal adenoma biopsies to samples obtained
from colons of control patients, it was determined that control patients had the highest colon
carotenoid concentrations. Although this was not an intervention study, this suggests the possibility
that carotenoid status, including lycopene, may be involved in the pathogenesis of colon cancer.
To evaluate the role of dietary nutrients in bladder cancer risk, serum was collected from 25,802
individuals residing in Maryland.86 In the 12-year follow-up period, 35 bladder cancer cases arose
and the serum samples were compared between these cases and two matched controls. Although
selenium concentrations were significantly lower among the cases compared to controls, a border-
line significant reduction in lycopene was also observed. Clearly, additional work is warranted to
further assess lycopene in this pathology.

Limited data exists regarding lycopene and skin cancer risk. In a placebo-controlled study that
evaluated the effects of β-carotene ingestion on skin and plasma β-carotene and lycopene concen-
trations, it was determined that β-carotene ingestion had no effect in reducing plasma or skin
lycopene levels.87 These participants were then subjected to UV-light exposure on the forearm
which caused a 31–46% reduction in skin lycopene concentration compared to adjacent nonexposed
skin whereas skin β-carotene concentrations did not change. Thus, although this study was too
short to assess the role of lycopene on the risk of developing skin cancer, it suggested that lycopene
may have a protective benefit against UV-light mediated damage.
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A National Cancer Institute workshop during 2005 entitled Promises and Perils of Lyco-
pene/Tomato Supplementation and Cancer Prevention identified research priorities and recommen-
dations for future cancer prevention research.

2. Heart Disease

Heart disease is the leading cause of death in the U.S., accounting for nearly 700,000 deaths
annually.88 The recognition of the involvement of oxidative stress in heart disease has spawned
innumerous trials to determine if modulation in oxidative stress can improve heart disease risk.
Oxidation of LDL is the leading mechanism involved in the etiology of coronary heart disease and
atherosclerosis.89 Thus, antioxidants may have an effect in reducing LDL oxidation and possibly
attenuating the risk of developing heart disease. With regard to the role of lycopene in the patho-
genesis of heart disease, healthy participants have been supplemented with lycopene in the form
of tomato juice, tomato sauce, or soft gel capsules for one week, and LDL oxidation was compared
between them and nonsupplemented controls. However, it should be noted that this is an effect that
has not been consistently found. In another trial, β-carotene but not lycopene significantly inhibited
LDL oxidation.90 To evaluate the relationship between antioxidant status and acute myocardial
infarction, a case-control study was conducted in which myocardial infarction cases and matched
controls were recruited.91 Following infarction, a biopsy was obtained from adipose tissue and
analyzed for carotenoids and tocopherols. By conditional logistic regression modeling, controlling
for age, BMI, socioeconomic status, smoking, hypertension, and family history, it was determined
that lycopene was highly protective (OR = 0.52).

VI. CONCLUSIONS

Data regarding the specific health benefits of lycopene are still limited. To date, no health agencies
have formulated dietary recommendations for lycopene because it has yet to be recognized as an
essential nutrient. Continued effects will enable the determination if it, or the tomato products in
which it is typically found, are the responsible entity for the reduction of chronic disease. Therefore,
it is likely premature to recommend a lycopene supplement to a broad population as a dietary
strategy to improve health, but individuals should be advised to improve their fruit and vegetable
consumption. Fruits and vegetables are rich with innumerable chemical compounds including
vitamins, minerals, and other potentially helpful phytochemicals. Furthermore, their consumption
leads to higher intakes of dietary fiber while providing lower amounts of dietary fat. However,
recall from this chapter that small amounts of dietary fat are necessary to facilitate lycopene
absorption. Continued research into the mechanisms by which lycopene and other carotenoids
prevent chronic diseases is warranted in order to formulate dietary recommendations. Lastly,
additional data are integral to determine the synergistic effects of phytochemicals present in the
diet and how they may protect humans from chronic disease.
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I. INTRODUCTION

 

Garlic (

 

Allium sativum

 

) has been valued for its medicinal properties for centuries. This interest has
been accelerated in recent years by several publications, which reveal that it may also reduce the
risk of heart disease and cancer.

 

1–5

 

 The ability of garlic and related components to serve as
antioxidants,

 

6

 

 influence immunocompetence,

 

7

 

 and possibly mental function

 

8

 

 suggests its health
implications may be extremely widespread.

A member of the Alliaceae family, garlic is one of the more economically important cultivated
spices. Large amounts of garlic are produced annually in China and India. In 2002, 5.65 million
cwt. of garlic was harvested from 32,800 acres in the U.S.

 

9

 

 About 80% of this amount is produced
in California. Although considerable consumption occurs as fresh garlic, it is also found as dehy-
drates, flakes, and salts in a variety of food preparations. Dozens of garlic supplements are also
commercially available as essential oils, garlic-oil macerate, garlic powder, or garlic extract. Garlic
has continued to be one of the top selling herbs in the U.S.
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Garlic is classified as a spice, herb, or vegetable. Along with onions, leeks, shallots, and chives
it is one of the major Allium foods consumed by humans. The garlic bulb consists of several
individual pieces, also known as bulblets or cloves, each weighing about 3 g. Actual garlic intakes
are not known with certainty, especially as it is not typically considered in dietary assessment
surveys. Nevertheless, intakes are thought to vary from region to region and from individual to
individual. In 1981, annual per capita retail consumption of fresh garlic was 0.5 of a pound. By
1991, annual consumption had risen to 1.2 lb per person. After peaking at 3.1 lb in 1999, retail
consumption dropped to 2 lb per person in 2001.

 

9

 

 Steinmetz et al.

 

10

 

 provided evidence that average
intakes in parts of the Midwestern U.S. are around 0.6 g per week or less, while intakes in some
parts of China may reach 20 g per day. Data used in a meta analysis of colorectal and stomach
cancer suggested the mean intake (±SD) of raw and cooked garlic intake across all published reports
was 18.3 ± 14.2 g per week, or about 6 cloves garlic per week.

 

11

 

 Consumption ranged from none
to 3.5 g per week (about 1 clove), whereas the highest intake exceeded 28.8 g per week (about 9
to 10 cloves).

 

11

 

Negative consequences are not always an outcome of exaggerated garlic intake, but some
individuals may be more susceptible to side effects than others. Although their incidence is low, a
spectrum of adverse allergic reactions can occur following contact with garlic.

 

12

 

 Even though garlic
is recognized as a powerful irritant, relatively few reports of allergic contact dermatitis appear in
the literature.

 

13

 

 Avoidance of direct contact seems the most logical approach for food handlers who
are sensitive, but this may be more difficult than anticipated as diallyl disulfide (DADS), an active
irritant, penetrates most commercially available gloves.

 

14

 

Excess garlic intake has also been reported to lead to hemolytic anemia. The severity of the
anemia correlates with a reduction in erythrocyte-reduced glutathione (GSH) and plasma ascorbic
acid.

 

15

 

 Incubations of canine erythrocytes with sodium 2-propanyl thiosulfate from garlic were
found to increase methemoglobin concentration and Heinz body occurrences, indicating that this
compound may be the cause of oxidative damage in canine erythrocytes.

 

16

 

 Umar et al.

 

15

 

 found that
ascorbic acid or vitamin E supplements prevented the garlic-precipitated reduction in GSH and
plasma ascorbic acid, thereby providing greater protection to the erythrocyte membrane.

 

II. GARLIC COMPOSITION AND CHEMISTRY

 

The use of garlic typically centers on its unique flavor and odor characteristics. Unlike other foods,
garlic is distinctive in that about 1% of its dry weight is sulfur.

 

17

 

 Garlic is of somewhat limited
nutritional value because its total intake is typically low, although it is more nutritious than onions
on a fresh-weight basis. A 3 g serving of garlic provides about 4.5 mg of potassium, 0.6 g of
carbohydrate, and trace amounts of calcium, fiber, iron, and vitamin C. Table 4.1 provides some
compositional information about garlic. Carbohydrates provide about 33% of garlic’s weight,
whereas protein accounts for another 6.4%. Whereas much of garlic’s health benefits have been
attributed to its sulfur components, its other constituents, including arginine, selenium, oligosac-
charides and flavonoids, may influence the overall response.

 

18

 

The chemistry of sulfur compounds found in garlic is exceedingly complex and not completely
understood.

 

19–21

 

 Regardless, it is known that the primary sulfur-containing constituents in garlic
bulbs are 

 

γ

 

-glutamyl-

 

S

 

-alk(en)yl-

 

L

 

-cysteines and 

 

S

 

-alk(en)yl-

 

L

 

-cysteine sulfoxides. The content of

 

S

 

-alk(en)ylcysteine sulfoxide in garlic typically ranges between 0.53 to 1.3% of the fresh weight,
with alliin (

 

S

 

-allylcysteine sulfoxide) the largest contributor.

 

22

 

 This variation likely reflects envi-
ronmental factors including climate or cropping conditions.

 

23,24

 

 Similarly, the processing method
used can markedly influence the amounts and types of individual sulfur compounds.

 

25

 

 Alliin
concentrations can increase during storage as a result of the transformation of 

 

γ

 

-glutamylcysteines.
In addition to alliin, garlic bulbs contain small amounts of (+)-

 

S

 

-metyl-

 

L

 

-cysteine sulfoxide
(methiin) and (+)-

 

S

 

-(

 

trans

 

-1-propenyl)-

 

L

 

-cysteine sulfoxide, 

 

S

 

-(2-carboxypropyl)glutathione, 

 

γ

 

-

 

6409_book.fm  Page 74  Saturday, September 16, 2006  9:54 AM



 

Garlic: The Mystical Food in Health Promotion

 

75

 

glutamyl-

 

S

 

-allyl-

 

L

 

-cysteine, 

 

γ

 

-glutamyl-

 

S

 

-(

 

trans

 

-1-propenyl)-

 

L

 

-cysteine, and 

 

γ

 

-glutamyl-

 

S

 

-allyl-
mercapto-

 

L

 

-cysteine.

 

17,26

 

The characteristic odor of garlic arises from allicin (thio-2-propene-1-sulfinic acid S-allyl ester)
and oil-soluble sulfur compounds formed when the bulb is crushed or damaged. This membrane
destruction yields a host of organosulfur degradation products as a result of the release of the
enzyme alliinase. This enzyme rapidly converts alliin to form the odiferous alkyl alkane-thiosulfi-
nates, including allicin. Because allicin is unstable it further decomposes to sulfides, ajoene, and
dithiins.

 

27–29

 

 Tamaki and Sonoki

 

29

 

 reported that strong garlic flavor and scent were linked to a higher
content of volatile sulfur. Not surprisingly, heating garlic reduced allyl mercaptan (AM), methyl
mercaptan, and allyl methyl sulfide (AMS) concentrations and reduced its odor possibly because
of an inactivation of alliinase activity.

 

29

 

Studies by Arnault et al.

 

20

 

 provide evidence that the quality and stability of some preparations
currently available in the marketplace is troubling, as the various types of preparations cannot be
considered equivalent. Nevertheless, the stability of some of them appears acceptable, according
to Lawson and Gardner.

 

30

 

 They reported that the allyl thiosulfinates of blended fresh garlic were
stable for at least 2 years when stored at –80

 

°

 

C. Likewise, they found the dissolution release of
thiosulfinates from the enteric-coated garlic tablets was near 95% and the bioavailability, as deter-
mined by breath allyl methyl sulfide, was virtually complete and equivalent to that occurring with
crushed fresh garlic. The S-allylcysteine (SAC) occurring in deodorized garlic preparations was
found to be stable for 12 months when stored at ambient temperature.

 

30

 

 Undeniably more compo-
sitional information should be provided about each garlic preparation available in the marketplace,
especially when claims are being made about a specific preparation.

 

31

 

 Greater attention to the types
and amounts of active compounds in the various products will likely resolve some of the incon-
sistencies in the literature about the potential health benefits of garlic and commercially prepared
extracts, solutions, or tablets. Arnault et al.

 

20

 

 proposed that a high-pressure liquid chromatographic
profile may be a useful tool for not only understanding the composition of various garlic prepara-
tions, but also in identifying the relative efficacy of these preparations to retard diseases. However,

 

TABLE 4.1
Content of Selected Components in 
Edible Garlic

 

a

 

Component Amount/100 g

 

Water, g 58.6
Energy, kcal 149.0
Protein, g 6.4
Total lipid (fat), g 0.5
Carbohydrate, g 33.1

 

Fiber, total dietary, g 2.1

 

Calcium, mg 181.0
Magnesium, mg 25.0
Phosphorus, mg 153.0
Potassium, mg 401.0
Selenium, mcg 14.2

Vitamin C, mg 31.2
Folate, 

 

μ

 

g 3.1

 

a

 

USDA Nutrient Database for Standard Reference,
Release 13 (November 1999).
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standardization of the various garlic preparations with respect to one constituent is not a possibility
as the various preparations available in the marketplace likely have entirely different active com-
ponents. The development of reference assays that can evaluate the relative bioactivity/potency
across preparations may be one of the only solutions for comparing the various preparations
available in the marketplace.

Few studies have examined the 

 

in vivo 

 

pharmacokinetics of allyl sulfur compounds. However,
Lachmann, et al.

 

32

 

 have reported the distribution of allicin and vinyldithiines in the form of an oil
macerate of the 

 

35

 

S-labeled substance in the rat. Overall, the absorption and the elimination of 

 

35

 

S-
alliin was faster than for the other garlic constituents, with maximum blood levels reached within
the first 10 min after exposure. Alliin elimination from the blood was almost complete after 6 h.
Maximum blood concentrations of 

 

35

 

S-allicin were not reached until 30 to 60 min after treatment,
and for vinyldithiines the maximum was not achieved until 120 min. Both allicin and vinyldithiines
were present in blood at the end of their 72 -h study. Urinary excretions suggested an absorption
rate approximating 65% for allicin and 73% for vinyldithiines.

Lawson and Wang

 

19

 

 suggest that allicin absorption in humans is about 95%, although
precision was limited because of the rapid metabolism and absence in the blood after consump-
tion. Allicin is known to be rapidly transformed in the liver to DADS and allyl mercaptan (AM).

 

33

 

DADS can also be further transformed into AM, allyl methyl sulfide, allyl methyl sulfoxide, and
allyl methyl sulphone.

 

34

 

Teyssier et al.

 

35

 

 provided evidence that DADS can be reconverted to diallyl thiosulfinate (allicin)
in tissues principally by oxidation arising from cytochrome P450 monooxygenases, and to a limited
extent by flavin-containing monooxygenases. Interestingly, their data suggest DADS is preferen-
tially metabolized in human liver to allicin by cytochrome P450 2E1 (CYP2E1). As DADS can
also cause the autocatalytic CYP2E1 destruction, it is unclear how much allicin might be formed
under physiological conditions. Flavin-containing monooxygenases in liver probably are responsi-
ble for the oxidization of S-allyl cysteine (SAC), among many other sulfur compounds.

 

36

 

 P450
monooxygenases do not appear to be involved in SAC metabolism.

Rarely have comparisons of water- and oil-soluble compounds from garlic been examined in
the same study. Nevertheless, available evidence suggests that major differences in efficacy among
extracts are not of paramount importance.

 

37–42

 

 Whereas subtle differences among garlic preparations
are likely to occur, quantity rather than source appears to be a key factor influencing the response.

 

37

 

Differences that do occur between preparations very likely relate to the content and effectiveness
of individual sulfur constituents. The number of sulfur atoms present in the molecule seems to
influence the response with diallyl trisulfide (DATS), generally found to be more effective than
DADS, which is better than diallyl sulfide (DAS).

 

43–45

 

 Likewise, the presence of the allyl group
generally enhances the response over that provided by the propyl moiety.

 

44,46

 

III. IMPLICATION IN HEALTH

 

Garlic and a host of its allyl sulfur compounds have been reported to possess a variety of health
benefits. Notable among these are the antimicrobial, anticarcinogenic, and protective benefits against
cardiovascular disease. Table 4.2 contains a list of some of the most common compounds that have
been found to have benefits on a variety of biomarkers that reflect a reduction in risk. While long-
term intervention studies are lacking, a variety of laboratory-based and epidemiological studies
suggest that key molecular targets involved in the risk of several diseases can be influenced by
these organosulfur compounds arising from garlic.

 

IV. ANTIMICROBIAL EFFECTS

 

A host of plants are reported to act as antimicrobial agents. Those rich in tannins, terpenoids,
alkaloids, flavonoids, and sulfur compounds have been found to be particularly effective. Histori-
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TABLE 4.2

 

 

 

Names and Structures of Organosulfur Compounds from Garlic

 

Scientific Name Abbreviation Chemical Structure

 

Disulfide, 2-propenyl 3-(2-
propenylsulfinyl)-1-propenyl

Ajoene

Diallyl thiosulfinate Allicin

 

S

 

-Allyl-l-cysteine sulfoxide Alliin

Allyl mercaptan AM

Ddiallyl disulfide DADS

Diallyl sulfide (DAS) DAS

Diallyl trisulfide DATS

 

γ

 

-Glutamyl-

 

S

 

-allyl-l-cysteine GLUAlCS

 

γ

 

-Glutamyl-

 

S

 

-(

 

trans

 

-1-
propenyl)-l-cysteine

IsoGLUAlCS

S-Methylcysteine sulfoxide Methiin

 

Continued.

S
S

CH2S
H2C

O

S

S

O

S

H2C

OH

O

NH2 O

H2C

SH

S

S

CH2

H2C

S

CH2H2C

S

S

CH2

S

H2C

H
N

S

COOH

HOOC

NH2

O

H
N

S

COOH

HOOC

NH2

O

HO S
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cally garlic extracts have been labeled as universal antibiotics.

 

47

 

 Considerable evidence indicates
that garlic extracts can inhibit a range of Gram-negative and Gram-positive bacteria and serve as
an antifungal agent.

 

48–50

 

 In addition to allicin, various other sulfur compounds including DAS,
DADS, E-ajoene, Z-ajoene, E-4,5,9-trithiadeca-1,6-diene-9-oxide (E-10-devinylajoene, E-10-DA),
and E-4,5,9-trithiadeca-1,7-diene-9-oxide (iso-E-10-devinylajoene, iso-E-10-DA) may contribute
to garlic’s antimicrobial properties.

 

51–53

 

 For example, 

 

in vivo 

 

protection against methicillin-resistant

 

Staphylococcus aureus

 

 infection in BALB/cA mice has been shown for orally administered DAS
and DADS.

 

53

 

 Although differences in efficacy among these compounds exist, relatively small
amounts are effective microbial-growth deterrents. However, not all microorganisms are equally
susceptible to the toxic effects of individual sulfur compounds.

 

54,55

 

 Ruddock et al.

 

56

 

 recently
examined the microbial activity of several garlic products found in the Canadian marketplace and
observed a general trend towards increased 

 

in vitro

 

 antibacterial activity among those products
containing higher amounts of allicin. Those products with marginal antibacterial activity often
contained lower concentrations of active constituents than their product labels indicated, which
suggests the need to standardize garlic preparations used in research.

Recently, a novel protein in garlic, designated alliumin, has been identified that possesses both
antimicrobial and antifungal activity.

 

57

 

 It is noteworthy that the antifungal action of alliumin was
preserved after exposure to 100

 

°

 

C for 1 h, suggesting a marked thermostability. Like certain
antifungal proteins that inhibit proliferation of tumor cells, alliumin was found to be inhibitory to
L1210 cells; but, interestingly, it was shown to be devoid of such activity toward Hep G2 cells.
Additional characterization of alliumin will likely shed insight about its antifungal properties and
may also provide further evidence for garlic’s health-promoting activity.

 

Helicobacter pylori

 

 colonization of the gastric mucosa is increasingly linked with gastritis.
Likewise, emerging evidence connects gastritis with a greater propensity to develop gastric cancer.
Studies by Cellini et al.

 

58

 

 provide rather convincing evidence that aqueous garlic extracts (2 to 5
mg/ml) inhibit 

 

Helicobacter pylori

 

 proliferation. Reduced effectiveness occurred when the garlic
was heated prior to extraction.

 

58

 

 This depression in activity suggests the need for breakdown
products from alliin to achieve a maximum response. As both DAS and DADS are recognized to
elicit a dose-dependent depression in 

 

Helicobacter pylori

 

 proliferation in culture,

 

59

 

 a reduction in

 

S

 

-Allyl-l-cysteine, deoxyalliin, SAC

3-Vinyl-[4

 

H

 

]-1,2-dithiin Vinyldithiin I

2-Vinyl-[4

 

H

 

]-1,3-dithiin Vinyldithiin II

 

TABLE 4.2

 

 (Continued)

 

Names and Structures of Organosulfur Compounds from Garlic

 

Scientific Name Abbreviation Chemical Structure

S

NH2

COOH

S S

H2C
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S

CH2
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their formation may account for the loss of effectiveness caused by heating. Raw garlic extracts
and three commercially available garlic tablets were found to vary in their efficacy, as indicated
by a minimum inhibitory concentration in the range between 10 to 17.5 

 

μ

 

g dry weight/ml.

 

60

 

An 

 

in vivo

 

 effect of garlic on 

 

H. pylori

 

-induced gastritis in Mongolian gerbils has also been
reported.

 

61

 

 Although the number of viable 

 

H. pylori

 

 was not changed by the garlic extract treatment,
garlic reduced the number of hemorrhagic spots in the glandular stomach and the microscopic score
for gastritis, compared to control-fed gerbils. These findings suggest that garlic and its active
constituents may display secondary or indirect effects, such as an influence on the inflammatory
or immunocompetence pathways, in addition to a direct effect on viability of certain bacterial cells.

The ability of garlic to reduce 

 

H. pylori

 

 infection in humans is inconclusive. Although an
epidemiological study suggests an association between increased garlic consumption and reduced

 

H. pylori

 

 infection,

 

62

 

 two clinical studies testing different garlic preparations in 

 

H. pylori

 

-infected
subjects did not show efficacy.

 

63,64

 

 Neither of these interventions resulted in the elimination of the
organism, change in the severity of gastritis, or a significant change in symptom scores. Both
studies were not randomized and had a small sample size, suggesting that a well-designed clinical
trial is still needed to determine the efficacy of garlic consumption in reducing 

 

H. pylori

 

 infection
and its symptoms.

Allium foods, including garlic, are also effective in suppressing fungal growth.50 Allicin has
been reported to be protective against Candida albicans and a host of other strains. These organisms
were extremely sensitive to garlic extracts, some to a greater degree than to nystatin, a known
effective antibiotic.65 Ajoene is also noted for its antimycotic activity both in vitro and in vivo. A
fungal infection of the skin known commonly as ringworm and medically as tinea corporis, can
also be influenced by sulfur compounds found in garlic. Ledezma et al.66 found that treatment with
ajoene (0.6% ajoene or 1% ajoene gel) was as effective as terbinafine (1% cream) in healing tinea
corporis and tinea cruris in 70 soldiers with dermatophytosis. As ajoene can be prepared easily from
garlic it may be particularly useful as a public health strategy, particularly in developing countries.

The primary antimicrobial effect of garlic may reflect chemical reactions that take place with
selected thiol groups of various enzymes and/or a change in the overall redox state of the organism.
Specifically, the antimicrobial action of allicin and its breakdown products has been suggested to
result from its rapid interaction with SH-containing molecules, including amino acids and cellular
proteins within microbial organisms.50 An example of such a putative in vivo reaction is that between
allicin and glutathione (GSH), which is thought to be the major intracellular mammalian thiol, and
investigators have isolated the product of the reaction, established its structure, and examined its
interaction with thiol-containing proteins.67 GSH was observed to react with allicin in the following
fashion: 2GSH + CH2-CH-CH2(SO)-S-CH2-CH=CH2(allicin) → 2GS-S-CH2-CH=CH2(S-allylmer-
captoglutathione) (GSSA) + H2O. As proof of principle, in an in vitro setting, GSSA was found to
react with the thiol-containing proteins papain and alcohol dehydrogenase from Thermoanaerobium
brockii and inhibit their activity, whereas both proteins were reactivated using either reducing agent
dithiothreitol or 2-mercaptoethanol. The concomitant release of allylmercaptan in both of these
reactions indicated that the thioallyl moiety binds to inactivated proteins just as allicin has been
shown to do. It is interesting to note that one enzyme that may be similarly affected by allicin
breakdown products (i.e., DATS, SAC) is squalene monooxygenase.68 Such activity may explain
the antifungal properties of allicin as squalene monooxygenase is an important enzyme for the
formation of the fungal-cell wall.69 Changes in thiol status have been suggested as one possible
mechanism by which garlic and related sulfur compounds might also suppress tumor proliferation.

V. CANCER

Scientists, legislators, and consumers are becoming increasingly aware that several foods may
contribute to health, including a reduction in cancer risk.70,71 Although limitations exist in defining
the precise role that garlic has in the cancer process, the likelihood of its significance is underscored
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by both epidemiological and laboratory investigations. Although there is epidemiological support
for the association between increased intake of garlic, and/or its active constituents, with certain
cancers, the data are very limited.10,72,73 Results from the Iowa Women’s Health Study, a prospective
cohort study, found that the strongest association among fruits and vegetables for colon cancer risk
reduction was for garlic consumption, with a reduced risk of approximately 50% in distal colon
cancer associated with high garlic consumption.10 Additionally, a meta-analysis of data from seven
epidemiological studies found an inverse association between raw and cooked garlic consumption
and both stomach and colorectal cancer risk.72 Furthermore, Hsing et al.73 reported that the reduced
risk of prostate cancer in those consuming increasing quantities of allium vegetables was indepen-
dent of body size, intake of other foods, and total calorie intake, as well.

Few intervention studies have been performed to examine the efficacy of garlic in preventing
or treating cancer. In a double-blind, randomized study of Japanese patients with colorectal ade-
nomas, a higher-dose aged garlic extract was shown to reduce the risk of new colorectal adenomas
compared to a lower-dose garlic extract.74 Due to observations of a case-control study of gastric
cancer in Shandong, China, which indicated that persons in the highest quartile of intake of allium-
containing vegetables (including garlic, garlic stalks, scallions, chives, and onions) had only 40%
of the risk of those in the lowest quartile of intake,75 investigators included a garlic-supplementation
arm (800 mg of garlic extract plus 4 mg steam-distilled garlic oil daily) in a randomized multi-
intervention trial to inhibit the progression of precancerous gastric lesion in this same region of
China.76 Compliance rates following 39 months of treatment with the garlic preparation were 92.9%
as measured by pill count;77 the results of the study are not yet available.

Preclinical models (Table 4.3) provide some of the most compelling evidence that garlic and
its related sulfur components suppress cancer risk and alter the biological behavior of tumors.
Overall, garlic and its associated sulfur components have been found to suppress the incidence of
mammary, colon, skin, uterine, esophageal, lung, renal, forestomach and liver cancers.38,78–85 Aber-
rant crypt foci (ACF) are a proposed early preneoplastic lesion of adenoma-carcinoma in humans
and chemically induced colon cancer in rodents. In many preclinical studies, both water- and lipid-
soluble allyl sulfur compounds administered to animals through their diet have been reported to
inhibit ACF.86–88

Cancer protection may arise from several mechanisms including blockage of carcinogen for-
mation, suppressed bioactivation of carcinogens, enhanced DNA repair, reduced cell proliferation,
and/or induction of apoptosis. It is possible, and quite probable, that several of these cellular events
are modified simultaneously.

A. NITROSAMINE AND HETEROCYCLIC AMINE FORMATION

Human beings are exposed to a complex array of substances that may be involved in cancer causation
through food sources. Nitrosamines, heterocyclic amines, and polycyclic aromatic hydrocarbons
are potential dietary carcinogens that are not normally present in foods but may arise during
preservation or cooking.89 Human exposure to these suspect carcinogens occurs through the inges-
tion or inhalation of preformed NOCs or by the ingestion of precursors that are combined endog-
enously.90 Considerable evidence points to the ability of garlic to suppress the formation of several
N-nitroso compounds (NOCs).91,92 The ability of garlic to reduce NOCs may actually be secondary
to an increase in the formation of nitrosothiols. Williams93 proposed that several sulfur compounds
could foster the formation of nitrosothiols, thereby reducing the quantity of nitrite available for
NOC formation. Studies by Dion et al.51 revealed that not all allyl sulfur compounds are equally
effective in stopping the formation of NOCs. The ability of SAC and its nonallyl analog S-propyl
cysteine to retard NOC formation — but not DADS, dipropyl disulfide, and DAS — reveal the
critical role that the cysteine residue has in this inhibition.51 As the content of allyl sulfur can vary
among preparations, it is likely that not all garlic sources are equal in the protection they provide
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TABLE 4.3
Anticarcinogenic Effects of Garlic and/or Associated Allyl 
Sulfur Compoundsa

Site Host

Bone marrow
Benzo[a]pyrene Mouse189

Buccal Pouch
7,12-dimethylbenz[a]anthracene Hamster39

Colon
1,2-dimethylhydrazine Rat190

Mouse79

Azoxymethane Rat191

N-nitrosodiethylamine Rat192

Cervix
3-methylcholanthrene Mouse80

Esophagus
N-nitrosomethylbenzylamine Rat81

Forestomach
7,12-dimethylbenz[a]anthracene Hamster84

Benzo(a)pyrene Mouse193

N-nitrosodiethylamine Mice192 
Gastric

Methylnitronitrosoguanidine Rat194

Liver
Aflatoxin B1 Toad195

Rat196

N-nitrosodimethylamine Rat197

Lung
Benzo(a)pyrene Mouse193

Mammary
7,12 Dimethylbenz(a)anthracene Rat78,154

N-methyl-N-nitrosourea Rat41

2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) Rat198

Nasal
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone Rat199 

Mouse82

N-nitrosodiethylamine Rat199 
N-nitrosodimethylamine Rat199 

Renal
N-diethylnitrosamine Rat83

Skin
7,12 Dimethylbenz(a)anthracene Mouse200

Benzo(a)pyrene Mouse201

Vinyl carbamate Mouse202

a The overall response to garlic and/or specific allyl sulfur components
depends on the quantity provided and the amount of carcinogen administered.
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against NOC formation. Some of the protection against NOC exposure may also relate to antimi-
crobial properties associated with garlic and some of its components as discussed above.

Some of the most compelling evidence that garlic depresses nitrosamine formation in humans
comes from studies by Mei et al.94 In their studies, providing 5 g garlic per day completely blocked
the enhanced urinary excretion of nitrosoproline that occurred as a result of ingesting supplemental
nitrate and proline. The significance of this observation comes from the predictive value that
nitrosoproline has for the synthesis of potential carcinogenic nitrosamines.95 Evidence that the effect
of garlic occurs with nitrosamines other than those excreted in urine comes from data from Lin et
al.96 Their studies provided evidence that garlic was effective in blocking liver-DNA adducts
resulting from the feeding of NOC precursors.

The anticancer benefits attributed to garlic are also associated with the ability of its allyl sulfur
compounds to suppress carcinogen bioactivation. Evidence from a variety of sources reveals that
garlic is effective in blocking DNA alkylation, a primary step in nitrosamine carcinogenesis.82,97

Consistent with this reduction in bioactivation, Dion et al.51 found that both water-soluble SAC
and lipid-soluble DADS were effective in retarding the mutagenicity of N-nitrosomorpholine in
Salmonella typhimurium TA100. A block in mutagenicity following aqueous garlic-extract exposure
has also been noted following treatment with ionizing radiation, peroxides, adriamycin, and N-
methyl-N-nitro-nitrosoguanidine.98

A block in nitrosamine bioactivation may reflect changes in several enzymes. However, sub-
stantial evidence points to the involvement of CYP2E1.99,100 An autocatalytic destruction of CYP2E1
may account for some of the chemoprotective effects of DAS, and possibly other allyl sulfur
compounds.101 Variation in the content and overall activity of P4502E1 may be an important variable
in the degree of protection provided by garlic and associated allyl sulfur components.

The in vivo bioactivation of heterocyclic amines to carcinogenic species is known to be initiated
by N-oxidation. This reaction occurs primarily in the liver, and in humans is catalyzed by cyto-
chrome P4501A2 (CYP1A2). Davenport and Wargovich102 reported that in rats the administration
of a single bolus of 200 mg/kg DAS and AMS increased hepatic CYP1A2 protein (but not mRNA)
by 282 and 70%, respectively. Acetylation or sulfation of the N-hydroxy-HCA can also occur
through the action of acetyltransferases (NAT) and sulfotransferases, which generate N-acetoxy
and N-sulfonyloxy esters, electrophiles that are much more reactive with DNA. Several studies
provide evidence that organosulfur compounds arising from garlic can effectively reduce NAT
activity. Recent studies by Yu et al.103 demonstrated that a suppression in NAT mRNA expression
accounts for the majority of the reduction in activity.

B. CARCINOGEN ACTIVITY MODULATION

Garlic and several of its allyl sulfur compounds can also effectively block the bioactivation and
carcinogenicity of non NOCs (Table 4.3). This protection, which involves a diverse array of
compounds and several target-tissue sites, suggests either multiple mechanisms of action, or a
widespread biological effect.

Garlic has also been found to reduce the incidence of tumors resulting from treatment with
methylnitrosurea (MNU), a known direct-acting carcinogen.96 Providing water-soluble S-allyl cys-
teine and lipid-soluble DADS at 57 μmol/kg diet has been reported to cause a comparable reduction
in MNU-induced O6-methylguanine adducts bound to mammary cell DNA.41 Studies by Ludeke et
al.104 revealed that DAS diminished the DNA hypermethylation of esophagus, liver, and nasal mucosa
that arose from treatment with N-nitrosomethylbenzylamine. This finding suggests that the bioac-
tivation of several carcinogens known to influence DNA methylation patterns105 may also be influ-
enced by garlic and many of its sulfur constituents.92 However, not all evidence supports SAC as
protection against MNU-induced mammary tumors.106 The reason for this discrepancy is unknown
but may relate to the quantity of lipid in the diet or the quantity of carcinogen provided. If DADS
and/or SAC are effective blockers of MNU carcinogenesis, the mechanism(s) remain unresolved.
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As metabolic activation is required for many of these carcinogens used in studies aimed at
examining the anticarcinogenic properties of garlic, it is likely that phase I and II enzymes are
involved. Recent observations show that the activity of several phase I enzymes, in addition to P450-
1A2 and -2E1, are modified following treatment with garlic or related sulfur compounds.102,107–109

The influence of organosulfur compounds (OSCs) on phase I metabolizing enzymes is report-
edly quite diverse. For example, previous studies demonstrated that DAS competitively inhibited
CYP2E1 activity, but robustly increased the transcriptional levels of CYP1A1, CYP2B1, and
CYP3A1 in rat liver.108,110 Therefore, the role of garlic OSCs in carcinogenic biotransformation
may be substrate-specific. 

The significance of any slight induction of certain P450 activities is not clear, but some reports
suggest the induction of P450 metabolic enzymes may increase the rate of clearance of toxic
metabolites.111 Other enzymes and pathways are involved in the bioactivation or removal of carci-
nogenic metabolites in the observed protection from garlic supplements. Singh et al.112 provided
evidence that the efficacy of various organosulfides to suppress benzo(a)pyrene tumorigenesis was
correlated with their ability to induce NAD(P)H:quinone oxidoreductase (NQO), an enzyme
involved with the removal of quinones associated with this carcinogen. Investigators have recently
discovered that this inductive effect of organosulfur compounds appears to be mediated by the
resident antioxidant response element (ARE) enhancer sequence bound by the nuclear factor E2-
related factor 2 (Nrf2) in the NQO1 and the heme oxygenase 1(HO1) gene promoters.113 In fact, it
was found that the organosulfur compounds — DAS, DADS, or DATS — differentially mediated
the transcriptional levels of NQO1 and HO1. The third sulfur in the structure of OSCs appeared to
have a major contribution to this bioactivity, and the allyl-containing OSCs were more potent than
the propyl-containing OSCs. The data also suggested that the up regulation of detoxifying enzymes
by garlic OSCs through Nrf2 protein accumulation and ARE activation might be partly due to the
stress signals originating from the oxidative stress and/or calcium-dependent signaling pathways.113

Changes in glutathione concentration and the activity of specific glutathione-S-transferase, both
factors involved in phase II detoxification, may be important in the protection provided by garlic.
Both DADS and DATS have been shown to increase the activity of the GST in a variety of rat
tissues.114 The preventive effects of garlic powders, containing variable levels of sulfur compounds,
on the development of preneoplastic foci initiated by aflatoxin B1 (AFB1) in rats was recently
characterized.24 The ultimate metabolite of AFB1, AFBO, is conjugated with glutathione by GST
and more specifically by GST A5; thus, GST was explored as a mechanism responsible for any
chemoprotective properties of garlic against AFB1-induced carcinogenesis. Consumption of garlic
was efficient in protecting against AFB1 carcinogenesis, and DADS treatment induced GST protein
levels and activity, particularly GST A5. Thus, not all GST isozymes may be influenced equally.
Earlier evidence from Hu et al.46 provided support that the induction of glutathione (GSH) S-
transferase pi (mGSTP1-1) may be particularly important in the anticarcinogenic properties asso-
ciated with garlic and allyl sulfur components.

C. CELL CYCLE ARREST/APOPTOSIS

Recent evidence indicates that garlic constituents (i.e., DADS, DATS, SAMC, ajoene) have the
ability to suppress proliferation of several different cancer cells by blocking cell-cycle progression
and/or causing apoptosis (also known as programmed cell death).115–117 Current knowledge of the
mechanisms by which these compounds cause apoptosis indicates that the garlic constituents target
various apoptosis-signaling molecules from initiation to execution, including MAPKs (JNK,
ERK1/2, and p38), P53, NF–kB, bcl-2 family, and caspases,116 but not all of the signaling molecules
were affected by each of the garlic constituents. In many studies, however, the apoptotic effects of
garlic constituents were triggered by increased intracellular production of reactive oxygen species
(ROS), suggesting the importance of the intracellular redox environment for apoptosis induction.
An example is shown by the ability of DADS to induce apoptosis, as well as cell-cycle arrest at
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the G2/M phase, in human A549 lung cancer cells in a time- and dose-dependent manner.117 In this
study, DADS caused not only a dose-dependent increase, but also a time-dependent change of ROS
production and an oxidative burst was found to be an early event, occurring less than 0.5 h after
DADS treatment. These investigators hypothesized that the increased ROS may also act on the
important signaling molecule in the observed DADS-induced cell cycle arrest.

Several mechanisms have been cited for the effect of garlic constituents on cell cycle arrest,
including reduced Cdk1/cyclin B kinase activity, or activation of extracellular signal-regulated
kinases (ERK1/2).115,118 Knowles and Milner119 showed that the DADS-mediated suppression of
Cdk1 kinase activity during cell-cycle arrest in G2/M was not due to direct interaction with the
protein, but was associated with (a) a temporal and dose-dependent increase in cyclin B1 protein
level, (b) a reduction in the level of Cdk1–cyclin B1 complex formation, (c) inactivating hyper-
phosphorylation of Cdk1, and (d) a decrease in Cdc25C protein level. The evidence suggests a
complex and coordinated interaction of many factors for the observed DADS-induced cell-cycle
arrest. Furthermore, gene expression analysis suggested that alterations in DNA repair and cellular
adhesion factors may also be involved in the G2/M block following DADS exposure.120

D. DNA REPAIR

Exposing cells to mutagens including intracellular by-products of cellular metabolism (ROS, endog-
enous alkylating agents) or extracellular influences (carcinogens, UV, or ionizing radiation) can
cause DNA damage that is manifested as genomic instability, cellular senescence, and/or cell death.
Initially the cell attempts to repair the damage, but if too extensive, a cascade of alternative cellular
responses including cell-cycle arrest or the induction of apoptosis may occur.

There are three major DNA repairing mechanisms: base excision, nucleotide excision, and
mismatch repair. Very little information exists about garlic or its organosulfur constituents as a
modifier of DNA repair, although evidence exists that pretreatment with garlic extracts have been
reported to stimulate DNA repair in human fibroblasts following cadmium chloride, gamma-
radiation, and 4-nitroquinoline-1-oxide treatment.121 Regardless, several studies have demonstrated
that histone/chromatin modifications such as acetylation, methylation, and phosphorylation have a
crucial role in DNA-repair processes and some evidence suggests that garlic could influence one
or more of these determinants of repair.

E. EPIGENETIC MODULATION

Cancer progression is probably also highly dependent on epigenetic changes. Several regulatory
proteins including DNA methyltransferases, methyl-cytosine guanine dinucleotide binding proteins,
histone-modifying enzymes, chromatin-remodeling factors, and their multimolecular complexes
are involved in controlling the epigenetic process. 122 Because epigenetic events can be influenced
by several dietary components, they represent another plausible site for intervention with bioactive
food components.122

As previously mentioned, there is evidence that some garlic constituents can influence another
aspect of epigenomics, namely histone homeostasis. Lea et al.123 reported that at least part of the
ability of DADS to induce differentiation in DS19 mouse erythroleukemic cells might relate to its
ability to increase histone acetylation. DADS caused a marked increase in the acetylation of H4
and H3 histones in DS19 and K562 human leukemic cells. Consistent with other studies the disulfide
was found more effective than the monosulfide. In a more recent paper, these investigators found
that the inhibition of cell proliferation by SAC and SAMC of DS19, Caco-2 human colon cancer,
and T47D human breast cancer cells was associated with increased histone acetylation.124 More
recently, Druesne et al.125 reported DADS and AM effectively increased histone H3 acetylation in
cultured Caco-2 and HT-29 cells. The histone H4 hyperacetylation was found to occur preferentially
at the lysine residues 12 and 16. The reason for this hyperacetylation may relate to the observed
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reduction in histone deacetylase activity.125 This change in hyperacetylation was also accompanied
by an increase in p21(waf1/cip1) expression, at mRNA and protein levels, again demonstrating that
epigenomic events can influence subsequent gene-expression patterns and lead to the accumulation
of cells in the G2 phase of the cell cycle.125 DADS and AM are rather unique in that they join a
relatively few food components, butyrate and sulfloraphane, as modifiers of histone homeostasis.126

F. REDOX AND ANTIOXIDANT CAPACITY

It is well documented that ROS are involved in the etiology of a variety of diseases. As a result
special attention has been given to the identification of antioxidants in human foods. A variety of
methods have been used to evaluate the total antioxidant activity of garlic preparations available
in the marketplace. Undeniably, any single method is insufficient as the response depends not only
on its ability to reduce oxidation radicals, but on its metal-chelating capabilities. Regardless, both
alliin and allicin are recognized to possess antioxidant properties in a Fenton oxygen-radical
generating system [H2O2-Fe(II)].67,127 Additionally, the antioxidant actions of garlic and its constit-
uents have been documented through their ability to scavenge ROS, inhibit lipid peroxide formation,
retard LDL oxidation, and by enhancing endogenous antioxidant systems.6,128

A variety of organosulfur compounds, although not all, have been reported to exhibit antioxidant
properties. DADS, but not DAS, dipropyl sulfide or dipropyl disulfide, has been found to inhibit
liver microsomal-lipid peroxidation induced by NADPH, ascorbate, and doxorubicin.129 The pres-
ence of both the allyl and sulfur groups appears to magnify the antioxidant capabilities of the
molecule. Both the number of sulfur atoms and the oxidation state of sulfur atoms can influence
the overall antioxidant potential.130 Whereas allicin is effective in retarding methyl linoleate oxi-
dation, it is less than that caused by α-tocopherol.131 Organosulfur compounds such as SAC are
recognized to be powerful antioxidants and radical scavengers with the strong capacity to minimize
oxidization.128 Garlic oil is also an effective antioxidant against the oxidative damage caused by
various agents indicating that both water- and lipid-soluble organosulfur compounds can be effective
antioxidants. Although some ether-extracted garlic oil preparations in the marketplace may contain
about nine times as much vinyl-dithiins and four times as much ajoene, these preparations had no
free-radical scavenging properties, again indicating not all organosulfur constituents have antioxi-
dant properties.132 It is also clear that the heating of garlic can not only denature proteins, but also
its antioxidant properties.133

G. IMMUNOCOMPETENCE/IMMUNONUTRITION

Diet is increasingly recognized to play an important role in the development and functionality of
immunocompetent cells. Several dietary components, including garlic extracts and allyl sulfur com-
pounds, may have physiologically important immunomodulatory effects.7,134,135 Both an aqueous and
an ethanolic extract prepared from a garlic powder sample significantly stimulated proliferation of
rat spleen lymphocytes in culture, which was correlated with the up regulation of the Interleukin 2-
receptor alpha expression and an increase in IL-2 production.135 These data also suggested that the
potentiating effect of the garlic extract on lymphocyte proliferation in vitro differed, depending on
specific stimulators of cell proliferation; speculating that the in vivo response would depend on the
type of responding cells. These investigators also demonstrated that aqueous and ethanolic extracts
from two garlic powders significantly modulated proliferation of rat thymocytes and splenocytes in
vitro to concanavalin A.136 Both garlic extracts significantly modulated lymphocyte proliferation,
triggered by this potent T-cell mitogen, but the response was dependent on the type and dilutions of
extracts, and concentrations of concanavalin A. Interestingly, at higher concentrations of the extracts
an inhibitory effect on T-cell proliferation was observed, whereas at lower concentrations a significant
increase in T-cell proliferation occurred. Ghazanfari et al.137 found that a garlic extract given i.p. to
BALB/c mice was effective in reducing Leishmania major infection, and this response was associated
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with increased TH1 immune response manifested by higher IFNg and IL-2 production. These results
support the concept that garlic may be a potent modulator of T cell-mediated immune functions in
vivo. In another in vivo study, DAS treatment of BALB/c mice has been reported to block the
suppression of the antibody response caused by N-nitrosodimethylamine to T-cell-dependent antigens,
and the lymphoproliferative response to T-cell and the B-cell mitogens.100 However, the effects are
not limited to sulfur compounds as a protein fraction isolated from aged-garlic extract was found to
enhance cytotoxicity of human peripheral blood lymphocytes (PBL) against both natural killer-
sensitive K562 and NK-resistant M14 cell lines.138 More recently, a 14-kDa glycoprotein isolated
from garlic was found to augment a delayed type hypersensitivity response,139 as well as increase
natural killer-cell activity in BALB/c mice when administered i.p.140 The mechanism(s) by which
sulfur or non sulfur components of garlic influence immunocompetence remains to be determined.

Garlic compounds may also be modulators of inflammatory molecules, including cytokines
that exhibit a vast array of regulatory functions in both adaptive and innate immunity. DADS and
AMS, in addition to DAS,141 demonstrated different effects on the production of cytokines in LPS-
activated macrophages. DAS inhibited both pro- and anti-inflammatory cytokines, including TNF-
α, IL-β, IL-6, and IL-10, in stimulated macrophages. DADS enhanced proinflammatory cytokines
IL-β and IL-6, but suppressed anti-inflammatory cytokine IL-10, indicating the effect of DADS
may be more toward proinflammation. On the other hand, AMS, to a lesser extent, decreased
production of NO and TNF-α in activated macrophages, but significantly enhanced IL-10 produc-
tion, suggesting that AMS may be a potential anti-inflammation compound.

Allicin and ajoene have been reported to cause a dose-dependent inhibition of the inducible
nitric oxide synthase (iNOS) system in lipopolysaccharide (LPS)-stimulated RAW 264.7 macroph-
ages.142 Such inhibition has been correlated with a reduction in iNOS protein, as well as in its
mRNA. Thus, changes in the amount or ratio of NO and peroxynitrite concentrations may be
significant in the observed lowering of inflammation by garlic and associated sulfur components.
More recently DAS, DADS, and AMS had unique regulatory properties in suppressing NO in
stimulated macrophages.143 DAS was found to decrease stimulated NO and PGE2 production by
inhibiting inducible NO synthase and cyclooxygenase-2 expressions, and to indirectly enhance NO
clearance. DADS inhibited activated NO production by decreasing inducible NO synthase expres-
sion and by directly clearing NO, whereas AMS suppressed NO mainly through its direct NO
clearance activity. These findings suggest that the antitumor effect of allyl sulfurs may be related
to their antiinflammatory as well as immune-stimulatory properties.

H. COX/LOX PATHWAYS

Smith et al.144 reported that prostaglandin H synthase could metabolize the bay region diol of
benzo(a)pyrene to electrophilic diol epoxides that were capable of binding to DNA. More recently
Li et al.145 have reported that both cyclooxygenase and lipoxygenase are involved with DMBA
bioactivation. Ali146 provided evidence that garlic could block cyclooxygenase activity. McGrath
and Milner147 reported that lipoxygenase bioactivated DMBA at a rate that was about 10 times
greater than that caused by cyclooxygenase. While limited, there is evidence that garlic and
associated sulfur components can inhibit lipoxygenase activity.148 Finally, evidence for the involve-
ment of lipoxygenase in the bioactivation of DMBA comes from Song and Milner149 who found
that feeding a known lipoxygenase inhibitor, Nordihydroguaiaretic acid (NDGA), markedly reduced
DMBA-induced DNA adducts in rat mammary tissue.

With regard to the influence of allyl sulfur compounds on the lipoxygenase and cyclooxygenase
signaling pathways, DAS, DADS, and to a lesser extent, AMS, were found to differentially regulate
NO and PGE2 production in mouse RAW 264.7 macrophages stimulated by LPS.143 In another
recent study, ajoene was found to act similarly to several non steroidal anti-inflammatory drugs in
that this garlic compound inhibited, in a dose-dependent fashion, the release of PGE2 from LPS-
activated RAW 264.7 cells, which was associated with a dose-dependent inhibition of COX-2
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enzyme activity.150 Collectively, these studies pose interesting questions about the role of both
cyclooxygenase and lipoxygenase in not only forming prostaglandins, and therefore modulating
tumor cell proliferation and immunocompetence, but also their involvement in the bioactivation of
carcinogens. Clearly additional attention is needed to clarify what role, if any, these enzymes have
in determining the biological response to dietary garlic or its allyl sulfur components.

I. DIET AS A MODIFIER

Garlic’s influence on cancer processes cannot be considered in isolation as several dietary compo-
nents can influence the overall response. Recently, the effects of combining tomato and garlic were
examined using several carcinogenesis models.151–153 The combination suppressed the incidence
and mean tumor burden of hamster buccal-pouch carcinomas more than either alone, and appeared
to relate to a decrease in phase I enzymes and to an increase in phase II enzyme activities.

A variety of individual food components may also influence the response to garlic. Notable
are the modifications made by the quantity of fat, selenium, methionine, and vitamin A in the
diet.42,154,155 Amagase et al.154 and Ip et al.155 reported that selenium supplied either as a component
of the diet or as a constituent of the garlic supplement enhanced the protection against 7,12
dimethylbenz(a)anthracene (DMBA) mammary carcinogenesis beyond that provided by garlic
alone. Suppression in carcinogen bioactivation, as indicated by a reduction in DNA adducts, may
partially account for this combined benefit of garlic and selenium.42 Because both selenium and
allyl sulfur compounds are recognized to suppress tumor-cell proliferation and to induce apopto-
sis,156–158 the synergistic response to allyl sulfur and selenium may relate to changes in cancer-
related processes other than those associated with carcinogen metabolism.

Dietary fatty acid supply can influence the bioactivation of DMBA and ultimately the metab-
olites of this carcinogen, which binds to rat mammary cell DNA. A significant portion of the
enhancement in mammary DNA adducts caused by increasing dietary corn oil consumption can
be attributed to linoleic acid intake.159 Whereas exaggerated oleic acid consumption also increases
DMBA-induced DNA adducts, it was found to be far less effective in promoting adduct formation
than was linoleic acid.

The diversity of molecular targets that can be influenced by various food components demon-
strates the complexity in dealing with nutrient–nutrient interactions. Although the effect of combining
bioactive food components on garlic’s ability to influence cellular proliferation has not been ade-
quately examined, there are potentially several combinations that would produce more dramatic
effects. For example, and similar to information with chemical carcinogenesis, there is evidence of
a greater effect of allyl sulfur when combined with selenium than when provided alone.160 Likewise,
a combination of garlic and onion oils was more effective in blocking the proliferation of HL60
cells in culture than when used singly.161 Although the molecular basis for these enhanced effects
needs to be investigated in more detail, they serve as proof-of-principal that interactions among food
components must be considered when developing strategies for using diet for cancer prevention.

VI. HEART DISEASE

Garlic may have a role in the genesis and progression of cardiovascular disease. These effects may
be mediated through a variety of biological responses including a decrease in total and LDL-
cholesterol, increase in HDL-cholesterol, reduction of serum triglyceride and fibrinogen concen-
trations, lowering of arterial blood pressure, and/or an inhibition of platelet aggregation.

A. CHOLESTEROL AND LIPOPROTEINS

Several studies have attempted to clarify the exact role that garlic has on serum cholesterol, LDL,
HDL, and triglycerides as these might be the signal of protection.162,163 While some studies have
reported that garlic reduces LDL concentrations,164,165 others have not.166,167 Eliciting the true
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response is made complicated by the use of various quantities of garlic, different preparations and
standardizations, and variation in the duration of treatment. Nevertheless, many do provide evidence
that garlic can decrease cholesterol and triglyceride concentrations in some, but probably not all,
patients. A recent systematic review undertaken by Adler et al.163 indicated that several studies
provided evidence that garlic was effective in lowering cholesterol. The average decrease in total
cholesterol was 24.8 mg/dl (9.9%), LDL 15.3 mg/dl (11.4%), and triglycerides 38 mg/dl (9.9%).
The overall average Boyack and Lookinland Methodological Quality Index (MQI) score was 39.6%
(18 to 70%). While a reduction in cholesterol in the range of 7 to 15% was relatively common this
in itself is a rather large variation in response. As demonstrated for cancer models, it appears that
the response to cholesterol is dependent on the formation of bioactive sulfur compounds. Jabbari
et al.168 found that swallowing undamaged garlic had little or no lowering effect on serum lipids
but consuming crushed garlic reduced cholesterol, triglyceride, malondialdehyde, and blood pres-
sure. Thus, similar to other processes, the active compound arising from garlic requires time for
formation and if not formed there is no biological response.149

LDL oxidation is increasingly being recognized as a contributor to the initiation and progression
of atherosclerosis.169 Munday et al.170 found a modest reduced susceptibility of LDL particles to
Cu+2-mediated oxidation from subjects given daily 2.4 g aged garlic extract (AGE) for 7 d.
Interestingly, a similar response was not observed when subjects were given 6 g raw garlic as a
daily supplement for 7 d. Byrne et al.166 did not find that 900mg Kwai garlic powder (Lichtwer
Pharma, Berlin) for 6 months had an impact on LDL susceptibility to oxidation. It is unclear if the
discrepancies in the literature about garlic and LDL oxidation relate to the subjects examined or
the preparations used. DADS has been reported to protect human LDL, erythrocyte membranes,
and platelets from oxidation and/or glycation.171 Recently the protective effects of six organosulfur
compounds (DAS, DADS, SAC, S-ethylcysteine, S-methylcysteine, and S-propylcysteine) were
tested for their ability to reduce further oxidation and glycation in already partially oxidized and
glycated samples from patients with non-insulin-dependent diabetes.172 Their studies revealed that
DAS and DADS were superior in delaying LDL oxidation compared to the four cysteine-containing
compounds tested. However, the cysteine-containing agents were superior to DAS and DADS in
delaying glycative deterioration in already partially glycated LDL. Both responses were highly
concentration-dependent. Thus, the content or potential for forming active intermediates likely
explains much of the variability that has been observed in the published literature.

B. BLOOD PRESSURE

Aortic stiffening is also an important risk factor in cardiovascular morbidity and mortality. This
stiffness coincides with a high systolic blood pressure and augmented pulse pressure. Diet in addition
to age, gender, hormonal state, and genetic factors probably influences aortic stiffening. Increasing
evidence suggests garlic may be a dietary component with the ability to reduce blood pressure and
cause relaxation in arterial walls. Garlic treatment has also been found to lead to a dose-dependent
vaso-relaxation in both endothelium-intact and mechanically endothelium-disrupted pulmonary
arterial rings.173 This vaso-relaxation was diminished by the administration of NG-nitro-L-arginine
methyl ester, a nitric oxide synthase inhibitor. The inducible nitric oxide synthase is recognized to
occur in human atherosclerotic lesions. Recent studies have demonstrated that garlic exerts its
therapeutic effect by increasing NO production.174 The relaxant effect on vascular smooth muscle
appears to be mediated through a decrease in cGMP and the subsequent release in endothelium-
derived relaxing factors, as well as a depression in prostaglandins via a suppression in cyclooxy-
genase activity.175,176 It is known that ROS counteract the vaso-dilating and antiproliferative actions
of nitric oxide by rapidly degrading it to peroxynitrites. It is possible that part of the blood pressure
changes caused by garlic may relate to its ability to reduce radical formation.

Recently, garlic was found in the Goldblatt model for hypertension to exert a sustained depres-
sion in arterial blood pressure.177 An extract of garlic has been reported to serve as an antihyper-
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tensive in this two-kidney, one-clip (2K-1C) renovascular rat model for hypertension. At least part
of the protection appears to be mediated through a normalization of prostaglandin E2 and throm-
boxane B2.178 A change in the activity of the Na/H exchanger (NHE) may also be involved.179

C. PLAQUE AND PLATELET AGGREGATION

Acute coronary syndromes can occur when an unstable atherosclerotic plaque erodes or ruptures,
thereby exposing the highly thrombogenic material inside the plaque to the circulating blood.180

This exposure triggers a rapid formation of a thrombus that occludes the artery. Efendy et al.181

found that feeding a deodorized garlic preparation (Kyolic) reduced the fatty streak development
and vessel-wall cholesterol accumulation in cholesterol-fed rabbits. More recently Budoff et al.182

found in a pilot study that providing an AGE extract for a year inhibited the rate of progression of
coronary calcification compared to a placebo. Regular odor garlic preparations have also been
reported to inhibit plaque formation in humans. Providing garlic powder (Lichtwer Pharma AG,
Berlin, Germany) for 48 weeks in a randomized trial reduced arteriosclerotic plaque volumes in
both the carotid and femoral arteries by 5 to 18%.183 Zahid et al.184 suggest that garlic may exert
its beneficial effect on plaque formation by reducing cholesterol and maintaining the NO-mediated
endothelial function, possibly secondary to an inhibition of LDL oxidation and an increase in HDL.

Aggregates of activated platelets also likely have a pivotal role in coronary syndromes. Garlic
and some of its organosulfur components have been found to be potent inhibitors of platelet
aggregation in vitro.175,185–187 Some of the platelet-inhibitory compounds arising from allium plants
include ajoene, allicin, SAC, methylallyl trisulfide, and alk(en)nyl thiosulfates such as sodium 2-
propenyl thiosulfate and sodium n-propyl thiosulfate. Heating garlic by boiling retards its ability
to inhibit platelet aggregation.185 Unfortunately, few studies have documented that garlic can inhibit
platelet aggregation in vivo. Regardless, Steiner and Lin188 provided evidence that consumption of
aged garlic extract reduced epinephrine and collagen-induced platelet aggregation, although it failed
to influence adenosine diphosphate-induced aggregation. Their studies also provided evidence that
platelet adhesion to fibrinogen could be suppressed by consumption of this garlic supplement.

Overall, garlic’s ability to reduce hyperlipidemia, hypertension, sterol synthesis, and thrombus
formation make it a strong candidate for lowering the risk of heart disease and stroke. Nevertheless,
the literature provides evidence for considerable variability in response. Additional studies are
needed to help clarify who might benefit most from added garlic.

VII. SUMMARY AND CONCLUSIONS

Garlic does have significant physiological attributes for promoting health. Although it is possible
that other allium foods possess similar health attributes, few comparative studies have been under-
taken. As garlic causes relatively few side-effects, except for possibly its lingering odor, there is
little reason to avoid its use. Nevertheless, odor does not appear to be a necessary prerequisite for
many of the benefits as water-soluble SAC generally gives comparable benefits to those compounds
associated with smell. Although garlic and its bioactive components may influence a number of
key molecular events that are involved with health, to do so it must achieve an effective concentration
within the target site, be in the correct metabolic form, and lead to changes in small molecular-
weight signals in the cellular milieu (metabolomic effects). Whereas most can savor the culinary
experiences identified with garlic, some individuals, because of their gene profile and/or environ-
mental exposure, may be particularly responsive to more exaggerated intakes.
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I. INTRODUCTION

 

Human cultures have a long history of using wines and teas for the promotion of health and for
treatment of disease. Recently, some wineries have requested permission to add resveratrol content
to their label, and legislation has been proposed in Oregon and New York to allow the wine’s
antioxidant content to be added to labels on wine sold within their respective states. What is it
about these beverages that has given them recognition over the years as health-promoting foods?
This chapter addresses the recent explosion of papers in this field exploring the health-promoting
benefits of these beverages.
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A number of epidemiologic studies observed that moderate alcohol intake appeared to be
inversely related to incidences of myocardial infarctions, angina pectoris, or coronary-related
deaths.

 

1–15

 

 These studies examined subjects ranging in age from 25 to 84 years old and involved
hundreds to thousands of people in a number of different countries. Further analyses revealed that
this negative association was not truly linear, but followed a U- or J-shaped curve.

 

11,15–17

 

 That is,
at low to moderate ethanol intake, the risk of heart disease or death is lower than in abstainers, but
at high intake levels, these risks rise again, consistent with the principles of hormesis.

 

18

 

 Although
the mechanisms for this reduced risk are not well understood, ethanol intake has been reported to
raise the plasma levels of high-density lipoproteins (HDL) and/or lower the levels and rate of
oxidation of low-density lipoproteins (LDL).

 

3,19–21

 

 Ethanol intake is also known to prolong the
clotting times of blood.

 

22,23

 

This association between moderate alcohol consumption and risk of ischemic heart disease
has caught the public’s attention in what has been labeled the “French Paradox.” Epidemiologic
studies have observed that in southern France mortality rates from heart disease were lower than
expected despite the consumption of diets high in saturated fats and the tendency to smoke
cigarettes.

 

23,24

 

 These coronary-related deaths in France were reportedly about one third the rate in
Great Britain and lower than any country examined except for China and Japan, where diets are
generally low in saturated fats.

 

23

 

 Both dietary and nondietary factors such as lower levels of stress,
underreporting of deaths and, recently, a time-lag association similar to that observed between
cigarette smoking and incidence of lung cancer in women, have been proposed to explain this so-
called “paradox.”

 

8,25–29

 

Nevertheless, in addition to their Mediterranean-style diet, most of the attention in explaining
the French paradox has focused on the common practice of wine consumption by the French,
particularly red wine, with their meals.

 

4,7,8,26

 

 France has the highest per capita consumption of grape
wine than any other developed country.

 

26,27

 

 Indeed, epidemiologic studies suggested that the con-
sumption of wine at the level of intake in France could explain a 40% reduction in heart disease.

 

23

 

However, it should be noted that this relationship does not appear to hold for other regions of
France, and overall longevity and mortality rates from all causes in France is similar to that in
other industrialized countries.

 

26

 

Epidemiologic studies evaluating the protective effect of drinking tea on the development or
incidence of cardiovascular disease are far fewer in comparison to the number of studies examining
ethanol or wine intake. Nevertheless, tea consumption is reported to have similar protective
effects.

 

30–33

 

 For example, a study in men and women 30 to 49 years old found that tea consumption
was inversely related to serum cholesterol levels and systolic blood pressure, and there was a
slightly, but not significantly, lower mortality in those individuals who drank one or more cups of
tea/d compared to those who drank less than a cup/d.

 

33

 

 In addition, a recent study in Japan noted
that green tea consumption was directly related to lower serum cholesterol concentrations, higher
HDL, and lower LDLs.

 

34

 

 Tea consumption also contributed to a lower mortality after acute myo-
cardial infarction.

 

35

 

 In contrast, a British study saw no inverse relation between tea consumption
and coronary heart disease, and in healthy adults drinking black tea for 4 weeks, no statistically
significant effects on plasma cholesterol, HDL, LDL, or triglycerides were observed except in
individuals who had specific atherogenic apoE genotypes.

 

36,37

 

Although the exact mechanisms by which wine or tea consumption could offer protection
against atherosclerosis and ischemic heart disease are not fully known, a large body of literature
has emerged which suggests that the actions of polyphenolic compounds found in these beverages
may account for this protection.

 

38–41

 

 Table 5.1 lists the various actions suggested through which
these compounds could impact on the development of cardiovascular diseases (CVD). This chapter
will discuss these polyphenolic substances, the epidemiological evidence that they may protect
against CVD, and the evidence for the proposed mechanisms through which these substances may
reduce the risk of CVD.
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II. POLYPHENOLS

A. C

 

HEMICAL

 

 B

 

ACKGROUND

 

 

 

AND

 

 N

 

OMENCLATURE

 

Wine, grapes, and tea are known to contain a variety of polyphenolic compounds.

 

42–49

 

 The terms

 

polyphenols

 

 and 

 

phenolic

 

 are all-encompassing, ranging from simple phenolic acid to polymerized
compounds like tannins. Overall in the plant kingdom, polyphenols or phenolic compounds account
for more than 800 chemical structures, translating into over 4000 individual compounds.

 

39,42,45–47

 

These compounds are the secondary byproducts of plant metabolisms, and their large numbers are
indicative of what can arise from various hydroxylation, methoxylation, glycosylation, and acylation
reactions during their biosynthesis. Consequently, in addition to teas and wine, they are found in
many commonly eaten fruits and vegetables, such as grapes, apples, berries, grapefruit, onion,
eggplant, and kale, as well as herbs and spices and dark chocolate.

 

39,47

 

Polyphenols have generally been classified into 3 major groups: (1) simple phenols and phenolic
acids, (2) flavonoids, and (3) hydroxycinnamic acid derivatives.

 

39

 

 Many of the compounds found
in tea and wine are low-molecular weight polyphenols such as flavonoids, also loosely referred to
as bioflavonoids.

 

42–49

 

 Many flavonoid compounds occur as sugars (glycosides) and tend to be water-
soluble. Flavonoids play significant roles in the plant kingdom. Many flavonoids, especially the
flavanols, are astringents, whereas others have evolved to protect plants against microbes, parasites,
and oxidative injury.

The flavonoids are based on the flavan nucleus consisting of 15 carbons within three rings
recognized as A, B, and C (Figure 5.1A).

 

42,45–47 

 

The basic structure is a phenyl benzopyrone
derivative. The differences between the various subclasses of polyphenolic compounds are due to
the presence of 3-hydroxyl and/or 2 oxy groups, the number of hydroxyls in the A and B rings,
and the absence/presence of double bonds in the pyrane ring. The chemical substitutions and

 

TABLE 5.1
Proposed Properties of Wine and Tea Polyphenols 
to Reduce Risk of Atherosclerosis or Heart Disease

 

I. Effects on Plasma Lipids

 

Increase HDL levels
Decrease LDL levels
Inhibit lipoprotein synthesis
Decrease lipoprotein (a) levels 
Decrease in total lipid

 

II. General Antioxidant Activity

 

Chelate transition metals
Inhibit oxidation of LDL
Maintain plasma levels of antioxidant vitamins
Scavenge oxygen free radicals
Modulate activity of antioxidant enzymes.

 

III. Other Effects

 

Anticoagulant effects
Inhibit platelet aggregation, including aspirin-like activity
Enhance nitric oxide synthesis to keep blood vessels patent
General antiinflammatory activity
Up-regulation of anti-inflammatory signal transductions pathways.
Reduced body weight (?)
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structures that define the various flavonoids have been reviewed by Bravo.

 

47

 

 Flavonoids may occur
as monomeric, dimeric biflavonoids (not to be confused with bioflavonoids), or oligomeric com-
pounds. Tannins, illustrated in Figure 5.1B, are polymeric derivatives that are classified into two
groups: (1) condensed (polymers of flavonoids) or (2) hydrolysable, which often contain gallic
acid. An example is epicatechin gallate (ECG), shown in Figure 5.1C, often found in teas.

As might be anticipated, because of the large spectrum of compounds that can be listed as
polyphenols or flavonoids, there is a lack of agreement on nomenclature and classification. Using
chemical structures, flavonoids can be subdivided into flavonols, flavones, flavanones, flavanols
(catechins), anthocyanidins, isoflavones, dihydroflavonols, and chalcones.

 

47

 

 Another classification
system uses the phrase 

 

minor flavonoids

 

 to include flavanones, flavanols, and dihydroflavonols, or
those flavonoids with limited natural distribution.

 

50

 

 With respect to mammalian biological activity,
much of the current interest in flavonoids is related to the 4 oxo-flavonoid structures, i.e., flavonols,
flavones, flavanones, isoflavones, and dihydroflavonols.

 

47

 

 Flavonols, flavones, and anthocyanidines
are second only to the carotenoids with respect to being compounds of vivid color, and are likely
to be a visual signal for insects who provide pollination.

 

45–47

 

Although our infatuation with flavonoids as potential health promoters seems recent, over a
dozen flavonoid-containing medicinals have been known and used in traditional medicine.

 

51

 

 More
than 40 species of plants, because of their natural content of flavonoids, have been used throughout
the world for various medicinal purposes. They are used as anti-inflammatory, antiseptic, antiar-
rhythmic, antispasmodic and anxiolytic agents, as sedatives and for wound-healing, to name a
few.

 

52–54

 

 In general, as a group, the polyphenols have been recognized to possess antioxidant
activities (Table 5.1).

 

B. P

 

OLYPHENOLS

 

 

 

IN

 

 W

 

INES

 

 

 

AND

 

 G

 

RAPES

 

The polyphenols in wine include phenolic acids, anthocyanins, tannins, and various flavonoids
(caffeic acid, rutin, catechin, myricetin, quercetin, epicatechin), among others. Proanthocyanidins,
polymers, or oligomers of catechin units are the major polyphenols in red wine and especially in
grape seeds.

 

55,56

 

 Grape skins and juice contain anthrocyanins and flavonoids (quercetin and myrice-
tin).

 

57

 

 Nonflavonoids are derivatives of cinnamates, tyrosol, volatile phenols, and hydrolyzable
tannins. Of the nonflavonoids in wine, resveratrol (3,4

 

′

 

,5-trihydoxystilbene) (Figure 5.1D) has
sparked much interest for its potential health-enhancing effects. Besides grapes, only a few other
plant species, such as peanuts, contain resveratrol.

 

57

 

 These stilbenes and stilbene glycosides have
antifungal activity, and their health benefits have been attributed to their phytoestrogen properties,
to metal-ion chelation, or to general antioxidant activity.

 

52,54,57–59

 

 Many of the properties of resver-
atrol have been reviewed recently.

 

60

 

The total polyphenolic content of red wines has been estimated to be about 1200 mg/l, whereas
others have reported concentrations as high as 4000 mg/l.

 

 61 

 

In contrast, the polyphenolic content
of white wine is about 200 to 300 mg/l.

 

48

 

 Thus, the total flavonoid content of red wine can be about
20-fold higher than in white wine, whereas grape juice has about one half the flavonoid content of
red wine by volume.

 

61,16

 

 For example, the concentrations of epicatechin and related compounds in
wine have been estimated at 150 mg/l and 15 mg/l for red and white wine, respectively.

 

62

 

 It has
also been estimated that quercetin concentrations in wine are about 25 mg/l. Nonflavonoids, such
as hydroxybenzoate and hydroxycinnamate, do not differ significantly between red and white
wine.

 

61

 

 Resveratrol, being present in grape skins, is found primarily in red wines, with concentra-
tions around 1 mg/l.

 

62

 

 The concentrations of select polyphenols in wine are summarized in Table 5.2.
It is also realized that aged wines differ in the nature of their polyphenols compared to young

wines or, for the most part, those found in grape juices.

 

47,55,62

 

 Phenolic concentrations in wine
increase during skin fermentation and decrease as phenols interact with proteins and yeast-cell
membranes and precipitate. Wine aging results in further modification in the phenolic content. In
addition, herbicides and insecticides are known to modulate the concentration of polyphenolic
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compounds and secondary compounds through reduction of carbon fixation in plants. In summary,
the amount of flavonoids in wine can be influenced by several factors, including temperature, sulfite,
and ethanol concentrations; the type of fermentation vessel; pH; and yeast strain.

 

55,58

 

 However, if
open wine is protected from light, the polyphenols appear to be stable for about 1 week at room
or refrigeration temperatures.

 

64

 

C. C

 

OMPOUNDS

 

 F

 

OUND

 

 

 

IN

 

 T

 

EAS

 

Tea is second only to water as the most consumed beverage in the world.

 

42

 

 The average consumption
of tea is greater than 100 ml per d, and in some locations can be up to 5 l per d, with world-wide
per capita consumption being about 0.12 l/d.

 

44,65

 

 Tea is the beverage originating from the leaf of
the plant 

 

Camellia sinensis

 

, varieties 

 

sinensis

 

 and 

 

assamica

 

. The tea leaves contain more than 35%
of their dry weight as polyphenols. Breeding and selection have resulted in the hybridization and
emergence of thousands of types of teas with varying properties and composition.

Green tea is the product produced from fresh leaf. Rapid inactivation of the enzyme, polyphenol
oxidase, by steaming or rapid pan firing, rolling, and high temperature air drying, is used to make
green tea in Japan and China, and preserves the polyphenol content. Thus, green tea is rich in the
flavanols catechin, epicatechin, epicatechin gallate (ECG), gallocatechin, epigallocatechin (EGC),
and epigallocatechin gallate (EGCG) — the flavanols that have generated the most interest for
human health. It has been estimated that one cup of green tea can contain 100 to 200 mg catechins.

 

66

 

In general, green tea contains higher concentrations of the catechins than wine. In addition, green
tea contains quercetin, kaempferol, myricetin and their glycosides, apigenin glycosides, and lignans,
but at lower concentrations.

 

67,68

 

 A summary of the most common flavonoids in teas are presented
in Table 5.3.

 

TABLE 5.2
Concentrations of Select Flavonoids and Resveratrol 
in Wine

 

Subclasses of Flavonoid Compound

 

Quantity, mg/l

White Wines Red Wines

 

Flavonols Myricetin 0 8.5
Rutin 0 9
Quercetin 0 7

Flavanols 56 274
Catechin 35 191
Epicatechin 21 82

Anthocyanins Cyanidin 0 2.8
Resveratrol 0.027 1.5

 

Source:

 

 From Frankel, E., Waterhouse, A., and Teissedre, P., Principal phe-
nolic phytochemicals in selected California wines and their antioxidant
activity in inhibiting oxidation of human low-density lipoproteins, 

 

J Agric
Food Chem

 

, 43: 890–894, 1995; Soleas, G., Diamandis, E., and Goldberg,
D., Wine as a biological fluid: history, production, and role in disease
prevention, 

 

J Clin Lab Anal

 

, 11(5): 287–313, 1997; Frankel, E.N., Water-
house, A., and Kinsella, J., Inhibition of human LDL oxidation by resvera-
trol, 

 

Lancet

 

, 341(8852): 1103–1104, 1993; Clifford, A.J., Ebeler, S., Ebeler,
J., Bills, N., Hinrichs, S., Teissedre, P., and Waterhouse, A., Delayed tumor
onset in transgenic mice fed an amino acid-based diet supplemented with
red wine solids, 

 

Am J Clin Nutr

 

, 64(5): 748–756, 1996.
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Black tea is derived from aged tea leaves that have undergone enzymatically catalyzed aerobic
oxidation and chemical condensation, particularly of the catechins. Consequently, catechin levels
are lower in black than in green tea. Interestingly, in food science, oxidation properties of catechins
have been adopted for use as food antioxidants similar to that of BHA.

 

67–69

 

 The principal products
of catechin oxidation are the formation of quinones which in turn form seven-membered ring
theaflavin or theaflavin gallate compounds (Figure 5.1.E), as well as thearubigins.

 

68–70

 

 Theaflavins
(1 to 2% by dry weight) are mostly responsible for the reddish color and astringency of black tea.
In between green and black tea is Oolong tea, which is partially oxidized but retains much of the
original polyphenol content of the leaf.

 

D. A

 

BSORPTION

 

 

 

AND

 

 M

 

ETABOLISM

 

 

 

OF

 

 P

 

OLYPHENOLS

 

Crucial to any discussion regarding the efficacy of wine and tea polyphenols in the prevention of
atherosclerosis and heart disease is how well such compounds are absorbed through the intestinal
tract wall, how well they are distributed into various tissues, especially blood plasma, and their
metabolism and rate of elimination. Unfortunately, there is limited information in humans, which
has led to the uncertainty that these compounds could express 

 

in vivo

 

 antioxidant activity of
physiologic significance. Because such compounds occur as complex mixtures in plant materials
and have enormous variability, it is difficult to study bioavailability and physiologic effects.

 

TABLE 5.3
Concentrations of Phenolic Acid, Flavonoids, and Their Oxidation 
Products in Tea

 

Subclasses of Flavonoid Compound

 

Quantity (mg/g)

Green Tea Black Tea

 

Flavonols 50–100 60–80
Quercetin 10–20
Kaempferol 20–45 14–16
Myricetin 2–5

Flavanols 300–400 50–100
Catechin 10–20 5
Epicatechin (EGC) 10–50 10–20
Epigallocatechin 30–100 10–20
Gallocatechin 10–30
Epicatechin gallate (EGC) 30–100 30–40
Epigallocatechin gallate (EGGG) 100–150 300–600

Flavandiols 20–30
Phenolic acids 30–50 100–120
Theaflavins 30–60
Thearubigens 30–50

 

Source:

 

 From Dreosti, I., Bioactive ingredients: antioxidants and polyphenols in tea, 

 

Nutr
Rev

 

, 54(11 Pt. 2): S51–S58, 1996; Graham, H., Green tea composition, consumption, and
polyphenol chemistry, 

 

Prev Med

 

, 21(3): 334–350, 1992; Hertog, M., Hollman, P., and van
de Purtte, B., Content of potentially anticarcinogenic flavonoids of tea infusions, wines, and
fruit juices, 

 

J Agric Food Chem

 

, 41: 1242–1246, 1993; van het Hof, K., Wiseman, S., Yang,
C., and Tijburg, L., Plasma and lipoprotein levels of tea catechins following repeated tea
consumption, 

 

Proc Soc Exp Biol Med

 

, 220(4): 203–209, 1999; Price, K., Rhodes, M., and
Barnes, K., The chemical pathogenesis of alcohol-induced tissue injury, 

 

J Agric Food Chem

 

,
46: 2517–2522, 1998.
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However, not all polyphenols are created equally with respect to bioavailability. The most
common polyphenols in our diets are not necessarily the most active within our body. They are
not absorbed with equal efficacy, some are extensively metabolized both at the level of the intestine
and by the liver, and some may be rapidly eliminated or excreted.

 

71

 

 Polyphenols only sparingly
occur in the free form.

Earlier studies in the U.S. estimated that the daily intake of flavonoids was about 1 g/d when
expressed as glycosides, or 650 mg/d when expressed as aglycones.

 

72

 

 Hollman et al.,

 

41

 

 however,
have raised concern that these values are too high and others have estimated that the average intake
of all flavonoids from dietary sources is between 23 and 170 mg/d.

 

30,40,70 

 

In the Dutch study, daily
intake of all flavonoids was estimated at 23 mg/d with quercetin accounting for 16 mg/d.

 

30,73 

 

This
is in keeping with the observation that of the flavonoids, quercetin is generally found in the highest
concentration in food. Its concentration in grapes is reportedly 1.4 mg/kg, whereas green tea contains
>10,000 mg/kg quercetin glycosides and kaempferol.

 

74

 

 In addition, Hollman et al. summarized the
average daily flavonol intake from 6 studies as 4 to 68 mg/d.

 

41

 

 Interestingly, on a mg/d basis,
flavonoid intake exceeds the average daily intake of vitamin E and 

 

β

 

-carotene.
The absorption of polyphenols varies depending on the type of food, the chemical form of the

polyphenols, and their interactions with other substances in food, such as protein, ethanol and fiber.
As an example, quercetin absorption was 52 ± 15% from quercetin glucosides in onions, 17 ± 15%
from quercetin rutinoside and 24 ± 9% from quercetin aglycone.

 

74

 

 Urinary excretion was about 0.5%
of the amount absorbed. Flavonoids, such as quercetin and other flavonoids can be absorbed either
as free aglycone and glycoside, as demonstrated by detection in blood and urine following feeding
both forms of the substance.

 

46,75,76

 

 It has also been reported that polyphenols from wine may be
absorbed better than the same substances from fruits and vegetables, because the ethanol may enhance
the breakdown of the polyphenols into smaller products that are absorbed more readily.

 

40

 

Data suggest that glycosidases from bacteria that colonize the ileum and cecum are involved
in the breakdown of flavonoids. For example, it has been shown that flavonoid glycosides ingested
by germ-free rats are recovered intact in the feces.

 

77

 

 Others have found that the administration of
0.5 g/d of catechin or tannic acid to rats over a 3-week period resulted in less than 5% excreted
unchanged in the feces.

 

78

 

 Glycones from onions have been shown to cross the mucosal layer of
the intestinal cells, suggesting that humans may have hydrolases to remove sugar components to
form aglycones.

 

79

 

 However, it remains uncertain if the hydrolysis of flavonoid glycosides is nec-
essary for absorption in humans. Also, further research is needed to determine whether deglyco-
sylation of flavonoids occurs independent of gut-microbial action.

Nevertheless, studies in experimental animals and humans indicate that some polyphenols, at
least, can be absorbed. Most polyphenols likely do not penetrate the gut wall by passive diffusion
because of their hydrophilic nature. Information is scarce, although a unique active-transport
mechanism has been described for cinnamic and ferulic acid absorption in the rat jejunum.

 

80

 

Absorption is influenced by compound glycosylation and most flavonoids, except flavanols, are
found in foods as glycosylated forms. Glycosylated polyphenols are likely to be resistant to acid
hydrolysis and are presented to the upper small intestine unchanged.

 

81

 

 Apparently, only aglycones
and perhaps glucosides are absorbed in the small intestine. Proanthocyanidins, because of their
polymeric nature, have limited absorption. The majority of the polymeric proanthocyanidins pass
unaltered through the small intestine where they are degraded by the colonic microflora.

 

82

 

 Proan-
thocyanidins, being one of the more abundant polyphenol constituents in the diet, may exert only
local gut effects, such as antioxidant and anti-inflammatory activities, which in turn may be crucial
for modulating chronic diseases.

 

83

 

 Identification and quantification of microbial metabolites of
polyphenols is an extremely active field of research, which has the goal of isolating specific bioactive
compounds that may modulate atherosclerosis and other chronic diseases.

Accumulation of flavonoids in plasma can be reportedly up to 100 

 

μ

 

mol/l.

 

84,85

 

 Polyphenol
metabolites are not free in blood, but bound to plasma proteins. For example, albumin is the primary
protein responsible for binding of the metabolites of quercetin.

 

85 The degree of binding to albumin
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may affect the rate of clearance of metabolites and their delivery to cells and tissues. The partitioning
of polyphenols and their metabolites, between aqueous and lipid phases, favors retention in the
aqueous phase because of their hydrophilicity and binding to albumin.

In animal and human studies, between 10 to 20% of an oral dose of quercetin was absorbed.86

After tea drinking, only 0.5% of the quercetin was excreted unchanged.87 These authors concluded
that plasma concentrations of quercetin and kaempferol reflected short-term intake. In general, peak
blood levels of flavonoids occur between 2 and 3 h after consumption and the elimination half-life
varied between 5 and 17 h depending on the particular flavonoid or the food source.88,89 In addition,
a recent study reported that in rats fed red wine containing 6.5 mg/l of resveratrol for up to 15 d,
some of the intact compound was detected in plasma and tissues, but the concentrations found were
considered lower than would be expected to be pharmacologically active.90 However, it remains to
be determined whether repeated intake would increase these tissue levels further.

Clifford et al. detected catechin in plasma from mice fed a diet containing red wine solids.91

EGCG was detected in plasma 30 min after drinking 300 ml of green tea.92 Studies with EGCG
found that in male adults drinking decaffeinated green tea containing 88 mg EGCG and 82 mg
EGC, plasma concentrations 1 h after ingestion ranged from 46 to 268 ng/ml for EGCG and from
82 to 206 ng/ml for EGC.93 It was also found that addition of milk to black tea did not affect
catechin absorption and after a single tea consumption, the half-life of catechins in blood varied
from 4.8 h for green tea to 6.9 h for black tea.94 However, some studies of polyphenol absorption
and metabolism may be misleading due to administration of pharmacologic doses in some human
studies.95 Using pharmacologic doses may not reflect the mechanisms of absorption and metabolism
of dietary flavonoids at more physiologic levels of intake.

Studies also indicate that the liver is the primary site of polyphenol metabolism, although other
sites such as kidney or intestinal mucosa may be involved. In the liver, these compounds can
undergo (1) methylation, (2) hydroxylation, (3) reduction of the carbonyl group in the pyrane ring,
(4) and conjugation reactions. The most common degradation pathway for flavonoids is through
conjugation with glucuronides or sulfate.96 Polyphenols are known to, directly or indirectly, induce
phase II enzyme, such as glutathione transferases (GSTs), NAD(P)H:quinone reductases, epoxide
hydrolases, and UDP-glucuronosyltransferases.97,98 Polyphenols also influence phase I enzymes
such as cytochrome P450.99 In addition, some flavonoid metabolites can be recycled via the
enterohepatic biliary route.

III. EPIDEMIOLOGY OF POLYPHENOLS AND ATHEROSCLEROSIS

Evidence that dietary flavonoid intake was inversely related to mortality from coronary heart disease
has been supported by numerous epidemiologic studies.30,32,100–102 In the Zutphen Elderly study,
Hertog et al. showed that after adjustment for age, weight, certain risk factors of coronary artery
disease, and intake of antioxidant vitamins, the highest tertile of flavonoid intake, primarily from
tea, onions, and apples, had a relative risk of heart disease of 0.32 compared with the lowest
tertile.30,101 Although the magnitude of relative risk was less in a Finnish study, the data were similar
to that observed in the Dutch study.32 It should be noted that tea and grape-wine consumption is
rather low in Finland. A recent study found a negative relation between high-dose flavonoid intake
and risks of heart disease in healthy French women but not men.103 Also, it was reported that
flavonoids found in wine and tea were associated negatively with risk of CVD.104 Catechin intake
has been suggested to explain this negative association,105 but further confirmation is required.

However, not all studies have seen protective effects. A U.S. study of a large cohort of male
health professionals, and of French men or women, did not observe such a negative correlation
between flavonoid intake and incidence of coronary heart disease, although there was a trend of
protection in men with established heart disease.102,103,106 In a large U.S. study of college alumni or
women, flavonoid or tea intake was not associated with a reduction in CVD risk.106,107 In addition,
a Welsh study observed higher mortality from heart disease associated with high flavonol intake,
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primarily from tea consumed with milk.108 In this study, however, it was noted that tea consumption
was associated with a lower social class and a less healthy lifestyle, which included cigarette smoking
and a higher fat consumption. In contrast, tea consumption in the above Dutch studies was associated
with a higher social class and healthier lifestyle. Thus, the evidence supporting a protective effect
of polyphenol intake against ischemic heart disease is suggestive but still inconclusive.

IV. ETIOLOGY OF ATHEROSCLEROSIS

Although the etiology of atherosclerosis and the development of heart disease is complex, it is
generally agreed that the process of atherosclerosis begins with the accretion of soft fatty streaks
along the inner arterial walls.109,110 It is now hypothesized that blood cholesterol is linked to
atherosclerosis and the risk of ischemic heart disease by its presence in low-density lipoprotein
(LDL) cholesterol.109 Although the mechanisms through which high plasma LDL concentrations
increase the risk of CVD are not completely understood, evidence is emerging to implicate the
oxidation of LDL by free radical byproducts or via an inflammatory process resulting in oxidative
injury as an important factor.110

V. ACTIONS OF POLYPHENOLS ON RISK FACTORS 
ASSOCIATED WITH CVD

A. EFFECTS ON CHOLESTEROL AND LIPIDS

As noted in earlier text, several studies in experimental animals and humans have suggested that
the consumption of wine or grape polyphenols was associated with lower serum cholesterol, LDLs,
and higher HDLs.9,10,111 Also, wine was observed to be more effective than ethanol in preventing
the development of atherosclerotic lesions in cholesterol-fed rabbits.112

Likewise, consumption of green tea has been associated with decreased serum triacylglycerols
and cholesterol.42,113 Recently, Unno et al. observed that consumption of 224 mg or 674 mg of tea
catechins attenuated the postprandial rise in plasma triacylglycerol levels after a fat load, but did
not affect plasma cholesterol.114 In rabbits fed a high-fat diet, green, but not black tea consumption,
reduced aortic lesion formation by 31% compared with controls. Green tea given to hypercholes-
terolemic rats and spontaneously hypertensive animals lowered blood cholesterol and blood pres-
sure, respectively.42 In mice fed an atherogenic diet, green tea extract prevented the increase in
serum and liver cholesterol levels observed in controls.116 These protective effects of tea, such as
decreasing LDLs and increasing HDLs, seem to be correlated best with green tea rather than black
tea.34,117 Thus, the potential health benefit of drinking tea may be a function of the intake of tea
catechins. For example, Xu et al. reported that in hamsters fed a hypercholesterolemic diet for 16
weeks, catechin supplementation was as effective as vitamin E in inhibiting plaque formation.118

Recent work suggests that the hypolipidemic activity of dietary tea catechins may also reflect
inhibition of the absorption of dietary fat and cholesterol.119

It was also observed that red wine consumption decreased plasma concentrations of lipoprotein
(a), identified as an independent risk factor for atherosclerosis.120,121 In contrast, another clinical
study failed to observe such an effect.122 In addition, grape seed extract has been observed to inhibit
the activity of different lipids in vitro, which has led to the suggestion that it may be effective for
weight control,123 but this area is beyond the scope of this review.

B. GENERAL ANTIOXIDANT EFFECTS

It is likely that various polyphenols, including flavonoids, act similarly to dietary antioxidants and
that collectively they may bestow protection from the development of heart disease. Physical and
chemical properties of individual polyphenolic compounds impact strongly on their abilities to be
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potent antioxidants and these properties have been well described.52,124 The antioxidant activity of
polyphenols has been related to their ability to: (1) delay or prevent autoxidation at low concen-
trations compared to the oxidizable substrate, (2) form free radicals that are relatively stable against
further oxidation, and (3) induce other antioxidants at both the transcriptional and translational
levels. In addition, an antioxidant effect may be induction of antioxidant enzymes. For example,
in vitro, <20 μM resveratrol induced HO-1 that appeared to be via an NFκB mechanism.125 Quercetin
also induced HO-1 gene expression in a macrophage cell line.126 Therefore, flavonoids that have
the physical and chemical properties of antioxidants are capable of reacting with a variety of disease-
promoting free radicals including superoxide, hydroxyl, peroxyl, alkoxyl, and nonradical species,
e.g., singlet oxygen, peroxynitrite, and hydrogen peroxide.52, 124,127 It has been proposed that quer-
cetin possesses many of the properties considered essential for the ideal antioxidant (Figure 5.1F).

In vitro studies have supported the idea that wines possess intrinsic antioxidant activity.
Maxwell et al. observed that red wines had about 30-fold greater antioxidant activity than normal
human serum.128 It was also observed that the total reactive antioxidant potential of red wines
was 6 to 10 times higher than white wine.129 Both green and black tea also exhibit significant
antioxidant potential. For example, Halder and Bhaduri reported that black tea extracts could
prevent lipid peroxidation of red blood cell (RBC) membranes and whole RBCs better than pure
catechins in these systems.130 It also appears that adding milk to tea resulted in significant loss
of tea antioxidant activity, likely due to complex formation of tea polyphenols with milk proteins.99

The antioxidant activity of tea relative to other fruits and vegetables has been summarized by
Prior and Cao.131 Interestingly, Vinson and Debbagh reported that green and black tea have a
greater antioxidant index than grape juice or wine.132 However, Serafini et al reported that the in
vitro antioxidant activity of black tea was 3 to 4 mM, or about 1/3 the activity reported for red
wine, but the contribution of alcohol to these values is not fully known.128,133 It should be noted
that although all fractions of wine polyphenols may display antioxidant activity, not all have
cytoprotective properties.134

Antioxidant properties of wine have also been observed in vivo. Whitehead, et al. fed 9 healthy
subjects 300 ml of red wine and observed 18% and 11% increases in serum antioxidant capacity
after 1h and 2 h, respectively, compared with 22% and 29% increases at these times in subjects
who took 1000 mg ascorbic acid.135 Lower increases in serum antioxidant capacity were observed
if the subjects drank white wine, or apple, grape, or orange juice. However, Durak et al. observed
that plasma antioxidant potential was about 20% higher than baseline 4 h after normal subjects ate
1g/kg (body weight) of black grapes.136 Maxwell et al. observed that 4 h after 10 healthy students
consumed red wine with their meal, serum antioxidant status was about 13% higher than baseline
values.128 Others have reported that consumption of red wine polyphenols (1 or 2 g/d) increased
total plasma antioxidants by 11 and 15%, respectively, in comparison to a 7% increase by vitamin
E.137,138 Struck et al. observed an antioxidant effect of wine, defined as a reduction in thiobarbituric
acid reactive substances, in 20 hypercholesterolemic subjects who drank 180 ml/d of red or white
wine for 28 d.139 In contrast to other studies, Serafini et al. observed a greater effect when the
subjects drank white wine compared to the red wine.133 In addition, they observed no changes in
plasma vitamin E, vitamin C, or β-carotene, but consumption of either wine resulted in a 23%
reduction from baseline in plasma retinol levels. Although these results suggest that the enhanced
antioxidant potential observed after drinking wine can be independent of plasma antioxidant
vitamins or antioxidant enzymes, a study by Day and Stansbie reported that 73% of the increase
in serum antioxidant capacity following consumption of port wine in 6 individuals could be
attributed to an increase in serum uric acid levels, a well-recognized antioxidant.140-142 However,
Cao et al. observed an 8% increase in serum antioxidant capacity in elderly women who drank 300
ml of red wine, that could not be ascribed to an increase in uric acid or vitamin C.143 Others have
demonstrated that both red and white wine could inhibit hydrogen peroxide-induced DNA damage
in human lymphocytes or decrease the amount of unstable acetaldehyde-albumin complexes in
individuals drinking excessive amounts of wine.144,145
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As tea contains polyphenols also present in wine, it would be expected that this beverage would
also possess antioxidant properties. For example, Rah et al. reported that green tea polyphenols could
inhibit oxidant generation in vitro in human endothelial cells.146 Green tea consumption also reduced
DNA markers of oxidative stress in smokers more than in nonsmokers.147 In addition, green tea
polyphenols have been observed to scavenge peroxynitrite by preventing tyrosine nitration.148,149

It should be noted that studies that did not observe an effect of red wine on plasma antioxidant
status may reflect too low a consumption or, as in a rat study, may reflect the limited effects
polyphenols may exert when a well-balanced diet with more than adequate intake of micronutrients
is consumed.120,150 Thus, from the above studies it would appear that polyphenols in wine and tea
demonstrate antioxidant activity, but the expression of this activity depends on a variety of dietary
and other health-related factors. As an example, although dry tea showed high antioxidant activity
when expressed as Trolox equivalents, brewing conditions can influence the final values obtained.131

C. LDL OXIDATION

Most flavonoids found in teas and wines have a lower oxidation potential than the vitamin E radical.
Therefore, analogous to ascorbic acid, flavonoids have the ability to reduce vitamin E radical or
to recycle vitamin E as an antioxidant. This is significant in LDL oxidation, because vitamin E
represents the first line of defense against LDL oxidation.151 Once vitamin E is exhausted, the LDL
is no longer protected, unless vitamin E can be recycled by appropriate reducing agents, e.g.,
flavonoids. Evidence that the flavonoid caffeic acid can increase plasma and lipoprotein vitamin E
levels has been observed in rats.152 Finally, flavonoids may protect vitamin E in lipid oxidation by
being oxidized themselves in preference to vitamin E or by delaying the initiation of lipid perox-
idation. For example, healthy volunteers who drank green tea (100 mg total catechins/d) for 4
weeks showed sparing of their plasma vitamin E and β-carotene levels.153 Also, flavonoids may
inhibit LDL oxidation by scavenging superoxide anions, hydroxyl radicals, or lipid peroxyl radicals.
Alternatively, flavonoids may chemically modify LDL and such modification results in LDL being
less susceptible to oxidation.

As most polyphenols are water-soluble, it is speculated that they should work in the aqueous
phase of plasma and at the surface of lipoproteins. Binding to lipoprotein is not significant and
likely less than 0.5%.85 Vinson and Debbagh showed that catechins or green and black tea exhibited
potent lipoprotein-bound antioxidant activity.132 However, van het Hof observed that catechins were
associated with HDLs, but the concentrations found in LDLs did not appear sufficient to enhance
the resistance of LDLs to oxidation.94 In addition, it was proposed that resveratrol was associated
with lipoproteins where it could scavenge oxygen free radicals.154

However, a number of in vitro studies have reported that wine, tea, or select polyphenols could
inhibit LDL oxidation. Ishikawa et al. observed that catechins could inhibit LDL oxidation in a
dose-dependent manner in vitro, and EGCG appeared to be more potent than vitamin E.155 Inter-
estingly, black tea theaflavins were more effective than catechins. A number of studies have also
shown that wine and select individual polyphenols from wine can inhibit oxidative changes of
LDL, and red wine appeared more potent than white wine.156,157 For example, the addition of 3.8
μM and 10 μM polyphenols extracted from red wine to LDLs in vitro inhibited its oxidation by
60% and 98%, respectively.158 Red wine also inhibited cell-mediated LDL oxidation, whereas white
wine and ethanol were not effective.157 Red wine, catechin, or quercetin also inhibited development
of aortic atherosclerotic lesions, and reduced the susceptibility of LDL to aggregation and subse-
quent atherogenic modification of LDL, in atherosclerotic vitamin E deficient mice.159,160 Polyphe-
nols from grape extract also have the ability to inhibit oxidative changes of LDL.161 However,
although red wine and grape juice could inhibit LDL oxidation in vitro, LDL oxidation was only
inhibited in vivo in those who drank wine.162 Incubation of LDL with cupric chloride produced a
lag phase of 130 min before the onset of a propagation phase. In the presence of grape extract the
lag phase was extended 185, 250, and 465 min, respectively, when an 8000-fold, 4000-fold, and
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2000-fold diluted grape extract was added to the LDL suspension. Frankel et al. further observed
that the inhibition of copper-catalyzed LDL oxidation by dilutions of wine could be mimicked by
equal concentrations of quercetin.158 Resveratrol also was observed to inhibit LDL oxidation in
vitro, but its potency was only about one-half that of quercetin or epicatechin.62

White wines have the ability to inhibit oxidation of LDL in vitro, but generally are not as
effective as red wines.156,157 About eight times more white wine was required to produce the
equivalent effect of red wines on LDL oxidation and HDL concentration increases. However, if
equal concentrations of wine polyphenols extracted from red or white wine were compared,
inhibition of LDL oxidation was similar. Comparing dilutions of red or white wine, red grape juice
or beer, LDL oxidation was inhibited in a dose-dependent manner depending on the polyphenol
concentration.163 Concentrations of ethanol ranging from 0.1 to 0.5% showed no inhibition, sug-
gesting that it was the polyphenols in these beverages that were responsible for inhibiting LDL
oxidation. Taken together, these studies suggest that the reported advantage of red wine over white
wine in inhibiting LDL oxidation reflects the higher concentrations of polyphenols in red rather
than white wine, red wine polyphenols being more potent on a mole-per-mole basis than white
wine polyphenols. However, the potencies of the various polyphenols, acting alone vs. potential
additive or synergistic effects of the combinations found in wines and tea, have been little studied
in the assay systems examined.

The relative potency of polyphenols compared to traditional antioxidants have been estimated
in several studies. The model often used is the in vitro oxidation of LDL suspension with cupric
iron in the presence of different concentrations of polyphenols or antioxidants. The quality of the
antioxidant is expressed as the concentration of the substance needed to produce 50% inhibition
of oxidation (IC50). As listed in Table 5.4, individual polyphenols and the beverages containing
mixtures of polyphenols have enormous potential to deter oxidative damage. Vitamin C, vitamin
E, and β-carotenes are relatively weak antioxidants when compared to pure polyphenols or bever-
ages containing polyphenols. Particularly strong antioxidant quality is expressed by the individual
flavonoids, quercetin and EGC, wine, tea, and grapes. It should be noted, however, that the greater
ability of wine polyphenols to inhibit LDL oxidation in vitro than equal concentrations of vitamin
E may simply reflect the limited availability of vitamin E to LDL when incubated in vitro.164

Therefore, although the interpretation of the data presented in Table 5.4 may be difficult relative
to vitamin E, the overall picture illustrates the potency of flavonoids. The data, however, also
indicate that care must be taken in reaching conclusions based solely on a single in vitro assay.

Despite the positive results suggesting that wine polyphenols can inhibit LDL oxidation in
vitro, few studies have examined these effects in vivo. Hayek et al. fed atherosclerotic apolipopro-
tein-E-deficient mice red wine, quercetin, or catechin in their drinking water for 42 d.160 They
observed that LDLs isolated from these mice were more resistant to oxidation than LDLs isolated
from ethanol-fed control mice, and quercetin appeared to inhibit LDL oxidation more than catechin,
whereas catechin appeared more effective in inhibiting LDL aggregation. When red or white wine
polyphenols were fed to healthy men (1 g/d equivalent to 375 ml of wine for 2 weeks), the red
wine group showed a greater increase in the LDL oxidation lag time than the white wine group.137

Others have demonstrated that red wine consumption by healthy volunteers reduced the suscepti-
bility of their LDL to oxidative damage.111,165 To date, the study by Fuhrman et al. shows the most
significant in vivo effects of red wine consumption on inhibiting LDL oxidation.166 They fed 17
healthy men 400 ml of red or white wine for 14 d. Plasma collected from red wine drinkers at the
end of the study was about 20% less likely to peroxidize than plasma collected at baseline, and
LDLs isolated from these subjects were more resistant to oxidation; effects independent of plasma
vitamin E or β-carotene concentrations. Interestingly, they reported that plasma taken from white
wine drinkers showed a 34% increase in lipid peroxidation compared with baseline, and LDLs
isolated from these subjects were more prone to oxidation. However, the study has come under
question because the results obtained far exceeded the clinical benefit obtained previously by dietary
or pharmacologic interventions to prevent LDL oxidation.167 In contrast, in 24 healthy subjects who
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drank 550 ml of red or white wine containing 3.5% ethanol for 28 d, no significant inhibition of
copper-catalyzed LDL oxidation was observed.167 Similar negative results were seen in 20 volun-
teers who drank 200 ml of red or white wine for 10 d.120

Consumption of teas or their polyphenols have also been reported to inhibit LDL oxidation.
Green and black tea were observed to inhibit LDL oxidation in rabbits by 13% and 15%, respec-
tively, and LDL oxidation was inhibited when compared with controls, in LDL-receptor deficient
mice fed black tea for 8 weeks.115,168 In 14 healthy volunteers, consumption of 750 ml of black tea
for 4 weeks prolonged the lag phase for LDL oxidation from 54 to 62 min whereas no change was
seen in control subjects.155 LDL oxidation and body fat were both reduced in healthy men consuming
690 mg/d catechins in a green tea extract for 12 weeks.169 In contrast, in 32 healthy volunteers
consuming about 9 mg/d quercetin from onion and black tea for 14 d, no significant difference in
plasma oxidized LDL or markers of lipid peroxidation were observed compared to those fed a low
flavonoid diet.170 Whether these contrasting results reflect a difference in dose, formulation of
polyphenols, or a combination of these or other factors requires further investigation.

However, it was also reported that flavonoids could accelerate LDL oxidation if they were
added to minimally oxidized LDL.171 As atherosclerotic plaque contains high concentrations of
copper and iron, the net in vivo effect of polyphenols on LDL oxidation cannot be predicted easily.172

TABLE 5.4
Antioxidant Quality of Selected Polyphenols 
and Antioxidants

Antioxidant/Polyphenol Antioxidant Quality, IC50 (μM)

Vitamin C 1.45
Vitamin E 2.40
β-Carotene 4.30
Quercetin 0.22
Rutin 0.51
Myrcetin 0.48
Kaempferol 1.82
Epigallocatechin 0.075
Resveratrol 0.33
Red winesa 0.72
White winesa 0.71
Grapesa 0.2–0.65
Black teasa 0.86
Oolong teasa 0.60
Green teasa 0.52

Note: Units of μm/l for beverages.

a Inhibit oxidation by 50% (IC50).

Source: Modified From Salah, N., Miller, N., Paganga, G.,
Tijburg, L., Bolwell, G., and Rice-Evans, C., Polyphenolic fla-
vanols as scavengers of aqueous phase radicals and as chain-
breaking antioxidants, Arch Biochem Biophys, 322(2): 339–346,
1995; Vinson, J., Flavonoids in foods as in vitro and in vivo
antioxidants, Adv Exp Med Biol, 439: 151–164, 1998; Fenech,
M., Stockley, C., and Aitken, C., Moderate wine consumption
protects against hydrogen peroxide-induced DNA damage,
Mutagenesis, 12(4): 289–296, 1997.
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Therefore, despite the in vitro inhibition of LDL oxidation and the acute rise in serum antioxidant
potential following consumption of red wine, or tea in particular, the limited human data do not
provide strong evidence that a major in vivo effect of wine or tea polyphenols is inhibition of LDL
oxidation. Further work is needed to define whether these results simply reflect insufficient absorp-
tion or deposition of the necessary polyphenols into the target tissues.

D. VASODILATORY AND NITRIC OXIDE-RELATED EFFECTS

Nitric oxide (NO) synthesized from arginine is a major promoter of vascular relaxation that also
inhibits platelet adherence to endothelium. Over the past few years, a large number of in vitro
studies have explored the vasodilatory and NO effects of wine and tea and their polyphenols.
Evidence suggests that wine polyphenols may modulate the production of nitric oxide.173 This is
illustrated by the observation that wines, grape juices, and extracts from grape skins can inhibit
the contraction of rat aortic rings or induce dilation of mesenteric vascular blood vessels.173,174 In
addition, quercetin and tannic acid reproduced the effects of wine and grape fractions through
enhanced NO synthesis.175–179 Resveratrol has also been shown to improve vasodilation and cardiac
function via an NO-dependent mechanism after ischemia/reperfusion in rats.180 Anthocyanidins and
catechin in pure forms exhibited NO-scavenging properties, which may account for the observation
that catechin did not induce vasorelaxation.181,182

The effects of tea on NO-related vasodilation have received little attention to date. In one study
of 20 volunteers with coronary artery disease, consumption of 3 cups of black tea had no significant
effect on dilation of the brachial artery.183

It was also noted that both red and white wine are excellent sources of salicylic acid and its
dihydroxybenzoic acid metabolites, which have vasodilator and anti-inflammatory activities.184 It
was determined further that the concentrations of these compounds in wine range from 11 to 28.5
mg/l, with the concentrations being higher in red than white wine. Again, the in vitro effects are
suggestive, but additional studies are needed to determine whether these pharmacologic effects
observed in vitro occur after in vivo consumption of wine and tea.

E. EFFECTS ON HEMOSTASIS

Wine and tea may also have a positive effect on reducing risk factors of CVD by inhibition of
platelet aggregation and prolongation of clotting times. Ethanol has long been known to exert an
aspirin-like effect on clotting mechanisms; however, the concentrations required to inhibit platelet
aggregation have generally been high.23,24,185 In patients with coronary artery disease, those who
drank 330 ml of beer per d for 30 d showed evidence of reduced thrombogenic activity compared
with patients who did not consume an alcoholic beverage.186

Wine or its polyphenols have been shown to have effects on platelet function. For example, de
Lange et al. showed that red wine or grape extract inhibited platelet adhesion to fibrinogen but not
collagen in vitro.187 Both intravenous or intragastric administration of red wine or grape juice
inhibited platelet-mediated thrombus formation acutely in stenosed coronary arteries in dogs.185

White wine had no effect in this model. In addition, low concentrations (nM) of quercetin dispersed
platelet thrombi that adhered to rabbit aortic endothelium in vitro.188 It was also shown that platelet
aggregation was inhibited by about 70%, compared with controls, in rats fed ethanol, white wine,
or red wine in their drinking water for 2 or 4 months.189 However, if the ethanol or wine was
withheld for 18 h, platelet aggregation returned to greater than control levels in the ethanol or white
wine-fed groups, whereas aggregation was still inhibited in the red wine group. In this study, the
authors focused on the role of tannins in red wine on inhibition of platelet aggregation. In an
interesting study in pigs fed 30 g red wine-ethanol/d for 100 d, platelet aggregation at damaged
vessel wall sites was significantly reduced.190
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A number of investigations have examined the effects of wine on hemostasis in humans. Blann
et al. actually observed platelet aggregation in 90 volunteers, suggesting a potential deleterious
effect after bolus consumption of 375 ml of red but not white wine.191 In another study, Lavy et
al. observed that in 20 healthy males who consumed 400 ml of red or white wine for 14 d,
prothrombin time increased significantly, but partial thromboplastin time decreased in both
groups.111 When collagen was employed as an agonist, no significant change in platelet aggregation
was observed following consumption of either red or white wine. Also, no significant effects on
platelet aggregation were observed in 20 hypercholesterolemic subjects who drank red or white
wine for 28 d.139 In contrast, collagen-induced platelet aggregation was lower in male volunteers
who consumed 30 g of ethanol/d (about 2 to 3 drinks) in the form of red wine or ethanol-spiked
clear fruit juice for 28 d when compared to subjects who drank dealcoholized red wine.192 However,
no difference in platelet aggregation was observed if ADP was employed as agonist. These data
prompted the authors to conclude that their observations were due to ethanol and not to components
in red wine. On the other hand, Seigneur et al. reported that ADP-induced platelet aggregation was
inhibited in 16 subjects who drank red wine for 15 d.165 Epinephrine or arachidonic acid-induced
platelet aggregation were not affected in these subjects nor was aggregation affected in subjects
who drank white wine or an ethanol solution.

A comprehensive study by Pace-Asciak et al. had 24 healthy males consume 375 ml/d of red
or white wine or grape juice without or with added trans-resveratrol (4 mg/l) with meals for 28
d.193 Only white wine inhibited ADP-induced platelet aggregation, whereas red and white wine and
resveratrol-supplemented grape juice inhibited thrombin-induced platelet aggregation. In vitro, these
authors observed that ADP- and thrombin-induced platelet aggregation was inhibited by about 50%
by grape juice, without or with resveratrol, whereas red wine nearly abolished platelet aggregation
and white wine had no appreciable effect.193 In a previous in vitro study these authors reported that
platelet aggregation could be inhibited by dealcoholized red wine, quercetin, and resveratrol in a
dose-dependent manner.194 Also, additional studies on the effects of combinations of polyphenols
seem warranted. Again, these data suggest that the in vitro effects of wine and its polyphenols on
platelet aggregation are more pronounced than the in vivo effects. It should also be noted that a
recent study showed that combination of grape seed and grape skin polyphenols had a greater
antiplatelet effect than either alone in both dogs and humans.195 Nevertheless, it remains to be
determined whether these effects on platelet aggregation are of clinical importance and can translate
into reduced risk from thrombi formation that could lead to serious stenosis or a coronary event.

Only a few studies have investigated tea or its polyphenols or platelet function. In vitro theaflavin
and EGCG inhibited platelet aggregation and platelet activation factor synthesis; however, other
catechins were found to actually stimulate platelet aggregation.196,197 Tea consumption was reported
to reduce blood coagulation, but in another study, Vorster et al. did not observe any significant
effect of black tea on fibrinogen or other coagulation variables.198,199 Certainly, more studies are
needed to resolve the effects of tea consumption on platelet aggregation.

F. ATHEROSCLEROSIS AND INFLAMMATION

Few studies have directly examined the effects of wine or tea polyphenols on inhibiting inflam-
mation or the atherosclerosis process itself.159,160 Recently, Fuhrman et al. fed atherosclerotic apo-
E-deficient mice a diet containing 150 mg/d total polyphenols or grape powder for 10 weeks.201

They observed 41% decrease in the atherosclerotic lesion area compared to controls, which was
associated with a significant increase in antioxidant capacity. In a hamster atherosclerosis model,
green and black tea inhibited disease formation up to 63% and inhibited LDL oxidation compared
to conrols.202 In addition, green tea polyphenols have recently been shown to downregulate genes
that may be proatherogenic.200

Studies of anti-inflammatory activity of wine and tea have focused on ischemia/reperfusion
models in experimental animals. For example, wine and tea polyphenols were reported to reduce
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ischemia/reperfusion injury in the heart. In rats, oral treatment with 20 mg/kg/d red wine polyphe-
nols for 7 d reduced infarct size compared with controls via a mechanism that appeared to be NO-
dependent.203 Brookes et al. showed similar protective effects in an ex vivo rat myocardial
ischemia/reperfusion model using doses of quercetin that may be found in 1 to 2 glasses of red
wine (0.033 mg/kg/d for 4 d).204 In addition, EGCG (10mg/kg iv) was shown recently to reduce
myocardial damage compared to controls. 205

A new area of research in this field relates to the effects of polyphenols on gene expression
and signal transduction pathways. Utilizing tools of global mRNA profiling, we are becoming more
aware of genome-wide responses to nutrients and micronutrients.206 For example, the Sir2 (silencing
information regulator 2) gene in yeast (S. cerevisiae) and SIRT1, the mammalian counterpart, are
reported to be the gene link between caloric restriction and longevity.207,208 In response to cellular
damage or stresses, SIRT deacetylates the DNA repair factor Ku70, causing it to sequester the
proapoptotic factor Bax away from the mitochondria, thereby inhibiting stress-induced apoptotic
cell death. Several plant polyphenols have been found to increase SIRT1 activity and preserve cell
survival. Resveratrol reduces the Km of SIRT1 up to 35-fold, to stimulate p53 deacetylation. Thus,
polyphenols, similar to caloric restriction, upregulate stress-response pathways involving sirtuins,
to suppress p53 and delay apoptosis, likely preventing cell death.205,209

In addition, resveratrol has been shown to act on the mitogen-activated protein kinase (MAPK)
cascade by inhibiting protein kinase C (PKC)-catalyzed phosphorylation of arginine-rich protein
substrates.210 Inhibition of phosphorylation and other effects in the nucleus reduce expression of
various genes implicated in vasoconstriction, angiogenesis, proliferation, and differentiation.211

Polyphenols are also reported to affect NFkB, which activates the transcription of several target
genes implicated in initiation and progression of atherosclerosis, inflammation, and cancer.212

Notably, many stimuli, such as oxidized LDL, oxidants, and PKC, have the potential to activate
the NFkB pathway, which can modulate the transcription of target genes, such as cyclooxygenase
(COX), inducible nitric oxide synthase, cytokines, etc.

Further studies in these areas seem warranted to determine how these observations fit into the
overall scheme of wine and tea and their polyphenols in the protection from CVD and whether the
doses of these compounds needed to produce these effects are relevant to normal consumption and use.

VI. POTENTIAL ADVERSE EFFECTS OF POLYPHENOLS

Consumption of polyphenols through a variety of foods is not likely to produce adverse effects
because of the diversity and varying quantities of polyphenols in plant sources. However, chronic
intake of pharmacologic doses have been reported to produce adverse effects.213 For example, doses
of 1 to 1.5 g/d of cianidanol, a flavonoid drug, produced renal failure, hepatitis, fever, hemolytic
anemia, thrombocytopenia, and skin disorders. In addition, hydrolyzable tannins in black teas are
well-known to inhibit iron absorption.47,214 Green tea consumption has also been reported to reduce
iron status, but neither black nor green tea significantly affected calcium, copper, zinc, or magnesium
status.215 However, the nutritional significance of these observations may be minimal but is not
fully known.

Daily high doses of green tea extract (5% of diet) was goitrogenic in rats, but dietary levels of
0.625% appeared to be safe.216 In subjects consuming about 1 g/d EGCG supplements, approxi-
mately the dose found in people who drink >10 cups of green tea/day, some stomach discomfort
was noted that resolved if the tablets were taken after a meal. Some transient sleeplessness was
also reported but could be due to caffeine contamination of the extract. The LD50 in rats is reported
to be 5g/kg in males and 3.1 g/kg in females, suggesting that EGCG has relatively low acute
toxicity, but may have teratogenicity at concentrations potentially achievable with daily consump-
tion. It should be noted that sensitivity to EGCG reportedly induced asthma in workers at a green
tea factory.93
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Grape seed was found to have a LD50 in rats that exceeded 5000mg/kg, suggesting very low
toxicity.217,218 In addition daily consumption of up to 2% proanthocyanidin-rich grape seed extract
appeared to be safe in rats.218

Quercetin also appears to be relatively nontoxic with an LD50 in mice over 100 mg/kg. In a
phase I clinical study, toxicity, expressed as nephrotoxicity, was not observed until a cumulative
dose of 1700 mg/m2 was achieved.93 No evidence of carcinogenicity or teratogenicity with quercetin
has been reported, even when fed at dietary levels as high as 10%.93 Oral administration of 20
mg/kg doses of resveratrol for 28 d was also not toxic to rats.219 Others reported that 300 mg/kg/d
was the maximum no-effect level seen.220

A study in Portugal observed a dose-dependent relationship between red wine consumption
and incidence of gastric cancer.221 However, it is not known if this observation is related to the
ethanol, red wine polyphenols, or their interaction with other risk factors. Free radicals have been
identified in red wines and their grape source but have not been detected in white wine.222 Although
their significance is not clear, phenolic compounds, including those found in red wine, have been
shown to be mutagenic and genotoxic in bacterial and mammalian mutagenicity tests.223, 224 This
may also be due to the concomitant production of hydrogen peroxide of phenolics during their
autoxidation in a process that is dependent on divalent metal ions. In general, flavonoids can also
express pro-oxidant effects in the presence of Cu or NO.225–227 Tea catechins can also generate
hydrogen peroxide and the hydroxyl radical to different degrees in the pressure of Cu+2 or H2O2

in vitro.228,229 This is similar to the prooxidant effect of vitamin C observed in the presence of metal
salts involving the direct reduction of chelated Fe3+ to Fe2+ and succeeding radical generation, i.e.,
metal-induced oxidation. Haliwell reported that plant phenolics may show an oxidant effect against
proteins and DNA.163 Conditions where phenolic compounds act as prooxidants have been described
by Decker230 and Laughton et al.231

In general, the double-edged nature of polyphenols has added to the concerns over toxicity.
For example, quercetin could induce DNA damage in a lymphocyte test at low concentrations, but
at concentrations greater than 100 μM, DNA damage was inhibited.232,233 Others have observed
flavonoid-induced cytotoxicity in cultured human or rat cells, particularly at concentrations exceed-
ing 150 μM,234–236 but the effects may be cell specific. For the most part, whereas these compounds
may express mutagenicity in test systems, they appear to be safe when ingested at modest doses
associated with drinking wine or tea.

The safety of the interaction of polyphenols with other dietary supplements has been little
investigated. In one study, 1 g/d supplement of grape seed polyphenols taken with 500 mg/dl vitamin
C for 6 weeks raised blood pressure ~5mHg in human volunteers suggesting caution in the use of
polyphenols in hypertensive patients. 237 Certainly, additional work in this area is needed.

VII. CONCLUSIONS

A. SIGNIFICANCE OF POLYPHENOLS IN CVD AND HEALTH

The results from the studies summarized here indicate that the polyphenols present in wines and
teas possess antioxidant activity, may modify plasma cholesterol and lipoprotein concentrations,
inhibit blood coagulation and inflammatory processes, and have vasorelaxant effects, all of which
may potentially modify certain risk factors associated with the development of atherosclerosis or
ischemic heart disease in susceptible individuals. The majority of these effects have been expressed
in vitro, but the reproducibility of these effects in vivo has been less stellar. These differences may
simply reflect low rates of absorption of the pharmacologically active compounds, differences in
methodologies employed by the various investigators, sensitivity of certain cell types in vitro, or
other factors. It is also realized that wines and teas are complex mixtures, and although techniques
have improved to quantitate the various polyphenols in these drinks, investigators have attributed
their observations to the substances they can measure, which may not be the most biologically
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active. As an example, Widlansky et al. observed a good connection between total polyphenol
intake from tea and endothelial function in 66 volunteers, but could not link the results to the
catechins in tea.238 Even in studies where specific polyphenols are studied, the results have not
always been consistent. In studies where red wine is reportedly superior to white wine, the
differences most likely merely reflect the higher polyphenol concentrations in red than white wine,
rather than differences in the potencies of the polyphenols in both wines. It has also been recognized
that the polyphenols in red wine are rather uniform, but the absolute amounts may vary among
different varieties or wines from different regions. Also, different processes are modified to produce
the various teas in countries throughout the world, so the uniformity of polyphenols in similar teas
is unknown. In addition, although studies may attempt to control the amount of tea solids used,
brewing times have rarely been reported. Previous reports indicate that 84% of the antioxidant
content of tea is extracted in the first 5 min of brewing, with an additional 13% extracted over the
next 5 min.131

With respect to atherosclerosis and heart disease, in studies that have reported increased
antioxidant potential in plasma after wine or tea consumption, the changes have been transient and
disappear a few hours after drinking. In the platelet aggregation studies, results have been reported
for only 1 or 2 time points after drinking, and aggregation may change in response to one agonist,
but not another, making the overall physiologic significance difficult to interpret. Thus it remains
to be established whether these results would be sustained after continued consumption. Insight
into the long-term significance of these effects awaits comparisons of these variables in human
populations who consume wine or tea frequently to populations where consumption of these
beverages is less frequent or very little.

B. DIETARY RECOMMENDATIONS

As mentioned in earlier text, polyphenols are also present in a variety of common fruits and
vegetables.39,47,73 A number of studies have touted the potential health benefits of consuming diets
rich in fruits and vegetables, e.g., protection from heart disease and cancer. As it is unclear which
of the polyphenols offers the most health-promoting advantage, it would seem premature and
inappropriate to recommend consuming wine or tea polyphenols specifically in an attempt to raise
an individual’s plasma antioxidant status as a means to reduce risk of CVD. Even in the case where
wine may contain a particular polyphenol not generally found in other common foods, such as
resveratrol, the evidence that it possesses any specific protective effects against CVD in vivo is
insufficient. At present, data are insufficient to conclude that alcohol itself conveys health-promoting
activity. It also remains unknown to what extent alcohol may improve the bioavailability of certain
polyphenols in wine. On the other hand, there is sufficient information to suggest that, for adults,
consuming one to two glasses of wine with meals, or moderate amounts of decaffeinated tea, should
not be harmful.239 In addition, the best evidence to date suggests that it would require at least 8 to
10 cups of tea/day to achieve a significant change in plasma antioxidant status.131

In summary, the available data to date indicate that wine and tea polyphenols, as well as the
complex beverage, possess biologic activity that may potentially modify certain risk factors asso-
ciated with atherogenesis and CVD. Unfortunately, the data are too slim to suggest convincingly
that wine or tea may offer long-term protection from these diseases. Epidemiologic studies suggest
that the population that may most benefit from these polyphenolic compounds is probably those
of 30 to 65 or 70 years of age. However, before making definitive recommendations for consump-
tion, as many polyphenols are also present in fruits and vegetables, one must always keep in mind
the well-known health effects and consequences of ethanol abuse or the effects and risks of acute
inebriation before making a blanket recommendation for wine consumption.11,131,240,241 There is also
no definitive evidence that wine or tea consumption should be recommended in an attempt to
overcome the adverse health consequences of smoking or consuming a diet high in saturated fat.
As the best polyphenols to promote health are not known, it is premature to recommend dietary
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supplements containing individual compounds or complexes. Currently, based on an individual’s
preference and available evidence, there is nothing to suggest that adding a glass of wine to the
meal or drinking tea would be harmful. Both beverages should be enjoyed for themselves. As usual,
eating or drinking “in moderation” should remain the best recommendation.
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I. DIETARY FIBER CLASSIFICATION AND FOOD SOURCES

 

Fiber is generally described as plant material that is resistant to human digestive enzymes. Most
of these plant materials fall into the category of non-starch polysaccharides, with the exception of
plant lignins, which are actually polyphenolic by nature. Table 6.1 provides the percentage of the
total weight of select foods that is attributable to fiber.

Fiber is typically subdivided into two groups based on solubility in water. Soluble (water) fibers
include pectin (pectic substances), gums, and mucilages, whereas the insoluble fibers include
cellulose, hemicellulose, lignin, and modified cellulose. Table 6.2 presents these classes of fiber and
lists some food sources for each type. Some of the better food sources of soluble fibers are fruit,
legumes, oats, and some vegetables. Meanwhile, those foods known to be richer sources of insoluble
fibers include cereals, grains, legumes, and vegetables. The amount of fiber present within the human
diet can vary geographically. In more industrially developed countries, such as the U.S., fiber
consumption is relatively lower than in other societies. For example, the average intake of fiber in
the U.S. is only about 12–15 g daily. This consumption falls well below current recommendations
of the World Health Organization of 25–40 g of fiber daily. The American diet tends to derive less
than half of its dietary carbohydrate intake from fruit, vegetables, and whole grains. On the other
hand, the people of some African societies are known to eat as much as 50 g of fiber daily.

Digestible polysaccharides in plant foods such as starch, and, to a much lesser degree, glycogen
in meats, have repeating monosaccharide units bonded by 1–4 linkages (Figure 6.1). These bonds
are readily digested by amylase in both salivary and pancreatic secretions. Branch points in the
starch and glycogen chains are joined through 1–6 linkages that are hydrolyzed by the enzyme
1–6 dextrinase (isomaltase) in pancreatic secretions. On the contrary, 1–4 linkages are formed by
plants instead of 1–4 linkages between monosaccharides in fibrous polysaccharides (Figure 6.1).
Both salivary and pancreatic amylases are unable to hydrolyze 1–4 covalent bonds efficiently. This
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TABLE 6.1
Fiber Content of Select Foods

 

 Food Fiber (% Weight)

 

Almonds 3
Apples 1
Lima beans 2
String beans 1
Broccoli 1
Carrots 1
Flour, whole wheat 2
Flour, white wheat <1
Oat flakes 2
Pears 2
Pecans 2
Popcorn 2
Strawberries 1
Walnuts 2
Wheat germ 3

 

Source: 

 

Adapted from Wildman, R.E.C. and Medeiros, D.M.,

 

Carbohydrates in Advanced Human Nutrition

 

, CRC Press, Boca
Raton, FL, 2000. With permission.

 

TABLE 6.2
Fiber Types and Characteristics, Food Sources, and Bacterial Degradation

 

Types of Fiber Characteristics Food Sources Degradation

 

a

 

Soluble

 

Pectins Rich in galacturonic acid, rhamnose, arabinose, 
galactose; characteristic of middle laminae and 
primary wall

Whole grains, legumes, cabbage, 
root vegetables, apples

+

Gums Composed mostly of hexose and pentose 
monomers

Oatmeal, dried beans, other 
legumes

+++

Mucilages Synthesized by plant cells and can contain 
glycoproteins

Food additives +++

 

Insoluble

 

Cellulose Structural basis for cell wall; only monomer is 
glucose

Whole grains, bran, cabbage 
family, peas, beans, apples, root 
vegetables

+

Hemicellulose Component of primary and secondary cell walls; 
different types vary in monomer content

Bran, cereals, whole grains +

Lignin Composed of aromatic alcohols; cements, other 
cell wall components

Vegetables, wheat 0

 

a

 

Denotes the degree of bacterial fermentation.

 

Source: 

 

Adapted from Wildman, R.E.C., and Medeiros, D.M., 

 

Carbohydrates in

 

 

 

Advanced Human Nutrition

 

, CRC Press,
Boca Raton, FL, 2000. With permission.
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renders such polysaccharides resistant to human digestive action. However, bacteria inhabiting the
large intestine can indeed metabolize some polysaccharide fibers and create short-chain fatty acids
(acetic, propionic, and butyric acids) as metabolites. These short-chain fatty acids, often referred
to as volatile fatty acids (VFA), are a potential energy substrate for the mucosal cells of the large
intestine. Therefore, perhaps the notion that dietary fiber is not an energy source may need to be
reconsidered. However, this point may only be significant in principle as the energy contribution
would be very small.

Cellulose is known to be the most abundant organic molecule on Earth. The molecular structure
is similar to amylose in that it is made up of repeating units of the hexose glucose. However, again,
the linkages will be 1–4 by nature. Cellulose is produced as a component of the plant cell wall by
an enzyme complex called cellulose synthase. Once cellulose chains are formed, they quickly
assemble with other cellulose molecules and form microfibrils that strengthen the cell wall. Cel-
lulose, along with certain other fibers (hemicellulose and pectin) and proteins, is found within the
matrix between the cell wall layers. This concept is somewhat similar to the connective tissue
matrix found within bones, tendons, and ligaments in humans. Hemicellulose is different from
cellulose because its monomers are heterogeneous. Hemicellulose contains varied amounts of
pentoses and hexoses covalently bound in a 1–4 linkage, as well as some branching side chains.
Some of the more common and familiar monosaccharides in hemicelluloses are xylose, mannose,
and galactose (Figure 6.2). Other monosaccharide subunits include arabinose and 4-O-methyl
glucuronic acids.

Lignin is a unique fiber because it is not a carbohydrate; yet it is considered an insoluble dietary
fiber. Lignin is made up of aromatic polymers of chemicals from plant cell walls and provides
plants with their “woody” characteristics. Lignin molecules are highly complex and variable
polymers and are composed of three major aromatic alcohols: coumaryl, coniferyl, and sinapyl. In
plants, lignins provide structure and integrity, thus allowing the plant to maintain its form. A typical
lignin monomer is presented in Figure 6.3.

 

FIGURE 6.1

 

(A) The 

 

α

 

1–4 bond between glucose monomers of starch and glycogen and (B) the 

 

β

 

1–4 linkage
between glucose units in cellulose.
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The soluble fiber pectin is composed mostly of galactouronic acid that has been methylated.
These units are also connected by 1–4 linkages in pectin. The degree of methylation increases
during the ripening of fruit and allows for much of the gel-formation properties of soluble fibers.
Gums and mucilages are also soluble fibers and are composed of hexose and pentose monomers.
The physical structure and properties of these fibers are similar to pectin. Interestingly, gums are
polysaccharides that are synthesized by plants at the site of trauma and appear to function in a
manner similar to scar tissue in humans. Meanwhile, mucilages are produced by plant secretory
cells to prevent excess loss of water through transpiration.

 

II. PHYSICAL AND PHYSIOLOGICAL PROPERTIES OF FIBER

 

The physiological attributes of fibers largely depend upon their physical characteristics, namely,
the molecular design and solubility. Although the physiological influences of dietary fibers were

 

FIGURE 6.2

 

Carbohydrate monomers common to polysaccharide fibers.

 

FIGURE 6.3

 

A typical phenolic monomer of a lignin molecule.

Trans-coniferyl Trans-p-coniferyl Trans-sinapyl
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once thought to be limited to the intestinal lumen, which is anatomically exterior, newer evidence
suggests that derivatives of intestinal fiber metabolism can influence internal operations as well.
The physical characteristics of dietary fiber can produce various gastrointestinal responses depend-
ing upon the segment of the digestive tract. Among these responses are gastric distention, the rate
of gastric emptying, and enhancement of residue quantity (feces bulk) and moisture content.
Furthermore, dietary fiber can influence fermentation by bacteria in the colon as well as the turnover
of specific bacteria species. The bacterial population will likely increase due to fiber fermentation.
Bacterial presence may contribute as much as 45% to the fecal dry weight. The influence of fiber
upon fecal mass is presented in Table 6.3.

Different fiber molecules are subject to varying levels of bacterial degradation in the colon
(Table 6.4). For instance, pectin, mucilages, and gums seem to be almost completely fermented.
Meanwhile, cellulose and hemicellulose are only partly degraded and the noncarbohydrate nature
of lignin allows it to go virtually unfermented. The physical structure of the plant itself may be
associated with the degree of degradation of food fibers by intestinal bacteria. As an example, fibers
derived from fruits and vegetables appear to be, in general, more fermentable than those from cereal
grains. VFAs, namely, acetic acid (2:0), proprionic acid (3:0), and butyric acid (4:0), are among
the products of bacterial fermentation. As mentioned earlier, these fatty acids can be oxidized for
ATP production in mucosal cells of the colon wall. Furthermore, these fatty acids are fairly water-
soluble and can be absorbed into the portal circulation. Other products of bacterial fermentation
of dietary fibers include hydrogen gas (H

 

2

 

), carbon dioxide (CO

 

2

 

), and methane (CH

 

4

 

). These

 

TABLE 6.3
Changes in Fecal Bulk due to Different Dietary 
Fiber Sources

 

Food Item % Increase in Fecal Weight

 

Bran 127
Cabbage 69
Carrots 59
Apple 40
Guar Gum 20

 

Source:

 

 Adapted from Wildman, R.E.C. and Medeiros, D.M., 

 

Car-
bohydrates in

 

 

 

Advanced Human Nutrition

 

, CRC Press, Boca Raton,
FL, 2000. With permission.

 

TABLE 6.4
Some Physical Properties of Different Fiber Types

 

Fiber Type Action

 

Cellulose Holds water, reduces colonic pressure, reduced transit time of digestion
Hemicellulose Holds water, increases stool bulk, may bind bile acids, reduced colonic 

pressure, reduces transit time
Pectins, gums, mucilages Slow gastric emptying, bind bile acids, increase colonic fermentation
Lignin Holds water, may bind trace minerals and increase excretion, may 

increase fecal steroid levels

 

Source:

 

 Adapted from Wildman, R.E.C. and Medeiros, D.M., 

 

Carbohydrates in

 

 

 

Advanced Human
Nutrition

 

, CRC Press, Boca Raton, FL, 2000.

 

 

 

With permission.
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products can lead to occasional uncomfortable gas buildup in the colon that may occur with high
fiber consumption. The presence of H

 

2

 

 in the breath (hydrogen breath test) is often used clinically
as an estimation of bacterial fermentation. Once produced, H

 

2

 

 dissolves into the blood and circulates
to the lungs.

Among some of their more interesting physical properties is the water-holding capacity or the
hydration of fiber. The ability of different fibers to associate with water molecules is largely
attributable to the presence of sugar residues that have free polar groups (i.e., OH, COOH, SO,
and C=O groups). These polar groups allow for the formation of hydrogen bonds with adjacent
water molecules. It seems that pectic substances, mucilages, and hemicellulose have the greatest
water-holding capacity. Cellulose and lignin can also hold water but not to the extent of other fibers.
However, as soluble fibers are generally more fermentable, the associated water is liberated and
absorbed in the colon. Thus, it is the insoluble fibers that hold onto water throughout the total
length of the intestinal tract and give the fecal mass greater water content.

In the small intestine, the hydration of fiber will allow for the formation of a gel matrix.
Theoretically, the formation of a gel in the small intestine could increase viscosity of the food-
derived contents and slow the rate of absorption of nutrients. It has been suggested that this
mechanism may slow the rate of carbohydrate absorption and decrease the magnitude of the
postprandial spike in blood glucose. This notion may then be applicable to individuals with diabetes
mellitus, as discussed in this chapter.

 

III. RELATIONSHIP BETWEEN CHOLESTEROL LEVELS AND CHD

 

Coronary heart disease (CHD) is the leading cause of death in the Western world after cancer
according to the American Heart Association’s 2005 Biostatistical Fact Sheet and reports from
numerous medical organizations in Europe.

 

1

 

 In contrast to popular belief, CHD is a leading cause
of death among women as well.

 

2,3

 

 Many risk factors can influence CHD, such as smoking, age,
male sex, menopause, diabetes, serum cholesterol levels, and hypertension. Some of these risk
factors are modifiable, such as smoking and serum cholesterol levels, and some are not, such as
male sex or menopause. Among the most important risk factors that may be controlled are serum
cholesterol levels. Many studies have established that high total-cholesterol levels and low-density
lipoprotein (LDL) cholesterol levels are risk factors for CHD and mortality.

 

4–6

 

 The well-known
Framingham Study was among the first to establish a statistical relationship between serum lipo-
proteins and CHD.

 

6

 

 Other important studies using very large cohorts from the Multiple Risk Factor
Intervention Trial (MRFIT) and from various countries have since strengthened the notion that
serum cholesterol is a risk factor for CHD.

 

4,5,7

 

Elevated serum cholesterol levels can result from a variety of influences. Severely high serum
cholesterol is usually due to familial hypercholesterolemia, a condition characterized by genetic
defects in LDL-receptor activity that result in accumulation of LDL cholesterol in the blood.
Elevated serum cholesterol may also occur as a secondary effect of disorders such as diabetes,
hypothyroidism, and alcoholism. More commonly, cholesterol disorders are characterized by mild
or moderate hypercholesterolemia and are generally dietary in origin. Intake of saturated fats, trans
fatty acids can also increase plasma LDL levels by decreasing LDL-receptor synthesis.
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Fiber has been implicated in reducing the risk for CHD. Many large epidemiological studies, such
as the Nurses’ Health Study and the Scottish Heart Health Study, have demonstrated a reduced risk
for CHD in both men and women who consume higher amounts of dietary fiber.

 

8–10

 

 Soluble fibers,
in particular, are thought to exert a preventative role against heart disease as they appear to have
the ability to lower serum cholesterol levels. A recent meta-analysis examining soluble fiber sources
from pectin, oat bran, guar gum, and psyllium reported a small but significant reduction in serum
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cholesterol levels.

 

11

 

 Many other studies have found that a high intake of soluble fiber results in
decreased serum cholesterol levels.

 

12–19

 

 These studies generally report a decrease in total cholesterol
and LDL cholesterol with no changes in high-density lipoprotein (HDL) or triglycerides. Indeed,
it is now recognized that soluble fiber is a viable intervention to reduce serum cholesterol levels
by clinically significant amounts, thereby reducing a known risk factor for CHD.

 

20

 

Oat bran, in particular, has received a great deal of attention as a fiber source with an appreciable
level of soluble fiber that has been shown to reduce plasma cholesterol levels under controlled
conditions.

 

14

 

 Early studies examining the role of oats in reducing plasma cholesterol focused on
supplementing oats without a great deal of dietary fat modification. In 1963, DeGroot and colleagues
published a study that supplemented rolled oats in the form of bread to be consumed daily by 21
male volunteers between the ages of 30 and 50.

 

21

 

 Over a 3-week period, an 11% reduction in serum
cholesterol was observed. Another early study by Anderson et al. compared oat bran to fiber from
beans in their ability to lower serum cholesterol.

 

22

 

 This study was conducted in a metabolic ward
and did not use a low-fat diet. After consuming 17 g of soluble fiber per day for 3 weeks, a 19%
decrease in total cholesterol and a 23% decrease in LDL cholesterol were observed. In more recent
years, scientists have been assessing the response of serum cholesterol to oat bran intake in
conjunction with a low-fat diet. It has been found that a low-fat diet in conjunction with a high-
fiber (soluble) intake reduces cholesterol beyond the levels associated with a low-fat diet alone.

 

23

 

A review of the literature demonstrates that oat bran has been repeatedly proved to play a role
in reducing serum cholesterol levels and is generally recommended by the nutrition and medical
community as an important part of the diet. A meta-analysis done by Ripsin and colleagues reviewed
results from ten trials and concluded that a significant amount of cholesterol reduction occurred
when at least 3 g of soluble fiber from oat bran was consumed daily.

 

23

 

 Furthermore, researchers
observed that subjects who had the most dramatic decrease in cholesterol levels were those who
had the highest initial serum cholesterol concentrations to begin with. In spite of the wealth of data
supporting the role of oat bran in decreasing serum cholesterol, an issue that remains ambiguous
for the typical American consumer is the amount of oat bran needed to reduce serum cholesterol
levels by clinically significant amounts. The lay public must realize that several servings of oat
bran are required daily to reduce plasma cholesterol by an appreciable amount. Indeed, many of
the studies that report significant decreases in serum cholesterol levels use very high intakes of
soluble oat bran fiber. Most studies have used anywhere from 3.4 to 17 g of soluble oat bran fiber
to achieve total cholesterol and LDL-cholesterol reductions with the most severe declines observed
with the highest use of soluble fiber. When one considers that the typical serving of instant oatmeal
(0.5 cups) contains 1 to 2 g of soluble fiber, the reality of the dietary change involved becomes
more apparent. In practice, it may be difficult for the average individual to consume levels of soluble
fiber equivalent to the highest amounts used in certain studies. However, with moderate dietary
changes it is possible to consume enough oat bran to fall in the lower range of experimental amounts
previously used, which would result in a statistically significant reduction in serum cholesterol.

The long-term interest in oat bran has led to the identification of 

 

β

 

-glucan as the active
compound responsible for for LDL reduction.

 

16

 

 In addition to oat bran, yeast has also been identified
as a concentrated source of 

 

β

 

-glucan and is currently under investigation for its potential as a
commercial additive in a variety of food products.

 

16

 

 A relatively new product that is known by the
patented name Fibercel

 

®

 

 is composed of purified 

 

β

 

-glucan derived from the yeast 

 

Saccharomyces
cerevisiae,

 

 the species found in baker’s and brewer’s yeast. This product is currently under inves-
tigation in clinical trials to establish its efficacy in treating individuals with high cholesterol levels.
If proved successful, it could be used as an additive in foods such as salad dressing, frozen desserts,
and cream cheese.

Recent studies using Konjac-mannan fiber (a highly soluble fiber also known as glucomannan)
have also yielded very promising results by reducing risk factors for CHD. Subjects supplemented
with a daily average of 23 g of Konjac-mannan in the form of biscuits experienced a lower total
HDL cholesterol ratio and LDL cholesterol, lower systolic blood pressure, and improved their
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glycemic control.

 

24

 

 These results were significantly better than those achieved with an identical
diet using wheat bran instead of Konjac-mannan diet, thereby demonstrating the effectiveness of
the soluble fiber in influencing not only cholesterol, but other CHD risk factors, as well. Konjac-
mannan fiber is well known for having among the highest viscosity of all the soluble fiber types.
The use of Konjac-mannan fiber may also lead one to speculate that highly soluble fibers, such as
Konjac-mannan, may be more effective at reducing cholesterol levels than other soluble fibers. It
must be remembered, however, that the use of Konjac-mannan entails supplementation in existing
foods, such as breads or biscuits, rather than eating an actual product such as oatmeal cereal. This
may have practical relevance as it is far simpler for the typical consumer to buy instant cereal and
eat it daily for breakfast than to buy Konjac-mannan fiber and supplement it in baked goods on a
daily basis.

Other types of soluble fibers have been extensively studied for their ability to lower serum
cholesterol amounts. Psyllium has received attention over the years as a soluble fiber that can reduce
cholesterol levels. Psyllium plant stalks contain tiny seeds, also called 

 

psyllium

 

, covered by husks,
which is the source of the fiber. There is a great deal of soluble fiber in psyllium; in fact, 71% of
the weight of psyllium is derived from soluble fiber. In contrast, only 5% of oat bran by weight is
made of soluble fiber; in other words, the soluble fiber in 1 tablespoon of psyllium is equal to 14
tablespoons of oat bran. The active fraction of psyllium seed husks that is thought to be responsible
for the cholesterol-lowering effects is a highly branched arabinoxylan that is composed of a xylose
backbone with arabinose-and xylose-containing side chains.

 

25

 

 Interestingly, arabinoxylan from
psyllium is not fermented by colonic bacteria, apparently due to still unidentified structural features
of the molecule.

A number of animal studies have demonstrated that rats fed controlled diets supplemented with
psyllium fiber experience a significant decrease in serum cholesterol levels.

 

26–28

 

 A study done by
Anderson et al. even found reductions of up to 32% in cholesterol levels in rats fed 6% dietary
psyllium.

 

26

 

 Many studies in humans have also found psyllium to be an effective agent.

 

12,13,18

 

Supplementation of 10.2 g of psyllium per day for 8 weeks in men consuming a 40% fat diet has
resulted in a 14.8% reduction in total cholesterol and 20.2% reduction in LDL cholesterol.

 

19

 

 Another
study using higher amounts of dietary psyllium (15 g/d) observed a change of LDL cholesterol
from 184 mg/dl to 169 mg/dl.

 

29

 

 Another study has demonstrated that men with Type II diabetes
supplemented with 10.2 g of psyllium daily for 8 weeks also experienced an 8.9% drop in total
cholesterol and a 13% decline in LDL cholesterol.

 

30

 

 This group of men with Type II diabetes
displayed an improvement in glycemic control as well. Indeed, the results of a large-scale meta-
analysis done recently that examined 12 published and unpublished studies has concluded that
consumption of dietary psyllium is linked with reductions in serum total and LDL cholesterol.

 

12

 

Even though psyllium has not achieved as much attention in the popular press compared with oat
bran, there is evidence that it may actually be more effective as a dietary agent to lower cholesterol
levels. Anderson et al. compared ten different dietary fiber types in the rat model and found psyllium
to be the most effective at lowering serum cholesterol levels.

 

26

 

 A study in humans using psyllium
and oat bran demonstrated an equivalent reduction in total and LDL cholesterol when psyllium
was used in half the amount of oat bran. These studies could lead one to conclude that psyllium
fiber may actually be more effective at reducing cholesterol levels and, therefore, could be consumed
in lesser amounts to achieve desirable results. In fact, in 1998, the FDA approved labels on cereals
supplemented with psyllium stating that regular consumption of psyllium as part of a low-fat diet
can reduce cholesterol levels.
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There are several possible mechanisms by which soluble fiber is thought to reduce serum cholesterol
levels; many are related to the ability of soluble fibers to form viscous gels in the intestinal tract.
Among these potential mechanisms are reduced cholesterol absorption in the presence of soluble
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fiber, increased excretion of bile acids, an alteration of bile-acid type present in the gut, and possible
influences of short-chain fatty-acid production by intestinal flora upon cholesterol synthesis.

It has been proposed that soluble fiber reduces plasma cholesterol through its ability to bind
bile acids in the gastrointestinal tract. As soluble fibers bind bile acids in the intestinal tract, micelle
formation is altered and reabsorption of bile acids is subsequently impaired, resulting in the
excretion of the fiber–bile complex through the feces. There are two classes of bile acids, primary
and secondary. Primary bile acids (cholic and chenodeoxycholic acid) are those synthesized directly
from the liver, whereas secondary bile acids (deoxycholic and lithocholic acid) are produced after
modification of primary bile acids by bacterial action in the colon. It has been demonstrated that
consumption of oat bran doubles the loss of bile acids and specifically increases the loss of
deoxycholic acid (secondary bile acid) by 240% in human subjects.

 

31

 

 It was also concluded that
the pool of bile acids was not decreased, even though bile-acid excretion is increased.

 

31

 

 Another
human study done with soluble fiber from psyllium found increased bile-acid turnover of both
primary bile acids as well.

 

29

 

 These studies point to the fact that bile excretion is increased when
high amounts of soluble fiber are eaten. Usually, bile is reabsorbed in the large intestine and reused
in emulsification of fats. However, because a constant pool is required, the excreted bile must be
replaced to keep bile levels adequate for digestive needs. Theoretically, this would indicate that
bile-acid synthesis would be increased under these conditions and, indeed, an increase in bile-acid
synthesis has also been observed in individuals consuming high amounts of soluble fiber.

 

29

 

 Spe-
cifically, the synthesis of deoxycholic acid has been found to increase with consumption of a high-
fiber diet. This may have further beneficial effects as deoxycholic acid has been shown to decrease
absorption of dietary cholesterol.

 

32

 

Replacement of bile can be achieved in two ways: (1) more hepatic cholesterol can be dedicated
for bile synthesis instead of being exported in the circulation as very low-density lipoprotein
(VLDL) and (2) increased hepatic cholesterol demand will upregulate synthesis and activity of
LDL receptors, allowing for greater amounts of VLDL remnants and LDL to be removed from
circulation. The overall effect of these alterations is a reduction in LDL and total cholesterol levels.
With regard to the first point, data from animal studies demonstrate an increased rate of cholesterol
synthesis in the livers of psyllium-fed hamsters.

 

28

 

 Specifically, the enzymatic activity of HMG CoA
reductase, the rate-limiting enzyme for hepatic cholesterol synthesis, is observed to be increased
three- to fourfold in hamsters fed soluble fiber.

 

33

 

 This effect is thought to be transcriptionally
mediated as mRNA levels have been found to be similarly increased in the same model.

 

33

 

Alterations of LDL-receptor activity are also possible under the influence of psyllium fiber;
however, this has been found to occur in experimental animals fed high-fat and high-cholesterol
diets. Usually consumption of a high-fat diet tends to depress LDL receptor activity, but hamsters
fed high-fat and high-cholesterol diets in conjunction with high dietary soluble fiber demonstrate
a restoration of LDL receptor expression to normal levels.

 

33

 

Examination of the effects of oat-bran consumption reveals a divergence in the mechanism of
action between soluble fiber from oats vs. that of psyllium. Both have the ability to bind to bile
acids and facilitate their excretion; however, they differ in their secondary influence on hepatic
cholesterol synthesis. As mentioned above, psyllium fiber fed to animals has been found to increase
hepatic cholesterol synthesis. Paradoxically, soluble fiber from oat bran has been found to depress
hepatic cholesterol synthesis.

 

34

 

 Bacterial fermentation of soluble fiber from oats results in the
production of short-chain fatty acids, specifically propionate, that are absorbed in the colon and
travel to the liver via the portal vein. Data from 

 

in vitro

 

 studies demonstrate an inhibition of hepatic
cholesterol and fatty-acid synthesis under the influence of propionate.

 

34

 

 The apparent paradox of
psyllium fiber increasing cholesterol synthesis and oat fiber decreasing cholesterol synthesis may
be explained by the fact that psyllium is very poorly fermented by bacteria in the colon; hence,
little propionate is produced to decrease hepatic cholesterol synthesis.

In the final analysis, it seems that oat bran may be able to reduce cholesterol levels in a dual
manner increasing bile loss and decreasing endogenous hepatic cholesterol synthesis, thus resulting
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in a shift of serum cholesterol for bile synthesis. Psyllium may reduce serum cholesterol levels
through only one relevant mechanism: the loss of bile acids. Furthermore, in spite of the increase in
HMG CoA reductase activity and cholesterol synthesis under the influence of psyllium, hepatic
cholesterol content continues to be markedly reduced in animals fed a high-psyllium diet.

 

33

 

 Therefore,
it seems that this upregulation is barely enough to meet the demands of bile-acid synthesis, and
obviously not enough to contribute significantly to VLDL exportation and, hence, LDL cholesterol
levels. As one can conclude after careful consideration of the cited studies in this section, even though
the net effect of soluble fiber consumption is well established, the specific biochemical events that
occur in cholesterol metabolism are still incompletely understood and require more thorough testing.
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Fiber has also been implicated in reducing risk for CHD through mechanisms other than plasma-
cholesterol modification. One such example is through modification of blood-clotting ability. An
enhanced clotting ability coupled with atherosclerosis increases the risk of developing an occlusion
in the coronary arteries and subsequent myocardial infarction. The ability of the blood to clot is
dependent upon fibrinogen levels and the quality of the resulting fibrin network. Pectin has been
found to influence the concentration and quality of fibrin networks in the blood and reduce the tensile
strength of these networks. Pectin supplements have been shown to decrease the strength and quality
of fibrin networks. These types of networks are thought to be less atherogenic than fibrin networks
under normal conditions and thus may represent another vehicle for reducing risk for CHD.

 

35

 

It was demonstrated that individuals consuming 18.5 g or more of dietary fiber had a 42% risk
for elevated plasma C-reactive protein than those consuming 8.5 g or less. Similar findings were
reported after analysis of survey data from the National Health and Nutrition Examination data as
well. Using this data, a 41% lower risk of elevated C-reactive protein was found in individuals
consuming high-fiber diets, after adjusting for smoking, BMI, physical activity, total energy, and
fat intake.

 

36

 

 Given the recent focus on C-reactive protein as a plasma marker of inflammation, and
the emerging role of inflammation in the pathogenesis of atherosclerosis, it is noteworthy that
dietary fiber may act in ways beyond its cholesterol-lowering ability.

Since the 1980s, it has also become evident that LDL particle size plays an important role in
increasing risk of coronary heart disease. It has been reported that smaller LDL particles are strong
indicators of CHD risk in middle-aged men.

 

37

 

 Soluble fiber has been shown to significantly reduce
the levels of small, dense LDL particles. In a study that gave 14 g fiber per day from oat cereal to
overweight-middle aged men, overall LDL levels were reduced by 5%, but, more importantly, levels
of small LDL particles were reduced by 17%.

 

38

 

 Such a reduction is thought to contribute to an
overall lower risk of coronary heart disease. In contrast, however, a dietary portfolio containing
fiber, nuts, phytosterols, and vegetable protein did not demonstrate a greater reduction in small
LDL particles compared to overall LDL levels.
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 Given the limited number of studies published
thus far, more research is needed to define the role of fiber effects on small LDL particle content.

Whole grains have also been shown to be protective against CHD as demonstrated by an inverse
relationship between whole-grain-consumption CHD.

 

40–42

 

 However, it still remains unclear whether
this association is due to the fiber content of whole grains or other components of whole grains
such as phytochemicals, antioxidants, folate, vitamin B

 

6

 

, monounsaturated fatty acids, or 3 poly-
unsaturated fatty acids that may act to reduce CHD risk. In spite of a certain degree of confusion
regarding the individual contribution of whole-grain-derived fiber in reducing CHD risk, the overall
beneficial effect of whole grains, in general, should not be overlooked.
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Current medical practice is to use statin drugs to reduce elevated plasma-cholesterol levels. There
are many types of statin drugs used today, but they all share the common feature of inhibiting the
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hepatic enzyme HMG CoA reductase. As dietary fiber is thought to reduce cholesterol levels through
other mechanisms in addition to HMG CoA inhibition, it has been proposed that combining fiber
therapy with medication may be an effective approach to reduce cholesterol. A recent study
examined the precise role of dietary fiber as adjunct therapy to statin medication and found that
hypercholesterolemic patients taking 10 g of psyllium per day along with a 10 mg dose of
simvastatin had the same degree of cholesterol reduction as those taking 20 mg of simvastatin
alone.43 These data demonstrate that dietary fiber can reduce the statin dosage required to meet
cholesterol targets. The benefits to patients who employ such strategies are reduced medication
cost and reduced drug burden on the liver.

IV. HEALTH CLAIMS ASSOCIATED WITH FIBER AND CHD

The U.S. Food and Drug Administration (FDA) allows food manufacturers to use certain health
claims related to the link between dietary fiber and a reduced risk of heart disease. For example,
upon review of the research literature, the FDA recognizes the relationship between fruits, vege-
tables, and grain products that contain fiber, particularly soluble fiber, and a reduced risk of CHD.
Foods that apply for related health claims would include fruits, vegetables, and whole-grain breads
and cereals. To qualify, foods must meet criteria for low saturated fat, low fat, and low cholesterol.
The foods must contain, without fortification, at least 0.6 g of soluble fiber per reference amount,
and the soluble fiber content must be listed on the label. The health claim must use the terms fiber,
dietary fiber, some types of dietary fiber, some dietary fibers, or some fibers and coronary heart
disease or heart disease in discussing the nutrient–disease link. The term soluble fiber may be
added. A sample health claim may read:

Diets low in saturated fat and cholesterol and rich in fruits, vegetables, and grain products that contain
some types of dietary fiber, particularly soluble fiber, may reduce the risk of heart disease, a disease
associated with many factors.

More specific to soluble fiber, the FDA has to date reviewed and authorized two sources of
soluble fiber (whole oats and psyllium) to be eligible for use of a health claim with regard to a
reduction in the risk of CHD (Table 6.5). In doing so, the FDA acknowledges that in conjunction
with a low-saturated-fat and low-cholesterol diet, certain soluble fiber foods may favorably influence
blood lipid levels, such as total cholesterol, and thus lower the risk of heart disease. Some foods
that fall in this category include: oatmeal muffins, cookies, breads, and other foods made with
rolled oats, oat bran, or whole oat flour; hot and cold breakfast cereals containing whole oats or

TABLE 6.5
Total and Soluble Fiber Content of Selected 
Cereal Brans

Crude Bran Source
(100 g)

Total Dietary Fiber
(g)

Soluble Fiber
(g)

Wheat bran (1 2/3 cups) 42 3
Oat bran (2/3 cups) 16 7
Rice bran (1 cup) 22–24 3–9
Corn bran (1 1/4 cups) 85 2–3

Source: Adapted from Wildman, R.E.C. and Medeiros, D.M., Car-
bohydrates in Advanced Human Nutrition, CRC Press, Boca Raton,
FL, 2000. With permission.
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psyllium seed husk; and dietary supplements containing psyllium seed husk. Once again, in order
for a food manufacturer to use such a health claim on a food label, the food must meet criteria for
“low saturated fat,” “low cholesterol,” and “low fat.” The food must provide whole oats in at least
0.75 g of soluble fiber per serving. Foods that contain psyllium seed husk must contain at least 1.7
g of soluble fiber per serving. In addition, a claim must indicate the daily dietary intake of the
soluble-fiber source necessary to reduce the risk of heart disease. The claim must also indicate the
contribution that one serving of the product will make toward that intake level. Further still, the
soluble-fiber content must be stated in the nutrition label. In the health claim, the food manufacturer
must state soluble fiber qualified by the name of the eligible source of soluble fiber and heart
disease or coronary heart disease in describing the nutrient–disease association. A model claim is
as follows:

Soluble fiber from foods such as [name of soluble fiber source, and, if desired, name of food product],
as part of a diet low in saturated fat and cholesterol, may reduce the risk of heart disease. A serving
of [name of food product] supplies __ grams of the [necessary daily dietary intake for the benefit]
soluble fiber from [name of soluble fiber source] necessary per day to have this effect.
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I. INTRODUCTION

 

Although the overall effects of n-3 fish oils on plasma lipids have been well known for a long time,
recent research has provided important information about the underlying mechanisms. Omega-3
fish oils consistently decrease plasma triglycerides (TG), raise low-density lipoprotein (LDL)
cholesterol, and exert variable effects on high-density lipoprotein (HDL) cholesterol and apoprotein
(apo) B levels. To better understand the effects of n-3 fish oils, a brief summary of the lipoprotein
metabolism is provided.

 

II. LIPOPROTEIN METABOLISM

 

The major plasma lipids are TG, cholesterol, phospholipids, and nonesterified fatty acids (NEFA).
Lipids are insoluble in the plasma. Therefore, NEFA are transported in the circulation by albumin;
TG, cholesterol and phospholipids are carried in macromolecules called 

 

lipoproteins

 

. Cores of the
lipoproteins carry neutral lipids (TG and cholesterol ester), and the surfaces contain free cholesterol,
phospholipids, and apoproteins.

There are five major classes of plasma lipoproteins: chylomicrons, very low-density lipoproteins
(VLDL), intermediate density lipoproteins (IDL), LDL, and HDL. Chylomicrons and VLDL carry
primarily TG, whereas LDL and HDL are the major cholesterol transporters. The IDL have
approximately equal amounts of TG and cholesterol.

Chylomicrons are synthesized in the intestine, and VLDL are synthesized in the liver. The
structural apoprotein of chylomicrons is apo B48 and that of VLDL is apo B100. These TG-rich
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lipoproteins are hydrolyzed by lipoprotein lipase (LpL) and converted into smaller lipoproteins
called 

 

remnants

 

 and 

 

IDL

 

, respectively. The remnants and IDL are cleared from the circulation by
the liver through mechanisms involving LDL-receptor-related protein (LRP), which binds to apoE
and hepatic lipase (HL). Although all the chylomicron remnants are cleared by the hepatic uptake,
some of the IDL are further catabolized to LDL. During this process, the TG core is replaced by
cholesterol ester; all of the apoproteins except apo B100 are removed.

Catabolism of LDL depends primarily on the receptor-mediated uptake. The LDL receptor
binds the apo B100. The LDL and the LDL receptor are internalized and catabolized in the
lysosomes, releasing free cholesterol. Free cholesterol inhibits the key enzyme of cholesterol
synthesis (3-hydroxy 3-methyl glutaryl-CoA reductase), creating a feedback mechanism to prevent
excessive cholesterol production. Simultaneously, LDL-receptor synthesis is decreased, and cho-
lesterol esterification is stimulated. These feedback mechanisms tightly regulate the intracellular
free cholesterol levels.

Metabolism of HDL is complicated. Nascent HDL containing only a bilayer of phospholipid
and apoproteins is formed in the liver and the intestine.

 

1

 

 These lipid-poor particles acquire choles-
terol and phospholipids from peripheral tissues via ATP binding cassette transporter A1 (ABCA1)
generating cholesterol-enriched particles. The enzyme lecithin cholesterol acyl transferase (LCAT),
carried on HDL particles, esterifies the free cholesterol to form cholesteryl ester which migrates
to the core of the HDL. These HDL particles change further through intravascular modeling by
lipases and lipid transfer proteins. Cholesteryl ester transfer protein (CETP) facilitates the exchange
of cholesteryl ester (CE) in HDL for the triglyceride in chylomicrons and VLDL. Phospholipid
transfer protein (PLTP) mediates phospholipid transfer from chylomicrons and VLDL to HDL.
These lipids are then delivered to the liver with the assistance of the hepatic lipase, which hydrolyzes
the triglyceride in HDL and releases lipid-poor apoA-I HDL and the scavenger receptor (SR)-B1,
which removes cholesterol.

 

III. EFFECTS OF N-3 FISH OILS ON LIPOPROTEINS

A. H

 

EPATIC

 

 P

 

RODUCTION

 

 

 

OF

 

 VLDL

 

At the fasting state, elevated plasma triglyceride levels reflect the presence of excess amounts of
VLDL in the circulation. Fish oils consistently decrease plasma concentration of triglycerides by
decreasing VLDL-TG, VLDL-cholesterol, and VLDL-apoB (Figure 7.1). Kinetic studies in
humans, nonhuman primates, and small animal models consistently demonstrate decreased VLDL-
TG and VLDL apoB secretion rates.

 

2–5

 

 The degree of suppression in TG relative to apoB influences
the VLDL particle size. Although in general, fish oils decrease the secretion of TG more than
apoB and lead to the production of smaller, lipid-poor particles, this response is modified by the
genetic background.

 

4

 

Fish oils regulate hepatic production of VLDL by inhibiting fatty-acid synthesis, increasing
oxidation, decreasing triglyceride and cholesteryl ester production, and increasing the degradation
of apoB. Recent research demonstrated that the effects of fish oils are mediated through the actions
of several nuclear receptors such as peroxisome proliferator-activated receptor (PPAR), liver X
receptors (LXR) and hepatic nuclear factor-4 (HNF4), and sterol regulatory element-binding pro-
teins (SREBP).

 

6

 

Fatty acid production:

 

 The major lipogenic enzyme in the liver is fatty acid synthase (FAS).
The promoter of FAS has a SREBP response element. Thus, SREBP stimulates transcription of
FAS. In turn, SREBP gene expression is regulated by the nuclear receptor LXR. Fish oils interfere
with the binding of the ligand oxysteroids to LXR, decrease SREBP availability, and consequently
downregulate the transcription of FAS. Over-expression of the nuclear form of SREBP-1c over-
rides

 

 

 

the suppressive effect of PUFA on lipogenic gene expression.

 

6–9

 

 Thus, down-regulation of
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the nuclear form of SREBP

 

 

 

may account for many of the suppressive effects of fish oils on hepatic
lipogenesis.

 

Fatty acid oxidation:

 

 Fish oils increase catabolism fatty acids by stimulating the hepatic
enzymes to facilitate 

 

β

 

-oxidation in the peroxisomes (acyl-CoA oxidase, AOX) and in the mito-
chondria (carnitine palmitoyltransferase, CPT). Fish oils mediate transcription of AOX through the
nuclear receptor PPAR

 

α

 

. The PPAR

 

α

 

-deficient (PPAR

 

α

 

 –/–) mice do not increase liver AOX mRNA
in response to fish oil.

 

10

 

 Regulation of the rate-limiting enzyme of mitochondrial 

 

β

 

-oxidation, the
carnitine palmitoyltransferase 1 

 

(L-CPT 1)

 

 gene, is not dependent on PPAR

 

α

 

.

 

11

 

Triglyceride and cholesteryl ester production:

 

 Fish oils are poor substrates for diacylglycerol
acyltransferase,

 

 

 

the last step in triglyceride synthesis.

 

12,13

 

 They are also poor substrates for
cholesterol esterification. Instead, they get preferentially incorporated into phospholipids.

 

14

 

 

 

In
vivo

 

 studies show that fish oil feeding causes a 25% decrease in glycerol production from acyl
CoA, a 15% decrease in the incorporation of DAG into the TG pool, and a 20% decrease in
hepatic TG secretion.

 

15

 

ApoB degradation:

 

 ApoB is the obligatory protein for VLDL assembly, which occurs in two
steps

 

16

 

: During the first step, a small quantity of triglyceride becomes associated with apoB in the
rough endoplasmic reticulum, forming a small, dense, VLDL precursor. This process is facilitated by
the microsomal triacylglycerol transfer protein (MTP). During the second step, the VLDL-precursor
joins with a triglyceride droplet and forms a large VLDL. A small GTP-binding protein that activates
phospholipase D, ADP-ribosylation factor 1 (ARF-1), appears to facilitate the second step.

The apoB that cannot be lipidated during the first step is destroyed through endoplasmic
reticulum-associated

 

 

 

degradation and reuptake.

 

17

 

 The apoB in the larger, lipid-enriched VLDL are
degraded by a newly described pathway called post-ER presecretory

 

 

 

proteolysis.

 

18

 

 Fish oils reduce
hepatic VLDL secretion primarily by increasing post-ER presecretory

 

 

 

proteolysis of apoB.

 

18

 

B. I

 

NTESTINAL

 

 P

 

RODUCTION

 

 

 

OF

 

 C

 

HYLOMICRONS

 

After a meal, the increase in plasma triglyceride levels reflects the amount of chylomicrons produced
in the intestine. Effects of fish oils on chylomicron production have been addressed in humans and

 

FIGURE 7.1

 

Effects of fish oil supplementation on lipoprotein metabolism.
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animal models by studying both the absorption characteristics of fish oils and the effects of long-
term fish oil supplementation on chylomicron production from other fats. These studies show that
in humans, fish oil-rich test meals increase plasma chylomicrons and triglycerides as much as olive
oil-rich test meals. Fish oils given either as ethyl esters or triglycerides are equally well absorbed.
The individual fatty acids in fish oils, EPA vs. DHA, have similar absorption rates.

 

19

 

 All these
findings suggest that a single load of fish oil does not affect chylomicron production in the human
intestine. However, long-term fish oil supplementation can cause adaptive changes and blunt the
increase in chylomicrons after oral fat loading. Furthermore, fish oil supplementation decreases the
chylomicron remnants during the late postprandial phase.

 

20

 

 These findings are in contrast with the
results of animal studies that showed long-term fish oil feeding stimulated the enzymes that
synthesize chylomicron lipids, acyl-CoA:cholesterol acyltransferase (ACAT and acyl-CoA:1,2-
diacylglycerol acyltransferase (DGAT) and therefore increased chylomicron synthesis.

 

21

 

C. L

 

IPOLYSIS

 

 

 

OF

 

 T

 

RIGLYCERIDE

 

-R

 

ICH

 

 L

 

IPOPROTEINS

 

Both the VLDL-TG produced in the liver and the chylomicron-TG from the intestine are hydrolyzed
in the peripheral tissues.

 

VLDL:

 

 A recent kinetic study demonstrated that fish oils increased the conversion rates of
VLDL-apoB to IDL-apoB by 71% and to LDL-apoB by 93%.

 

2

 

 One explanation for the accelerated
conversion may be that the relatively TG-poor VLDL particles, produced during fish oil supple-
mentation, can be lipolyzed more efficiently. However, the experimental evidence does not support
this hypothesis. 

 

In vitro

 

, when fish oil-enriched VLDL were hydrolyzed by using purified LpL and
HL, both EPA-and DHA-enriched particles had lower rates of hydrolysis as compared with soy
oil. Release of fatty acids from EPA-enriched particles was even slower than those of the DHA.

 

22

 

Fish-oil-enriched chylomicrons, treated with LpL, lipolyzed at a higher rate than the palm oil-rich
particles, but at a comparable rate with olive oil-rich or corn oil-rich particles.

 

23

 

 When accelerated
lipolysis is induced 

 

in vivo

 

 by intravenous heparin infusion, there was no increase in the lipolysis
of VLDL-TG during fish oil treatment as compared to the olive oil placebo.

 

24

 

 Another explanation
may be that although fish oils do not increase the susceptibility of the TG-rich lipoproteins to
lipolysis 

 

in vitro

 

, they can stimulate the activities of the lipolyzing enzymes LpL and HL 

 

in vivo

 

.
This hypothesis is supported by the findings that fish oils increased the heparin releasable LpL and
HL in healthy subjects, and the post-heparin LpL in patients with hyperlipidemia.

 

24,25

 

Chylomicron remnants and IDL:

 

 In humans, there is conflicting evidence about the effects of
fish oils on the clearance of chylomicron remnants and IDL; both increased and unchanged rates
have been observed. In patients with diabetes or hypertriglyceridemia, supplementation of fish
oils or EPA-ethyl ester decreased the endogenous remnant-like particles in the circulation.

 

20,26

 

However, when remnant-like particles were injected intravenously in men treated with fish oils,
their clearance rate was unchanged.

 

2

 

 In rats, clearance of chylomicron remnants appears to be
accelerated. Fish oil-rich remnants are taken up more efficiently by the isolated hepatocytes.

 

27,28

 

The biliary excretion of cholesterol from fish oil-rich chylomicrons is increased.

 

29

 

 This may be
partly due to the induction of 7

 

α

 

-hydroxylase, the rate-limiting enzyme of bile acid synthesis and
cholesterol excretion, by fish oil.

 

30

 

The hepatic uptake of chylomicron remnants can be facilitated by LDL receptor, LDL receptor-
related protein (LRP), and hepatic lipase. ApoE is a ligand for the LRP. The current evidence
suggests that the fatty acid composition of the chylomicron remnants influence their hepatic uptake.
In addition, fish oil supplementation causes long-term adaptive changes in liver tissue. The response
to the fatty acid composition is mediated primarily by the LDL receptor, whereas the long-term
adaptation involves both the LDL receptor and the LRP.

 

27

 

 Fish oils can modulate the LRP-mediated
uptake also by increasing apoE levels.

 

31

 

 However, the significance of this increase is not clear
because in apoE*3-leiden transgenic mice model, which has decreased clearance of chylomicron
and VLDL remnants, fish oils can still increase VLDL clearance.

 

32

 

 Similarly, in apoE knockout
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(Apoetm1Unc) mice, fish oil and n-3 fatty acid ethyl esters decrease triglyceride, cholesterol, and
phospholipid levels and regulate the activity and mRNA levels of the hepatic enzymes involved in
fatty acid oxidation and synthesis.

 

33

 

 Finally, although hepatic lipase plays a role in chylomicron
remnant clearance, the available evidence indicates that hepatic lipase does not mediate the effects
of fish oils.

 

34

 

D. M

 

ETABOLISM

 

 

 

OF

 

 LDL

 

Despite having beneficial effects on coronary artery disease,

 

35

 

 fish oils do not decrease, and can
even increase, the most atherogenic lipoproteins in the circulation: LDL. To explain this discrepancy,
it was proposed that fish oils may increase the less atherogenic, large, buoyant LDL particles but
not the more atherogenic, small, dense LDL particles. Recent research verified this in patients with
combined hyperlipidemia

 

36

 

 but not in patients with type 2 diabetes.

 

37

 

 The increase in LDL is mostly
due to increased conversion of VLDL apoB to LDL apoB,

 

2,38

 

 but oversecretion of apoB into the
IDL fraction also occurs.

 

38

 

 Studies in animal models and cell cultures consistently demonstrate that
n-3 fish oils decrease the number of LDL receptors.

 

39

 

 However, kinetic studies in humans do not
show a decreased fractional catabolic rate of LDL.

 

2,3

 

E. M

 

ETABOLISM

 

 

 

OF

 

 HDL

 

Omega-3 fatty-acid supplementation has been associated with variable HDL cholesterol response.
Recent research indicates that fish oils may preferentially increase the smaller, cholesterol-poor
HDL particles, which may be more efficient in cholesterol uptake.

 

37

 

 Fish oils may also increase
the delivery of cholesterol from the HDL to the liver, the reverse cholesterol transport, by increasing
scavenger receptor B-1 gene expression.

 

40

 

 Plasma HDL is constantly remodeled by incorporation
of cholesterol ester by LCAT, transfer of neutral lipids between lipoproteins by lipid transfer proteins
and CETP, incorporation of surface lipids and apoproteins during the LpL-mediated lipolysis of
TG-rich lipoproteins, removal of cholesterol ester and phospholipids by HL, and removal of
cholesterol by scavenger receptor. Decreased LCAT,

 

41–43

 

 increased as well as decreased CETP,

 

44,45

 

decreased lipid transfer protein,

 

41

 

 and increased or unchanged LpL and HL activities

 

25,46

 

 all have
been reported.

 

IV. SPECIFIC EFFECTS OF INDIVIDUAL N-3 FATTY ACIDS

 

The recent availability of purified ethyl esters of EPA and DHA provided the opportunity to identify
their specific actions on the lipid metabolism. Although earlier research showed a more potent
triglyceride lowering effect of EPA

 

47

 

 as compared to DHA, recent research disputes this finding.

 

31

 

Effects of fish oils have also been compared with those of flaxseed oil, which is rich in 

 

α

 

-linolenic
acid (18:3 n–3), the precursor of EPA and DHA. Flaxseed oil, unless given in very large amounts,
does not lower plasma TG.

 

48,49

 

V. POTENTIAL ADVERSE EFFECTS OF FISH OILS: 
LIPID PEROXIDATION

 

Oxidative modification of lipoproteins in the arterial wall is a significant step in atherosclerosis.
The susceptibility of individual fatty acids to oxidation directly depends on their degree of unsat-
uration. Thus fish oils, with their five or six unsaturated double bonds, can be easily oxidized.

 

50

 

Recent research suggests that n-3 fatty acids are less susceptible to oxidation than the n-6 fatty
acids that contain a similar number of double bonds;

 

51

 

 fish oils may increase the HDL-bound
antioxidant enzyme paraoxonase;

 

52

 

 thus fish oils may not increase oxidation 

 

in vivo

 

.

 

53

 

 As an
additional precaution, most fish oil supplements contain vitamin E.

 

54

 

6409_book.fm  Page 149  Saturday, September 16, 2006  9:54 AM



 

150

 

Handbook of Nutraceuticals and Functional Foods

 

VI. FISH OILS AS COMBINATION THERAPY 
FOR HYPERLIPIDEMIA

 

Statins are the most effective therapeutic agents for LDL-cholesterol lowering while fibrates have
potent triglyceride-lowering effects. Although these two classes of medicines can be used in
combination, this increases the risk of myopathy. Therefore, fish oils have been combined with
statins as an alternative to fibrates and provided additional triglyceride lowering.

 

55,56

 

 Recently, a
different class of LDL-lowering medicine that inhibits intestinal cholesterol absorption, ezetimibe,
became available. To my knowledge, the effects of fish oil and ezetimibe in combination have not
yet been tested.

 

VII. CONCLUSION

 

The potent triglyceride-lowering effects of fish oils have been known for a long time. In searching
for the mechanisms, recent research highlighted the importance of fish oils in the regulation of
nuclear receptors. It became evident that fish oils decreased lipogenesis by decreasing SREBP
production by the LXR, and increased peroxisomal 

 

β

 

-oxidation of the fatty acids by regulating
PPAR

 

α

 

. Currently, several studies are investigating the structural and functional properties of fish
oils and their metabolic products as ligands for nuclear receptors. In addition, the gene-array
technique is providing enormous information about the effects of fish oils on the mRNA abundance.
These efforts are establishing the importance of fish oils, a readily available nutrient, as a significant
modulator of important biochemical pathways.
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I. CLINICAL INDICATIONS FOR N-3 FISH OILS IN DIABETES

 

It is important to note that fish oils do not lower blood glucose or exert any beneficial effects of
glycemic control. The primary indication for fish oils in diabetes has been the treatment of coronary
artery disease (CAD) risk factors. Diabetes increases the risk of coronary artery disease by 2.4 to
5.1 times. Although women develop CAD at a later age than men, diabetic women lose this relative
protection. Recent research emphasizes the role of fish oils in the prevention and treatment of CAD,
especially in diabetic women.

 

1

 

 In a prospective study, Hu and colleagues

 

2

 

 examined the association
between intake of fish oils and risk of CAD mortality among 5103 female nurses with type 2
diabetes. The relative risk of CAD decreased from 1.0 to 0.36 as the fish intake increased from
less than 1 serving per month to 5 or more servings per week. This inverse relationship was
confirmed in another prospective cohort study of 229 postmenopausal women who participated in
the Estrogen Replacement and Atherosclerosis trial.

 

3

 

 This study used quantitative coronary angiog-
raphy and showed that diabetic women who consumed more than 2 servings of fish per week had
approximately 3 to 5% less increase in coronary artery stenosis than those women who rarely ate
fish. Higher fish consumption was associated with smaller decreases in coronary artery diameter
and also fewer new lesions.

It has been known for a long time that fish oils have potent triglyceride lowering effects.

 

4–7

 

 As
the CAD risk research expanded from the traditional risk factors such as hyperlipidemias and
hypertension to the newer risk factors such as inflammation, lipid peroxidation, and arterial wall
biology, effects of fish oils on these emerging risk factors were examined. Unfortunately, the
research specific to diabetes is somewhat limited. Mori and colleagues

 

8

 

 reported that both EPA and
DHA reduced 

 

in vivo

 

 oxidant stress without changing inflammatory markers in hypertensive type
2 diabetic subjects. The same group also investigated changes in platelet aggregation, collagen-
stimulated thromboxane release, tissue-type plasminogen activator, plasminogen activator inhibitor-
1, von Willebrand factor and p-selectin levels, and flow-mediated and glyceryl-trinitrate-mediated
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dilatation of the brachial artery.

 

9

 

 Relative to placebo, DHA but not EPA significantly reduced
collagen aggregation and thromboxane release, whereas platelet aggregation, fibrinolysis, or vas-
cular function did not change. It appeared that highly purified DHA might be a more effective
antithrombotic agent than EPA. A report from Nomura and colleagues

 

10

 

 indicated that EPA sup-
plementation reduced monocyte activation markers, platelet activation markers, soluble adhesion
molecule E-selectin and the autoantibodies directed against oxidized LDL. These findings suggest
that fish oils reduce CAD risk through multiple mechanisms, above and beyond their beneficial
effects on the plasma lipids. Unfortunately, it is not yet known whether these beneficial outcomes
also occur in diabetic patients.

Another use for fish oils may be in the prevention of diabetes.

 

11

 

 Suresh and Das

 

12

 

 tested the
effects of individual fatty acids on the development of alloxan induced diabetes in rats. Eicosap-
entanoic acid and DHA, administered either for 5 d prior to alloxan or along with alloxan, protected
against diabetes. 

 

In vitro

 

 studies in a rat insulinoma cell line suggested that EPA and DHA rendered
this protective effect by preventing alloxan-induced cytotoxicity. In humans, use of cod liver oil,
but not other vitamin D supplements, during the first year of life was associated with a significantly
lower risk of type-1 diabetes, suggesting possible protective effects of fish oils.

 

13

 

Thus, patients who have diabetes or who are insulin resistant may be asked to supplement their
diet with either fish or fish oils for several reasons. Because earlier studies indicated that fish oils
may have adverse effects on glycemic control,

 

6,14

 

 it is important to review the current information
about the effects of fish oils on various aspects of diabetes.

 

II. MAINTENANCE OF GLUCOSE HOMEOSTASIS

 

Normal glucose homeostasis is achieved by a delicate balance among pancreatic insulin secretion,
hepatic glucose production, and peripheral glucose utilization. A change in any one of these can
be compensated for by an alteration in another. For example, impaired insulin action in the peripheral
tissues or increased hepatic glucose output can be compensated for by increased pancreatic insulin
secretion and hyperinsulinemia. In contrast, improvement in peripheral insulin action may result
in decreased pancreatic insulin secretion.

Effects of fish oils on glucose homeostasis have been studied at various levels. Their overall
effect on glycemic control is assessed by measuring blood glucose, glycosylated hemoglobin (Hgb
A1C), and urine glucose excretion. Secretion of insulin from the pancreas is determined by
measuring insulin and C-peptide responses to administration of oral or intravenous glucose, by
mixed meal, and by hyperglycemic insulin clamp technique. Hepatic glucose production and
peripheral insulin action are assessed by the euglycemic clamp technique and by simultaneous use
of radioisotopes. All these assays and techniques have been adapted to animal models. Furthermore,

 

in vitro

 

 studies were carried out to identify the cellular and molecular mechanisms of the effects
of fish oils. In this chapter, the recent research about the effects of fish oils has been reviewed. The
studies included in the earlier publication of this chapter

 

15

 

 have been mentioned briefly.

 

III. EFFECTS OF N-3 FISH OILS ON GLYCEMIC CONTROL

 

Earlier clinical studies showed that fish oil supplementation caused either no change

 

16–19

 

 or dete-
rioration of glycemic control.

 

6,14

 

 Two recent meta analyses

 

20,21

 

 concluded that although fish oil
supplementation increased fasting glucose by 5 to 7 mg/dl and HgBA1 by 0.15 to 0.2%, these
changes were not statistically significant. An evidence-based review of the health effects of the fish
oils also found similar elevations in blood glucose and HgBA1 levels, and agreed with the conclusion
of the meta analyses that these changes were not significant (Figure 8.1 and Figure 8.2).

 

22

 

 The
studies included in these analyses showed a wide range of changes in fasting blood glucose levels,
indicating that individual response to fish oil supplementation can be quite variable. All of the
effects of fish oils were reversible after the discontinuation of the therapy.

 

6409_book.fm  Page 156  Saturday, September 16, 2006  9:54 AM



 

Omega-3 Fish Oils and Insulin Resistance

 

157

FIGURE 8.1

 

An evidence based review of the effects of fish oils on fasting blood glucose. (From Effects of
omega-3 fatty acids on lipids and glycemic control in type II diabetes and the metabolic syndrome and on
inflammatory bowel disease, rheumatoid arthritis, renal disease, systemic lupus erythematosus, and osteoporo-
sis. 

 

Evid Rep Technol Assess (Summ)

 

: 1–4, 2004. With permission

 

.

 

)

 

FIGURE 8.2

 

An evidence based review of the effects of fish oils on HgBA1 levels. (From Effects of omega-
3 fatty acids on lipids and glycemic control in type II diabetes and the metabolic syndrome and on inflammatory
bowel disease, rheumatoid arthritis, renal disease, systemic lupus erythematosus, and osteoporosis. 

 

Evid Rep
Technol Assess (Summ)

 

: 1–4, 2004. With permission

 

.

 

)
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IV. EFFECTS OF N-3 FISH OILS ON PANCREATIC 
INSULIN SECRETION

 

Secretagogues such as glucose and arginine stimulate insulin secretion by acting at the 

 

β

 

-cell surface
receptors and modulating the concentrations of several second messengers, such as cyclic AMP,
calcium, and diacylglycerol, which act through protein kinase (PK) A, calcium-calmodulin-dependent
PK and PKC, respectively.

 

23,24

 

 Specific secretagogues may use specific second messengers. Thus,
insulin response to a glucose load may be different from the response to a mixed meal. Metabolic
products of arachidonic acid and various prostaglandins modulate insulin secretion,

 

25–31

 

 and fish oils
may alter insulin secretion from the pancreas by interfering with the metabolism of arachidonic acid.

Consistent with this concept, several recent experimental studies show that fish oils alter insulin
secretion. Studies in rats provided variable results, depending on the strain and gender of the animals
and the duration of the supplementation. Holness and colleagues

 

32

 

 investigated the acute effects of
fish oils in female albino Wistar rats. After receiving a saturated fat enriched diet for four weeks,
a subgroup of animals was fed a fish oil diet for 24 h. As expected, saturated fat diet caused insulin
resistance and hyperinsulinemia. Although this short-term fish oil supplementation reversed the
hyperinsulinemia, it failed to correct insulin resistance. Consequently, plasma glucose levels
increased. Insulin secretion from the pancreatic islet cells mimicked the 

 

in vivo

 

 findings. When the
fish oils were fed throughout the 4-week study, the long-term fish oil supplementation corrected
the hyperinsulinemia and increased peripheral glucose disposal.

 

33

 

 Fish oil feeding also completely
reversed hyperinsulinemia in a rat model of sucrose-induced metabolic syndrome.

 

34

 

 In other rat
models of type-2 diabetes,

 

35

 

 hypertension,

 

36

 

 and a mouse model of obesity,

 

37

 

 fish oil feeding
improved glucose disposal and decreased plasma glucose but had variable effects on insulin levels.
Several earlier studies described previously in detail

 

15

 

 had reported variable effects of fish oils on
insulin secretion.

 

38–40

 

 In summary, studies in animal models suggest that fish oils acutely decrease
insulin secretion from the pancreas and therefore increase plasma glucose. However, long-term
administration of fish oils increases peripheral utilization of glucose and reverses the hyperglycemia.

In humans, earlier studies had reported that fish oil either decreased insulin secretion in response
to a mixed meal or glucagon

 

41

 

 oral glucose

 

42,43

 

 and fructose,

 

44

 

 or did not affect the insulin secre-
tion.

 

19,45,46

 

 Recent studies did not investigate the changes in insulin secretion specifically. To my
knowledge, there is no evidence in humans to demonstrate that fish oils increase insulin secretion.

 

V. EFFECTS OF N-3 FISH OILS ON HEPATIC 
GLUCOSE PRODUCTION

 

In experimental animals, fish oils interfered with the suppression of hepatic glucose output by
insulin.

 

33

 

 In humans, earlier studies in patients with impaired glucose tolerance and type-2 diabetes
reported that fish oil treatment either increased

 

41,47

 

 or did not change

 

46,48

 

 hepatic glucose output. A
recent study investigating the effects of fish oil, both at rest and during exercise,

 

49

 

 reported that at
rest, fish oils did not affect hepatic glucose production; during exercise, fish oils blunted the increase
in hepatic glucose production.

 

VI. EFFECTS OF N-3 FISH OILS ON PERIPHERAL INSULIN ACTION

 

As reviewed by Saltiel and Pesin,

 

50

 

 glucose transport to the cell is accomplished through a series
of events that are set into motion by binding of insulin to its receptor. The insulin receptor is a
tyrosine kinase that undergoes autophosphorylation upon binding insulin. This increases kinase
activity of the receptor for the intracellular insulin receptor substrate proteins (IRS). Once phos-
phorylated, the IRS proteins interact with phosphatidylinositol 3-kinase (PI3-K) and lead to the
production of polyphosphoinositide phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which in turn
interacts with and localizes protein kinases such as phosphoinositide-dependent kinase 1 (PDK1).
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These kinases then initiate a cascade of phosphorylation events, resulting in the activation of Akt
and atypical protein kinase C (PKC), and stimulate the trafficking of Glut 4 vesicles to the plasma
membrane, and consequently, transportation of glucose. In the sucrose-fed rat model of insulin
resistance, fish oils restore Glut-4 protein quantity in adipocytes but not in muscle.

 

51

 

 To my
knowledge, there is no information about the effects of fish oils on the other steps of this cascade.

In humans, earlier studies showed that fish oils either did not affect

 

41,45,48

 

 or increased peripheral
glucose uptake.

 

46

 

 A recent study demonstrated that fish oils failed to improve the insulin resistance
caused by fructose-feeding in humans.

 

52

 

 It was previously reported that diabetes decreases the
polyunsaturated fatty acid content of adipocyte plasma membrane phospholipids, particularly
arachidonic acid.

 

53

 

 The decrease in the polyunsaturated and saturated fatty acid ratio results in
decreased fluidity of the cell membrane and interferes with insulin-binding to the receptor. This
can be reversed by increasing the polyunsaturated fat content of the membrane, which is accom-
plished by using either n-3 or n-6 polyunsaturated fatty acids, and the effect is not limited to n-3
fish oils.

 

54

 

Recent research has demonstrated that in rats, fish oil treatment increased whole body glucose
utilization and insulin-stimulated glucose disposal by increasing glucose storage in the skeletal
muscle but not the oxidative pathway.

 

55

 

 In the sucrose-fed insulin resistance model, fish oil reversed
the decrease in whole body glucose utilization,

 

56,57

 

 restored insulin induced glycogen and lipid
accumulation in the muscle, and increased the active form of pyruvate dehydrogenase complex and
the PDH kinase activities.

 

56

 

 Similarly, in the high-fat fed rat model, fish oil treatment reversed the
insulin resistance.

 

58

 

 These results are in agreement with the findings of several earlier
reports

 

59–61

 

described in detail in the previous version of this chapter.

 

15

 

Interestingly, a synthetic metabolite of DHA has been found to have potent insulin sensitizer
activity — similar to the thiazolidinedione drugs used for the treatment of diabetes.

 

62

 

 However, so
far, there is no evidence to suggest that fish oil supplementation can lead to the synthesis of such
metabolites 

 

in vivo.

 

VII. EFFECTS OF N-3 FISH OILS ON ADIPOKINES

 

It was previously proposed that the effects of fish oils on glucose homeostasis may be related to
their effects on the adipose tissue because fish oils caused less weight gain.

 

63

 

 In recent years, it
became clear that the adipose tissue produces and secretes several cytokines (adipokines) that have
profound effects on glucose homeostasis. These are adiponectin, TNF

 

α

 

, leptin, and resistin.

 

64,65

 

Experimental data suggest that TNF

 

α

 

 and resistin promote insulin resistance whereas adiponectin
increases insulin sensitivity. There are conflicting data about the effects of leptin.

 

66

 

 These adipokines
may provide a link between obesity and insulin resistance. Obesity is associated with increased
serum levels of leptin and TNF

 

α

 

, and reduced levels of adiponectin.

 

67

 

 As fish oils have anti-
inflammatory actions, it is conceivable they also affect the adipokines and therefore alter insulin
action. Although there is a large body of literature related to fish oils and cytokines in the fields of
infection and inflammation, there is not much information relating these changes to insulin action.
In the sucrose-fed rat model of obesity and insulin resistance, both leptin and adiponectin levels
are decreased. Here, fish oils decreased insulin resistance and increased plasma levels of adiponectin
and leptin.

 

66,68

 

 In a similar model, fish oils did not affect TNF

 

α

 

 levels.

 

34

 

 On the other hand, in a
mouse model of insulin resistance, fish oils reduced TNF

 

α

 

 levels but did not correct insulin
resistance.

 

69

 

 To my knowledge, there is no information about the effects of fish oils on resistin.

 

VIII. CONCLUSION

 

The primary use of fish oils in diabetic patients is aimed to reduce CAD risk, especially in women.
The available evidence does not support a beneficial effect of fish oils on the glycemic control in
diabetic patients. Although fish oils decrease insulin resistance and therefore may prevent progres-
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sion of metabolic syndrome to type-2 diabetes, there is no evidence-based support for this hypoth-
esis. The cytokines secreted by the adipose tissue have profound effects on the peripheral insulin
resistance. Effects of fish oils and their metabolites on the adipokines are being studied.
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I. INTRODUCTION

 

Capsicum

 

 species are a New World crop belonging to the Solanacae family. Chiles have been
cultivated for thousands of years, and they are one of the oldest domesticated crops. Most cultivars
grown in the U.S. belong to the species 

 

C. annuum

 

 and are typically classified according to fruit
shape, flavor, and culinary uses. In addition to 

 

C. annuum

 

 species, 

 

C. frutescens 

 

(tabasco) and 

 

C.
chinense

 

 (habanero) are commonly cultivated and used for culinary and medicinal purposes. The
classification and varieties of peppers grown in the U.S.,

 

1,2

 

 and the production, technology, chem-
istry, and quality of 

 

Capsicum

 

 spp., have been reviewed extensively.

 

3–7

 

Capsicum

 

 spp. exhibit great genetic diversity in terms of color, size, shape, and chemical
composition. Researchers have recently recognized that 

 

Capsicum

 

 fruit also vary greatly in their
content of antioxidant vitamins and phytochemicals. This information may be important for human
health and nutrition as consumers incorporate more peppers into their diets. The goal of this chapter
is to survey the antioxidant vitamin and phytochemical content of different 

 

Capsicum

 

 species, types,
and cultivars, and to determine the effects of postharvest handling and processing on the levels of
these important phytonutrients.
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II. FRUITS AND VEGETABLES FOR DISEASE PREVENTION

 

Epidemiological

 

 studies indicate that antioxidants present in fruits and vegetables, including 

 

β

 

-
carotene and vitamins C and E, may be important in prevention of numerous degenerative condi-
tions, including various types of cancer, cardiovascular disease, stroke, atherosclerosis, and cata-
racts.

 

8–10

 

 Oxidative damage catalyzed by reactive oxygen species (ROS) has been implicated in
over 100 degenerative conditions.

 

11

 

 ROS cause damage to cellular membranes, proteins, and DNA,
which increases the susceptibility of cells to chronic diseases. Oxidative damage in the body is
exacerbated when the balance of ROS exceeds the amount of endogenous antioxidants. The human
body has several enzymatic and nonenzymatic defense systems to regulate ROS 

 

in vivo

 

, but these
defense mechanisms are thought to deteriorate with aging. Consumption of fruits and vegetables
that are rich in antioxidant nutrients may afford additional protection against ROS-mediated dis-
orders. Scientists have recently recognized that fruits and vegetables are not only a good source of
antioxidant vitamins but also an excellent source of other essential dietary phytochemicals that can
retard the risk of degenerative diseases.

 

12

 

 The potential health effects of phytochemicals are asso-
ciated with numerous mechanisms, including prevention of oxidant formation, scavenging of
activated oxidants, reduction of reactive intermediates, induction of repair systems, and promotion
of apoptosis.

 

13

 

Of interest is how and why fruits and vegetables generate nutraceutical compounds and for
what purpose. With regard to peppers, the presence of different antioxidative enzymes and their
corresponding metabolites in pepper peroxisomes implies that these organelles might be an impor-
tant pool of antioxidants in fruit cells, where these enzymes could also act as modulators of signal
molecules (O

 

2
–

 

, H

 

2

 

O

 

2

 

) during fruit maturation.

 

14

 

 In one study of the peroxisomal fractions of green
and red pepper fruits (

 

Capsicum annuum

 

 L., type Lamuyo), the quantity and activity of antioxidant
enzyme systems was generally higher in green than in red fruits.

 

14

 

In this work, the purification and characterisation of peroxisomes from fruits of a higher plant
was carried out, and their antioxidative enzymatic and nonenzymatic content was investigated.
Green and red pepper fruits (

 

Capsicum annuum

 

 L., type Lamuyo) were used in this study. The
analysis by electron microscopy showed that peroxisomes from both types of fruits contained
crystalline cores that varied in shape and size, and the presence of chloroplasts and chromoplasts
in green and red pepper fruits, respectively, was confirmed.

 

III. ASCORBIC ACID

 

Capsicum

 

 fruit have long been recognized as an excellent source of ascorbic acid, which is a
required nutrient for humans. Svent-Gyorgyi isolated ascorbic acid from paprika fruit in the early
1930s, and subsequently identified the compound in 1933.

 

15

 

 Ascorbic acid has strong reducing
properties due to its enediol structure, which is conjugated with the carbonyl group in a lactone
ring

 

16

 

 (Figure 9.1). In the presence of oxygen, ascorbic acid is degraded to dehydroascorbic acid
(DHA), which still retains vitamin C activity. However, upon further oxidation, the lactone ring of
DHA is destroyed, resulting in formation of 2,3-diketogulonic acid and loss of vitamin activity.
Ascorbic acid is required for collagen formation and prevention of scurvy. Researchers have
postulated a role of ascorbic acid in the prevention of degenerative conditions, including cancer,
heart disease, cataracts, and stimulation of the immune system.

 

17

 

 Prevention of chronic diseases
may be attributed to the ascorbate function as an aqueous reducing agent. Ascorbate can reduce
superoxide, hydroxyl, and other ROS, which may be present in both intracellular and extracellular
matrices. Ascorbate within cells participates as an electron donor, as part of the interaction between
iron and ferritin. Extracellularly, ascorbate may act in concert with tocopherols in lipid membranes,
to quench ROS and prevent lipid peroxidation. Thus, ascorbate may help prevent the oxidation of
low-density lipoprotein (LDL), which is thought to be a major initiating step in the process of
atherosclerosis. The role of ascorbate in cancer prevention may be attributed to its ability to block
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the formation of N-nitrosamines and nitrosamides, compounds that induce cancer in experimental
animals, and possibly humans.

 

17

 

The ascorbic acid content of pepper cultivars from several species is shown in Table 9.1.

 

18–22

 

All the peppers referenced are excellent sources of ascorbic acid, with many of the cultivars
contributing over 100% of the Recommended Daily Intakes (RDIs) in the U.S. The current RDI
for vitamin C is 90 mg/d for adult men and 75 mg/d for adult women who are not pregnant or
lactating. The only pepper cultivars that fail to meet at least 50% of the RDI for ascorbic acid are
the chile-type cultivars NuMex RNaky, New Mexico, and B-18 at the green stage and the tabasco-
type called 

 

cv tabasco

 

 at the green stage.
The ascorbic acid content of most of the pepper types increases during ripening, with much

higher levels found in mature peppers at the final stage of ripening.

 

23–26

 

 Higher levels of ascorbic
acid observed during ripening may be related to light intensity and greater levels of glucose, the
precursor of ascorbic acid.

 

27

 

 Because total and reducing sugars increase during pepper fruit ripening,
the elevated ascorbic acid levels in mature fruit may reflect greater synthesis due to the higher

 

FIGURE 9.1

 

Ascorbic acid, flavonoids, and tocopherols in 

 

Capsicum

 

 fruit.
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TABLE 9.1

 

 

 

Ascorbic Acid Content of Fresh 

 

Capsicum

 

 Fruit

 

Species Type Cultivar Maturity
mg/100 g

Fresh Weight

 

%RDI

 

a

 

Ref.Male Female

 

C.annuum

 

Ancho San Luis Ancho Green 168 187 224 18
Bell Dove White 77 86 103 18

Dove Light Orange 103 114 137 18
Ivory White 89 99 119 18
Ivory Light Yellow 110 122 147 18
Blue Jay Purple 95 106 127 18
Blue Jay Orange 123 137 164 18
Lilac Purple 67 74 89 18
Lilac Orange 104 116 139 18
Valencia Green 119 132 159 18
Valencia Orange 73 81 97 18
Oriole Green 91 101 121 18
Oriole Orange 86 96 115 18
Black Bird Green 66 73 88 18
Black Bird Black 62 69 83 18
Chocolate Beauty Green 62 69 83 18
Chocolate Beauty Brown 100 111 133 18
Cardinal Green 102 113 136 18
Cardinal Brown 124 138 165 18
King Arthur Green 84 93 112 18
King Arthur Red 87 97 116 18
Var. 862R Green 88 98 117 18
Var. 862R Red 98 109 131 18
Red Bell G Green 95 106 127 18
Red Bell G Red 96 106 127 18
Red Bell C Green 72 80 96 18
Red Bell C Red 107 119 143 18
Klondike Bell Green 112 124 149 18
Klondike Bell Yellow 109 121 145 18
Canary Green 112 124 149 18
Canary Yellow 108 120 144 18
Orobelle Green 162 180 216 18
Orobelle Yellow 95 106 127 18
Golden Bell Green 106 118 141 18
Golden Bell Yellow 90 100 120 18
Tam Bel-2 Green 109 121 145 20
Tam Bel-2 Red 148 164 197 20
Grande Rio-66 Green 98 109 131 20
Grande Rio-66 Red 149 166 199 20
Yellow Bell-47 Green 114 127 152 21
Yellow Bell-47 Orange 135 150 180 21

Cascabella Peto Cascabella Yellow 172 191 229 21
Peto Cascabella Red 202 224 269 21

Cayenne Mesilla Green 63 70 84 21
Mesilla Red 102 113 136 21

Chile New Mexico-6 Green 141 157 188 20
New Mexico-6 Red 205 228 273 20
New Mexico-6 Green 130 144 173 18
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levels of sugar precursors.

 

22

 

 In addition to maturation, variation in ascorbic acid content between
pepper types and cultivars may be attributed to differences in genetics, fertilization practices, and
environmental growing conditions. The effects of fertilization on ascorbic acid content of peppers
have been studied. Ascorbic acid content of pepper fruits increased with increasing levels of
phosphorus up to 48 kg/ha, at varying levels of nitrogen (0 to 100 kg/ha),

 

28

 

 and applications
including combinations of organic matter + nitrogen + phosphorus increased ascorbic acid content
of capsicum fruit.

 

29

 

 Application of bioregulators may also affect ascorbic acid content of peppers.

 

Tam Mild Chile Green 155 172 207 20
Tam Mild Chile Red 233 259 311 20
Green Chile Green 122 136 163 18

Sandia Green 71 79 95 22
Sandia Breaker 220 244 293 22
Sandia Red 239 266 319 22
New Mexico 6-4 Green 40 44 53 22
New Mexico 6-4 Breaker 122 136 163 22
New Mexico 6-4 Red 155 172 207 22
NuMex RNaky Green 28 31 37 22
NuMex RNaky Breaker 145 161 193 22
NuMex RNaky Red 164 182 219 22
B-18 Green 15 17 20 22
B-18 Breaker 91 101 121 22
B-18 Red 186 207 248 22

Jalapeno Jalapeno-M Green 173 192 231 20
Jalapeno-M Red 179 199 239 20
Tam Veracruz Green 101 112 135 20
Tam Veracruz Red 144 160 192 20
Tam Veracruz Green 72 80 96 18
Tam Mild Green 66 73 88 18
Mitla Green 49 54 65 18
Jaloro Yellow 131 146 175 18
Sweet Jalapeno Green 54 60 72 18

Serrano Hidalgo Green 141 157 188 20
Hidalgo Red 263 292 351 20

Yellow Wax Hungarian Yellow Yellow 114 127 152 18
Long Hot Yellow Yellow 114 127 152 18
Gold Spike Yellow 115 128 153 18
Inferno Yellow 92 102 123 21
Inferno Red 138 153 184 21
Rio Grande Gold Red 243 270 324 20
Sante Fe Grande Red 187 208 249 20

 

C. chinense

 

Habanero Red Savina Red 192 213 256 21
Francisca Orange 203 226 271 21

 

C. frutescens

 

Tabasco McIhenny Tabasco Green 15 17 20 21
McIhenny Tabasco Red 75 83 100 21

 

a

 

Recommended daily intakes, adult males = 90 mg/100 g, adult females = 75 mg/100 g.

 

TABLE 9.1

 

 (Continued)

 

Ascorbic Acid Content of Fresh 

 

Capsicum

 

 Fruit

 

Species Type Cultivar Maturity
mg/100 g

Fresh Weight

 

%RDI

 

a

 

Ref.Male Female
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The ascorbic acid and citric acid contents of “bell” peppers increased with gibberellic acid treat-
ment,

 

30 

 

whereas in another study the ascorbic acid content of bell peppers was not affected by
ethylene treatment.

 

31

 

A. E

 

FFECTS

 

 

 

OF

 

 P

 

OSTHARVEST

 

 H

 

ANDLING

 

 

 

AND

 

 P

 

ROCESSING

 

 

 

ON

 

 A

 

SCORBIC

 

 
A

 

CID 

 

C

 

ONTENT

 

The ascorbic acid content of peppers is influenced by postharvest handling, packaging, and pro-
cessing. Fresh peppers are sensitive to chilling injury, so they should be stored at 8 to 12

 

°

 

C (46 to
54

 

°

 

F), at a relative humidity of 90 to 95%. Under optimum conditions, peppers may be stored for
2 to 3 weeks after harvest. However, the nutritional quality of peppers may change after harvest,
handling, and transportation en route to various markets, especially under abusive handling condi-
tions. The ascorbic acid content of sweet bell peppers from wholesale and retail markets and
simulated consumer storage was reported to be similar, although a wide range of ascorbic acid was
apparent among individual market samples.

 

32

 

 Thus, it appears that the average concentration of
ascorbic acid does not change appreciably from wholesale marketing to consumption. The ascorbic
acid content of bell peppers was influenced by storage temperature but not by packaging in
perforated films.

 

33

 

 Ascorbic acid levels declined 10% after 4 d storage at 10

 

°

 

C (50

 

°

 

F), whereas a
25% loss occurred after 4 d storage at 20

 

°

 

C (68

 

°

 

F). In contrast, the ascorbic acid content of bell
peppers was unaffected by storage temperature 2

 

°

 

C (35

 

°

 

F) and 8

 

°

 

C (46

 

°

 

F), varying levels of carbon
dioxide (5, 10, 20%), or storage time (6, 9, and 12 d).

 

34 

 

In another study, the ascorbic acid content
of bell peppers increased with storage at 13

 

°

 

C (55

 

°

 

F), and with subsequent ripening at 20

 

°

 

C
(68

 

°

 

F).

 

35

 

 Meanwhile, fresh peppers (

 

Capsicum annuum

 

 L., variety California) in their green and
red ripe stages were stored at 20

 

°

 

C (68

 

°

 

F) for 7 and 19 d and the ascorbic acid content was noted
to increase as both stages matured during storage.

 

25

 

The ascorbic acid content of the Morron pepper of “Fresno de la Vega” (

 

Capsicum annuum

 

L.), a big, sweet variety cultivated in the province of Leon (northwestern Spain) increased as the
peppers ripened.

 

23

 

 For green mature, breaker and red peppers values of 107.3 

 

±

 

 1.84, 129.6 

 

±

 

 3.11,
and 154.3 

 

±

 

 7.56 mg/100 g edible portion were found. The vitamin C content for green mature
and breaker peppers stored at room temperature (20

 

°

 

C, 68

 

°

 

F) increased up to 10 d of storage,
reaching similar values as those obtained for red peppers direct from the plant. However, stored
red ripe peppers showed a significant loss in vitamin C content, around 25%. Refrigeration at 4

 

°

 

C
(39

 

°

 

F) for up to 20 d did not change the ascorbic acid content, except for red peppers, which
showed losses around 15%.

Ascorbic acid content of fresh peppers may also be affected by postharvest chlorinated water
treatments. Green bell peppers dipped in 50, 100, 150, and 200 

 

μ

 

g/ml hypochlorite lost 6, 9, 10,
and 18% of their initial total ascorbic acid concentrations, respectively.

 

36

 

 It was recommended that
chlorine concentrations of 50 to 100 

 

μ

 

g/ml during a 20-min contact time could be used to control
microbial spoilage without affecting overall quality of bell peppers.

Although the effects of modified-atmosphere storage on ascorbic acid retention in whole fresh
bell peppers are conflicting, minimally processed peppers appear to benefit from modified atmo-
sphere storage. Precut jalapeno peppers stored in modified-atmosphere packages (MAP, 5% O

 

2

 

 and
4% CO

 

2

 

) retained 85% of their ascorbic acid after 15 d storage at 13

 

°

 

C (55

 

°

 

F), whereas air-stored
peppers retained only 56%.

 

37

 

 The MAP treatment also retarded the conversion of L-ascorbic to
dehydroascorbic acid. Similar results were reported for sweet blanched bell peppers stored in
reduced-oxygen atmospheres.

 

38

 

 Ascorbic acid levels were better retained in storage atmospheres
of 2% O

 

2

 

 and 4% O

 

2

 

 than were samples stored in air. Conversion of ascorbic acid to dehydroascorbic
acid was also retarded under reduced-oxygen storage.

Due to its water solubility, ascorbic acid is readily leached from pepper fruit during water
blanching and pasteurization in salt–acid brines. The ascorbic acid content of the Morron pepper
of “Fresno de la Vega” showed reductions of 12 and 20–25% during the water blanching and
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subsequent canning process.

 

23 

 

Jalapeno peppers that were blanched prior to pasteurization lost 75%
of their ascorbic acid,

 

20

 

 whereas a 40% loss of ascorbic acid occurred during water blanching of
green bell peppers, and a 15% loss occurred during steam blanching.

 

39

 

 In another study, bell peppers
blanched in water lost 24% of their ascorbic acid, though microwave blanched peppers lost only
15%.

 

40

 

 Ascorbic acid content of unblanched “yellow banana” peppers declined substantially during
pasteurization and storage, with only 10% remaining after 124 d.

 

41

 

 Calcium chloride brine treatment
did not affect ascorbic acid retention in pasteurized yellow banana peppers. In contrast, initial
ascorbic acid levels were retained in jalapeno peppers after blanching and pasteurization.

 

42

Blanching may also affect ascorbic acid retention in frozen peppers. Unblanched “padron”
peppers lost 97% of their ascorbic acid within 1 month of freezing, whereas blanching resulted in
a 28% loss, followed by an additional 10% loss after 12 months frozen storage.43 In another study,
average ascorbic acid losses of ten pepper cultivars that were blanched and stored for 12 months
at –12°C (10°F) were 63%, while unblanched cultivars lost 71%.44 Differences in ascorbic acid
losses in these studies may be attributed to differences in pepper genetics, brine composition,
blanching method, and pasteurization time and temperature.

Ascorbic acid content of dehydrated peppers is influenced by blanching and drying methods.
Paprika fruit lost 63% of its ascorbic acid content when naturally dried, whereas losses of 4 to
54% were observed when freshly harvested and overripe fruit were dried using a forced-air
method.45 Other processing parameters may also influence ascorbic acid retention. A 40% loss
of ascorbic acid in paprika powder was noted after centrifugation prior to drying, and a 73%
loss occurred in carmelized paprika.46 In another study, drying time and temperature did not
affect the ascorbic acid content of dehydrated green bell peppers, but after 8 weeks of storage,
blanched peppers dried for 8 h at 60°C (140°F) contained less ascorbic acid than unblanched
peppers.47 Unblanched peppers dried for 12 h at 49°C (120°F) contained more ascorbic acid than
blanched peppers.

IV. FLAVONOIDS

Pepper fruit are particularly rich in flavonoids, a large class of compounds ubiquitous in plants,
that exhibit antioxidant activity, depending on the number and location of hydroxyl groups present.48

In addition to antioxidant function, flavonoids are reported to possess numerous biological, phar-
macological, and medicinal properties, including vasodilatory, anticarcinogenic, immune-stimulat-
ing, antiallergenic, antiviral, and estrogenic effects, as well as inhibition of various enzymes involved
in carcinogenesis.49 In addition, many epidemiological studies indicate an inverse association
between the intake of flavonols and flavones and the risk of coronary heart disease,50–52 stroke,53

and lung cancer.54–55

Much progress has been made over the past decade in the identification and quantification of
flavonoids and phenolic acids in capsicum fruit due to advancements in HPLC, HPLC-mass
spectrometry, and NMR techniques. Suskrano and Yeoman56 identified three hydroxycinnamic acid
derivatives: p-coumaroyl, caffeoyl, and 3,4-dimethoxycinnamoyl glycosides, and four flavonoid
compounds, although only two were identified: quercetin 3-O-rhamnoside and luteolin 7-O-gluco-
side. Iorizzi and colleagues57 identified three hydroxycinnamic acids in Capsicum annuum L. var.
acuminatum fruit, cis-p-coumaric acid-β-D-glucoside, trans-sinapoyl β-D-glucoside, and vanilloyl
β-D-glucoside, as well as one flavonoid, quercetin 3-O-rhamnoside. They also identified a unique
lignan glycoside (icariside E5) that possesses antioxidant properties. Materska and colleagues58

identified nine compounds in pericarp tissue of hot pepper fruit (Capsicum annuum L., var.
Bronowicka Ostra). The compounds identified included 3 hydroxycinnamic acid derivatives: trans-
p-feruloylalcohol-4-)-(6-(2-methyl-3-hydroxypropionyl) glucoside, trans-p-feruoyl-β-D-glucoside,
and trans-p-sinapoyl-β-D-glucoside, as well as six flavonoids: luteolin-7-O-(2-apiosyl-4-glucosyl-
6-malonoyl)-glucoside, quercetin 3-O-α-L-rhamnoside-7-O-β-D-glucoside, luteolin 6-C-β-D-glu-
coside-8-C-α-L-arabinoside, apigenin 6-C-β-D-glucoside-8-C-L-arabinoside, luteolin 7-O-[2-(β-
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D-apiosyl)-β-D-glucoside], and quercetin 3-O-α-L-rhamnoside. In a subsequent study, Materska
and Perucka59 evaluated 4 cultivars of Capsicum annuum L. fruit for phenolic content and antiox-
idant capacity and reported that sinapoyl and feruoyl glucosides were the predominant components
in red pepper, ranging in concentration from 32 to 42 mg/100 g dry weight, and 15 to 36 mg/100
g dry weight, respectively, whereas quercetin 3-O-L-rhamnoside was the major component in green
pepper, ranging in concentration from 33 to 99 mg/100 g dry weight. The antioxidant capacities
evaluated by the β-carotene-linoleic acid and DPPH systems correlated highly with phenolic content
in the fraction containing phenolic acids and flavonoids. Marin and colleagues24 conducted a detailed
characterization of sweet pepper phenolics (Capsicum annuum L., cv. Vergasa), and reported five
hydroxycinnamic acid derivatives and 25 flavonoids in pericarp tissue. In addition to the hydrox-
ycinnamic acid derivatives and flavonoids, previously identified by Materska and colleagues58 in
hot peppers, they identified several novel compounds including 4 flavonoid O-glycosides: luteolin
7-O-(2-apiosyl-6-acetyl) glucoside, chrysoeriol 7-O-(2-apiosyl-6-acetyl) glucoside, luteolin 7-O-
(2-apiosyl-di-acetyl) glucoside, and luteolin 7-O-2-apiosyl-6-malonyl) glucoside. Additionally, 12
flavonoid glycosides were identified, which included 2 acylated derivatives, luteolin 6-C-(6-malo-
nyl)-hexoside-8-C-hexoside, and luteolin 6-C-(6-malony)-hexoside-8-C-pentoside. Quercetin 3-O-
rhamnoside and luteolin 7-O-(2-apiosyl-6-malonyl) glucoside were the predominant flavonoids
present in red fruit, showing concentrations of 0.31 mg/100 g fresh weight and 0.39 mg/100 g fresh
weight, respectively. The concentrations of total hydroxycinnamic acids and total flavonoids in red
fruit were 0.44 mg/100 g fresh weight and 2.54 mg/100 g fresh weight, respectively.

The flavonoid content of different pepper types and cultivars is shown in Table 9.2.60 Peppers
contain both quercetin (a flavonol) and luteolin (a flavone). Quercetin has a hydroxyl group at C-3
in the aromatic ring, while luteolin does not (see Figure 9.1). The structural differences are important
since the presence of a hydroxyl group at C-3 is reported to result in greater free radical-scavenging
efficiency.48 In plant cells, flavonoids occur as glycosides, with sugars bound typically at the C-3
position. Flavonoids are commonly quantified in the aglycone form after acid hydrolysis. Flavonoid
levels vary greatly among pepper types and cultivars with total levels ranging from 1 to 852 mg/kg.
Interestingly, C. annuum cultivars contain higher levels of flavonoids than C. chinense cultivars. Low
levels of flavonoids in the pungent C. chinense peppers may indicate diversion of phenolic precursors
from flavonoid to capsaicinoid synthesis. An exception is the C. frutescens cv. tabasco, which contains
much higher levels of luteolin than the other Capsicum species and cultivars. It appears that fruit
from different Capsicum species vary greatly in their genetic capacity for synthesizing specific
flavonoids. Plant breeders and molecular biologists may take advantage of this genetic variability to
increase the flavonoid content of Capsicum fruit. The exceptionally high flavonoid levels reported
by Lee and colleagues18 may be due to differences in genetics and environmental conditions in which
the peppers were grown. Environmental stress during plant growth has been shown to stimulate the
phenylpropanoid pathway and production of various phenolic compounds.

Increasing luteolin levels in pepper fruit may be important for prevention of coronary heart
disease. A luteolin-rich artichoke extract was recently shown to protect LDL from oxidation in
vitro, which may be due to its antioxidant function or ability to sequester prooxidant metal
ions.61Additionally, luteolin does not complex with copper ions to produce oxidative damage to
DNA, which contrasts with the prooxidant effect observed for quercetin.62

Total flavonoid content of pepper cultivars generally declines as fruit ripens and changes color.
For instance, immature green pepper of sweet peppers (Capsicum annuum L.) cv. Vergasa had a
very high phenolic content, but green, immature red, and red ripe peppers showed a four- to fivefold
reduction.24 Red fruit generally contain higher levels of hydroxycinnamic acids than green fruit,
whereas green fruit contain higher levels of flavonoids than red fruit.21,24,59 However, exceptions to
this rule include the cayenne cv. Mesilla, in which the flavonoid content increased during maturation,
and the “long yellow” cv. Inferno, and tabasco cv. Tabasco, in which no change in flavonoid content
occurred during ripening.21 In terms of antioxidant capacity, red fruit generally have greater radical
scavenging capacity than green fruit, 21,57,59 which may be attributed to higher levels of hydroxy-
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cinnamic acid glycosides and capsaicinoids in the ripe fruit.59 The loss of flavonoids observed during
ripening of most cultivars is consistent with reported flavonoid losses that occur during maturation
of C. frutescens fruit.56 Flavonoid losses during ripening may reflect metabolic conversion of
flavonoids to secondary phenolic compounds.63 The oxidoreductase enzymes polyphenol oxidase64

and peroxidase65,66 may play a role in degradation of flavonols during maturation and senescence.

A. POSTHARVEST HANDLING AND EFFECT OF PROCESSING ON FLAVONOID CONTENT

Little information is available on the effects of postharvest handling and processing on flavonoid
content of pepper fruit. The effect of pasteurization and storage on flavonoid content in yellow
banana peppers has been studied.41 Quercetin and luteolin contents declined 40 to 45% during 4

TABLE 9.2
Flavonoid Content of Fresh Capsicum Fruit

Species Type Cultivar Maturity

Total

Ref.
Quercetin Luteolin Flavonoids

mg/kg Fresh Weight

C. annuum Ancho San Luis Ancho Green 276 34 310 18
Bell Yellow Bell Green 22 11 33 21

Yellow Bell Orange 13 9 22 21
Tam B-2 Green 44 9 53 60
Romanian Sweet Yellow 219 26 245 60
YB 244 Yellow 81 10 91 60
YB 126 Yellow 112 15 127 60

Cascabella Peto Cascabella Yellow 42 16 58 21
Peto Cascabella Red 24 6 30 21
Tam Cascabella Yellow 67 30 97 60

Cayenne Mesilla Green 25 17 42 21
Mesilla Red 11 6 17 21

Chile New Mexico-6 Green 126 51 177 18
Green Chile Green 210 52 262 18

Jalapeno Mitla Green 40 14 54 18
Tam Mild Green 18 10 28 18
Jaloro Yellow 151 38 189 18
Sweet Jalapeno Green 45 6 51 18
TAES Jaloro Yellow 52 18 70 60

Serrano Hidalgo Green 160 41 201 18
Yellow Wax Hungarian Yellow Yellow 784 68 852 18

Long Hot Yellow Yellow 447 104 551 18
Gold Spike Yellow 288 37 325 18
Inferno Yellow 68 17 85 21
Inferno Red 65 17 82 21
Short Sweet Yellow Yellow 88 18 106 60
Long Sweet Yellow Yellow 56 9 65 60
Short Hot Yellow Yellow 62 14 76 60
Long Hot Yellow Yellow 78 15 93 60
TAES Hot Yellow Yellow 79 17 96 60
Sweet Banana Yellow 43 6 49 60

C. chinense Habanero Francisca Orange 5 1 6 21
Red Savina Red 1 ND 1 21

C. frutescens Tabasco McIlhenny Tabasco Green 2 44 46 21
McIlhenny Tabasco Red 1 36 37 21
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months’ storage, whereas calcium chloride brine treatment did not affect flavonoid retention.
Apparently, flavonoids are leached into the salt–acid brine during pasteurization and storage. Future
studies should focus on methods to stabilize flavonoids during postharvest handling and processing.

V. TOCOPHEROLS

Capsicum fruit, especially in the dried form, are an excellent source of tocopherols. Vitamin E
compounds including tocopherols and tocotrienols are well recognized for their effective inhibition
of lipid oxidation in foods and biological systems.67 The tocopherols are polyisoprenoid derivatives,
which have a saturated C16 side chain (phytol), centers of asymmetry at the 2, 4′, and 8′ positions,
and variable methyl substitution at R1, R2, and R3

16 (see Figure 9.1). The antioxidant activity of
tocopherols is due to their ability to donate their hydrogen ions to lipid free radicals, thereby
neutralizing the radical and forming the tocopheroxy radical.

Tocopherols have been shown to be effective scavengers of peroxyl and superoxide radicals in
lipid systems. Epidemiological and short-term intervention studies suggest that vitamin E may
reduce the risk of coronary heart disease, some cancers, cataracts, and diabetes, and slow the
progression of neurological diseases. The health effects of vitamin E may be related to numerous
mechanisms, including protection of cells from oxidative damage; protection of LDL from oxida-
tion; enhancement of the immune system; reduction of oxidative damage of specialized tissues
such as the eye lens, nerve tissue, blood vessels, and cartilage; reduction of cholesterol synthesis
by inhibition of the enzyme HMG-Co A reductase; and enhancement of the antioxidant status of
the digesta.68

The α-tocopherol content of pepper types and cultivars is shown in Table 9.3.69,70 γ-Tocopherol
is found in pepper seeds, whereas α-tocopherol is found in pericarp tissue. Dried paprika and “New
Mexico” type peppers used in the spice industry are a fair source of γ-tocopherol, and an excellent
source of α-tocopherol. New Mexico type cultivars contain higher levels of γ-tocopherol in seeds
than paprika cultivars.22 At the red succulent stage, the γ-tocopherol content of seeds from four
New Mexican pepper cultivars ranged from 35.2 to 47.5 mg/100 g.22 These levels of γ-tocopherol
would provide 2.3 to 3.2% of the RDI for adult males and females, per 1-g serving.

The α-tocopherol content of pericarp tissue in both paprika and New Mexico cultivars is
exceptionally high, but the paprika cultivars are a better source of α-tocopherol. Per 100 g serving,
paprika cultivars provide 107 to 1980% of the RDI for adult males and females, whereas the New
Mexico type cultivars provide 13 to 207% of the RDI for adult males and females. Although small
amounts of dried capsicum powders are typically used for food preparation, their exceptionally
high levels of tocopherols may be an important source of vitamin E in the human diet. A 1-g serving
of dried paprika would provide 1 to 20% of the RDI for adult males and females, whereas a similar
serving of dried New Mexican peppers would provide only 0.1 to 2% of the RDI for adult males
and females. Thus, dried peppers, especially paprika type, may be a significant source for vitamin
E as people incorporate greater amounts of ethnic foods containing dried peppers into their diets.

The α- and γ-tocopherol content of pepper fruit is influenced by maturity. γ-Tocopherol content
in seeds generally increases until the red succulent stage and then declines, while α-tocopherol
content in pericarp tissue increases from the mature green to red fully dry stages.22,46,69 The α-
tocopherol content in pericarp tissue is dependent on lipid content, which varies according to
ripening stage and variety.69 A high correlation exists between oil content and α-tocopherol content
in dry matter. The percentage of oil and α-tocopherol content is highest in red dried paprika fruit
with 80% dry matter.

A. EFFECT OF PROCESSING ON TOCOPHEROL CONTENT OF PEPPERS

Color retention of dried paprika powder may be related to levels of γ-tocopherol in seeds,71 but
conflicting results are reported. Several studies46,72 showed that color retention of paprika was
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TABLE 9.3 
Tocopherol Content of Fresh Capsicum Fruit

Species Type Cultivar Maturity

α-Tocopherola

Ref.
Pericarp

(mg/100 g DW)

%RDIb

M F

C. annuum Paprika Vandel Green 16 107 200 69
Vandel Red 28 187 350 69
Gamba Green 17 113 410 69
Gamba Red 33 220 410 69
Mild Green 26 173 330 69
Mild Green-red 46 307 580 69
Mild Red 65 433 810 69
Mild Red-dried 68 453 850 69
SZ-20 Ripe 47 313 590 70
Mihalytelki Ripe 33 220 410 70
SZ-80 Ripe 38 253 480 70
F-03 Ripe 61 407 760 70
SZ-178 Ripe 56 380 710 70
Km-622c Green 17 113 210 46
Km-622c Breaker-1 48 320 606 46
Km-622c Breaker-2 85 567 1,060 46
Km-622c Faint red 92 613 1,150 46
Km-622c Deep red 109 727 1,360 46
Km-622d Green 34 227 430 46
Km-622d Breaker-1 35 233 440 46
Km-662d Breaker-2 43 287 540 46
Km-622d Faint red 48 320 606 46
Km-622d Deep red 115 767 1,440 46
Mihalyteleki Green 43 287 540 45
Mihalyteleki Breaker-1 39 260 490 45
Mihalyteleki Breaker-2 42 280 530 45
Mihalyteleki Faint red 38 253 480 45
Mihalyteleki Deep red 40 267 500 45
K-50 Deep red 180 1200 2,250 45
Km-622 Deep red 192 1280 2,400 45
K-801 Deep red 161 1073 2,010 45
Semi-Determ. 7/92 Deep red 297 1980 3,710 45
SZ-80 Deep red 139 927 1,740 45
K-V2 Deep red 205 1367 2,560 45
K-90 Deep red 265 1767 3,310 45
Strain-100 Deep red 141 940 1,760 45
Mihalyteleki Deep red 133 887 1,660 45
SZ-20 Deep red 152 1013 1,900 45
Bibor Deep red 95 633 1,190 45
Napfeny Deep red 90 600 1,130 45
Negral Deep red 87 580 1,090 45

New Mexico Sandia Green 5 33 60 22
Sandia Breaker 9 60 110 22
Sandia Red 17 113 210 22
Sandia Red-partially dry 10 67 130 22
Sandia Red-dried 19 127 240 22

Continued.
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improved with the addition of seeds, though other studies71,72 found that the color stability of paprika
was unaffected by addition of seeds. Conflicting results obtained between the studies may be related
to varying levels of α-tocopherol in the peppers studied. Tocopherol content of dried paprika powder
may also be influenced by cultivar, maturity, and drying method.45 Tocopherol retention was lower
in naturally dried samples than in forced-air-dried paprika. The α-tocopherol content increased
during natural drying, reaching a maximum concentration when the dry matter of the fruit was
between 53 and 68%, whereas a decrease in tocopherol content was observed with fully dry fruits
having a dry matter content of 89%. For forced-air-dried fruit, utilization of fresh fruit as the starting
material resulted in substantial losses of α-tocopherol. The best retention of α-tocopherol was
obtained by drying overripe fruit having 53 to 68% dry matter. Two cultivars evaluated (Km-622
and V-2) lost 12.4 and 41.2% of α-tocopherol, respectively, when their overripe fruits were dried
by the forced-air method. Thus, genetic variation should be taken into account when investigating
the processing quality of new paprika cultivars.

Tocopherol content is affected by additional processing parameters, including predrying cen-
trifugation and carmelization during drying.46 The α-tocopherol content of “paprika” fruit was
highest in carmelized samples, indicating that carmelization of sugar afforded protection against
tocopherol degradation during drying. The α-tocopherol content of centrifuged paprika was lower
than values from noncentrifuged samples, indicating that it was removed from paprika fruit during
the centrifugation step.

VI. CAROTENOIDS

Varying composition and concentration of carotenoids in capsicum are responsible for diversely
colored fruit. Common carotenoids in capsicum fruits are shown in Figure 9.2. Capsicum species

New Mexico 6-4 Green 6 40 80 22
New Mexico 6-4 Breaker 6 40 80 22
New Mexico 6-4 Red succulent 16 107 200 22
New Mexico 6-4 Red-partially dry 12 80 150 22
New Mexico 6-4 Red-dried 7 47 90 22
Nu-Mex R-Naky Green 3 20 40 22
Nu-Mex R-Naky Breaker 8 53 100 22
Nu-Mex R-Naky Red succulent 13 87 160 22
Nu-Mex R-Naky Red-partially dry 11 73 140 22
Nu-Mex R-Naky Red-dried 21 140 260 22
B-18 Green 2 13 30 22
B-18 Breaker 8 53 100 22
B-18 Red succulent 24 160 300 22
B-18 Red-partially dry 15 100 190 22
B-18 Red-dried 31 207 390 22

a α-Tocopherol = 1.0 mg αTE.
b Recommended daily intakes, adult males and females = 15 mg αTE.
c Fruit harvested and analyzed in 1994.
d Fruit harvested and analyzed in 1995.

TABLE 9.3 (Continued)
Tocopherol Content of Fresh Capsicum Fruit

Species Type Cultivar Maturity

α-Tocopherola

Ref.
Pericarp

(mg/100 g DW)

%RDIb

M F
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have been selectively bred to obtain fruit with various colors including white, green, yellow, orange,
brown, black, and purple. The ketocarotenoids capsanthin and capsorubin contribute to red color,
while α- and β-carotene, zeaxanthin, lutein, and β-cryptoxanthin are responsible for yellow-orange
color. The carotenoids and additional pigments responsible for exotic colored brown and purple
fruit have not been characterized.

The pepper carotenoids α- and β-carotene and β-cryptoxanthin contribute to provitamin A
activity. However, pepper fruit are also a good source of oxygenated carotenoids, or xanthophylls,
which vary considerably in composition and concentration due to differences in genetics and fruit
maturation.46,73 Oxygenated carotenoids, which do not possess provitamin A activity, have been

FIGURE 9.2 Major carotenoids in Capsicum fruit.
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shown to be effective free radical scavengers,74 and may be important for prevention of advanced
age-related macular degeneration and cataracts.75 In addition to antioxidant activity, carotenoids
may play a role in cancer chemoprevention through their ability to act as antimutagens,76 enhance
cell-to-cell communication,77 act as anti-inflammatory and antitumor agents, and induce detoxifi-
cation of enzyme systems.78 Carotenoids present in pepper fruit may also be important in retarding
changes associated with aging. Incorporation of a capsanthin-rich red bell pepper extract in the
diet of senescence-accelerated mice resulted in amelioration of learning impairment.79

The provitamin A content (α- and β-carotene and β-cryptoxanthin) of fresh pepper cultivars is
shown in Table 9.4.80 Provitamin A values range from nondetectible to 502 retinal equivalents
(RE)/100 g. The wide range of provitamin A carotenoids in the cultivars referenced is not surprising,
as the cultivars vary greatly in visual color. Cultivars that terminally ripen at the green, light-yellow,
or yellow stages typically have less provitamin A activity due to reduced genetic capacity to
synthesize α- and β-carotene and β-cryptoxanthin.73,81,82 Many studies have demonstrated that the
β-, ε-series carotenoids in capsicum fruit, including lutein, decline during ripening, whereas α- and
β-carotene increase, and other pigments, β-cryptoxanthin, capsanthin, and zeaxanthin are formed
de novo.46,73,82,83 However, some exceptions are notable. The bell cv. Yellow Bell contains 257
RE/100 g and the yellow wax cv. Rio Grande Gold contains 502 RE/100 g. These yellow cultivars
apparently contain the genetic capacity to synthesize provitamin A carotenoids.

Pepper fruit that ripen to orange and red stages contain high levels of provitamin A carotenoids,
contributing 3 to 52% of the RDI (900 μg RE/100 g) for adult males and 4 to 67% of the RDI
(700 μg RE/100 g) for adult females. Pepper cultivars that contain >25% of the RDI of provitamin
A for both males and females include bell cv. Grande Rio 66 (red), bell cv. Yellow Bell (yellow),
chile cv. Tam Mild Chile (red), chile cv. New Mexico-6 (red), jalapeno cv. Tam Veracruz (red),
serrano cv. TAES Hidalgo (red), yellow wax cv. Rio Grande Gold (yellow), and tabasco cv.
McIlhenny tabasco (red).

Carotenoids in paprika cultivars have been studied extensively, because they are used in the
form of powders and oleoresins as spices and food colorants. Dried paprika products are excep-
tionally rich in carotenoids, including the ketocarotenoids capsanthin and capsorubin, which occur
only in red Capsicum fruit, and contribute to the red color and quality of paprika oleoresin and
powder. Numerous studies have documented the composition and concentration of carotenoids in
dried paprika products that vary greatly in color.71,84–88

Efforts have been made to increase the carotenoid content of dried paprika through plant-
breeding programs. The total carotenoid content of C. annuum breeding lines ranged from 390 to
16,600 μg/g.86 Most of the red pigments were esterified, and diesters were present at higher
concentrations than monoesters. An important observation was that a narrow range of variation
existed among the ratios of carotenoids present in the breeding lines. This indicates that the levels
of synthesis and accumulation of various carotenoid pigments are controlled genetically by common
regulatory genes. Plant breeders may take advantage of this genetic trait in breeding and developing
new paprika cultivars with elevated levels of carotenoids, including the red pigments capsanthin
and capsorubin, which affect the color and quality of paprika oleoresin and powder. One breeding
line 4126 was identified,86 which contained 240 mg of total carotenoids/100 g fresh weight, of
which 20 mg was β-carotene. This level of β-carotene is comparable to levels found in carrots, but
the total carotenoid content of this paprika breeding line is sixfold higher than levels found in
carrots. Thus, breeding new pepper cultivars for elevated total carotenoid content appears to be
feasible and may be beneficial for improving human health and nutrition.

In addition to genetics, the carotenoid content of peppers may be influenced significantly by
environmental growing conditions. In a study involving five cultivars each of nonpungent and
pungent pepper cultivars, grown in the field and a glasshouse, it was found that glasshouse grown
peppers had much higher levels of carotenoids than those grown in the field.83 The authors suggested
that the more consistent and protected conditions in the glasshouse may have caused carotenoid
levels to be increased, especially at the red stage.
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TABLE 9.4 
Provitamin A Content of Fresh Capsicum Fruit

Species Type Cultivar Maturity
RE (μg)/100 g
Fresh Weight

%RDIa

Ref.Male Female

C. annuum Bell Dove White 16 2 2 19

Dove Light Orange 29 3 4 19

Ivory White 14 2 2 19

Ivory Light Yellow 46 5 7 19

Blue Jay White 22 2 3 19

Blue Jay Orange 59 7 8 19

Lilac Purple 17 2 2 19

Lilac Orange 86 10 12 19

Valencia Green 25 3 4 19

Valencia Orange 26 3 4 19

Oriole Green 37 4 5 19

Oriole Orange 99 11 14 19

Black Bird Green 32 4 5 19

Black Bird Black 41 5 6 19

Chocolate Beauty Green 38 4 5 19

Chocolate Beauty Brown 108 12 15 19

Cardinal Green 33 4 5 19

Cardinal Red 110 12 16 19

King Arthur Green 33 4 5 19

King Arthur Red 127 14 18 19

Var. 862R Green 38 4 5 19

Var. 862R Red 119 13 17 19

Red Bell G Green 44 5 6 19

Red Bell G Red 80 9 11 19

Red Bell C Green 35 4 5 19

Red Bell C Red 52 6 7 19

Klondike Bell Green 40 4 6 19

Klondike Bell Yellow 31 3 4 19

Canary Green 31 3 4 19

Canary Yellow 31 3 4 19

Orobelle Green 49 5 7 19

Orobelle Yellow 36 4 5 19

Golden Bell Green 37 4 5 19

Golden Bell Yellow 32 4 5 19

Tam Bel 2 Green 33 4 5 19

Tam Bel 2 Red 64 7 9 19

Grande Rio-66 Green 81 9 12 19

Grande Rio-66 Red 253 28 36 19

Yellow Bell Green 31 3 4 21

Yellow Bell Yellow 257 29 37 21

Caribe Caloro Green 2 <1 <1 80

Cascabella Peto Cascabella Yellow 4 <1 <1 21

Peto Cascabella Red 137 15 20 21

Cayenne Mesilla Green 42 5 6 21

Mesilla Red 214 24 31 21

Chile New Mexico-6 Green 79 9 11 20

Continued.
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Dried paprika is an excellent source of vitamin A. A 1-g serving of freshly ground paprika
provides 13 to 24% and 17 to 31% of the RDI for males and females, respectively.45 Thus, dried
paprika is an excellent source of various carotenoid pigments that may be important for prevention
of chronic diseases.

The carotenoid content of fresh and dried paprika fruit is also affected by the ripening stage.
The β-carotene content of the fresh paprika fruit cv. Mihalyteleki increased from 419 μg/g dry
matter at the green stage to 468 μg/g at the deep red stage, whereas the β-carotene content of dried
fruit increased from 610 μg/g at the green stage to 652 μg/g at the deep red stage.45

A. EFFECTS OF POSTHARVEST HANDLING AND PROCESSING ON 
CAROTENOID CONTENT

The carotenoid content of peppers is influenced by postharvest handling, storage time, and tem-
perature. Green bell peppers obtained from a roadside market on the day of harvest had much
greater levels of α- and β-carotene than peppers purchased from a supermarket, which incurred 7
to 14 d of storage and transportation.89 Storage temperature may also influence carotenoid retention.
Yolo Wonder green bell peppers stored for 7 and 14 d at 7.2° and 21°C (45 and 70°F) retained 94
and 78% of carotene, respectively.90

Major carotenoid losses may occur when peppers are physically wounded during minimal
processing. A 32% loss of β-carotene and 48% loss of α-carotene occurred when jalapeno peppers
were sliced into rings and stored in perforated packages for 12 d at 40°C (104°F), and an additional

New Mexico-6 Red 259 29 37 20

Tam Mild Chile Green 69 8 10 20

Tam Mild Chile Red 470 52 67 20

Jalapeno Jalapeno-M Green 56 6 8 20

Jalapeno-M Red 168 19 24 20

Tam Veracruz Green 64 7 9 20

Tam Veracruz Red 252 28 36 20

Tam Mild Jalapeno Green 44 5 6 20

Tam Mild Jalapeno Red 83 9 12 20

Poblano Ancho Green 111 12 16 80

Serrano TAES Hidalgo Green 141 16 20 20

TAES Hidalgo Red 263 29 38 20

Tampiqueno 74 Green 87 10 12 80

Yellow Wax Rio Grande Gold Yellow 502 56 72 20

Sante Fe Gold Yellow 27 3 4 20

Inferno Yellow 4 <1 <1 21

Inferno Red 104 12 15 21

Verde Anaheim Green 30 3 4 80

C. chinense Habanero Francisca Orange ND ND ND 21

Red Savina Red 191 21 27 21

C. frutescens Tabasco McIlhenney Tabasco Green 29 3 4 21

McIlhenney Tabasco Red 336 37 48 21

a Recommended daily intakes, adult males = 900 μg/RE, adult females = 700 μg/RE.

TABLE 9.4 (Continued)
Provitamin A Content of Fresh Capsicum Fruit

Species Type Cultivar Maturity
RE (μg)/100 g
Fresh Weight

%RDIa

Ref.Male Female
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3 d at 13°C (55°F).37 Modified atmosphere storage (5% O2 and 4% CO2) protected against carotenoid
degradation, with losses of 13 and 8% for β- and α-carotene, respectively, when pepper rings were
stored under similar conditions as air-stored peppers. The beneficial effect of MAP storage on
carotenoid retention may be due to inhibition of the enzymes peroxidase and lipoxygenase, which
have been shown to cause destruction of β-carotene91,92 or reduced chemical oxidation, due to the
low oxygen levels inside the packages.

Carotenoids are better retained than ascorbic acid during pasteurization in salt-acid brines due
to their hydrophobic properties, which prevent leaching into the brine solution. Pasteurization
resulted in 13% reduction in β-carotene in mature green jalapenos and 31% reduction in mature
red jalapenos,20 whereas a 30% decrease in β-carotene occurred in pasteurized red bell peppers.93

Loss of provitamin A in mature green jalapenos during pasteurization was 17%, and mature red
jalapenos lost 33%.20

Carotenoid loss is recognized as the major cause of color degradation in dried red pepper
products. Loss of the provitamin A carotenoids, β-carotene, and β-cryptoxanthin is associated with
color loss during paprika processing. The red pigments capsorubin and capsanthin are more stable
during drying and milling than the yellow pigments β-carotene and β-cryptoxanthin.82 Esterified
carotenoids show a greater degree of stability during processing than unesterified or free carotenoids.
Thus, the ketocarotenoids capsanthin and capsorubin, which occur predominately in the diester
form, are more stable than zeaxanthin, which occurs in the free, monoesterfied, or diesterified
forms; β-cryptoxanthin, which occurs in only the free and monoesterified forms; and β-carotene,
which occurs only in the free form. Greater susceptibility of free and monoesterified carotenoids
to drying and milling results in provitamin A activity losses of 67 and 81% in the paprika varieties
Agridulce and Bola, respectively.82

In addition to carotenoid composition and maturity, other factors influencing carotenoid stability
in dried red peppers include levels of natural antioxidants, water activity, drying temperature and
technique, particle size, package atmosphere, and storage atmosphere and temperature. Dehydration
of fresh ripe paprika fruit by forced-air drying resulted in 8% loss of β-carotene, whereas overripe
fruit dried using the same technique lost 53 to 55%.45 Forced-air drying resulted in greater retention
of β-carotene in dried paprika than naturally dried fruit. Higher drying temperatures are also
detrimental to color stability of dried paprika.

The concentrations of natural antioxidants present in paprika have been shown to affect color
and carotenoid stability. β-Carotene concentration in paprika fruit declined slightly during the first
2 months of storage, and then declined substantially during the next 2 months.45 Loss of β-carotene
paralleled ascorbic acid and α-tocopherol losses, which indicates that depletion of natural antiox-
idants accelerates β-carotene losses. It has been proposed that tocopherols provide a first oxidation
barrier, whereas ascorbic acid is required for tocopherol regeneration, and the carotenoids function
as a second barrier against lipid oxidation.94 Because levels of natural antioxidants play an important
role in prevention of carotenoid degradation and color stability, several researchers have investigated
the efficacy of supplemental antioxidant treatments. Addition of pepper seeds, which are rich in γ-
tocopherol, to paprika and New Mexican chile powders has been shown to prevent color and
carotenoid degradation.46,69,71,72 Other treatments that have been used successfully to prevent color
degradation during dehydration and storage of dried peppers include the synthetic antioxidant
ethoxyquin, δ-tocopherol, and ascorbic acid.95,96 In addition to antioxidant treatments, removal of
oxygen in the package atmosphere by nitrogen flushing has been shown to stabilize the color of
dried red peppers.94 Water activity and particle size of dried red pepper powders are also important
considerations for carotenoid stability. It is recommended that coarse particles be used and powders
dried to a water activity of 0.30.97

Chile powders are commonly treated with gamma irradiation as a microbial disinfection step.
Color stability of dried red pepper powders was not affected by irradiation doses of 0, 1, 5, and
10 kGy, which indicates that carotenoids are relatively stable during irradiation.98
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VII. CAPSAICINOIDS

Capsaicinoids are alkaloid compounds responsible for the hot flavor or pungency associated with
consumption of Capsicum fruit. The hot flavor is due to structurally similar alkaloids or capsaici-
noids (Figure 9.3). Capsaicin and dihydrocapsaicin are the major capsaicinoids commonly found
in hot peppers, typically accounting for > 90% of the total capsaicinoids, whereas nordihydrocap-
saicin, homocapsaicin, and homodihydrocapsaicin are present in lesser amounts.99 The capaicinoids
are synthesized primarily in the epidermal cells of placental tissue, with low levels found in the
pericarp and seeds.99,100,101 Two capsaicinoid-like substances, capsiate and dihydrocapsiate, the
nonpungent ester analogues of capsaicin and dihydrocapsaicin were identified in fruit of a nonpun-
gent cultivar of Capsicum annuum cv. CH-19 sweet.102 The non-pungent capsainoids are reported
to exhibit comparable antioxidant activity as their corresponding capsaicinoids (capsaicin and
dihydrocapsaicin), indicating potential health benefits associated with consumption of sweet pep-
pers.103 Capsaicinoids are unique to the genus Capsicum, and their content varies greatly among
species and cultivars due to differences in genetics, environmental growing conditions, and maturity.

Capsaicinoids are biosynthesized from L-phenylalanine and L-valine or L-leucine through
vanillylamine and C9 to C11 branch-chained fatty acids. The proposed pathway for synthesis of the
vanillylamine moeity of capsaicinoids from L-phenylalanine is as follows: L-phenylalanine, trans-
cinnamic acid, trans-p-coumaric acid, trans-caffeic acid, trans-ferulic acid, vanillin, and vanilly-

FIGURE 9.3 Capsaicinoids in Capsicum fruit.
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lamine.56 Unfortunately, many of the enzymes involved in capsaicinoid biosynthesis have yet to
be identified.

Capsaicinoids are reported to possess numerous pharmacological and medicinal properties,
which have been reviewed extensively.7,104 Capsaicin is commonly used as a treatment for pain and
inflammation. Its mode of action is related to its interaction with transgeminal nerve endings, which
release a neurotransmitter called substance P. Repeated capsaicin ingestion or topical application
results in increased release of substance P, which results in its depletion, rendering the nerve endings
unresponsive to subsequent applications. Due to its ability to alleviate a variety of human pain
disorders, capsaicin has been used to prevent or alleviate many medical conditions including
postmastectomy syndrome, urticaria, psoriasis, diabetic neuropathy, arthritis, osteoarthritis, pruritis,
apocrine, chromhidrosis, contact allergy, postsurgical neuromas, reflex sympathetic dystrophy syn-
drome, vascular vestibulitis, shingles (Herpes zoster), cluster headaches, and urological disor-
ders.104,105 Capsaicinoids may also exhibit anticarcinogenic and antimutagenic properties. Several
studies have shown that capsaicinoids may inhibit the metabolism and mutagenicity of chemical
carcinogens.106 In addition, capsaicinoids also have antioxidant,18,107–109 antiplatelet, and anti-inflam-
matory activities,110,111 and have been shown to induce apoptosis, an important step in carcinogen
removal.112 Capsiate and dihydrocapsiate, the nonpungent analogues of capsaicin and dihydrocap-
saicin also show promising chemopreventive potential due to their ability to modulate ROS, induce
apoptosis, and disrupt mitochondrial transmembrane potential in tumoral cell lines.113

The capsaicinoid content of Capsicum fruit is largely influenced by genetics, as shown in Table
9.5.114–116 It is difficult to classify pepper species and types according to heat level because of the
wide variation in heat level observed between cultivars. Total capsaicinoid content ranges from 720
to 4360 ppm for cayenne cultivars, 1110 to 7260 ppm for jalapeno cultivars, and 81 to 2690 ppm
for New Mexican cultivars. Chile peppers may be classified according to level of pungency with
0 to 47 ppm being nonpungent, 47 to 200 ppm being mildly pungent, 200 to 1667 ppm being
moderately pungent, 1667 to 4667 being highly pungent, and >5333 ppm being very highly pungent.
According to the literature, bell-type peppers are nonpungent, whereas all other pepper types listed
in the table vary considerably in degree of pungency. The unknown cultivars of “Cascabel,” New
Mexican, and “Pasilla” are the only peppers that fall within the mildly pungent category. Moderately
pungent peppers include most New Mexican cultivars, several jalapeno cultivars, cayenne cv.
Cayenne Short, cherry cv. Hot Cherry Pepper, C. baccatum cv. unknown, C. frutescens cv. Tabasco,
and C. pubescens cv. unknown. Highly pungent peppers include most cayenne cultivars, “DeArbol”
cv. Chile DeArbol, several jalapeno cultivars, New Mexican cv. NewMex Centennial Chile, several
serrano cultivars, and “yellow mushroom” and C. Cardenasii cv. unknown. C. chinense cultivars
and one jalapeno cv. JM are considered to be very highly pungent.

In addition to genetics, pepper pungency is influenced by many factors, including fertilization
practices, environmental growing conditions, application of bioregulators, and maturity. As dem-
onstrated in Table 9.5, plant breeders have successfully developed pepper cultivars with varying
levels of pungency. Genetic manipulation of pungency levels in peppers is important for various
food and pharmaceutical applications. Development of heatless and mild jalapenos117 has enabled
processors of salsa and picante sauce to strictly control the pungency levels of their products. Mild,
medium, and hot pungency levels in salsas are controlled through the addition of known amounts
of capsaicinoid oleoresins. Conversely, plant breeders have developed pepper types with extremely
high levels of capsaicinoids for use in skin ointments for pain relief and for manufacturing aerosol
sprays designed to incapacitate aggressive criminals.

Environmental stresses incurred during growth including excessive variation in water, temper-
ature, and fertility generally lead to increased capsaicinoid synthesis. Peppers grown in hot weather
generally have higher capsaicinoid content than peppers grown in cool weather. Water deficit or
excess will also induce stress and capsaicinoid synthesis. Extreme variation in capsaicinoid content
may occur between plants grown in the same field due to differences in environmental conditions.
New Mexican chile-type peppers grown in the same field in different plots differed by 400 ppm
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(6000 Scoville units) in total capsaicinoid content.118 Fertilization practices have been shown to
influence capsaicinoid content in pepper fruit. Plants receiving up to 48 kg/ha of phosphorus at
varying levels of nitrogen (0, 80, 100 kg/ha) had elevated levels of capsaicinoids.28 A combination
of 100 kg/ha N and 48 kg/ha P resulted in the highest capsaicinoid content. In another study
involving jalapeno peppers, cv Jalapa, increasing levels of N at the time of transplanting resulted
in increased capsaicinoid content, with the highest level obtained at a rate of 15 mM.119 Mineral
supplementation of Padron peppers with 0.1 g of 13N–40P–13K during vegetative growth and
15N–11P–15K during flowering also resulted in increased capsaicinoid content.120 Plant age also
influences capsaicinoid content. Capsaicinoids typically reach maximum levels around 28 to 50 d
after flowering, and then levels stabilize or decline gradually as fruit ripens.99,121 Thus, immature
fruit within the same plant may have higher capsaicinoid content and heat levels than more mature
fruit. In Capsicum annuum cv. Padron fruit, the levels of capsaicin, dihydrocapsaicin, and soluble
phenolics increase in concentration from the bottom to the top of the pepper, which may be
associated with greater light intensity incurred by apical fruit.122 In contrast to this study, Zewdie
and Bosland123 measured the pungency of fruits from different nodes of chile plants. They found
that the most pungent fruits came from the lower or earliest nodes and suggested that the higher
pungency was due to less fruit on the plant and that early fruits received most of the nutrients
needed for capsaicinoid biosynthesis. Loss of capsaicinoids during pepper ripening may reflect
increased peroxidase activity.121 A peroxidase isoenzyme B6 was shown to oxidize phenolic pre-
cursors of capsaicin, indicating that phenylpropanoid intermediates of capsaicin biosynthesis may
compete with capsaicin for synthesis of lignin-like substances in the cell wall.124 Application of
bioregulators may also affect capsaicinoid content. Ethephon applied at 1000 and 3000 μl/l increased
capsaicinoid content of cayenne peppers by 50%.125 However, the treatment does not appear to be
commercially feasible due to fruit damage and yield loss.

A. EFFECTS OF POSTHARVEST HANDLING AND PROCESSING

Capsaicinoid content of pepper fruit is affected by food-processing conditions. Freezing and canning
of jalapeno peppers resulted in total capsaicinoid losses of 43.8 and 33.1%, respectively, whereas
cooking resulted in an increase of 19.2%.126 Loss of capsaicinoids may be attributed to leaching
during water blanching, residual enzyme activity, or liberation from complexed compounds during
pasteurization. In another study, losses of capsaicin and dihydrocapsaicin in pasteurized yellow
wax peppers after 4 months storage were 30 and 10%.41 Calcium chloride brine treatment, which
is commonly used as a firming agent, did not affect capsaicinoid losses in pasteurized yellow wax
peppers stored for 4 months. In contrast, the capsaicinoid content of jalapeno peppers was unaffected
by blanching and pasteurization steps.42
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I. INTRODUCTION

 

Osteoarthritis (OA) is a common, chronic, musculoskeletal disorder. It is the most common form
of arthritis and its prevalence increases with age. It is also referred to as degenerative-joint disease
and is characterized by degeneration of the cartilage with reactive formation of new bone at the
articular margins. This degeneration and new bone formation results in pain and stiffness of the
affected joints.

 

1

 

 OA was viewed traditionally as a passive process of joint wear and tear. However,
it is now considered a metabolically active process with both anabolic and catabolic activity.

 

1

 

 Joints
commonly affected are the hands, knees, hips, and the cervical and lumbar spines, and OA is often
associated with significant disability and an impaired quality of life. Risk factors include age,
gender, ethnicity, genetic profile, hormonal status, bone-mineral density (BMD), and nutritional
factors. Obesity, joint injury and deformity, sports participation, muscle weakness, and occupational
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factors are also associated with OA. There is no known cure.

 

1

 

 The goals of management include
reduction of pain and maintenance or improvement of joint function. The management of OA is
broadly divided into pharmacological and non-pharmacological treatments. Exercise, patient edu-
cation, telephone support, and weight reduction are safe nonpharmacological approaches. Pharma-
cological therapy includes paracetamol, NSAIDs, intra-articular therapy, and surgical treatment.

 

1

 

Nutritional health and lifestyle interventions do not receive sufficient attention.

 

II. OSTEOARTHRITIS

A. E

 

PIDEMIOLOGY

 

OA is a major cause of pain and disability in the general population. According to the Australian
Burden of Disease Study,

 

2

 

 OA is the tenth leading cause of disease burden in Australia. It is also
the fourth most common cause of years lost due to disability. According to the 1995 National
Health Survey,

 

3

 

 about 6.4% of the Australian population have OA. It is the ninth most prevalent
long-term condition reported by Australian patients. According to the World Health Report 1997
of the World Health Organization,

 

4

 

 up to 40% of people over 70 years of age suffer OA of the
knee. Almost 80% of patients with OA have some degree of limitation of movement, and 25%
cannot perform daily life activities.

 

B. P

 

ATHOGENESIS

 

OA is not a passive joint wear-and-tear process but a metabolically active process. Its pathogenesis
involves both biomechanical and biochemical changes in cartilage and subchondral bone, resulting
in cartilage destruction.

 

5

 

 Cartilage is composed of water, collagen, and proteoglycans. Collagen
provides strength and proteoglycans supply distensibility and adequate hydration. The cells of
cartilage (chondrocytes) are responsible for the synthesis and catabolism of the extracellular matrix.
In healthy cartilage, there is a dynamic balance between cartilage degradation by wear and its
production by chondrocytes.

 

5

 

 However, this process becomes disrupted in OA, leading to increased
degenerative changes including disruption of collagen network and depletion of proteoglycans,
leading to breakdown of cartilage.

 

5

 

 This is accompanied by an abnormal bone-remodeling repair
process, which then leads to formation of subchondral cysts and osteoaphytes. Synovial inflammation
produces increased levels of cytokines such as interleukin 1 (IL-1) and tumor necrosis factor alpha
(TNF-

 

α

 

) which stimulate the production of metalloproteinase and nitric oxide production inducing
degradation of cartilage. Interleukin 6 (IL-6) in combination with mechanical stresses also induces
cytokine receptors which bind to IL-1 and TNF-

 

α

 

 within the cartilage causing further destruction.

 

5

 

C. C

 

LINICAL

 

 F

 

EATURES

 

The main symptoms of OA are pain and joint stiffness which are exacerbated by exercise and
relieved by rest. This may lead to a sedentary lifestyle, depression, and sleep problems, especially
in the elderly.

 

6

 

 The pain can range from poorly localized, asymmetric, and episodic pain in the
early course of the disease to an increase in severity and frequency of pain as the disease progresses.
Stiffness is common in the affected joints. It usually occurs in the morning or after inactivity.

 

6

 

 Joint
crepitus, swelling, inflammation, synovitis, and joint effusion may also be present but swelling,
inflammation, and joint effusion are often seen in more advanced stages of OA. Inflammation, if
present, is usually mild and localized to the affected joint. Eventually, joint mobility may be limited,
which can lead to joint deformity.

 

6

 

D. D

 

IAGNOSIS

 

Diagnosis is based on a patient’s history of symptoms, physical examination, and radiographic
assessment. Physical findings include tenderness on pressure, bony enlargement, crepitus on motion,
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and limitation of range of motion. The radiographic changes associated with OA include joint-
space narrowing, increased density of subchondral bone, and the presence of osteophytes.

 

7

 

 However,
the correlation between the clinical presentation of the disease and radiographic changes varies
considerably among patients. Some patients with radiographic evidence of advanced joint degen-
eration have minimal symptoms, whereas other patients with minimal radiographic changes have
severe symptoms. Blood tests are not useful for diagnosis because there are no associated laboratory
test abnormalities for OA.

 

7

 

III. RISK FACTORS

 

The development of OA is due to the interaction of both systemic factors and local biomechanical
factors.

 

8

 

 Systemic factors operate by influencing a person’s predisposition to develop the disease,
making the cartilage more vulnerable to daily injuries and less likely to repair whereas local
biomechanical factors result in abnormal biomechanical loading at specific joint sites. Once sys-
temic factors are in place, local biomechanical factors then begin to play a role in joint breakdown.

 

8

 

Systemic factors include age, gender, ethnicity, genetic profile, hormonal status, bone-mineral
density (BMD), and nutritional factors. Age, gender, ethnicity, and genetic profile are unchangeable
although hormonal status, BMD, and nutritional factors are alterable. Local biomechanical factors
include obesity, joint injury and deformity, sports participation, muscle weakness, and occupational
factors. They are potentially preventable. Ultimately, all these factors will determine the site and
severity of OA and can influence either the development of OA or its subsequent progression.

 

9

 

A. A

 

GE

 

 

 

AND

 

 G

 

ENDER

 

The prevalence of OA is based on age and gender. OA increases with age and women show a
higher prevalence than men. Before 50 years of age, men have a higher prevalence than women,
but after 50, women have a greater prevalence and incidence of OA than men. This gender difference
in prevalence increases with age. Incidence and prevalence of OA then level off or decline in both
genders at about 80 years.

 

9

 

 The ageing process increases the propensity for osteoarthritis through
cartilage calcification, reduced chondrocyte function, reduced joint proprioception, and increased
laxity around the joints.

 

9

 

B. O

 

BESITY

 

Obesity is the strongest modifiable risk factor for OA. Literature has shown that being overweight
is strongly and positively associated with the development of knee OA.

 

10–13

 

 Moreover, being
overweight increases the risk of progression of knee OA.

 

14,15

 

 However, the increased risk for knee
OA among overweight persons is greater in women than men.

 

11,15

 

 The relationship between obesity
and hip OA is inconsistent.

 

8

 

 Some studies show no relationship.

 

16–18

 

 They do reveal that the load
on the hip with excess weight is substantially lower than the load on the knee.

 

6

 

 Obesity may act
by increasing mechanical stress in weight-bearing joints and increases the risk of developing
progressive OA.

 

19

 

C. B

 

ONE

 

-M

 

INERAL

 

 D

 

ENSITY

 

An inverse relationship between osteoporosis and OA has been discovered in which persons with
osteoporosis have a decreased occurrence of OA, and persons with OA have a reduced occurrence
of osteoporosis. Cross-sectional studies have linked OA with high bone density.

 

20

 

 In the Study of
Osteoporotic Fractures,

 

21

 

 women with hip OA had an 8% to 12% increase in bone density compared
with women without OA. Women with knee OA also appear to have relatively high bone density.

 

22

 

Furthermore, a study found that women with knee OA maintained or increased their bone-mineral
density over 3 years of follow-up when compared with women without knee OA.

 

23

 

 However,
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although high bone-mineral density increases the risk for development of OA, it may be a protective
factor for the progression of established OA mainly due to its effect on reducing the risk of joint-
space loss.

 

24

 

D. H

 

ORMONES

 

The high incidence of OA in women after age 50, which is about the age of menopause, suggests
that estrogen loss may play a role in causing the disease.

 

6

 

 However, the literature regarding hormone-
replacement therapy and OA is contradictory.

 

25

 

 Several studies have reported a reduction in the
risk of knee and hip OA with hormone-replacement therapy (HRT).

 

26–30

 

 All five studies demonstrated
an inverse relationship between HRT and the prevalence of OA. Moreover, the incidence of knee
and hip OA is significantly reduced among long-term users in both the Framingham Study

 

27

 

 and
the Study of Osteoporotic Fractures.

 

26

 

 In contradiction, HRT leads to higher bone density which
can increase the risk for knee and hip OA. Studies have also reported a positive association between
OA and estrogen use.

 

13,31

 

 This indirect effect of estrogen could counteract the protective effect of
estrogen on OA suggested by other studies. Thus, these conflicting reports of estrogen suggest the
need for additional research to elucidate the mechanisms involved.

 

E. O

 

CCUPATIONAL

 

 F

 

ACTORS

 

A systematic review of occupational risk factors and knee and hip OA was published in 1997.

 

32

 

Of the 123 studies conducted on risk factors for OA, 17 studies provided a comparison group and
related OA to occupational factors. This review has the following conclusion: (1) a consistently
positive relationship exists between occupational exposure and knee OA in men, (2) the evidence
suggesting a relationship between knee OA and occupational exposure in women was inconclusive,
(3) a consistently positive but weak relationship exists between occupational exposure and hip OA
in men,

 

32

 

 and there is a significant relationship between occupational kneeling and osteoarthritis.

 

33,34

 

From 1994 onwards, five studies were identified.

 

33–37

 

 The characteristics of the studies are
shown in Table 10.1. Three studies concerned the knee, one concerned the hip, and one concerned
both joints. Four studies were case-control studies and one study was a cross-sectional study. The
results of the studies demonstrated a positive association between several physical activities with
joint exposures and OA. However, the results differed somewhat between the genders. Two studies
found that kneeling and squatting were risk factors for knee OA in men.

 

33,35

 

 Climbing stairs was
found to be a risk factor for knee OA in men in two studies.

 

33,36

 

 For women, one study found that
kneeling, squatting, and walking were risk factor for knee OA.

 

33

 

 Climbing stairs was also found
to be a risk factor for knee OA in women in three studies.

 

33,35,36

 

 Two studies found that lifting heavy
objects was a risk factors for knee OA in both men and women.

 

35,36

 

 Two studies found that
floorlayers, construction workers, forestry workers, and farmers were more likely to develop knee
OA.

 

34,35

 

 For hip OA, one study found that climbing stairs was a risk factor in men and lifting heavy
objects was a risk factor in women.

 

36

 

 Another study found that lifting heavy objects was also a risk
factor and that sitting was a protective factor in women.

 

37

 

 The results of these studies provide
further evidence to support the role of occupational physical activities in the occurrence and
progression of OA.

 

F. S

 

PORTS

 

 P

 

ARTICIPATION

 

 

 

AND

 

 T

 

RAUMA

 

Participation in certain competitive sports increases the risk of OA.

 

9

 

 Sports activities that demand
high-intensity, acute, direct joint impact as a result of contact with other participants, playing
surfaces, or equipment can increase the risk of OA, such as football and soccer. Men with a history
of knee injury were 5–6 times more likely to develop OA.

 

33

 

 OA develops at a younger age and is
likely to lead to lengthy disability and unemployment.

 

33
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G. M

 

USCLE

 

 W

 

EAKNESS

 

Quadriceps muscle weakness is common in patients with knee OA.

 

9

 

 It is generally thought to be
the result of disuse and atrophy as a result of minimum use of the painful limb. However, in patients
with knee OA who have no joint pain and whose quadriceps muscle mass is not diminished,
quadriceps weakness can be evident even if the quadriceps muscle mass is normal or increased.

 

9

 

H. G

 

ENETICS

 

 

 

AND

 

 E

 

THNICITY

 

There are many genes linked to OA, and children of parents with early-onset OA are at a higher
risk of developing it themselves.

 

9,11

 

 Twin studies suggest that there is a strong genetic susceptibility
to the disease. OA is more common in Europeans than in Asians, and OA of the hand is more
common in European women than in women of Afro-Caribbean descent.

 

9

 

I. N

 

UTRITIONAL

 

 F

 

ACTORS

 

 — V

 

ITAMIN

 

 S

 

UPPLEMENTS

 

There are multiple mechanisms by which nutrients can affect either the initiation or progression
of OA. Various nutritional factors may influence OA in at least four ways: protection from excessive
oxidative damage, modulation of the inflammatory response, cellular differentiation, and biological
actions related to bone and collagen synthesis.

 

38

 

 Antioxidants including vitamin A, C, and E have
been identified as having a potential for antioxidant activity in OA. Vitamin D may also play an
important role in OA through bone mineralization, cellular differentiation, and proprioception
responses. There have been very few studies of nutritional factors in OA and none have demonstrated
any influence on incident knee OA.

 

38

 

There is no protective association between dietary or supplemental retinal or 

 

β

 

-carotene on
either incident OA or progression of OA reported in the literature.

 

38

 

 In the longitudinal Framingham
Knee OA Cohort Study,

 

39

 

 a threefold reduction in risk of OA progression was observed in partic-
ipants in the middle tertile (adjusted OR = 0.3, 95% confidence interval [95% CI] 0.1–0.8) and
highest tertile (adjusted OR = 0.3, 95% CI 0.1–0.6) of vitamin C intake. Participants in the highest
tertile of vitamin C intake also had a reduced risk of developing knee pain (adjusted OR = 0.3,
95% CI 0.1–0.8) during the course of the study. A reduction in risk of OA progression was also
seen for 

 

β

 

-carotene (adjusted OR = 0.4, 95% CI 0.2–0.9) and vitamin E intake (adjusted OR = 0.7,
95% CI 0.3–1.6) but was less consistent, in that the 

 

β

 

-carotene association diminished substantially
after adjustment for vitamin C, and the vitamin E effect was seen only in men. However, no
significant association was observed for incident knee OA and vitamin C.

 

39

 

Again, in the longitudinal Framingham Knee OA Cohort Study,

 

40

 

 the risk for progression of
knee OA increased from threefold to fourfold for participants in the middle and lower tertiles for
both vitamin D intake (odds ratio for the lower compared with the upper tertile, 4.0 [95% CI,
1.4–11.6]) and serum levels of vitamin D (odds ratio for the lower compared with the upper tertile,
2.9 [CI, 1.0–8.2]). However, no effect was observed for vitamin D status on the risk of incident
knee OA. The authors concluded that low serum concentration and low intake of vitamin D both
seem to be associated with an increase in the risk of knee OA progression.

 

40

 

 A few years later,
Lane and colleagues found a threefold increase in the risk of incident hip OA in participant subjects
in the middle (odds ratio [OR] 3.21, 95% CI 1.06, 9.68) and lowest (OR 3.34, 95% CI 1.13, 9.86)
tertiles for serum level of 25-vitamin D, providing further evidence that vitamin D status may
protect against osteoarthritis.

 

41

 

 Vitamin D deficiency is an independent predictor of falls in older
people and is linked to fragility fractures.

 

42

 

There have been few clinical studies of vitamin E activity in relation to OA. A study randomly
assigned 29 OA patients to treatment with either tocopherol 600 mg/d for 10 d or a placebo.

 

43

 

 The
authors found that 52% of those receiving vitamin E had significant reduction in pain compared
with 4% of those receiving placebo. Unfortunately nutritional modalities are underutilized in the
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OA-management algorithm. There is a need for a number of large, well-designed clinical nutritional
studies to determine the mechanisms involved.

 

IV. MANAGEMENT

 

There is no known cure for OA. The goals of OA management are mainly reduction of pain,
maintenance or improvement of joint function, and overall improvement in health-related quality
of life.

 

44

 

 OA management includes a combination of non-pharmacological, pharmacological, and
complementary therapies.

 

A. N

 

ONPHARMACOLOGICAL

 

 T

 

REATMENTS

 

Nonpharmacological treatment is the essential component of OA management and should be
maintained throughout the treatment period, according to the American College of Rheumatology.

 

45

 

These treatment paradigms include 

 

exercise, patient education

 

 and 

 

support, weight loss, mechanical
aids

 

, and acupuncture. Nonpharmacological and complementary therapies should be utilized before
commencement of pharmacological treatment. 

Exercise should be the leading nonpharmacological intervention for arthritis patients. Exercise
is the most effective and inexpensive intervention in OA.46 The goals of an exercise program are
to maintain range of motion, muscle strength, and general health.7 Therefore, there are three
categories of therapeutic exercise: range of motion and flexibility exercise, muscle conditioning
and strengthening exercise, and aerobic cardiovascular exercise.44 Aerobic exercises such as swim-
ming, walking, and water aerobics can improve cardiovascular fitness, the sense of well-being and
mental function, and reduce disability, depression and anxiety. Resistance exercise that increases
muscle strength can improve joint function and mobility. Recently, the American Geriatrics Society
published recommendations on exercise prescription for older adults with OA pain.47 Maintenance
of quadriceps strength is important in knee OA.6 Quadriceps weakness is commonly found in knee
OA, suggesting that the weakness may be due to muscle dysfunction and that weakness may be a
risk factor for disease progression.48 Therefore, exercise directed toward increasing quadriceps
strength and strengthening the quadriceps muscles is beneficial.

A systematic review of randomized controlled trials on the effectiveness of exercise therapy in
patients with hip or knee OA concluded that exercise therapy was effective in these patients.49

Eleven trials were reviewed.50–58 The characteristics of the studies are summarized in Table 10.2.
Pain, self-reported disability, observed disability in walking, and the patient’s global assessment of
effect were used as outcome measures. The result of the review demonstrated beneficial short-term
effects of exercise therapy in patients with knee OA and, to a lesser extent, in patients with hip
OA (one study). There was a small beneficial effect of exercise therapy on both self-reported
disability and observed disability in walking, small-to-moderate beneficial effect on pain, and
moderate-to-great beneficial effect according to patients’ global assessment of effect. However,
there was no information available on long-term effects of exercise therapy. Comparison of the
effectiveness of different exercise programs remained inconclusive.49

Recently, a number of studies have demonstrated the effectiveness of exercise therapy for the
treatment of OA, and the results of some of them are quite interesting and worth reviewing.50–64

The characteristics of these studies are also shown in Table 10.2. One study found that low-intensity
cycling (40% of heart rate reserve (HRR) for 10 weeks was as effective as high-intensity cycling
(70% of HRR) in improving function and gait, decreasing pain, and increasing aerobic capacity in
older subjects.59 Cycling did not increase acute pain in either group. Another study58 randomly
allocated elderly patients (mean age, 73 years) with knee OA to a progressive, home-based exercise
program, including resistance and strengthening, or to a control program of range-of-motion
exercises without resistance. Both groups were given a standard dosing of NSAIDs and allowed
escape analgesia with paracetamol. Although both groups improved from baseline during the 8-
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week study, those with the progressive exercise program using common items in the home showed
greater reduction in activity-related pain and greater improvement in mobility and walking mea-
sures. There appears to be a beneficial short-term effect of exercise therapy in patients with knee
OA and, to a lesser extent, in patients with hip OA. Further research is needed to study the long-
term effectiveness of exercise therapy, effectiveness of exercise therapy in patients with hip OA,
and comparison of effectiveness of different exercise programs.49

Patient education is important for patients with OA and their families so that they develop an
understanding of the disease and how to avoid major disability by slowing disease progression.
Psychological support is essential.65 Patient education has been shown in randomized controlled
trials to be cost-effective and associated with reduced pain and improved quality of life.66–71 Table
10.3 shows the characteristics of the randomized controlled trials of patient education in manage-
ment of OA. A meta-analysis comparing the effects of patient-education interventions and NSAIDs
treatment on pain and functional disability in patients with OA identified ten controlled trials.72

The authors concluded that patient education provided additional benefits that are 20 to 30% as
great as the effects of NSAID treatments for pain relief in OA. The Arthritis Foundation Self-
Management Program is one such program. These programs include information about disease
processes, medications, and their actions and reactions, together with goal setting for exercises and
pain-management strategies.73

Telephone support is another cost-effective non-pharmacological approach for patients with
OA.45 Telephone support has been shown to benefit reducing pain and improving functional status
without a significant increase in costs.74–78 Social support through telephone counseling demon-
strated significant improvements in functional status, reduced health care costs, total health status
as measured by the Arthritis Impact Measurement Scales (AIMS), Sickness Impact Profile (SIP),
and Life Change Events (LCE).74–78

Weight loss is an important strategy as weight gain is an important modifiable risk factor for
knee OA. The ACR guidelines recommend that overweight patients with hip or knee OA lose
weight.45 Studies have shown that weight loss can slow progression and show improvement in
symptoms of knee OA.79–81 The Framingham study demonstrated that modest weight loss reduced
the risk of developing symptomatic OA of the knee in women.11 In the management of OA, weight
reduction should play a key role as should exercise. Pain and disability can preclude regular exercise,
thus weight loss can also be accomplished through dietetic consultation, food diaries, cognitive
behavior modification, and reduced energy intake.

Mechanical aids such as shock-absorbing footwear reduce the impact of load on the knee joint.
Proprioception is improved and pain is reduced by heel wedging, and walking sticks can provide
safe and functional assistance on movement.82 Unfortunately, there is only anecdotal and historical
evidence of benefit because of the paucity of well-designed studies. Physiotherapy and occupational
therapy assessment is recommended for functional limitations.82

Acupuncture is a component of the Chinese health care system that can be traced back at least
2000 years. The general theory of acupuncture is based on the premise that there are patterns of
energy flow through the body that are essential for health. Acupuncture is believed to correct the
imbalances in the flow of this energy.83 The result of a systematic review84 on the effectiveness of
acupuncture as a complementary treatment for OA is inconclusive. The characteristics of some of
the studies85–90 are summarized in Table 10.4. If only the evidence from randomized controlled
trials is considered, the following conclusion can be drawn. Acupuncture is not superior to sham-
needling (sham-needling is the needling of nonacupuncture points and represents the attempt to
find a credible ‘placebo’ for acupuncture) in reducing pain from OA. Both reduce pain with similar
effects. This could either mean sham-needling has specific effects similar to those of acupuncture
or that both methods are associated with considerable and similar nonspecific effects.84

A more recent systematic review on the effectiveness of acupuncture for knee OA identified
seven trials.91 These trials demonstrated that there was strong evidence that real acupuncture was
more effective than sham acupuncture for knee OA pain. However, from a practical viewpoint,
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there was inconclusive evidence that real acupuncture was more effective than sham acupuncture.91

Therefore, there is moderately strong evidence from controlled trials to support the use of acu-
puncture as an adjunctive therapy for OA.

B. PHARMACOLOGICAL TREATMENTS

Pain is the primary symptom of OA, and multiple medications are available to relieve pain and
improve function. In 2000, both the American College of Rheumatology (ACR)45 and the European
League of Associations of Rheumatology (EULAR) 92 published recommendations for the use of
pharmacological treatment for hip and knee OA. Since then, an updated systematic review, epide-
miologic studies, and clinical trials have been published. The results of these reviews, studies, and
trials raise issues regarding the validity of the ACR and EULAR recommendations. Pharmacological
treatments include paracetamol, NSAIDs, topical analgesics, COX-2 inhibitors, intra-articular ther-
apies, and surgical treatments.

Paracetamol is the preferred initial treatment, with doses of up to 1 g four times a day. It is
safe and well tolerated by older age groups. Both the ACR and the EULAR guidelines recommend
it as initial therapy.45,92 Many elderly patients have common comorbidities that place them at risk
of side effects and drug interactions from other medications. Paracetamol at the therapeutic dosage
mentioned has an excellent safety record. It has a narrow therapeutic and toxicity range so that a
modest overdose may be associated with hepatic toxicity.93 Other studies suggest that paracetamol
is preferred to nonsteroidal anti-inflammatory drugs (NSAIDs) in treating patients with chronic
liver disease. Paracetamol is thought to inhibit central cyclo-oxygenase (COX) with only a weak
effect on peripheral prostaglandin synthesis. 94, 95

Nonsteroidal anti-inflammatory drugs (NSAIDs) have been found to have equal efficacy to
paracetamol in most patients. Both the ACR and EULAR recommendations stated that patients
with OA who fail to respond to full doses of paracetamol should be considered as candidates for
NSAIDs.92,95,96 There is good evidence for the efficacy of NSAIDs compared to both paracetamol
and placebos in patients with OA.97–99 However, there is no consistent evidence suggesting that one
NSAID is superior to another in relieving pain in patients with OA.97–99 Traditional nonselective
NSAIDs are associated with an increased risk for serious upper gastrointestinal complications,
including bleeding and perforation; nephrotoxicity, including acute renal insufficiency; and con-
gestive heart failure and adverse reproductive outcomes.100

The use of topical analgesics, such as capsaicin cream, is appropriate for persons with mild-
to-moderate knee OA pain who do not respond to paracetamol and do not wish to take systemic
therapy.45 A thin film of capsaicin cream should be applied to the symptomatic joint four times
daily. It generally requires consistent use over time to be effective.101 Topical NSAIDs are used by
patients who do not wish to use or cannot tolerate NSAIDs systemically. There is some systemic
absorption but no excess risk of upper-GI bleeding.101

Cyclooxygenase-2 (COX-2) inhibitors celecoxib and refecoxib are drugs that should be used
for OA patients who are at increased risk of serious upper gastrointestinal complications and where
NSAIDs are contra-indicated. Both celecoxib and rofecoxib have been found to be more effective
than placebos and comparable in efficacy to NSAIDs.100 The results of two large long-term outcome
studies, the Celecoxib Long-term Arthritis Safety Study (CLASS)102 and the Vioxx Gastrointestinal
Outcomes Research Study (VIGOR),103 found that both celecoxib and rofecoxib are associated with
a significantly lower risk for symptomatic and complicated gastroduodenal ulcers. These data
suggest an advantageous safety profile in comparison with nonselective NSAIDs. Moreover, they
appear to be better tolerated at doses recommended for treatment of OA and neither has a significant
effect on platelet aggregation or bleeding time. Therefore, they are preferable to nonselective
NSAIDs for OA patients with increased risk for upper gastrointestinal complications. However, as
with nonselective NSAIDs, COX-2 inhibitors can cause renal toxicity.104 An alternative to the use
of COX-2 inhibitors is the use of nonselective NSAIDs with gastroprotective agents.45 Because the
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adverse upper GI events attributed to NSAIDs in the elderly are dose-dependent, nonselective
NSAIDs should be started in low, analgesic doses and increased to full anti-inflammatory doses
only if lower doses do not provide adequate symptomatic relief. If the patient is at increased risk
for a serious upper GI adverse event, gastroprotective agents should be used even if nonselective
NSAIDs are given at low dosage. Regular monitoring of elderly patients taking COX-2 inhibitors
is necessary for intercurrent illness, comorbidities, and new prescriptions that may reduce the safety
of COX-2 inhibitors. COX-2 inhibitors are contraindicated for OA patients at risk of ischemic heart
disease and stroke.104

Intraarticular therapy, in the form of injection of corticosteroids, is indicated for acute knee
OA pain, especially in patients with signs of joint inflammation and joint effusion. Although it is
effective in reducing pain, the effect is short-term.45 Clinical trials have shown that the improvement
of symptoms is marginally better than placebos and usually does not last more than a few weeks.
However, there is the likelihood of infection and joint damage from repeated injections. Therefore,
no more than four injections should be given in 1 year because of the possibility of joint damage.

Intraarticular injection of hyaluronan is used only for persons with knee OA. Hyaluronan is a
substance found naturally in synovial fluid. In people with OA, there is a reduced concentration of
hyaluronan, resulting in low-viscosity synovial fluid and an increase in cartilage loading. The viscous
injections are intended to substitute for the hyaluronan normally found in the joint. The results of
randomized controlled trials suggest superior pain relief to placebos and comparable with, or greater
than, that with intraarticular corticosteroids injection but with a longer duration of action.45

Surgical treatment, such as total joint replacement, is indicated for patients with moderate-to-
severe pain and functional impairment who have failed to respond to medical therapy.45 In a study
of the outcome of knee replacement, patients reported having significant and persistent relief of
pain, improved physical function, and satisfaction for at least 2 to 7 years after surgery.105 Knee-
replacement procedures have also been shown to be cost effective.106,107 However, timing of the
surgery is important. A study found that subjects with poor functional status at the time of surgery
had a worse outcome than subjects operated on at an earlier stage.108

C. COMPLEMENTARY THERAPIES

McAlindon and Felson have demonstrated that OA subjects whose diets are richer in antioxidants,
such as vitamin C, vitamin D, and green tea, have slower progression of joint space narrowing on
x-ray over long-term follow-up.109 Whether these agents can alleviate the symptoms of arthritis or
prevent joint damage is not clear. However, well-designed prospective randomized controlled studies
are needed to develop an understanding of the mechanisms involved.

Omega-3 long-chain polyunsaturated fatty acids (n-3 LC PUFA) dietary supplements have
been shown to significantly improve tender joint scores and duration of early-morning stiffness in
OA.110,111 The mechanism involved in n-3 LC PUFA supplementation is based on the fact that
dietary n-6 and n-3 fatty acids are the primary modulators of the lipid composition of membrane
phospholipids. Fatty acids in the membrane phospholipids are the precursors of prostaglandins and
eicosanoids, which are important mediators of inflammation, cytokine synthesis, and cell commu-
nication.112 The modern Western diet contains an excess of n-6 fatty acids and a low level of n-3
fatty acids.113,114 Supplementation of n-3 LC PUFA in conjunction with a high dietary intake of n-
6 fatty acids is not effective in increasing cellular levels of n-3 LCPUFA.115,116 The key to supple-
mentation is to limit the intake of n-6 fatty acids in the diet so that the n-6 to n-3 balance approaches
1.117 There is considerable variation in activity of the prostaglandins and eicosanoids derived from
n-6 fatty acids and n-3 LCPUFA. The n-6 derived eicosanoids exhibit proinflammatory activities,
potent chemotactic activity, vasodilation, and increased vascular permeability.112 The n-3 LC PUFA
derived prostaglandins and eicosanoids are anti-inflammatory and much less active, as well as being
poorly synthesized. Thus, n-3 LC PUFA supplementation can alter the balance of n-6 to n-3
prostaglandins and eicosanoids to produce decreased inflammatory activity.117 Fish oil supplemen-
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tation at the rate of 20 to 40 mg/kg body weight/day, in conjunction with a diet low in n-6 PUFA
and saturated fat, leads to a significant incorporation of N-3 LC PUFA in membrane phospholip-
ids.110 n-3 LCPUFA in membrane phospholipids suppress the production of inflammatory cytokines
such as IL-1 and TNF-α, which induce cartilage degradation and destruction.112 This study suggests
the need for further clinical trials in nutritional regimens in OA.

A systematic review of randomized controlled trials on the effectiveness of herbal medicines
or symptomatic slow-acting drugs for OA (SYSODOA) in the treatment of OA118 indicated 10
trials and 2 systematic reviews of 11 different herbal medicines. A summary of the studies is shown
in Table 10.5. The review found promising evidence for the effective use of some herbal preparations
in reducing pain and improving mobility, function, and disability in OA. There is moderately strong
evidence for usage of capsaicin cream119,120 for the relief of OA symptoms. There is promising
evidence for avocado and soybean unsaponifiables (ASU).121,122 There is weak evidence for
Reumalex,123 willow bark,124 common stinging nettle,125 and the ayurvedic herbal preparation
Articulin-F.126 However, there is no evidence for clinically significant benefits for ginger extract.127

“Weak evidence” describes herbs with a single randomized controlled trial with significant results;
“promising evidence” describes herbs with two favorable trials; “moderately strong evidence”
describes herbs with three or more favorable trials.118

Capsaicin is derived from hot chili peppers. It is used as a topical analgesic for a variety of
conditions characterized by pain. The results of a meta-analysis119 and an RCT120 for the treatment
of OA with topically applied capsaicin have shown that capsaicin cream can significantly reduce
the pain associated with OA.118 Avocado and soybean unsaponifiables (ASU) is the extract of
avocado and soya bean made of unsaponifiable fractions of avocado oil and soya bean oil. The
results of two RCTs have shown that ASU could significantly improve hip or knee OA symptoms
and reduce patients’ NSAID consumption.121,122 In addition, there is evidence suggesting that some
herbal medicines reduce the consumption of NSAIDs121 and the incidence of adverse effects for
these herbal medicines was low, suggesting that they are relatively safe. In conclusion, some herbal
medicines have proved to be effective for the treatment of OA and are relatively safe. Therefore,
they may be employed to lower the consumption of NSAIDs and thus reduce the adverse effects
of NSAIDs, particularly when comorbidities are involved.118

Glucosamine sulfate and Chondroitin sulfate are nutritional supplements available as over-
the-counter preparations and are used to relieve musculoskeletal symptoms. Glucosamine is an
amino sugar precursor to the glycosaminoglycans that form a component of the articular cartilage
proteoglycans, and chondroitin sulfate is one of the glycosaminoglycans found in articular cartilage.
A meta-analysis and quality assessment of 15 double-blind, randomized, placebo-controlled trials
of glucosamine and chondroitin sulfate concluded that these supplements are likely to be effective
for symptomatic management of OA. However, the authors were reluctant to draw any firm con-
clusions because of insufficient information about the study designs and potential for publication
bias as most of the trials are industry supported.128 The characteristics of the studies on glucosamine
sulfate129–136 and chondroitin sulfate137–140 are summarized in Table 10.6. A systematic review studied
16 double-blind, randomized, controlled trials involving the use of glucosamine for the treatment
of OA. The conclusion of this review was that glucosamine was effective and safe in OA. All but
one of the 13 studies in which glucosamine was compared with placebos proved glucosamine to
be superior in pain relief. The characteristics of the studies are shown in Table 10.6.141

A recently published randomized, double-blind placebo controlled trial study142 is the first long-
term study evaluating the efficacy of glucosamine sulfate on OA. It has shown that glucosamine
has a beneficial effect in retarding generative joint changes and improving symptoms in patients
with knee OA. This study followed 212 patients with knee OA for 3 years. They were randomly
assigned to take either 1500 mg oral glucosamine sulfate or a placebo once daily for 3 years. Main
outcome measures were joint-space width, assessed by radiographs and symptoms scored by the
Western Ontario and McMaster Universities (WOMAC) Osteoarthritis Index. The 106 patients
receiving glucosamine sulfate had a non-significant mean joint-space loss of 0.06 mm (95% CI,
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0.22–0.09). The 106 patients receiving placebos had progressive joint-space narrowing, with a mean
joint space loss after 3 years of 0.31mm (95% CI, 0.48–0.13). Symptoms were significantly
improved in the glucosamine sulfate group compared with the placebo group, with significant
improvement in pain and physical function. The authors concluded that the long-term combined
structure-modifying and symptom-modifying effects of glucosamine sulfate suggest that it could
be a disease-modifying agent in OA.142 Possible mechanisms of action of glucosamine and chon-
droitin sulfate include stimulating proteoglycans synthesis in articular cartilage and inhibiting the
enzymes that destroy the cartilage. Therefore, glucosamine may act to relieve symptoms, increase
cartilage production, and delay OA progression.44

V. LIFESTYLE AND NUTRITIONAL INTERVENTIONS — 
THE WHOLE PICTURE

OA is primarily a condition of an aging, overweight population and evidence suggests that increased
body weight can cause and accelerate the development of OA. The prevalence of OA is likely to
increase in Western societies as overweight people and obesity become more common. The asso-
ciation between obesity and the increased incidence of OA has been documented.6–9 What is unclear
is whether patients with OA are predisposed to obesity due to reduced physical activity or whether
obesity contributes to the development of OA. Prospective longitudinal studies have demonstrated
that being overweight or obese precedes the development of OA of the knee.11,12

In a recent descriptive cross-sectional study, 50% of subjects were obese (BMI >30) and 75%
of subjects were assessed as being at moderate to high nutritional risk, despite their obesity. This
assessment was made using the Australian Nutrition Screening Initiative (ANSI) tool. Approxi-
mately 33% of subjects reported eating alone, changes in eating habits causing weight change in
the past 6 months, and 25% indicated that their OA interfered with shopping, preparing, and
consuming food.143 Overweight people and obesity are associated with greater risks of high blood
pressure, coronary heart disease, type II diabetes mellitus, and some cancers. These comorbidities
and the pharmaceutical load involved add to the problem of OA in the elderly. Important aspects
of OA management should start with patient education, encouraging a well-balanced diet, weight
loss, exercise, social interaction, and referral for routine nutritional assessment and advice (see
Figure 10.1).143

Physical activity levels (PAL) involving joint-specific exercises reduce pain and improve func-
tion in patients with knee OA.144 Exercise can involve joint-specific strength exercise, motion
exercise, and general aerobic conditioning, which can be offered in group activities or by a home-
based, self-directed program. The effectiveness of home-based exercise of knee OA has been
demonstrated,62,64 showing reduced pain scores and improved function. Aerobic and isokinetic
exercise have been effective in reducing pain and improving gait and function.60,61,63 Health-
promotion campaigns exhort individuals to increase their PAL, lose weight, lead a healthy lifestyle,
and avoid risky behavior. Research suggests that as weight increases, so do the health risks.143 The
promotion of healthy lifestyles and reduction of risky behavior can cause “risk fatigue” by asking
too much of people in a climate where social trends run contrary to health messages, making
compliance more difficult (see Figure 10.1).143 

VI. CONCLUSIONS

For optimal results, management of OA requires a cohesive, multidisciplinary, and individualized
approach. Patients need to be involved in their management plan, and as the disease progresses or
comorbidities develop, the management plan may need to be revised. These patients may be at risk
of poor nutritional health despite being overweight as obesity often masks nutritional risk. Weight
loss can ameliorate the symptoms of OA and slow disease progression. Routine nutritional assess-
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ment and dietary advice should be available to all OA patients. Continued research is needed to
evaluate the efficacy of interventions to treat OA, particularly in the older population, which has
varied responses to many of the current treatment paradigms.
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I. INTRODUCTION

 

Rheumatoid arthritis (RA) is a chronic, debilitating, and progressive condition that affects the
physical, emotional, and social well-being of the RA patient and associated family members. The
disease is primarily treated in an ambulatory care setting, and the clinical course of RA is charac-
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terized by highly variable periods of remission and relapse with some patients stabilized while
others develop aggressive disease.

 

1

 

 Patients with RA require continued drug treatment to alleviate
symptoms and to delay disease progression. Most of the drugs used are expensive and have
significant side effects which involve damage to the liver, kidneys, gastrointestinal tract, and eyes.

 

2

 

The physical and psychological implications are fatigue, lethargy, depression, and hand handicap,
as well as modified appetite, nausea, vomiting, taste changes, and altered nutrient metabolism.

 

3–6

 

Changes such as these add to the detrimental effects of accepted RA pharmacologically based
therapies. Chronic diseases such as cardiovascular disease and diabetes mellitus utilize a therapeutic
dichotomy of drug therapy and dietary manipulation. This combination of therapies is not common
practice in RA treatment modalities.

Rheumatologists are generally unwilling to embrace dietary manipulation, perhaps because of
the abundance of fads and myths concerning dietary therapy and the willingness of RA patients to
experiment with any regime that promises to improve quality of life. This negative response by
rheumatologists squanders the limited available opportunities for conveying positive health mes-
sages and the encouragement of self-efficacy. Comorbidities have a significant effect on the outcome
of RA, which is associated with increased morbidity and mortality from infection, neoplasm, renal
disease, and iatrogenic consequences of the rheumatoid treatment.

 

7–9

 

 Cardiovascular disease in RA
patients occurs in a similar proportion to that of the general population; however, it is the most
common cause of rheumatoid death. Patients with RA have a life expectancy of between two and
18 years less than the general population, with death from cardiovascular disease an important
determinant of the excess mortality.

 

10,11

 

 Traditional risk factors such as smoking, hypertension,
hyperlipidemia, and diabetes are associated with 50% of all cardiovascular events, and inflammatory
processes appear to be involved.

 

12,13

 

 A chronic inflammatory response may promote the development
of accelerated atherogenesis, thus active treatment is necessary to reduce the risk of cardiovascular
disease complications.

 

14

 

 Seropositivity for rheumatoid factor, late disease onset, and male gender
all appear implicated in mortality and cardiovascular events.

 

10

 

 Smoking and obesity are risk factors
for all causes of ill health; however, smoking adversely influences the severity of RA and may be
a risk factor in the development of 

 

de novo

 

 cases of RA.

 

12

 

 The morbidity and mortality risk in the
RA population is further exacerbated by lifestyle effects such as lack of exercise with associated
obesity and poor diet, which often develops through progressive disability.

Lifestyle and behavioral changes are difficult for most people but particularly those with chronic
diseases. The role of education and self-management is accepted and has been validated in the
management of other chronic diseases such as diabetes and cardiovascular disease. Similar princi-
ples can be applied to rheumatic diseases, particularly RA, to enhance self-efficacy, and to reduce
pain and disability.

 

13

 

There is ample evidence in epidemiological, clinical, and mechanistic studies to support life-
enhancing dietary advice for RA patients. Diet is a universal exposure for all people, and any
improvement achieved by dietary manipulation of the RA patients’ diet has the potential to
reduce the required pharmacological therapies. Anti-inflammatory dietary regimens including
omega-3 fatty acids, Mediterranean diet, probiotics, and vitamin D have demonstrated health
enhancing benefits.

 

15–19

 

II. RHEUMATOID ARTHRITIS

A. E

 

PIDEMIOLOGY

 

 

 

OF

 

 RA

 

Several incidence and prevalence studies of RA during the past decades suggest that there is
considerable variation of the disease occurrence among different populations. Normally, disease
occurrence can be determined through the measurement of incidence of RA (the rate of new cases
arising in a given period) and prevalence (the number of existing cases). Both methods of mea-
surement present difficulties because of the low overall incidence of RA, necessitating large sample
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sizes with prolonged follow-up times to ensure statistical precision. The incidence-rate trend
suggests that the incidence and severity of RA is declining.

 

20

 

 The annual incidence rate for RA
cases diagnosed between 1950 and 1974 has been given as 0.5/1000 for females and 0.2/1000 for
males, with an increasing incidence continuing into the seventh decade of life.

 

21

 

 The use of the
1987/1991 ARC criteria to classify RA has resulted in a decrease in the annual incidence rate for
females to 0.36/1000 and 0.14/1000 for males. The incidence for males increased with age whereas
females plateaued between the ages of 45 to 70.

 

21

 

 Symmons and coworkers claim that the prevalence
in Caucasian, European, and North American populations ranges from 0.5% to 2.0% for those over
15 years of age, with age-specific prevalence rates increasing as RA patients age.

 

22

 

 

 

Ipso facto,

 

 the
incidence and severity of RA may be declining over time; evidence suggests that the nature of this
change is complex. Seropositive, erosive, and nodular disease in individuals with RA peaked in
the 1960s and has declined since.

 

23,24

 

There are a number of geographic variations observed world wide. The prevalence estimates
for Europe, North America, Asia, and South Africa are quite similar at 0.5% to 1%. Some North
American Indians have a disease prevalence of 5%, whereas other native North American Indian
populations have a very low prevalence (<0.4%).

 

25

 

 Solomon and colleagues maintained that the
prevalence in urban black African populations suggests a rate similar to Europeans, whereas rural
African populations show a very low prevalence.

 

26

 

 Low prevalence rates have been reported from
Chinese and Indonesian populations,

 

27,28

 

 Schichikawa and colleagues reported a low prevalence in
RA of 0.4% in Japan.

 

29

 

 Roberts-Thomson and Roberts-Thomson found no evidence to suggest that
RA in Australian aborigines occurred before and during the early stages of white settlement.

 

30

 

Comparisons of prevalence then become problematic if there is a change in the incidence and
severity of RA; furthermore, it becomes difficult to determine whether global variations in preva-
lence are due to environmental or genetic factors.

 

B. P

 

ATHOGENESIS

 

RA is an autoimmune disease, characterized by a chronic inflammatory synovitis of unknown
origin. The distinctive features of RA are chronic, symmetrical, and erosive arthritis of the peripheral
joints. Previously, RA has been regarded as a benign, nonfatal disease; however, it is now accepted
that RA reduces life expectancy by two to 18 years in both men and women.

 

11–13

 

 Twice as many
women as men are affected.

 

31

 

 The peak onset of RA is in the fourth and fifth decade of life.

 

31

 

Mortality rates are higher in those patients who have more persistent joint inflammation, seropos-
itivity for rheumatoid factor (RF), functional loss, and lower levels of education.

 

32

 

 RA patients
experience a range of lifestyle diseases, as do the general population; however, they die at a younger
age.

 

9

 

 The primary risk factors for reduced longevity are the greater number of involved joints,
cardiovascular comorbidities, older age, lower education level, and poor functional status.

 

33

 

 Care
of patients with RA requires regular monitoring of disease progression and the effects of treatment.
Both regular monitoring and the cost of pharmacological therapies, as well as the deleterious effect
of these drugs, make expenditure on this group a major component of health care costs.

 

34

 

 New
treatment modalities are proving to be very expensive to develop and use.

 

35

 

It is difficult to define RA because there is no single clinical, laboratory, or radiological marker
that is specific for the disease. The difficulty posed by the need to classify RA results from the
wide range of presentation modes in which RA presents as inactive, mild and self-limiting, or quite
severe.

 

36

 

 Additionally, there is a need to distinguish RA from a range of other destructive arthro-
pathies to determine the use of appropriate pharmacological-based therapies.

 

C. C

 

LINICAL

 

 F

 

EATURES

 

The most common form of disease onset involves pain and joint swelling over a number of weeks.
The usual presentation is that of polyarthritis affecting the small joints of the hands and feet and
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one or more of the large joints

 

37,38

 

 Inflammatory symptoms, such as pain, heat, swelling, and
functional loss, are usually apparent on onset and are predominant in early RA.

 

39,40

 

 If the inflam-
mation and the resultant synovitis remain persistent and uncontrolled, joint damage ensues with
deformity, malalignment, and instability (Figure 11.1). Other synovial sites that are commonly
affected are the bursae and tendon sheaths.

 

41,42

 

 The deterioration of tendons and their sheaths, as
well as ligament laxity, leads to the typical rheumatoid deformity in hands and feet. Palpable
thickening or nodality of tendons is common and may cause obstructive symptoms such as “lock-
ing.” Tendon rupture can occur if the inflammatory tenosynovitis erodes through the tendon.
Compressed nerves by synovitis are common and evident in the compression of the median nerve
in the carpal tunnel.

 

43

 

Typical rheumatoid deformities of the hand include the ulnar drift of the fingers, swan neck
and boutonniere deformities in the fingers, and the Z deformity of the thumb. Tendon rupture of
the extensor tendons of the thumb and third, fourth, and fifth fingers can occur. Rheumatoid
involvement of the thoracic and lumbar spine is rare, but the cervical spine can be involved.

 

36

 

 This
may lead to compression of the spinal cord resulting in neck pain and stiffness, sensory loss,
abnormal gait, and loss of bladder control. Herniation of the knee capsule posteriorly (Baker’s cyst)
can develop and rupture into the calf muscle. The most commonly involved joints of the feet and
ankles are the metatarsophalangeal joints and the ankle joints.

 

36

 

Extraarticular features of RA involve the skin, eyes, and cardiovascular system, and respiratory
system, neurological, and hematological areas.

 

44

 

 The systemic symptoms are usually weight loss,
malaise, lethargy, and fatigue. Fever is not usually present. Many of the extraarticular features such

 

FIGURE 11.1

 

Comparison of structure in the normal joint and the rheumatoid joint.
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as vasculitis, nodules, and lung disease correlate with the presence of RF and severe joint involve-
ment. Rheumatoid nodules, although a characteristic of RA, occur in less than 50% of patients. Sicca
symptoms (dry eyes) as a manifestation of Sjogren’s syndrome are common. Interstitial lung disease
and inflammatory pericarditis are frequently found at autopsy of 50% of rheumatoid patients.

 

45,46

 

D. D

 

IAGNOSIS

 

The diagnosis of RA is a clinical diagnosis.

 

36

 

 There are no laboratory tests, historical, or x-ray
images that indicate the definitive diagnosis. When RA is suspected a number of tests should be
performed. RF is found in the serum of 80% of RA patients. Its presence supports the clinical
diagnosis and has a prognostic value as its presence correlates with disease severity. Erythrocyte
sedimentation rate (ESR) is usually elevated when RA is active; however, some patients may
occasionally have a normal ESR.

 

1–20

 

 C-reactive protein (CRP) is used to monitor the level of
inflammation and the response to treatment. Radiography can detect the earliest changes in RA,
such as soft-tissue swellings. Subsequently, x-rays can detect erosive disease.

 

47

 

 RA diagnosis usually
involves morning stiffness in and around the affected joints, generally lasting for at least 1 h, and
at least three joint areas manifesting soft-tissue swelling or fluid accumulation. There are 14 possible
affected joint areas: these are the right and left proximal interphalangeal joints, metacarpophalangeal
joints, wrist, elbow, knee, ankle, and metatarsophalangeal joints.

 

48

 

 Early diagnosis of RA is impor-
tant if remission and prevention of joint destruction are to be achieved. These goals may be reached
using the conventional disease modifying antirheumatic drugs (DMARDs), nonsteroidal anti-
inflammatory drugs (NSAIDs), or biological agents. For RA with a severe prognosis, DMARDs
or biological agents can be initiated as first line therapy.

 

49

 

III. RISK FACTORS

A. A

 

GE

 

 

 

AND

 

 G

 

ENDER

 

Twice as many women as men are affected by RA and the peak onset of RA is in the fourth and
fifth decade of life.

 

31

 

 Mortality rates are higher in those patients who have more persistent joint
inflammation and seropositivity for RF, functional loss, and lower levels of education.

 

50

 

 There is
some evidence that the incidence in Western populations may have fallen in young women during
the 1960s and 70s. The peak age of incidence is now in the group older than 50 (postmenopausal),
whereas previously peak age of incidence was younger (perimenopausal).

 

31

 

 Estrogen and low
testosterone levels appear to be implicated as risk factors for RA.

 

31–33

 

B. G

 

ENETICS

 

Family genetic studies provide compelling evidence that there is a genetic influence in RA. Aho
and his group maintain that twin studies can be prone to biased assessment.

 

51

 

 However, when
Silman and coworkers examined disease concordance rates between monozygotic twins of 12% to
14% and dizygotic twins of 4%, and compared them with the background disease prevalence of
approximately 1% for nonrelatives, genetic factors appear to contribute to disease risk.

 

52

 

 This twin
and familial clustering provide some evidence for a genetic origin of RA. Nepom’s group suggest
that multiple genes are involved with the histocompatibility locus antigen (HLA) region on the
chromosome.

 

53

 

 On chromosome 6, the class II major histocompatibility complex (MHC) has a
HLA–DR region that is located in the HLA DRB1 locus. DR4 is the serological marker associated
with HLA DRB1 locus. The genetic susceptibility of Caucasians in North America and Europe has
been identified by the presence of four DR4 positive alleles, Dw4, DR 1.1, DRw15, and Dw14.2.
Gao and coworkers suggest that individuals who exhibit HLA–DRB/DR4 have a fivefold relative
risk of developing RA compared to individuals in the general population.

 

54

 

 According to Weyard’s
group, not all individuals exhibiting this genetic susceptibility develop RA.

 

55

 

 The Japanese have a
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relatively high prevalence of HLA–DRw15 (which infers susceptibility) but paradoxically, display
a low prevalence of RA.

 

29

 

 Studies of the Hong Kong Chinese population suggest that PDCD1
polymorphisms and haplotypes are involved as a susceptibility gene for RA.

 

56

 

C. E

 

NVIRONMENTAL

 

 F

 

ACTORS

 

Spector’s group claim that the strongest candidates for environmental triggers of RA are the sex
hormones.

 

57

 

 This is suggested by the marked female excess in both the incidence and prevalence
of RA. It has been noted that the symptoms of RA often abate during pregnancy, with a subsequent
flare in the postpartum period. The factors responsible for remission include estrogen levels and
increased levels of pregnancy-associated glycoprotein. Spector’s group also maintain that RA occurs
less frequently in women taking the oral contraceptive pill (OCP), suggesting that the OCP may
have a protective effect.

 

58

 

 Studies on the effect of hormone replacement therapy (HRT) do not
provide a clear association with risk.

 

59,60

 

 In males, low testosterone levels are implicated with RA,
however it is unknown whether the low testosterone levels occur as a result of the disease effect
or before the initiation of RA.

 

61

 

Researchers have postulated that RA is induced in genetically predisposed individuals by many
different arthrogenic agents such as bacteria and viruses. The implicated viruses include retrovi-
ruses, Epstein-Barr virus, rubella virus, and parvovirus. Candidate bacteria are mycoplasma, myco-
bacteria, and some enteric organisms.

 

62–65

 

 Additionally a number of studies have suggested a
relationship between socioeconomic status, occupation, urban, industrialized environments, and
RA. Data gathered from the Norfolk Arthritis Register suggests that there is no association between
risk of RA and indicators of socioeconomic status.

 

22

 

 A more generalized association between RA
and urban, industrialized environments has been proposed but results appear to be in conflict.

 

66

 

Data on lifestyle factors provide conflicting information; however, increased risk of RA is associated
with cigarette smoking according to studies conducted by Silman and coworkers.

 

67

 

 Analysis by
Pincus and his group contradicts Symmons’ group by claiming that social conditions and self-
management are the more powerful determinants of health.

 

22,68

 

 It is possible that social conditions
and self-management may reflect the lifestyle factors in the Silman studies.

 

D. I

 

NFLAMMATION

 

Inflammation in RA is not self-limiting as it is in generalized infection, it is a chronic inflammatory
process.

 

69

 

 Inflammation of the synovial membrane in RA is mediated by specialized cells necessary
for an immune response.

 

70

 

 The most prominent features are the accumulation of mononuclear
phagocytes, lymphocytes, and leucocytes in the proliferating tissue.

 

70

 

 Proinflammatory and prolif-
erative signals are transmitted to bone marrow and synovial membranes with the resultant mono-
clonal stimulation of specific cell lines and synovial proliferation in the inflamed joint

 

70

 

 (Figure
11.1). Angiogenesis, synovial hypertrophy, and increased perfusion facilitate the accumulation of
inflammatory cells.

 

71

 

 Proinflammatory signals are mediated by metabolites of arachidonic acid, an
omega-6 fatty acid.

 

72

 

 Eicosanoids such as prostaglandins, thromboxanes, and leukotrienes derived
from arachidonic acid stimulate the formation and activity of adhesion molecules, cytokines,
chemokines, and colony stimulating factors.

 

73

 

 Dietary means to mitigate inflammation comprise
the reduction of arachidonic acid and increase in the intake of eicosapentaenoic acid, an omega-3
fatty acid, as well as antioxidants.

 

74–76

 

Manipulation of the inflammatory response by fatty acids is achieved through fatty acid con-
version to eicosanoids.

 

73

 

 These eicosanoids mediate platelet activation and inflammation and, more
importantly, omega-6 and omega-3 fatty acids have quite different biological activities

 

73

 

 (Figure
11.2). Eicosanoids derived from omega-6 fatty acids are referred to as the series 2 eicosanoids,
which are proinflammatory, whereas the eicosanoids derived from omega-3 fatty acids are series
3 eicosanoids, which are anti-inflammatory or comparatively inactive. An example of the effect of
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omega-3 fatty acids on eicosanoids is the low incidence of myocardial infarction among Eskimos
of Greenland and the Japanese, both of whom have a substantial fish intake. The preventative effect
of a low omega-6 and high omega-3 dietary intake is apparent in the Japanese and again in the
Eskimos with a low incidence and prevalence of RA.

 

75

 

 Cytokines mediate protective immune
responses and are responsible for harmful tissue destruction when produced in excessive amounts.

 

77

 

Cytokines are soluble proteins, produced by cells as a result of activation by specific stimuli.
Cytokines influence the activity of cells, which express receptors to which they can bind. In binding
to these receptors, cytokines are capable of acting in both a paracrine and autocrine manner.

 

77

 

The proinflammatory cytokines that are implicated in RA are TNF-

 

α

 

, IL-1

 

β

 

, and IL-6. TNF-

 

α

 

 is produced mainly by activated neutrophils, monocytes, and macrophages to initiate bacterial
and tumor-cell killing, increase adhesion-molecule expression, stimulation of T and B cell function,
upregulation of MHC antigens, and initiation of the production of IL-1

 

β

 

 and IL-6.

 

78–80

 

 TNF-

 

α

 

 is
the important link between the specific immune response and inflammation, through its action on
both natural and acquired immunity. The production of TNF-

 

α

 

 is beneficial in inflammation that
is self-limiting; however, overproduction (as is the case in RA) can be problematic because of
TNF-

 

α

 

 involvement in endotoxic shock, adult respiratory stress syndrome, and other inflammatory
conditions.

 

81

 

 IL-1

 

β

 

 shares many of the proinflammatory effects of TNF-

 

α

 

.

 

78

 

 TNF-

 

α

 

. is produced
mainly by activated monocytes and macrophages. IL-1

 

β

 

 stimulates T and B lymphocyte prolifer-
ation and the release of other cytokines such as IL-2 and IL-6, as well as inducing hypotension,
fever, weight loss, neutrophilia, and acute-phase response. IL-6 is produced mainly by activated
monocytes and macrophages in response to IL-1 and TNF-

 

α

 

. IL-6 modulates T and B lymphocyte
function and shares many of the TNF-

 

α

 

 and IL-1 functions.

 

82

 

An important, but often overlooked biochemical effect of omega-3 fatty acid dietary intake,
is the significantly reduced expression of TNF-

 

α

 

 and IL-1

 

β

 

 by monocytes when stimulated 

 

in
vitro

 

.

 

83–85

 

 This has been demonstrated in a number of human studies.

 

86–90

 

 These results correlated
with cellular levels of eicosapentaenoic acid (20:5n-3 and the competitor omega-6 form, arachi-

 

FIGURE 11.2

 

Dietary mitigation of inflammation.
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donic acid (20:4n-6). Clearly, n-3 fatty acids do influence the functional activities of cells of the
immune system, although a number of conflicting observations have been made. These fatty
acids appear to alter the production of mediators involved in communications between cells of
the immune system (eicosanoids, cytokines, NO).

 

91,92

 

 Omega-3 fatty acids also appear to alter
the expression of key cell-surface molecules involved in direct cell-to-cell contact (adhesion
molecules).

 

93

 

 The production of cytokines and NO is regulated by eicosanoids and, therefore, n-
3 fatty acid-induced changes in the amount and types of eicosanoids produced could partly
explain the effects of n-3 fatty acids. It is clear that the effects are exerted in an eicosanoid-
dependent manner (Figure 11.3).

 

79,90

E. COMORBIDITIES

Patients with RA exhibit a triad of conditions that are characterized as rheumatoid cachexia.49,94–96

These conditions are lower than normal body-cell mass, elevated resting-energy expenditure, and
elevated whole body-protein catabolism, which results in skeletal muscle wasting, reduced muscle
strength, and reduced quality of life in RA patients.97–99 Additionally, the loss of cell mass is
accompanied by a trend toward higher fat mass, which has a detrimental effect on health.95,100 The
degree of disordered metabolism in patients with RA correlates with the level of TNF- and IL-1β
produced.95 Patients who have better control of inflammation exhibit protein and energy metabolism
similar to those of healthy subjects.96 Thus, RA patients with less control over inflammatory
symptoms, despite the use of DMARDS, can do little to reverse rheumatoid cachexia.

The combination of decreased body-cell mass and physical activity levels is a powerful force
in favor of fat accumulation, which leads to the problem of obesity and cardiovascular disease
comorbidities. There is no evidence that the reduction in joint pain or the control of RA inflammatory
activity can reverse the sedentary lifestyles of RA patients. Concern about obesity in RA is warranted
because low muscle mass and increased fat mass can contribute to an increased risk of disability,
as well as an increased risk of cardiovascular, metabolic, and osteoarthritic complications.101

FIGURE 11.3 Biochemical effect of omega-3 fatty acid influence on functional activity of cells of the immune
system.
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Rheumatoid patients are at increased risk for cardiovascular disease (CVD), comorbidity, and
death.102,103 Comprehensive cardiovascular risk assessment comprises both determination of lipo-
protein profiles in the individual patient and identification of other components of the metabolic
syndrome.104 In RA, the acute phase response is associated with low-density lipoprotein (LDL) and
high-density lipoprotein (HDL), as well as insulin resistance (IR).105–109 Subtle dyslipidemia predicts
atherosclerosis in RA.110 The acute phase response, body mass index (BMI), insulin resistance,
HDL, triglycerides, and blood pressure interlink in RA in the same manner as the metabolic
syndrome.107,108 C-reactive protein (CRP) may directly contribute to atherosclerosis.111 Disease-
modifying antirheumatic drugs (DMARDs) may have an attenuating effect on CVD risk and death
in RA.112 Use of methotrexate in RA was associated with a 70% reduction in risk for cardiovascular
death due to the action of methotrexate on inflammation.113

IV. MANAGEMENT

A. NONPHARMACOLOGICAL TREATMENT

Pain and decreased mobility associated with RA have a significant impact on quality of life in RA
patients. These patients are far less active than the general population, so are at risk of additional
conditions such as obesity, heart disease, diabetes mellitus, and hypertension.114 Nonpharmacolog-
ical treatments, including physiotherapy and occupational therapy, have been assigned a comple-
mentary role in the management of RA. Unfortunately, because of the dearth of research in the
rheumatoid cohort there are still major challenges associated with these therapies, and they have
not been considered as an automatic adjunct to pharmacological therapies. These challenges are
the result of the lack of strong evidence associated with exercise and patient education. There is a
lack of knowledge of models of nonpharmacological care, management of research, and the
translation of research results to provide clinically useful evidence for treatment.115

RA disrupts physiological functions as well as musculoskeletal structures; this is evident in
reduced muscle mass, strength, and BMD, which predisposes patients to falls and bone frac-
tures.116–119 Osteoporosis in RA patients is generalized and associated with decreased physical
activity, impaired function, disease duration, and the inflammatory process itself.118–122 Use of
corticosteroids enhances the BMD decrease.123 A vicious cycle of loss of muscle strength, functional
capacity, and BMD in RA patients is further exacerbated by generalized fatigue, thus limiting
physical activity. This results in the RA patient performing activities of daily living and professional
duties at a higher percentage of their maximum physiological reserve.124 Alternatively, poor physical
fitness and a sedentary lifestyle are associated with increased morbidity and mortality.125,126 Phys-
iotherapy, occupational therapy, and rehabilitation applications significantly augment medical ther-
apy by improving the management of RA and reducing handicaps in activities of daily living.127

Physiotherapy modalities include cold/heat applications, electrical stimulation, and hydrotherapy.
Rehabilitation treatment techniques for the RA patient comprise joint protection strategies, exercise,
and patient education.128

Patient education programs have a modest but significant short-term benefit on patient knowl-
edge and behavior.129 The sociopsychological factors affecting the disease process, such as poor
social relations, disturbance of communication patterns, unhappiness, and depression, are all com-
mon problems with RA patients. Patients who have participated in patient education programs have
demonstrated improvement in disability associated with the disease, psychosocial interaction, and
clinical prognosis.130

There is strong evidence that exercise for RA patients is an important factor in chronic disease
development and subsequent quality of life issues.114 However, the evidence to support the appro-
priate type of exercise and intensity in RA patients is lacking. Munneke demonstrated that the
perceived benefit of exercise in the rheumatoid population is a significant predictor of exercise
participation.131 Perceived benefit by RA patients can be positively reinforced by physiotherapists
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and rheumatologists when research clarifies the appropriate exercise. Attending an educational-
behavioral joint protection program significantly improves joint protection adherence and maintains
functional ability long term.132,133 Hydrotherapy of moderate intensity significantly improves muscle
endurance in the upper and lower extremities in patients with RA.134 Hydrotherapy increases range
of movement (ROM), strengthens muscles, relieves painful muscle spasms, and improves quality
of life.135 Moderate or high intensity strength-training programs have better training effects on
muscle strength in RA patients than lower intensity programs. The type of exercises, intensity, and
frequency of training are key factors in the effectiveness of training, and it is essential to maintain
the regime to obtain long-term benefits.136–138

Cold and hot application modalities are the most commonly used physical regimes in RA. Cold
applications are used for acute stages of the disease, whereas hot applications are used in chronic
disease stages. Heat applications can achieve analgesia and relieve muscle spasm.139 Transcutaneous
electrical nerve stimulation (TENS) is a short-acting therapy (6 to 24 h). The most beneficial
frequency is 70 Hz. TENS cannot be used in every painful joint simultaneously, thus it is disad-
vantageous for patients with polyarticular involvement. Studies demonstrate TENS efficacy in
analgesia, pain relief, swelling, and improvement in ROM.140

Rehabilitation techniques mainly involve rest and splinting, occupational therapy assistive
devices, and adaptive equipment.141 Various reports illustrate the benefit of wrist splints in the
control of pain and inflammation, as well as the prevention of deformity development.142,143 Patient
compliance with splints can sometimes be an issue when orthoses are large or hard, generate heat,
or interfere with ROM.142–144 Occupational therapy improves the functional ability of RA patients.
The assistive devices and adaptive equipment benefit joint protection and energy conservation in
arthritic patients; they also reduce functional deficits, diminish pain, and maintain independence
and self-efficacy.145

Therapeutic exercises are beneficial in RA patients when muscle weakness occurs as a result
of immobilization or reduction in activities of daily living. Maintenance of normal muscle strength
is important for physical function, joint stability, and injury prevention, particularly falls. The
beneficial effects of therapeutic exercise develop through augmenting physical capacity rather than
by ameliorating disease activity.146 In establishing an exercise program for RA patients, consider-
ation must be given to local or systemic joint involvement, stage of disease, age of the patient,
compliance, and duration and severity of the exercise should be adjusted according to the patient
needs. ROM exercises, stretching, strengthening, aerobic conditioning exercises, and activities of
daily living can be used as components of the therapeutic exercise program.146–147

B. PHARMACOLOGICAL TREATMENT

1. Treatment Paradigms

Current therapies have various degrees of efficacy, but toxicity frequently limits long-term usage.
Although the etiology of RA is still unknown, increasing knowledge and understanding of mech-
anisms underlying the pathogenesis of RA has facilitated selective targeting of the pathogenic
elements of RA. These include cyclo-oxygenase type 2 inhibitors, adhesion molecules, T cells, B
cells, cytokine receptors, chemokines, angiogenesis, oral tolerance antigens, costimulatory mole-
cules, and new disease-modifying antirheumatic drugs. Improved efficacy is expected with more
aggressive targeting of the pathogenic elements of the disease.148

The biomedical model has been successful in the treatment of infectious diseases; however,
Engel suggested that this model had limited merit in the treatment of RA, a chronic noninfectious
disease.149 McCarty describes treatment choices as being nonsteroidal anti-inflammatory drugs
(NSAIDs), including aspirin for 2 years, followed by another NSAID after 2 years of treatment,
then gold after 2.5 years, antimalarials after 4.5 years, and immunosuppressive drugs after 8.5
years.36 A reassessment of the traditional biomedical model for RA in the early 1980s caused a
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change from the paradigm based on the use of NSAIDs towards a strategy of early use of disease-
modifying antirheumatic drugs (DMARDs).29,150 The paradigm shift is based on the recognition
that NSAIDs are more toxic than originally thought, and that NSAIDs do not reduce disability as
effectively as DMARDs.151 Some DMARDs (hydroxychloroquine and sulfasalazine) are less toxic
than some NSAIDs; they reduce disability particularly if used in early treatment, and are more
effective analgesics than NSAIDs over time.150–154 Thus, the paradigm shift entails the early use of
DMARDs before joint damage occurs, in conjunction with continual and/or serial use of one or a
number of DMARDs, accompanied by careful monitoring and follow-up. DMARDs utilize a
different mode of action from that of NSAIDs. DMARDs action takes from 4 to 12 weeks to
influence symptoms; only then are they most effective in reducing abnormal levels of erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), and rheumatoid factor (RF). DMARDs are
classified according to toxicity and efficacy. Choice of DMARDs is usually determined by the
severity of RA, presence of comorbidities, age, patient expectations, and lifestyle.155,156

Corticosteroid use in the treatment of RA is generally avoided. The use of this class of drug
is controversial because of the long-term side effects that develop after prolonged use. Intravenous
pulses of corticosteroids and intraarticular injections can improve the quality of life for some
patients with RA. Corticosteroids are used in life-threatening complications of pericarditis and
vasculitis. Kirwan recommends that they are used to reduce the rate of progression of early disease
when combined with other treatments.157 Surgical treatment for RA is usually indicated when loss
of function is a major problem. Tendon rupture repair and joint replacement relieve pain and restore
function.158 Complete remission from RA is rare and generally necessitates the continued use of
DMARDs and its associated monitoring.159 Current treatments under trial are developing through
the greater understanding of the pathogenesis of RA. Some of the immunological strategies are
monoclonal antibodies to TNF-α, receptor antagonists, and antiinflammatory cytokines, which may
enable a more successful approach to the treatment of RA to be developed. However, these are
very expensive.148,160

Proactive attitudes to research are important in view of the current health policy, which is
concerned with cost containment through limiting patient access to various services. Generally,
rheumatological diseases are treated in ambulatory care settings; however, the high prevalence of
the disease, the aging of patients, and the long duration of costly management makes cost an
important consideration in the treatment of RA.34,35,159 It makes sense to incorporate complementary
therapies into the treatment regime to achieve additional amelioration of symptoms at a much
reduced cost.

C. COMPLEMENTARY THERAPIES

Dietary supplementation using omega-3 fatty acid-based supplements is the most promising area
of dietary manipulation in RA. Kremer and Bigaouette reviewed a number of studies and reported
that fish oil supplementation reduces joint pain.5 The mechanism of amelioration involves the
inhibition of proinflammatory eicosanoids and cytokines.161 Shapiro’s group, in a well-designed
population-based case control study in women, found that two or more servings of baked or broiled
fish per week are protective in RA prevention.162 A population study of a fish-eating society in the
Faroe Islands reports the prevalence of RA was 1.1%.163 The high functional capacity and lower
occurrence of rheumatoid nodules and erosions, compared with previous studies in northern Euro-
pean societies, suggest that RA takes a milder course in the Faroe Islands population. An advantage
of dietary manipulation is that the inclusion of two or more fish meals per week is an inexpensive
modifier of eicosanoid production.16,164

The fundamental tenet of dietary manipulation in RA treatment modalities is that the Western
diet is abundant in omega-6 fatty acids with minimal, often suboptimal levels of omega-3 fatty
acids. This is particularly important in relation to risk of thrombotic vascular disease, arrhythmias,
and inflammatory disorders.15 The mechanism involved is based on the fact that dietary omega-6
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and omega-3 fatty acids are the primary modulators of the lipid composition of membrane phos-
pholipids. Fatty acids in the membrane phospholipids are the precursors of eicosanoids which are
important mediators of inflammation, cytokine synthesis, and cell communication.165 The modern
Western diet contains an excess of total fat, omega-6 fatty acids and a low level of omega-3 fatty
acids.15,166,167 Dietary intake of omega-3 fatty acids, in conjunction with a high dietary intake of
omega-6 fatty acids, does not appear to be effective in increasing cellular levels of omega-3 fatty
acids.168,169 The key to successful dietary intake is to limit the level of omega-6 fatty acids in the
diet so that the omega-6 to omega-3 balance approaches 5:1, instead of the typical Western diet of
25:1.16,169 This ratio is important because the dietary ratio of omega-6/omega-3 determines the
eicosanoid series to be expressed in the inflammatory response.

The eicosanoids include entities such as prostaglandins, thromboxanes, and leukotrienes. There
is considerable variation in activity of the eicosanoids derived from omega-6 and omega-3 fatty
acids. The omega-6 derived eicosanoids exhibit proinflammatory activities, potent chemotactic
activity, vasodilation, platelet aggregation, and increased vascular permeability.165,170 The omega-3
derived eicosanoids are anti-inflammatory and much less active, as well as being poorly synthesized.
Thus, omega-3 fatty acids, when omega-6 fatty acid intake is low, alter the balance of omega-6 to
omega-3 derived eicosanoids to produce decreased inflammatory activity (Figure 11.2).169

In the past, pharmacological doses (1.0 to 7.1 g/d) of eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) derived from 16 to 20 g/d of fat, either as a triglyceride or an ethyl ester,
have been used in clinical trials with few recommendations concerning the quality of fat in the
background diet. This is an important consideration because the omega-6 fatty acid, arachidonic
acid (AA), is an EPA antagonist. Oils and spreads that are rich in the omega-9 nonessential fatty
acids such as monounsaturated olive oil and the omega-3 precursor fatty acid α-linolenic acid
(ALA) can be used to displace omega-6 fats from the diet without increasing the undesirable
saturated fatty acids. These strategies demonstrate the ability to increase the incorporation of dietary
omega-3 fatty acids into cell membranes.76,171,172

There is sufficient evidence in the literature to form the basis of a positive health message
with the potential to reduce inflammation, cardiovascular disease, and increased mortality. This
health message is to choose foods that are rich in omega-3 fatty acids (fish, products based on
omega-3 rich seeds and vegetables) and to avoid foods that are very rich in omega-6 fatty acids
(products based on omega-6 rich polyunsaturated oil, some nuts). Variety in omega-3 rich and/or
omega-6-poor foods and food products has been developed to aid dietary change. Fish oil sup-
plements can be utilized to provide an extra effect. The potential benefits of dietary manipulation
and supplementation include the amelioration of RA symptoms and a reduction in health care
costs. The most recent cost estimates of RA care (in the U.S.) for 6.5 million American RA
sufferers is $14 billion/year.35

1. Dietary Regimens

Epidemiological studies from selected geographical regions support the hypothesis that a lifelong
consumption of fish, olive oil, and cooked vegetables has an independent protective effect on the
development and severity of RA.162,173 RA in the Faroe Islands takes a milder form where the
population diet is high in fish and whale meat.163 RA prevalence is low in northwest Greece, where
there is high olive oil consumption.174 The Seven Countries Study demonstrated that the Mediter-
ranean diet was a healthy, chronic-disease prevention diet.175–177 Compared with Western diets, the
Mediterranean diet, particularly the Cretan variant, contains less red meat, more fish, uses olive oil
as the primary source of fat, and includes a moderate intake of wine.173

Rheumatologists noted that the consumption of the Cretan type of Mediterranean diet resulted
in secondary prevention of coronary heart disease and was reported to reduce the recurrence rate
of new cardiac events.177 The effect of omega-3 fatty acids on eicosanoids may explain the low
incidence of myocardial infarction in this instance as it does with Greenland Eskimos and Japanese
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populations, as both cultures have a substantial fish intake. Pathogenesis of atheromatosis involves
inflammatory processes with obvious similarities to those of rheumatoid synovitis.178 In the ath-
erosclerotic plaque microenvironment, as in rheumatoid synovitis, macrophages are the principle
inflammatory mediators with the ability to form numerous growth factors and cytokines.178 RA
patients can ameliorate rheumatoid activity and cardiac risk by the adoption of a dietary regimen
that is rich in deep sea, omega-3-rich fish, low in red meat, uses olive oil as the primary fat source,
and has ample supplies of fruit and vegetables accompanied by a moderate intake of wine.173

2. Vitamin D

Vitamin D has important functions that are unrelated to calcium and bone metabolism. This premise
is supported by the presence of the vitamin D receptor (VDR) in various tissues that are not involved
in calcium and bone metabolism.19 These additional functions include effects on immunity, muscular
strength, and coordination.19,179 VDRs are found in significant concentrations in T lymphocytes and
macrophage populations. The highest concentration of VDRs is found in immature immune cells
of the thymus and the mature CD-8 T lymphocytes. The significant role of vitamin D compounds
as selective immunosuppressants is illustrated by the ability of vitamin D to either prevent or
suppress animal models of immune disease. Results demonstrate that 1,25-dihydroxyvitamin D3
can prevent or suppress experimental autoimmune RA, systemic lupus erythematosis, type 1
diabetes mellitus, and inflammatory bowel disease. Vitamin D hormone stimulates transforming
growth factor (TGFβ-1) and IL-4, which in turn may suppress inflammatory T cell activity.180–182

Vitamin D assists with neuromuscular function.183 Vitamin D deficiency produces muscle weakness
and there is a direct correlation between serum vitamin D levels and leg muscle strength in the
elderly.183 This is particularly relevant in RA, which occurs in the fifth and sixth decade of life,
predominantly in females. Muscle strength and muscle mass decline in this cohort and are major
factors contributing to falls.179,183

3. Probiotics

Altered bowel flora may play a role in RA.18 Gastrointestinal tract (GIT) microflora are involved
in the stimulation of the immune system, synthesis of B group and K vitamins, enhancement of
GIT motility and function, digestion and nutrient absorption, inhibition of pathogens through
colonization resistance, metabolism of plant compounds/drugs, and production of short chain fatty
acids and polyamines.184,185 Many factors can harm colonies of beneficial bacteria in the GIT flora.
These include antibiotics, physiological and psychological stress, radiation, altered GIT peristalsis,
and dietary changes.

Stress can induce significant changes in GIT microflora. These changes include a significant
decrease in beneficial bacteria such as Lactobacilli and Bifidobacteria, and an increase in potential
pathogenic micro-organisms such as E. coli. The cause of these changes may be the growth-
enhancing effects of norepinephrine on gram negative micro-organisms or by stress-induced
changes to GIT motility and secretions.186

The effect of the overall diet on the composition and metabolic activities of GIT microflora
has been the subject of research for a number of years. The changing content of the diet (protein,
carbohydrate, fat, fiber) may influence the quality and quantity of colonic flora; however, compar-
isons of developed and developing cultures’ dietary patterns reveal only minor variations.187 A
recent study in animals to determine the effect of omega-3 fatty acid deficiency on rat intestinal
structure and bacterial populations demonstrated that omega-3 fatty acid deficiency caused signif-
icant detrimental changes in ileum structure and bacterial populations.188 Changes in bowel flora
and activities are now considered to be contributing factors to many chronic degenerative diseases.
There is considerable evidence in the current literature to suggest that dysbiosis is an important
clinical entity.189 Pharmacological agents, psychological stress, physical stress, and dietary factors
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contribute to dysbiosis. Diets can be manipulated, the effects of stress reduced, and pharmacological
agents used sparingly in order to minimize the effects of these factors on intestinal flora and
subsequent effect on quality of life for the rheumatoid patient.

4. Supplementation Strategies

The dietary imbalance of omega-6/omega-3 fatty acids is primarily due to a high intake of omega-
6 rich vegetable oils and a limited intake of fish and other seafood. The correction of this dietary
imbalance between omega-6 and omega-3 fatty acids may be achieved by the use of encapsulated
fish oil, and dietary fortification with omega-3 fatty acids in combination with a background diet
low in omega-6 fatty acids.190–192 Dietary manipulation can be a process of selective intake and
supplementation. In selective intake, foods that are rich sources of omega-6 fatty acids such as
safflower, sunflower, corn, grape seed and blended oils, as well as spreads derived from these oils,
are replaced with olive oil or canola oil and the associated spreads (Table 11.1). Dietary supple-
mentation of omega-3 fatty acids can be achieved through fish oil capsules and increasing intake
of omega-3 fatty acid-rich foods. Results from clinical studies suggest that the level of supplemen-
tation can be calculated as 40 mg of omega-3 fatty acids/kg body-weight per day in an active
inflammatory state. This level of omega-3 fatty acid supplementation, with a background diet <10
g/d of omega-6 fatty acids, is sufficient to achieve significant levels of cellular incorporation of
EPA.76 Foods rich in omega-3 fatty acids are listed in Table 11.1.193

V. CONCLUSION

Evidence from these clinical and biochemical studies suggests that omega-3 fatty acids derived
from fish oil do have a modest beneficial effect both for RA and CHD; however, rheumatologists

TABLE 11.1
Food Sources of n-3 Fatty Acids

Food Serving Size (g) Total n-3 (g)

Fresh raw salmon 100 3.0 
Fresh raw tuna 100 1.17
Canned salmon 100 1.4
Canned sardines 100 1.74
Canned mackerel 100 1.4
Canned tuna 100 0.2
Omega eggsa  60 0.34
Regular eggs  60 0.06
Flaxseed oil  20  11.0
Canola™ a  20 2.0
Walnut oil  20 1.6
Wheatgerm oil  20 1.4
Soybean oil  20 1.4
Gold n Canola spreada  5 0.2
Gold n Canola litea  5 0.15
Butter canola blenda  5 0.12
Linseeds  5 0.9
Walnuts  15 0.75
Pecans  15 0.16

a Functional foods.
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are unwilling to recommend fish oil supplements to their patients with RA because of the confusion
surrounding the amount to prescribe, the clinical effectiveness and efficacy, and the additional
expense of a nonpharmacological remedy. There is a need to include dietary omega-3 fatty acids,
a background Mediterranean diet, vitamin D, and probiotics to achieve an anti-inflammatory effect,
to prevent CHD, and to reduce the development of chronic diseases in the rheumatoid cohort. In
this climate of evidence-based treatment modalities there is a need to better define the overall
therapeutic effect of fish oil; to place these dietary supplements in the appropriate niche in relation
to NSAID and DMARD; to provide a formula relating to the balance of omega-3 fatty acid rich
foods (and omega-6 poor foods) to include in the diet, and the omega-6 fatty acid-rich foods to
exclude; to determine the level of fish oil supplementation related to body weight and concentration
of EPA and DHA in a supplement; to monitor background diet for omega-6 competition at the
cellular level, and to determine the critical variables that modulate the effects of dietary supple-
mentation of omega-3 fatty acids on the mechanism of inflammation. This information should be
made available to RA patients seeking advice on ways to improve their health by dietary means,
with or without conventional medications.
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I. INTRODUCTION

 

The purpose of this review is to highlight research findings on the skeletal effects of soy isoflavones
or soy protein containing isoflavones in humans. Soybeans and their constituents have been exten-
sively investigated for their role in preventing chronic disease, with particular focus on cardiovas-
cular health and cancer protection. At this junction, the role of soy in bone health deserves further
consideration. The observations suggesting that soybeans may contribute to bone health include
the low rate of hip fracture in Asians originating from the Pacific Rim,

 

1,2

 

 the effectiveness of the
isoflavone-derivative ipriflavone to prevent and treat postmenopausal osteoporosis,

 

3,4

 

 the

 

 in vitro

 

5

 

 and

 

in vivo

 

6

 

 estrogenic activity of soy isoflavones, and the lower urinary calcium losses in soy vs. animal
protein diets.

 

7

 

 However, there are caveats to these findings that do not support the role of soy
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isoflavones in bone health. Thus, evidence suggesting a bone-protective effect of isoflavone-con-
taining soy is intriguing and encouraging, but it is nonetheless speculative at this time.

This chapter focuses on prospective intervention trials, with references to observational studies.
Animal and 

 

in vitro

 

 cell studies will not be reviewed in this chapter. Data from prospective studies
have been published on the effect of soy isoflavones on bone mineral density (BMD) by dual-
energy x-ray absorptiometry (DXA), and on biochemical markers of bone turnover measured in
human blood or urine. Prior to the discussion on soy isoflavones, some background on osteoporosis
and its currently approved treatments will be provided. Readers are referred to previously published
reviews on the skeletal effects of soy isoflavones.

 

8–14

 

Phytoestrogens include several classes of plant molecules, in particular isoflavones, lignans,
and coumestans, which are structurally similar to mammalian estrogens and exert estrogenic activity
in animal and human tissues.

 

15

 

 Soy isoflavones (genistein, daidzein, glycitein), structurally similar
to 17

 

β

 

-estradiol, are hypothesized to protect against chronic diseases like osteoporosis, breast
cancer, and cardiovascular disease.

 

16

 

 Phytoestrogens are extracted from soybeans and clover and
put on the market in supplement form. However, this review focuses on soy isoflavones, because
most of the studies have been conducted on the naturally occurring nonsteroidal isoflavones that
are obtained primarily from soy foods. To date, maintenance of BMD has been found only in
women (pre-, peri-, and postmenopausal), whereas studies in men have not yet been reported.

Dietary isoflavones are weakly estrogenic, particularly in the face of endogenous estrogen
deficiency as occurs in postmenopausal women, and are thought to conserve bone through the
estrogen receptor (ER)-mediated pathway. Isoflavones exert an estrogenic effect on the central
nervous system, induce estrus, stimulate growth of the genital tract in female mice, and bind
to ERs.

 

17

 

 Isoflavones preferentially bind to ER-

 

β

 

,

 

18

 

 implying their action is distinctly different
from that of classical steroidal estrogens that preferentially bind to ER-

 

α

 

. Isoflavones are weak
agonists of 17 

 

β

 

-estradiol in bone cells, but they may act as estrogen antagonists in reproductive
tissues, indicating that the differential tissue response is due to different numbers of ER-

 

α

 

 and
ER-

 

β

 

 in various cell types. Furthermore, the stronger affinity of isoflavones for ER-

 

β

 

 compared
to ER-

 

α

 

 may be particularly important because ER-

 

β

 

 has been identified in bone tissue.

 

19

 

 Shutt
and Cox

 

20

 

 determined that the relative binding affinity of daidzein (0.1%) and genistein (0.9%)
is weak compared with 17 

 

β

 

-estradiol. Genistein has a particular binding affinity for ER-

 

β

 

 but
removing one hydroxyl group (daidzein) leads to great loss in this affinity.

 

21

 

 Thus, because
some tissues contain predominantly ER-

 

α

 

 or ER-

 

β

 

 and different isoflavones exert various
effects, isoflavones indeed may exert tissue-selective effects. Hence, isoflavones behave much
like drugs known as selective estrogen receptor modulators (SERMs). Although further study
is needed to determine which isoflavones 

 

in vivo

 

 inhibit bone resorption and which stimulate
formation,

 

 in vitro

 

 studies indicate that isoflavones both suppress osteoclastic and enhance
osteoblastic function.

 

II. EPIDEMIOLOGIC PERSPECTIVE

A. O

 

VERVIEW

 

 

 

OF

 

 O

 

STEOPOROSIS

 

Osteoporosis is a silent epidemic that afflicts 25 million, accounting for 1.5 million new fractures
each year in the U.S. alone and countless millions worldwide.

 

22

 

 Osteoporotic fractures are contrib-
uting to major increases in health-care costs and disability, with impending social implications
worldwide.

 

23

 

 Men typically develop fractures 5 years later than women,

 

24

 

 but osteoporosis afflicts
almost twice as many women as men.

 

22

 

 The longer life expectancy of women amplifies their disease
burden. Osteoporosis is estimated to cost our society $60 billion by the year 2020.

 

25

 

 Many areas
of the world are experiencing increases in hip fracture incidence, although it has stabilized in some
countries.

 

26,27

 

 The projected rise in the number of older adults could cause the number of hip
fractures worldwide to increase from an estimated 1.7 million in 1990 to a projected 6.3 million
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in 2050, with the majority of the world’s hip fractures occurring in Asia.

 

28

 

 At present, the majority
of hip fractures occur in Europe and North America, but enormous increases in the number of
elderly in South America, Africa, and Asia will shift this burden of disease from the developed to
the developing world.

 

29

 

 Effective prevention strategies will need to be designed and disseminated
in these parts of the world to prevent the expected increase in hip fractures.

Osteoporosis is defined as a “disease characterized by low bone mass and microarchitectural
deterioration of bone tissue leading to enhanced bone fragility and a consequent increase in fracture
incidence.”

 

30

 

 The World Health Organization (WHO) has developed an operational definition of
osteoporosis based on the BMD of young adult Caucasian women.

 

31

 

 Unfortunately, because of
insufficient data on the relationship between BMD and fracture risk in men or nonwhite women,
the WHO does not offer a definition of osteoporosis for groups other than Caucasian women.

 

32

 

 The
WHO defines osteoporosis as a BMD less than 2.5 standard deviations (SD) below the mean for
young women. The WHO defines osteopenia as a BMD between 1 and 2.5 SD below the mean for
young women (also referred to as a t-score). A t-score ranging from –1 SD below the mean, or
any value greater than this indicates normal BMD. Based on these cut-offs, it is estimated that 54%
of postmenopausal Caucasian women in the U.S. are osteopenic and 30% are osteoporotic.

 

33

 

 For
each SD below (–1 t-score) the mean, a woman’s risk of fracture doubles. However, a limitation
of using a cut-off is that the fracture risk varies directly and continuously with BMD,

 

32

 

 with many
risk factors being independent of BMD.

 

34

 

 Peak bone mass is the maximum BMD achieved by early
adulthood and is a key determinant of future risk of fracture. However, the age at which this occurs
differs in various populations and differs with respect to skeletal site.

 

B. C

 

AUCASIAN

 

 

 

VS

 

. A

 

SIAN

 

 P

 

OPULATIONS

 

: B

 

ONE

 

 D

 

ENSITY

 

 

 

AND

 

 F

 

RACTURES

 

Ethnic and genetic differences in bone may make some groups more susceptible than others to
osteoporotic fractures.

 

35

 

 For example, Caucasian American women are at greater risk than African
and Mexican Americans,

 

36

 

 who have lower fracture rates.

 

37

 

 Vertebral fracture incidence among
Taiwanese

 

38

 

 is comparable (18%) to that of Caucasian women, whereas hip fracture incidence
among elderly Taiwanese

 

38

 

 and those from mainland China

 

39

 

 is lower. Despite 10 to15% lower
femoral BMD than Caucasians, Taiwanese have lower hip fracture rates, which may be due to
structural differences between racial/ethnic groups. Researchers have determined hip-axis length
in premenopausal Chinese women living in Australia

 

40

 

 and women originating from the Indian
subcontinent

 

41

 

 compared with their Caucasian counterparts, indicating that structural differences
likely contribute to variations in hip fracture prevalence in distinct racial groups.

 

42

 

 Investigators
have also examined determinants of peak bone mass in Chinese women in China,

 

43

 

 risk factors for
hip fracture in Asian men and women,

 

44

 

 and the contribution of anthropometric and lifestyle factors
to peak bone mass in a multiethnic population.

 

45

 

 Some differences in osteoporotic risk among
ethnic groups are inexplicable but may be largely due to frame size differences that lead to size-
related artifacts in BMD measurements

 

46,47

 

 and to differences in hip-axis length.

 

48,49

 

 Thus, when
comparing BMD across ethnic groups, it is important to correct for frame size to accurately interpret
spinal BMD values

 

50

 

 and to consider hip geometry to accurately assess hip-fracture risk.

 

49

 

 Differ-
ences in osteoporotic risk may also be related to culture-specific dietary and exercise-related factors,
which is beyond the scope of this review.

 

C. S

 

OY

 

 I

 

NTAKE

 

, B

 

ONE

 

 D

 

ENSITY

 

, 

 

AND

 

 F

 

RACTURES

 

The low hip fracture rate among Asians has been credited to the beneficial effect of isoflavone-
containing soybeans on bone health.

 

1,2

 

 However, human studies found that isoflavone-rich soy
protein (40 g/d) intake was associated with favorable effects on 

 

spinal

 

51,52

 

 but not on 

 

femoral

 

 (hip)
bone. Also, the amount of isoflavones (in aglycone form) consumed by subjects in the high
isoflavone groups in these two studies (80 or 90 mg/d) was greater than what is typically consumed
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by either Chinese (39 mg/d)

 

53

 

 or Japanese (23 mg/d)

 

54

 

 women, or by women from a multiethnic
population in Hawaii (ranged from 5 mg/d in Filipino to 38.2 mg/d in Chinese).

 

55

 

 Nevertheless, it
is possible that lower amounts of soy isoflavones consumed over the course of many years could
have significant bone-sparing effects. Still, differences are not apparent in the spinal fracture rate,

 

56,57

 

or in lumbar spine BMD

 

47,58

 

 of Asian compared with Caucasian women. In contrast, higher spine
and hip BMD values have been reported in U.S.-born vs. Japan-born Japanese women.

 

59

 

 Many
factors may contribute to the lower hip fracture rate in Asians, notably the shorter hip-axis length
of Asians originating from the Pacific Rim.

 

48,49

 

 Other protective factors include the reduced pro-
pensity of Asians to fall

 

60

 

 and the shorter stature of Asians,

 

44

 

 although these unmodifiable factors
have little practical importance in preventing hip fractures.

A few observational studies have published data on the relationship between soy intake and
BMD, or fracture risk. Somekawa and colleagues

 

61

 

 examined the relationship between soy isofla-
vone intake, menopausal symptoms, lipid profiles, and spinal BMD measured by DXA in 478
postmenopausal Japanese women. They reported that after adjusting BMD for weight and years
since menopause, BMD values were significantly different among four isoflavone intake levels,
ranging from 35 to 65 mg/d, in both the early (

 

p

 

 

 

≤

 

 0.001) and late (

 

p 

 

≤

 

 0.01) postmenopausal
groups. The women who consumed more soy isoflavones had higher BMD values. Differences
were not significant in other characteristics (i.e., height, weight, years since menopause, lipid, or
lipoprotein concentrations) across isoflavone intakes. Another study in midlife (40 to 49 years)
Japanese women (N = 995) examined the relationship of various dietary factors (including soybean
intake) to metacarpal BMD, as measured by computed x-ray densitometry.

 

62

 

 Women who consumed
soybeans at least twice per week had greater BMD than those who had soybeans once or 0 times
per week, with this tendency (

 

p

 

 = 0.03) remaining after controlling for age, height, weight, and
weekly calcium intake. Likewise, baseline data analysis from the Study of Women’s Health Across
the Nation (SWAN), a U.S. community-based cohort study in women 42 to 52 years,

 

63

 

 revealed
that Japanese premenopausal women in the highest vs. lowest tertile of genistein intake had 7.7%
and 12% greater spine and femoral neck BMD, respectively. Among the Chinese women, no
association was found between genistein intake and BMD, probably because their median intakes
(

 

μ

 

g/d) were lower (3511) than those of the Japanese women (7151).
In the Netherlands, Kardinaal and colleagues

 

64

 

 tested the hypothesis that the rate of postmeno-
pausal radial bone loss, measured by single photon absorptiometry, is inversely related to urinary
phytoestrogen excretion as a marker of long-term dietary intake. Contrary to their hypothesis, they
reported that women with a relatively high rate (1.91 ± 0.08%) of yearly bone loss had higher
urinary excretion of enterolactone (median = 838 vs. 1108 

 

μ

 

g/g, respectively) than women with a
low rate (0.27 ± 0.08%) of loss. Colonic bacteria synthesize enterolactone from precursors found
in grains, legumes, seeds, and vegetables.

 

65

 

 However, urinary genistein, daidzein, and equol con-
centrations did not differ between the two groups of bone losers. Further, this group of women had
very low intakes of dietary isoflavones, similar to what Dutch women typically consume.

In contrast, a prospective study of soy food intake and fracture risk in approximately 75,000
postmenopausal Chinese women

 

66

 

 indicated a protective effect of soy protein intake. After adjusting
for age, BMI, energy, and calcium intake (as well as other dietary factors), lifestyle risk factors for
osteoporosis, and socioeconomic status, the relative risk of fracture ranged from 0.63 to 1.00 in
the highest to lowest quintiles of soy protein intake (

 

p 

 

< 0.001), with a more pronounced inverse
association among women in early menopause. These published studies differ with respect to the
type and site of bone measured, as well as the amount of dietary isoflavones habitually consumed.
Nonetheless, the evidence for an effect of soy-derived isoflavones on bone appears to be stronger
for trabecular (i.e., spinal) than cortical (i.e., radial, metacarpal) bone, and is probably dependent
upon habitual intakes, appearing to be more pronounced in the perimenopausal rather than the late
postmenopausal years.
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III. CURRENT AND POTENTIAL ALTERNATIVE TREATMENTS 
FOR OSTEOPOROSIS

A. E

 

STROGEN

 

 T

 

HERAPY

 

/H

 

ORMONE

 

 T

 

HERAPY

 

The accelerated bone loss during the perimenopausal years has been attributed to estrogen
deficiency due to ovarian failure. This bone loss contributes to 20 to 30% loss in cancellous
(trabecular) bone and 5 to10% loss in cortical bone

 

67

 

 and may continue for the next decade after
menopause. Estrogen alone (estrogen therapy) or in combination with progestin (hormone ther-
apy) prevents bone loss at the spine and hip

 

68

 

 and reduces hip fracture rates.

 

69

 

 Locally active
growth factors and cytokines modulate the effects of estrogen on osteoblasts and osteoclasts,

 

70

 

leading to bone loss. Estrogen deficiency plays a key role in osteoporosis and other menopause-
related chronic diseases, but hormone therapy is often accompanied by side effects

 

71

 

 and increases
the risks of endometrial cancer,

 

72

 

 invasive breast cancer, and total cardiovascular (arterial and
venous) disease.

 

73

 

 Certainly, estrogen or hormone therapy alleviates vasomotor symptoms,

 

74

 

prevents bone loss,

 

75

 

 and decreases the risk for colorectal cancer and hip fractures.

 

73

 

 Yet, non-
compliance is a major obstacle with traditional hormone therapies

 

76

 

 because of adverse effects
and the fear of cancer. Due to undesirable side effects, two thirds of women discontinue treatment
within 5 years of initiation.

 

77

 

 Treatment provided at the onset of menopause, continued for less
than 10 years, but then discontinued, has little if any effect on fracture incidence by age 70.

 

69

 

Hence, when therapy is discontinued, bone loss ensues and is similar to what occurs following
menopause.

 

78

 

 Clinical guidelines recommend against hormone therapy as a first-line therapy for
the prevention of postmenopausal osteoporosis.79 Research has recently focused on alternatives
to steroid hormones, with comparable skeletal and cardiovascular benefits, but without side
effects. An overview of these alternatives to steroid hormones in preventing and treating
osteoporosis is provided in the next four subsections.

B. BISPHOSPHONATES

Bisphosphonates, pyrophosphate derivates, are potent inhibitors of bone resorption80 and the most
effective class of bone-active agents. They have a strong affinity for bone,80 increase BMD, and
are safe and effective in treating and preventing osteoporosis,81 including that which is corticoster-
oid-induced.82 Alendronate (Fosamax®), risedronate (Actonel®), and etidronate (Didrocal®) are
the three agents shown in prospective trials to reduce the risk of vertebral fractures.83 Alendronate
and risedronate have been shown to prevent hip fractures84 and are more effective than etidronate.
Alendronate and risedronate are FDA-approved to prevent bone loss in early postmenopausal
women, to treat postmenopausal osteoporosis, and to manage glucocorticoid-induced bone loss.81

Bisphosphonates combined with estrogen lead to greater gains in BMD than either agent alone,
but it is not clear if fracture risk is lessened.81

C. CALCITONIN

Calcitonin is an FDA-approved antiresorptive agent to treat but not prevent osteoporosis.85 The
advantages of calcitonin are that it is bone-specific, may be used as an alternative to estrogen, has
analgesic action, and may be used in men. Although its anabolic action has not been clearly
demonstrated, and it does not appear to have long-term efficacy, a single dose of nasal calcitonin
has been shown to decrease bone resorption by 15% as evidenced by biochemical markers of bone
turnover.86 Calcitonin does not affect nonvertebral (i.e., hip) BMD or fractures,87 but reduces the
risk of vertebral fractures by up to 40%.
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D. CALCIUM AND VITAMIN D

Bone cells are dependent upon all nutrients for their cellular activity and hence nutrition plays an
important role in the development, prevention, and treatment of osteoporosis. The reader is referred
to an excellent overview of dietary components that affect bone,88 since an in-depth review is
beyond the scope of this chapter. Calcium and vitamin D have been shown to be effective as
adjunctive therapies in preventing and treating osteoporosis, but are not effective therapies alone.
However, they assume prominent roles in conjunction with antiresorptive agents such as estrogen,
calcitonin, bisphosphonates, or SERMs. Adequate vitamin D status along with adequate calcium
intake prevents bone loss and reduces fracture risk, particularly during the peri- and postmenopausal
years,89 and with advancing age.90 Vitamin D and calcium requirements91 change throughout life
because of skeletal growth and age-related alterations in absorption and excretion. Recommended
dietary reference intakes for vitamin D vary from 5 μg/d (200 IU) at birth through 50 years, to 15
μg/d (600 IU) after 70 years of age; for calcium they vary from 210 mg/d at birth to 1300 mg/d
during adolescence. The North American Menopause Society89 consensus opinion indicates that at
least 1200 mg/d of calcium is required for most women, with 400 to 600 IU (10 to 15 μg)/d of
vitamin D from dietary sources or supplements, in addition to sun exposure, to ensure adequate
calcium absorption. The vast majority (50 of 52) of calcium intervention studies and 75% of 86
observational studies92 indicate that high calcium intakes promote bone health. Estrogen therapy
exhibits a considerably greater protective effect when coadministered with supplemental calcium
than when taken alone.93 Indeed, agents that increase bone density (i.e., fluoride, bisphosphonates)
do not achieve their full effect when calcium is limited. Vitamin D facilitates osteoclastic resorption
and normal mineralization, as well as calcium and phosphorus absorption. Vitamin D supplemen-
tation is particularly important in the elderly, who are often deficient, and assists in lowering elevated
serum parathyroid hormone,94,95 which leads to bone loss. Vitamin D repletion is associated with
significant annual increases in BMD at the lumbar spine (p ≤ 0.0001) and femoral neck (p = 0.03)
in osteopenic patients.96 Calcium and vitamin D supplementation alone is insufficient but is nev-
ertheless a cornerstone in preventing and treating osteoporosis.

E. SELECTIVE ESTROGEN RECEPTOR MODULATORS (SERMS)

Selective estrogen receptor modulators are comprised of a group of chemically diverse nonsteroidal
compounds that bind to and interact with the estrogen receptor. These estrogen-like compounds
exert tissue selectivity, such that a given SERM may act as an estrogen agonist in some tissues and
an estrogen antagonist in others.97 Structurally and pharmacologically similar to soy isoflavones,
synthetic SERMs (such as ipriflavone, tamoxifen, and raloxifene) are effective in preventing or
reducing bone loss. An isoflavone derivative of plant origin,98 ipriflavone has been used to prevent
and treat postmenopausal osteoporosis3,4,99 and also in several models of experimental osteoporo-
sis.100,101 Ipriflavone also enhances the therapeutic bone response when combined with estrogen,
above that of single therapy.102 In contrast, a muticenter trial103 revealed that ipriflavone did not
prevent bone loss or affect bone turnover, casting doubt on its effectiveness. Tamoxifen is widely
used in treating breast cancer but also has weak estrogenic effects on bone remodeling.104 A
randomized clinical trial indicated that whereas the placebo group lost 1% after one year, the
tamoxifen105 group increased spine BMD significantly (0.6%). These beneficial skeletal effects of
tamoxifen have been borne out in other studies, but its major drawback is its endometrial stimulatory
effect.106 Unlike tamoxifen, raloxifene does not stimulate the endometrium107 but prevents bone
loss and remodeling108; hence, the FDA has approved raloxifene for preventing postmenopausal
osteoporosis.107 A drawback of raloxifene is that it may increase hot flushes in some women,109

thus perhaps limiting its use to those who are well beyond the menopausal transition. Yet more
recent research demonstrated that, in comparison with placebo, raloxifene did not increase the
frequency or severity of hot flushes in women who discontinue hormone therapy.110 Interestingly,
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a 24-week study found that isoflavone-rich soy had no adverse or favorable effects on vasomotor
symptoms in perimenopausal women.111 The purported mechanism of action for SERMs on bone is
similar to that of estrogen in decreasing bone resorption. These potential beneficial effects of SERMs
make them very appealing in preventing and treating osteoporosis, but naturally occurring soy isofla-
vones may be more acceptable to many menopausal women than the synthetic analogues.

F. SOY ISOFLAVONES: POTENTIAL ALTERNATIVE FOR OSTEOPOROSIS PREVENTION?

The most promising effect of isoflavones in menopausal women may be that of bone-sparing. Soy
protein isolate with isoflavones has been shown to prevent femoral and lumbar bone loss in
ovariectomised rats112 and lumbar spine bone loss in humans in the short-term.51 Animal research
provides valuable information on potential mechanisms of action, but clinical trials ultimately must
be conducted to confirm the long-term effects of soy isoflavones in humans. Numerous clinical
trials from various parts of the world have examined the impact of soy foods, isolated soy protein,
or isolated isoflavones on BMD or bone mineral content (BMC) and biochemical markers of bone
in midlife women. First, we will consider the effects of isoflavone-containing soy protein on calcium
metabolism, another purported mechanism by which soy isoflavones are thought to impact bone.
The two sections following this first section will review key published studies on the response of
BMD and biochemical markers of bone to soy isoflavones in humans.

1. Protein and Soy Isoflavone Intake in Relation to Calcium Homeostasis

Soy protein may protect against bone loss indirectly by mechanisms independent of its estrogenic
effects. Similar to the estrogen-enhancing effects on calcium uptake in vitro,113 isoflavones may
improve calcium absorption. Yet, a recent human study found no evidence that fractional calcium
absorption or net calcium retention was affected by either soy protein enriched with or devoid of
isoflavones.114 Based on kinetic modeling (N = 14), bone deposition was ~ 20% greater in the soy
with isoflavones vs. soy diets devoid of isoflavones, but this was not statistically significant. However,
urinary calcium excretion with soy intake (regardless of isoflavone content) was less (p < 0.01)
compared with the control diet (casein-whey protein). Thus, diets high in soy compared to animal
protein may reduce urinary calcium loss. Legumes, including soybeans, are somewhat lower in
sulfur amino acids than meat.115 Animal protein is more hypercalciuric than soy protein based on
human studies,7,116,117 perhaps due to the greater net renal acid excretion with high meat diets.118

Intakes of milk whey (2.8 g methionine/100 g) and soy (1.3 g methionine/100 g) protein were
compared acutely over a 24-h period.116 After 4 h, the calcium:creatinine ratio in urine increased
by 45% with the intake of milk whey, but increased by only 3% with a similar amount of soy as
the primary source of protein. After 24 h, the calcium:creatinine ratio was 56% higher than baseline
in the whey compared with 27% higher in the soy group.

A longer term two-week study119 in subjects (N = 9) aged 22 to 69 years were fed protein (~
80 g) derived primarily from either soybeans or chicken, but with similar amounts of calcium,
phosphorus, magnesium, and sulfur. Compared to baseline values, urinary total titratable acid
increased only 4% in the soy, but by 46% in the meat diet. Urinary calcium excretion was 169 mg
in the soy vs. 203 mg in the meat diet, demonstrating that soy was less hypercalciuric than meat
protein. Similarly, Breslau et al.7 examined calcium metabolism in 15 subjects, 23 to 46 years of
age, who consumed each of three diets in random order (crossover) for 12 d: soy protein (vegetarian),
soy and egg protein (ovo-vegetarian), or animal (beef, chicken, fish, cheese) protein. Diets were
kept constant in protein (75 g/d), calcium (400 mg), phosphorus (1000 mg), sodium (400 mg), and
fluid (3 l), providing sufficient energy to maintain weight. They reported no difference in fractional47

calcium absorption among the diets, but 24-h urinary calcium excretion increased (p < 0.02) from
103 ± 15 mg/d on the vegetarian to 150 ± 13 mg/d on the animal protein diet. Likewise, Pie and
Paik117 fed young Korean women (N = 6) a meat-based (71 g protein/d) followed by a soy-based
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(83 g protein/d) diet for 5 d each. Despite similar dietary calcium (525 mg/d) intake, urinary and
fecal calcium excretions, respectively, were higher (p < 0.025) while subjects consumed the meat-
(127 and 467 mg/d) vs. the soy- (88 and 284 mg/d) based diet. Thus, overall calcium balance was
more negative (p < 0.001) on the meat- (–65.4 mg/d) vs. soy- (155.3 mg/d) based diet. In contrast,
daily substitution of meat protein with 25 g of soy protein in the context of a mixed diet for seven
weeks did not improve or impair calcium retention or bone markers in healthy postmenopausal
women.120 Despite higher urinary pH and lower renal acid excretion (ammonium plus titratable
acidity) in the soy protein vs. control group, there was no difference in urinary calcium excretion
in this randomized crossover controlled-feeding study. Perhaps one explanation for seemingly
contradictory findings in these studies is that the protein-associated hypercalciuria is due to
enhanced intestinal calcium absorption (which is dependent upon many factors) rather than an
increase in bone resorption.121

A related question is whether the calcium recommendation (age 50 +, 1200 mg/d) for Caucasians
should apply to Asians who have a smaller skeletal size who typically consume ~ 500 mg/d.122 Kung
et al.123 found in nonosteoporotic postmenopausal Chinese women that calcium absorption was 58%
with a 600 mg supplement, 60% during the unmodified period, but rose to 71% during calcium
deprivation (< 300 mg/d). These absorption values are twofold higher than what is reported in
Caucasians.124 Might this difference in calcium absorption be related to the high vegetable and soy
intakes of Chinese,125 which provide 41% of their calcium in contrast to < 10% of intake in the
U.S.?126 Further study is required to determine more precisely how soy- vs. animal-based diets affect
bone and calcium homeostasis over the long term. The beneficial effect of soy foods on calcium
excretion may be clinically relevant. If individuals consume two or three servings/d, substituting soy
for animal protein over the long term, the balance could be tipped in favor of calcium retention.

2. Soy Isoflavones and Bone Mineral Density: Prospective Studies

Among the more notable prospective studies, six used either soy protein isolate51,52,127,128 or a soy
food129,130 as the isoflavone source; two examined usual soy food intake among Asians66,131 as the
source of isoflavones; and three used extracted soy isoflavones.132–134 One of these studies66 exam-
ined the association between soy consumption and risk of fracture, and is reviewed in earlier text
in section 2C. Two intervention studies51,130 were designed specifically to examine bone as the
primary outcome. Nine studies51,52,127–133 are reviewed below because they illustrate the breadth of
what we know to date about soy isoflavones and bone.

Dalais and coworkers129 supplied daily 45 g soy grits (flour) containing 53 mg/d isoflavones,
45 g linseed (flaxseed with mammalian lignan precursors), or 45 g wheat kibble (control) to 44
postmenopausal women for 12 weeks using a crossover design. They found that total body BMC
increased 5.2% (p = 0.03) in the soy, 5.2% (NS) in the linseed, and 3.8% (NS) in the wheat groups,
whereas BMD did not change. The magnitude of this increase is implausible, but in addition, there
were increases in BMC in the other two groups, one of which was a control. Thus, these results
should be interpreted with caution. Another study,52 designed to examine the lipid-related effects
of soy protein, randomly assigned 66 hypercholesterolemic postmenopausal women to one of three
treatments for six months: (1) casein + nonfat dry milk protein, (2) soy protein (40 g/d) isolate
(SPI +) with 56 mg/d of isoflavones, or (3) SPI+ with 90 mg/d of isoflavones. The women were
heterogeneous with respect to time since menopause, and age (49 to 83 years). Women in the high
isoflavone group experienced an increase (~ 2%; p < 0.05), whereas those in the casein+milk-based
protein had slight decreases, in lumbar spine BMD and BMC. Although women in the high
isoflavone group began the study with lower BMD and BMC than the other two groups, baseline
values were not taken into account. The effect of treatment on bone is typically greater in those
with lower bone mass135 and hence baseline BMD should be considered.

Nonetheless, the study by Alekel and coworkers51 in 69 perimenopausal women is in general
agreement with the previously described work. Women were randomized (double-blind) to treat-
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ment, with dose expressed as aglycone units: isoflavone-rich soy (SPI+, 80.4 mg/d; n = 24),
isoflavone-poor soy (SPI, 4.4 mg/d; n = 24), or whey (control; n = 21) protein. No change was
reported in the SPI+ (–0.2%, p = 0.7; +0.6%, p = 0.5) or SPI (0.7%, p = 0.1; 0.6%, p = 0.3) groups,
but loss (p = 0.004) occurred in controls (–1.3%, –1.7%) in the lumbar spine BMD and BMC,
respectively, values. As baseline BMD and BMC (p ≤ 0.0001) affected (negatively) percentage change
in these outcomes, baseline values were taken into account in the analysis of covariance (ANCOVA)
and regression analysis. Results of ANCOVA indicated that treatment had a significant effect on %
change in BMC (p = 0.021), but not on % change in BMD (p = 0.25). Further, contrast coding
using ANCOVA with BMD or BMC as the outcome revealed that isoflavones, not soy protein,
exerted a positive effect. Taking various contributing factors into account, including weight gain,
regression analysis indicated that SPI + had a positive effect on % change in both BMD (5.6%, p
= 0.023) and BMC (10.1%, p = 0.0032). Body weight at baseline, rather than final weight or weight
gain, was related to percentage change in BMD, suggesting that weight gain did not confound the
effect of SPI+ on bone. Contrary to their hypothesis, the authors did not find an effect of endogenous
reproductive hormones or estrogen status on bone loss. Soy (SPI–) or whey protein had no effect
on the spine and treatment in general had no effect on bone sites other than the spine. These last
two studies provide support for the contention that isoflavones are the bioactive component of soy
with respect to bone.

Another study was designed to examine habitual soy intake and BMD in premenopausal Chinese
women, 30 to 40 years of age, living in Hong Kong.131 After adjusting for age and body size (height,
weight, and bone area), researchers reported a positive effect of soy isoflavones on spinal BMD
after an average follow-up time of 38.1 months. The mean percentage decline in spinal BMD in
116 women was greater (p < 0.05) in the lowest (–3.5%) vs. highest (–1.1%) quartile of soy
isoflavone intake. Multiple regression revealed that soy isoflavone intake (along with lean body
mass, physical activity, energy adjusted calcium intake, and follow-up time) accounted for 24% of
the variance in spinal BMD in these women. This 3-year study indicated that soy isoflavone intake
had a positive effect on maintaining spinal BMD in premenopausal women 30 to 40 years of age.
In contrast, a study in 37 postmenopausal women supplemented with soy isoflavones (150 mg/d,
but undefined) for 6 months did not produce a significant change in calcaneous BMD.132 Because
this study was conducted in Taiwanese women who habitually consume soy and there was no
control group, interpretation is difficult. Alternatively, because the calcaneous (heel) is weight-
bearing and has greater trabecular content45 than vertebral bone, it may respond differently to
isoflavone treatment than the lumbar spine. Chen and coworkers133 conducted a double-blind,
randomized clinical trial to examine the effect of soy-germ extract of isoflavones (40 or 80 mg/d),
compared with placebo (corn starch) for 1 year, on bone loss in postmenopausal (48 to 62 years)
Chinese women who habitually consume soy products. Univariate and multivariate analyses indi-
cated that women in the high-dose group lost less BMC in the trochanter and total proximal femur
than either the placebo or low-dose group, with or without adjusting for potential confounding
factors. The positive effect of soy isoflavone supplementation was observed only among women
with low baseline BMC values. Because the intervention of soy germ (relatively rich in glycitein)
used in this study is different compared with other studies (products are typically relatively rich in
genistein), this makes it difficult to compare results to other trials. Yet results of this study suggest
that isoflavones may have a significant effect on cortical (proximal femur or hip) bone, or that
appendicular bone responds differently from that of the axial (i.e., spine) skeleton.

Kreijkamp-Kaspers et al.127 have reported a lack of effect of soy protein (25.6 g/d) isolate on
cognitive function, BMD, and plasma lipids for one year in postmenopausal women. However, this
trial included women considerably older (60 to 75 years) than most other trials reporting an effect
of isoflavones. Their participants were advanced in age, heterogeneous in menopausal status, and
they did not account for critical potentially confounding factors. The authors stated that “adjustment
for smoking history and baseline BMD did not change the results,” but current smoking status,
baseline BMD (which appeared to differ between groups by ~ 3.5% for total hip and ~ 2.4% for
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lumbar spine, biologically important differences), and antihypertensive medication use should have
been taken into account statistically. As acknowledged by the authors, those who had more recently
transitioned through menopause experienced better results (both hip and spine) after one year of
soy compared with placebo, although the interaction was not significant (p = 0.07 for total hip).
This suggests that either time since menopause was critically important in dictating a treatment
effect, and/or that the power was insufficient. Their assumption that “soy isoflavones (99 mg/d) are
as effective as conventional hormone therapy” is not correct, perhaps resulting in insufficient power.
These methodological limitations make interpretation difficult.

Reporting similar results, Gallagher and coworkers128 examined the effect of soy protein isolate
with isoflavones (96 or 52 mg/d) and without isoflavones (< 4 mg/d) on bone loss and lipids in
postmenopausal women (N = 65; mean age of 55, and 7.5 years since menopause). Soy protein
was provided for nine months, but participants were followed off-treatment for another six months.
Soy supplements had no significant effect on BMD of the lumbar spine or femoral neck, whereas
BMD increased significantly in the trochanter at nine months (p = 0.02) and at 15 months (p <
0.05) in the isoflavone-free soy group compared with the other two groups. These results are difficult
to explain. In contrast to findings from the previous two studies, Lydeking-Olsen et al.130 reported
that postmenopausal (mean age of 58.2, maximum age of 75 years) women (N = 89) in the
isoflavone-rich (76 mg/d) soy milk or transdermal progesterone (25.7 mg/d) group did not lose
lumbar spine BMD, whereas the placebo control (isoflavone-poor soy milk plus progesterone-free
cream; –4.2%, p = 0.01) and combination isoflavone-rich soy milk and progesterone (–2.8%, p =
0.01) groups had significant loss. Daily intake of two glasses of soy milk with 76 mg isoflavones
prevented lumbar spine bone loss, but when combined with progesterone cream, lumbar spine BMD
was inexplicably lost, although not as such as with the placebo. Equol-producer status was asso-
ciated with a better bone response, but this did not reach statistical significance due to insufficient
sample size.

Taken together, results of these human studies suggest that isoflavones may attenuate bone loss
from the lumbar spine in estrogen-deficient women, who may otherwise be expected to lose 2 to
3% yearly. Such attenuation of loss, particularly if continued throughout the postmenopausal period,
could translate into a decreased risk of osteoporosis. As a bone-remodeling cycle ranges from 30
to 80 weeks,136 such short-term (1 year or less) preliminary studies cannot answer the question of
whether these bone-sparing effects would be sustained over a longer period. From these results,
we cannot determine whether the reported bone-sparing effect is due to treatment or is an artifact
of the bone-remodeling transient,136 although the longer-term study in Asian women131 suggests
true bone-sparing. A clinical trial for at least 2, and preferably 3 years, is necessary to determine
whether soy isoflavones will affect the remodeling balance, tipping it in favor of bone formation
rather than resorption. Such studies are underway in the U.S.

3. Biochemical Markers of Bone in Response to Soy Isoflavones

Biochemical markers of bone serve as indices of change in bone turnover, reflecting increases or
decreases in rates of resorption and formation. Several markers are found either in blood or urine
and can be measured by enzyme-linked immunosorbent assay (ELISA), high-pressure liquid chro-
matography (HPLC), or radioimmunoassay (RIA or IRMA) procedures. The advantages of bio-
chemical markers of bone are that the method is noninvasive, may predict (albeit imperfectly) the
rate of bone loss in menopausal women, may predict the response to some antiresorptive therapies137

and may be performed more frequently than bone density scans. In a research setting, measurements
of bone markers are typically made at baseline and again at one or more times during the course
of treatment. In a clinical setting, bone markers may be measured at baseline and then a few weeks
after the initiation of treatment to determine whether or not a patient has experienced a therapeutic
response. The primary limitation of bone markers is that circadian rhythms affect circulating
concentrations, and hence biologic variability is sufficiently great to necessitate large differences
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in the markers to detect a response to therapy.137 Additional limitations are that some markers are
not sensitive or specific (i.e., bone- vs. nonbone-derived biomarkers) enough to detect small
changes; over time the renal clearance capacity of the patient greatly influences values for certain
blood- and urine-derived markers; sample procurement and measurement should be standardized;
and the overall metabolic status of the patient at the time of sample collection should be considered.
Nevertheless, increasing concentrations of both formation and resorption markers are associated
with more rapid bone loss and differences in these rates correspond to clinically significant differ-
ences in fracture risk.138 Existing data indicate that biochemical markers can aid in determining
which women are at greater risk of rapid bone loss and fracture.139 The most valuable biomarkers137

for bone formation are serum bone-specific alkaline phosphatase, osteocalcin, and the N-terminal
propeptide of procollagen I; for bone resorption, they are serum N-telopeptide and C-telopeptide
of type I collagen, and urinary pyridinoline and deoxypyridinoline collagen crosslinks. The reader
is referred to a review by the International Osteoporosis Foundation on the use of biochemical
markers of bone turnover in osteoporosis.140

Few studies have been published examining the response of biochemical markers of bone
turnover to isoflavone-rich soy protein, or extracted isoflavones in humans. This first section will
review studies using soy protein as the treatment and the next section will cover trials using extracted
isoflavones, illustrating the somewhat inconsistent results in the biochemical markers. The first
group to include a measure of bone turnover as part of a study designed to examine hot flushes
was that of Murkies and coworkers.141 Postmenopausal women had their diets supplemented with
either wheat or soy flour (45 g/d) for 12 weeks. Urinary hydroxyproline, a nonspecific marker of
bone resorption, increased over time in the wheat flour (p < 0.05) but not in the soy-flour group;
however, the difference between groups was not significant (p = 0.47). Washburn et al.142 reported
on alkaline phosphatase activity in a study designed to examine the effects of soy protein on
cardiovascular disease risk factors and menopausal symptoms. This randomized crossover (double-
blind) trial had 51 subjects consume isocaloric supplements for 6 weeks each: (1) single dose of
20 g soy protein (34 mg isoflavones); (2) split (two) dose of 20 g soy protein (34 mg isoflavones);
or (3) 20 g complex carbohydrate. Alkaline phosphatase (non-specific marker of bone formation)
activity decreased (p < 0.05) in women on either soy diet compared with the carbohydrate-
supplemented group. The authors suggest that this decline may have reflected a beneficial effect
of soy, but these results are difficult to interpret because they did not measure any bone-resorption
marker. Crossover designs have an inherent drawback due to the potential for carryover or con-
tamination in the outcomes of interest.

In one of the studies described above, Alekel and coworkers51 did not find a decline in bone
resorption (using cross-linked N-telopeptides) during the course of 24 weeks of treatment in
perimenopausal women (N = 69). Repeated ANCOVA measures indicated that treatment per se
had no significant effect on either cross-linked N-telopeptides (p = 0.12) or bone-specific alkaline
phosphatase (p = 0.32), but both time (p < 0.005) and baseline values (p ≤ 0.0001) were significant.
Yet, cohort (group of subjects that began the study at the same time) had a significant effect on N-
telopeptides (p = 0.0089), but not on bone-specific alkaline phosphatase (p = 0.56), suggesting that
cohort may reflect a seasonal influence on bone resorption. This study appears to corroborate
findings in the rat model,112,143 indicating that soy with isoflavones does not decrease bone turnover.
Another study144 examined the effect of consuming 25 g/d of soy protein (n = 35) in the form of
foods vs. a comparative control diet (n = 27) on biochemical markers of bone in postmenopausal
women. Both treatment groups experienced an increase in circulating bone-specific alkaline phos-
phatase, insulin-like growth factor-1 (IGF-1), and osteocalcin, but no change in urinary deoxypy-
ridinoline or bone, indicating no effect of treatment. Similarly, Knight and colleagues145 reported
no differences in serum alkaline phosphatase (nonspecific bone formation marker) or pyridinoline
cross-links (bone resorption marker) between the soy protein (40 g/d) with isoflavones (77.4 mg/d
aglycone components) and casein-treated control groups in a randomized (double-blind) placebo-
controlled 12-week study in 24 women.
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Wangen and colleagues146 conducted a randomized, crossover 3-month soy-protein (63 g/d)
isolate study to examine the dose-response effect of isoflavones on bone markers in 14 premeno-
pausal and 17 postmenopausal women. On a per kg body-weight basis, expressed as aglycone units,
the daily dose was 10 ± 1.1, 64 ± 9.2, or 128 ± 16 mg/d in the premenopausal women, and was 7
± 1.1, 65 ± 11, or 132 ± 22 mg/d in the postmenopausal women. There were no effects of treatment
on osteocalcin in the premenopausal women, but during the early follicular phase, deoxpyridinoline
crosslinks increased in both isoflavone diets; during the periovulatory phase, serum IGF-1 increased
in the low (64 mg/d) compared with high (128 mg/d) isoflavone diets. In the postmenopausal
women, the low (65 mg/d) and high (132 mg/d) isoflavone diets decreased bone-specific alkaline
phosphatase. The high isoflavone group experienced a trend toward a decrease in osteocalcin and
in IGF-I. Compared with baseline, all three diets increased bone-specific alkaline phosphatase,
osteocalcin, and IGF-I, although the increases in the latter two markers were not statistically
significant at the highest isoflavone dose. The authors suggest that although isoflavones modestly
affected markers of bone turnover, the changes were small and not clinically relevant. Another
study147 examined the effect of consuming dietary whole soy foods (~ 60 mg/d) for 12 weeks on
serum bone-specific alkaline phosphatase, osteocalcin, and urinary cross-linked N-telopeptides in
42 postmenopausal women. Serum bone-specific alkaline phosphatase did not change, whereas
osteocalcin increased (p < 0.03) and N-telopeptides decreased (p < 0.02) from baseline to week
12. However, the lack of placebo control in this study makes interpretation difficult, given the
biologic variability of bone turnover markers.

To determine the effects on early climacteric symptoms, Scambia and coworkers148 randomly
assigned subjects (N = 39) to a standardized soy extract (50 mg/d of isoflavones) or placebo
treatment for 6 weeks and then provided conjugated equine estrogen (0.625 mg/d) for 4 weeks.
They did not observe soy-related changes in serum osteocalcin (bone formation marker) and
estrogen-related changes were not modified by soy extract. At 15 geographical sites, Upmalis and
colleagues149 used a soy isoflavone extract (50 mg/d of isoflavones), compared with placebo, to
determine the effects on climacteric symptoms in postmenopausal women (N = 177). They reported
no treatment effect, or change in either serum osteocalcin, or urinary N-telopeptides, but they found
a reduction in the number and severity of hot flushes with soy. In contrast, Uesugi et al.150 reported
a reduction of urinary pyridinoline in the soy isoflavone-(62 mg/d) supplemented (n = 12) compared
with placebo (n = 11) group after four weeks, but no change in serum osteocalcin in either group.
Likewise, Harkness et al.134 reported a significant decline in type 1 collagen α1-chain helical peptide
(bone-resorption marker) during isoflavone (110 mg/d) supplementation, and a significant difference
in this marker when the isoflavone group was compared with the control group.

At this time, with apparent contradictory findings, it is difficult to draw conclusions about the
effect of soy isoflavones or soy protein on bone turnover in humans. Some of this discrepancy is
probably due to differences in study design that do not allow reasonable comparisons, and to the
extreme variability of these markers, particularly in early menopausal women. Sources of variability
include differences in the type or dose of soy isoflavones used but also the duration of the study
and particular biochemical marker of bone examined. However, overall, some of the studies suggest
that soy isoflavones may not have the same effect as estrogen or bisphosphonate therapy in
decreasing bone resorption but may indeed prevent a decline at the very least in bone formation.

IV. SUMMARY AND CURRENT STATE OF UNDERSTANDING

Taken together, we have tentative evidence that soy protein containing isoflavones may favorably
affect BMD, but these preliminary data must be substantiated. In contrast, we have little evidence
as yet that extracted isoflavones impact bone in humans. We cannot state definitively at this time
whether soy or its isoflavones stimulate bone formation or inhibit bone resorption. Although the
actions of isoflavones may be distinct from that of estrogen, which has antiresorptive skeletal effects,
we do have evidence that isoflavones exert estrogen-like effects in human cells due to their unique
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organic structure. Depending upon the tissue and species, isoflavones may act as weak estrogen
agonists or as weak estrogen antagonists. We must await further studies to corroborate the skeletal
effects of isoflavones and to determine how they spare bone tissue in the face of estrogen deficiency.
Until such data are published and concurrence is reached, evidence-based medicine should not
recommend isoflavones in supplement form to treat or prevent osteoporosis. Although we cannot
recommend the use of soy foods as a substitute for estrogen or hormone therapy, health professionals
should suggest that the public increase consumption of soy foods because of their excellent nutrient
profile and other health benefits. It may be that in the future we can recommend to perimenopausal
and early postmenopausal women the inclusion of dietary isoflavone-containing soy products as
an adjunct to nonsteroidal osteoporosis treatment. The few studies that have reported a positive
response suggest that perhaps 60 to 90 mg/d of isoflavones may be bone-protective, translating into
~ 2 to 3 servings of traditional soy foods. However, further data are needed to determine a dose-
response for humans, as well as the long-term safety of isoflavone supplements.

V. GAPS IN KNOWLEDGE/FUTURE RESEARCH DIRECTIONS

A major gap in our knowledge relates to the interindividual biologic variability in response to the
isoflavone preparations provided in studies. Some individuals apparently are high excretors and
others are low excretors of isoflavones, likely corresponding to higher and lower isoflavone bio-
availability, respectively.151 Bioavailability is less for the aglycones than their corresponding β-
glycosides,152 which may be related to gut motility and gut microflora.151 One explanation for the
biologic variability is that an individual’s intestinal microflora governs the capacity to convert
daidzein to equol.153 Another explanation is that dietary fat intake decreases the capacity of gut
microflora to synthesize equol,154 but that interindividual variation in equol excretion may also
reflect different hormonal patterns.155 Related to the issue of biologic variability is that of differences
among various commercial soy isoflavone supplements152 and the need to clearly define the isofla-
vone source in a given study. For example, the aglycones (genistein, daidzein, glycitein), unlike
their corresponding β-glycosides (genistin, daidzin, glycitin), do not require hydrolytic cleavage
prior to absorption and hence the former require less time (4 to 7 vs. 8 to 11 h) to attain peak
plasma concentrations.152 We do not know at this point whether or not soy isoflavones from food
or from supplements will exert similar effects on the skeleton. Given the differences in pharmaco-
kinetics and bioavailability among isoflavones, it cannot be assumed that all isoflavones are com-
parable. Studies must carefully define qualitatively and quantitatively the type of isoflavones
provided to subjects.

Another gap relates to the estrogen status of study subjects, as circulating estrogens may
influence the response to isoflavone treatment. Studies with postmenopausal women should include
measures of circulating estrone and 17 β-estradiol; those with normal-cycling premenopausal
women should include these measures at menses, at midcycle (near ovulation), and during the
midluteal phase; those with men should also include circulating estrogens. In prospective studies,
a reasonable approach would be to take circulating estrogen concentrations, as well as baseline
BMD values, into account when monitoring response to treatment. As we have no information
about the effects of soy isoflavones in elderly women or in men at risk for osteoporosis, long-term
human studies in these groups using both soy foods and isolated isoflavones should be undertaken.

This leads to another major gap — that of unknown negative side-effects of long-term use
of isolated isoflavones. Although data suggest that isoflavones are the primary bone-active
components of soy, studies should be conducted on both soy foods and extracted isoflavones,
particularly as the public has access to isoflavone supplements. It is easier to design and carry
out long-term studies using extracted isoflavones because this intervention should not disturb
eating habits and body weight, thus allowing better long-term compliance and less potential
confounding by extraneous factors. However, dietary intake of soy protein itself may promote
health benefits unrelated to bone. Clearly, long-term, dose-response randomized clinical trials in
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humans designed to corroborate the findings reviewed herein and to examine potential mecha-
nisms are needed. Not only should we examine potential mechanisms, we must try to understand
the effects of soy isoflavones on bone architecture or quality, not simply on bone density. Two-
and-three year clinical trials on soy isoflavones and bone are currently underway in the U.S. We
must also examine the effect of isoflavones on systems other than bone, such as the cardiovascular,
immune, and renal systems. If and when researchers confirm a favorable effect of soy isoflavones
on bone or other systems in midlife women, these results with specific recommendations should
be conveyed to the public.
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I. INTRODUCTION

 

Functional foods have been defined as foods and food components that provide a health benefit
beyond basic nutrition.

 

1

 

 Examples include conventional, fortified, enriched, or enhanced foods and
dietary supplements. To date, however, no regulatory definition of 

 

functional foods

 

 or the similar
terms 

 

nutraceuticals

 

 and 

 

designer foods

 

 has been proposed or approved by the Food and Drug
Administration. Herbs or botanicals may have health benefits that are not derived from the plant’s
nutrient composition. When these herbs are provided in the form of a capsule, powder, softgel,
gelcap, or other form that is not represented as a conventional food, these products are considered
dietary supplements and are regulated quite differently from foods or food additives. Although the
growing interest in herbal products has perhaps reached a plateau, an attitude toward health and
wellness has not changed.

 

1

 

 With an emphasis on quality and standardization, food manufacturers
may find herbals to be a new source of functional ingredients. Herbal additives have begun to
appear in conventional foods ranging from teas and juices to snack chips and energy bars. In the
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absence of a separate regulatory category for these and other functional foods, such products are
regulated as conventional foods.

This chapter discusses botanicals as functional food ingredients, with the idea that the purported
health benefits of the food are due to their botanical nature. Although other ingredients may also
be beneficial, this chapter will describe benefits associated with the botanicals. Because botanically-
enhanced functional foods are relatively new in the marketplace, little data exists regarding the
efficacy of herbal compounds delivered in this way. Therefore, this chapter will review herbal
compounds, their claims, and the evidence for their efficacy in dietary supplement form. In addition,
we will describe some of the foods that contain herbal ingredients, and the challenges and uncer-
tainties faced in this new functional food arena.

 

II. HERBAL MEDICINE

 

The use of herbal products became popular in the U.S. following the passage of the Dietary
Supplements Health and Education Act of 1994 (DSHEA). This act amended the Federal Food,
Drug, and Cosmetic Act to allow dietary supplements to be regulated differently from conven-
tional foods or drugs. After the passage of this law, herbal and botanical supplements initially
showed double-digit growth in sales; however, current rates of growth have slowed or even
reversed that trend.

 

2

 

Dietary supplements today are a far cry from the herbal medicine practiced in ancient China,
Europe, or even by native Americans. Traditional herbalists used plant roots, leaves, bark, flowers,
and seeds to prepare teas, broths, tinctures, poultices, etc. Today, highly purified extracts and
powders are put into capsules and tablets. Modern herbal medicine (or phytotherapy) relies on
standardization and demonstrated efficacy-constituent relationships.

 

3

 

 Several comprehensive studies
have been conducted to support or challenge the efficacy of modern herbal medicines; yet one of
the greatest impediments today is the utilization of well-defined and standardized herbs. Different
studies that use different preparations of the same herbal cannot be compared.

 

III. HERBS AS INGREDIENTS IN FUNCTIONAL FOODS

 

There is wide variation in the level of research available to support claims for many herbal
supplements. Some, like 

 

Ginkgo biloba

 

, have been studied extensively in Europe, and others, such
as hawthorn leaves and berries, have only been tested in humans in a handful of studies.

 

4

 

 Even
less is known about herbals as food ingredients. When herbal compounds have been tested in
clinical trials, it is usually as a standardized extract or specific supplement rather than as part of
the food. From a scientific standpoint, a standardized extract or single compound is important in
defining efficacy, but the results cannot necessarily be extrapolated to the whole herb as an ingredient
to a food.

Numerous issues are raised when considering botanical ingredients as food additives, including
regulatory requirements, safety, and identity, in addition to efficacy. One of the biggest questions
is the stability of botanical ingredients in foods that must be processed by heat, air, or pressure.

 

A. R

 

EGULATORY

 

 S

 

TATUS

 

As mentioned previously, no separate regulatory category exists for functional foods. As such,
regulations for conventional foods apply. To be used in a food, an herbal ingredient must be
“generally recognized as safe” (GRAS) or approved as a food additive. This is one of the important
distinctions between dietary supplements and foods. Notification of a new dietary ingredient (not
in use prior to October 15, 1994) for a dietary supplement is given to the FDA 75 days before first
marketing the supplement. The U.S. Food and Drug Administration (FDA) then evaluates the safety
information provided and accepts or rejects the substance as a new dietary ingredient. For foods,
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however, if an herbal ingredient is not already GRAS, or has a reasonable chance of being affirmed
as GRAS, a lengthy food-additive petition process is indicated.

The FDA has informally allowed companies to self-assert GRAS status provided notification
is given to the FDA, and appropriate safety data are made available to the FDA upon request.
However, no final rules have been published to guide this process, and there are no clear standards
for judging the data provided by companies. As such, determining which herbs are considered
GRAS is not a simple task. In 2001, the FDA issued a general letter to the industry suggesting that
some herbal and botanical ingredients being added to foods may not be GRAS for their intended
use. More specific warning letters were sent to several manufacturers questioning the basis for
concluding that herbals such as echinacea, ginseng, and 

 

Ginkgo biloba

 

 were GRAS. Following this
series of warning letters, many products with added herbal or botanical ingredients disappeared
from the marketplace. Additional regulatory issues, such as label statements and claims, will be
discussed later in this section.

 

B. I

 

DENTITY

 

 D

 

ILEMMA

 

When considering botanicals as food ingredients, one of the fundamental issues is determining the
correct identity of the plant compound. There are two issues with identity that have been documented
in literature. The first case is the problem of harvesting the correct genus of plant. Two individuals
were poisoned when the herbal preparation they consumed contained the 

 

Digitalis lanata

 

 plant
rather than plantain, of the plantago genus.

 

5

 

 Both individuals experienced cardiac symptoms as a
result of elevated levels of digoxin. After tracing the product back through the manufacturer,
supplier, and farmer, it was determined that the identity of the 

 

D. lanata

 

 had been confused with
the plantain at harvest.

The other issue concerns identifying the correct species of plant. The efficacy of echinacea
cannot be extended to all species: 

 

E. purpurea, E. angustifolia, 

 

and

 

 E. pallida

 

. Studies can be
flawed because although one species was studied, another species may have been reported. This
confusion resulted in a denial by the German Commission E for approval of some of the echinacea
preparations.

 

3

 

 The Commission E has approved the oral use of 

 

E. purpurea

 

 herb, i.e., ground parts
for colds, respiratory tract infections, urinary tract infections, and the topical use for poorly healing
wounds. The 

 

E. pallida

 

 root (fresh or dried) has been approved for use in the treatment of influenza-
like infections. The 

 

E. angustifolia

 

 root or herb and the 

 

E. pallida

 

 herb have not been approved
due to the confusion in the identity of the actual plant that was studied.

 

C. S

 

TANDARDIZATION

 

 D

 

ILEMMA

 

Standardization of herbal ingredients is another relevant issue for both food manufacturers and
consumers. Herbs are grown under different conditions, at different locations, and in different
seasons of the year. These geographical and environmental differences result in variations in the
levels of active compounds. The community of herbal growers, producers, etc., has called for
standardization of herb products. But which compounds should be standardized? In some cases,
the active compound is unknown. Even if the active ingredient is known, there are many different
active compounds in herbs that may act additively or synergistically. Little is known about the
optimum level of these compounds. Much research is needed to determine the appropriate standards
for quantity, potency, and content uniformity.

 

D. E

 

FFECT

 

 

 

OF

 

 P

 

ROCESSING

 

 D

 

ILEMMA

 

Clearly, we do not know many of the active compounds in the herbals that may be used in a functional
food. More importantly, with the addition of those herbs to food and the processing that the food
must undergo, even less is known about the effects of processing on the active compounds. Storage
of 

 

Echinacea purpurea

 

 roots either at 24

 

o

 

 or –18

 

o

 

 resulted in significant losses in the alkamides,
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although drying and chopping had little effect.

 

6

 

 Hyperforin, an ingredient in St. John’s wort, has
been shown to be very sensitive to oxidation, and storage conditions are critical to maintaining the
levels found in the original harvested plant.

 

7

 

 Thus, foods containing echinacea or St. John’s wort
that have been stored may lose efficacy. More research is needed on the stability of herbal active
components. However, even if we were to determine that one compound is affected by processing,
we would still need to determine whether the whole herb in a food product becomes ineffective.

 

E. S

 

AFETY

 

 D

 

ILEMMA

 

Another key question for herbal additives to food is the safety of the herb itself. Examples of herbs
with known dangers include chaparral, ephedra, blue cohosh, and yohimbe, to name a few. Other
safety concerns include potential interactions with other medicines (e.g., anticoagulants and 

 

Ginkgo
biloba

 

), and the possibility of contaminants, such as lead, in herbal preparations. This is discussed
in more detail in the next section.

In many cases, the functional or active ingredients in an herb may have drug-like qualities. The
suitability of providing such an herb in a food product for general consumption needs to be
considered. Allergies to some herbal preparations exist; common allergens would need to be clearly
identified in ingredient lists. Herbal preparations are, by definition, rather dilute. Adding the herb to
a food may increase the dilution. However, when extracts are used, do the active compounds become
more concentrated and thus potentially stronger? How much is effective? How much is too much?
Concerns are raised regarding unintentional consumption and consumption by children. These are
some of the many unanswered questions surrounding functional foods with herbal ingredients.

 

F. I

 

NTERACTIONS

 

 

 

WITH

 

 D

 

RUGS

 

 D

 

ILEMMA

 

Anecdotal incidences, case studies, and clinical trials have clearly shown an increase in the
occurrence of complications between drugs and herbs. Interactions documented in the literature
include herbs that increase the effects of anticoagulants, and those affecting brain neurotransmit-
ters, immunity, or hormonal actions.

 

8–10

 

 Some herbs act as hepatic enzyme inducers or inhibitors,
thereby increasing or decreasing, respectively, plasma levels of prescribed drugs.

 

11

 

 As these herbs
can be added as ingredients to foods, it is important to pay attention to the levels that cause these
drug interactions.

 

IV. LABEL STATEMENTS AND CLAIMS

 

When considering herbals in food products, the regulations for label statements or claims are
different from herbal preparations that are sold as dietary supplements. As with all ingredients in
a food, herbal compounds must be identified in the ingredient list by their common and usual name:
“St. John’s wort” instead of “

 

Hypericum perforatum,

 

” for example

 

. 

 

For foods with added herbal
ingredients, these ingredients may be also identified in label statements such as “Contains kava
kava” so long as such statements are truthful and not misleading. Comparison statements such as
“Contains 50% more kava kava than brand X” must be accompanied by indications of the amounts
of kava kava in each brand per serving. Other label terminology such as “High in … ” or “Good
source of … ” is not applicable to herbal compounds because there are no daily values set for these
ingredients like there are for essential nutrients.

One of the more controversial elements of DSHEA, and the resulting FDA regulations, relates
to claims. Health claims are those FDA-approved statements that link a food or food component to
reduced risk of a disease, e.g., calcium and osteoporosis, or fruits and vegetables and cardiovascular
disease. To date, no health claims have been approved for herbal ingredients. Under current regu-
lations, new health claims may be proposed at any time but must be supported by an authoritative
statement from a recognized government entity (e.g., U.S. Department of Agriculture [USDA],
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National Institutes of Health [NIH], and National Academy of Sciences [NAS]), have significant
scientific agreement, or be a qualified claim. Further, the mention of a disease on a food label or
in an advertisement in the absence of an approved health claim results in the product being considered
an unapproved drug by FDA. Only approved drugs may claim to diagnose, cure, mitigate, treat, or
prevent a disease. However, dietary supplement and food manufacturers may use what have come
to be known as structure or function claims to promote the positive aspects of their products.

Structure or function claims are statements of an effect of an herb on a body function or structure
(e.g., “Promotes urinary tract health”), or on general well being (e.g., “Gives energy and stamina”).
Structure or function claims on a dietary supplement must be accompanied by the following
disclaimer: “

 

This statement has not been evaluated by the FDA. This product is not intended to
diagnose, cure, mitigate, treat, or prevent a disease

 

.”
Structure or function claims have been used on food (e.g., “Calcium builds strong bones”) but

not extensively. As the regulations stand now, structure or function claims on foods must relate to
the nutritive value of the food and not to another ingredient or property. For example, capsules of
cranberry juice sold as a dietary supplement can carry the claim “Promotes urinary tract health,”
but bottles of cranberry juice (a conventional food) cannot because the beneficial effects of cranberry
juice have not been linked to nutrient components. The current definition of nutritive value, “A
value in sustaining human existence by such processes as promoting growth, replacing loss of
essential nutrients, or providing energy,” would seem to exclude herbal and botanical ingredients,
as well as many other natural food components.

 

12

 

 Further definition of structure or function claims
on foods is needed to level the playing field with dietary supplements.

The remainder of this chapter will discuss individual herbs, their purported actions, active
compounds, and clinical evidence that supports efficacy, if available. They are organized by the
physiological system that they are reported to influence and summarized in Table 13.1

 

.

 

 When
known, food products containing these herbs are given; when examples do not exist, potential foods
are suggested for the particular herb. Although we have reviewed and evaluated the current literature,
it must be remembered that negative data may not be available because it was not published.

 

V. ACTIONS AND EVIDENCE OF HERBAL EFFICACY

A. N

 

ERVOUS

 

 S

 

YSTEM

 

Touted as a memory booster, 

 

Ginkgo biloba

 

 has appeared in a variety of food products, generally
beverages or energy bars. Products previously on the market had creative names to promote the
idea of enhanced brain activity, e.g., Brain Broo, Think, BrainWash, and Wise Guy.

 

 

 

According to

 

Nutraceuticals World, 2002

 

, ginkgo is the eighth best-selling herbal remedy by dollar sales in the
U.S.

 

2

 

 In Germany, ginkgo leaf extract was the most commonly prescribed single-ingredient phy-
tomedicine in 1996.

 

3

 

 Ginkgo is prescribed in Europe for the treatment of cerebral disturbances and
circulatory disorders.

As sold in dietary supplement form, ginkgo is an extract of the leaves of 

 

Ginkgo biloba

 

. This
tree is native to China but seems to grow well in a range of climates. City-dwellers who may not
know the name of the tree are probably quite familiar with the foul-smelling mature seeds it produces.

The active compounds in ginkgo are flavonoid glycosides and novel diterpene lactones, col-
lectively known as ginkgolides. The ginkgolides are inhibitors of platelet-activating factor and thus
may affect circulation, blood coagulation, and inflammation. The mechanism by which gingko has
its effect is thought to be due to its ability to improve microvasculature insufficiency. An increase
in blood flow to the brain may be the reason for the slowing of mental decline in dementia. This
also has ramifications related to cardiovascular health and may be efficacious in treating tinnitis
and vertigo.

Clinical trials have focused on cerebral insufficiency and peripheral arterial occlusive disease,
and most of the research on 

 

G. biloba

 

 has been done in Europe. Published reviews indicate that
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most studies show clinically significant improvement.

 

13,14

 

 Studies of patients with intermittent
claudication show significant increases in pain-free walking distance for those treated with 

 

G.
biloba

 

 extract.

 

14

 

A standardized extract of ginkgo, called EGb 761, has been used in many clinical trials, making
comparisons between studies easier and more valuable. Indeed, many studies have shown the ability
of EGb 761 to improve or slow the dementia related to Alzheimer’s disease.

 

15–17

 

 A meta-analysis
to determine the effects of ginkgo on cognitive function in patients with Alzheimer’s disease located
50 trials. The authors determined that the majority of the studies did not provide clear diagnoses
of dementia and Alzheimer’s disease. Of the four studies that met all of the inclusion criteria for
the analysis, there was a small but significant effect of ginkgo on cognitive function in Alzheimer’s
disease.

 

18

 

 An examination of this meta-analysis suggests that an estimate of the quality of different
types of studies on 

 

G. biloba

 

 is adequate to good and that methodological quality is good, resulting
in the conclusion that ginkgo may be efficacious for preventing memory impairment, dementia,
and tinnitus. Only for intermittent claudication (leg pain or leg pain while exercising) is the
methodological quality considered very good for the beneficial effect of ginkgo.

The idea that ginkgo slows the rate of dementia in patients appears to have been extrapolated
to suggest that consumption of this product will make the average healthy consumer smarter,
better able to concentrate, and improve the ability to focus. No research has been able to support

 

TABLE 13.1
Common Herbs, Active Ingredients, and Purported Function

 

Popular 
Name Scientific Name Active Compounds Purported Function Main Body System

 

Ginkgo biloba

 

Ginkgo biloba

 

Ginkolides: flavonoid 
glycosides, and 
diterpene lactones

Memory, cognition Brain, circulatory
system

St. John’s wort

 

Hypericum 
perforatum

 

Hypericin, 
pseudohypericin, 
hyperforins, terpenes, 
catechin-type tannins, 
proanthocyanidins

Antidepressant for mild 
to moderate depression

Brain

Kava kava

 

Piper methysticum

 

Kavalactones Antianxiety, relaxation Brain
Valerian

 

Valeriana officalis

 

Valeptriates, valerenic 
acid, sesquiterpenes

Sleep inducement Brain

Hawthorn 
berry

 

Crataegus oxycantha

 

Amygdalin, crategolic 
acid, oligomeric 
proanthocyanadins

Cardiac insufficiency Circulatory system

Echinacea

 

Echinacea purpurea
E. pallida
E. angustifolia

 

Echinosides, caffeic, 
ferulic acids and 
cichoric acid, inulin and 
fructans

Immunomodulators Innate immunity

Peppermint oil

 

Mentha x piperita

 

Menthol Gastric intestinal distress GI tract
Ginger

 

Zingiber officinale

 

Gingerols, gingerdiols Antiemetic, nausea GI tract
Licorice

 

Glycyrrhiza glabra

 

Glycyrrhetic acid, 
triterpene, saponins

Expectorant Respiratory system

Saw palmetto 
berry

 

Serenoa repens

 

β

 

-sitosterol, sterols, fatty 
acids

Alpha reductase inhibitor Prostate gland

Feverfew

 

Tancetum 
parthenuum

 

Sesquiterpene lactones Migraine prophylactic Brain
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this notion. Because of the antioxidant compounds in ginkgo, its role in functional foods may
be beneficial. 

In clinical trials, mild side effects, including headaches, gastrointestinal disturbances, and
skin allergies have been noted. Individuals who are already taking anticoagulant medication (e.g.,
warfarin or aspirin) or other dietary supplements with blood-thinning properties (e.g., vitamin
E, garlic, ginger) should not take ginkgo without first consulting with their physician. Ginkgo
did not influence the pharmacokinetics of warfarin on clotting status in healthy subjects

 

19

 

 or
bleeding time and platelet activity

 

20

 

 at levels up to 240 mg/d. The safety of ginkgo for pregnant
and lactating women or for infants and children has not been established.

 

14

 

 As with most herbs,
no studies have been conducted on 

 

G. biloba

 

’s effectiveness when consumed as a food product.

 

St. John’s wort

 

, 

 

Hypericum perforatum

 

, is a widely prescribed antidepressant in Europe and
has become a top-selling dietary supplement in the U.S. Its common name (

 

wort

 

 is Old English
for

 

 plant

 

) derives from the traditional belief that the plant blooms on the anniversary of the
execution of St. John the Baptist. Although it has been suggested to have antiviral and anticancer
properties, it is the antidepressive effects of St. John’s wort that have garnered the attention of
researchers and consumers.

 

Hypericum perforatum

 

 is a bushy plant with characteristic bright yellow flowers. The flowers
and tops of the plant are considered the active parts. A number of compounds may contribute to
the activity of St. John’s wort, including naphthodianthroms, flavonoids, xanthose, and biofla-
vonoids,

 

21

 

 although hypericin and pseudohypericin are the compounds that have been the subject
of most investigations.

 

13

 

The exact mechanism of action of St. John’s wort has not been well defined. 

 

In vitro

 

 evidence
initially suggested monoamine oxidase (MAO) inhibition, but this is unlikely, given the wide use
in Europe without reported side effects usually associated with monoamine oxidase inhibitors
(MAOI).

 

22

 

 Other studies suggest effects on several neurotransmitters, including gamma-aminobu-
tyric acid (GABA) affinity, activation of dopamine receptors, and inhibition of serotonin receptors.
It is possible that small additive effects on several neurotransmitters combine to give the antide-
pressant effect.

Several large-scale clinical trials in the U.S. investigated the efficacy of St. John’s wort with
common prescription medications for depression and placebos in the treatment of mild to moderate
depression.

 

23–25

 

 Data are encouraging and suggest St. John’s wort to be superior to fluoxetine.

 

23

 

Szegedi et al. concluded that hypericum extract WS 5570 was at least as effective as paroxetine.

 

24

 

Shelton et al., however, concluded St. John’s wort was not effective; however, they studied people
with major depression.

 

25

 

 A meta-analysis compared outcomes of 23 randomized trials, determining
a pooled estimate of the responder rate ratio (responder rate in treatment group or responder rate
in control group) and found that hypericum extracts were superior to placebos, and equal to standard
antidepressant drugs when standard depression scales were used.

 

26

 

 In a review of many of the same
studies, Volz came to the same conclusions regarding the efficacy of St. John’s wort.

 

27

 

 However,
both reports cite a variety of shortcomings in the existing data, including variations in subject
population, extract preparation, length of interventions, and dosages.

In dietary supplement form, most preparations are standardized extracts (0.3% hypericin),
although random sampling of products indicated a wide variation in actual product contents. This
may, in part, be due to the instability of some of the components of St. John’s wort.

 

7

 

 The dosage
given in clinical trials is usually 300 mg three times per day. Side effects are minimal but have
included photosensitivity, gastrointestinal upset, dizziness, sedation, restlessness, and constipation.

 

13

 

At least two studies have found an interaction with oral contraceptives that suggest the effectiveness
of the contraceptive is less when St. John’s wort is also consumed.

 

8,9

 

 St. John’s wort has also been
shown to reduce blood levels of a common protease inhibitor used in the treatment of HIV and
AIDS.

 

28,29

 

 St. John’s wort should not be taken in combination with other antidepressants, and its
safety in pregnant and lactating women and in children is unknown. Like most herbal supplements,
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long-term safety has not been adequately evaluated, although the wide use of St. John’s wort in
Europe has not suggested any specific concerns.

One of the major concerns about St. John’s wort is not related to its efficacy or safety, but
rather to the wisdom of individuals choosing to self-medicate with a dietary supplement instead of
seeking professional help for depression.

 

30

 

 Clinical depression is a serious condition that should
be evaluated by a health professional prior to treatment.

Tea, juice blends and other drinks, soups, and snack foods have been marketed with added St.
John’s wort, suggesting “calming” and “relaxing” effects of these products. No studies are available
to lend weight to these implied claims, however, because St. John’s wort has not been tested for
efficacy when consumed as part of a food or when consumed by mentally healthy people.

 

Kava

 

 chips, kava chocolate, and kava juice are all used to relax and “mellow out” after a
stressful day. After all, traditional ceremonies in Hawaii and other locations in the South Pacific
used kava beverages as natural intoxicants. In addition to its relaxing effects, kava supplements are
also promoted for antianxiety effects. Animal studies have also found anticonvulsive and antispas-
modic effects.

 

3

 

Traditional kava beverages are prepared from the root of the 

 

Piper methysticum

 

 plant. A group
of at least six kavalactones are thought to be responsible for the sedative and intoxicating effects.

 

31

 

To date, the mechanism of action has not been defined. 

 

In vitro studies suggest that kavalactones
affect benzodiazepine or GABA-binding sites, but results have been conflicting.

Meta-analyses of clinical trials using kava have found six well-controlled quality reports.32,33

Both meta-analyses concluded that kava, particularly the standardized extract WS 1490 (standard-
ized to 70% kavalactones), was effective. Volz and Kieser34 described a 25-week placebo-controlled
trial of kava with outpatients who had one of several nonpsychotic anxiety disorders. Outcomes
on anxiety scales and self-reported impressions showed improvement in the kava group. Like other
clinical trials to date, conclusions from this study are limited due to the heterogeneity of the subject
group and the likelihood of depression as a comorbidity in several subjects.13

Adverse effects reported in clinical studies have been rare, mild, and reversible. Kava derm-
opathy (a temporary yellowish discoloration of the skin, hair, and nails) has been reported with
higher doses, and heavy use is suggested to cause liver-related metabolic abnormalities, including
increased liver enzymes.35 Serious adverse events are, however, possible with kava ingestion, and
liver damage is of the greatest concern.35,36 In addition, because of its effects on the central nervous
system, kava should not be used in conjunction with alcohol, barbituates, or psychopharmacological
agents. Long-term safety is unknown.

Valerian root (species: Valeriana officalis L.) is well known in many cultures as a natural
sleep aid. It is also promoted as having anxiolytic and antispasmodic activity. In Germany, it is
approved as a mild sedative and sleep aid.3 Animal studies support the benefits of valerian as a
mild hypnotic agent but are inconsistent regarding effects relating to anticonvulsant or antidepres-
sant activity. Several small human clinical trials have found valerian to be efficacious as a mild
sedative, showing a significant decrease in sleep latency as compared to placebos.13,21 A larger
randomized placebo-controlled trial (n = 128) found that 400 mg of aqueous valerian extract
before bedtime improved sleep quality and reduced sleep latency with no residual sedation upon
awakening.37 More recently, however, two trials did not show any reductions in sleep problems
in affected individuals,38,39 although one trial showed comparable efficacy to oxazepam but did
not have a placebo-control group.40

The active ingredients in valerian are likely valepotriates and sesquiterpenes.41 Both compounds
are known to have sedative effects, and valepotriates are known to be cytotoxic. However, thera-
peutic preparations do not contain valepotriates as these are thermolabile and chemically unstable.
Valerian has also been shown to be high in GABA.13 The mechanism of action, however, is unknown.
Extracts of valerian have affinity for GABA receptors, possibly due to the high GABA content,
but this may have no sedating effect because GABA does not readily cross the blood–brain barrier.
Other postulated mechanisms involve 5-hydroxy-tryptophan and adenosine receptors.
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Reported dosages in literature vary widely from 500 mg to 12 g per day, given in single bedtime
or divided doses.41 A single case of overdose has been reported, but, otherwise, few adverse effects
have been noted. There is no evidence that valerian is addictive. However, like most herbal remedies,
there is insufficient evidence of safety in pregnant and lactating women. In addition, most sources
recommend avoidance of alcohol and other CNS depressants when taking valerian.13,21,22

Valerian has been approved for use as a flavoring for foods and beverages and is considered
GRAS. Few examples of products containing valerian have been found other than teas and beverages
touted for relaxation. No studies have been done on valerian as a food ingredient.

B. HEART AND CIRCULATION

The hawthorn plant, Crataegus oxycantha, has been traditionally used for a number of cardiac
complaints such as angina, hypertension, arrhythmia, and congestive heart failure. The medicinal
parts of the hawthorn are the leaves, flowers, and berries, used singly or in combination. There is
sufficient evidence in the literature for the Commission E to classify the hawthorn-leaf-with-flower
combination as an approved herb for the treatment of mild cardiac insufficiency. Studies show that
160 to 1800 mg per day of an aqueous-alcoholic extract was effective for a period that lasted up
to 56 d; however, no pharmacokinetics of the drug in humans are available. An improvement in
subjective findings as well as an increase in work tolerance, ejection fraction, and a decrease in
pressure and heart rate product was indicated.4

Animal studies in rats show that in vitro pretreatment of the isolated heart with dried hawthorn
extract was protective against arrhythmia42 and cell membrane damage43 caused by no-flow ischemia.
A tincture of hawthorn berries was effective in preventing lipid deposits in the liver and heart,44

increasing LDL-receptor activity, and reducing cholesterol synthesis45 in rats fed an atherogenic diet.
The active compounds of hawthorn are the flavones, flavanols, and oligomeric procyanidins

(catechins and epicatechins). Other potential active compounds are the triterpene saponins, pheno-
lics, and a few cardioactive amines. Like many other botanicals, the antioxidant and antithrombotic
activities are likely to be responsible for improvement in cardiovascular symptoms.

Hawthorn has been previously added to beverages but, under current regulations, no claims
could be made for management of vascular health. A precedent for a food with such a claim has
been established — however, not with an herbal preparation. The HeartBar™ formulated by Cooke
Pharmaceutical is the first nonprescription medical food on the market for dietary management of
vascular disease. The active component of this bar is L-arginine, a precursor to nitric oxide. A
functional food containing hawthorn has potential to be marketed for cardiovascular health as well.
More human, controlled, randomized clinical trials are needed before this herb is found to be
efficacious or accepted as a medical food.

C. IMMUNE SYSTEM

Herbs that are designed to stimulate the immune system include echinacea, astragalus, cat’s claw,
goldenseal, and pau d’arco (also known as lapacho). Each herb appears to influence different
branches of the immune system. Echinacea is probably the best studied of the group.

The echinacea plant, also known as the purple coneflower, has been used for centuries.
Although this is not an argument for efficacy, it does indicate some degree of safety. The herb is
best known for its immuno-stimulating capabilities and is used for treating the common cold, flu,
coughs, and bronchitis.3

Medicinally, three species of echinacea are important: E. purpurea, E. angustifolia, and E.
pallida. Each has been alleged to have different medicinal properties, but little research has been
done to compare them. The roots, the leaves, or the whole plant may be used in dietary supplement
preparation. Standardized extracts may be aqueous extracts or ethanol extracts. The active compo-
nents of echinacea are flavonoids, immuno-stimulating glycoproteins and polysaccharides, and
caffeic acid and its derivatives.
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A meta-analysis of randomized, placebo-controlled studies involving a total of 134 subjects
was reported.46 Two of the five studies showed an increase in phagocytic activity of peripheral
blood neutrophils. Each of the five studies was done with different amounts of echinacea from
different plant parts and in different preparation combinations. The inconsistent results underscore
the importance of knowing the species of echinacea, the method of extraction, and the route of
administration. A larger study by the same principal author looked at the ability of echinacea to
prevent upper respiratory infection (URI).47 “Time to event” was the primary outcome measure on
302 subjects who were healthy at the start of the study. Twelve weeks of oral ingestion of the herb
preparations or a placebo did not prevent URI. Grimm and Muller completed a study with 109
healthy subjects using fresh juice of Echinacea purpurea or placebo juice. The number of subjects
having URIs, the number of URIs per subject, and the duration of any colds was measured. There
was no significant difference in these measures between the echinacea group and the placebo.48

More recent studies have examined the efficacy of echinacea in virally-challenged subjects.49,50 For
those acquiring viruses naturally,51–53 using E. purpurea or E. angustifolia show no significant
effects on number of illnesses or duration or severity of symptoms. 

Studies that examine echinacea’s prophylactic ability to prevent illness show little to no sig-
nificant benefit. Echinacea, because of its effect on the oxidative burst of phagocytic cells, would
not be expected to prevent colds or flu; rather, it might be expected to enhance killing of the invading
organisms. Thus, it has been thought more likely to be a therapeutic herb rather than a prophylactic
herb. Recommendations for echinacea use suggest that it be consumed at the onset of symptoms.

A recent study in the New England Journal of Medicine evaluated three preparations of E.
angustifolia roots in a viral challenge study.51 E. angustifolia was given either 7 d prior to the
challenge (prophylaxis) or at challenge (treatment). There were no significant effects of any of the
echinacea extracts on rate of infection, severity of symptoms, or volume of nasal secretions.
Neutrophil numbers and IL-8 concentration in nasal-lavage specimens were not significantly dif-
ferent among treatments. The echinacea preparations in this well-designed and controlled study
showed neither a prophylactic nor a treatment against a common cold virus challenge.

If echinacea affects the phagocytes, long-term ingestion of echinacea may potentially do more
harm than good. Increased reactivity of the phagocytic system may result in generation of more
free radicals. Free radicals, in turn, may then cause damage to the host. Recommendations suggest
that echinacea not be consumed for more than 6 to 8 weeks at a time.

In the U.S., echinacea was the top-selling product in natural food stores in 19973 and, while
still in the top 20 supplements by dollar sales, echinacea saw a 23% drop in sales between 2001
and 2002.2 Because of its popularity, several functional foods have been marketed with echinacea.
Echinacea has been found in snack foods, beverages, and soups. More studies need to be done on
the shelf life and heat stability of the active compounds, and also to identify the active compounds.

D. DIGESTIVE SYSTEM

Almost every herb listed in general reference books seems to have some influence on the digestive
system. The alleged use of the botanical is to cleanse or purify the body. Cleansers and tonics are
very difficult to study. Some of the herbs found to stimulate digestive juices include wormwood,
dandelion, horseradish, chicory, and tarragon. Precautions should be noted for wormwood (daisy
family) as this genus may contain thujone, a small molecule that has been responsible for convul-
sions, hallucinations, and kidney failure. Fennel is supposed to act as a carminative, a substance
to relieve gas, cramps, and bloating. Aloe, when taken internally, acts as a laxative. Peppermint oil
has been used in the relief of irritable bowel syndrome (IBS) and gastritis.

A meta-analysis of clinical trials done with peppermint oil (Mentha x piperita) described eight
studies in which there was a global improvement in the symptoms associated with IBS.54 The main
active component in the oil is menthol. The authors of the meta-analysis noted several problems
with existing studies, especially with the diagnosis of IBS. Only one out of eight trials properly
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diagnosed the condition. Three of the eight studies did not state their inclusion criteria. So although
the global outcome suggested that peppermint oil is effective, the quality of the studies make the
data circumspect. The authors of this meta-analysis note that, in early studies, peppermint oil acted
as a calcium antagonist in human and animal studies. The consequence of calcium antagonism in
the gut is relaxation of gastrointestinal smooth muscle, thus possibly promoting bowel rest. Pep-
permint oil has been successfully used as an antispasmodic agent.55 The amount of peppermint oil
needed to affect the gut is likely far too much to be palatable in food.

Another herb that has been suggested to promote gastrointestinal well-being is ginger (Zingiber
officinale). Ginger is a common culinary spice, but levels that are recommended therapeutically (2
to 4 g of the rhizome daily) are far greater than what is incorporated into food as a seasoning.
Clinical trials with ginger have focused on preventing postoperative nausea and motion sickness.
One study found that ginger worked to prevent postoperative nausea as effectively as metoclopra-
mide and better than placebos.56 A ginger extract (200 mg) increased stomach motility,57 but 1 g
of the whole root did not alter gastric emptying.58 Also, 1 g of the root did not prevent experimen-
tally-induced motion sickness.59 But in another study, 1 g of the root reduced the tendency to vomit
on the high seas.60 Available data is inconclusive on the antinausea mechanism of ginger, but it is
generally believed to act differently than Dramamine. Benefits, if research bears it out, would be
obtained with gram quantities of the root and therefore may not be palatable for a functional food.
Teas, however, are currently used as a mode of administration, suggesting potential for ginger to
be used in a beverage to prevent nausea.

E. RESPIRATORY SYSTEM

The coughs that accompany illness are sometimes treated with over-the-counter medicines designed
to act as expectorants. The licorice root (Glycyrrhiza glabra) is claimed to act as an expectorant
although, according to the Physicians Desk Reference of Herbal Medicines, this has only been
researched in rabbits.61 Licorice has been associated with hypertension,62 and has been suggested
to cause renal retention of sodium and a loss of body potassium. The mechanism by which it does
this is unclear, but it may be through inhibiting 11 beta-hydroxy steroid dehydrogenase type 2.62

The importance of replacing lost potassium should be stressed, and perhaps potassium could become
a component of a functional food containing licorice root.

F. URINARY SYSTEM

There has been substantial interest in the benefits of cranberry (Vaccinium macrocarpon) for urinary
tract health.63 Cranberry appears to act as an antiseptic simultaneously preventing bacterial adher-
ence to the epithelial cells of the urinary tract.64 A Cochrane review concludes that cranberry juice
decreases the number of symptomatic urinary tract infections in a 12-month period for women, but
there is not enough evidence to conclude the same for children and the elderly.65 Cranberry has
been studied for a number of other conditions such as urinary stone formation,66 neuropsychological
effects,67 and Helicobacter pylori infection.68 Data is positive but not sufficient to draw conclusions.
Other berries of the same family such as the blueberry (V. angustifolium) and bilberry (V. myrtillus)
may also aid in urinary tract health. Bearberry (Arctostaphylos uva-ursi), a different family, is also
indicated in urinary tract infections. The latter three have hardly been well studied in this respect.

Saw palmetto (Serenoa repens) is a very common palm plant indigenous to the southeastern
U.S. The saw palmetto berry is used in the treatment of benign prostatic hyperplasia (BPH). Forty
percent of men over the age of 70 have this condition. Frequent urination, nocturia, weak stream,
incomplete emptying, and hesitancy, characterize BPH. The enlargement of the prostate is thought
to occur via the action of dihydrotestosterone (DHT). DHT is derived from testosterone via an
alpha reductase enzyme. The action of DHT is anabolic, hence the growth of the prostate. Treatment
for this condition uses drugs designed to inhibit the alpha reductase enzyme. Saw palmetto berries
contain compounds that inhibit the alpha reductase enzyme.
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A meta-analysis of 18 randomized trials of the efficacy of saw palmetto berries for BPH
symptoms was published in 1998.69 Of a total of 2939 men that took part in these studies, 1118
of them were in studies that compared saw palmetto to placebos and 1821 compared saw palmetto
to finasteride, a drug currently used in BPH treatment that acts as an alpha reductase inhibitor. The
self-reported improvement from the men favored saw palmetto berries over placebos. Similarly,
relief from nocturia and an increase in peak flow rates favored saw palmetto berries over placebo.
When finasteride was compared to saw palmetto berries using the International Prostrate Symptoms
Scale, no difference was observed between finasteride and saw palmetto, meaning that the saw
palmetto was as effective as the drug. The authors noted two advantages of the berry over the drug:
(1) saw palmetto berry is less expensive than finasteride and (2) erectile dysfunction was noted in
5% of the men on the drug, but there were no such side effects in the saw palmetto group.

Shortcomings of this meta-analysis included inconsistent reporting of outcomes, no attempts
to assess the quality of blinding, only three trials using results from standardized, validated uro-
logical symptom scales, and the different doses and preparations of saw palmetto used in each study.

More recently, meta-analyses of a specific standardized lipid extract of Serenoa repens were
published.70,71 These reports concluded that there was significant (but small) improvement in
peak flow rate, reductions in the International Prostate Symptoms scores, and nocturia compared
to placebos.

Other botanicals that are becoming better known for the ability to reduce the symptoms
associated with BPH include Pygeum africanum and Urtica dioica.72,73 Less is known about these
herbs, although Pygeum acts as an alpha reductase inhibitor.

For mild BPH, saw palmetto berries may be beneficial. Their actual benefit in a functional food
rather than in capsule form is questionable, however. A quote from the 1696 diary of a young
Quaker merchant, Jonathon Dickinson, said “We tasted them but not one amongst us could suffer
them to stay in our mouths; for we could compare the taste of them to nothing else but rotten
cheese steeped in tobacco.”74

G. MUSCULOSKELETAL SYSTEM

There are a number of herbal preparations designed to act as analgesics (relieve joint and muscle
pain) and anti-inflammatory agents to reduce swelling and pain. The bark of the white willow is
known to contain salicylates, the compound that is in aspirin. Feverfew (Tancetum parthenuum) is
an herb resembling the daisy that has been reported as a prophylactic treatment for migraine
headaches. The active components of feverfew are thought to be the sesquiterpene lactones.75

In 1985, subjects that were already taking feverfew preparations were studied.76 Half of the
group was given a placebo and the other half was given standardized capsules of feverfew. There
was a significant increase in frequency and severity of attacks in those on the placebo, but those
who took the feverfew-containing capsules had no change in their migraine attacks. In a crossover
design study, patients who took feverfew experienced reduced and less severe attacks compared to
the placebo group.77 An in vitro study suggested that the mechanism by which feverfew worked
was inhibition of 5-lipoxygenase and cyclo-oxygenase enzyme activities.78 The five clinical trials
that have been published suggest a beneficial effect of feverfew compared to placebos. However,
the authors of the 1998 meta-analysis advise that the efficacy of feverfew has not been established
beyond a reasonable doubt.79 More recently, clinical trials with standardized extract (MIG-99)
showed a significant reduction in the number and frequency of migraines.80,81

VI. SUMMARY AND CONCLUSION

Adding botanicals to foods to create functional products raises many issues including appropriate
regulation, safety, stability, and efficacy. Individual food–herbal dynamics will create even more
challenges, including ways to mask the unpleasant flavors of some herbs. Many gaps exist in our
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current knowledge, requiring caution on the part of both the manufacturer and consumer. However,
as our knowledge base grows and confirms the suspected actions of many herbal compounds, our
future food supply could be dramatically different than it is today.
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I. INTRODUCTION

 

Research on conjugated linoleic acid (CLA) continues to be of interest to nutritionists because of
the potential biological actions of this group of dietary fatty acids. In our previous

 

 

 

chapter, we
comprehensively reviewed the numerous reported chemical, biochemical, molecular, and physio-
logical properties of CLA.

 

1

 

 Attention to the characterization of CLA isomers in food sources and
investigations of their beneficial properties to reduce factors associated with cancer, cardiovascular
diseases, and reducing body fat were of historical significance in the research on these fatty acids.

 

1,2

 

Although intriguing, the immediate focus of studies on CLA should be directed at demonstrating
how specific isomers work on biological targets, their intrinsic value to human nutrition, and their
impact on diet-related chronic diseases.

 

3,4

 

As the relationship between dietary fat and human health continues to be explored as a chief
research emphasis, to advance the understanding of nutrition for making recommendations to
improve the human condition, CLA will be a part of this activity. In 2002, the report from the
Institute of Medicine of the National Academies on Dietary Reference Intakes (DRIs) set forth new
recommended levels for fat and individual fatty acids; however, no guidelines were provided for
CLA. The DRIs establish an Adequate Intake (AI) of linoleic acid level at 17 g/d for young men
and 12 g/d for young women in the U.S.

 

5,6

 

 Though no DRIs are recommended for saturated fat
and trans fatty acids because of their perceived adverse effects on health, the tolerable Upper Intake
Levels (UL) were not set for these fatty acids because of practical issues. At this time, CLA isomers
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are a part of the fat component of a normal diet and are perceived as having a health benefit, but
research has yet to associate a direct health benefit of these fatty acids.

CLA represents a family of fatty acids comprised of positional and geometric fatty acid isomers
of octadecadienoic acid. The CLA isomers are reported to have antioxidant and anti-inflammatory
properties. These chemical and biological actions have been investigated in various cell culture and
animal models for cancer, atherosclerosis, bone metabolism, and fat metabolism. Some of the
reported cellular effects include inducing apoptosis and cytotoxic activity, modulating fatty acid
composition and prostanoid formation, and influencing the expression and action of cytokines and
growth factors.

 

1

 

 Though several actions of CLA have been reported, the most consistent findings
include anticancer effects in rodents and cancer cells, and reducing body fat content in growing
animals. In some cases, the biological responses observed from CLA isomers in animal models
were influenced by the amounts of dietary n-6 and n-3 polyunsaturated fatty acids present (PUFA).

 

7–9

 

The purpose of this chapter is to present the recent published findings describing the actions of
CLA in cell culture experiments and human studies.

 

II. ABSORPTION, METABOLISM, AND BODY WEIGHT

A. A

 

BSORPTION

 

The level of CLA intake is closely associated with the concentrations in blood and certain tissues
as found in animal and human studies.

 

1–4

 

 Recently, Burdge et al. reported that the level of CLA
intake for 8 weeks, followed by a 6-week washout period, is a major determinant of plasma and
peripheral blood mononuclear cell (PBMC) concentrations.

 

10

 

 The PBMC appear to incorporate
both c9,t11 and t10,c12 CLA in healthy male subjects after consuming one, two, and four capsules
containing about 600 mg of either c9,t11 or t10,c12 CLA per capsule.

Fernie et al. found that CLA administered in the triacylglycerol form in a study that evaluated
triacylglycerols, free fatty acids, or fatty acid ethyl esters was the most suitable for incorporation
into a food delivery system to optimize absorption and that the c9,t11 and t10,c12 isomers are
absorbed similarly into chylomicrons in human subjects.

 

11

 

 Even though the free acid form was
absorbed into chylomicrons to the same extent as the triacylglycerol form, most subjects reported
that the fatty acid formulation had poor taste characteristics.

Jewell et al. found that the overall transepithelial Ca transport as well as transcellular and
paracellular Ca transport were significantly increased (P < 0.001) by exposure of Caco-2 cells to
two isomers (18:2 c9,t11 or t10,c12) of CLA.

 

12

 

 This effect appeared to be related to altered
localization of zona occludens 1 (a tight junction protein).

 

B. L

 

IPID

 

 M

 

ETABOLISM

 

An important aspect of CLA actions is its potential effect on essential fatty acid desaturation leading
to the long-chain PUFA which occurs to a great extent in liver tissue. Slomma et al. observed that
the t10,c12 CLA isomer at 25 

 

μ

 

M

 

 suppressed the 

 

Δ

 

4-desaturation process in HepG2 cells.

 

13

 

 This
step would result in potentially reduced long-chain production of essential fatty acids.

The effects of CLA on body fat and adipose tissue metabolism has been of great interest to
nutritionists as the finding that these fatty acid isomers reduced fat content and altered body
composition in growing animals. Granlund et al. reported that the t10,c12 CLA isomer inhibited
lipid accumulation during adipocyte differentiation, and this effect was dependent on the stage of
cell maturation and length of fatty acid treatment.

 

14

 

 The inhibition of lipid accumulation by t10,c12
CLA treatment during adipocyte differentiation was associated with a tight regulatory cross-talk
between early (PPAR

 

γ

 

 and C/EBP

 

α

 

) and late (LXR

 

α

 

, aP2 and CD36) adipogenic transcription
factors and their marker genes.
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The effect of CLA isomers on blood lipids has received some attention in an attempt to
understand their role in controlling the development of atherosclerosis and body fat content. Pal et
al. showed that apoB100 secretion was significantly decreased in HepG2 liver cells by treatment
with 50 

 

μ

 

M

 

 CLA (a blend of c9,t11 and t10,c12 isomers) treatment for 24 h.

 

15

 

 A reduction in
apoB100 production in the body would decrease the levels of VLDL and atherogenic LDL and
thus reduce the risk of developing cardiovascular disease. Storkson et al. showed in HepG2 cells
that the reduction of apoB secretion by a CLA mixture was a result of the unique structural features
of the t10,c12 CLA isomer.

 

16

 

 A trans double bond at the 10th position appeared to be a key feature
in the molecular structure involved in the inhibition of apoB secretion.

Acting as a potential dietary factor in controlling body fat, the effect of CLA has also been
investigated on insulin resistance. Chung et al. showed that CLA promoted insulin resistance
through an NF

 

κ

 

B-dependent pathway in human adipocytes; that is, the t10,c12 CLA isomer
promoted NF

 

κ

 

B activation and subsequent induction of IL-6, which are, at least in part, responsible
for the t10,c12 CLA-mediated suppression of PPAR

 

γ

 

 target gene expression and insulin sensitivity
in mature human adipocytes.

 

17

 

Although many recent findings at the cellular and molecular levels suggest that CLA has a role
in fat metabolism, it is important to demonstrate these effects 

 

in vivo

 

. An appropriate response of
fat loss in the human, or elucidation of the conditions for controlling body fat with CLA, is needed
before application to food systems and dietary recommendations should be made.

 

C. B

 

ODY

 

 W

 

EIGHT

 

 

 

AND

 

 C

 

OMPOSITION

 

The early literature on CLA described numerous experiments that showed a significant effect of
dietary CLA mixtures on reducing body fat in growing animals.

 

1–4

 

 In human studies where CLA
supplements were given to adult subjects, the results were mixed, some with body weight loss and
some body fat loss.

 

3,4

 

After observing 81 middle aged, overweight healthy men and women consuming a daily dose
of a drinkable dairy product containing up to 3 g of CLA isomers for 18 weeks, Malpuech-Brugere
et al. concluded that there was no statistically significant effect on body composition in these
subjects.

 

18

 

 In another study, Desroches et al. reported that a 10-fold CLA enrichment of butter fat
(4.22 g CLA/100 g butter fat) did not induce beneficial metabolic effects in overweight or obese
men when compared to a control butter that was low in CLA (0.38 g CLA/100 g butter fat).

 

19

 

 This
study was conducted over a 4-week period utilizing a crossover design involving 16 men.

In contrast, Gaullier et al. found that long-term (1 yr) supplementation with CLA-FFA (CLA
free fatty acid) or CLA-triacylglycerol reduced body fat mass in 180 healthy overweight adults in
a double-blind, placebo-controlled study.

 

20

 

 Riserus et al. reported that CLA (either a mix of isomers
or t10,c12) might slightly decrease body fat in humans, particularly abdominal fat, but there was
no effect on body weight or body mass index.

 

21

 

 Gaullier et al. observed that CLA supplementation
(a mixture of c9,t11 and t10,c12 at a ratio of 1:1, soft gel from Natural Lipids) for 24 months in
healthy, overweight adults was well tolerated.

 

22

 

 In this study, CLA decreased body fat mass in
overweight humans (6 to 8% loss of body fat mass) compared to baseline values. A total of 134
subjects (24 men and 110 women) were enrolled in this study.

 

III. HEALTH ASPECTS

A. B

 

LOOD

 

 L

 

IPIDS

 

The effect of CLA isomeric mixtures on blood lipids continues to be an active area of discovery,
but the research is not consistent in the human.

 

4

 

 Thijssen et al. found that incorporation of both
the c9,t11 and t10,c12 CLA isomers into plasma lipids reflects dietary intakes after giving healthy,
overweight men and women a daily dose of 3 g of purified c9,t11 CLA or t10,c12 CLA in a
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drinkable dairy product for six weeks.

 

23

 

 They also found that the 

 

Δ

 

9 and 

 

Δ

 

6 desaturation indices,
based on product substrate ratios [18:1n-9/18:0 and (18:3n-6 + 20:3n-6)/18:2n-6] in plasma phos-
pholipids, were decreased after consumption of c9,t11 or t10,c12 CLA, compared with oleic acid.

Tricon et al. observed divergent effects of c9,t11 CLA and t10,c12 CLA on blood lipid profiles
in healthy male volunteers (aged 20 to 47 years).

 

24

 

 The t10,c12 CLA isomer led to increased ratios
of LDL cholesterol:HDL cholesterol and total cholesterol:HDL cholesterol, whereas the c9,t11
CLA isomer decreased both ratios. This study evaluated supplemented doses of highly enriched
c9,t11 (0.59, 1.19, and 2.38 g/d) or t10,c12 (0.63, 1.26, and 2.52 g/d) CLA preparations administered
for consecutive 8-week periods in a crossover design with a 6-week washout period in between.

Burdge et al. reported that selective assimilation of individual CLA isomers occurs in erythro-
cyte lipids and so does partial substitution for specific saturated and PUFA when healthy men (31

 

±

 

 8 years) consumed 1, 2, and 4 capsules containing approximately 80 g/100 g of either c9,t11
CLA or t10,c12 CLA for sequential 8-week periods.

 

25

 

 The increase in the c9,t11 CLA concentration
(0.31 g/100 g) was significantly greater than that of the t10,c12 CLA (0.19 g/100 g) in erythrocyte
total lipids.

Herrera et al. found that CLA (450 mg/d), when given together with calcium (600 mg/d) to
pregnant women who are at high risk for pregnancy-induced hypertension (PIH), decreased the
incidence of PIH (8% in the study group vs. 42% in the placebo group, p = 0.1) and improved
endothelial function in a randomized, double-blind, placebo-controlled trial.

 

26

 

B. C

 

ANCER

 

As the first potential health benefit of CLA was an anticancer activity found in an animal model
and extended to human cell cultures, the research continues to explain the extent of this outcome
and exploit the application of CLA supplements to the human. Maggiora et al. commented in a
review article that CLA may be regarded as a component of the diet that exerts antineoplastic
activity, and its effect may be antiproliferative or proapoptotic.

 

27

 

 The actions of CLA may be
mediated, in part, through PPARs.

Kim et al. reported that treating mouse mammary tumor cell cultures with t10,c12 CLA reduced
tumor cell growth, and the action of CLA may involve the suppression of the 5-lipoxygenase
metabolite, 5-HETE, with subsequent effects on apoptosis and cell proliferation.

 

28

 

 This effect was
not observed with the c9,t11 CLA isomer or linoleic acid and may be specific to the different
isomers of CLA. Yamasaki et al. also showed that the t10,c12 CLA isomer induced significant
cytotoxic effects upon mitochondria-related apoptosis and lysosomal destabilization in rat
hepatoma cells.

 

29

 

Lim et al. showed that treating the HT-29 human colon carcinoma cell line with physiological
concentrations of CLA (nondefined isomeric mixture, 0 to 20 

 

μ

 

M

 

) inhibited cancer cell growth of
either the wild-type or mutant p53 and may have therapeutic benefits 

 

in vivo.

 

30

 

 Lampen et al.
reported that the c9,t11 CLA isomer had an antiproliferative effect at the cellular and molecular
levels in human HT-29 and Caco-2 colon cells.

 

31

 

 These results suggest that the anticancer effect
of CLA in the development of colon cancer may be due to its downregulation of some target genes
of the APC-beta-catenin-TCF-4 and PPAR

 

δ

 

 signaling pathways.
Albright et al. tested CLA isomers (c9,t11 and t10,c12) on human MCF-7 cells that were

derived from a well-differentiated mammary adenocarcinoma and found that CLA (mixed isomers
of c9, t11 and t10,c12) increased their sensitivity to oxidative stress and activation of p53 in these
cell cultures, indicating a potential mechanism in the regulation of human breast cancer cell
proliferation.

 

32

 

 Other effects on cancer cell death include those reported by Bergamo et al.

 

33

 

 This
group found that CLA (from an organic butter containing 10.2 ± 0.5 mg c9,t11 CLA/100 g fat)
increased apoptosis and IL-2 synthesis in human lymphoblastic Jurkat T-cells.

Ohtsu et al. used a mixture of CLA isomers (in free fatty acid form, containing 41% of c9,t11,
44% of t10,c12, 10% of c10,c12, and 5% of t9,t11 + t10,t12 + c9,c11 isomers) and found inhibition
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of cellular proliferation of androgen-independent PC3 prostate carcinoma cells in a dose-dependent
manner.

 

34

 

 The isomeric mixture also inhibited constitutive activation of NF

 

κ

 

B and AP1 transcription
factors in these cell cultures. Another study in prostate cancer cells conducted by Song et al. showed
that CLA isomers (individual c9,t11 and t10,c12, and a 50:50 mixture of both) modulated the
abundance of the PKC isoforms in LNCaP human prostate cancer cells, indicating a potential
antitumor mechanism of action.

 

35

 

Human breast cancer has also been a focus for the anticancer research on CLA isomers. Kim
et al. reported that the t10,c12 CLA isomer reduced 5-hydroxyeicosatetraenoic acid (5-HETE) by
competition with arachidonic acid and reduced the 5-lipoxygenase activating protein (FLAP)
expression in MDA-MB-231 human breast tumor cells.

 

36

 

 Liu and Sidell showed that the antiestro-
genic activity of CLA (50% c9,t11; 40% t10,c12; 10% c10,c12) is caused by inducing the dephos-
phorylation of the estrogen receptor (ER) alpha through stimulation of protein phosphatase 2A
(PP2A) activity in MCF-7 human breast cancer cells.

 

37

 

 A study by Degner et al. showed that CLA
(an isomeric mixture or selected isomers c9,t11 or t10,c12) attenuated cyclooxygenase-2 transcrip-
tional activity via an anti-AP-1 mechanism in MCF-7 breast cancer cells.

 

38

 

Yamasaki et al. evaluated the isomeric-specific cytotoxic effects of CLA on rat hepatoma dRLh-
84 cells.

 

39

 

 The researchers found a significant cytotoxic effect of the t10,c12 CLA isomer detected
after only a 1.5-min incubation, and the most noticeable effect was seen after 3 h in culture at
concentrations from 5 to 10 

 

μ

 

M

 

 of this isomer.
Cimini et al. demonstrated that CLA and the PPAR

 

γ

 

 agonist GW347845X strongly inhibited
cell growth and proliferation rate and induced apoptosis.

 

40

 

 Both treatments (CLA and PPAR

 

γ

 

agonist) also decreased cell migration and invasiveness. Lui et al. showed that CLA might exert
its growth-inhibitory effects on murine myeloid leukemia WEHI-3B JCS cells by triggering their
terminal differentiation, which is mediated, at least in part, by modulating cytokine gene expression
of TNF

 

α

 

, IL-1 and IFN

 

γ

 

 in leukemia cells.

 

41

 

Larsson et al. reported that increased intakes of high-fat dairy foods that contain CLA may
reduce the risk of colorectal cancer.

 

42

 

 They examined long-term high-fat dairy food consumption
and CLA intake on the incidence of colorectal cancer in a population consisting of 60,708 women
aged 40 to 76 years who participated in the Swedish Mammography Cohort. They found in this
study that each increment of two servings of high-fat dairy foods per day (whole milk, full-fat
cultured milk, cheese, cream, sour cream, and butter) corresponded to a 13% reduction in the risk
of colorectal cancer in the study population.

 

C. I

 

NFLAMMATION

 

 

 

AND

 

 I

 

MMUNE

 

 F

 

UNCTION

 

The research on CLA has included some studies that examined the actions of these isomers on
targets of inflammation including cytokines and prostanoids in immunocompetent cells, animal
models, and human subjects.

 

1,4

 

 Loscher et al. demonstrated that the c9,t11 CLA isomer enhanced
transcription and production of the anti-inflammatory cytokine IL-10 while inhibiting the Th1-
promoting cytokine IL-12, which may explain certain aspects of its immunosuppressive properties.

 

43

 

In contrast, Jaudszus et al. showed that the c9,t11 isomer exerted stronger anti-inflammatory effects
in human bronchial epithelial cells and eosinophils compared to the t10,c12 CLA isomer and to
linoleic acid.

 

44

 

Ramakers et al. reported that daily consumption of 3 g of c9,t11 or t10,cl2 CLA isomers did
not affect LPS-stimulated cytokine production by peripheral mononuclear cells and whole blood,
and plasma C-reactive protein levels.

 

45

 

 The inflammatory signatures in fasted, nonstimulated plasma
as determined by an antibody array indicated enhanced immune function by both CLA isomers in
these subjects. In another human study, Nugent et al. showed that CLA supplementation at 2 g/d
had a minimal effect on the markers of human immune function.

 

46

 

 Furthermore, supplementation
with CLA had no immunological benefit compared with linoleic acid in a double-blind, randomized,
placebo-controlled intervention trial involving a total of 55 healthy volunteers (20 male and 35
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female subjects). Tricon et al. evaluated the effects of c9,t11 and t10,c12 CLA [3 doses of highly
enriched c9,t11 CLA (0.59, 1.19, and 2.38 g/d) or t10,c12 CLA (0.63, 1.26, and 2.52 g/d)] isomers
for 8 weeks on immune cell function in healthy human subjects following a randomized, double-
blind, crossover design.

 

47

 

 They found that CLA supplementation resulted in a dose-dependent
reduction in the mitogen-induced activation of T lymphocytes. The effects of c9,tl1 and t10,c12
CLA isomers were similar, and there was a negative correlation between mitogen-induced T
lymphocyte activation and both the c9,t11 and t10,c12 CLA contents of mononuclear cells. In
another CLA study with human subjects, Song et al. reported that supplementing CLA at 3 g (50:50
mixture of the 2 major isomers c9,t11 and t10,c12) per d for 12 weeks had a potentially beneficial
effect on controlling immune function by decreasing the levels of the proinflammatory cytokines,
TNF

 

α

 

 and IL-1, while increasing the levels of the anti-inflammatory cytokine, IL-10, in young
healthy volunteers in a double-blind, randomized, reference-controlled study.

 

48

 

The research on many dietary factors that appear to modulate immune function is of importance
for understanding mechanisms for controlling chronic inflammation related to disease. It will be
critical to elucidate a clear mechanism of action for the various isomers of CLA on this process
because it will have an impact on controlling diet-related chronic disease and aging.

 

D. B

 

ONE

 

 

 

AND

 

 J

 

OINT

 

Some research with CLA isomers has been conducted on bone metabolism and bone loss using
rodents and cell cultures. In human chondrocytes, Shen et al. showed that CLA (39.1%
c9,t11/t9,c11; 40.7% t10,c12; 1.8% c9,c11; 1.3% c10,c12; 1.9% t9,t11/t10,t12; 1.1% c9,c12; and
14.1% other isomers) alone or in combination with PUFA (AA, EPA, and linoleic acid) decreased
prostaglandin E

 

2

 

 and nitric oxide production in human osteoarthritic chondrocytes cultures.

 

49

 

 These
results might suggest that the 18:2 CLA isomers may have the potential to influence osteoarthritis
pathogenesis by modulating inflammatory factors. Cusack et al. reported that CLA (either as pure
c9,t11 and t10,c12 or a blend of these two isomers) did not show any cytotoxic effect on human
osteoblast-like cell lines (SaOS2 and MG63), and this could suggest a potential action that may
be beneficial to bone formation.

 

50

 

Doyle et al. reported that daily supplementation with CLA [3.0 g CLA isomeric blend (50:
50% c9,t11: t10,c12 isomers as a triacylglycerol)] or placebo (a palm or bean oil blend) for 8 weeks
had no significant effect on markers of bone formation (serum osteocalcin and bone-specific alkaline
phosphatase), bone resorption (serum C-telopeptide-related fraction of type 1 collagen degradation
products, urinary N-telopeptide-related fraction of type 1 collagen degradation products, urinary
pyridinoline and deoxypyridinoline), or on serum or urinary calcium levels in a double-blind,
placebo-controlled trial with 60 healthy adult males (aged 39 to 64 years).

 

51

 

 However, Brownbill
et al. showed that dietary CLA was positively correlated with Ward’s triangle bone mineral density
(P = 0.04) in a multiple regression model in a cross-sectional analysis of 136 Caucasian, healthy,
postmenopausal women, with a mean age of 68.6 years.

 

52

 

 

 

E. D

 

IABETES

 

Eyjolfson et al. reported that giving a common dosage of a commercially available CLA supplement
(4 g/d of a mixed CLA isomeric blend containing 35.5% c9,t11 and 36.8% t10,c12) improved
insulin sensitivity index in 16 young, sedentary individuals (12 females and 4 males) after 8 weeks,
compared to the placebo control group.

 

53

 

 However, Riserus et al. found that supplementing 3.4 g
of the t10,c12 CLA isomer to nondiabetic abdominally obese men for 12 weeks induced hyper-
proinsulinaemia that is related to impaired insulin sensitivity, independent of changes in insulin
concentrations.

 

54

 

 These results are of clinical interest, as hyperproinsulinaemia predicts diabetes
and cardiovascular disease in this randomized double-blind study. Moloney et al. observed that
supplementing CLA (3.0 g/d; 50:50 blend of c9,t11 and t10,c12 CLA) to subjects with stable, diet-
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controlled type 2 diabetes for 8 weeks significantly increased fasting glucose concentrations (6.3%;
P < 0.05) and reduced insulin sensitivity as measured by a homeostasis model assessment, oral
glucose insulin sensitivity, and the insulin sensitivity index (composite) (P = 0.05).

 

55

 

 This investi-
gation followed a randomized, double-blind, placebo-controlled design. Although some data appear
promising for CLA in diabetes, the results of a few trials are inconclusive and may be specific to
the physiological state and the age of the subjects studied. 

 

F. CLA A

 

DVERSE

 

 E

 

FFECTS

 

Several questions have been raised regarding the safety of CLA preparations for use as supplements
that are derived from chemical isomerized vegetable oils. Other issues have evolved from studies
that utilized large amounts of specific isomers of CLA. For example, Riserus et al. reported that
CLA supplementation to humans did not provide improvement in lipid or glucose metabolism.

 

54

 

Rather, the t10,c12 CLA isomer caused significant impairment of peripheral insulin sensitivity as
well as blood glucose and serum lipid concentrations. At the same time, CLA significantly elevated
lipid peroxidation. In another study, Riserus et al. evaluated a CLA preparation containing the
purified c9,t11 CLA isomer and reported increased insulin resistance and lipid peroxidation in
subjects compared with the placebo group in 25 abdominally obese men that received 3 g of c9,t11
CLA/d or placebo (olive oil).

 

56

 

 Compared with the placebo, the c9,t11 CLA decreased insulin
sensitivity by 15% (P < 0.05) and increased 8-iso-prostaglandin F

 

2

 

α

 

 and 15-keto-dihydroprostag-
landin F

 

2

 

α

 

 excretion by 50% (P < 0.01) and 15% (P < 0.05), respectively.
Taylor et al. reported that a CLA isomeric mixture had at most modest effects on adiposity and

worsened endothelial function as brachial artery flow-mediated dilatation declined (–1.3%, P = 0.013)
and plasma F

 

2

 

-isoprostanes increased (+91 pg/mL, P = 0.042) significantly in a 12-week double-
blind study involving 40 healthy volunteers with BMI > 27 kg/m.

 

57

 

 On the basis of these results,
the authors do not recommend the use of the isomeric mixtures of CLA as an aid to weight loss.

Smedman et al. reported that 4.2 g/d of the isomers c9,t11 CLA and t10,c12 CLA increased
levels of C-reactive protein (P = 0.003), compared with the control group.

 

58

 

 This investigation included
53 human subjects (27 men and 26 women, aged 23 to 63 years) that were supplemented with either
the CLA treatment or a control oil for 3 months in a double-blind, placebo-controlled study.

In a study with mice, Poirier et al. reported that supplementation with an isomeric mixture of
CLA (47% c9,t10 and 48% t10,c12; Tonalin CLA 90%; Natural Lipids, Hovdebygda, Norway) at
1% of the diet for 28 days induced a profound reduction of leptinemia and adiponectinemia,
followed by hyperinsulinemia.

 

59

 

 It was concluded that CLA caused an increased secretory capacity
of pancreatic islets, leading, in turn, to liver steatosis in C57BL/6J female mice.

 

G. S

 

AFETY

 

In a study, Whigham et al. evaluated the safety of one CLA product (ClarinolTM) over a one-year
period in obese healthy humans (35 females and 15 males with BMI from 27 and 35 kg/m2) and
found that CLA as ClarinolTM was safe for use in obese humans for at least 1 year as laboratory
tests showed no adverse effects of CLA, and subject complaints related to the study were less in
the CLA group compared to placebo.60 Although body composition was not different between
groups, the use of this commercial supplement did not result in any adverse actions over a one
year period. 

IV. CONCLUSIONS

A significant body of evidence indicates that CLA isomers demonstrate effects on blood lipids,
tissue metabolism, cell functions, and transcription factors that potentially could improve health
status. However, at the same time, studies with dietary supplements of various CLA isomers alone

6409_book.fm  Page 291  Saturday, September 16, 2006  9:54 AM



292 Handbook of Nutraceuticals and Functional Foods

or in combination have resulted in undesirable effects on human nutrition and health. The next few
years of research on CLA should focus on distinguishing the positive and negative actions of
specific isomers and their impact on nutrition and health for different age groups and conditions
in the human population where a justification of use is warranted. Care must be given to conduct
research in appropriate animal and cell culture models for elucidating mechanisms of action and
safety of the CLA isomers.

REFERENCES

1. Watkins, B.A. and Li, Y., Conjugated linoleic acid: the present state of knowledge, in Handbook of
Nutraceuticals and Functional Foods, CRC Press, Boca Raton, FL, 2001.

2. Watkins, B.A. and Li, Y., Conjugated linoleic acids, in Nutrition and Biology, Food Lipids, Marcel
Dekker, New York, 2001.

3. Watkins, B.A. and Li, Y., Conjugated linoleic acids (CLAs): food, nutrition, and health, in Nutraceu-
tical and Speciality Lipids and Their Co-Products, CRC Press, Boca Raton, FL, 2006.

4. Li, Y. and Watkins, B.A., CLA in human nutrition and health: human studies, in Handbook of
Functional Lipids, CRC Press, Boca Raton, FL, 2006.

5. Dietary fats: total fat and fatty acids, in Dietary Reference Intakes — Energy, Carbohydrate, Fiber,
Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids, (8): 8-1–8–97, Washington, D.C., The
National Academies Press, 2002.

6. Dietary fats: total fat and fatty acids, in Dietary Reference Intakes — Energy, Carbohydrate, Fiber,
Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids, (11): 11-1–11-87, Washington, D.C., The
National Academies Press, 2002.

7. Turek, J.J., Li, Y., Schoenlein, I.A., Allen, K.G.D., and Watkins, B.A., Modulation of macrophage
cytokine production by conjugated linoleic acids is influenced by the dietary n-6:n-3 fatty acid ratio,
J. Nutr. Biochem., 9(5): 258–266, 1998.

8. Li, Y. and Watkins, B.A., Conjugated linoleic acids alter bone fatty acid composition and reduce ex
vivo prostaglandin E2 biosynthesis in rats fed n-6 or n-3 fatty acids, Lipids, 33(4): 417–425, 1998.

9. Li, Y., Seifert, M.F., Ney, D.M., Grahn, M., Grant, A.L., Allen, K.G., and Watkins, B.A., Dietary
conjugated linoleic acids alter serum IGF-I and IGF binding protein concentrations and reduce bone
formation in rats fed (n-6) or (n-3) fatty acids, J. Bone Miner. Res., 14(7): 1153–1162, 1999.

10. Burdge, G.C., Lupoli, B., Russell, J.J., Tricon, S., Kew, S., Banerjee, T., Shingfield, K.J., Beever,
D.E., Grimble, R.F., Williams, C.M., Yaqoob, P., and Calder, P.C., Incorporation of cis-9,trans-11 or
trans-10,cis-12 conjugated linoleic acid into plasma and cellular lipids in healthy men, J. Lipid Res.,
45(4): 736–741, 2004.

11. Fernie, C.E., Dupont, I.E., Scruel, O., Carpentier, Y.A., Sebedio, J.L., and Scrimgeour, C.M., Relative
absorption of conjugated linoleic acid as triacylglycerol, free fatty acid and ethyl ester in a functional
food matrix, Eur. J. Lipid Sci. Technol., 106(6): 347–354, 2004.

12. Jewell, C., Cusack, S., and Cashman, K.D.., The effect of conjugated linoleic acid on transepithelial
calcium transport and mediators of paracellular permeability in human intestinal-like Caco-2 cells,
Prostaglandins Leukot Essent Fatty Acids, 72(3): 163–171, 2005.

13. Slomma, N., Becker, K., and Eder K., The effects of cis-9, trans-11 and trans-10, cis-12 conjugated
linoleic acids on Delta 4-desaturation in HepG2 cells, Int. J. Vitam. Nutr. Res., 74(4): 243–246, 2004.

14. Granlund, L., Pedersen, J.I., and Nebb, H.I., Impaired lipid accumulation by trans 10, cis 12 CLA
during adipocyte differentiation is dependent on timing and length of treatment, Biochim. Biophy.
Acta Mol. Cell Biol. Lipids, 1687(1–3): 11–22, 2005.

15. Pal, S., Takechi, R., and Ho, S.S., Conjugated linoleic acid suppresses the secretion of atherogenic
lipoproteins from human HepG2 liver cells, Clin. Chem. Lab. Med., 43(3): 269–274, 2005.

16. Storkson, J.M., Park, Y., Cook, M.E., Pariza, M.W., Effects of trans-10,cis-12 conjugated linoleic acid
and cognates on apolipoprotein B secretion in HepG2 cells, Nutr. Res., 25(4): 387–399, 2005.

17. Chung, S.K., Brown, J.M., Provo, J.N., Hopkins, R., and McIntosh, M.K.., Conjugated linoleic acid
promotes human adipocyte insulin resistance through NF kappa B-dependent cytokine production, J.
Biol. Chem., 280(46): 38445–38456, 2005.

6409_book.fm  Page 292  Saturday, September 16, 2006  9:54 AM



Conjugated Linoleic Acids: Biological Actions and Health 293

18. Malpuech-Brugere, C., Verboeket-van de Venne, W.P.H.G., Mensink, R.P., Arnal, M.A., Morio, B.,
Brandolini, M., Saebo, A., Lassel, T.S., Chardigny, J.M., Sebedio, J.L., and Beaufrere, B., Effects of
two conjugated linoleic acid isomers on body fat mass in overweight humans, Obes. Res., 12(4):
591–598, 2004.

19. Desroches, S., Chouinard, P.Y., Galibois, I., Corneau, L., Delisle, J., Lamarche, B., Couture, P., and
Bergeron, N., Lack of effect of dietary conjugated linoleic acids naturally incorporated into butter on
the lipid profile and body composition of overweight and obese men, Am. J. Clin. Nutr., 82(2):
309–319, 2005.

20. Gaullier, J.M., Halse, J., Hoye, K., Kristiansen, K., Fagertun, H., Vik, H., and Gudmundsen, O.,
Conjugated linoleic acid supplementation for 1 y reduces body fat mass in healthy overweight humans,
Am. J. Clin. Nutr., 79(6): 1118–1125, 2004.

21. Riserus, U., Smedman, A., Basu, S., and Vessby, B., Metabolic effects of conjugated linoleic acid in
humans: the Swedish experience, Am. J. Clin. Nutr., 79(6 Suppl. S): 1146S–1148S, 2004.

22. Gaullier, J.M., Halse, J., Hoye, K., Kristiansen, K., Fagertun, H., Vik, H., and Gudmundsen, O.,
Supplementation with conjugated linoleic acid for 24 months is well tolerated by and reduces body
fat mass in healthy, overweight humans, J. Nutr., 135(4): 778–784, 2005.

23. Thijssen, M.A.M.A., Malpuech-Brugere, C., Gregoire, S., Chardigny, J.M., Sebedio, J.L., and Men-
sink, RP., Effects of specific CLA isomers on plasma fatty acid profile and expression of desaturases
in humans, Lipids, 40(2): 137–145, 2005.

24. Tricon, S., Burdge, G.C., Kew, S., Banerjee, T., Russell, J.J., Jones, E.L., Grimble, R.F., Williams,
C.M., Yaqoob, P., and Calder, P.C., Opposing effects of cis-9,trans-11 and trans-10,cis-12 conjugated
linoleic acid on blood lipids in healthy humans, Am. J. Clin. Nutr., 80(3): 614–620, 2004.

25. Burdge, G.C., Derrick, P.R., Russell, J.J., Tricon, S., Kew, S., Banerjee, T., Grimble, R.F., Williams,
C.M., Yaqoob, P., and Calder, P.C., Incorporation of cis-9, trans-11 or trans-10, cis-12 conjugated
linoleic acid into human erythrocytes in vivo, Nutr. Res., 25(1): 13–19, 2005.

26. Herrera, J.A., Shahabuddin, A.K.M., Ersheng, G., Wei, Y., Garcia, R.G., and Lopez-Jaramillo, P.,
Calcium plus linoleic acid therapy for pregnancy-induced hypertension, Int. J. Gynecol. Obstet., 91(3):
221–227, 2005.

27. Maggiora, M., Bologna, M., Ceru, M.P., Possati, L., Angelucci, A., Cimini, A., Miglietta, A., Bozzo,
F., Margiotta, C., Muzio, G., and Canuto, R.A., An overview of the effect of linoleic and conjugated-
linoleic acids on the growth of several human tumor cell lines, Int. J. Cancer, 112(6): 909–919, 2004.

28. Kim, J.H., Hubbard, N.E., Ziboh, V., and Erickson, K.L., Conjugated linoleic acid reduction of murine
mammary tumor cell growth through 5-hydroxyeicosatetraenoic acid, Biochim. Biophys. Acta Mol.
Cell Biol. Lipids, 1687(1–3): 103–109, 2005.

29. Yamasaki, M., Miyamoto, Y., Chujo, H., Nishiyama, K., Tachibana, H., and Yamada, K., Trans 10,
cis12-conjugated linoleic acid induces mitochondria-related apoptosis and lysosomal destabilization
in rat hepatoma cells, Biochim. Biophys. Acta Mol. Cell Biol. Lipids, 1735(3): 176–184, 2005.

30. Lim, D.Y., Tyner, A.L., Park, J.B., Lee, J.Y., Choi, Y.H., and Park, J.H.Y., Inhibition of colon cancer
cell proliferation by the dietary compound conjugated linoleic acid is mediated by the CDK inhibitor
p21(CIP1/WAF1), J. Cell. Physiol., 205(1): 107–113, 2005.

31. Lampen, A., Leifheit, M., Voss, J., and Nau, H., Molecular and cellular effects of cis-9, trans-11-
conjugated linoleic acid in enterocytes: Effects on proliferation, differentiation, and gene expression,
Biochim. Biophys. Acta Mol. Cell Biol. Lipids, 1735(1): 30–40, 2005.

32. Albright, C.D., Klem, E., Shah, A.A., and Gallagher, P., Breast cancer cell-targeted oxidative stress:
Enhancement of cancer cell uptake of conjugated linoleic acid, activation of p53, and inhibition of
proliferation, Exp. Mol. Pathol., 79(2): 118–125, 2005.

33. Bergamo, P., Luongo, D., Maurano, F., and Rossi, M., Butterfat fatty acids differentially regulate
growth and differentiation in Jurkat T-cells, J. Cell. Biochem., 96(2): 349–360, 2005.

34. Ohtsu, H., Ho, E., Huang, Y.S., Chuang, L.T., and Bray, T.M., Congulated linoleic acid decreases
cellular proliferation and inhibits nuclear factor-kappa B and activator protein 1 activation in PC3
cancerous prostate epithelial cells, Nutr. Res., 25(7): 655–662, 2005.

35. Song, H.J., Sneddon, A.A., Barker, P.A., Bestwick, C., Choe, S.N., McClinton, S., Grant, I., Rotondo,
D., Heys, S.D., and Wahle, K.W.J., Conjugated linoleic acid inhibits proliferation and modulates
protein kinase C isoforms in human prostate cancer cells, Nutr. Cancer Int. J., 49(1): 100–108, 2004.

6409_book.fm  Page 293  Saturday, September 16, 2006  9:54 AM



294 Handbook of Nutraceuticals and Functional Foods

36. Kim, J.H., Hubbard, N.E., Ziboh, V., and Erickson, K.L., Attenuation of breast tumor cell growth by
conjugated linoleic acid via inhibition of 5-lipoxygenase activating protein, Biochim. Biophys. Acta
Mol. Cell Biol. Lipids, 1736(3): 244–250, 2005.

37. Liu, J.B. and Sidell, N., Anti-estrogenic effects of conjugated linoleic acid through modulation of
estrogen receptor phosphorylation, Breast Cancer Res. Treat., 94(2): 161–169, 2005.

38. Degner, S.C., Kemp, M.Q., Bowden, G.T., and Romagnolo, D.F., Conjugated linoleic acid attenuates
cyclooxygenase-2 transcriptional activity via an anti-AP-1 mechanism in MCF-7 breast cancer cells,
J. Nutr., 136(2): 421–427, 2006.

39. Yamasaki, M., Nishida, E., Nou, S., Tachibana, H., and Yamada, K., Cytotoxity of the trans10,cis12
isomer of conjugated linoleic acid on rat hepatoma and its modulation by other fatty acids, tocopherol,
and tocotrienol, In Vitro Cell. Dev. Biol. Anim., 41(7): 239–244, 2005.

40. Cimini, A.M., Cristiano, L., Colafarina, S., Benedetti, E., Di Loreto, S., Festuccia, C., Amicarelli, F.,
Canuto, R.A., and Ceru, M.P., PPAR gamma-dependent effects of conjugated linoleic acid on the
human glioblastoma cell line (ADF), Int. J. Cancer, 117(6): 923–933, 2005.

41. Lui, O.L., Mak, N.K., and Leung, K.N., Conjugated linoleic acid induces monocytic differentiation
of murine myeloid leukemia cells, Int. J. Oncol., 27(6): 1737–1743, 2005.

42. Larsson, S.C., Bergkvist, L., and Wolk, A., High-fat dairy food and conjugated linoleic acid intakes
in relation to colorectal cancer incidence in the Swedish Mammography Cohort, Am. J. Clin. Nutr.,
82(4): 894–900, 2005.

43. Loscher, C.E., Draper, E., Leavy, O., Kelleher, D., Mills, K.H.G., and Roche, H.M., Conjugated
linoleic acid suppresses NF-kappa B activation and IL-12 production in dendritic cells through ERK-
mediated IL-10 induction, J. Immunol., 175(8): 4990–4998, 2005.

44. Jaudszus, A., Foerster, M., Kroegel, C., Wolf, I., and Jahreis, G., Cis-9,Trans-11-CLA exerts anti-
inflammatory effects in human bronchial epithelial cells and eosinophils: comparison to Trans-10,Cis-
12-CLA and to linoleic acid, Biochim. Biophys. Acta Mol. Cell Biol. Lipids, 1737(2–3): 111–118, 2005.

45. Ramakers, J.D., Plat, J., Sebedio, J.L., and Mensink, R.P., Effects of the individual isomers cis-9,
trans-11 vs. trans-10,cis-12 of conjugated linoleic acid (CLA) on inflammation parameters in mod-
erately overweight subjects with LDL-phenotype B, Lipids, 40(9): 909–918, 2005.

46. Nugent, A.P., Roche, H.M., Noone, E.J., Long, A., Kelleher, D.K., and Gibney, M.J., The effects of
conjugated linoleic acid supplementation on immune function in healthy volunteers, Eur. J. Clin.
Nutr., 59(6): 742–750, 2005.

47. Tricon, S., Burdge, G.C., Kew, S., Banerjee, T., Russell, J.J., Grimble, R.F., Williams, C.M., Calder,
P.C., and Yaqoob, P., Effects of cis-9,trans-11 and trans-1 0,cis-12 conjugated linoleic acid on immune
cell function in healthy humans, Am. J. Clin. Nutr., 80(6): 1626–1633, 2004.

48. Song, H.J., Grant, I., Rotondo, D., Mohede, I., Sattar, N., Heys, S.D., and Wahle, K.W.J., Effect of
CLA supplementation on immune function in young healthy volunteers, Eur. J. Clin. Nutr., 59(4):
508–517, 2005.

49. Shen, C.L., Dunn, D.M., Henry, J.H., Li, Y., and Watkins, B.A., Decreased production of inflammatory
mediators in human osteoarthritic chondrocytes by conjugated linoleic acids, Lipids, 39(2): 161–166,
2004.

50. Cusack, S., Jewell, C., and Cashman, K.D., The effect of conjugated linoleic acid on the viability and
metabolism of human osteoblast-like cells, Prostaglandins Leukot Essent Fatty Acids, 72(1): 29–39,
2005.

51. Doyle, L., Jewell, C., Mullen, A., Nugent, A.P., Roche, H.M., and Cashman, K.D., Effect of dietary
supplementation with conjugated linoleic acid on markers of calcium and bone metabolism in healthy
adult men, Eur. J. Clin. Nutr., 59(3): 432–440, 2005.

52. Brownbill, R.A., Petrosian, M., and Ilich, J.Z., Association between dietary conjugated linoleic acid
and bone mineral density in postmenopausal women, J. Am. Coll. Nutr., 24(3): 177–181, 2005.

53. Eyjolfson, V., Spriet, L.L., and Dyck, D.J., Conjugated linoleic acid improves insulin sensitivity in
young, sedentary humans, Med. Sci. Sports Exercise, 36(5): 814–820, 2004.

54. Riserus, U., Vessby, B., Arner, P., and Zethelius, B., Supplementation with trans10cis12-conjugated
linoleic acid induces hyperproinsulinaemia in obese men: close association with impaired insulin
sensitivity, Diabetologia, 47(6): 1016–1019, 2004.

6409_book.fm  Page 294  Saturday, September 16, 2006  9:54 AM



Conjugated Linoleic Acids: Biological Actions and Health 295

55. Moloney, F., Yeow, T.P., Mullen, A., Nolan, J.J., and Roche, H.M., Conjugated linoleic acid supple-
mentation, insulin sensitivity, and lipoprotein metabolism in patients with type 2 diabetes mellitus,
Am. J. Clin. Nutr., 80(4): 887–895, 2004.

56. Riserus, U., Vessby, B., Arnlov, J., and Basu, S., Effects of cis-9,trans-11 conjugated linoleic acid
supplementation on insulin sensitivity, lipid peroxidation, and proinflammatory markers in obese men,
Am. J. Clin. Nutr., 80(2): 279–283, 2004.

57. Taylor, J.S.W., Williams, S.R.P., Rhys, R., James, P., and Frenneaux, M.P., Conjugated linoleic acid
impairs endothelial function, Arterioscl. Throm. Vasc. Biol., 26(2): 307–312, 2006.

58. Smedman, A., Basu, S., Jovinge, S., Fredrikson, G.N., and Vessby, B., Conjugated linoleic acid
increased C-reactive protein in human subjects, Br. J. Nutr., 94(5): 791–795, 2005.

59. Poirier, H., Rouault, C., Clement, L., Niot, I., Monnot, M.C., Guerre-Millo, M., and Besnard, P.,
Hyperinsulinaemia triggered by dietary conjugated linoleic acid is associated with a decrease in leptin
and adiponectin plasma levels and pancreatic beta cell hyperplasia in the mouse, Diabetologia, 48(6):
1059–1065, 2005.

60. Whigham, L.D., O’Shea, M., Mohede, I.C.M., Walaski, H.P., and Atkinson, R.L., Safety profile of
conjugated linoleic acid in a 12-month trial in obese humans, Food Chem. Toxicol., 42(10): 1701–1709,
2004.

6409_book.fm  Page 295  Saturday, September 16, 2006  9:54 AM



6409_book.fm  Page 296  Saturday, September 16, 2006  9:54 AM



 

297

 

15

 

Olive Oil and Health Benefits

 

Denis M. Medeiros and Meghan Hampton

 

CONTENTS

 

I. Introduction ........................................................................................................................297
II. Nutritional Components of Olives.....................................................................................298

III. Olive Oil.............................................................................................................................298
IV. Coronary Heart Disease .....................................................................................................300

A. Fatty Acids in the Mediterranean Diet......................................................................300
B. Other Olive Constituents and Their Effects..............................................................300
C. Olives as Sources of Antioxidants ............................................................................301
D. Olive Oil and Inflammation.......................................................................................302
E. Hypertension and Olive Oil Consumption................................................................303

V. Cancer.................................................................................................................................303
A. Breast Cancer and Olive Oil .....................................................................................303
B. Prostate Cancer and Olive Oil...................................................................................304
C. Other Cancers and Olive Oil .....................................................................................304
D. Summary and Future Need for Cancer Research and Olive Oil..............................305

VI. Other Disease Conditions and Olive Oil ...........................................................................305
VII. Summary of a Consensus Report ......................................................................................305

VIII. Summary ............................................................................................................................305
References ......................................................................................................................................306

 

I. INTRODUCTION

 

The olive is a common name for a plant family and its representative genus, and for the fruit of
the olive tree. There are approximately 900 species of olives in 24 genera. Most of us are familiar
with the olive that is cultivated for its fruit, which are sometimes referred to as drupes. Olives for
eating are harvested or picked when they are either unripe or ripe. The unripe olives are green and
remain so during pickling. Ripe olives are dark bluish when fresh and turn blackish during pickling.

Olives have been associated with Mediterranean cultures for some time. The cultivated olive
is originally native to the eastern Mediterranean region but is cultivated throughout that area and
in other parts of the world that have climates similar to the Mediterranean area. The genus and
species of the cultivated olive is 

 

Olea europea

 

, which is grown between the 30th and 45th parallels.
Spain, Italy, and Greece are the major producers of olives, with Spain being the biggest producer,
followed by Italy and then Greece. Other producers in the area include Portugal, Turkey, Morocco,
Tunisia, and France. More countries and regions of the world (U.S., Canada, Japan, Chile, Argentina,
New Zealand, and Australia) are cultivating olives because of interest in the health benefits of the
Mediterranean diet. In the U.S. most of the production is in California due to its more Mediterra-
nean-like climate. Olive trees normally thrive in regions where there are mild winters and hot
summers. The trees cannot normally tolerate temperatures below 10

 

o

 

C, but they can withstand hot
temperatures and are drought-resistant.
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II. NUTRITIONAL COMPONENTS OF OLIVES

 

Harvesting of olives may influence their nutrient composition. A point worth noting is to not let
them over-ripen as the acidity level will increase too much. If the harvest is too early, there is
limited oil in the olive. When the olives turn green it is a good time to pick them. The acidity and
oil content will continue to increase as they turn purple and black. For the most part, the nutrient
composition of olives shown in Table 15.1 is fairly representative. One large olive will supply 5.1
Kcal. Most of the caloric value is supplied by fat, followed by carbohydrate and protein, respectively.
Olive oil is derived from the fresh, ripe fruit and comprises about 20% of the olive by weight. One
of the most studied aspect of olives is the fatty acid content, with the oil being a good source of
the monounsaturated fatty acid oleate. Oleate may range from 56 to 84% of the fatty acid content.

 

1

 

Olive oil also contains the saturated fatty acids palmitoleate and stearate in small amounts, the
polyunsaturated fatty acids linoleate, and to a small degree, linolenate.

 

2

 

 Linoleate may comprise 3
to 21% of the fatty acid content.

 

1

 

III. OLIVE OIL

 

The best quality olive oil is termed 

 

virgin

 

 oil or 

 

extra virgin

 

 olive oil (EVO). This is the oil that is
first expressed under light pressure during processing and not further refined. This process is a very
significant part of olive oil production. On the other hand, the fact that it has less polyunsaturated
fatty acids than other oils gives it a better shelf life. Furthermore, it has a mixture of tocopherols,
including vitamin E, which can give a protective effect.

 

4

 

Figure 15.1 illustrates the method commonly used in production of extra virgin olive oil. The
olives can be hand-picked from the olive tree or the trees may be beaten with poles to loosen the
olives. Some machines collect the olives into nets as a tractor shakes the branches of the olive
trees. Most olive oil on the market is expressed under heavy pressure and undergoes further
refinement. Olives should be processed within 24 h of picking, especially if the weather is hot.

 

TABLE 15.1
Selected Nutrient Compositions of Olives

 

Nutrient 1 large olive (4.4 g)

Macronutrients

 

Water 3.52 g
Energy 5.05 Kcal
Protein 0.037 g
Total lipid 0.47 g
Carbohydrate 0.28 g
Total dietary fiber 0.14 g
Ash 0.10 g

 

Lipids

 

Palmitic (16:0) 0.05 g
Stearic (18:0) 0.01 g
Oleic (18:1) 0.34 g
Linoleic (18:2) 0.04 g
Linolenic (18:3) 0.003 g

 

Source:

 

 From USDA Nutrient Database for Standard Ref-
erence, Release 12. U.S. Department of Agriculture, Agri-
culture Research Service, Nutrient Data Laboratory Home
Page, http://www.nal.usda.gov/fnic/foodcomp, 1998.
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They should be processed regardless within 72 h of picking. Typically, olive oil may oxidize easily
and produce a strong flavor. Thus, protection from light and heat will increase its shelf life
considerably.

 

3

 

 It is important that during processing no heat or chemicals are used to produce extra
virgin olive oil. After the olives are harvested, they are washed and then ground up with the pits
into a pulp in a mill made from stainless steel. Before industrialization granite rocks were used to
grind the olives. All of the oil is pressed from the pulp and then collected. If the process occurs
above 86

 

o

 

C, it is no longer considered “cold press,” which is one of the characteristics of extra
virgin olive oil. Using this method 90% of the oil is extracted from the olives. To obtain the
remaining 10% requires heat and/or a chemical process, producing an oil that would not be
considered extra virgin olive oil. The three basic grades of olive oils that consumers have access
to are: (1) extra virgin, (2) virgin, and (3) olive oils.

The interest in the health benefits of olive oil is due to the low incidence of coronary heart
disease and even cancer, particularly breast cancer, in cultures that consume a “Mediterranean diet.”
This diet is rather high in fruits, vegetables, grains, and legumes, but low in meat. Much of the
evidence that links the Mediterranean diet to a lower incidence of coronary heart disease has
centered around the relatively high oleate, but low saturated, fat content. In fact, this diet is
associated with a lower incidence of several chronic diseases.

 

5,6

 

 Diets in the Mediterranean area
are characterized by a high content of oleic acid compared to diets in other Northern European
cultures and North America. It is well known that monounsaturated fatty acids may lower blood
cholesterol levels and may increase HDL cholesterol levels, which could be a link between olive
consumption and the lower incidence of coronary heart disease. With respect to olive oil intake
and cancer rate, the mechanism for such observations are less clear.

This review will focus on two health conditions as affected by olive consumption: coronary
heart disease (CHD) and cancer — but will also consider generalized health aspects. The components
of olives, in addition to fatty acids, will be evaluated as will other compounds such as polyphenols.

 

FIGURE 15.1

 

Scheme on the production of extra virgin olive oil. After olives are harvested and cleaned,
within 72 h they must be crushed and made into a pulp. After that point, the pulp is cold pressed in the absence
of light and oxygen and the oil expelled and bottled in opaque glass bottles.
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IV. CORONARY HEART DISEASE

A. F

 

ATTY

 

 A

 

CIDS

 

 

 

IN

 

 

 

THE

 

 M

 

EDITERRANEAN

 

 D

 

IET

 

Prescription of a Mediterranean diet to patients who have had a myocardial infarct decreases the
risk of a second cardiovascular accident,

 

7

 

 which may be due to several factors. It is commonly
accepted that saturated fatty acids are twice as effective at raising blood cholesterol as are polyun-
saturated and monounsaturated fatty acids at lowering blood cholesterol. The general consensus
appears to be that mono- and polyunsaturated fatty acids are similar in terms of their cholesterol-
lowering abilities. Several studies have shown that monounsaturated fatty acids decrease total blood
cholesterol, LDL cholesterol, apolipoprotein B and triglycerides, with no changes in HDL choles-
terol and Apo-I plasma levels.

 

8

 

 Elder and Kirchgessner

 

9

 

 reported that rats fed linseed oil, as opposed
to olive oil, had lower concentrations of cholesterol, triglycerides, and phospholipids in plasma and
lipoproteins, but a higher susceptibility of LDL to lipid peroxidation. This latter factor, the suscep-
tibility of low-density lipoprotein (LDL) cholesterol to oxidation, yields a more potent atherogenic
compound and may be more significant. Also, although polyunsaturated fatty acids may lower
blood lipids,

 

10,11

 

 they elevate the oxidative susceptibility of LDL, in contrast to fats that contain
elevated saturated and monounsaturated fatty acids.

 

12, 13

 

B. O

 

THER

 

 O

 

LIVE

 

 C

 

ONSTITUENTS

 

 

 

AND

 

 T

 

HEIR

 

 E

 

FFECTS

 

It is not always clear if the resistance to oxidation resulting from the Mediterranean diet is due
only to oleic acid or to other nontriglyceride components present in oleic acid-rich oils. The
minor constituents of virgin olive oil are nonglycerides such as hydrocarbons, monoglyceride
esters, tocopherols, alkanols, flavenoids, anthocyanins, hydroxy and dihydroxyterpenic acids,
sterols, polyphenols, and phosopholipids.

 

1,14,15

 

 The Mediterranean diet is high in polyphenolic
compounds, and olives have a high amount of these substances. The level of these compounds
is variable, with 50 to 800 mg/kg olive oil reported, and is dependent upon several agronomic
factors, including soil, degree of olive ripeness, and cultivar or olive variety.

 

1

 

 There are a number
of phenolic compounds in extra virgin oil (Table 15.2). The simple phenolic compounds are
hydroxytyrosol (3,4-dihydroxyphenylethanol), tyrosol, and phenolic acids such as vanillic and
caffeic acids. The complex phenolic compounds are tyrosol, hydroxytyrosol esters, oleuropein,
and its aglycone. Oleuropein is the phenol that contributes primarily to the bitter taste of olives,

 

1,

15

 

 but other phenolic compounds may contribute some bitterness as well. In addition to the
phenolic compounds described, newer information has revealed the presence of the lignan class
of phenolics such as (+)-1-acetoxypinoresinol, (+)-pinoresinol and (+)-1-hydroxypinoriesinol.

 

4

 

For extra virgin olive oil, the levels of these lignans can be as high as 100 mg/kg in the oils, but
variation does exist.

 

4

 

TABLE 15.2
Phenolic Compounds in Extra Virgin Olive Oil

 

Hydroxytyrosol
Tyrosol
Oleuropein
Vanillic acid
Caffeic acid
Lignans:

(+)-1-acetoxypinoresinol
(+)-pinoresinol
(+)-1-hydroxypinoriesinol 
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C. O

 

LIVES

 

 

 

AS

 

 S

 

OURCES

 

 

 

OF

 

 A

 

NTIOXIDANTS

 

Phenols are very good antioxidants. The greater the phenol content in virgin olive oil, the better
the oxidative stability. Hydroxytyrosol can donate a hydrogen to free radicals, thereby neutralizing
their potential harmful effects as demonstrated in Figure 15.2. Another factor is that hydroxytyrosol
is able to chelate metal ions, which are themselves prooxidant agents. However, it is important that
metal ions be removed during processing as their presence can lead to partial degradation of the
phenolic compounds in the oil.

 

16

 

With respect to the ability of the various phenolic compounds to protect against LDL cholesterol
oxidation, both hydroxytyrosol and oleuropein inhibit CuSO

 

4

 

-induced oxidation of LDL, and the
effect appears to be dose dependent. Luteolin and lutean aglycon are both effective in protecting
against LDL oxidation.

 

17,18

 

 Visioli and Galli

 

1

 

 reported that oleuropein and hydroxytyrosol are
equally or more effective than other antioxidants such as butylated hydroxytoluene (BHT), vitamin
C, and vitamin E. Incubation of LDL with olive oil phenolics (oleuropein or hydroxytyrosol)
reduced the fall in vitamin E levels. Normally, virtually all of the vitamin E would have disappeared

 

FIGURE 15.2

 

Hydroxytyrosol’s antioxidant mechanism. Hydrogen is donated from the hydroxyl groups of
the phenol ring structure to free radicals to generate stable compounds. Two hydrogen atoms per compound
can react, resulting in a carbonyl structure on the phenol ring of the hydroxytyrosol.
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in 30 min, but 80% remained in the presence of phenols. A lower amount of compounds such as
isoprostanes, malonaldehyde, and lipid peroxides were present. The presence of these substances
is relatively indicative of free-radical activity. Also, both phenolic compounds prevented the oxi-
dation of linoleic and docosahexaenoic compounds in the LDL phosopholipids. Phenols can also
inhibit platelet aggregation. Reduced TXB

 

2

 

 and LTB

 

4

 

 production by activated leukocytes is a known
effect of olive phenolics.

 

1,15

 

 In one study, Nicolaiew et al.

 

14

 

 used 10 normolipidemic subjects in a
crossover design in which they received virgin olive oil or sunflower oil for 3 weeks each. Plasma
levels of LDL cholesterol did not change in both diets in either the fasting or postprandial states.
LDL oxidation, as measured by the formation of conjugated dienes, decreased after the olive oil
diet. The results were mixed, in that there was a decrease in the level of conjugated dienes at the
beginning and at the end of the oxidation reaction, but the total diene production (maximal-diene
at time zero) in the presence of CuSO

 

4

 

 did not differ.
Many studies on olive oil are linked to studies on the Mediterranean diet where other dietary

factors could play a role in the findings. However, recent studies have demonstrated that antioxidant
capacity is enhanced by adherence to the Mediterranean diet.

 

19

 

 The Attica area of Greece studied
3042 male and female adult subjects without evidence of cardiovascular disease. Total antioxidant
capacity of the serum samples were obtained. This approach involves determining the extent to
which the addition of exogenous hydrogen peroxide reacts with antioxidants already in the serum.
Total antioxidant capacity was positively correlated with fruits, vegetables, and olive oil intake as
found in a Mediterranean diet, but inversely correlated with consumption of red meat. Furthermore,
low oxidized LDL cholesterol levels were reported for those with greater total antioxidant capacity.

 

D. O

 

LIVE

 

 O

 

IL

 

 

 

AND

 

 I

 

NFLAMMATION

 

Another theory has emerged suggesting olive oil and its phenolic compounds are mediators of
inflammation. Miles et al.

 

20

 

 conducted a systematic study of the different components of olive oil
such as vanillic, p-coumaric, syringic, homovanillic and caffeic acids, kaempferol, oleuropein
glycoside, and tyrosol to determine the degree to which they were able to inhibit the proinflam-
matory effects of lipopolysaccharide using diluted human blood cultures. They studied a number
of cytokines, and the results suggested that the phenolic compounds all had differing degrees of
inhibiting the cytokines at different concentrations. For instance, oleuropein glycoside and caffeic
acid decreased the concentration of interleukin-1

 

β

 

. However, oleuropein at a concentration of 10

 

–4

 

M

 

 inhibited interleukin-1

 

β

 

 production by 80%, but caffeic acid only reduced it by 40% at the same
concentration. Kaemferol decreased prostaglandin E

 

2

 

 by 95% at a concentration of 10

 

–4

 

 

 

M

 

. These
phenolics did not appear to affect interleukin-6 or tumor necrosis in this 

 

in vitro

 

 study. Moreover,
a study on human subjects who consumed the Mediterranean diet reported that serum levels of
tumor-necrosis factor-

 

α

 

 and vascular cell adhesion molecule (VCAM)-1 were markedly decreased.

 

21

 

Further, the authors were able to separate out the effects of olive oil vs. other components of the
diet and found that both gave similar results. Ruano et al.

 

22

 

 studied endothelial function in hyper-
cholesterolemic men as a result of an acute response to a meal high in virgin olive oil. Five men
and 16 women from Cordoba, Spain, with cholesterol between 200 and 350 mg/100 ml were also
studied. In a crossover design, subjects received two fat meals consisting of 60 g of white bread
and 40 ml of virgin olive oil with either low or high phenolic acid content. Venous blood was
sampled for periods of time after ingestion up to 240 min after consumption. Ischemic reactive
hyperemia was measured with a Laser-Doppler probe. Subjects on the high phenolic acid olive oil
diet had significantly greater increases in ischemic reactive hyperemia starting 120 min after meal
ingestion than those on the low phenolic acid diet. This suggested improved endothelial function
among these subjects. Further analysis revealed a reduction in oxidative stress and an increase in
nitric oxide metabolites.

Hydroxytyrosol, present in olives, is a diphenolic compound common in extra virgin olive oil
and may be a potent antioxidant. The superoxide radical (O

 

2
.–

 

) and nitric oxide (NO

 

–

 

) react rapidly
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to form peroxynitrite (ONOO

 

–

 

), which is a chemical that is very reactive and can cause tissue
damage. Nitric oxide may contribute to inflammatory diseases and cardiovascular disease. Hydrox-
ytyrosol has been shown to be highly protective against the peroxynitrite-dependent nitration of
tyrosine and DNA damage by peroxynitrite 

 

in vitro

 

.

 

23

 

 On the other hand, oleuropein can increase
nitric oxide release by cultured macrophages after endotoxin challenge by increasing nitric oxide-
synthase expression. This may be beneficial in the sense that NO may guard against infectious
agents and parasites.

 

24

 

E. H

 

YPERTENSION

 

 

 

AND

 

 O

 

LIVE

 

 O

 

IL

 

 C

 

ONSUMPTION

 

There is some evidence that olive oil may lower blood pressure. One study reported that a diet
enriched with olive oil reduced the mean blood pressure in adult men and women.

 

25

 

 For those with
hypertension, a crossover study in women revealed that olive oil, as opposed to high oleic-acid
sunflower oil, significantly reduced both systolic and diastolic blood pressure.

 

26

 

 This suggests that
constituents of olive oil other than fatty acids may be contributing to these findings. A recent study
by Alonso and Martinez-Gonzalez

 

27

 

 in Spain of 6863 adults in the Seguimiento Universidad de
Navarra (SUN) study revealed lower blood pressure among men who consumed more olive oil in
their diets, but no such relationship was observed among women. Furthermore, Fito et al.

 

28

 

 reported
that extra virgin olive oil, as compared to refined olive oil, lowered systolic blood pressure in
hypertensive patients. However, diastolic blood pressure, blood glucose, lipids, and even oxidized
LDL cholesterol did not differ between the refined olive oil group and the extra virgin olive oil group.

 

V. CANCER

A. B

 

REAST

 

 C

 

ANCER

 

 

 

AND

 

 O

 

LIVE

 

 O

 

IL

 

In modern cultures, a switch from a low fat diet that contains a high proportion of monounsaturated
fatty acids to a high fat diet containing a high proportion of saturated fatty acids may be contributing
to the increased incidence of cancer, including breast cancer. There is geographic variation in the
incidence of breast cancer, and this variation is coincident with the consumption of a high oleic
acid intake derived from olive oil, typical of the Mediterranean diet.

 

29

 

 Case control studies have
yielded evidence of a protective association between oleic acid or olive oil consumption and breast
cancer. Animal experiments indicate that oleic acid may be protective when ingested in a vehicle
both very high in oleic acid and very low in linoleic acid, which is typical of olive oil. Consumption
of olive oil has been shown to reduce mammary tumor incidence even when compared with safflower
oil which contains similar amounts of oleic acid but higher levels of linoleic acid.

 

30,31

 

 Moreover,
experiments with feeding rats a 15% olive oil diet significantly reduced tumor incidence caused
by the carcinogenic compound, 9, 10-dimethyl-1,2-benzanthracene.

 

32

 

Simsonsen et al.

 

33

 

 hypothesized that an olive oil diet could reduce susceptibility of tissue
structures to damage by free radicals, and thus the incidence of breast cancer. This research group
used gluteal fat aspirates and measured the fatty-acid profiles of subjects from various European
cultures. The study included 291 postmenopausal incident breast cancer patients and 351 control
subjects. Oleic acid showed a strong inverse relationship with breast cancer in Spanish cultures,
but not among subjects from Berlin, Northern Ireland, the Netherlands, and Switzerland, or non-
Spanish residents. One reason for the failure of this study to show any relationship of oleic acid
levels to breast cancer in the non-Spanish population could be because olive oil contains other
compounds such as the phenols and flavenoids which are good antioxidants. Moreover, the Spanish
residents obtained their oleic acid from olive oil whereas the other residents obtained theirs from
other sources, which possibly explains these results.

Epidemiological studies have yielded consistent results on the association of monounsaturated
fatty acids or olive oil consumption and the incidence of breast cancer. Omega-6 fatty acids enhance
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carcinogenesis promotion

 

34,35

 

 but omega-3 fatty acids from fish inhibit this phase.

 

36,37

 

 The impact
of omega-6 fatty acid-rich diets is thought to be related to eicosanoid products, such as prostag-
landins E

 

2

 

 and F

 

2

 

α

 

, and thromboxane B

 

2

 

, which are elevated in N-nitrosomethylurea-induced rat
mammary cancer.

 

38

 

 On the other hand, there have been epidemiology studies reporting a higher
risk from increased polyunsaturated fat consumption for breast cancer. Landa et al.

 

39

 

 studied 100
breast cancer subjects and 100 controls using a food-frequency instrument. Those with breast cancer
reported lower intakes of fish, fruits, and vegetables compared to controls. Those with breast cancer
also had lower intakes of vitamin C and monounsaturated fatty acids. Martin-Moreno et al.

 

40

 

 used
a case-control study in Spain and examined specific nutrient intakes using a food-frequency
questionnaire in 762 newly diagnosed breast cancer women and compared this to 988 randomly
selected control females. Both total fat and type of fat intake were not associated with breast cancer
in either pre- or postmenopausal women, after adjustment for energy intake. However, a lower risk
of breast cancer was reported in those who consumed higher amounts of olive oil. Trichopoulou
et al.

 

41

 

 used a semi-quantitative food-frequency instrument administered to 820 women with breast
cancer and 1548 control women from Greece to estimate the intakes of olive oil, margarine, and
other food items. After adjustment for some other potential confounding factors, increased olive
oil consumption was associated with a significantly reduced risk for breast cancer. Margarine
consumption was associated with a greater risk of breast cancer. They also reported that fruit and
vegetable consumption was inversely related to breast cancer in the same study. In a much larger
study in Italy, 2,564 women hospitalized with breast cancer were compared to 2,588 women
admitted to the same hospital for other health conditions not related to breast cancer, hormone
problems, or gastric disorders

 

42

 

. Using a food-frequency questionnaire, this study demonstrated an
inverse relationship with olive oil and other vegetable oil consumption and the incidence of breast
cancer. No relationship for butter or margarine were reported.

 

B. P

 

ROSTATE

 

 C

 

ANCER

 

 

 

AND

 

 O

 

LIVE

 

 O

 

IL

 

Olive oil may protect against prostate cancer. Southern European populations of Greece, Italy,
Portugal, and Spain have lower rates of prostate cancer and perhaps the Mediterranean diet that is
high in olive oil may be a factor.

 

43,44

 

 Studies have suggested that diets high in olive oil may afford
protection against prostate cancer. Hodge et al.

 

45

 

 reported in a case-controlled study of 858 men
below 70 years of age with prostate cancer, compared to 905 age-frequency-matched men in
Australia, that diets with high levels of olive oil, tomatoes, and allium containing vegetables reduce
the risk of prostate cancer. However, the association with olive oil in that study was weak. It was
also unclear whether the fatty acids or the antioxidants in olive oil were the responsible factor.
Many studies on prostate cancer have reported inconsistent results for the effect of fatty acid intake
on prostate cancer.

 

46,47 However, margarine consumption was related to an increased risk of prostate
cancer. A New Zealand study revealed that diet patterns high in monounsaturated fatty acid-rich
vegetable oils reduced the risk of prostate cancer in 317 prostate cancer cases compared to 480
controls.48 However, the association was with the foods high in monounsaturated fatty acids and
not the fatty acids per se. This suggested that other components in these foods (eg., phenolic
compounds) could be contributing factors.

C. OTHER CANCERS AND OLIVE OIL

In addition to the role of olive oil in lowering the incidence of breast tumors, later studies have
suggested that other cancer types may benefit from a diet high in olive oil. Franceschi et al.49

examined cases of 512 men and 86 women from Northeastern Italy who had cancer of the oral
cavity and pharynx and compared them to 1008 men and 483 women controls who had been
admitted to area hospitals for ailments other than neoplastic conditions. Subjects were administered
a dietary questionnaire to evaluate fat intake and other lifestyle aspects. Risk for these cancers was
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reduced by at least 50% in subjects with the highest intakes of several food items, including poultry,
fish, raw and cooked vegetables, citrus fruits, and olive oil.

D. SUMMARY AND FUTURE NEED FOR CANCER RESEARCH AND OLIVE OIL

While much of the work on olive oil intake and cancer has focused upon the monounsaturated fatty
acid content, the antioxidant compounds present may play an important role in its benefits as it
apparently does for heart disease, as reviewed in earlier text. Furthermore, the studies examining
the antioxidant effects of olive oil on various cancers are surprisingly limited and thus afford more
opportunity for investigation.

VI. OTHER DISEASE CONDITIONS AND OLIVE OIL

Heart disease and cancer are the two diseases that show a reduction in risk with increased olive
oil intake as found in the Mediterranean diet. Recently it has been suggested that metabolic
syndrome can be prevented by adherence to the Mediterranean diet.50 Metabolic syndrome consists
of a combination of conditions, including hypertension, abdominal obesity, increased fibrinogen,
insulin resistance, increased blood viscosity, and uric acid levels.51 These conditions predispose the
individuals to be at high risk for cardiovascular disease. Esposito et al.52 conducted a randomized
clinical trial among 90 men and women with metabolic syndrome. The intervention group followed
a Mediterranean diet and the control group followed the prudent diet where carbohydrates provided
50 to 60%; protein, 15 to 20%; and total fat was less than 30%. Two years later, serum C-reactive
protein levels, whose elevation indicates metabolic syndrome, were significantly reduced. Further-
more, insulin resistance, interleukin-6, and improved endothelial function were found in those on
the Mediterranean diet.

Interestingly, some recent studies have suggested that a combination of fish oil with olive oil
may prove beneficial in treatments of inflammation-related conditions. The omega-3 fatty acids
present in fish oils have a well-known impact upon attenuating the inflammatory response. Berbert
et al.53 reported that treatment of rheumatoid arthritis patients with fish oil plus olive oil resulted
in superior relief of clinical arthritic symptoms as opposed to those supplemented with fish oil
only. The control group received soy oil. Subjects consuming both supplements of fish and olive
oils were better able to withstand pain on handgrip tests, had reduced duration of morning stiffness,
and increased time before fatigue became apparent. Camuesco et al.54 reported that fish oil and
olive oil were superior in reducing inflammation in the colons of rats that were induced to develop
colitis with dextran sodium sulfate (DSS). Tumor necrosis factor-α and LTB4 levels were reduced
in rats treated with both fish and olive oils. 

VII. SUMMARY OF A CONSENSUS REPORT

A recent international conference developed a consensus report on the health benefits of virgin
olive oil. In addition to the influence of extra virgin olive oil (EVO) upon cardiovascular disease
and cancer, the report goes further to suggest that EVO may be protective against age-related
cognitive decline and Alzheimer’s disease. They further recommended that olive oil intake is
especially important during the first decades of life and particularly that EVO intake should begin
before puberty and continued throughout life.55

VIII. SUMMARY

Clearly the monounsaturated content of the Mediterranean diet, with respect to the intake of olive
oil, plays a significant role in the lower incidence of both coronary heart disease and cancer,
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particularly breast cancer. The anti-oxidant compounds present in extra virgin olive oil allow for
the protection against LDL cholesterol oxidation and thus spare other antioxidant nutrients. The
role of these same antioxidants in protecting against various cancers should be pursued. Therefore,
further examination of olive oil intake and other cancer types may also yield beneficial information.

The health benefits of olive oil due to its active compounds should focus more on those
agronomic factors that optimize their content. Additionally, further knowledge on the genetic
regulation of the production of antioxidant phenolic compounds would be worthwhile. Increasing
the content of these valuable nutrients to protect against both coronary heart disease and cancers
is a good example of functional food for health. Furthermore, extraction of these compounds from
olives and concentrating them for clinical trials, both animal and human, may provide better insights
into their utility as nutraceuticals for the future.
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I. INTRODUCTION

 

The term vitamin E is used to describe eight lipophilic, naturally occurring compounds, which
include four tocopherols and four tocotrienols (Figure 16.1).

 

1

 

 Tocopherols have a saturated phytyl
tail whereas the tocotrienols have an unsaturated tail. Within each class, four forms exist as 

 

α

 

-, 

 

β

 

-,

 

γ

 

-, and 

 

δ

 

- that differ according to the number and position of methyl groups present on the chromanol
head. For example, when the chromanol head is fully methylated and the phytyl tail is saturated,
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then this vitamer is identified as 

 

α

 

-tocopherol (2,5,7,8-tetramethyl-2

 

R

 

-(4

 

′

 

R

 

,8

 

′

 

R

 

,12 trimethyltride-
cyl)-6-chromanol). 

 

α

 

- and 

 

γ

 

-Tocopherol are the most abundant forms of vitamin E found biologi-
cally and in the diet.

 

2

 

 Structurally, they are quite similar and differ only in that 

 

γ

 

-tocopherol has
an unsubstituted position on the chromanol head (Figure 16.1). Thus, due to the dietary and
biological abundance of these vitamin E forms, a considerable body of knowledge has accumulated
since their discovery. Therefore, this chapter will be limited only to these vitamin E forms.

 

II. HISTORY

 

Vitamin E was discovered in 1922 as a compound necessary to sustain reproductive ability in
rodents.

 

3

 

 Evans and Bishop determined that rodents fed diets containing rancid fat (i.e., vitamin
E-deficient) produced offspring that were mostly sterile in the first generation and completely sterile
in the second generation. From their work, they concluded that fetal resorption occurred despite
the presence of normal ovarian structure and function. About this time, the same conclusion was
formed by Barnett Sure who performed similar dietary experiments, but he coined the term 

 

vitamin
E

 

 since vitamins A, B, C, and D were already identified.

 

4

 

Further work led to the isolation of 

 

α

 

-tocopherol from wheat germ that had the biological
activity of vitamin E.

 

5

 

 In the subsequent year, 

 

β

 

- and 

 

γ

 

-tocopherols were isolated from vegetable
oils, but it was determined that these vitamin E homologues had lower biological activity than 

 

α

 

-
tocopherol.

 

6

 

 Although these non-

 

α

 

-tocopherol forms of vitamin E have been reported to possess
vitamin E biological activity, the purity of these compounds as well as the analytical methods used

 

FIGURE 16.1

 

Vitamin E structures: tocopherols and tocotrienols. Vitamin E consists of four tocopherols and
four tocotrienols. 

 

α

 

-Tocopherol, either naturally occurring or in synthetic preparations, is widely consumed
in supplement form. Synthetic preparations of 

 

α

 

-tocopherol result in the formation of 8 stereoisomers (2

 

R

 

forms: 

 

RRR

 

, 

 

RSR

 

, 

 

RRS

 

, 

 

RSS

 

; 2

 

S

 

 forms: 

 

SRR

 

, 

 

SSR

 

, 

 

SRS

 

, 

 

SSS

 

) as three chiral centers (denoted by asterisks) are
present along the phytyl tail, whereas naturally occurring 

 

α

 

-tocopherol occurs only in the 

 

RRR

 

 configuration.
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have been recently questioned. Currently, the purity of commercially available 

 

γ

 

-tocopherol is
identified as ~97% pure with much of the “contamination” attributed to 

 

α

 

-tocopherol. Therefore,
some of the early research regarding vitamin E biological activity may need to be repeated.

Historically, the fetal resorption assay has been used to define vitamin E biological activity
despite the fact that the assay is very tedious and time consuming.

 

7

 

 However, the assay does
provide useful information as it determines vitamin E biological activity and quantifies the amount
of vitamin E necessary to maintain the maximal number of live fetuses. Whereas vitamin E
deficiency can be induced in laboratory animals, it is quite difficult to do so in humans. Horwitt
and others

 

8–10

 

 studied the effects of chronically low vitamin E intakes among hospitalized volun-
teers. After nearly 2 years of the 6-year-long investigation, plasma vitamin E dropped into the
deficient range, but anemia did not develop despite increased sensitivity of erythrocytes to hydro-
gen peroxide-induced hemolysis.

Despite efforts to produce chronic dietary vitamin E restriction in humans, symptoms of vitamin
E deficiency such as peripheral neuropathy, spinocerebellar ataxia, skeletal myopathy, and pig-
mented retinopathy have not been observed in the laboratory. In addition, free living humans usually
become vitamin E-deficient secondary only to other pathologies including fat maldigestion disor-
ders,

 

11

 

 dysfunctional lipid metabolism,

 

12

 

 and severe protein-energy malnutrition.

 

13

 

 However, the
discoveries of the 

 

α

 

-tocopherol transfer protein and its rarely occurring mutation have led to the
identification of vitamin E deficiency independently of other pathologies in humans,

 

14

 

 which has
also been confirmed with the use of 

 

α

 

-tocopherol transfer protein knock-out mice.

 

15

 

III. FUNCTIONS

A. A

 

NTIOXIDANT

 

The most well known biological function of vitamin E is as a chain-breaking antioxidant (Figure
16.2) that prevents the propagation of lipid peroxidation.

 

16

 

 In this role, vitamin E acts as a peroxyl
radical scavenger and is able to protect PUFAs from lipid peroxidation.

 

17

 

 Vitamin E has been found
to “outcompete” the propagation reactions so that a single vitamin E molecule is able to protect
~1000 lipid molecules from the chain-reaction propagation step.

 

18

 

 This phenomenon is attributed
to the higher rate constant between vitamin E and peroxyl radicals compared to the rate constant
between PUFAs and peroxyl radicals. When vitamin E scavenges peroxyl radicals, it loses an
electron, and becomes oxidized to form a tocopheroxyl radical (Figure 16.2). The tocopheroxyl
radical then has one of several biological fates: (1) it can lose a second electron, becoming further
oxidized to form a tocopherol quinone,

 

19

 

 (2) it can react with another radical to yield a nonreactive
product, (3) it can be recycled (i.e., reduced to tocopherol) by other antioxidants such as vitamin
C,

 

20

 

 or (4) it could potentially reinitiate lipid peroxidation through a process termed 

 

tocopherol-
mediated peroxidation

 

 due to its relatively long half-life.

 

21

 

Of all the tocopherols, 

 

α

 

-tocopherol is the most potent biological form based on methodology
that quantifies the inhibited auto-oxidation of styrene (e.g., peroxyl radical generation).

 

22

 

 The poten-
cies of the tocopherols occur in the following order: 

 

α

 

 > 

 

γ

 

 > 

 

β

 

 > 

 

δ

 

 with respective rate coefficients
of 320, 140, 130, and 44 

 

×

 

 10

 

4

 

 (

 

M

 

–1

 

 sec

 

–1

 

). It seems that 

 

α

 

-tocopherol is the superior tocopherol
form because it contains three methyl groups (Figure 16.1) on the chromanol head that function to
stabilize phenoxyl radicals, whereas the other tocopherols lack one or more methyl groups.

Despite vitamin E’s known 

 

in vitro

 

 antioxidant activity, it is often argued whether vitamin E
functions as an antioxidant in humans. Although there are eight forms of vitamin E, only 

 

α

 

- and

 

γ

 

-tocopherols are generally detected in tissues and plasma of unsupplemented individuals (discussed
further under 

 

Bioavailability 

 

section). In fact, plasma 

 

α

 

-tocopherol concentrations (~20 to 40

 

μ

 

mol

 

/

 

L) are significantly higher than those of 

 

γ

 

-tocopherol (~1 to 5 nmol

 

/

 

L) whereas the other six
vitamin E forms are generally low (<500 

 

μ

 

mol

 

/

 

L) or undetectable in human plasma. Thus, these
more abundant forms represent the logical possibilities for having an 

 

in vivo

 

 antioxidant function.
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Oxidative stress results in the imbalance between free radicals and antioxidant defenses in favor
of the former.

 

23

 

 Therefore, excess free radicals can damage various biomolecules including proteins,
DNA, and lipids. Similarly, antioxidants such as 

 

α

 

- and 

 

γ

 

-tocopherol should be oxidized by free
radicals, which consequently would result in their increased disappearance from biological systems.
This phenomenon has been clearly demonstrated 

 

in vitro

 

 showing that vitamin E can be oxidized
by oxidant-rich cigarette smoke

 

24–26

 

 or chemically by peroxynitrite.

 

27

 

 However, considerably less
is known regarding the effects of oxidative stress on vitamin E in humans. This is partly due to
the availability of few experimental human models to evaluate the extent to which oxidative stress
alters vitamin E concentrations.

To circumvent the limited human models, investigators have evaluated alterations in vitamin
E utilization in aerobically exercising individuals and cigarette smokers. Although these activities
are on opposite ends of the health spectrum, they serve their purpose well because each of them
is well characterized as having increased oxidative stress, which is seen by the measurement of
various oxidative-damage markers. The large difference between them is due to the fact that smokers
represent a model of chronic oxidative stress resulting not only from the direct effects attributed
to cigarette smoke itself, but also from the activated inflammatory processes that smoke induces.

 

20,25

 

Alternatively, aerobic exercise increases the magnitude of oxidative stress due to increased mito-
chondrial oxygen consumption and electron-transport flux.

 

28

 

 Nonetheless, smoking and exercise
increase oxidative damage markers

 

20,29

 

 including F

 

2

 

-isoprostanes, which are considered to be the
“gold standard” measurement of oxidative damage.

 

30

 

To evaluate the effects of oxidative stress attributed to cigarette smoke, smokers and non-
smokers orally ingested 150 mg of deuterium-labeled 

 

α

 

-tocopherols for 6 d.

 

20

 

 After the supple-
mentation period, smokers and nonsmokers had similar plasma concentrations of labeled 

 

α

 

-
tocopherols. However, during the post supplementation period, the smokers’ plasma 

 

α

 

-tocopherol-
disappearance rates were ~13% significantly faster than those of the nonsmokers and they had
plasma 

 

α

 

-tocopherol half-lives that were significantly shorter by ~10 h. Moreover, at the end of

 

FIGURE 16.2

 

Chain-breaking antioxidant ability of 

 

α

 

- and 

 

γ

 

-tocopherol. Oxidative stress may result in the
formation of carbon-centered radicals that can react with oxygen to form peroxyl radicals. In the absence of

 

α

 

- or 

 

γ

 

-tocopherol, lipid peroxidation is continually propagated through the regeneration of a carbon-centered
radical. In the presence of 

 

α

 

- or 

 

γ

 

-tocopherol, peroxyl radicals are scavenged, which ends the chain reaction
of lipid peroxidation. Abbreviations: R,

 

•

 

 carbon-centered radical; ROO,

 

•

 

 peroxyl radical; R-OO-H, lipid
hydroperoxide; RH, polyunsaturated fatty acid; 

 

α

 

- or 

 

γ

 

-T, 

 

α

 

- or 

 

γ

 

-tocopherol; 

 

α

 

- or 

 

γ

 

-T

 

•

 

, 

 

α

 

- or γ-tocopheroxyl
radical. (Adapted from Burton, G.W. and Traber, M.G., Vitamin E: antioxidant activity, biokinetics, and
bioavailability, Annu Rev Nutr, 10: 357–82, 1990.)
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the study, smokers had significantly lower plasma-labeled α-tocopherols than those of nonsmokers.
Interestingly, the smokers’ α-tocopherol-disappearance rates were inversely correlated with their
plasma vitamin C concentrations (further discussion follows later under Section IX). Thus, smokers
with the lowest vitamin C had the fastest rates of α-tocopherol disappearance. Therefore, the
investigators conducted a follow-up trial in which they supplemented smokers and nonsmokers
with vitamin C or placebo for 2 weeks prior to the ingestion of a single dose of deuterium-labeled
α- and γ-tocopherols.31 As observed in the previous study, during the placebo phase smokers had
faster plasma α- and γ-tocopherol-disappearance rates. However, vitamin C supplementation
completely restored smokers’ α- and γ-tocopherol disappearance rates to levels similarly observed
in the nonsmokers. Thus, they concluded that vitamin C recycled α- and γ-tocopheroxyl radicals
to their reduced tocopherol forms, which enabled smokers to have increased α- and γ-tocopherol
plasma half-lives. Such studies in smokers and nonsmokers have improved our understanding that
α- and γ-tocopherol function as antioxidants in vivo and that they act along with vitamin C as
members of an antioxidant network.18

Similarly, aerobic exercise also increased α-tocopherol disappearance.29 Ultramarathon runners
completed two trials in which they ingested deuterium-labeled α-tocopherols prior to a 50 km race
(trial 1) or during a sedentary period (trial 2) that occurred 1 month after the race. From the plasma
samples they measured labeled α-tocopherols during both trials and determined that extreme
aerobic exercise resulted in ~22% faster plasma α-tocopherol disappearance compared to the
sedentary phase. Importantly, exercise nearly doubled plasma isoprostanes from pre-race to post-
race samples whereas the sedentary trial resulted in no changes in plasma isoprostanes. Thus,
exercise-induced oxidative stress resulted in increased lipid peroxidation concomitant with
increased α-tocopherol disappearance.

B. NONANTIOXIDANT

1. α-Tocopherol

In addition to α-tocopherol’s antioxidant ability, α-tocopherol may have a contributory role in cell
signaling. In particular, protein kinase C, a protein involved in cell proliferation and differentiation,
may be inhibited by α-tocopherol in smooth muscle cells,32,33 monocytes,34 and platelets.35 Other
proteins that were altered by α-tocopherol include VCAM-1 and ICAM-1,36 which are important
factors in cardiovascular disease risk since they cause adhesion of certain blood cell components
to the vascular endothelium. In addition, vitamin E upregulates the expression of both COX-137

and phospholipase A2.38 Further studies suggested that α-tocopherol dose dependently increased
the production of vasodilator prostanoids (prostaglandin I2 and prostaglandin E2) in human aortic
endothelial cells.39 In this investigation, however, α-tocopherol inhibited COX activity, but did not
change the expression of COX-1 or COX-2. Additionally, α-tocopherol supplementation decreased
C-reactive protein and monocyte interleukin-6 concentrations in both healthy volunteers, as well
as type 2 diabetics.40 Also, α-tocopherol decreased TNF-α from activated human monocytes and
also NF-κB binding activity by 5-lipoxygenase inhibition.41 NF-κB, a redox-sensitive transcription
factor, was inhibited by α-tocopherol succinate.42 However, this effect was not observed for α-
tocopherol or α-tocopheryl acetate. In contrast, it was reported in an animal investigation of
phenobarbital-induced oxidative stress that α-tocopherol acetate in dietary doses of 50 and 250
mg/kg decreased liver NF-κB activation without affecting other endogenous antioxidant systems.43

2. γ-Tocopherol

γ-Tocopherol, as well as its physiological metabolite, γ-CEHC (γ-carboxy-ethyl-hydroxy-chroman;
Figure 16.3), may possess anti-inflammatory activity.44,45 γ-Tocopherol and γ-CEHC inhibited COX
activity in lipopolysaccharide-stimulated macrophages and interleukin-1β-stimulated epithelial
cells.44 However, it should be noted that the γ-CEHC concentrations (10 to 50 μmol/L) used in
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these experiments exceeded physiological concentrations. Further investigations demonstrated that
γ-tocopherol treatment reduced the synthesis of prostaglandin E2 and leukotriene B4 at the site of
inflammation in a rodent model of arthritis.45 Moreover, γ-tocopherol supplementation, but not α-
tocopherol supplementation, inhibited protein nitration and spared vitamin C in rats subjected to
zymosan-induced inflammation.46

In humans, animals, and in vitro models of inflammation and nitrosative stress, γ-tocopherol
can be nitrated by reactive nitrogen species to yield 5-NO2-γ-tocopherol (Figure 16.3). γ-Toco-
pherol, but not α-tocopherol, can be nitrated due to the subtle structural differences between the
two molecules (Figure 16.1). As γ-tocopherol has an unsubstituted position on the chromanol
head, it can scavenge reactive nitrogen oxides.47 In fact, 5-NO2-γ-tocopherol is the major product
formed from the reaction between γ-tocopherol and peroxynitrite.48 Thus, 5-NO2-γ-tocopherol may
serve as a biomarker of nitrosative stress and γ-tocopherol may also protect other biomolecules,
such as tyrosine, from nitration.25 In patients with coronary artery disease, 5-NO2-γ-tocopherol
was elevated in the plasma, as well as in the carotid-artery atherosclerotic plaque.49 Evidence from
postmortem brains of Alzheimer’s patients also indicated that 5-NO2-γ-tocopherol was elevated.50

Cigarette smoke, in addition to its extremely high levels of reactive oxygen species, also contains
500 to 1000 ppm nitric oxide.51 Thus, following the analysis of plasma from smokers and
nonsmokers, it was determined that smokers had plasma 5-NO2-γ-tocopherol concentrations that
doubled those of nonsmokers despite no differences between the groups for plasma α- or γ-
tocopherol concentrations.25

IV. DIETARY SOURCES

A. FOOD

Humans and animals lack the ability to synthesize vitamin E and must therefore obtain it from
plants that synthesize it. The predominate forms of vitamin E found in foods are α- and γ-
tocopherol.52 Figure 16.4 illustrates the amounts of α- and γ-tocopherol in some commonly con-
sumed foods. Notably, α-tocopherol is found in copious amounts in almonds, safflower oil, sun-

FIGURE 16.3 Structures of vitamin E metabolites and 5-nitro-γ-tocopherol. Vitamin E metabolites, α- and
γ-CEHC (carboxyethyl-hydroxychromanol) are formed via P450-mediated metabolism of α- and β-tocopherol,
respectively. 5-nitro-γ-Tocopherol, a nitration product of γ-tocopherol, is formed through reactions with reactive
nitrogen oxides such as peroxynitrite.
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flower seeds, and canola oil, whereas abundant sources of γ-tocopherol include certain vegetable
oils (soybean and canola) and nuts (walnuts, peanuts, pecans). Interestingly, due to the high
consumption of γ-tocopherol-rich foods in the typical American diet, it is estimated that γ-tocopherol
represents nearly 70% of the total vitamin E content consumed.53 Probably, this is the result of the
increased consumption of fats and oils which are derived from soybean oil.54

B. SUPPLEMENTS

The majority of dietary vitamin E supplements contain α-tocopherol although γ-tocopherol sup-
plements have recently emerged in the marketplace. The latter, however, generally contains a mixed
tocopherol/tocotrienol formulary with γ-tocopherol as the predominant form. With regard to α-
tocopherol, most dietary supplements and fortified foods contain synthetic α-tocopherol (all rac-
α-tocopherol or commonly labeled as dl-α-tocopherol), rather than naturally occurring α-tocopherol
(RRR-α-tocopherol or labeled as d-α-tocopherol). Although natural and synthetic compounds are
often similar for most dietary supplements, this is not the case with α-tocopherol. α-Tocopherol
has three chiral centers (carbon positions 2, 4′, and 8′; Figure 16.1), which can yield up to 8
stereoisomers (2R forms: RRR, RSR, RRS, RSS; 2S forms: SRR, SSR, SRS, SSS). In fact, synthetic
preparations contain equal proportions of each stereoisomer whereas naturally occurring α-toco-
pherol only contains the RRR stereoisomer.55 There are no differences in the intestinal absorption
or chylomicron secretion (Figure 16.5) of synthetic and natural α-tocopherol forms.56 However,
the biopotency of all rac-α-tocopherol is lower than that of RRR-α-tocopherol so that the liver, via
the α-tocopherol transfer protein, preferentially secretes RRR-α-tocopherol into very low-density
lipoproteins, whereas all rac-α-tocopherol seems to be preferentially metabolized to α-CEHC.
Further illustrating this point were studies conducted in healthy human participants who were
simultaneously supplemented with equal amounts of deuterium-labeled natural (d3-RRR-α-toco-
pheryl acetate) and synthetic (d6-all rac-α-tocopheryl acetate) tocopherols orally.20,57,58 In these
studies, plasma concentrations of naturally occurring α-tocopherol (d3-α-tocopherol) were approx-

FIGURE 16.4 α- and γ-Tocopherol content of select foods.
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imately 2 times higher than those of synthetic α-tocopherol (d6-α-tocopherol). Moreover, plasma
d6-α-CEHC59 and urinary d6-α-CEHC20 were significantly higher (1.7 to 4.7 times) than that of d3-
α-CEHC, which suggested a greater metabolic conversion of synthetic α-tocopherol to α-CEHC
(synthesis of CEHC discussed further under Subsection VI.C. Hepatic Metabolism).

V. HUMAN REQUIREMENTS AND DIETARY INTAKE

Currently, vitamin E dietary recommendations only exist for α-tocopherol because the other seven
forms of vitamin E are poorly recognized by the α-tocopherol transfer protein and they are not
interconverted to α-tocopherol.60 Based on the available data, the Recommended Dietary Allowance
(RDA) for men and women was established at 15 mg/d for α-tocopherol. By extrapolation it was
determined that this quantity would achieve a plasma α-tocopherol concentration that would be
sufficient to prevent hydrogen peroxide-induced erythrocyte lysis. In an effort to make dietary
recommendations as accurate as possible, the stereochemistry of α-tocopherol was also considered
when these recommendations were developed.60 Whereas naturally occurring α-tocopherol exists
only as RRR-α-tocopherol, synthetic preparations result in a racemic mixture of eight stereoisomers
because the α-tocopherol phytyl tail contains three chiral centers. As 2S-stereoisomers of α-
tocopherol are not maintained in the plasma or tissues, they were not included in the definition of
active components of vitamin E, and the dietary recommendations were limited to the 2R-stereoi-
somers only.

As vitamin E is a lipophilic, chain-breaking antioxidant, it would be expected that diets rich in
PUFAs could potentially increase the requirements for vitamin E.61 Human studies are limited, but
in animal studies in which the degree of lipid unsaturation ingested was increased, the result was
a reduction in the time required to develop symptoms of vitamin E deficiency. Thus, it has been
suggested that at least 0.6 mg of α-tocopherol equivalents per gram of PUFA should be ingested.
Continued studies in humans are clearly warranted to further understand this relationship.

In comparison to the current dietary recommendations, it appears that Americans are not
consuming diets adequate in α-tocopherol.60 Recently, it was suggested that >90% of American
men and women do not consume diets that meet the Estimated Average Requirement (EAR; 12
mg/d) for α-tocopherol.62 In further support of this were data from the Third National Heath and
Nutrition Examination Survey, which indicated that median α-tocopherol intakes from food alone
for men and women (19 to 30 years) were only 9.4 and 6.4 mg, respectively.60 However, it is
possible that these values might be underestimated due to several sources of measurement error,
which include the underreporting of total energy63 and fat intake,64 the amounts of fats and oils
used in food preparation, the uncertainty of the specific oils consumed, and inaccuracies in the
food composition databases.60 Nonetheless, the collective data suggested that Americans are most
likely not meeting the dietary recommendations for α-tocopherol intake and the available data
regarding dietary intakes of α-tocopherol are probably misleading and inaccurate.

VI. BIOAVAILABILITY

A. DIGESTION AND ABSORPTION

Since vitamin E is lipophilic, its absorption from the intestinal lumen is highly dependent on the
same processes that enable fat digestion and uptake into the enterocytes (Figure 16.5). In addition
to pancreatic esterases that are required to cleave fatty acids from triglycerides, bile acid secretion
is equally important, as both are necessary for the formation of mixed micelles that makes vitamin
E absorption possible.65 In fact, the absence of either of these components results in poor vitamin
E absorption, which is why vitamin E deficiency can be observed in patients with biliary obstruction,
cholestatic liver disease, pancreatitis, or cystic fibrosis.66 Upon enterocyte uptake of vitamin E,
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absorption into the lymphatic system is then dependent on chylomicron synthesis and secretion
(Figure 16.5). In the enterocytes, chylomicrons containing triglycerides, cholesterol, phospholipids,
and apolipoprotein are synthesized.67 During that process, lipophilic compounds such as vitamin
E and carotenoids are incorporated into chylomicrons and then secreted into the lymph (Figure
16.5). In healthy individuals, the absorption of vitamin E was estimated to range between 15 to
45% of the ingested dose when using radioactive α-tocopherol.68 However, in thoracic duct-
cannulated rats, the absorption of vitamin E became less efficient as the amount of α-tocopherol
ingested increased.69 The bioavailability of α-tocopherol was recently examined in healthy human
participants who consumed three test meals of varying lipid amounts (0 to 11 g fat) along with
deuterium-labeled RRR-α-tocopherol (22 mg) that was impregnated into apple pieces.70 From blood
sampling obtained up to 72 h following breakfast and deuterium-labeled RRR-α-tocopherol inges-
tion, they determined that the bioavailability was increased up to 3-fold when 11 g of fat was co-
ingested with the labeled α-tocopherol. They further calculated that at least 33% of the dose had
to be absorbed during the 11 g fat trial. Moreover, it was estimated that 0.33 mg of α-tocopherol
was absorbed for each gram of fat consumed, which confirmed the necessity of fat in the diet for
adequate vitamin E absorption. Further studies are needed to determine the lower limit of fat
ingestion necessary for optimal vitamin E absorption.

FIGURE 16.5 Vitamin E intestinal absorption. All ingested vitamin E forms are equally incorporated into
micelles, absorbed in the small intestine, and packaged into chylomicrons prior to secretion into the lymph.
Chylomicrons containing newly absorbed vitamin E can be catabolized by lipoprotein lipase to facilitate the
transfer of vitamin E to peripheral tissues or lipoproteins (HDL or LDL). However, chylomicron remnants
containing newly absorbed vitamin E are taken up by the liver by a receptor mediated process. The liver then
secretes VLDL containing mostly α-tocopherol (α-T) into the plasma through a process that is mediated by
the α-tocopherol transfer protein (α-TTP).
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B. HEPATIC SECRETION

Differences in plasma concentrations of the various forms of vitamin E were initially attributed to
differences in intestinal absorption.65 However, investigations using deuterated tocopherols have
demonstrated that the absorptive discrimination between vitamin E forms was not due to enterocyte
uptake or chylomicron secretion.56,71 In fact, the liver is responsible for the preferential secretion
of α-tocopherol into the plasma.72 Furthermore, VLDL containing newly absorbed vitamin E
(containing mostly α-tocopherol) is secreted by the liver into the plasma.73

The likely cause for hepatic discrimination of vitamin E is probably attributed to the α-
tocopherol transfer protein.60 This protein was first identified by Catignani and Bieri,74 purified and
characterized from liver cytosol,75,76 and was recently crystallized.77 The α-tocopherol transfer
protein is expressed mainly in the liver78 and purportedly functions to preferentially transfer/secrete
α-tocopherol from the liver (Figure 16.5) to the plasma79 by an incompletely understood mechanism.
In comparison to α-tocopherol, other vitamin E forms bind with significantly less affinity to this
protein (Table 16.1),80 thus providing a suitable explanation for hepatic discrimination of the various
vitamin E forms. In the absence of the α-tocopherol transfer protein, such as in α-tocopherol
transfer protein knock-out mice81 or humans with a genetic defect for this protein,82 the result is
vitamin E deficiency.

C. HEPATIC METABOLISM

Excretion of α- and γ-tocopherol occurs via two predominant pathways. It can either be excreted
intact, or in its oxidized form, into bile. Alternatively, tocopherols can be metabolized by a
cytochrome P450-dependent mechanism to yield a final urinary excretory product, CEHC (α- or
γ-carboxyethyl-hydroxychroman; Figure 16.3). Tocopherol metabolism occurs predominately in
the liver. The specific P450 enzyme responsible for initiating the metabolism of tocopherols has
been a subject of debate,83–87 but much evidence has accumulated for a cytochrome P450 of the
3A type (CYP3A). Tocopherol metabolism is initiated by ω-hydroxylation (P450 specific) of the
phytyl tail, followed by subsequent cycles of β-oxidation that each remove 2 carbon units from the

TABLE 16.1
Binding Affinity of the α-Tocopherol Transfer Protein 
with Tocopherols

Vitamin E Form
α-Tocopherol Transfer Protein Binding Affinity

(% of RRR-α-Tocopherol)

RRR-α-Tocopherol 100
β-Tocopherol 38
γ-Tocopherol 9
δ-Tocopherol 2
α-Tocopherol acetate 2
α-Tocopherol quinone 2
SRR-α-Tocopherol 11
α-Tocotrienol 12

Note: The α-tocopherol transfer protein has the highest-binding affinity for
naturally occurring stereoisomer of α-tocopherol (RRR-α-tocopherol).

Source: Data adapted from Hosomi, A., Arita, M., Sato, Y., Kiyose, C., Ueda,
T., Igarashi, O., Arai, H., and Inoue, K., Affinity for alpha-tocopherol transfer
protein as a determinant of the biological activities of vitamin E analogs,
FEBS Lett, 409(1): 105–108, 1997.

6409_book.fm  Page 318  Saturday, September 16, 2006  9:54 AM



The Role of α- and γ-Tocopherols in Health 319

phytyl tail until the final product, CEHC, is produced. CEHC is then glucuronidated or sulfated
prior to urinary excretion.

α- and γ-Tocopherols are metabolized at different rates. This is exemplified by a trial in which
equal amounts of deuterium-labeled α- and γ-tocopherol were orally ingested by healthy partici-
pants.88 Following the single dose of tocopherols, plasma γ-tocopherol disappeared 3 times faster
than α-tocopherol. Furthermore, deuterium-labeled plasma α-CEHC was undetectable, but plasma
deuterium-labeled γ-CEHC was readily detectable. Importantly, similar rates of disappearance for
γ-CEHC and γ-tocopherol were observed, which suggested that γ-tocopherol disappearance was
largely attributed to P450-mediated metabolism.

As noted earlier in this chapter, the diet contains mostly γ-tocopherol, but human plasma
contains significantly more α-tocopherol than γ-tocopherol. This is partly explained by the higher
binding affinity of the α-tocopherol transfer protein to α-tocopherol compared to γ-tocopherol
(Table 16.1). As γ-tocopherol is not well recognized by the α-tocopherol transfer protein, it seems
that it is more actively metabolized to γ-CEHC than α-tocopherol is metabolized to α-CEHC.88

In fact, plasma γ-CEHC concentrations are generally in the range of 50 to 150 nmol/L whereas
α-CEHC concentrations are either low (<5 nmol/L) or undetectable in unsupplemented individu-
als.59 However, with α-tocopherol supplementation, a concomitant increase in α-CEHC is
observed.89 Interestingly, because CEHC is a truncation of the tocopherol’s phytyl tail, CEHC
retains antioxidant activity due to the intactness of the chromal head (Figure 16.3).90 However, the
extent to which that provides any antioxidant activity in humans has yet to be determined. Although
it seems logical that metabolism of tocopherols would prevent vitamin E toxicity in humans, its
purpose still remains unclear.

VII. DEFICIENCY

Dietary intakes of α-tocopherol are rarely low enough in the American diet to induce vitamin E
deficiency symptoms (no level of deficiency has yet to be determined for γ-tocopherol). The first
reports of vitamin E deficiency were characterizations of children with fat malabsorption syn-
dromes such as abetalipoproteinemia, cholestasis, and cystic fibrosis.73 More recently, in persons
without any apparent lipid absorption or lipoprotein metabolism dysfunction, vitamin E deficiency
was observed.91 In these patients it was determined that they had a defect in the gene that encoded
for the α-tocopherol transfer protein. Thus, vitamin E could be absorbed, packaged into chylo-
microns, and taken up by the liver (Figure 16.5), but in the absence of the hepatic α-tocopherol
transfer protein, vitamin E could not be secreted into the plasma. Understanding the role of the
α-tocopherol transfer protein in human health is an area under extensive investigation. In α-
tocopherol transfer-protein knockout mice, mice become vitamin E deficient and have difficulties
with reproduction.15 Additionally, these mice are more susceptible to developing atherosclerosis.
Little is known about the regulation of the α-tocopherol transfer protein. Oxidative stress, induced
by hyperoxia exposure for 48 h, resulted in decreased α-tocopherol transfer protein mRNA, but
no apparent changes in protein levels.92 Zinc deficiency in rats induced dramatic reductions in α-
tocopherol absorption and reduced plasma α-tocopherol concentrations.93 However, it is unclear
if zinc is necessary for α-tocopherol transfer-protein expression. Importantly, dietary protein
intakes are integral for maintaining vitamin E concentrations. In rats fed a low protein diet, α-
tocopherol concentrations decreased and α-tocopherol transfer protein mRNA and protein levels
were significantly decreased.94

VIII. TOXICITY

The Institute of Medicine’s Food and Nutrition Board adopted a tolerable upper limit (UL) of
consumption for vitamin E as 1000 mg/d.60 This amount is considered to pose no adverse risk on
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health in nearly all individuals of the general population.95 However, it should be noted that no
important adverse effects have been attributed to vitamin E intakes up to 3200 IU/d.96 Recently, a
meta-analysis was conducted using data from 19 clinical trials that investigated the potential health
benefits of α-tocopherol supplementation in a variety of populations (i.e., patients with cardiovas-
cular disease, renal failure, and Alzheimer’s).97 From the analysis, it was suggested that adults
ingesting >400 IU/d of α-tocopherol were 6% more likely to die prematurely. However, further
analysis according to dose ingested and controlling for other nutrient intakes indicated that a
significant relationship was only found among participants ingesting 2000 IU/d, which is well above
the UL of 1000 mg/d. Thus, the data suggested that persons supplementing with α-tocopherol up
to the UL should attract little or no risk. This is further supported by additional meta-analyses98–100

that did not observe an adverse relationship between α-tocopherol supplementation up to 800 IU/d
on the incidence of cardiovascular disease mortality or all-cause mortality.

 IX. α- AND γ-TOCOPHEROL INTERACTIONS WITH VITAMIN C

Various in vitro investigations have indicated that the antioxidants vitamin C and vitamin E interact.
Such investigations, conducted under varying conditions of oxidative stress, have suggested the
ability of ascorbic acid to either spare α-tocopherol from oxidation26,101,102 or to enable α-tocopherol
regeneration from its oxidized form (α-tocopheroxyl radical) via a recycling mechanism.103 From
these investigations, α-tocopheroxyl radicals formed within micellar and bilayer membrane systems
were effectively “recycled” back to α-tocopherol by ascorbic acid found within the aqueous phase.
Thus, the hydrophobic α-tocopheroxyl radical likely interacts with the hydrophilic ascorbic acid
at the lipid membrane interface.18

Limited evidence exists to support an interactive relationship between vitamin E and C in animals
or humans. In fact, no interaction was observed between vitamins C and E in guinea pigs fed two
concentrations of deuterium-labeled α-tocopherol and three varying concentrations of ascorbic
acid.104 However, the guinea pigs were not subjected to any form of oxidative stress, which may
have limited this investigation. Alternatively, in humans this relationship has been supported in
recent years. In the ASAP trial,105,106 co-supplementation with vitamin C and α-tocopherol, but not
individual nutrient supplementation, for 3 years, significantly reduced carotid artery intima-media
thickness among hypercholesterolemic male smokers. This interaction between nutrients was further
supported from a human trial in which smokers and nonsmokers were supplemented with ascorbic
acid for 2 weeks prior to the ingestion of a single dose of deuterium-labeled α- and γ-tocopherols.31

Among the smokers, but not the nonsmokers, vitamin C supplementation significantly attenuated
plasma α- and γ-tocopherol disappearance by 25% and 45%, respectively. These dramatic decreases
in tocopherol disappearance from the smokers were observed despite no reductions in the magnitude
of oxidative stress as measured by plasma F2α-isoprostanes. Thus, this suggested that oxidative stress
from cigarette smoking resulted in the oxidation of tocopherols and that enhanced plasma concen-
trations of ascorbic acid reduced (i.e., recycled) α- and γ-tocopheroxyl radicals to their respective
tocopherol forms in order to attenuate vitamin E disappearance in humans.

X. ROLE IN CHRONIC DISEASE PREVENTION

Oxidative stress as it relates to aerobic organisms is often defined as an imbalance between antiox-
idant defenses and the production of free radicals.23 An imbalance in favor of free radicals is often
an exacerbating factor for a variety of chronic diseases.107 This disturbance may arise from dimin-
ished antioxidants, increased production of reactive oxygen species/reactive nitrogen species or, in
many cases, from a combination of these two factors. Because of vitamin E’s antioxidant function,
numerous investigations have been conducted to assess if vitamin E can ameliorate the risk of
developing chronic diseases, particularly heart disease, certain cancers, and Alzheimer’s disease.
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A. CARDIOVASCULAR DISEASE

Heart disease is the leading cause of death in the U.S. accounting for nearly 700,000 deaths
annually.108 It is well accepted that oxidative stress, characterized by lipid and protein oxidation in
the vascular wall, is implicated in the pathogenesis of atherosclerosis.109 The major underlying
mechanism suggests that LDL oxidation precipitates atherosclerosis. LDL that becomes trapped in
the subendothelial space may become oxidized, which could lead to the stimulation of chemotaxis
for monocytes and ultimately result in the formation of foam cells. Consequently, foam cells become
necrotic, which leads to endothelial dysfunction and injury.

Epidemiological data suggested that low levels of α-tocopherol were inversely related to
cardiovascular disease risk and that higher α-tocopherol intakes may be protective.110,111 Moreover,
individuals with coronary risk factors such as hypertriglyceridemia and low HDL levels had low
serum α-tocopherol concentrations.112 The protective role of α-tocopherol in cardiovascular disease
has been supported by numerous in vitro studies. For example, LDL isolated from patients ingesting
α-tocopherol supplements is more resistant to oxidation.113,114 Furthermore, beyond α-tocopherol’s
antioxidant function, it inhibits smooth muscle cell proliferation, platelet adhesion and aggregation,
and endothelial monocyte adhesion.115 In humans, α-tocopherol’s role in cardiovascular health was
supported by data indicating that α-tocopherol supplementation decreased lipid peroxidation,
reduced platelet aggregation, and functioned as an anti-inflammatory agent.

Prospective clinical trials using α-tocopherol alone or simultaneously with other nutrients have
failed to provide convincing or consistent evidence that it decreased cardiovascular risk. Although
limited in number, several clinical trials have observed positive results for α-tocopherol supple-
mentation in the risk reduction of cardiovascular disease. Such trials include the CHAOS trial,116

the SPACE trial,117 the Transplant Associated Arteriosclerosis Study,118 and the ASAP study.105 The
CHAOS and SPACE trials evaluated the effects of α-tocopherol alone whereas the ASAP and
Transplant Associated Arteriosclerosis studies evaluated α-tocopherol in combination with ascorbic
acid supplementation. In the CHAOS study, a 47% reduction in coronary artery disease (CAD)
associated death and nonfatal myocardial infarction was observed with α-tocopherol supplemen-
tation whereas in the SPACE trial, a 39% nonsignificant reduction in CAD mortality was observed.
However, in this same trial, a 70% significant reduction in myocardial infarction rate was also
observed. The Transplant Associated Arteriosclerosis Study evaluated co-supplementation of α-
tocopherol and ascorbic acid in patients within 2 years of cardiac transplantation. Interestingly,
after a 1-year follow-up, patients randomized to the antioxidant cocktail had significantly reduced
plaque area and maximal intimal thickness. Similar findings were found in the ASAP study, although
this study evaluated these nutrients for a 3-year period in hypercholesterolemic patients. Interest-
ingly, no significant reductions in the rates of intima media thickness were observed with individual
nutrient supplementation, but co-supplementation with α-tocopherol and ascorbic acid significantly
decreased these rates. Moreover, these effects were most pronounced in men who smoked compared
to those who were nonsmokers. Most recently, results from the Women’s Health Study were
reported.119 In this study, it was evaluated whether α-tocopherol supplementation among women
decreased the risks of developing cardiovascular disease and cancer. During the >10-year follow-
up period, 482 cardiovascular events were observed in the α-tocopherol group compared with 517
in the placebo group (7% risk reduction; nonsignificant p > 0.05). The overall conclusion of this
trial was that α-tocopherol supplementation offered no cardioprotective benefit. However, subgroup
analyses of women aged >65 years old indicated that this population accounted for 10% of the
study population but contributed to 31% of the endpoints. Furthermore, women supplemented from
this older group had a significant 26% reduction in major cardiovascular events due to a 34%
reduction in myocardial infarction and 49% reduction in cardiovascular death rates.

Although the clinical trials that observed “positive” findings, with respect to α-tocopherol
supplementation, on cardiovascular risk are highlighted in this chapter, caution should be applied
as most clinical trials to date have provided neutral effects. Accordingly, continued studies are
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certainly warranted to understand the mechanisms responsible for these positive effects and to
determine the limiting factors in the neutral trials that prevented a positive outcome. In addition,
no clinical trials to date have evaluated the role of γ-tocopherol in cardiovascular disease risk.

B. ALZHEIMER’S DISEASE

There has been a great amount of interest to assess the extent to which α-tocopherol supplementation
can prevent or slow the development of Alzheimer’s disease. Like most chronic diseases, increased
oxidative stress has also been implicated in the pathogenesis of Alzheimer’s disease. Thus, it would
be expected that improvements in antioxidant concentrations, such as vitamin E, would attenuate
the risk of developing Alzheimer’s disease.

Alzheimer’s disease is believed to occur as a result of excessive β-amyloid formation and/or
aggregation due to alterations in the processing of the amyloid precursor protein.120 Consequently,
β-amyloid toxicity induces oxidative stress. The rationale for the potential role of vitamin E as a
preventative strategy for Alzheimer’s disease is that the central nervous system contains a large
proportion of polyunsaturated fatty acids, which are highly susceptible to lipid peroxidation.
Supporting this rationale are the observations that Alzheimer’s disease patients have elevated
concentrations of malondialdehyde, an oxidative damage marker of lipid peroxidation.121

Various in vitro studies have supported the use of α-tocopherol as a strategy to attenuate the
risk of Alzheimer’s disease. Specifically, α-tocopherol can prevent hydrogen peroxide mediated
cytotoxicity.122 Also, α-tocopherol inhibited amyloid β-protein-induced cell death.123 Furthermore,
it can protect cells against oxidative cell death mediated by amyloid β-protein, hydroperoxide, and
glutamate as it also induces the activity of the NF-κB.124 Various studies in animals have indicated
that α-tocopherol supplementation increased brain concentrations of α-tocopherol.125,126 Moreover,
cognitive performance of aged rats improved with α-tocopherol supplementation such that they
had greater memory retention.127 Likewise, α-tocopherol treatment protected against an oxidative
stress-inducing neurotoxin that normally causes impaired water maze performance.128 Lastly, α-
tocopherol prevented brain lipofuscin accumulation in rats129 and protected against ischemic neural
damage in the hippocampus of gerbils.130

In humans, vitamin E-supplement users were less likely to develop Alzheimer’s disease.131

Somewhat conflicting data from a prospective study claimed an inverse relationship between dietary
vitamin E intake from foods only and the incidence of Alzheimer’s disease.132 Therefore, it has been
suggested that supplements alone (containing only α-tocopherol) were not effective because of the
fact that vitamin E is comprised of 8 closely related molecules. In a follow-up study by the Chicago
Health and Aging Project, it was determined that the various vitamin E forms, rather than α-
tocopherol alone, were collectively protective against Alzheimer’s disease.133 Although a relationship
was observed for α-tocopherol equivalents, it appeared that the strongest relationships occurred for
α- and γ-tocopherols whereas lesser relationships were observed for β- and δ-tocopherols.

Importantly, peroxynitrite, the reaction product between superoxide and nitric oxide,134 is a highly
reactive molecule that initiates protein nitration to yield the formation of nitro-tyrosine. Increased neuron
nitro-tyrosine concentrations have been observed and implicated in the pathogenesis of Alzheimer’s
disease.135,136 γ-Tocopherol, but not α-tocopherol, is highly effective in scavenging reactive nitrogen
species, which leads to the formation of 5-NO2-γ-tocopherol (Figure 16.3). Recent evidence suggested
that γ-tocopherol may be an important nutrient in attenuating the risk of developing Alzheimer’s
disease.50 In postmortem brains of Alzheimer’s disease patients, 5-NO2-γ-tocopherol was increased 2
to 3-fold. Additionally, γ-tocopherol, but not α-tocopherol, attenuated SIN-1 mediated mitochondrial
damage. Thus, γ-tocopherol may have unique health benefits beyond those of α-tocopherol.

C. CANCER

The role of dietary antioxidants has garnered a great deal of attention from our increased under-
standing that the consumption of fruits and vegetables is inversely related to the incidence of
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cancer.137 Such studies have prompted investigators to search for bioactive or antioxidant compo-
nents that may thwart the development and progression of cancer as oxidative stress is highly
implicated in cancer pathogenesis. Specifically, oxidative stress disrupts apoptotic processes and
damages various cellular components, including DNA, which suggests that antioxidants like vitamin
E may inhibit carcinogenesis.138 With respect to vitamin E and cancer, much of the attention has
been focused on the protective role of α-tocopherol on cancer incidence although γ-tocopherol is
now being recognized as a potentially important form of vitamin E.139

1. Lung Cancer

The large incidence of lung cancer and the lack of implementation of risk-lowering lifestyle
strategies (i.e., smoking cessation) has spawned a great deal of scientific interest into the potential
use of antioxidants in the chemoprevention of this disease.140 The ATBC study tested the potential
benefits of α-tocopherol and β-carotene supplementation, individually and in combination, in
>29,000 male smokers.141 Unfortunately, this trial was halted prematurely because it was determined
that β-carotene increased lung cancer incidence despite the prior epidemiological data that suggested
an inverse correlation between β-carotene and lung cancer incidence. Nonetheless, the analysis
indicated that α-tocopherol’s effects on lung cancer were neutral. Recently, several human trials
were conducted to evaluate potential differences in vitamin E utilization between smokers and
nonsmokers. Consistent with γ-tocopherol’s reactive nitrogen species-scavenging ability it was
determined that smokers’ plasma 5-nitro-γ-tocopherol concentrations were double those of non-
smokers’. This suggested that γ-tocopherol utilization increased due to increased reactive nitrogen
species attributed to smoking and that γ-tocopherol might be potentially protecting other biomol-
ecules from nitration.25 Additionally, cigarette smoking resulted in faster plasma α- and γ-tocopherol
disappearance compared to that in nonsmokers, suggesting that smokers need additional tocopherols
to offset the deleterious effects of cigarette smoke.20,31 Collectively, these findings could potentially
indicate an increased risk for smokers to develop lung cancer if it is determined that α- and γ-
tocopherols play a significant role in the pathogenesis of this disease. Certainly this is an area for
continued investigation.

2. Prostate Cancer

In the U.S., prostate cancer has a relatively high incidence, prevalence, and mortality rate.142 The
ATBC study suggested a protective role for α-tocopherol in prostate health.142 Among the partici-
pants receiving α-tocopherol in this study there was a significant, 32% reduction in prostate cancer
incidence, as well as a 41% decreased mortality rate. However, the study was halted prematurely
due to increased cancer incidence attributed to β-carotene. Nonetheless, a more recent follow-up
analysis of the ATBC study participants was conducted.143 Interestingly, the relative risk of prostate
cancer incidence and mortality increased among those who were previously receiving α-tocopherol
supplements, which suggested that the positive effects of α-tocopherol were diminished over time
after supplementation ceased. The CARET trial provided further support of α-tocopherol in prostate
health although in this trial vitamin E was not administered.144 However, serum vitamin E analysis
indicated that those with the lowest α-tocopherol concentrations had the highest risk for developing
prostate cancer, whereas no interrelationship was observed for γ-tocopherol. The SELECT trial is
currently under way to investigate α-tocopherol and selenium, alone and in combination, on prostate
cancer incidence.145 However, data from this trial are not expected to be available until 2013.146

The mechanisms by which α- and γ-tocopherol may influence the development of prostate cancer
are under intense investigation. Participants with increased prostate-specific antigen (PSA) and/or
abnormal digital rectal examination on initial evaluation were randomized to receive 400 IU α-
tocopherol or placebo.147 α-Tocopherol supplementation had no effect on serum androgens, IGF-1, or
PSA levels, which suggested that if α-tocopherol was to have a beneficial effect, it would be mediated
through a mechanism that is nonhormonally related and independent of IGF-1. In cell culture, treatment
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with α-tocopheryl succinate, a derivative of α-tocopherol, resulted in G1 cell-cycle arrest by attenuating
various cell-cycle regulatory proteins.148 However, as with most vitamin E esters such as α-tocopheryl
succinate or acetate, the esters are cleaved in the gut prior to enterocyte uptake of free α-tocopherol.
The growth of prostate cells was inhibited in vitro by α-tocopherol.149 Additionally, α-tocopherol may
protect prostate cells by reducing cellular androgen hormone concentrations.150 Interestingly, γ-toco-
pherol more effectively inhibited prostate tumor cell growth in vitro to a larger extent than α-toco-
pherol.151 Furthermore, γ-tocopherol induced apoptosis in androgen-responsive prostate cancer cells
through caspase-dependent and γ-independent mechanisms.152 Additionally, γ-tocopherol (alone or
with other vitamin E forms) also disrupted the sphingolipid pathway and induced cell death in prostate
cancer cells. Interestingly, both γ-tocopherol and γ-CEHC were the most effective inhibitors of prostate
cancer cell proliferation compared to α-tocopherol, γ-CEHC, and trolox (a vitamin E metabolite
analogue).153 Given the possible benefits of α- and γ-tocopherol in prostate health, it can be expected
that additional studies will be conducted to understand the mechanisms involved.

3. Colon Cancer

Colon cancer is the second leading cause of cancer-related deaths in the U.S.154 The gastrointestinal
(GI) tract is believed to be a major site where antioxidants could exert protective effects.155 Oxidative
stress and dysregulation of apoptotic processes appear to contribute to GI cancer pathogenesis.
Consequently, this has led investigators to search our complex diet for bioactive components that
may attenuate our risk for developing GI cancers. It has been suggested that vitamin E may prevent
colon cancer by decreasing the production of mutagens that arise from the free radical-mediated
oxidation of fecal lipids or by other nonoxidative stress-related mechanisms.

In vitro studies suggested that the protection of free radical-mediated damage to DNA is
dependent upon the ability of tocopherols to be incorporated into cells.154 γ-Tocopherol, compared
to α-tocopherol, was preferentially increased threefold in endothelial cells after a 4-h incubation156

although other similar studies indicated that these effects may be similar between the two vitamin
E forms, or slightly higher for γ-tocopherol.44 In human colon cancer cells, both α- and γ-tocopherol
increased mRNA expression of PPAR-γ, but γ-tocopherol was more effective.154 However, α-
tocopherol was more effective than γ-tocopherol in regulating PPAR-γ protein levels. This is of
interest because PPAR-γ activation induces growth inhibition in colonocytes by G1 cell-cycle arrest
and by induction of apoptosis. Additionally, γ-tocopherol was more effective than α-tocopherol in
preventing cell proliferation, cell cycle progression, and DNA synthesis.157 In rats supplemented
with α- or γ-tocopherol, those supplemented with γ-tocopherol had lower levels of fecal lipid
hydroperoxides and ras-P21 protein levels (colon cancer biomarker) compared to those supple-
mented with α-tocopherol.158

Largely, epidemiological studies regarding vitamin E and colon cancer have produced incon-
sistent results, although it is often observed that patients with colon cancer tend to have lower
serum vitamin E concentrations.154,159 One of the most well-known studies, the ATBC trial, sug-
gested a decreased incidence of colon and prostate cancer, despite the negative findings observed
in this study with respect to lung cancer incidence.141 Nonetheless, it is speculated that these
inconsistencies between large trials may be attributed to differences in dietary vitamin E forms or
supplementation forms of α-tocopherol (ie., natural vs. synthetic α-tocopherol). Specifically, most
trials have only provided data on α-tocopherol and have used synthetic α-tocopherol supplements
as a therapeutic strategy. Continued studies with other vitamin E forms may improve our under-
standing of vitamin E in the chemoprevention of colon cancer.

XI. CONCLUSIONS

The goal of this chapter was to provide an overview of the potential health benefits of α- and γ-
tocopherols. As illustrated throughout the chapter much of the scientific data accumulated to date
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has mainly been in reference to α-tocopherol. With our increased understanding of the physiological
and molecular actions of γ-tocopherol, it can only be expected that additional data will be forth-
coming in the near future.

With that in mind, even though γ-tocopherol appears to exert beneficial effects beyond its
traditional antioxidant function, it is probably premature to recommend that the general population
obtain γ-tocopherol from supplements but, rather, from some of the dietary sources listed in Figure
16.4. As for α-tocopherol, supplementation in moderate doses may exert some health benefits, but
until some of the inconsistencies in data from large prospective trials can be clarified, it is probably
best to obtain α-tocopherol from dietary sources as well. Given the recent data demonstrating that
Americans in general have low intakes of α-tocopherol, individuals should strive to make additional
efforts to improve their α-tocopherol intakes. For example, the daily inclusion of a small serving
of nuts or seeds such as almonds or sunflower seeds (Figure 16.4) would probably bridge the gap
in most individual’s diets. In addition to improving α-tocopherol intake, one would potentially
benefit from all the purported cardioprotective benefits associated with the consumption of nuts.

Lastly, continued investigations into elucidating the molecular mechanisms associated with α-
and γ-tocopherols’ antioxidant and nonantioxidant functions are clearly warranted. Such investiga-
tions will further our understanding of why γ-tocopherol is preferentially metabolized and not well
maintained in plasma or tissues peripheral to the liver. Additionally, it is hopeful that these
investigations will provide a clear biological basis for γ-tocopherol in human health.
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I. PROBIOTICS

 

Within the definition of functional foods, there is a subset of foods believed to be good for health
that are produced by or that contain live microorganisms. These foods are called 

 

probiotics

 

. The
earliest definition of a probiotic was very narrow and applied specifically to animals (see Table
17.1). As the metabolism of bacteria became better defined, more studies pointed out the role that
microorganisms play in human health and disease resistance, and more microorganisms were
identified that may be included in probiotic products, a need to expand the definition of a probiotic
became obvious. The recent WHO definition of probiotics includes the word 

 

administered

 

 to
acknowledge that routes of administration other than oral can be used for probiotics. It should be
noted that discussions of probiotics are usually limited to bacteria; the use and importance of yeasts
in probiotic foods have not received much attention.

 

A. C

 

RITERIA

 

 

 

FOR

 

 P

 

ROBIOTICS

 

As researchers and food manufacturers started to appreciate the potential for including microorganisms
in probiotic foods, various criteria were suggested to screen candidate microorganisms that would at
the same time satisfy regulatory bodies and ensure consumer acceptance (see Table 17.2). The first
three criteria address practical aspects of selection of appropriate microorganisms for inclusion in
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probiotic foods, and the latter two may be more important from a consumer-acceptance and regulatory
point of view. The ideal probiotic bacteria would possess all of the criteria. However, the list of
bacteria that meet several of the criteria and, in particular, those that have sound scientific evidence
of efficacy and that have been incorporated into foods, is not long. Debate over what is truly a
microorganism of human origin has prompted many to downplay the importance of this criterion.

Several of the criteria listed in Table 17.2 are obviously related. To be effective, the probiotic
bacteria must arrive at the site of action in large enough numbers to exert their effect. This may
most easily be achieved by using resistant bacteria or by providing large numbers of live bacteria
at the time of consumption to compensate for losses during passage through the upper gastrointes-
tinal (GI) tract. Some manufacturers are also using enteric coated capsules that do not dissolve in
the low pH environment of the stomach to protect the bacteria.

 

TABLE 17.1
Evolving Definitions of Probiotics

 

Definition

 

“Animal feed supplements that have a beneficial effect on the host animal by affecting its gut microflora”
“A live microbial feed supplement which beneficially affects the host animal by improving its intestinal microbial balance”
“A viable mono- or mixed culture of microorganisms which, when applied to animals or man, beneficially affects the host 

by improving the properties of the indigenous microbiota”
“A microbial preparation which contains live and/or dead cells, including their metabolites, which is intended to improve 

the microbial or enzymatic balance at mucosal surfaces or to stimulate immune mechanisms”
“Live microorganisms which, when administered in adequate amounts, confer a health benefit on the host”

 

Source: 

 

Parker, R.B., Probiotics, the other half of the antibiotics story, 

 

Anim. Nutr. Health

 

, 29: 4–8, 1974; Fuller, R.,
Probiotics in man and animals, 

 

J. Appl. Bacteriol

 

., 66: 365–378, 1989; Havenaar, R. and Huis in’t Veld, J.H.J., Probiotics:
a general view, in 

 

The Lactic Acid Bacteria in Health and Disease

 

, Vol. 1, Wood, B.J.B., Ed., Elsevier Applied Science,
London, 1992; Reuter, G., Present and future probiotics in Germany and in Central Europe, 

 

Biosci. Microflora

 

, 16: 43–51,
1997; Report of a Joint FAO/WHO Working Group, Guidelines for the Evaluation of Probiotics in Food, London, Ont.
Canada, 2002.

 

TABLE 17.2
Proposed Criteria for Microorganisms to Be Included in 
Probiotic Foods and Drinks

 

1. Microorganism of human origin
2. Resistance to acid conditions of stomach, bile, and digestive enzymes normally

found in the human GI tract
3. Ability to colonize human intestine
4. Safe for human consumption
5. Scientifically proven efficacy

 

Source:

 

 Lee, Y.-K. and Salminen, S., The coming of age of probiotics, 

 

Trends Food
Sci. Technol

 

., 6: 241–244, 1995; Huis in’t Veld, J.H.J. and Havenaar, R., Probiotics
and health in man and animal, 

 

J. Chem. Tech. Biotechnol

 

., 51: 562–567, 1991; Huis
in’t Veld, J.H.J. and Havenaar, R., Selection criteria and application of probiotic
microorganisms in man and animal, 

 

Microbiol. Ther

 

., 26: 43–57, 1997; O’Sullivan,
M.G., Thornton, G., O’Sullivan, G.C., and Collins, J.K., Probiotic bacteria: myth or
reality, 

 

Trends Food Sci. Technol

 

., 3: 309–314, 1992; Rambaud, J.-C., Bouhnik, Y.,
Marteau, P., and Pochart, P., Manipulation of the human gut microflora, 

 

Proc. Nutr.
Soc

 

., 52: 357–366, 1993.
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Knowledgeable consumers are now looking for products that contain live bacteria. Meanwhile,
manufacturers are becoming more aware of the need to provide accurate information about the
levels and types of bacteria in their products.

 

4

 

 The setting of a minimum number of viable
microorganisms in a food to ensure probiotic effects is an important decision. The Fermented Milks
and Lactic Acid Bacteria Beverages Association in Japan has set a minimum of 10

 

7

 

 bifidobacteria/g
or ml.

 

11

 

 Others have suggested a lower level (10

 

5

 

).

 

5

 

 However, experimental evidence in which
various levels of bacteria were fed and viable numbers counted after passage through the stomach
would indicate that probiotic products may have to deliver even higher (>10

 

10

 

 to 10

 

11

 

) levels of
microorganisms to survive the conditions of the GI tract.

 

12

 

 This conclusion is supported by 

 

in vitro

 

tests done on a variety of potential probiotic bacteria using simulated digestive systems.

 

13,14

 

 This
wide diversity of opinion may only reflect the differences in the ability of different bacteria to
survive passage through the stomach. To set one level for all bacteria may not be possible because
the numbers of bacteria required to produce a certain metabolic change will vary depending on the
effect to be achieved.

Only bacteria that can survive passage through the stomach and can colonize the intestines will
exert any effect on the host. This was most clearly shown by Pedrosa and colleagues.

 

15 

 

In healthy
elderly persons fed yogurt containing 

 

Lactobacillus bulgaricus

 

 and 

 

Streptococcus thermophilus

 

,
these two organisms could not be found in intestinal contents after feeding, and there were no
changes in three bacterial enzyme activities. When healthy subjects were fed live 

 

Lb. gasseri

 

 (

 

Lb.
acidophilus

 

 strain MS 02), a human strain capable of adhering to intestinal cells, the organism was
found in all subjects and the activities of 

 

β

 

-glucuronidase, nitroreductase, and azoreductase were
all significantly reduced. This study emphasizes the need to measure both the fate of the ingested
bacteria and metabolic effects to ensure proper interpretation of results.

Various reports have included lists of bacteria that can be considered as candidates for inclusion
in probiotic products (Table 17.3). The whole premise of a functional food is that certain commonly
eaten foods contain active ingredients that can fight or prevent disease and infection. With advances
in analytical techniques, the identification of new active ingredients occurs every day. For probiotics,
however, the identity of the active ingredient may not be as straightforward because there is always
more than one possibility. The active agent could be one or more of the live microorganisms in the
food, or it could be a metabolite produced by one of the microorganisms themselves, or it could
be a fermentation product that has been formed due to the action of the microorganism(s) on the
original product. Indeed, depending on the probiotic in question, each of the above arguments has
been used to explain the beneficial effects of the probiotic.

 

B. P

 

ROBIOTIC

 

 P

 

RODUCTS

 

 

 

ON

 

 

 

THE

 

 M

 

ARKET

 

In Japan, there is a long tradition of believing that health is dependent on food and that the
maintenance of a population of beneficial intestinal bacteria is important to overall health. In 1981,
the Japanese established the Japan Bifidus Foundation to encourage research on bifidobacteria
which, in part, may explain why 53 probiotic products containing bifidobacteria were for sale in
Japan by 1993.

 

11

 

 Japan is often lauded as an example of how cooperation between industry and
government health agencies can lead to a system of approval and labeling of foods that are good
for health. The “foods for specific health uses” (FOSHU) system provides consumers with products
with a distinctive logo indicating that the product (or product ingredients) have been judged as
being good for health. There are 11 categories of functional components that qualify under the
FOSHU system. Three of these categories, namely, dietary fiber, oligosaccharides, and lactic acid
bacteria, refer specifically to intestinal function and control. Recent listings show 43 probiotic
products that have been given FOSHU status.

 

16

 

Reuter

 

4

 

 pointed out that in both Germany and Switzerland, there is wide consumer interest in
probiotic products. He lists 21 products (produced in seven European countries) for sale in Germany
of either a yogurt-type or a yogurt drink format in 1997. Regulatory concerns have slowed the
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introduction of such products in North America. As of 2004, no probiotic products sold in North
America carry a government-approved health claim.

 

II. PREBIOTICS

 

The concept of a prebiotic arose from two observations: (1) bacteria, like any other living organism,
have (sometimes specific) nutrient requirements

 

17

 

 and (2) some nutrients, particularly complex
carbohydrates, pass undigested into the colon where they are utilized by resident bacteria.

 

18

 

 In

 

TABLE 17.3
Possible Probiotic Microorganisms

 

Lactobacillus Bacteria

 

Lb. acidophilus
Lb. acidophilus 

 

LC1

 

Lb. acidophilus

 

 NCFB 1748

 

Lb. plantarum
Lb. casei

Lb. casei Shirota
Lb. rhamnosus 

 

(strain GG)

 

Lb. brevis
Lb. delbrueckii

 

 subsp. 

 

bulgaricus
Lb. fermentum
Lb. helveticus

 

Bifidobacterium Bacteria

 

B. bifidum
B. longum
B. infantis
B. breve
B. adolescentis

 

Other Bacteria

 

Streptococcus salvarius

 

 subsp. 

 

thermophilus
Lactococcus lactis

 

 subsp. 

 

lactis
Lac. lactis

 

 subsp. 

 

cremoris
Enterococcus faecium
Leuconostoc mesenteroides 

 

subsp. 

 

dextranicum
Propionibacterium freudenreichii
Pediococcus acidilactici
Escherichia coli

 

Yeasts

 

Saccharomyces boulardii

 

Note:

 

 The identification and classification of bacteria and yeasts change as
more sophisticated methods are used. The nomenclature used throughout this
chapter is that found in the references cited to avoid confusion.

 

Source:

 

 Lee, Y.-K. and Salminen, S., The coming of age of probiotics, 

 

Trends
Food Sci. Technol

 

., 6: 241–244, 1995; Huis in’t Veld, J.H.J. and Havenaar, R.,
Probiotics and health in man and animal, 

 

J. Chem. Tech. Biotechnol

 

., 51:
562–567, 1991; Huis in’t Veld, J.H.J. and Havenaar, R., Selection criteria and
application of probiotic microorganisms in man and animal, 

 

Microbiol. Ther

 

.,
26: 43–57, 1997.
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1995, Gibson and Roberfroid

 

19

 

 defined a prebiotic as “nondigestible food ingredient that beneficially
affects the host by selectively stimulating the growth or activity of a limited number of bacteria in
the colon.” Rather than supplying an exogenous source of beneficial bacteria, the concept of a
prebiotic proposes to increase the number of certain target bacteria already in the colon. Attention
has centered mainly on the increase of 

 

Lactobacillus

 

 and 

 

Bifidobacterium

 

 as the two main groups
of “friendly bacteria” to increase.

 

20–23

 

 Variation in individual response is often high and, as cautioned
by Roberfroid,

 

24 

 

the prebiotic effect may depend on the initial level of target bacteria. Some
carbohydrates of interest as prebiotics are listed in Table 17.4.

The goal of increasing selected bacteria by feeding prebiotics has often been the production
of various short-chain fatty acids (SCFAs) because of their impact on the lower gut environment,
metabolism, and disease prevention.

 

25–26

 

 The SCFAs are quickly absorbed and can serve as an
energy source for the host, especially between meals. They contribute to fecal pH and thereby
influence colonic function and perhaps the risk of cancer.

 

27

 

 The effects of feeding a prebiotic such
as galacto-oligosaccharide on constipation are not conclusive,

 

28,29

 

 although gut-transit time can be
shortened by feeding particular bacterial strains.

 

30,31

 

The combination of live bacteria in a food and the inclusion of nutrients (usually sugars) that
can be used by those bacteria as the two traverse the GI tract has resulted in what have been termed
symbiotic foods.

 

24

 

 The most popular combination to date appears to be 

 

Bifidobacterium

 

 and
fructooligosaccharides, but other combinations are possible, if not practical.

 

23,32

 

III. MICROBIOLOGY OF THE GASTROINTESTINAL TRACT

 

The human microbiota is complex, difficult to study, and is influenced by many factors. Study of
the microorganisms that populate human GI tracts is hampered by the fact that sampling oppor-
tunities are limited, variation between individuals is great, there is no totally relevant animal model,
such research is time-consuming and expensive, and advances in this area of research are obviously

 

TABLE 17.4
Some Proposed Prebiotics

 

Neosugars
(GFn n = 1–4)
Inulin-like fructans (fructooligosaccharides of chain length up to 60 units)
Soy oligosaccharides
Galacto-oligosaccharides
Isomalto-oligosaccharides
Gentio-oligosaccharides
Xylo-oligosaccharides
Lactulose (fructose-galactose disaccharide)
Raffinose
Stachyose
Sorbitol
Xylitol
Palatinose
Lactosucrose

 

Source:

 

 Tannock, G.W., Exploring the intestinal ecosystem using molecular
methods, in 

 

Probiotics and Health, The Intestinal Microflora,

 

 Roy, E. Ed.,
Edisem Publ. Co., Saint-Hyacinthe, Canada, pp. 14–26; Macfarlane, G.T.
and Macfarlane, S., Human colonic microbiota: ecology, physiology and
metabolic potential of intestinal bacteria, 

 

Scand. J. Gastroenterol

 

., 32
(Suppl. 222): 3–9, 1997. 
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dependent on advances in microbiology. The recent use of molecular biology techniques has
allowed the study of the human GI tract microbiota using non-media dependent methods. Fluo-
rescent 

 

in situ

 

 hybridization (FISH), and polymer chain reaction (PCR) together with denaturing
gradient gel electrophoresis (DGGE) are now being used for definitive and comparative bacterial
population studies.

 

33,34

 

Even the simplest questions, such as how many and what kind of bacteria are important in the
human GI tract, are not easy to answer or to find a consensus in the literature. Indeed, at least one
author has stated that due to difficulties in obtaining proper samples, the crudeness of the methods
used to count the various types of bacteria, and the short duration of most diet intervention studies,
very little is really known about the human microbiota and factors that affect it.

 

35

 

 To date, most of
our understanding of the human microflora comes from analyses of fecal contents, which may
severely limit our understanding of events further up the GI tract.

There is agreement about the changes, in general terms, in the bacterial population that occur
during the passage from newborn to infant to adult. Vaginally delivered babies have nearly sterile
GI tracts, which soon become colonized, either with large numbers of 

 

Bifidobacterium

 

 and 

 

Lacto-
bacillus

 

 in the case of breast-fed babies or 

 

Bacteroides sp

 

. and 

 

Eschericha coli

 

 in the case of bottle-
fed babies.

 

36

 

 

 

Bifidobacterium

 

 are considered as desirable, and so attempts have been made to add
prebiotics to infant formula to encourage the growth of bifidobacteria.

 

37

 

 By adulthood, over 400
different species may be present (see Table 17.5) but only the most abundant bacteria have been
well identified, because of limitations in methodology. Resident bacteria can be found starting with
the mouth and working down the GI tract. The stomach and the upper small intestine may have as
many as 10

 

5

 

 colony-forming units (CFU/ml), the ileum 10

 

7

 

, and the colon 10

 

11

 

 to 10

 

12

 

.

 

38

 

 Anaerobic
bacteria outnumber aerobic by a factor of 1000 to 1.

 

39

 

The bacteria that reside in the human intestinal tract have both beneficial and harmful effects
on the host. The production of vitamins, SCFAs, some proteins, the role played in digestion and
absorption of nutrients, the production of protective bacteriocins, and the stimulation of the immune
system are all positive effects of the intestinal microflora.

 

40,41

 

 At the same time, intestinal bacteria
produce carcinogens and mutagens directly during their metabolism and also enzymes that convert
digesta contents into carcinogens and mutagens. Products of fermentation such as ammonia, amines,
and phenols may be harmful and some bacteria are pathogenic. Mitsuoka

 

42 

 

and Gorbach

 

43 

 

list the
many enzymatic reactions of intestinal bacteria and their impact on health, disease, and infection.

Because of the difficulties in identifying and enumerating various microorganisms that inhabit
the GI tract, several authors have suggested that a more sensitive and perhaps more relevant approach

 

TABLE 17.5
Bacterial Genera Found in Human Intestinal and 
Fecal Samples

 

Bacteroidaceae Eubacteria Staphylococci
Peptococcaceae Bifidobacteria Leuconostoc
Streptococci Enterobacteria Fusobacteria
Lactobacilli Vellonella Magasphaera
Clostridia Lactococci

Source: 

 

Conly, J.M., Stein, K., Worobetz, L., and Rutledge-Harding,
S., The contribution of vitamin K2 (menaquinones) produced by the
intestinal microflora to human nutritional requirements for vitamin
K, 

 

Am. J. Gastroenterol

 

., 89: 915–923, 1994; Mitsuoka, T., Intestinal
flora and aging, 

 

Nutr. Rev

 

., 50: 438–446, 1992; Gorbach, S.L., Per-
turbation of intestinal microflora, 

 

Vet. Hum. Toxicol

 

., 35 (Suppl. 1):
15–23, 1993.
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is to measure effects on the metabolic activities of the bacterial flora because of their potential
impact on metabolism and disease. Carman and colleagues

 

44

 

 used the term microflora-associated
characteristics (MACs) and argued that changes in MACs brought about by dietary (probiotic or
not) interventions were true indicators of changes in the intestinal flora, and a more useful way of
establishing the consequences of such changes. Goldin and Gorbach

 

45

 

 used much the same reasoning
when they measured bacterial enzymes associated with the production of carcinogens in the
intestine. Table 17.6 lists the MACs suggested by Carman and colleagues.

 

44

 

 Other characteristics
could be added that also reflect changes to the intestinal tract.

 

IV. PROBIOTIC PRODUCTS

A. Y

 

OGURT

 

Yogurt is defined as a fermented milk obtained by specific lactic acid fermentation, brought about
by 

 

Lb. bulgaricus

 

 and 

 

S. thermophilus

 

. Other bacteria may be added to enhance organoleptic
properties or, more recently, to increase the probiotic properties. Yogurt can now be found on the
market that contains 

 

Lactobacillus

 

, 

 

Streptococcus

 

, 

 

Leuconostoc

 

, and 

 

Bifidobacterium

 

 bacteria.
Yogurt and yogurt-like products can be found in many countries.

 

46

 

The amount of research on yogurt far surpasses any other probiotic product. Yogurt has been
studied to determine its effects on lactase deficiency, cholesterol metabolism, immunity, infantile
diarrhea, and certain cancers with varying levels of success.

 

1. Lactase Deficiency

 

Yogurt has been shown to be a dairy product that may be tolerated by people with a lactase
(

 

β

 

-galactosidase) deficiency. It is more accurate to refer to a lactase deficiency as opposed to a
lactose intolerance. Lactase is the digestive enzyme found in the intestinal brush border responsible
for the hydrolysis of the milk sugar lactose into glucose and galactose. A lactase deficiency results
in the buildup of unabsorbed lactose which acts osmotically to retain water. The deficiency is
characterized by diarrhea, excessive flatulence, bloating, and abdominal pain after the ingestion of
milk or milk products. Measurement of the enzyme activity, the concentration of lactose or glucose
or galactose in digesta, or the measurement of breath hydrogen are ways of evaluating dietary
treatment effects on lactase activity.

In 1984, two groups, Kolars and colleagues

 

47

 

 and Savaiano and colleagues,

 

48 demonstrated that
yogurt reduced the symptoms of lactase deficiency and speculated that this was due to the live
bacteria in yogurt. Yogurt was said to be able to autodigest lactose, resulting in 20 to 30% lower
lactose levels in yogurt compared to unfermented milk when consumed. Yogurt, but not heat-treated
yogurt, improves lactose digestion, indicating that the live bacteria in yogurt are responsible, and

TABLE 17.6
Microflora-Associated Characteristics Indicative of Intestinal 
Microflora Changes

1. Cellular fatty acid profiles of washed bacteria pellet of fecal or cecal contents
2. Primary to secondary bile acid ratio
3. Ratio of primary to secondary sterols
4. Molar ratio of SCFAs in intestinal material

Source: Carman, R.J., Van Tassall, R.L., and Wilkins, T.D., The normal intestinal
microflora: ecology, variability and stability, Vet. Hum. Toxicol., 35(Suppl. 1):
11–14, 1993. With permission.
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long-term ingestion (8 d) does not seem to change this.49,50 The bacteria in yogurt survive passage
through the stomach due to the enhanced protective (buffering) properties of the yogurt compared
with milk. However, the buffering capacity of yogurt may also slow hydrolysis until the digesta
passes to a point in the intestinal tract where the pH favors β-galactosidase activity.49 The β-
galactosidase activity in commercial yogurts has been found to vary depending on the manufacturer,
whether fruit is added, the addition of additional bacteria, and whether the yogurt is frozen or not.
Frozen yogurt that is pasteurized before freezing has no β-galactosidase activity. To overcome this,
some manufacturers add starter culture to the pasteurized yogurt before freezing, but this does not
necessarily increase enzyme activity.51

In addition to the in vivo bacterial hydrolysis, there also appears to be a slower rate of stomach
emptying after a yogurt load compared to milk due to differences in physical properties. This effect
may contribute to the enhanced digestion of the lactose in yogurt.52,53

The beneficial effects of yogurt on healthy individuals may not be as obvious as for those who
have a defined medical problem. Guerin-Danan et al.54 saw few changes in the fecal bacteria and
the bacterial enzyme activity of healthy infants (10 to 18 months old) over a 1-month supplemen-
tation trial. Branch-chain and long-chain fatty acid levels were significantly reduced during yogurt
consumption, however.

2. Cholesterol Metabolism

The research into the effects of yogurt consumption on blood cholesterol has been difficult to
understand because of the contradictory results that have been reported over the years. It is now
clear that, in many cases, results and conclusions from one experiment cannot be compared with
those of others because of differences in experimental protocol. The sex, age, general health status,
initial cholesterol level, and level of physical activity of subjects all influence cholesterol metabo-
lism. The diet before and during the experiment can also influence results, as can the time of day
the yogurt is consumed, whether it is consumed with other food or not, and the position in the
meal (beginning or end of meal). One of the most important details of many yogurt–blood choles-
terol experiments, namely, the type of yogurt fed (including details of the levels and an unambiguous
identification of bacteria in the test yogurt or fermented milk), are often not well described. This,
together with the fact that proper controls for such feeding trials were often not included, reduces
the scientific validity of many studies.55,56

The observation that even though the Masai of Africa ate a diet rich in saturated fats and
fermented milk, they had low blood cholesterol levels (compared with Western standards) and were
free of signs of coronary heart disease, prompted Mann and Spoerry57 to carry out their much
reported study involving fermented milk. Yogurt trials carried out since that time use this as a
starting point, despite of the fact that Mann58 later emphasized that he believed that it was a milk
factor responsible for the hypocholesterolemic effect, which was enhanced by fermentation to
yogurt. Taylor and Williams55 list 12 publications (13 trials) in which yogurt has been fed in an
attempt to lower blood cholesterol. As they point out, many of the study protocols can be criticized
— too few subjects, too short a feeding trial, no or improper control diets, and unrealistic feeding
levels. Of the 13 trials, 8 reported reduced blood total cholesterol levels, 1 reported an increase,
and 4 reported no difference from control. Two studies, one showing “no difference from control”59

and one showing nonsignificant positive effects on serum cholesterol levels have been published.60

Adding oligofructose and two probiotic bacteria to traditional yogurt (3.5% fat) did not change
total serum cholesterol, but did significantly lower the LDL/HDL ratio in women after consumption
for 6 months.61 Feeding healthy residents in a gerontology institute bioyogurt — yogurt made with
Lb. acidophilus, B. bifidum, and Strep. salivarius subsp. thermophilus — significantly reduced
serum cholesterol levels.62

Various suggestions have been made regarding the possible active ingredient(s) or the mode of
action of yogurt, which might affect cholesterol metabolism.63 In vivo cholesterol synthesis may
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be related to, and controlled by, the availability of certain short chain fatty acids (SCFAs) produced
by bacteria in the gut; interest has centered on acetate and propionate.64,65 Several bacteria have
been shown to be capable of hydrolyzing bile acids, which would prevent reabsorption in the
intestine and facilitate elimination from the body. Bile acids are formed from cholesterol in the
liver and, therefore, any increase in elimination of bile acids from the body would increase the rate
of conversion of cholesterol to bile acids. It has also been hypothesized that a reduced pH in the
gut as a result of lactic acid produced by some bacteria can cause cholesterol and deconjugated
bile salts to coprecipitate, facilitating elimination of cholesterol from the body.

Until a mechanism is clearly demonstrated, the claim that yogurt or fermented milk reduces
serum cholesterol remains in doubt.

3. Immune Function

The organs of the immune system (spleen, appendix, lymph nodes, Peyer’s patches, etc.) are varied,
but the intestine is generally considered the most important component of the immune system. A
wide variety of parameters, including levels of specific immunoglobulins, numbers of different cell
types, and measurement of specific metabolite concentrations, are used to measure immune function.
To date, several hypotheses have been put forward regarding how yogurt might improve the immune
system. Interaction of the yogurt bacteria with intestinal bacteria could produce indirect effects, or
the gut-associated or systemic immune system might be affected by metabolites of the bacteria
themselves or fermentation products in the yogurt.66 

Perdigon’s group67–69 has published several studies using animals that show that yogurt con-
sumption does improve immune function. Consuming yogurt has also been reported to modulate
some components of the immune system (lymphocytes and CD56 cells) in stressed individuals.70

However, Wheeler and colleagues71 measured a wide variety of cellular, humoral, phagocytic, and
mucosal immunity parameters in patients with preexisting atopic disease and found no significant
differences in any parameters whether the patients were consuming yogurt or milk. Spanhaak and
colleagues72 similarly reported no changes in immunity parameters in healthy subjects who had
been fed milk fermented with Lb. casei strain Shirota, even though fecal bacteria patterns were
changed and fecal enzyme activities were significantly decreased. Gill’s73 review of the literature
emphasized the difficulties in comparing the results from different studies but concluded that there
is enough evidence to suggest that certain lactic acid bacteria, given at adequate levels of intake,
can influence immune function in humans. Additional published data showing positive effects would
strengthen this conclusion.

4. Diarrhea

Diarrhea, particularly in young children, can be problematic because of the need to rehydrate the
patient as quickly as possible combined with the problems associated with decreased nutrient intake.
The detrimental consequences of complete withdrawal of food from infants as a treatment have
been defined, but withholding food during early stages of diarrhea is still widespread.74 Fermented
milk or yogurt can supply liquid and simultaneously may supply natural antibiotics produced by
the lactic acid bacteria to prevent or reduce the severity of infantile diarrhea. Gonzalez and
colleagues75 showed that milk fermented with Lb. casei and Lb. acidophilus could be used to prevent
the incidence of diarrhea (17% vs. 59% for controls receiving unfermented milk) in infants 5 to
29 months old, and that the protective effect of the fermented milk appeared to be correlated to
the level of fecal lactic acid bacteria. Isolauri and coworkers76 used milk fermented with the human
strain Lb. casei sp. strain GG to reduce the duration of acute diarrhea in children. This same strain
of bacteria was shown to be effective in the prevention of antibiotic (erythromycin) associated
diarrhea, partly due to its ability to colonize the intestinal tract.77 Yogurt containing Lb. bulgaricus
and S. thermophilus and the probiotic strain Lb. casei DN-114 001 has been shown in several large
trials with children to significantly reduce the duration of diarrhea.78,79 However, positive results
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only appear to be applicable in infants who are otherwise well nourished.80 A nonsignificant
reduction in the incidence of diarrhea in healthy adults consuming yogurt containing Lb. casei has
recently been reported.81

5. Cancer

The beneficial effect of yogurt consumption on reduced cancer incidence is not well established.
The article published by Van’t Veer and colleagues82 is often quoted as proof of a link between
yogurt consumption and a low incidence of breast cancer. Based on a daily food-consumption
questionnaire of newly diagnosed breast cancer patients or a group of healthy women (control),
they concluded that eating fermented milk products (yogurt, buttermilk, Gouda cheese) may have
a protective effect against breast cancer. Two more recent dietary survey studies came to different
conclusions about the effect of yogurt (fermented milk products) on colorectal cancer.83,84 

The work of Goldin and Gorbach45 and Goldin and colleagues85 supports the idea that the Lb.
acidophilus found in yogurt may impact on marker enzymes related to cancer. They found two to
6-fold reductions in the activities of β-glucuronidase, nitroreductase, and azoreductase enzyme
activities after 4-week supplementation with 109 to 1010 viable Lb. acidophilus. These bacterial
enzymes produce carcinogens from procarcinogens in the lower intestine. This work, together with
positive in vitro and experimental animal results, suggests that the bacteria in yogurt may act directly
or indirectly to prevent cancer.86–89 Recent data using mice fed yogurt has indicated that the immune
system may be involved in inhibiting the promotion and progression of colorectal cancer.90 Other
work on the cancer-fighting properties of yogurt has centered on the isolation and identification of
bioactive peptides. Caseins found in milk are themselves antimutagenic; totally hydrolyzed caseins
are not. A wide variety of peptides of various lengths are formed from milk during fermentation
or in the stomach during the digestion of yogurt.91–93 Low-molecular-weight peptides have a wide
variety of activities in vitro and in vivo, including antimutagenic and antitumor properties that may
be responsible for the beneficial effects of yogurt on cancer initiation and progression.

6. A Vehicle for Other Nutrients

The popularity of yogurt has prompted several studies that have investigated the feasibility of
using yogurt as a vehicle for other important nutrients that normally would not be found in
yogurt. Fernandez-Garcia and colleagues94 have recently shown that oat fiber can be added to
plain yogurt and still maintain commercially acceptable sensory qualities. Plant sterols have been
added to yogurt producing a product that significantly lowers serum cholesterol after only three
weeks of consumption.95

In spite of the potential problems of off-flavor and encouragement of growth of contaminating
bacteria, Hekmat and McMahon96 were able to produce a yogurt with up to 40 mg/kg of added
iron that was acceptable particularly to untrained consumers. In addition, it has been shown that
yogurt consumption can increase zinc bioavailability in humans eating a diet high in plant-based
phytates without affecting iron bioavailability.97

B. KEFIR

Kefir is a fermented milk drink that is believed to have its origins in the Caucasus Mountains of the
former U.S.S.R. Traditionally, it was made from goat or cow milk that was stored in animal skin
bags. Over time, a mass of bacteria, yeasts, proteins, and carbohydrates precipitated out from the
drink and was used to inoculate new milk. This mass is called kefir grains, and it is the grains that
give kefir its texture, taste, and possible health benefits. Kefir has a long oral tradition for its health-
promoting properties in Eastern Europe and has only recently been produced in North America on
a commercial scale.98 A product of the fermentation process is CO2 gas, which continues to be
produced after packaging and results in a thick drink with a “sparkling” mouth-feel when consumed.
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Unlike yogurt, which requires only two well-defined bacteria for production, the microbiology
of kefir is much more complex (Table 17.7) and has been shown to vary from country to country,
thus making a comparison of its properties difficult. The use of molecular biological techniques
has shown that many bacteria have been misidentified in the past, and the list of bacteria and
yeasts in kefir may not be as long as once believed.99 Changes that occur during fermentation
promote the growth of certain microorganisms, while reducing the growth of others. Therefore,
reports of the composition and properties of the grains may not be totally applicable to the
finished product.

1. Fabrication

Three different types of kefir drink are produced — traditional kefir, Russian-type kefir, and
industrial kefir — depending on whether the grains or a mother culture from the grains is used to

TABLE 17.7
Microorganisms Reported to Be Found in Kefir and 
Kefir Grains

Bacteria

Lactobacillus Bacteria Lactococcus Bacteria
Lb. acidophilus
Lb. johnsonii
Lb. kefirgranum
Lb. helveticus
Lb. delbrueckii subsp. bulgaricus
Lb. kefiranofaciens
Lb. casei
Lb. zeae
Lb. rhamnosus
Lb. plantarum
Lb. brevis
Lb. buchneri
Lb. fermentum
Lb. kefir
Lb. parakefir

L. lactis subsp. lactis
L. lactis subsp. cremoris
L. lactis subsp. lactis biovar diacetylactis

Leuconostoc Bacteria
Ln. lactis
Ln. mesenteroides subsp. mesenteroides
Ln. mesenteroides subsp. cremoris
Ln. mesenteroides subsp. dextranicum

Other Bacteria
Streptococcus thermophilus

Yeasts

Saccharomyces Yeasts Kluyveromyces Yeasts
S. cerevisiae K. marxianus var. marxianus
S. unisporus K. marxianus var. lactis
S. turicersis

Other Yeasts
Candida kefyr
Torulaspora delbrueckii
Geotrichum candidum Link

Source: Mainville, I., Robert, N., Lee, B., and Farnworth, E.R., Polyphasic char-
acterization of the lactic acid bacteria in kefir. Syst. Appl. Microbiol., 29, 59–68,
2006; Vayssier, Y., Le kéfir: etude et mise au point d’un levain pour la préparation
d’une boisson, Rev. Lait Fr., 362: 131–134, 1978; Zourari, A. and Anifantakis,
E.M., Le kéfir caractères physico-chimiques, microbiologiques et nutritionnels.
Technologie et production. Une revue, Lait, 68: 373–392, 1988
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inoculate the pasteurized milk.103,104 No studies have been published that compare the properties
(health benefits or otherwise) of kefir produced by different processes. Incubation is carried out at
20 to 22°C for 18 to 20 h until a specific pH is reached and then packaged, or a maturation period
can be introduced. The grains themselves have a strong yeasty taste and, therefore, using a mother
culture or sieving out the grains may be ways of making a product closer to buttermilk in taste.104,105

A double-fermentation process was proposed by Marshall and Cole105 as a way of making the taste
of traditional kefir more acceptable to the consumer.106 Today, commercial kefir is only produced
from cow milk, but other milks, including soymilk, can be fermented with kefir grains.107,108 

Studies of the microflora of kefir grains led to the formulation of less complex starter cultures
that could replace kefir grains. A method using as few as four bacteria and one yeast type has been
reported as being used to produce “kefir.”109 However, apart from very gross characteristics, there
is little reason to believe that the two beverages (produced from traditional grains or simpler starter
cultures) are the same. Today, lyophilized kefir starter culture mixtures are used by some manu-
factures instead of kefir grains.

2. Health Benefits

The (Western) scientific literature to support the beneficial health claims of kefir is not extensive
and few human feeding trials using kefir have been performed. The Russian literature lists peptic
ulcers, biliary tract diseases, chronic enteritis, bronchitis, and pneumonia as all being treated with
kefir.98 Kefir is included as a regular part of hospital diets, is a recommended food for nursing
mothers, and is often used as an initial weaning food for babies in Russia. Both kefir grains and the
drink itself have been shown to have antitumoral, antibacterial, and antifungal properties that may
explain the diverse list of diseases and infections it is used to treat. In the tests carried out by Cevikbas
and colleagues,110 the kefir grains were more effective than the drink. Osada and coworkers111 reported
the isolation of a sphingomyelin from kefir grains, which they showed enhanced interferon-β
production in a human cancer cell line that had been challenged with a chemical inducer. They
concluded that this sphingomyelin could be important in treating viral diseases.

Several Japanese studies using experimental animals have indicated anticancer properties of
kefir for a variety of cancers.111–117 These studies have used kefir grains, kefir-grain polysaccharides,
or both to prevent the onset of cancer if given before a cancer challenge or to slow the growth and
spread of cancer if given after the cancer challenge. However, to date, such experiments have not
been carried out on humans.

Vujicic and colleagues118 incubated milk samples with kefir grains from six different sources
and showed that after 24 h, between 22 and 63% of the cholesterol originally in the milk was
assimilated. They concluded that the grains possessed a cholesterol-degrading enzyme system. In
a study in which hypercholesterolemic men were given 500 ml of kefir daily for 1 month, no
changes (compared with values obtained after 1 month of milk feeding) were measured in serum
cholesterol levels or cholesterol metabolism, despite the fact that a reference organism (Lb. brevis)
could be found in fecal samples and changes in fecal volatile fatty acids were found.119 

V. FERMENTED VEGETABLES AND OTHER FOODS

The most well-known and popular probiotic foods in industrialized countries are milk based.
Yakult®, a milk product containing the probiotics bacteria L. casei Shirota, is believed to be the
largest-selling probiotic product in the world. However, fermented foods are produced and con-
sumed around the world based on vegetables, fruits, cereals, grains, root crops, fish, and meat.
Some of these foods may have health-promoting properties.120 

Fermentation is often considered an effective method to preserve vegetables, without regard
to any health benefits. Reddy and colleagues121 list 23 legume-based fermented foods, the majority
of which are soybean products. Only natto, a popular fermented soybean product from Japan, is
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mentioned as encouraging the growth of Bifidobacterium in animals.122 Most reports of fermented
vegetables have centered on the organism(s) used to produce the fermentation and on any increases
in the protein, amino acid, and vitamin concentrations of the final product, not any possible
probiotic effects.123–125

Various other foods have been tested as possible vectors to carry probiotic bacteria. Verification
of the efficacy of these products has not been given much attention to date, but, rather, investigation
of whether the bacteria will survive in the food matrix and during processing and storage. Cheddar
cheese containing Enterococcus faecium,126 B. longum in frozen yogurt,127 and B. longum, B.
infantis, B. brevis,32 L. acidophilus, and B. bifidum125 in ice cream are examples.128 

Lee and Salminen6 predicted that probiotic infant formulae, baby food, fermented fruit juices,
fermented soy products, cereal-based products, as well as disease-specific products, are possible
products of the future.

VI. THE FUTURE FOR PROBIOTICS AND PREBIOTICS

The market for probiotic and prebiotic products will continue to grow as our knowledge of the
intestinal microflora and its role in the maintenance of health and disease resistance advances. Food
manufacturers will have to be able to commercialize products that maintain viable bacteria up until
the time of consumption, and in many cases, will also have to provide encapsulation or other
protective mechanisms for the live microorganisms in their products to be able to deliver bacteria
to the correct site of action in the GI tract.
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I. INTRODUCTION

 

Exopolysaccharides (EPSs) are metabolites of some bacteria and yeasts. EPSs can have simple or
complex compositions and structures and are produced by the cell for a variety of reasons (see
Table 18.1). The composition and structure of EPSs give them physical and chemical properties
that were initially used to modify food texture characteristics. As the structures of EPSs were
identified, their similarities to dietary fiber were noted and research was undertaken to show how
EPSs affected digestion, metabolism, and immune function. The development of functional foods
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containing EPSs has been the result of collaborations between microbiologists, chemists, food
scientists, and biochemists.

Several microorganisms produce polysaccharides: some are storage polysaccharides localized
in the cytoplasm; others are components of the cell wall of both gram-positive and gram-negative
bacteria or of the outer membrane of gram-negative bacteria; others still are excreted outside the
cell, hence the term 

 

exopolysaccharides

 

. These EPSs can either be tightly bound to the cells to
form a capsule, in which case they are called 

 

capsular polysaccharides

 

 (CPSs), or be secreted into
the environment as slime. Microbial EPSs are divided into two classes according to their biosyn-
thesis mechanism: homopolysaccharides and heteropolysaccharides. Homopolysaccharides are
made up of only one type of monosaccharide, whereas heteropolysaccharides contain different
types of sugar monomers and sometimes substituents arranged in repeating units.

 

II. EXOPOLYSACCHARIDES IN FOODS

A. I

 

NTRODUCTION

 

The two most important polysaccharides produced by bacteria that are found in foods as ingredients
are xanthan gum and gellan. With the exception of dextran and levan, EPSs produced by lactic
acid bacteria (LAB) are not currently marketed.

 

3

 

 Dextran and levan are used in filtration and medical
applications. EPSs of LAB origin are presently found in foods that are fermented by the LAB, but
are not found in nutraceutical products.

There are many fermented foods: milk (yogurt, cheese), vegetables (sauerkraut), meats (dry
sausages), fruits (wine), and cereals (bread, beer). However, only a few benefit from the production
of EPS from LAB (Table 18.2). In many countries, the addition of stabilizers is not allowed in
fermented milks

 

8

 

 and the use of EPS-producing strains becomes imperative. The most common

 

TABLE 18.1
The Roles of Exopolysaccharides Produced by Bacteria

 

Protection of the Cell Against: 

 

Desiccation
Phagocytosis
Phage attack
Antibiotics
Osmotic stress
Metal ions
Bacteriocins

 

Other Functions:

 

Contribute to cell recognition
Facilitate adhesion to surfaces
Form biofilms
Sequestering of essential cations

 

Source: 

 

From Looijesteijn, P.J., Trapet, L., de Vries, E., Abee, T., and
Hugenholtz, J., Physiological function of exopolysaccharides produced by

 

Lactococcus lactis

 

, 

 

Int. J. Food Microbiol

 

., 64: 71–80, 2001; Ruas-Madiedo,
P., Hugenholtz, J., and Zoon, P., An overview of the functionality of
exopolysaccharides produced by lactic acid bacteria, 

 

Int. Dairy J

 

., 12:
163–171, 2002; De Vuyst, L., De Vin, F., Vaningelgem, F., and Degeest, B.,
Recent developments in the biosynthesis and applications of heteropolysac-
charides from lactic acid bacteria, 

 

Int. Dairy J

 

., 11: 687–707, 2001.
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fermented milks with EPSs include yogurt, cheese, ropy milks (Swedish “Langmjulk,” Finnish
ropy milk) and kefir.

 

8

 

 Many milk products are fermented by LAB and could benefit from EPS
production, such as cultured buttermilk, dahi, cultured cream, Nordic (Sweden, Norway, Denmark,
Finland) traditional fermented milks, and various probiotic-containing fermented milks.

 

3

 

 A study
was conducted to ascertain the level of EPS production in bacterial strains used in commercial
European food products. Of the 26 strains isolated, EPS production in milk varied between 20 to
100 mg/L.

 

22

 

 In yogurt, kefir, and other fermented milks, there are two important benefits: improved
viscosity and less syneresis (Table 18.2). In cheesemaking, EPS-producing strains only appear to
be used in mozzarella manufacture, partially because the resulting whey is more difficult to process
(Table 18.2).

In fermented milks, viscosity does not always correlate with EPS production;

 

23–26

 

 this is partially
because viscosity and firmness in yogurt is linked to both protein coagulation and EPS production.

 

6,27

 

Good reviews of this aspect have been published.

 

3,28

 

 Some strains produce many EPSs with variable
molecular weight or chemical structures,

 

2,22,25,29–31

 

 and ratios of high and low MW affect texturing
more than their total concentration.

 

32

 

 Drying of EPS may result in a reduction in molecular mass.

 

1

 

EPS produced by LAB have no taste, but they can enhance the taste of the product because
the increased viscosity they bring to products can increase residence time in the mouth.

 

33

 

Studies with 

 

Lb. sanfranciscensis

 

 have shown that as the sucrose levels were increased from 2
to 15%, not only was EPS production increased, but there was also a proportional increase of the
oligosaccharide kestose.

 

34

 

 Thus, a process aimed at producing high levels of EPS might generate
a valuable by-product in the form of a prebiotic oligosaccharide. This adds to the potential role of
the EPS as a prebiotic for bifidobacteria.

 

3

 

 The extent to which oligosaccharides are produced in
addition to the EPS is largely unknown. 

LAB-produced EPSs appear to be as good a technological tool as the current bacterial stabilizers
on the market. For example, carboxymethylation of kefiran has increased its viscosity 14-fold.

 

8

 

 At
1%, a

 

 Lb. sake

 

 EPS had a better viscosifying property than xanthan gum.

 

35

 

 
The determination of EPS production has mostly been carried out following extraction with

ethanol, but methods based on ultrafiltration cells,

 

36

 

 ultracentrifugation with anion-exchange chro-
matography,

 

37

 

 and near infrared spectroscopy

 

38

 

 have been proposed. The values will obviously vary
as a function of the method used.

 

36,37

 

 

 

TABLE 18.2
Some Technological Consequences of EPS Production in Foods and Beverages

 

Type Food Effect Reference

 

Desirable Yogurt Improved water retention/less syneresis 4, 5
Yogurt Increased viscosity 6, 7
Kefir Grain structure 8
Kefir Increased viscosity 8
Low-fat mozzarella Higher water content 9–11
Low-fat mozzarella Better melt properties 9–11
Ogi Increased viscosity 12
Cheesemaking Potential protection against bacteriophages 13–16
Ice cream Better survival in freezing and storage 17
Fermented oats Improved texture 18
Bread Replace hydrocolloids currently used as 

texturizing or antistaling agents
19

Undesirable Cheese whey Higher viscosity during membrane processing 9
Yoghurt Slower fermentation 20
Beer Defect in texture; filtration problems 21
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The ability of bacteria to produce viscous compounds is notoriously variable,

 

25,39–41

 

 but a certain
number of parameters have been shown to affect EPS production by LAB.

 

42

 

 Fermentations that
are carried out with pH continuously maintained at a set point generally result in higher yields
(Table 18.3). However, because all the foods that are currently available with LAB-derived EPSs
are fermented without pH control, factors that affect EPS synthesis under these conditions have
been examined.

 

1. Fermentation Conditions

 

a. Bacterial Growth and Exopolysaccharide Production

 

Most studies have found a link between the biomass (or bacterial population) reached in the
fermentation and the quantity of EPS produced.

 

23,53,58–60

 

 Generally, EPS is growth-associated

 

56 

 

—
the greater the number of cells in the product or the system, the more EPS is produced. However,
fermentation conditions can also have significant effects on EPS yields.

EPS production can be important in the stationary growth phase (SGP).

 

32,48,59

 

 However, in most
of these cases, the fermentations are carried out without pH control,

 

60

 

 with pH being the limiting
growth factor, not the carbohydrate source. Generally, when fermentations are carried out with pH
control, growth often stops when the carbohydrates have been consumed, which would theoretically
prevent any extensive EPS production during the SGP. Thus, in instances where EPS production
occurs in the SGP during pH-controlled fermentations, there are excess carbohydrates in the
medium

 

48,55 

 

and lactate becomes the element inhibiting growth rather than low pH.

 

55

 

 To prevent
the inhibitory effect of lactate accumulation on growth, lactate-consuming yeast can be added, as
has been done very effectively with the organisms used in kefir manufacture.

 

49

 

b. Temperature, pH, and Stirring during Fermentation

 

Exceptions do exist,

 

51,56

 

 but with mesophilic lactococci,

 

26,55,56

 

 

 

Sc. thermophilus,

 

61,62

 

 and 

 

Lb. rham-
nosus,

 

63,64

 

 suboptima incubation temperatures result in higher EPS production. Over-optimal tem-
peratures tend to decrease the specific EPS production ability.

 

47,65,66

 

 However, with most lactobacilli,
a correlation between the optimum growth temperature and that for obtaining maximum EPS
production is observed.

 

51,61,67

 

 When EPS is mostly produced in the SGP, much higher levels are
obtained if the culture is grown at its optimum growth temperature and then cooled to 10

 

°

 

C during
the SGP.

 

52,59

 

 
With LAB, pH control generally enables higher cell counts and thus higher EPS levels.

 

68,69

 

 For
most cultures, pHs between 5.5 and 6.2 give best EPS yields,

 

47,52,56,64,66,70

 

 and only 

 

Lb. helveticus

 

seems to prefer lower optimum pH values. Not only does pH affect yields, it also affects the
soluble:insoluble ratios and EPS degradation during storage.

 

48,52,71

 

 
Stirring can improve EPS production,

 

23

 

 but it also increases oxygen dissolution in the medium.
With 

 

Sc. thermophilus

 

, higher oxygen levels promoted growth and subsequently higher EPS levels.

 

56

 

However, the effect of oxygen on EPS production can be the opposite.

 

55,56

 

 

 

2. Effect of Growth Media on Exopolysaccharide Production

 

There have been several defined media for growth and EPS production of lactobacilli, some media
containing over 50 ingredients.

 

62,72

 

Numerous studies demonstrate the effect of carbon source on EPS yields.

 

32,44,47,59,63,71,73

 

 Without
pH control, the initial carbohydrate level is not as important.

 

32 

 

Obviously, the quantity of carbohy-
drates in the medium affects EPS yields

 

74

 

 and high initial carbohydrate levels tend to enhance final
EPS levels.

 

33,49,56
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The LAB require many amino acids for growth,

 

72

 

 and media rich in peptones or yeast extracts
tend to promote high biomass levels, which often translates into high EPS levels.

 

41,45,57,64,67,70,75,76

 

However, excess nitrogen-based supplements can sometimes reduce EPS production.

 

57,77

 

 Interest-
ingly, when the same strains were cultured in milk, amino-acid-supplement whey, or laboratory
media for equal cell counts, EPS production was generally higher in milk.

 

25,45

 

 
Other supplements that enhance growth, such as minerals or vitamins, will tend to increase

bacterial populations, and thus EPS production.

 

78–82

 

3. Interactions between Strains

 

Most studies on EPS production have been carried out with pure cultures, and very little data are
available with respect to interactions between strains. Cocultures do affect productivity,

 

83,84

 

 and the
most fruitful combination seems to be between kefir cultures

 

 Lb. kefiranofaciens 

 

and 

 

Saccharomyces
cerevisiae.

 

48,49,85

 

 In this coculture, carried out under pH control, the yeast consumes the lactic acid,
thus reducing the product inhibition and direct contact of the lactobacilli with the yeast results in
higher kefiran production.

 

86

 

 The 

 

Lb. kefiranofaciens

 

 and 

 

S. cerevisiae

 

 coculture gave the highest
reported EPS yield for LAB (Table 18.3). However, this EPS yield may be influenced by yeast-
based polymers,

 

87

 

 which can interfere with EPS analyses.

 

53

 

 

 

4. Effect of Fermentation Technology

 

Food fermentations are typically done in batch processes, and LAB EPS-containing foods currently
on the market are produced by this method. However, highest yields in EPSs are attained with fed-
batch or continuous fermentation techniques (Table 18.3). A carbon-based fed-batch process would
not seem appropriate for EPS production because of unfavorable carbon-to-nitrogen ratios.

 

42,55,57,77

 

However, a fed-batch process was successful using a coculture of 

 

Lb. kefiranofaciens 

 

and 

 

S.
cerevisiae.

 

 This seems to be associated with the fact that a high carbohydrate level was initially
added in the medium.

 

49

 

 
If pure cultures are to be used for EPS production, immobilized cell technology (ICT) may

give higher yields in the future. EPS production is much more rapid once the biomass is reached.

 

53

 

Furthermore, ICT also enables multiple batch fermentations, which reduce the fermentation time
from 32 to 7 h.

 

53

 

III. CHEMICAL STRUCTURE OF EXOPOLYSACCHARIDES

 

The diversity of heteropolysaccharides comes from the following characteristics: the number of
sugar residues in the repeating unit; their identity, hexoses, or their deoxy, amino, or uronic
derivatives, pentoses, polyols, etc.; the absolute configuration of each sugar residue, 

 

D

 

 or 

 

L

 

; its
anomeric configuration, 

 

α

 

 or 

 

β

 

; its cyclic conformation, pyranose or furanose; the sequence of
glycosidic linkages between residues, including branching; and, if present, the nature and linkage
position of substituents, organic or inorganic. The molar mass of EPSs range from 4 

 

×

 

 10

 

4

 

 to
6 × 106 Da.87 The large diversity in the primary structure results in a large number of possible
conformations that could be adopted by these EPSs, and therefore the study of structure–properties
relationships is still in its infancy.

A. METHODS OF STRUCTURAL CHARACTERIZATION

High-resolution nuclear magnetic resonance (NMR) spectroscopy is the most powerful technique
for structure determination. 1H, 13C, and sometimes 31P are the most common nuclei observed. One-
dimensional as well as homonuclear and heteronuclear two-dimensional NMR techniques provide
information on the number and identity of sugar residues, their anomeric configuration and cyclic
conformation, the proximity or linkages between residues, and the nature and position of substituents.
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Chemical and chromatographic methods are used to substantiate NMR findings. High-perfor-
mance liquid chromatography (HPLC) is mostly used for sugar and substituent analysis after
hydrolysis of the EPS. Gas chromatography (GC), coupled or not with mass spectrometry (MS),
is also used after the sugar monomers have been rendered volatile by derivatization. The sugar
monomers can be tagged by methylation prior to hydrolysis in order to determine the linkage and
substitution positions of each sugar.

The only information not obtainable by NMR is the absolute configuration of the sugars, which
has to be determined independently, either by polarimetry or by derivatizing the sugars with a chiral
alcohol to form one of two possible diastereoisomers that can be separated by GC.

The usefulness of elemental analysis lies mainly in detecting the presence of amino sugars and
inorganic substituents. In some instances, it is interesting to chemically or enzymatically modify
a polysaccharide in order to produce oligosaccharides, representative of the repeating unit but with
a lower molecular mass, that are possible to analyze directly by mass spectrometry and give narrower
lines on NMR spectra. Enzymes are highly specific, but few have proven useful for that purpose
because of the diversity of linkages in EPSs. Some chemical reactions, such as periodate oxidation
and diazotization, have a high degree of specificity and yield products easier to purify than those
produced by partial hydrolysis unless a particularly weak linkage is present in the structure.
Molecular masses are determined by gel-permeation chromatography or light scattering. Finally,
molecular modeling is useful to predict the conformations and three-dimensional structure adopted
by EPSs and possibly, when more structures become available in the future, to understand their
structure–properties relationships.

IV. HEALTH BENEFITS OF EXOPOLYSACCHARIDES

EPSs were originally added to various food formulations as gelling agents and stabilizers and were
popular in the food industry long before their effects on digestion, metabolism, and human health
were identified. Early human feeding trials confirmed that EPSs were safe to consume at concen-
trations higher than those added to alter food texture.100,101 

A. DIGESTION OF EPSS

The high viscosity of EPSs in solutions makes them act as fecal bulking agents that can alter transit
time, fecal weight, and fecal water content. In rats, structural differences in the surface structures
of the ileum and cecum have been observed after eating diets containing the homopolymer curdlan
→3)-β-D-Glcp-(1→ or the heteropolymer gellan gum (Figure 18.1, structure 1).88 The structure and
chemical bonding within EPSs leads to their resistance to normal carbohydrate digestive enzymes.
Most EPSs remain intact until they reach the lower GI tract, where they act like other nondigestible
fibers (see Table 18.4).

Using fecal slurry, Ruijssenaars et al.103 compared the degradation of six EPSs produced from
lactic acid bacteria and the EPS produced by Xanthomonas campestris (xanthan gum). They found
that only the EPSs produced by Streptococcus thermophilus SFi39 (Figure 18.1, structure 2), SFi12
(Figure 18.1, structure 3), and Xanthomonas campestris (Figure 18.1, structure 4) were degraded
after a 5-d incubation period. The repeating units of the two EPSs that were degraded have only a
β-galactosyl residue as a side chain, and xanthan gum has a cellulose backbone.

EPSs are digested in the colon, if they are digested at all. For example, the total recovery of
EPS from Lactococcus lactis subsp. cremoris B40 (Figure 18.1, structure 5) was 96% when fed to
rats.1 EPSs fermented by colonic bacteria produce short-chain fatty acids (SCFAs), which are
sources of energy to the host and are believed to protect against colorectal cancer.104 

Few digestion-related enzymes were found to act on EPSs from LAB, no enzymes with endo
activity. However, EPSs from Lactobacillus helveticus TY1-2 (Figure 18.1, structure 6)93 and TN-4
(Figure 18.1, structure 7),94 Lactococcus lactis subsp. cremoris B39 (Figure 18.1, structure 8),95 as
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well as the O-deacetylated polysaccharide from Lactococcus lactis subsp. cremoris B891 (Figure
18.1, structure 9),96 having the disaccharide fragment lactose β-D-Galp-(1→4)-β-D-Glcp-(1→ in
their side chains, were susceptible to enzyme preparations having exo β-galactosidase activity.

The EPS produced by Lb. sanfranciscensis is a fructan that is not degraded in the stomach or
small intestine. Human strains of bifidobacteria that reside in the large intestine are able to
metabolize this EPS, which would make the Lb. sanfranciscensis EPS a potential prebiotic.105 

Curdlan, an EPS produced by Alcaligenes faecalis var. myxogenes, is easily digested and
fermented by intestinal bacteria, whereas gellan gum, produced by Pseudomonus elodea, is more
resistant to intestinal breakdown. In rats, both EPSs increased colon plus rectum weights, lowered
fecal pH, increased % fecal moisture content, lowered fecal dry weight, and both decreased cecum
ammonia concentration compared to rats consuming a diet containing cellulose. However, rats eating
gellan gum had lower amounts of SCFAs per g cecal contents and lower total cecal SCFAs compared
to rats eating the diet containing cellulose. The diet containing curdlan had the opposite effect on
cecal SCFAs; the beneficial effects of the high levels of butyric, propionic, and lactic acids in cecal

FIGURE 18.1 Structures 1 through 3.

TABLE 18.4
Effects of Nondigestible Fiber on the Gastrointestinal Tract
and Its Function

1. Increase viscosity of digesta
2. Increase transit time
3. Alter pH
4. Change to digestive enzyme activity
5. Decrease absorption of nutrients
6. Enlarge digestive organs
7. Change to intestinal surface layer

Source: From Ikegami, S., Tsuchihashi, F., Harada, H., Tsuchihashi, N., Nishide,
E., and Innami, S., Effect of viscous indigestible polysaccharides on pancreatic-
biliary secretion and digestive organs in rats, J. Nutr., 120: 353–360, 1990.
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FIGURE 18.1 Structures 4 through 6.

FIGURE 18.1 Structures 7 through 9.
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contents were noted.106 Rats eating the diet containing the curdlan had ceca that were twice as heavy
as rats eating other sources of fiber. Similar results have been published earlier.88 The ease of
fermentation and the production of SCFAs from EPSs may impact on fecal water content and fecal
output, which may ultimately affect digestive tract function and diseases.107

B. ANTITUMOR EFFECTS

Some bacteria have been shown to have antimutagenic properties. The production of EPS and its
ability to bind mutagens may partly explain this phenomenon. For example, the EPS produced by
Bifidobacterium longum can bind to heterocyclic amines.108 In other cases, the effect may be
mediated through the immune system. 

EPS (Figure 18.1, structure 10) isolated from kefir grain — a mass of bacteria, yeasts, and milk
protein used to produce the fermented milk kefir109 — has been shown to inhibit the growth of
Ehrich carcinoma (up to 64% inhibition) and sarcoma 180 (up to 90% inhibition) in mice.110 The
tumor growth was inhibited when the EPS was administered orally or intraperitoneally. Tests of
delayed-type hypersensitivity in mice given tumors and kefir EPS prompted this same group to
conclude that a cell-mediated response was occurring and that the EPS exerted inhibitory effects
when it was given before or after tumor inoculation.111 Using radio-labeled EPS, the group then
showed that some of the EPS or its breakdown products were able to reach the spleen and thymus,
which would support the hypothesis that the antitumor effects were the result of a delayed-type
hypersensitivity.112 An EPS formed by Lb. helveticus var. jugurii was shown to prolong the life of
mice injected with sarcoma 180 cells.113

More recently, another Japanese group has shown that kefir grain EPS stimulates in vitro Peyer’s
patch cells in tumor-bearing mice, which causes the secretion of water-soluble factors that stimulate
the mitogenic response in T and B lymphocytes in normal mice.114 They then showed that the same
EPS protects mice against pulmonary metastasis, again either when the EPS was given before or
after the tumor.115

C. IMMUNE FUNCTION EFFECTS

Some EPSs, like other polysaccharides, have immune-stimulating properties that depend on their
stereochemistry, molecular size, or the number and kinds of sugar residues making up the EPS. Most
interest has centered on the stimulation of Th1 response that is responsible for resistance to infectious
agents and allergens. Kitazawa and coworkers were able to show that the EPS produced by Lacto-
coccus lactis ssp. cremoris KVS20, one of the starter cultures from the Scandinavian ropy sour milk
viili, was able to stimulate the mitogenic response in murine spleen cells of C57BL/6 mice, partic-
ularly in a fraction enriched in B cells, and also in spleen cells from athymic nu/nu mice.116 They
then showed that the EPS was not a lipopolysaccharide and that its mode of action was different
from a lipopolysaccharide.117 This particular EPS appears to be a phosphopolysaccharide, and its
composition suggests it could have the same structure as viilian from strain SBT 0495 (Figure 18.1,
structure 5), although this was not confirmed.118 It may be a biological response modifier that is able
to stimulate the production of IFN-γ and IL-1α in antigen presenting macrophages (Mφ).118 

As early as 1987, there was speculation that the slime material produced by Streptococcus
cremoris in the production of the Scandinavian fermented milk drink called viili was capable of
stimulating the immune system.119 Nakajima et al.120 showed that the ESP92 in viili was able to
increase serum DNP-specific antibody production in mice, indicating its adjuvant properties. Stim-
ulated lymphocytes and enhanced macrophage activity were suggested as possible mechanisms.
The EPS produced by Lb. rhamnosus RW-9595M (Figure 18.1, structure 11) stimulated the pro-
duction of TNF, IL-6, and IL-12 in human and mouse cells and IFN-γ in mouse splenocytes.121

The EPS structure is important to its immunostimulating effect, but the phosphate group in
some EPSs is also critical. Thus, the EPS produced by Lactobacillus delbrueckii ssp. bulgaricus
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OLL 1073R-1 can enhance macrophage phagocytosis in vivo and in vitro, but only when the
phosphate is in place.122 The mode of action of the phosphate-containing EPS is different from
lipopolysaccharide (LPS). Nitric oxide (NO) production is not induced but mRNA expression of
cytokines in microphages does occur.123 The importance of the phosphate group was also underlined
in the mitogenic activation of lymphocytes by the EPS of Lactobacillus delbrueckii ssp. bulgaricus,
and Kitazawa et al.124 stated that the magnitude of EPS mitogenic activity may be directly related
to the phosphate content of an EPS.

D. CHOLESTEROL DIGESTION AND METABOLISM EFFECTS

EPSs probably act as typical dietary fibers in terms of how they decrease serum cholesterol levels.
The increased viscosity associated with EPSs may coat the unstirred layer of the intestinal mucosus,
thereby cutting down on cholesterol absorption. Also, there may be direct chemical binding depend-
ing on the chemical structure of the EPS and conditions (such as pH) in the gut. Such binding
would increase excretion, induce bile acid synthesis in the liver, and reduce cholesterol via oxidation.
It is also possible that EPSs are being fermented in the colon, producing SCFAs, especially
propionate, which can impact on cholesterol-synthesis pathways.

Direct binding of cholesterol has been shown by in vitro tests for both xanthan gum and, to a
lesser extent, gellan gum.125 Binding of EPS to free bile acids has also been reported in vitro.126

EPSs produced by two strains of Lb. delbrueckii had the greatest ability to bind free cholic acid
(up to 15% of a 1.5 mM solution), and coincidentally were also the highest producers of EPS.
None of the EPSs from the Lb. delbrueckii or Sc. thermophilus strains tested were able to bind free
glycocholic acid.

Nakajima et al. fed a milk fermented with Lactococcus lactis subsp. cremoris SBT 0495 to
rats fed a high-cholesterol diet and found significant reductions in total serum cholesterol and a
significant increase in the HDL/total cholesterol ratio compared to controls.127 The action of the
bacteria gives the milk a ropy texture due to the production of the EPS viilian.127 The cholesterol-
lowering effect was attributed to “dietary fiber action.”

Consumption of a diet with as little as 1% xanthan gum significantly reduced plasma and liver
cholesterol levels in rats128 that was linked to significant decreases in apparent cholesterol absorption
and digestibility. Rats eating the diets containing xanthan gum also had significantly reduced serum
and liver triglyceride levels. A mixture of xanthan gum (1%) and guar gum (2%) had a hypocho-
lesterolemic effect on plasma and liver of diabetic rats and on plasma of nondiabetic rats, and a
hypotriacylglycerolemic effect on the liver of both diabetic and nondiabetic rats.129 

Feeding humans the EPS gellan gum (175 and 200 mg/kg body weight) for 30 d decreased
serum cholesterol in both the females (–13%) and the males (–11%).101 Kefiran, the EPS obtained
from by kefir-producing bacteria, has also been reported to lower serum and liver cholesterol levels
and to lower blood pressure in hypertensive rats.130

E. EFFECTS ON DIABETES

Food viscosity influences the speed at which food exits the stomach. One strategy for slowing the
glycemic response has been to slow gastric emptying using the EPS xanthan gum, which in turn
delays intestinal digestion and absorption. Xanthan is more viscous than guar gum or methylcel-
lulose on a per weight basis measured in vitro, but all three have equal ability to lower the blood
glucose response curve in rats fed a carbohydrate challenge.131 Feeding humans xanthan gum (12
g/d) in muffins significantly lowered fasting serum glucose levels and blood glucose concentrations
1 h after a glucose challenge in borderline type II diabetics.132 After 6 weeks of consuming xanthan-
enriched muffins, the subjects had lowered glucose tolerance curves, although the shape of the
curves was not altered.
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F. OTHER USES OF EXOPOLYSACCHARIDES

Hyperuricemia and gout are caused by either overproduction or underexcretion of uric acid. Exces-
sive intake of RNA can also lead to hyperuricemia. Using a rat model, Japanese researchers have
shown that highly viscous dietary fibers, especially the EPS xanthan gum, are able to alter digestive
and metabolic processes that may contribute to hyperuricemia by lowering serum and urine uric
acid levels, reducing RNA digestion by RNase A, and increasing RNA excretion in feces.133,134

The EPS produced by Streptococcus macedonicus Sc136 (Figure 18.1, structure 12) has been
shown to contain a trisaccharide fragment β-D-GlcpNAc-(1→3)-β-D-Galp-(1→4)-β-D-Glcp that is
related to oligosaccharides found in human milk.99 Adding such an EPS to infant formula might
produce a formula that is more bifidogenic and capable of inhibiting pathogenic microorganism
adhesion in the gut. 

The ability of some EPSs to resist digestion has prompted research into the possible use of
EPSs as coating material for drugs, nutraceutical products, and probiotic bacteria to be delivered
to the colon. Gellan gum is digested by the colonic enzyme galactomannanase, and it has been
shown in vitro that beads of gellan gum undergo initial surface erosion, followed by rapid release
of interior contents at pH and galactomannanase concentrations typically found in the colon.135 A
mixture of gellan gum and xanthan gum has been used to encapsulate Bifidobacterium infantis to
protect the live bacteria. Bacteria encapsulated in this way remained viable longer in pH 4 peptone
water, in yogurt, or in simulated gastric juice.136

The water holding capacity of xanthan gum may contribute to its moistening and lubricating
properties that has led to its use in a saliva substitute that is used by radiation patients to treat
feelings of a dry mouth or xerostomia.137

V. CONCLUSIONS

Fermented foods are consumed around the world for practical and health reasons. From a food-
science perspective, EPSs are important because they contribute to the sensory properties of foods.
As our knowledge of the fermentation process increases, it is evident that many of the microor-

FIGURE 18.1 Structures 10 through 12.
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ganisms involved are producing EPSs that may be beneficial to health. So far, these complex
carbohydrates are not a large part of the diet. However, as the structure and function of these EPSs
become better characterized, new functional foods and nutraceuticals containing EPSs will become
available to consumers.
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I. INTRODUCTION

 

Clinical depression is a unipolar mood disorder characterized by a pervasive negative mood (per-
sisting for greater than 14 consecutive days) accompanied by a generalized loss of interests, an
inability to experience pleasure, and suicidal tendencies. It is costly in terms of human suffering
and health service use, and has severe implications for physical health.

 

1

 

 Until recently, many
individuals had limited knowledge and inaccurate beliefs about mental health problems, and people
who suffer from depression were all too often stigmatized and ostracized from society.

 

1

 

 Fortunately,
this situation is now gradually changing as government and public health initiatives help to increase
community awareness and understanding of depression, with the successful implementation of
“Beyond Blue” and the “Black Dog” programs, to name a few.

 

2,3

 

 The causes of depression can be
biological, (including genetic and biochemical causes), and psychosocial, which involves upbring-
ing, emotional experiences, and cultural and environmental influences, as well as interpersonal
behaviors and interactions.

 

4
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Depression is a treatable condition, with early intervention and treatment underpinning an
optimistic prognosis. William Styron observed, in the account of his own depressive episode, that
“acute depression inflicts few permanent wounds.”

 

5

 

 The overriding concern in very severe cases is
to ensure the safety of the depressed person, both from deliberate self-injury and inappropriate
risk-taking behavior. Once stabilized, the main goal of management is to reverse the lowered mood,
using a combination of nonpharmacological and pharmacological treatments.

 

4

 

Psychotherapy includes such techniques as cognitive behavior therapy (CBT) and interpersonal
therapy, where a person’s negative thoughts, attitudes and beliefs are challenged and positively
refocused.

 

6

 

 Medication may prove necessary where psychotherapy alone does not elicit satisfactory
results.

 

6

 

 Electroconvulsive therapy (ECT), a treatment for severe refractory depression that is used
only after psychotherapy and pharmacotherapy have failed over some time period, may prove
necessary in the more severe forms of depression.

 

6

 

Antidepressant drugs fall into these main groups — the tricyclic antidepressants (TCAs),
monoamine oxidase inhibitors (MAOIs) and selective serotonin reuptake inhibitors (SSRIs) and
serotonin and norepinephrine reuptake inhibitors (SNRIs).

 

7

 

 Many studies have confirmed that these
drugs are effective; however, long-term use gives rise to a number of common and unpleasant side
effects, such as weight gain, gastrointestinal disturbances (xerostoma, indigestion, gastric ulceration,
and constipation), blurred vision, drowsiness and dizziness.

 

7

 

 An additional requirement when taking
MAOIs is strict dietary restriction of foods containing high levels of tyramine. The list of tyramine-
containing foods is extensive and includes many common foods, such as bananas, avocado, soy
products, cheese, coffee and tea.

 

7,8

 

Although newer antidepressant drugs such as the SSRIs and SNRIs (with fewer side effects in
the short to medium term) have been developed to reduce adverse effects, there is still considerable
interest, in the medical arena, to search for safe and effective alternatives.

 

8

 

 This is reflected in the
great deal of current research investigating the links between dietary components and the develop-
ment and treatment of depression. One of the most active areas of research concerns the relationship
between the omega-3 long-chain polyunsaturated fatty acids and depression and the use of omega-
3 fatty acid supplements in the treatment of depression.

 

9,10

 

 Other nutrients and “natural” substances
identified as having potential implications in the treatment of depression are folate, tryptophan,
vitamin B

 

6

 

, B

 

12

 

, S-adenosyl-L-methionine, and 

 

Hypericum perforatum

 

.

 

11

 

II. PREVALENCE

 

Depression is one of the most common mental health problems in the general population. The
World Health Organization (WHO) estimates that major depressive disorders will become the
second leading cause of disability worldwide by the year 2020, after ischemic heart disease.

 

12

 

 In
the report titled 

 

The Global Burden of Disease

 

, Murray and Lopez comprehensively assessed the
mortality and disability from all diseases, injuries and risk factors using inclusive methodological
approaches.

 

12

 

 The summary of this landmark study highlighted the finding that “the burden of
mental illnesses, such as mood disorders, alcohol and drug dependence and schizophrenia have
previously been seriously underestimated by approaches that focus on mortality, rather than mor-
bidity and mortality.”

In Australia, depression is currently the leading cause of nonfatal disability, with analysis of
statistics showing that one in five Australians will develop depression at some stage in their lives.
Thus, the lifetime prevalence rate is generally taken to be in the order of 10–20%.

 

13

 

 However, it
is necessary to note that the findings of individual studies vary considerably depending on the
diagnostic tools implemented and the criteria used to define clinical depression. For example, the
2003 Australian National Survey of Mental Health and Wellbeing

 

14

 

 found the current prevalence
rate of depression to be 3.2%. The prevalence rate of depression for both genders, as compared to
other mental health disorders in Australia, is given in Table 19.1.
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Sequelae associated with depression include significant physical and social impairment, severe
reduction in quality of life, exacerbation of coexisting illness, deliberate self-harm or suicide,
premature death and overuse of health services, which all cost an estimated A$600 million per
annum.

 

15

 

 Depression represents a significant disease burden in Australia, causing an average of 3.7
“healthy” life years loss to the disability.

 

15

 

 The most recent Australian Burden of Disease study
calculated the burden of mental disorders in Australia at 15% of the total, third in importance after
heart disease and cancer, a proportion that further supports the public health importance of mental
disorders.

 

15

 

 Table 19.2 shows the leading causes of disease burden in Australia in 1996. According
to the Australian Health Insurance Commission, 10.1 million prescriptions were written for anti-
depressant medication in 2003, with the Selective Serotonin Reuptake Inhibitors (SSRIs), such as
fluoxetine (Prozac) and sertraline (Zoloft), accounting for greater than half of those prescribed.

 

16

 

TABLE 19.1
Prevalence Rates of Mental Health Disorders in 
Australian Adults

 

Males

 

Females

%
Population 
Estimate %

Population 
Estimate

 

Any depressive disorder 4.2 275,300 7.4 503,300
Any anxiety disorder 7.1 470,400 12.0 829,600
Any substance use disorder 11.1 734,300 4.5 307,500
Any mental health disorder 17.4 1,151,600 18.0 1,231,500

 

Source: 

 

Adapted from Weissman, M., Bland, R., Joyce, P., Newman, S., Wells,
J., and Wittchen, H., Sex differences in rates of depression: cross-national
perspectives, 

 

J. Affect. Disord

 

. 29: 77–84, 1993.

 

TABLE 19.2
The 10 Leading Causes of Disease Burden in Australia in 1996

 

Disease Disability-Adjusted Life Years

 

a

 

Ischemic heart disease 12.4
Cerebral vascular accidents (strokes) 5.4
Chronic obstructive pulmonary disease (COPD) 3.7
Depression 3.7
Lung cancer 3.6
Dementia 3.5
Diabetes mellitus 3.0
Colorectal cancer 2.7
Asthma 2.6
Osteoarthritis 2.2

 

a

 

Disability-adjusted life year is a measure of the years of “healthy” life lost due to
premature death, illness, or injury.

 

Source: 

 

Adapted from Andrews, G., Sanderson, K., Slade, T., and Issakidis, C., Why
does the burden of disease persist? Relating the burden of anxiety and depression to the
effectiveness of treatment. 

 

Bulletin of the World Health Organization

 

, 78: 446–454, 2000.
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III. PATHOGENESIS

 

Mental illness is a multifactorial disease that can develop for many reasons. The contributing factors
can be as wide ranging as organic changes in the brain, environmental influences or genetic
influences.

 

4

 

 Organic changes in the brain can be the result of alcohol abuse, drug induced brain
damage, or altered production of neurotransmitters. Environmental influences affecting mental
health can include the effects of stress, social isolation, or major life events such as divorce,
bereavement or redundancy. Genetically, some individuals may be predisposed to some types of
mental illness. Depression is classified as a mood disorder of dysphoric nature, characterized by
hopelessness, sadness, and misery.

 

4

 

IV. CLINICAL FEATURES

 

The signs of depression fall into four main groups: mood disturbances, such as overwhelming
sadness or guilt; behavioral changes, such as loss of interests; altered cognition and thought
processes, such as a marked lack of concentration; and physical symptoms, such as weight loss
and sleep disturbances.

 

17

 

 These symptoms may manifest themselves differently, depending on
developmental age. For example, depressed children may regress to an earlier stage of psychological
functioning (e.g., a 5-year-old reverting to thumb-sucking and baby-talk), and depressed adolescents
may exhibit oppositional and conduct disorders, including aggression, compulsive lying, high-risk
sexual behaviors, and truancy. Depressed middle-aged and elderly people, in contrast, are more
likely to experience the physical symptoms, such as constipation and fatigue.

 

17

 

From a nutritional point of view, depression is usually accompanied by acute anorexia. There
is a loss of interest in food and the pleasure of eating, as vividly described by the American novelist
William Styron in his book 

 

Darkness Visible

 

, which gives an insight into his personal descent into
depression — “I found myself eating only for subsistence: food, like everything else within the
scope of sensation, was utterly without savour.”

 

5

 

 Consequently, a serious feature is weight loss
greater than 5% of total body weight or 3–4 kg over the past month.

 

17

 

V. DIAGNOSIS

 

A number of structured interview formats incorporating specific investigative techniques and ques-
tions have been developed to aid in the assessment of depressed people, including the Structured
Clinical Interview for DSM, the Structured Clinical Assessment for Neuropsychiatry, the Composite
International Diagnostic Interview and the Diagnostic Interview Schedule.

 

18

 

 The severity of depres-
sion is assessed using rating scales designed for this purpose. Rating scales also serve as a tool for
tracking the progress of treatment as they can be applied, with good repeatability, over the course
of one or more therapies. Three of the most commonly used scales in current clinical practice are
the Hamilton Depression Rating Scale, the Beck’s Depression Inventory, and the Montgomery
Asberg Depression Rating Scale.

 

18

 

There is no clear division between ordinary sadness, grief, and clinical depression. Furthermore,
no single diagnostic test can adequately diagnose depression and the nature of depression as a
syndrome means that diagnosis is based on a group of symptoms and observable physical and
mental signs that commonly occur in conjunction.

 

18

 

 The only broadly identifiable distinction
between generalized sadness, which is consolable and self-limiting, and depression is the prolonged
period of time for which a lowered mood persists, and the incapacitating or disabling extent of the
condition to the point where there is an inability to cope with the demands of everyday living.

 

18

 

The criteria for diagnosing clinical depression, according to the Fourth Edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV) is given in Table 19.3.

 

19
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VI. RISK FACTORS

 

The accumulated evidence regarding the etiology of clinical depression suggests that it is a complex
disorder. Reference is often made to the biopsychosocial model as an attempt to account for the
interaction of biological, psychological and social factors involved in determining the liability to
lifetime clinical depression. Biological factors arise from the physiology and biochemistry of body
systems and function, as well as from genetic influences; psychological factors are derived from
upbringing, emotional experiences and interpersonal interactions; and social factors result from a
person’s cultural environment and current life situation.

 

4,17

 

A. G

 

ENDER

 

 

 

AND

 

 B

 

IOLOGICAL

 

 F

 

ACTORS

 

Knowledge of neurotransmitter function provides an understanding of the biology of depression.

 

20

 

Neurotransmitters are chemicals that are used to relay, amplify, and modulate electrical signals
between neurons and other cells. They are broadly classified into small molecule transmitters or
neuroactive peptides. The neurotransmitters implicated in depression and related conditions are
the small molecule transmitters: dopamine, norepinephrine, epinephrine and serotonin.

 

20

 

 Within
cells, these transmitter molecules are usually packaged in vesicles, so that when an action potential
travels to a synapse, the rapid depolarization causes calcium channels to open. Calcium then
stimulates the transport of vesicles to the synaptic membrane, which then fuse, releasing the
neurotransmitter. The receptor involved then determines the effect of the neurotransmitter. Imbal-
ances of these neurotransmitters, dopamine, norepinephrine, epinephrine, and serotonin, are asso-
ciated with mental illness.

 

21

 

Dopamine, norepinephrine, and epinephrine are derived from the hydroxylation and decarbox-
ylation of the amino acids tyrosine and phenylalanine in a common pathway consisting of several
steps.

 

20

 

 These neurotransmitters are then metabolized to biologically inactive products through
oxidation by monoamine oxidase (MAO) and methylation by catechol-O-methyltransferase
(COMT). Serotonin, 5-hydroxy tryptamine (5-HT) is released specifically by cells in the brain stem
and formed by the hydroxylation and decarboxylation of tryptophan. Normally, the hydrolase is
not saturated, thus an increased uptake of tryptophan in the diet can increase brain serotonin
content.

 

21

 

 Virtually all of the brain tryptophan is converted to serotonin. The serotonin concentration
in the brain is far more sensitive to the effects of diet than any other monoamine neurotransmitter,
and can be increased up to 10-fold by supplementation in laboratory animals.

 

22

 

 These neurotrans-

 

TABLE 19.3
Criteria for a Major Depressive Episode (DSM-IV)

 

Five (5) of the Most Common Symptoms of Depression

 

• Depressed mood (or irritable mood in children or adolescents) most of the day, nearly every day, as indicated by either 
subjective report (e.g., feels sad or empty) or observation made by others (e.g., appears tearful)

• Markedly diminished interest or pleasure in all, or almost all, activities most of the day, nearly every day (as indicated 
by either subjective account or observation made by others)

• Significant weight loss when not dieting or weight gain (e.g., a change of more than 5% of body weight in a month), 
or decrease or increase in appetite nearly every day

• Feelings of worthlessness or excessive or inappropriate guilt (which may be delusional) nearly every day (not merely 
self-reproach or guilt about being sick)

• Recurrent thoughts about death (not just fear of dying), recurrent suicidal ideation without a specific plan, or a suicide 
attempt or a specific plan for committing suicide

 

Source: 

 

Adapted from Taskforce on DSM IV, 

 

Diagnostic and Statistical Manual of Mental Disorders,

 

 4th ed., American
Psychiatric Association, Washington, D.C., 2000. Copyright American Psychiatric Association 2000.
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mitters are removed from the synaptic cleft by a reuptake mechanism that prevents the continued
stimulation or inhibition of the post-synaptic neuron. Released serotonin is inactivated by MAO to
form 5-hydroxyindoleacetic acid (5-HIAA).

 

22

 

Neurotransmitters have specific actions and are often targeted by prescription drugs such as
antidepressants, as well as recreational drugs. Norepinephrine is a ‘feel good’ neurotransmitter, its
release is enhanced by amphetamines, and removal from synapse is blocked by tricyclic antide-
pressants and cocaine.

 

22

 

 Dopamine is also a ‘feel good’ neurotransmitter; its release is enhanced
by L-dopa and amphetamines, and reuptake is blocked by cocaine. It is deficient in Parkinson’s
disease and it is thought to be involved in the pathogenesis of schizophrenia. Serotonin is an
inhibitory transmitter that plays a role in sleep, appetite, nausea, migraine headaches, and regulation
of mood. Drugs that block its uptake (Prozac) relieve anxiety and depression. LSD also blocks
serotonin activity.

 

22

 

Antidepressants are drugs that relieve the symptoms of depression. There are three main types;
tricyclics (TCAs), monoamine oxidase inhibitors (MAOIs) and reuptake inhibitors, such as selective
serotonin reuptake inhibitors (SSRIs), and serotonin and norepinephrine reuptake inhibitors
(SNRIs). Tricyclic antidepressants derive their name from their three ring structure. The therapeutic
effects of antidepressants are believed to be related to an effect on neurotransmitters by inhibiting
the monoamine transporter proteins of serotonin and norepinephrine.

 

22

 

 SSRIs specifically prevent
the reuptake of serotonin, which increases the level of serotonin in synapses of the brain, while
SNRIs slow down the reuptake of both serotonin and norepinephrine. MAOIs block the destruction
of neurotransmitters by enzymes that normally metabolize them to an inactive form. TCAs prevent
the reuptake of serotonin, norepinephrine, and dopamine. The current mechanistic theory of action
is that the long term effect on modification of the neurotransmitter on receptors produces the
antidepressant effect, not the short term effect of a few days.

 

22,23

 

There appears to be a strong genetic predisposition associated with the development of depres-
sion, as consistently shown in genetic epidemiological studies.

 

24

 

 Thus, a positive family history is
a powerful biological risk factor for depression. Five family studies of clinical depression have
demonstrated its familial nature.

 

18

 

 A recent meta-analysis of these studies calculated the odds ratio
for this relationship to be 2.84 (95% CI, 2.31–3.49). Six twin studies have shown that genetic
factors are highly significant in the development of depression, more so than individual-specific
and shared environmental influences, such as general parenting style and background sociodemo-
graphic levels.

 

18,25

 

 Subsequently, the concordance rate is observed to be higher in identical twins
than nonidentical twins.

 

25

 

Women are more vulnerable to mental illness at any age, with anxiety and depressive disorders
predominating, although the male–female ratios change over lifespan.

 

26

 

 The female brain synthe-
sizes about 2/3 as much serotonin as the male brain.

 

26

 

 Men, in contrast, are more likely to suffer
from antisocial personality disorder and drug and alcohol abuse.

 

26

 

 There are also gender differences
in rates and expression of depression. Being female is a strong risk factor for depression, with
women having twice the risk of men at any given age.

 

13

 

 Women between the ages of 18–34 appear
to be particularly at risk, with depression reaching a peak in young mothers. Family studies have
discounted an X-chromosome linked genetic transmission of depression.

 

27

 

 Research into female
vulnerability show the contributing effects of marital status, work and social roles, such as lack of
a confidant, the presence of young children, lower socioeconomic status and not working outside
the home.

 

27

 

 
Women experience their highest risk of having a depressive episode during pregnancy and

following childbirth. Up to 70% of new mothers notice a transient change in their mood, usually
describing themselves as being more anxious, tearful, irritable and emotional than normal, in
the days following childbirth.

 

28

 

 This is sometimes referred to as the “postnatal or baby blues,”
and this condition commonly resolves within a few days, when mothers are given appropriate
support and reassurance from partners, family, and friends. Given its widespread nature, “post-
natal blues” is often regarded as a normal psychological reaction to the accumulated stress
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associated with pregnancy and labor. This is in stark contrast to antenatal and postnatal depres-
sion, both of which require medical assessment, identification, and possible treatment. Research
suggests that the incidence and prevalence of antenatal depression are similar or equivalent to
those of the postnatal period, with the rate of antenatal depression showing an increase in the
past decade.

 

29

 

Two possible explanations to account for this increase have been proposed. Firstly, there is a
tendency across all cultures to idealize pregnancy and as a result, the positive aspects of pregnancy
are often overestimated.

 

3

 

 If and when the reality differs from expectations, a sense of disillusionment
is felt, which may be one contributing factor to the development of antenatal depression.

 

3

 

 The
second explanation concerns the rising age of first pregnancies in women in Western societies and
the seemingly ambivalent approach of the “modern” women towards family planning and child-
bearing, possibly driven in part by various competing career and social demands.

 

29

 

 The clinical
significance of antenatal depression lies in its potential to adversely affect the psychological
preparation process of both mother and father-to-be in their adjustment to accommodate a new
baby into their lives. Thus, individual biology and genetic inheritance are both important factors
to be considered in the development of antenatal depression.

 

29

 

Postnatal depression affects between 10–15% of women in the first 6 months following
childbirth.

 

30

 

 Because of its association with childbirth, it has been questioned as to whether
postnatal depression is caused by hormonal changes. However, no definite link has been demon-
strated with fluctuations in estrogen or progesterone levels,

 

31

 

 thus the etiology of postnatal depres-
sion may have a psychosocial element as well. With regard to demographics, socially disadvantaged
teenage mothers with poor social and emotional support networks appear to be at the highest risk
of developing postnatal depression. Adverse childhood experiences, such as sexual abuse and/or
maternal deprivation, may add to the risk. Individual personality style also has an influence, in
particular anxious, neurotic and overly sensitive traits.

 

31

 

 Women with previous histories of anxiety
or depression are at higher risk, as are those who experienced antenatal depression.

 

3

 

 Traumatic
obstetric difficulties during labor and delivery, such as high-forceps delivery or emergency cae-
sarean section, may lead to post-traumatic stress disorder, which may either resolve or evolve into
postnatal depression.

 

3

 

B. P

 

SYCHOLOGICAL

 

 F

 

ACTORS

 

A person’s style of thought and the way in which they interpret and react to life experiences may
either protect or predispose them to mood disorders. Though clinical depression is now definitively
refuted as being a “character weakness,” people with certain personality traits remain more vul-
nerable to developing depression.

 

17

 

 Two personality disturbances, which have been implicated as
psychological risk factors for depression, are dependent and obsessional.

 

17

 

 People with dependent
personalities submit to others and appear incapable of making decisions without considerable advice
and approval.

 

17

 

 They transfer responsibility to others and are unable to work and live indepen-
dently.

 

17

 

 Consequently, they often feel anxious and frightened when alone. This fear of being
abandoned, coupled with a general lack of self-esteem, may explain the higher prevalence of
depression in this group.

 

17

 

People with obsessive personalities exhibit an inflexible perfectionism, which interferes with
their ability to complete everyday tasks. There is a preoccupation with rules, procedure, and order,
which results in great inefficiency and a loss of pleasure in accomplishment.

 

6

 

 Obsessive people
often appear emotionally cold and judgmental and their need for control leads to long-term inter-
personal difficulties. In addition, their required ideal standards are such that rarely do their own
achievements measure up, creating much self-criticism and a gradual loss of self-confidence.

 

6

 

 This
type of behavior has obvious implications for the development of depression. Therefore, psycho-
logical functioning, including the complex issues of individual personality, temperament, problem-
solving skills, values, and personal resilience, are etiologically significant in clinical depression.
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Of particular relevance are the associations between the obsessive behaviors displayed in eating
disorders and depression, as well as the link between the development of obesity and depression.

 

32

 

The association between depressive and eating disorders has been investigated in recent years
following the observation that there appeared to be a high frequency of co-occurrence, whether
it is prior to, simultaneously or subsequent to development of the disorder.

 

33

 

 Prevalence of
depression is higher in clinical samples because of referral and other biases (e.g., Berkson’s bias
— people suffering from more than one disorder are more likely to present for treatment), but
even community-dwelling people with eating disorders, as identified in epidemiological surveys,
have elevated rates of mood disorder compared with normal controls. Current rates for comorbid
depression in specific subtypes of eating disorders, including about 60% of people suffering from
anorexia nervosa, have been found to experience depressive episodes, with this figure increasing
up to 90% for individuals with bulimia nervosa.

 

34

 

 The clinical significance of this comorbidity
lies in the fact that deliberate self-harm and suicide risk may be elevated for people with concurrent
eating disorders and depression. A meta-analysis of long-term outcome studies into anorexia
nervosa estimated that up to half of the 5.6% mortality per decade of followup was due to suicide
in anorexia nervosa and depression.

 

35

 

The cause-and-effect relationship between eating disorders and depression is unclear. Starvation
studies carried out during the Second World War provide evidence that food restriction in itself
can lead to a lowering of mood.

 

36

 

 Thus, there are a number of proposed theories that eating disorders
may be merely an atypical presentation of an underlying depressive disorder, or that depression is
a secondary mood disorder resulting from the physiological effects of food restriction and an
extremely suboptimal body-weight for height.

 

36

 

The observation that people of all ages and cultures turn to food as a source of comfort at times
of emotional distress has led to the postulation of a link between depression and the development
of obesity. Even though it is recognized that to an extent, this reaction is normal and may indeed
be a psychological technique used to adjust to or overcome the stressor, the long-term effectiveness
of employing food as a coping strategy is questioned.

 

37

 

 Obesity, like depression, is the end result
of interplay of many biological, psychological, and social factors. Whether overeating associated
with low mood leads to obesity is controversial; however, it may certainly be a contributing factor.
In terms of co-occurrence, studies have found that the prevalence of depression in obese people is
two to three times higher than in the general population.

 

37

 

C. S

 

OCIAL

 

 F

 

ACTORS

 

Clinical depression is usually preceded by a greater frequency of demanding life events. Acute
adverse changes in environmental and social circumstances appear to have an effect on the onset,
maintenance, and relapse of depression. Grief resulting from the experience of loss, whether that
is of a loved one, a job, a diminution of social status, or deterioration in health, is closely related
to depression. In some cases, depression may be seen as a form of inappropriate and abnormal
grief. The difference, however, lies in the observation that grief is a normal response to loss and
as such is self-limiting and consolable in nature, but untreated depression persists and is unlikely
to resolve independently.

 

17

 

Chronic stressors, including long-term unemployment, marital/familial dysfunction, and caring
for an ailing relative, may also precipitate or maintain a depressive episode. With regard to
upbringing and childhood events, the experience of intrafamilial sexual abuse, extended parental
separations, and a poorer perceived parental relationship appear to increase the risk of depression.
Psychoanalytical theory advocates that as early life experiences are vital in the formation of
personality, childhood psychological difficulties are closely associated with emotional disorders in
later life. For example, disruptions in an infant’s relationship with its mother or other primary
caregiver and the prolonged or recurrent absence of a mother figure during childhood may lead to
a greater vulnerability to depression in adolescence and adulthood.

 

18
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VII. MANAGEMENT

A. P

 

HARMACOLOGICAL

 

 R

 

EGIMES

 

Many patients with depression are successfully and effectively treated with antidepressant medi-
cation. These drugs fall into three main groups: the tricyclic antidepressants (TCAs), monoamine
oxidase inhibitors (MAOIs), and selective serotonin and norepinephrine reuptake inhibitors (SSRIs
and SNRIs).

 

22

 

 Of particular importance to this review is the mode of action of such antidepressant
medications, from which stems the potential for nutritional manipulation as an adjunct to conven-
tional drug treatment and psychotherapy. Research investigating the links between dietary compo-
nents and depression explore the multiple mechanisms through which nutrients can act in similar
ways to antidepressant drugs.

 

11

 

 
All antidepressants act by increasing the availability of the monoamine neurotransmitters —

serotonin, norepinephrine, or dopamine — at the synaptic junction. The monoamine reuptake pump
terminates the action of these released neurotransmitters once the electrical impulse has been
transmitted. SSRIs and SNRIs selectively and relatively powerfully block presynaptic serotonin or
norepinephrine reuptake, while TCAs block the general reuptake of monoamines more weakly.
MAOIs inhibit the monoamine oxidase enzyme that metabolizes the monoamine neurotransmitters,
allowing for longer-lasting action of each released neurotransmitter. Antidepressant medications
have a number of side effects, as shown in Table 19.4.

 

17

 

 Short term use leads to an increase in
neuronal firing, while longer term use leads to the down regulation of neuronal firing; for example,
the use of an SSRI for 4–6 weeks is associated with the down regulation of serotonergic transmis-
sion.

 

22

 

 Patients prescribed MAOIs are given strict dietary restrictions on foods, beverages and other
medications containing the naturally occurring amino acid, tyramine, to reduce the risk of hyper-
tensive crises.

 

4

 

 The symptoms characteristic of this rapid rise in blood pressure are severe headache,
chest pain, palpitations, neck stiffness and possible intracranial hemorrhage and death. A list of
restricted foods is given in Table 19.5.

 

4

 

B. A

 

DJUNCTIVE

 

 N

 

UTRITIONAL

 

 R

 

EGIMENS

There has been an association between depression and nutrition since the first emergence of the
study of mood disorders. In the late 19th century, Krafft-Ebing exerted great influence on the
thinking about depression (then known as melancholia) with his famous work Textbook of Psychiatry
(1879), in which the illness is described as being due to “an abnormal condition of the psychic

TABLE 19.4
Common Side Effects of Antidepressant Medication

Gastrointestinal Cardiovascular CNSa Sexual Anticholinergicb

Anorexia
Nausea and vomiting
Weight loss or gain
Diarrhea/constipation

Prolonged bleeding
time

Orthostatic
hypotension

Tachycardia
Slowed cardiac
conduction

Headache
Agitation, restlessness, 
anxiety

Insomnia/somnolence
Tremor, sweating
Muscle weakness
Fatigue

Loss of libido
Impotence/erectile
difficulties

Ejaculatory 
failure/premature
ejaculation

Anorgasmia

Dry mouth
Blurred vision
Urinary retention
Delirium/dizziness

a Central nervous system.
b Relevant to TCAs.

Source: Adapted from Bloch, S. and Singh, B., Foundations of Clinical Psychiatry, Melbourne University Press,
Melbourne, 2000.
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organ dependent upon a disturbance of nutrition.”38 This association has persisted over the centuries
and is now reflected in the great deal of research investigating the links between dietary components
and the development and treatment of depression. The majority of the research explores the
biological changes seen in depression and the potential for nutrients to exert beneficial effects on
modulating or correcting such biochemical imbalances. As the understanding of the neurobiology
of depression expands, the theories relating nutrition to depression similarly increase.

There are multiple mechanisms by which nutrients can have an effect on the development,
maintenance, and relapse of depression. Nutritional factors such as n-3 polyunsaturated fatty acids,
n-6 to n-3 PUFA ratio, folate, tryptophan, vitamin B6, B12, S-adenosyl-L-methionine (SAMe), and
Hypericum perforatum (St John’s wort) and various cofactors in enzyme systems may influence
depression by the modulation of neuronal membrane fluidity. This can cause changes in neuronal
uptake and binding, action of nutrients as neurotransmitter substrates, or initiation of neurotrans-
mitters in the brain and up-regulation of neurotransmitter receptors.9,10, 23,40,41

A review of epidemiological data suggests that there is a link between depression and fish
consumption, and although it is true that correlation is not causation, there is evidence that fish
and fish oils may be protective against depression. Hibbeln compared the rates of depression in
nine countries to the estimated per capita fish consumption.10 Results showed an inversely propor-
tional relationship: Western countries had an annual prevalence of depression in the range of 3–6%
and a low to moderate per capita fish intake of 11–32 kg, but countries with high per capita fish
consumption, such as Japan at 68 kg, had a depression rate of only 0.12%. This data suggests an
84% correlation between high fish intake and low incidence of depression, and demonstrates that
the risk of having depressive symptoms was significantly higher among infrequent fish-consumers,
than in people who ate fish at least once per week (OR=1.31; 95 and CI, 1.10–1.56).42 Conversely,
a larger and more recent study of 29,133 Finnish men (50–69 years of age) failed to show any
association between dietary intake of omega-3 fatty acids or fish consumption and lowered mood
or major depressive episodes.43

The Inuit people of Greenland (commonly referred to as the Eskimos) are an ethnic group that
has extremely high levels of fish consumption. The predominant fish species in such diets are the
cold-water adapted marine animals, the fat of which is uniquely rich in the long-chain omega-3
fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). In such societies,
depression is virtually absent, despite the extreme climate and challenging environmental condi-
tions.44 In the book Fats that Heal, Fats that Kill, the author comments on the phenomenon that
“the traditional Inuit did not get depressed and suicidal during winters of total darkness.”45 The
results from such studies of epidemiological evidence support the observation that there exists a

TABLE 19.5
Foods and Beverages Prohibited when Taking MAOIs

Foods and Beverages with a High Tyramine Content
Banana, banana-flavored desserts, banana chips
Broad bean pods
Sauerkraut
Matured and aged cheeses
Aged meat or liver products (e.g., pate, foie gras), dry sausage (e.g. salami),
smoked or pickled fish

Soy and soy products (e.g., miso, tofu)
Yeast-based spreads (e.g., Vegemite, Marmite, Promite)
Protein shakes, red wine, beer

Source: Adapted from Garrow, J. and James, W., Human Nutrition and Die-
tetics, 9th ed., Churchill Livingstone, London, 1993.
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correlation between the levels of omega-3 fatty acids in different bodily tissues, that is the mea-
surement of plasma phospholipids or erythrocyte membrane omega-3 content may be taken to
represent omega-3 content of brain phospholipids and neuronal cell membranes.46

A 1995 review promotes the hypothesis that a deficiency in n-3 fatty acids is of etiological
importance in the development of depression.10 Epidemiological data show the trend in decreasing
dietary n-3 fatty acids consumption and the increasing incidence of depression, both over time and
between nations.10,42 Further investigation suggests that the significance may lie in the increase in
n-6 to n-3 ratio, rather than simply low omega-3 intake alone, as these two fatty acids compete in
binding to enzyme systems that produce chain elongation and further desaturation. A high n-6 diet
therefore prevents the incorporation of n-3 fatty acids into cell membrane phospholipids,46 which
may lead to decreased membrane fluidity and impaired cell signaling. An imbalance between omega-
6 and omega-3 fatty acids intake also has harmful effects on the cardiovascular system. The
predisposition of vascular cells to lipid peroxidation47 and the reduced endogenous production of
apoprotein A-I, may mean lower HDL-cholesterol levels, less reverse cholesterol transport and
consequently, a higher risk of atherosclerosis.48 The proinflammatory effects of a diet excessively
high in omega-6 fatty acids have been implicated in the development of a number of joint conditions,
most notably arthritis.49

The change in omega-6 to omega-3 fatty acid ratio of dietary intake is highlighted when
comparison is made between the Paleolithic diet and the current Western ways of eating. Anthro-
pological information suggests that the intake of omega-6 and omega-3 fatty acids during the
Paleolithic era was roughly equal, whereas the present omega-6 to omega-3 fatty acid ratio in
Western countries has been estimated to be between 10 and 25 to 1.10,50 This fatty acid imbalance
has been due mainly to the increase in vegetable and seed oil use, and a decrease in fish or fish
oil intake. Data from the 1995 National Nutrition Survey estimates suggest that the omega-6 to
omega-3 fatty acid ratio is 15 to 1 in the Australian diet, which would preclude the incorporation
of omega-3 fatty acids in membrane phospholipids.51

Direct evidence of a role for omega-3 fatty acids in depression is provided by a number of
studies, which examined the fatty acid compositions of erythrocyte membranes, serum cholesteryl
esters, and phospholipids. Two major studies in this area, carried out between 1996 and 1999,
found that depression is associated with significantly decreased total omega-3 fatty acids,
increased monounsaturated fatty acid proportions, and increased omega-6 to omega-3 fatty acid
ratio; more specifically, arachidonic acid to eicosapentaenoic acid ratio, in cholesteryl esters and
phospholipids.52,53 A supporting study, carried out in 1998, also found a significant depletion in
total omega-3 fatty acids, and in particular DHA, in the erythrocyte membranes of depressed
patients.54 In 1998, the strong correlation between a low dietary intake of omega-3, omega-3
content of erythrocyte membranes, and the severity of depression was further elucidated.55 Anal-
yses of the results of biochemical studies suggest that omega-3 fatty acids increase CSF 5-HIAA,
with resulting improvements in depressive symptoms.56 Depressed subjects have also been found
to have low CSF concentrations of serotonin, 5-hydroxytryptamine (5-HT), or have impairments
in serotonin metabolism.23 

Membrane fluidity refers to the state of the fatty acid chains comprising the lipid bilayer
microstructure of cell membranes.57 In general, an optimal state exists where the physical properties
of the cell membrane are most conducive to its biological function. In neuronal membranes, this
relates to a variety of functions such as the secretion of neurotransmitters, effective neurotransmitter
binding and intracellular signaling, production of secondary messengers, ion channel function,
receptor function, enzyme activity, and gene expression. Omega-3 fatty acids are essential compo-
nents of the lipid bilayer in such membranes and a deficiency may adversely affect the signaling
pathways in neurons. There is a growing body of evidence which consistently suggests that
membrane lipid abnormalities occur in depression. Omega-3 fatty acids, in particular DHA, are
depleted in depressed subjects.52–55,57,58
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An analysis of recent research findings linking physical and mental illness has highlighted the
cause-and-effect relationship of cardiovascular disease (CVD) and depression. A meta-analysis of
83 studies showed that depression correlated highly significantly with coronary artery disease and
myocardial infarction.59 Depression was the strongest psychological predictor of coronary heart
disease (CHD). In addition, patients with lowered mood have a worse prognosis following a cardiac
event.60 Although there is a growing body of literature on the role of fish and fish oil consumption
in depression (most of which report of results from epidemiological and observational studies),
clinical experimental data in this area remains scarce. To date, there have been only a small number
of well-designed and executed trials conducted in this area. An evaluation of the omega-3 fatty
acid DHA as an alternative to pharmacological treatment of major depression involving 35 depressed
subjects failed to show a significant effect of DHA monotherapy.61 In another study, the ethyl ester
of the omega-3 fatty acid EPA (E-EPA) was investigated. At a dose of 200 mg/d, and as an adjunct
to usual antidepressant treatment, E-EPA reduced symptoms of depression, as measured by the 24-
item Hamilton Depression Rating Scale.62 However, whether the antidepressant effect of this specific
omega-3 fatty acid can be translated to encompass the broader omega-3 family cannot be determined
by this study. The dose–range response of EPA was investigated in a larger study involving 70
depressed subjects. Significant improvements in mood were observed in the intervention group
receiving 100 mg of EPA, but not at higher doses.63 The phenomenon of a “threshold” once optimal
omega-3 fatty acid dose is reached is also seen in rheumatoid arthritis trials, where a higher dose
of omega-3 fatty acids did not result in further improvements in end measures.64 The final study
used both EPA and DHA as an intervention, with results after the 8-week trial showing highly
significant improvements in depressive symptoms.65

It is clear that the research area of diet and brain function is in a relatively early stage and as
yet, there have been no therapeutic values defined for the optimum dose of omega-3 fatty acids for
the alleviation of negative symptoms associated with depression.66 Therefore, the safest and most
sensible approach to take when considering omega-3 fatty acid supplementation may be to follow
the recommendations set for optimum fatty acid intake for cardiovascular health. The American
Heart Association,67 the European Society for Cardiology,68 the Scientific Advisory Committee on
Nutrition (UK),69 the National Health and Medical Council (NHMRC),70 and The National Heart
Foundation of Australia (NHF)71 have all released recommendations for persons with or at risk of
cardiovascular disease to increase their intake of omega-3 fatty acids.

According to a recent report released by an expert subcommittee of the International Society
for the Study of Fatty Acids and Lipids (ISSFAL), an adequate linoleic acid (omega-6) intake is
2% of total energy, a healthy intake of ALA (omega-3) is 0.7% of total energy, and for cardiovas-
cular health, a minimum intake of EPA and DHA combined is 500 mg per day.72 The ideal omega-
6 to omega-3 intake ratio is thus approximately 5 to 1. In more practical terms, the NHF recom-
mends 2 meals of oily fish per week, not only for people with cardiovascular risk factors, but also
for the general population.73 However, it should be noted that recent studies suggest that the optimal
omega-6 to omega-3 ratio may vary according to the disease and disease severity.74 Until more
extensive trials of omega-3 fatty acids and depression have been conducted, the above recom-
mended intakes should be considered as the levels associated with a general healthy diet and/or
potential supplementation. 

The amino acid tryptophan is the precursor to the neurotransmitter serotonin. Many studies
have demonstrated that the tryptophan availability to the brain influences the conversion to sero-
tonin.75 When tryptophan is administered as a supplement or is derived from a meal, it increases
the amount of tryptophan available to serotonin neurons.75 This availability can rapidly increase
serotonin production to enhance serotonin release in neurons that are rapidly firing.76 The effect of
readily available tryptophan either through supplementation or meal manipulation can change sleep
and mood patterns.77,78 The effects are small compared with the effects of potent drugs that enhance
serotonin function in the brain.79 As with many dietary regimens, a dichotomous paradigm of
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nutritional therapy and pharmacotherapy as used in the treatment of diabetes and cardiovascular
disease has much to recommend it.

Wurtman and colleagues suggests that high carbohydrate meals increase serotonin synthesis.80

Consumption of a meal that is high in carbohydrate, branched chain amino acids, and tryptophan
has a significant effect because both glucose from the carbohydrate and the branched chain amino
acids (particularly leucine) increase insulin secretion.80 Insulin facilitates the transport of
branched chain amino acids into muscle cells, thereby reducing the competition for tryptophan
by the large neutral amino acids for the tryptophan transporter protein to carry it across the
blood–brain barrier. Drowsiness induced by increased serotonin is the common effect of a large
carbohydrate meal.80

A number of other nutritional factors, mainly in relation to micronutrients, amino acids, and
herbal remedies, have been proposed in the development, maintenance, and relapse of depression.
The possibility of clinical and subclinical nutritional deficiencies in depressed patients has been
raised following the suggestion that this group may have physiological requirements for certain
nutrients above and beyond the recommended dietary intake (RDI). Several studies have found
that there is an increased incidence of folate deficiency in psychiatric patients, especially in
those with severe depression,40 with up to one third having suboptimal folate status.81 Whether
this widespread deficiency is a result of chronic low folate intake or a compromised folate
metabolism is unclear. However, one of the most common clinical features of depression is a
diminished interest in food.5 This, accompanied with a generalized lassitude and a withdrawal
from social interactions, may lead to poor dietary intake and impaired nutritional status.3 Morris
and coworkers recommend that a folate supplement may be important during the year following
a depressive episode.82

Despite an increasing body of research, the associations between B12, B6, folate, and SAMe
and treatment outcomes in depressive disorders are still unsolved and much of this body of research
has produced conflicting results.83 Low concentrations of folate and B12 may impair methylation
reactions and both nutrients are necessary for methionine synthesis and the subsequent formation
of SAMe, the universal methyl donor, important in the formation of neurotransmitters and phos-
pholipids.83 Culturally defined dietary habits may influence the relationship between folate status
and depression in different societies: a low folate level was not detected in Chinese patients or
Latino men, but was found in Latino women.84,85 Tolmunen and colleagues reported that low dietary
folate and depressive symptoms are associated in middle-age Finnish men.86 The association
between folate and depression may be more prominent in elderly subjects, among whom folate
deficiency has been relatively common in some studies.87 Hintikka and colleagues demonstrated
that higher B12 levels are significantly associated with better outcomes in young and middle aged
subjects, but further studies were warranted.88 

Because the metabolite of vitamin B6, pyridoxal 5′-phosphate (PLP), is a coenzyme in the
tryptophan–serotonin pathway, a lack of B6 might theoretically cause depression, despite being
readily available in a balanced diet89,90 Penninx and coworkers found that individuals with a B12

deficiency had a 2-fold risk of severe depression.91 Bottiglieri and colleagues reported that depressed
patients had increased plasma homocysteine.92 Low folate status was found in depressed individuals
in the general population of the United States82 and the response to antidepressants was poorer in
patients with a low folate status.93 Hvas and colleagues, in a study of an elderly population, suggest
that B6 plays a role in developing symptoms of depression with a significant association between
the B6 derivative PLP and symptoms of depression.94 The mechanism of antidepressant effect
involved in B12, B6, folate, and SAMe may well be mediated through homocysteine and/or the
synthesis of monoamines in the brain.86 The higher rates of depressive disorders in subjects with
low folate and high homocysteine levels are due to differences in cardiovascular factors and physical
comorbidity.95 Serum folate is more sensitive to nutritional intake than vitamin B12 and folate
deficiency can be a consequence of loss of appetite.95
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The antidepressant mechanism of SAMe has not been elucidated; however it is known that
SAMe exerts a stimulatory effect on monoamine metabolism and turnover.96,97 SAMe treatment
increases the concentration of 5-HIAA.98 Two mechanisms have been proposed; the stimulatory
effect on monoamine transmitters or alternatively increased or restored membrane phospholipids
methylation.83 SAMe, through its activity as a methyl donor, has the ability to increase the fluidity
of cell membranes by stimulating phospholipids methylation.99 The effect of SAMe on receptor
systems is interesting because the evidence suggests that age related changes in the membrane
environment may result in increased membrane viscosity and thus membrane dysfunction.100

St. John’s wort is an herbal extract derived from the plant Hypericum perforatum. It has been
extensively studied in Europe, particularly in Germany, where it is as commonly recommended in
the treatment of depression as Prozac (fluoxetine) is in the U.S.101 An early meta-analysis of 23
randomized control trials of the efficacy of St. John’s wort in the treatment of depression indicated
that there was a therapeutic benefit.101 Of the 23 clinical trials, 20 were double-blinded in study
design, and there were 1757 test subjects, with differing severities of depression. The subjects
received one of the following interventions: herbal supplement of St. John’s wort (dose range from
200 mg to 1800 mg per day), a traditional antidepressant drug, or a placebo, for 4 to 8 weeks. In
13 of the trials, St. John’s wort resulted in a 55% alleviation of depressive symptoms, compared
to 22% for placebo. The difference was less in the 3 trials comparing St. John’s wort with
antidepressant drugs; however, the additional advantage of a significant reduction in adverse side
effects was noted. This 1996 review reported that St. John’s wort was not only better tolerated than
the commonly prescribed antidepressant medications; it was also more effective in the alleviation
of negative symptoms associated with depression. However, the analysis of the results of two large
clinical trials carried out more recently in the U.S. does not support the views expressed in the
1996 review.102,103 Gupta and coworkers suggest that the reasons for differences in study findings
are related to St John’s wort interactions with prescribed medications and patients taking both
should be closely monitored.102

VIII. CONCLUSION

The WHO estimates that major depressive disorders will become the second leading cause of
morbidity world wide by the year 2020. Fortunately, depression is a treatable condition. Successful
management of depression involves pharmacological and psychotherapeutic treatments. As is com-
mon today, chronic diseases such as diabetes mellitus, cardiovascular disease, and some muscu-
loskeletal disorders have a dichotomous treatment paradigm in which nutritional regimens have an
adjunctive treatment role with pharmacotherapy. There are many promising candidates for nutri-
tional adjuvant treatment for depression; omega-3 fatty acids and the phospholipid hypothesis are
the most promising. However tryptophan, vitamins B6, B12, folate, and SAMe also demonstrate
promise in contribution to the phospholipid methylation hypothesis. Despite the increasing body
of research, differences in dietary cultures, stages in the human life cycle and comorbidities all
cloud the issues involved. Optimistically, the role of balanced nutrition should be recognized and
then nutrition and specific nutrients will be used as adjuvant treatment in the maintenance of good
mental health.
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Obesity is rapidly becoming the number one public health problem in modern societies. In the
U.S., national survey data suggests that more than 60% of adults are overweight with more than
half of these obese.

 

1,2

 

 In 1991 only 4 out of 45 states that participated in the study had an adult
obesity prevalence rate of 15–19%. In 2004, 7 states had obesity prevalence rates of 15–19%,
whereas 33 states had rates between 20–24% and 9 states had rates more than 25%.

 

3

 

 The increase
in obesity has occurred in both sexes, in all age groups, and across all ethnic groups.

 

4

 

 As of 2004,
over 24% of Americans were obese.

 

5

 

 Being obese or overweight can increase risks for secondary
health diseases such as hypertension, dislipidemia, and diabetes.

 

6

 

 Currently, the standard definition
of an overweight adult is a BMI between 25–29.9 kg/m

 

2

 

, whereas obesity is defined as a BMI of

 

≥

 

 30. When defining obesity as a measure of body fatness, men and women are considered obese
with 25% and 33%, respectively.
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The economic impact expands past health and into the pocketbooks of many Americans. Indirect
and direct costs were estimated at $117 billion in 2000, with slightly more money contributing to
the direct cost.

 

7

 

 Direct costs refer to services that involve the treatment, prevention, or diagnosis
of obesity and overweight, whereas indirect costs are associated with wages lost due to inability
to work in the present and future.

 

7

 

There are various possibilities for the cause and prevention of obesity. Although obesity may
have genetic links, the epidemic increase in obesity during the past 20 years appears to stem from
consistent overconsumption of calories

 

8,9 

 

and chronic inactivity.

 

10

 

I. MACRONUTRIENT LEVELS AND WEIGHT LOSS

 

With the prevalence of obesity and continued popularity of weight loss books, it is no surprise that
most American adults claim to be “dieting.”

 

11

 

 So, which meal plan is best? In regard to weight loss
there is a consensus that successful weight loss requires a calorie intake that is below the need for
weight maintenance. However, there is continued debate over the effect of the varied macronutrient
composition of a meal plan in relation to its success in weight loss.

Various researches have shown that the macronutrient composition of a calorie-controlled
meal plan plays a role in the treatment of obesity.

 

12–14 

 

Previously, high fat meal plans have been
thought to be a fundamental cause in the development of obesity.

 

15

 

 Based on this notion, weight
loss recommendations included a decrease in dietary fat consumption to 60 g or less per day.

 

16

 

By default, Americans increased carbohydrate intake

 

17

 

 and actually increased total energy intake.

 

6

 

The result was a reduction in body fat oxidation,

 

18,19 

 

an increase in blood triglycerides,

 

20

 

 and a
reduction in satiety,

 

21

 

 leaving many unaware of which direction to turn when it came to choosing
what to eat.

The above trend led to the increasing body of evidence related to the incidence of obesity and
its association with excess calories in a high carbohydrate meal plan.

 

22

 

 High carbohydrate intake
increases blood glucose levels and induces an elevated secretion of insulin into the blood to increase
tissue uptake of glucose or decrease the amount of glucose in the blood (circulation). Increased
insulin output

 

23

 

 and potential postprandial hypoglycemic response may be contributing factors to
excess energy consumption and positive energy balance.

Other researchers suggest a nutrition plan higher in protein as another possible weight loss
approach.

 

24,25 

 

Increased dietary proteins help to maintain muscle mass but do not appear to exhibit
an increase in blood glucose levels as carbohydrates are known to do.

 

26

 

 Meal plans high in protein
and lower in carbohydrates reduce the postprandial glucose and insulin response and provide a
continuous fuel supply of amino acid substrates for hepatic glucose production, which aids in
stabilization of blood glucose.

 

27

 

 This new research has led to rethinking the potential protein
importance in the nutrition plan.

 

II. DISCOVERING PROTEIN

 

Proteins are vital to life; a fundamental component of the meal plan necessary for physical
development and organ and cell functions. Proteins are labeled as macronutrients, like carbohydrates
and fat. Until recently the role of specific proteins and amino acids as functional ingredients has
been limited more to the weightlifting and body building communities focused on muscle devel-
opment. Furthermore, protein intakes in excess of the Recommended Dietary Allowance (RDA)
are often stated as potentially detrimental to renal function and bone mineralization. These concepts
have been challenged and are being replaced by a new understanding of the importance of dietary
protein for adult health.

Over the past decade or so, protein has emerged as a functional food ingredient for several
health areas including weight loss and diabetes. The weight loss industry in the U.S. is quickly
approaching 50 billion dollars in annual revenue, and it will continue to grow as the number of
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overweight and obese individuals continues to increase.

 

28

 

 Through a maze of fad diets and supple-
ments, protein has emerged as a critical nutrient for improving body composition and a core
ingredient for weight loss products. This chapter provides an overview of protein with special
attention to protein levels and sources, as well as amino acids with unique metabolic roles that are
particularly intriguing with regard to weight loss.

 

III. OVERVIEW OF PROTEIN

 

Protein is a general term used to refer to a diverse category of molecules that contain amino acids.
Proteins can be as small as the hormone insulin, containing 51 amino acids, or as large as myosin,
a structural component of muscle containing 6,100 amino acids. Whereas the body contains a large
array of proteins in structures, enzymes, and hormones, each protein is constructed from just 22
individual amino acids. These 22 amino acids are assembled in different amounts and different
sequences to give each protein a unique size, shape, and function.

Amino acids are categorized in two groups as shown in Table 20.1. Nine amino acids are termed

 

essential

 

 or indispensable for humans because they must be present in the daily meal plan, whereas
13 amino acids are considered 

 

nonessential

 

 or dispensable because the body can make them in
adequate qualities; they are not required in the daily meal plan.

 

29

 

Quantity and quality of proteins differ among food sources due to the amino acid amount and
types present in each protein. In general, foods from animal sources contain more protein and
provide a more complete amino acid mixture than foods from plant sources (Table 20.2). A 

 

complete
protein

 

 such as egg albumin contains adequate amounts of each of the essential amino acids in
proper ratios, whereas an 

 

incomplete protein

 

, such as wheat gluten does not have all the essential
amino acids in adequate amounts or correct proportions.

 

IV. ROLES OF AMINO ACIDS AND PROTEINS

 

Amino acids and the resulting proteins have multiple bodily functions. The essential roles of body
structure and function include serving as:

 

TABLE 20.1
Essential and Nonessential Amino Acids 

 

Essential Amino Acids (9) Nonessential Amino Acids (13)

 

Leucine
Isoleucine
Valine
Tryptophan
Threonine
Lysine
Phenylalanine
Methionine
Histidine

Alanine
Glutamine
Arginine
Ornithine
Glutamic acid
Proline
Glycine
Tyrosine
Cysteine
Cystine
Serine
Asparagine
Aspartic acid

 

Source:

 

 Adapted from Rosenbloom, C., 

 

Sports Nutrition: A Guide
for the Professional Working with Active People

 

, 3

 

rd

 

 ed., The
American Dietetic Association, Chicago, IL, 2000.
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• Structures in cell membranes, muscles, and bones
• Enzymes to help regulate chemical reactions
• Antibodies for the immune system
• Hormones as regulators of metabolic processes
• Clotting factors in the blood
• Blood proteins for transporting nutrients and oxygen
• Receptors on cells
• Enzymes for digestion and absorption of food
• Unique metabolic regulators (such as leucine) in protein synthesis and arginine in

nitrous oxide
• An important energy source for muscle, liver, and the intestine

Among the many diverse roles of amino acids some of the most noteworthy effects have been
observed with the branched-chain amino acid (BCAA) leucine.

 

30,31,32

 

 Leucine participates in numer-
ous metabolic processes,

 

29

 

 its obvious role being as an indispensable amino acid for new protein
synthesis. Leucine also functions as a critical regulator of translation initiation of protein synthesis,
a modulator of the insulin–PI3 kinase signal cascade, and a nitrogen donor for muscle production

 

TABLE 20.2
Sources of Protein by Weight

 

Food Item
(1 oz)

Protein
(g)

Leucine 
(g)

Lysine
(g)

Isoleucine
(g) % Leucine % BCAA

 

Whey, powder

 

a

 

Soybeans, roasted
Pork, lean
Chicken, breast
Beef, lean
Tuna
Halibut
Peanut butter
Cheese, low-fat

 

b

 

Nuts, peanut
Turkey, breast

 

b

 

Soybean, cooked

 

b

 

Egg
Cottage cheese, 1%
Egg whites
Hummus

 

b

 

Bread, white
Tofu, firm
Yogurt, low-fat

 

b

 

Black beans

 

b

 

Milk, skim
Rice, white
Potato, baked 

24.00
9.98
8.83
8.79
8.66
8.50
7.57
7.11
6.75
6.71
5.00
3.78
3.57
3.51
3.09
2.24
2.17
1.98
1.75
1.73
0.96
0.76
0.71

2.53
0.77
0.71
0.66
0.69
0.69
0.61
0.46
0.61
0.43
0.40
0.38
0.3
0.32
0.27
0.14
0.15
0.15
0.15
0.14
0.09
0.06
0.04

2.23
0.63
0.79
0.75
0.73
0.78
0.69
0.25
0.53
0.24
0.46
0.31
0.25
0.25
0.21
0.12
0.06
0.12
0.13
0.12
0.07
0.03
0.04

1.57
0.46
0.41
0.46
0.39
0.39
0.35
0.25
0.40
0.23
0.26
0.23
0.19
0.19
0.17
0.08
0.08
0.09
0.08
0.08
0.04
0.03
0.03

10.54
7.72
8.04
7.51
7.97
8.12
8.06
6.47
9.04
6.41
8.00

10.10
8.40
9.12
8.74
6.25
6.91
7.58
8.57
8.09
9.38
7.89
5.63

26.38
18.64
21.63
21.27
20.90
21.88
21.80
13.50
22.81
13.41
22.40
24.34
20.73
21.65
21.04
15.18
13.36
18.18
20.57
19.65
20.83
15.79
15.49

 

a

 

Optimum nutrition 100% whey protein Gold Standard.

 

b

 

USDA National Nutrient Database for Standard Reference. Release 18 (2005).

 

Source:

 

 ESHA Research, Professional Nutrition Analysis Software and Databases v. 9.6.1
2002–2003 ESHA Research.
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of alanine and glutamine. The potential for leucine to impact protein synthesis, insulin signaling,
and production of alanine and glutamine is dependent on dietary intake and increasing leucine
concentration in skeletal muscle.

 

V. PROTEIN REQUIREMENTS

 

Beginning in 1943, the RDAs have been used as a standard for nutrition guidelines. These guidelines
were developed as minimal standards for health policy. By definition, the RDAs are designed to
be (simply) adequate for most healthy people;

 

33 

 

they are intended as guidelines to prevent deficien-
cies. In the past decade, Americans have become increasingly dissatisfied with nutrition guidelines
defined to be simply adequate. In response to these concerns, the Food and Nutrition Board (FNB)
of the National Academies of Sciences developed a broader concept of nutrition intakes. In 2002,
the FNB published the Dietary Reference Intakes (DRIs) for the macronutrients.

The U.S. and Canada DRIs were established as reference values, quantitative estimates of
nutrient intake and a dietary planning tool for healthy people ensuring sufficient intake of essential
nutrients. These references are associated with reduced risks of chronic diseases. The DRIs define
safe ranges for nutrient intakes, ranging from minimum intake for the prevention of deficiencies
(RDA) up to an upper limit (UL), defined as a safe intake below any adverse affects of excess
intake (Figure 20.1). The DRI protein range is 0.8 g/kg up to ~2.0 g/kg, a range expressed as 10%
to 35% of energy intake. It is important to recognize that the protein intake range relates to body
weight and not energy intake. A dietary intake of 90 g/d (~1.1 g/kg for an 80 kg person) represents
12% of energy intake at 3000 kcal/d but 24% of energy intake at 1500 kcal/d. It is important to
recognize that protein intake relates to body weight. At low energy intakes, protein might represent
a higher percentage of daily energy, whereas at high energy intakes, protein may represent a lower
percentage of daily intakes. This is a fundamental concept that is not adequately characterized in
current health guidelines and leads to misrepresentations of nutrition plan quality.

The DRIs provide a concept of a safe range. The RDA represents the minimum level to avoid
a deficiency, and the UL represents the maximum safe level to avoid toxicity. There is a need for
DRIs based on metabolic outcomes, the optimum levels of amino acids for growth or metabolic
outcomes, the optimum intake for individuals engaged in strength training or cardiovascular exercise
such as fitness enthusiasts or competitive athletes, and the optimum protein intake to maintain
muscle and bone health in the elderly.

 

34

 

 Further, in a society exposed to excess energy and epidemic
increases in obesity and diabetes, it is unclear if a meal plan designed to provide the minimum
amount of protein to prevent a deficiency is consistent with lifelong health.

 

FIGURE 20.1

 

Figure modified from the Food and Nutrition Board, National Academies of Sciences, 1994

 

.
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VI. PROTEIN SOURCES

 

Within food sources, there are different dietary protein types. For example, the primary protein
in bread is gluten, eggs contain albumin, and milk contains casein and whey. Many of these
protein types are actually families or chemically associated protein molecules. For instance, egg
albumin includes ovalbumin, ovotransferrin, ovomucoid, ovomucin, and lysozyme. Meanwhile,
milk whey includes 

 

β

 

-lactoglobulin, 

 

α

 

-lactalbumin, immunoglobulins, bovine serum albumin,
lactoferrin, and lactoperoxidase, as well as glycomacropeptide (GMP), a casein-derived protein
in cheese whey. On the other hand, the principal casein fractions are 

 

α

 

(s1)

 

 and

 

 

 

α

 

(s2)-caseins,

 

β

 

-casein,

 

 and

 

 kappa-casein

 

.
Milk has evolved as a unique protein for mammals, partially because of its protein composition.

Casein, the main protein in milk, makes up roughly 80% of total milk protein and is deemed a
slow-acting protein. Because of the complex chemical nature of casein protein, digestion and
absorption of its amino acids can take up to a few hours, depending on the amount consumed.

 

30

 

Therefore, casein would provide a slow, steady rise in blood levels and uptake of amino acids
into circulation. Whey, on the other hand, is more readily digested, allowing for a quick increase
in blood amino acid levels and an increase in protein synthesis.

 

35

 

 The combination of whey and
casein protein (fast- and slow-acting proteins) is believed to be beneficial during muscle recovery,
especially the time that immediately follows a strength training session.

When whey protein is mentioned, the first thought that usually enters the mind is its use by
body builders or athletes because of its popularity as a protein supplement. However, whey is also
a major part of infant formulas because of all its nutrient value. Whey is comprised of calcium,
phosphorus, lactose, water, magnesium, fat and, of course, protein.

 

36

 

 What’s more, whey protein
is also thought to be more satisfying than casein because of the levels of circulating amino acids
after a meal is consumed.

 

37

 

 Whey is rich in the essential amino acids, particularly the branched-
chained amino acids (BCAA), leucine, isoleucine, and valine. These amino acids are major con-
tributors to skeletal muscle replenishment after exercise

 

31

 

 or short-term periods of food restriction,
such as overnight fasting. If the meal plan is adequate in leucine, then the muscles can build or
maintain muscle protein. However, if the meal plan is inadequate in protein/leucine, then muscle
protein synthesis is blocked, and to maintain metabolic functions, the breakdown of muscle can
occur. This is one reason why whey is believed to increase muscle mass in a strength-training

 

FIGURE 20.2
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individual. Even though whey has many other agreed-upon benefits, the ability to increase muscle
mass is still controversial.

 

38

 

VII. PROTEIN DIGESTION AND ABSORPTION

 

The process of converting dietary protein into amino acids for use in the body is a complex process
involving the stomach, small intestine, and liver. Although the process is complex, it is highly
efficient with nearly 100% of dietary protein digested and absorbed into the intestinal cells, known
as 

 

enterocytes

 

. Protein digestion begins in the stomach as gastric acids denature complex protein
structures, and pepsin begins to cleave protein chains. The resulting polypeptides are released into
the small intestine where proteases derived from the pancreas and enterocytes continue protein
digestion. Ultimately, protein digestion produces a mixture of free amino acids and di- and tri-
peptides in ratios of approximately 1:1:1. These amino acid mixtures and small peptides are
absorbed into the enterocytes by amino acid and peptide transporters. Once inside enterocytes, the
remaining peptides are hydrolyzed to amino acids before being released into portal circulation.

Amino acids within the enterocyte can be used for intestinal enzyme synthesis, e.g., proteases,
used for energy, or transported to portal blood for use by the rest of the body. Use of amino acids
by the intestine varies greatly among amino acids. Dietary glutamine and glutamate are completely
removed by the enterocyte as fuels; neither one of these amino acids, from a meal (or supplements),
reaches the blood. In total, the enterocytes remove approximately 25% of dietary amino acids
before they reach the blood and become available to other tissues.

Amino acids leave the intestine via the portal blood to the liver. The liver is the most active
amino acid metabolism tissue in the body. Amino acids that reach the liver can be used for protein
synthesis, an energy source, or released to the blood. Similar to the intestine, the liver removes
nearly 25% of dietary amino acids for energy. Surprisingly, the primary energy sources for both
the intestine and the liver are amino acids. This means that less than one-half of dietary amino
acids ever reach the blood or a majority of tissues.

Although the liver and intestines use amino acids for energy, amino acids are not removed
uniformly. The enterocyte is active in removing glutamine, glutamate, asparagine, and aspartate,
whereas the liver is capable of metabolizing most of the remaining amino acids. The major
exemptions to the intestine and liver are the BCAAs. These three amino acids are unique in that
the liver lacks the necessary enzymes to metabolize them; the net result, BCAAs appear in the
blood in nearly the exact amounts present in a meal.

 

VIII. PROTEIN TURNOVER

 

Amino acids enter the blood, move throughout the body, are transported into cells, and become
available for synthesis of new proteins. Proteins within the body are constantly being made and
destroyed (see Figure 20.3). Some proteins such as enzymes have a lifespan of only a few hours,
whereas other structural proteins such as connective tissues are retained for as long as 6 months.
Hence, the body has a daily need to replace most enzymes, whereas a sprained ankle may take 4
to 6 months to be completely repaired.

The process of synthesis and degradation of proteins is called 

 

protein turnover

 

. Each day, the
body makes and degrades over 250 g of protein. The magnitude of this turnover is surprising as
few people consume more than 100 g of protein per day. The lack of direct relationship between
the amount of dietary protein and the level of daily protein turnover emphasizes the difficulty in
defining protein requirements. 

Body protein quantity is largely determined by the balance of protein synthesis and degradation.
Although the daily turnover is greater than 250 g/d, the actual potential to accumulate new proteins
is very limited. During maximum growth, protein turnover is positive, i.e., synthesis is greater than
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degradation, but the net balance is less than 10 g/d. Protein turnover balance appears to be largely
regulated by protein synthesis change.

Protein synthesis is a complex process that assembles the 22 amino acids into hundreds of
individual proteins. This complex process is regulated by gene expression of mRNA (the blueprints
for each new protein), the availability of amino acids and energy, and regulatory proteins called
initiation factors. These controls allow the body to make new proteins in the correct cells at the
correct time. Review of protein synthesis is beyond the scope of this chapter; however, new research
has shown an important link between insulin and leucine in regulation of protein synthesis that
appears to be a key to understanding management of body weight and composition.

 

IX. BCAAs — SPECIFICALLY, LEUCINE AND WEIGHT LOSS

 

BCAAs are mainly used for protein synthesis

 

39

 

 and are participants in signal transduction path-
ways, which may help provide the anabolic effect protein has on muscle tissue.

 

40

 

 Leucine, in
particular, has shown the same effects as amino acid mixtures

 

40

 

 and therefore will be the focus
of the BCAA section.

The BCAA leucine has multiple roles in metabolism, including being a substrate for protein
synthesis,

 

41

 

 a fuel for skeletal muscle,

 

42

 

 and a nitrogen donor for production of alanine and glutamine
in skeletal muscles.

 

43

 

 These roles are dependent on the dietary intake of leucine.

 

41

 

 Due to leucine
metabolism, the levels consumed are relative to the levels that reach the skeletal muscle. Leucine’s
contribution to stimulation of protein synthesis is supported by human studies.

 

44

 

Leucine or even a mixture of the BCAAs, can stimulate protein synthesis during energy
restriction.

 

41

 

 Low-calorie controlled high-protein meal plans (one providing 10 g of leucine per
day equivalent to around 125 g of dietary protein per day) compared to USDA Food Guide Pyramid
recommendations, showed a greater loss of weight and improved body composition (increase in
body fat loss and decrease in muscle mass loss) with the high-protein meal plan. See Table 20.2
for breakdown of BCAAs in food sources.

 

X. PROTEIN AND GLYCEMIC CONTROL

 

Dietary protein plays a role in blood glucose regulation via its affects on insulin

 

46

 

 and increased
availability of substrates (amino acids) for gluconeogenesis.

 

47

 

 Janey and colleagues

 

48

 

 demonstrated
that 50–80 g of glucose could be generated from 100 g of ingested protein, while Jungas and
colleagues stated that the primary liver fuel source in the fasted state is amino acids.

 

27

 

 Amino
acids are produced by protein breakdown in the muscle. They transfer to the liver, deaminate, and
become carbon skeletons for gluconeogenesis.

 

47

 

 Common substrates for gluconeogenesis include

 

FIGURE 20.3
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alanine and glutamine, which are deaminated into pyruvate and glutamate, respectively. Gluco-
neogenic substrate availability is thought to be proportional to dietary amino acid consumption.

 

49

 

Therefore, an increase in dietary protein would lead to an increased availability of gluconeogenic
substrates, also relative to BCAA amount. The fasted state is accompanied with a decrease in
insulin and an increase in glucagon, which causes an increase in hepatic glucose production and
degradation of glycogen, via a series of dephosphorylations, to produce fuel for the body.

 

50

 

Glucagon is also known to be a stimulator of gluconeogenesis.

 

46

 

 With increased substrate avail-
ability and stimulation of hepatic glucose production, a moderate protein meal plan increases the
role of the liver in blood glucose control.

 

51,52

 

 This blood glucose control method has been used
for regulation in type 2 diabetes for years.

 

53

 

XI. ENERGY METABOLISM

 

Meal consumption stimulates a series of physiological and metabolic processes. When food is
consumed, the metabolic state changes from a catabolic to an anabolic state, due to an increase in
protein synthesis and decrease of protein breakdown.

 

54

 

 Generally, during the absorptive period,
there is a rise in blood glucose levels. Insulin will aid in the uptake and utilization of glucose into
muscle and adipose, decrease hepatic glucose output, increase glycogen synthesis, decrease lipol-
ysis, and decrease protein degradation. Therefore, within a few hours after a meal, dietary glucose
is either stored or oxidized,

 

55

 

 whereas fat is either used or stored for future use, and protein is either
used for the previously mentioned functions or made into glucose and then stored as glycogen.

 

27

 

Once the food has been absorbed, the body relies on endogenous energy sources for fuel.
Maintained blood glucose levels sustain the brain and glycolytic requirement of glucose. As the
exogenous supply of glucose decreases, insulin secretion follows suit, whereas glucagon secretion
increases. Glucagon stimulates liver glycogenolysis to release glucose into circulation. Liver gly-
cogen as a glucose resource will also be prolonged by tissues such as skeletal muscle, increasing
the use of alternative fuel sources. The insulin level fall allows for an increase in adipose tissue
lipolysis, resulting in the release of free fatty acids (FFA) into circulation. This decrease in glucose
and insulin, and increase in FFA availability for fuel, is known as the glucose–fatty acid cycle or
Randle cycle.

 

56

 

When inadequate blood glucose-producing carbohydrate is consumed, blood glucose is main-
tained through glycogen breakdown and gluconeogenesis. Liver glycogen is the primary glycogen
tissue, whereby the derived glucose can be released into the blood. However, liver glycogen is
limited for adults and easily exhaustible. For instance, liver glycogen levels can be reduced to nadir
levels within the first day of starvation. During semistarvation, glycogen levels are dramatically
decreased, and the role of hepatic glycogenolysis in maintaining blood glucose levels is lessened
in a relative manner.

Gluconeogenesis creates glucose from noncarbohydrate substrates, namely pyruvate, lactate,
glycerol, alanine, and glutamine. Lactate and alanine carbons are recycled between the brain and
liver or skeletal muscle and liver, respectively, and are, respectively, called the Cori and glucose–ala-
nine cycles. The major gluconeogenic precursors are amino acids alanine and glutamine, which
are derived mainly from proteolysis in skeletal muscle. This combination of actions helps maintain
blood glucose levels during a fasted period.

 

55

 

 Thus, dietary protein is an important fuel consideration
during caloric imbalances.

 

XII. WEIGHT LOSS AND ENERGY INTAKE

 

Weight loss is often stated as a matter of simple energy economy. When calories out exceed calories
in, there must be a net energy expenditure resulting in a body mass reduction. A calorie in is the
cumulative amount of the calories consumed, which, by and large, are carbohydrate, protein, fat,
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and alcohol. On the opposite hand, daily caloric expenditure is a reflection of resting metabolism,
lifestyle (daily activities), and exercise. When considering strategies for weight loss, both sides of
the energy balance equation must be considered.

Increased food availability (e.g., portion sizes, buffets, convenience stores, etc.) partly explains
the caloric consumption increase. In addition, public perception of calorie consumption vs. certain
foods can be a contributing factor. For instance, the American Institute for Cancer Research
conducted a survey to gauge public perception as to which was more important for weight man-
agement, the amount or type of food eaten.

 

57

 

 Of those surveyed, 78% of the respondents said that
eating certain foods was more crucial to weight management success than the actual amount of
food consumed.

 

57

 

Weight loss can be accomplished via a calorie restriction and/or an increase in caloric expen-
diture (exercise). Researchers have reported positive study results with prevention or treatment of
adult obesity that focuses on modifying the calorie intake.

 

58,59

 

 Energy restriction also reduces
secondary health risks associated with obesity.

 

60

 

 In support, energy restriction positively influences
fasting blood glucose, hepatic glucose production, and blood insulin values with effects seen within
7–10 d of initial energy restriction.

 

61–63

 

 All of these can enhance weight loss success.
Blood glucose control, in fed and fasted states, is important when maintaining and/or losing

weight. As discussed above, the fed state produces a blood glucose increase which causes an increase
in insulin secretion via the pancreas. Insulin causes translocation of the intracellular glucose trans-
porters to the plasma membrane for tissue glucose uptake,

 

64

 

 suppression of hepatic glucose produc-
tion in the liver,

 

65

 

 and synthesis of glycogen.

 

66

 

 Gluconeogenic precursors (alanine, pyruvate,
glutamine) are shifted toward glycogen formation,

 

67

 

 and insulin manages glucose uptake.
Humans adapt to restricted energy intake using numerous mechanisms.

 

68

 

 One adaptation is
conservation of energy via metabolic responses.

 

69

 

 An adult will adapt to energy restriction with
reduced hepatic glucose production,

 

70,71

 

 a decrease in basal metabolic rate, and a reduction in weight
and activity.

Control of blood glucose is important as many obese people exhibit chronic hyperinsulinemia,
insulin resistance, and dysfunction of oxidative and nonoxidative glucose disposal pathways. This
may be a result of how the body handles consistent high carbohydrate eating patterns.

 

22

 

 It is logical
to ask whether the meal plan composition can influence these conditions.

 

XIII. PROTEIN AND WEIGHT LOSS

 

As previously stated, protein is used for many metabolic and physiological reasons. Generally,
during a state of weight loss, there is an emphasis on a caloric intake decrease and a caloric
expenditure (activity) increase. During an energy imbalance favoring weight loss, the dependence
on body protein to sustain its energy needs increases. Being the largest and most accessible protein
resource, muscle mass is targeted. The weight loss plan does not provide enough protein to service
the anatomical and physiological needs as well as provide energy through the weight loss period.
Dietary protein would need to compensate for the additional protein need in general, but also
provide adequate amounts of the essential amino acids.

As discussed above, one of the adaptations to an energy restricted meal plan is a decrease in
hepatic glucose production. If this continues, it can produce a drop in blood glucose levels if
gluconeogenesis does not increase production of glucose for the blood. Meal plans high in protein
have shown an increase in PEPCK mRNA, a key enzyme in gluconeogenesis,72,73 which causes an
increase in glucose production. This suggests that maintenance of glucose homeostasis during energy
restriction may depend on meal plan composition, and provides a link between energy restriction
and glucose homeostasis, which is important in obesity prevention/treatment.21

Modifications in energy intake, exercise, and specific macronutrient composition can decrease
body weight, fasting plasma glucose, and insulin concentrations closer to homeostatic values.60 An
increase in dietary protein and a decrease in dietary carbohydrate has been shown to produce glucose
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homeostasis, increase lean body mass, increase fat loss, and improve blood lipid profiles.14 These
studies suggest that meal plans with a reduced amount of carbohydrates and increase in protein,
can increase weight loss and loss of body fat, and reduce loss of lean tissue.20 For instance, one
study involved overweight women assigned to one of two groups: a high carbohydrate or a moderate
protein meal plan for 10 weeks.14 The higher carbohydrate group received a plan similar to the Food
Guide Pyramid which had a carbohydrate-to-protein ratio of 3.5 (~68 g protein/day). The moderate
protein group received a carbohydrate-to-protein ratio of ~1.4 (~125 g protein/day). Both groups
lost weight, but the moderate protein group had a significantly higher loss of fat/lean tissue ratio.
This meant that more fat was lost and more lean muscle mass was preserved (protein sparing) than
in the high carbohydrate meal plan. The high carbohydrate group also had an increased meal insulin
response and postprandial hypoglycemia when compared to the moderate protein group.

An animal model with similar meal plans, but no energy restriction, resulted in comparable
glucose and insulin outcomes. Basal hepatic glucose production was greater in the moderate protein
group as compared to the high carbohydrate group; increased hepatic glucose production was
influenced by the increased amount of dietary protein consumed.67 Increased hepatic glucose
production has been reported to be important in blood glucose maintenance in the fasted state.74,51

Other studies show similar beneficial results in blood lipids and body composition with dietary
substitution of protein for carbohydrates.13,19,20,40,75

XIV. PROTEIN AND APPETITE

Appetite can be influenced by biological, environmental, and behavioral factors. The biological factor
that drives an individual to consume food is hunger. A food that inhibits further consumption produces
satiety and a delay in the onset of the next meal. A food that is considered to have a high level of
satiety is one that produces a long period of time between feelings of hunger.

Macronutrients at equivalent calorie levels have been shown to have different satiety effects.76,77

Higher protein intake is often thought to reduce appetite, which can lead to reduced caloric
consumption. A review of energy density (calories/gram) noted a hierarchical effect on satiety in
the order of protein > carbohydrates > fat.78,79,80 Participants in one study were fed protein, carbo-
hydrate, and fat contributing either 29%, 61%, and 10% of energy, respectively (higher in protein
and carbohydrate), or 9%, 30%, and 61% of energy (higher in fat), respectively, both in energy
balance.81 Diet-induced thermogenesis (DIT) and satiety were higher on the high protein/carbohy-
drate diet than in the high fat group. Researchers in another study fed protein, carbohydrate, and
fat contributing 10%, 60%, and 30% of energy, respectively, or 30%, 40%, and 30% to healthy
women in energy balance.82 The researchers reported an increase in sleeping metabolic rate, DIT,
and satiety, and a lower 24-h hunger (calorie consumption) and respiratory quotient (RQ) in the
high protein group. They also found incidental relationships between satiety and ghrelin, and
glucagon-like peptide 1, but only with the higher protein intake.

XV. WEIGHT LOSS AND EXERCISE

Positive study results of adult obesity prevention/treatment focus on increased exercise.83,84 The
NIH guidelines for weight management emphasize the need for both proper nutrition and increased
physical activity (minimum of 30 min per day of moderate intensity for exercise 7 d a week) for
weight control. During 2003, 59% of adults did not engage in vigorous leisure-time physical
activity, whereas only 26% of adults engaged in vigorous leisure-time physical activity 3 or more
times per week.85

Exercise has been projected to be important in production of weight/fat loss,87 prevention/treat-
ment of obesity,86 maintenance of blood glucose,88 decrease of plasma insulin concentrations,89 and
maintenance of muscle mass. Exercise is known to induce a fall in circulating insulin levels with
an increase in glucose utilization and increased insulin sensitivity.90 Paffenbarger and colleagues91
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reported epidemiological studies showing the association between decreased obesity risks when
physical activity was performed. Satabin and colleagues92 used male Wistar CF rats with a high
protein diet compared to a control, high in carbohydrates. Rats were exercised on a treadmill for 60
min/d for 3 weeks. Blood glucose was measured and found to remain in homeostasis, via an increase
in liver gluconeogenesis, with rats on the high protein diet.

Previous in vitro studies have shown an increase in insulin’s action on glucose uptake when
muscular contractions are present.93 Ji and colleagues94 showed that after 10 weeks of training there
was a significant increase in gluconeogenic enzyme activity. This produced an increase in glucose
production, through gluconeogensis, supporting the stabilization of blood glucose. Holm and
colleagues95 conducted a study involving obese women who exercised for 1 h at 70% of their
maximal working capacity. Subjects were fasted for 16–18 h, then tested for blood values. The
results showed a decrease in plasma insulin and triglycerides a few days following exercise. Rodnick
and colleagues also demonstrated this in a study with rats that were exercise-trained in wheel cages
for 6 weeks.96 Results showed a significant difference in fasting serum insulin between the exercise
trained group and the sedentary group, with the exercise trained group having a lower insulin value
than the sedentary group. Thus, exercise appears to improve insulin sensitivity97 leading to glucose
uptake, which is further enhanced in trained skeletal muscle.96

XVI. PROTEIN, EXERCISE, AND WEIGHT LOSS

The debates continue on whether eating the recommend RDA for protein is adequate for a person
who exercises regularly. Some38 feel it is adequate but others98 think it can lead to an increase in
protein breakdown and decrease in protein synthesis, possibly leading to an increase in protein
needs. Over time, not eating enough protein can lead to a decrease in muscle mass99 and physical
performance.99 During exercise, the BCAA leucine is mainly used by the muscles,100 with an
increase in leucine oxidation.101 After exercise, leucine stimulates muscle recovery.102

Layman and colleagues103 conducted a 4-month, 2 × 2 weight loss study with adult obese
(determined by BMI) women. Meal plans were either a high protein or a high carbohydrate meal
plan with or without exercise. The dietary composition of the carbohydrate group consisted of 0.8
grams of protein per kilogram body weight per day (~15% of energy intake) and ~30% of energy
intake from dietary fat. The dietary composition of the protein group consisted of 1.6 g of protein
per kilogram body weight per day (~30% of energy intake) and ~30% of energy intake from dietary
fat. The exercise treatments consisted of walking 5 d per week for 30 min per day with an additional
2-d-a-week 30-min resistance training session. The nonexercise groups followed the NIH guidelines
and exercised (walked) for 30 min, 5 d a week.

The high protein meal plan with and without exercise produced greater weight loss after 16
weeks than the carbohydrate meal plan. The higher protein meal plan with exercise eliminated the
most body fat. All groups lost weight on these calorie-controlled meal plans, but subjects in the
protein groups lost more total weight and body fat and maintained more muscle mass than the
carbohydrate groups. The protein group with exercise appeared to experience an additive effect on
body composition and weight loss.103

XVII. CONCLUSIONS

Ongoing research will continue to support the need for customized meal plans. Weight loss methods
need to be considered on an individual basis, including personal choices in lifestyle and how the
meal plan will affect individual metabolic outcomes.

Nutrition plans with increased levels of the protein and the BCAA leucine, present in high
levels in animal proteins, can be used to substitute for high glycemic carbohydrates and have been
shown to enhance insulin sensitivity,45 stimulate muscle protein synthesis,102,104 reduce the role of
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insulin in glycemic control,45 and stimulate the role of the liver in stabilization of blood glucose.45

In these studies, the net effects of these changes are lower body fat, increased lean muscle mass,
increased insulin sensitivity, increased hepatic gluconeogenesis, stabilization of fasting blood glu-
cose, and reduced serum triglycerides.14

As previously stated, if these types of meal plans are sustainable throughout a person’s lifespan,
fit into a person’s lifestyle, and taste good, then that person may benefit from a high-protein meal
plan during weight loss. The choice is up to individual bodies.
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I. INTRODUCTION

 

Optimal nutrition is essential for maintaining or improving athletic performance. Exercise is a
catabolic state

 

1–3

 

 that elicits changes in metabolic signals. Also, exercise has been shown to affect
immune function, and these effects may be influenced in part by the nutritional status of the athlete.

 

4

 

Acute moderate exercise or regular moderate exercise training may stimulate the immune system
whereas intense or prolonged acute exercise or exercise training may compromise immune func-
tion.

 

4

 

 Exercise may also result in tissue damage. Inflammation is an important component of the
tissue repair process and is observed in response to exercise as well as to other physical stressors
such as trauma, surgery, and burns. Chronic inflammation, however, is likely to compromise the
well-being of athletes and compromise athletic performance. Cytokines and eicosanoids are impor-
tant intracellular signaling molecules involved in regulating inflammation and immune responses,
and many are known to be affected by exercise.

Several dietary components have been reported to affect the inflammatory response. This review
is focused on the proposed role of dietary supplementation with omega-3 fatty acids and glutamine
to modify the inflammatory response to exercise. Relevant articles were obtained through searches
of the Medline, Web of Science, Embase, and Cochrane Library databases in which keywords such
as 

 

glutamine, omega–3, inflammation, cytokine, eicosanoid

 

, and

 

 exercise

 

 were used.
In this review, we first summarize the known effects of exercise on inflammatory mediators.

We then examine the roles of omega-3 fatty acids and glutamine, and their known effects in
nonexercise models of inflammation. Finally, we review the as yet limited data on the effects of
omega-3 fatty acids and glutamine on inflammatory mediators related to exercise, and conclude
with speculation on the athletes most likely to benefit from omega-3 fatty acids and glutamine
dietary supplements.
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II. EXERCISE AND INFLAMMATORY MEDIATORS

 

Strenuous or prolonged endurance exercise is accompanied by increased plasma levels of cate-
cholamines, leukocytosis, free fatty acids,

 

5

 

 interlukin-6 (IL-6), IL-1 receptor antagonist (Ra) and
TNF-

 

α

 

, as well as reduced plasma insulin levels,

 

6

 

 which are similar to the conditions observed in
sepsis or trauma.

 

7

 

 Exercise affects the production of the proinflammatory cytokines IL-1

 

β

 

 and TNF-

 

α 

 

 as well as IL-6 (Table 21.1), which has antiinflammatory as well as pro-inflammatory properties
as it can inhibit the production of IL-1

 

β

 

 and TNF-

 

α.

 

8

 

Although much remains to be determined regarding cytokine responses to exercise, the type,
intensity, and duration of exercise performed are known to influence the production of IL-1

 

β

 

, IL-6,
and TNF-

 

α

 

. The production of proinflammatory cytokines is generally increased in response to
aerobic exercise in healthy trained and untrained adults. Exercise (45–100% VO

 

2

 

max) increased
plasma IL-1

 

β

 

 concentrations up to 1 h postexercise,

 

9

 

 2 h postexercise,

 

10

 

 24 h postexercise,

 

11

 

 and
plasma IL-1 concentrations increased 3 min postexercise

 

12

 

 in healthy trained and untrained adults.
No change in postrace plasma IL-1

 

β

 

 concentrations was reported in trained male athletes completing
a marathon.

 

13

 

 Plasma TNF-

 

α

 

 concentrations are increased immediately postexercise (60–70%
VO

 

2

 

max) and up to 24 h in healthy trained and untrained adults.

 

6,9,14

 

Plasma IL-6 concentrations are increased immediately postmarathon

 

6,9,13,15

 

 up to 1 h postmar-
athon in trained males,

 

16

 

 and up to 2 h postexercise (60–70% VO

 

2

 

max) in healthy untrained
adults,

 

10,11

 

 although no change in plasma IL-6 concentration during and immediately postmarathon
has been reported in trained athletes.

 

17

 

The effects of exercise on the major antiinflammatory cytokines IL-4, IL-10 and IL-1Ra (Table
21.1) have been reported to increase, decrease, and be unaffected by exercise. Plasma IL-4 con-
centrations are not affected immediately postmarathon

 

13

 

 or up to 1.5 hours postmarathon in trained
adults.

 

18

 

 Plasma IL-10 concentrations are increased immediately postmarathon in trained
adults,

 

9,13,15,17,18

 

 although a decrease postexercise (90% VO

 

2

 

max) in healthy males

 

19

 

 and postexercise
(60% VO

 

2

 

max) in healthy untrained adults

 

17

 

 has also been reported. IL-1Ra plasma concentrations
are increased immediately postmarathon,

 

15

 

 up to 1 h postmarathon,

 

9

 

 and up to 1.5 h postmarathon
in trained adults,

 

6

 

 although no significant change in plasma IL-1Ra concentration has been reported
during and immediately postmarathon in trained adults.

 

17

 

 Thus the specific aspects of exercise that
determine the changes in the major antiinflammatory cytokines are unclear at this stage.

Eicosanoids are involved in the modulation of the intensity and duration of the inflammatory
process. The two major eicosanoids that have been studied in relation to the inflammatory process
are prostaglandin E

 

2

 

 (PGE

 

2

 

)

 

 

 

and leukotriene B

 

4

 

 (LTB

 

4

 

) (Table 21.1), both of which have a number
of proinflammatory properties.

 

20

 

 Plasma PGE

 

2

 

 concentrations are increased 30 min postexercise

 

21

 

and 2 h postexercise in healthy trained and untrained adults.

 

22

 

 During exercise vastus lateralis
interstitial fluid PGE

 

2

 

 concentrations are increased in healthy males.

 

23

 

 Also, exercise has been
reported to have no affect on urinary PGE

 

2

 

 excretion up to 4 h postexercise

 

24

 

 and no affect on
plasma PGE

 

2

 

 concentrations during exercise in healthy trained and untrained adults.

 

25

 

 Plasma
LTB

 

4

 

 concentrations are not significantly changed up to 1 h postexercise in elite athletes

 

26

 

 and
bronchoalveolar fluid LTB

 

4

 

 concentrations are unchanged in healthy trained and untrained adults
1 h postexercise.

 

27

 

 The effects of exercise on the two major eicosanoids PGE

 

2

 

 and LTB

 

4

 

 are
unclear at present as the data available is limited, but it does suggest that PGE

 

2

 

 concentrations
are increased and LTB

 

4

 

 concentrations are unchanged in response to exercise by healthy trained
and untrained adults.

 

III. OMEGA-3 FATTY ACIDS

 

Omega-3 fatty acids are polyunsaturated fatty acids (PUFA) that cannot be synthesized by the body
and have to be sourced via the diet; hence, they are termed 

 

essential fatty acids

 

. Fatty acids are
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TABLE 21.1
Major Inflammatory Mediators and Their Actions

 

Mediator Action

 

IL-1 Induces fever 
Up-regulates adhesion molecule expression
Induces acute phase protein expression
Costimulates T cell activation
Stimulates B cell proliferation and maturation

IL-1Ra Competes with IL-1

 

α

 

 and IL-1

 

β

 

 for receptor binding
IL-2 Activates T cells

Stimulates B cell proliferation
sIL-2R Binds to IL-2
IL-4 Stimulates T

 

H2

 

 cell formation 
Inhibits T

 

H1

 

 cells
Inhibits NO production
Up-regulates B cell and macrophage MHC II expression 
Decreases IL-1

 

β

 

 expression
Up-regulates IL-1Ra synthesis

IL-6 Up-regulates adhesion molecule expression
Enhances T cell proliferation
Enhances differentiation of myeloid and B cells into plasma cells
Induces acute phase protein expression
Induces IL–1Ra synthesis

IL-10 Inhibits IL-1 and TNF synthesis
Induces IL-1Ra synthesis

IL-12 Stimulates T

 

H1

 

 cell formation 
TNF–

 

α

 

Activates macrophages 
Up-regulates adhesion molecule expression
Induces cytokine secretion

LTB

 

4

 

Increases endothelium permeability
Up-regulates PMN adhesion molecule expression
Increases PMN chemotaxis
Stimulates neutrophil chemotaxis
Up-regulates monocyte IL-6 expression

PGE

 

2

 

Induces fever
Increases vascular permeability
Inhibits lymphocyte proliferation
Inhibits T cell and macrophage cytokine production

IFN-

 

α

 

Inhibits viral replication
IFN-

 

γ

 

Up-regulates macrophage activity
Up-regulates NK cell activity
Up-regulates expression of MHC II
Induces NO synthase

CRP Fixes complement and opsonisation
Induces expression of endothelial adhesion molecules

PAF Increases endothelium permeability
Up-regulates PMN adhesion molecule expression

 

Note:

 

T

 

H

 

, T helper cell; NO, nitric oxide; MHC, major histocompatibility com-
plex; PMN, polymorphonuclear neutrophil; NK, natural killer cell.
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important in the maintenance of cell membrane structure and are key determinants of membrane
bound enzyme activity and receptor expression.

 

28

 

 There are three essential fatty acids: arachidonic
acid (20:4n-6), 

 

α

 

-linolenic (omega-3) (18:3n-3), and linoleic acid (18:2n-6). The main PUFA
consumed is omega-6 (intake approximately 14g/d for adults) with omega-3 fatty acids contributing
approximately 2g/d.

 

20

 

 The typical Western diet is deficient in omega-3 fatty acids.

 

29

 

 Omega-3 fatty
acids can be sourced from foods such as tuna, sardines, mackerel, green vegetables, macadamia
nuts, and oils such as canola, soy, and flaxseed. An inadequate intake of omega-3 fatty acids causes
symptoms of hemorrhagic dermatitis, hemorrhagic folliculitis, skin atrophy, and scaly dermatitis.

 

30

 

 
Omega-3 fatty acids are involved in physiologic processes such as brain and retina function,

the transcriptional regulation of gene expression, and the modulation of eicosanoid action. Omega-
3 fatty acids affect the inflammatory process and the immune system by affecting cell membrane
fatty acid content, the production of inflammatory mediators, adhesion molecule expression, lym-
phocyte proliferation, antibody production, natural killer cell activity, the triggering of cell death,

 

31

 

phagocytosis, reactive oxygen species (ROS) production, leukocyte migration, and antigen presen-
tation by macrophages.

 

31

 

 Dietary supplementation of omega-3 fatty acids can be beneficial in
conditions such as cardiovascular disease,

 

32,33

 

 thrombotic disease,

 

34–36

 

 cancer,

 

37–39

 

 hypertension,

 

40,41

 

arthritis,

 

42–44

 

 and asthma.

 

45,46

 

IV. CELL MEMBRANE FATTY ACID CONTENT

 

The predominant mechanism by which omega-3 fatty acids may effect the inflammatory response
is via eicosapentaenoic acid (EPA) replacing arachidonic acid in the cell membrane, the end product
of which produces eicosanoids that are not as biologically active as those derived from arachidonic
acid.

 

20

 

 The predominant fatty acid present in human immune cell membranes is arachidonic acid,
which is 15–25% of all phospholipids, with EPA 0.1 to 0.8% and docosahexaenoic acid (DHA) 2
to 4%.

 

20

 

 EPA and DHA are metabolized from omega-3 fatty acids via chain elongation and
desaturation.

 

47

 

 Changes in cell membrane fatty acid composition alter the membrane fluidity and
flexibility, which can affect the binding of cytokines to receptors.

 

48

 

The eicosanoids prostaglandin (PG) and leukotriene (LT) are metabolized from arachidonic
acid via the cyclooxygenase and lipoxygenase pathways. Free arachidonic acid, which is mobilized
by phospholipase enzymes, acts as a substrate for cyclooxygenase and lipoxygenase to produce 2-
series PG and 4-series LT. Omega-3 fatty acids, particularly EPA, that replace arachidonic acid in
the cell membrane, are able to competitively inhibit the oxygenation of arachidonic acid and be
metabolized via the same pathway.

 

49

 

 EPA derived eicosanoids are of the 3-series and 5-series,
which are not as biologically active as the 2-series and 4-series eicosanoids

 

20

 

 and can even have
antiinflammatory effects.

 

50

 

 The role of PG and LT in the inflammatory process includes stimulating
macrophages and leukocytes to begin the process of destroying invading bacteria.

 

51

 

 The major
proinflammatory eicosanoids studied are LTB

 

4

 

 and PGE

 

2

 

.

 

20

 

V. ADHESION MOLECULES

 

Adhesion molecules, including selectins, vascular adhesion molecules, and intercellular adhesion
molecules, are involved in mediating the initial events of the inflammatory process. Adhesion
molecules direct leukocyte endothelium interactions, transendothelial migration of leukocytes, and
leukocyte trafficking in general.

 

52

 

 DHA incorporation into cellular lipids decreases the cytokine-
induced expression of leukocyte adhesion molecules, secretion of inflammatory mediators, and
leukocyte adhesion to endothelial cells.

 

53,54

 

 The incubation of peripheral blood lymphocytes in EPA
and DHA decreased the concentration of cell surface L-selectin.

 

55

 

 Although the incubation of human
umbilical vein endothelial cells with EPA or DHA did not affect adhesion molecule expression, it
did suppress monocyte rolling and adherence.

 

56
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VI. OMEGA-3 FATTY ACIDS AND INFLAMMATORY MEDIATORS

 

Omega-3 fatty acid supplementation mediates its effects predominantly through altering cell mem-
brane fatty acid content and adhesion molecule expression. Dietary supplementation decreased
stimulated IL-1

 

β

 

, IL-1

 

α,

 

 and TNF concentration in peripheral blood mononuclear cells (PBMC),

 

57

 

IL-1

 

β

 

 and TNF-

 

α

 

 concentration in blood in trained athletes,

 

26

 

 and IL-1

 

β

 

, TNF-

 

α,

 

 and IL-6 con-
centration in stimulated lymphocytes in healthy adults.

 

58

 

 Supplementation decreased PGE

 

2

 

 and
LTB

 

4

 

 concentrations in stimulated PBMC supernatant,

 

59

 

 PGE

 

2

 

 concentration in stimulated lympho-
cytes,

 

58

 

 neutrophil LTB

 

4

 

 concentration,

 

60 

 

and plasma PGE

 

2
26,58

 

 and LTB

 

4

 

 concentrations in healthy
adults.

 

26

 

 This indicates that omega-3 fatty acids inhibit the production of the major proinflammatory
cytokines (IL-1

 

β

 

, TNF-

 

α, and IL-6), and eicosanoids (PGE2 and LTB4) in healthy adults.
No direct effects of dietary omega-3 fatty acid supplementation on exercise performance have

been demonstrated. Omega-3 fatty acid supplementation does not enhance endurance exercise61 or
maximal exercise performance in trained adults.62 Although it has been reported that supplemen-
tation plus exercise training increases VO2max in sedentary adults, it was also reported that exercise
alone increased VO2max to a similar extent,63 indicating that it was the exercise training and not
the fatty acid supplementation that enhanced exercise performance.

VII. GLUTAMINE

Glutamine is a nonessential amino acid, which is produced endogenously and sourced like other
amino acids from dietary protein. It is the most abundant amino acid present in the human body,
with relatively high concentrations observed in muscle and plasma. The roles of glutamine in the
body include: nitrogen transfer between organs, detoxification of ammonia, maintenance of the
acid base balance during acidosis, a nitrogen precursor for purine nucleotide synthesis, a fuel for
gut mucosal cells, and the regulation of protein synthesis and degradation.64 Amino acids, principally
alanine and glutamine, are the most important source of de novo carbon available for glucose
metabolism.65 In a healthy person, endogenous glutamine synthesis is sufficient to maintain normal
immune function. Under conditions of stress, reductions in plasma glutamine concentrations can
occur. It has been proposed that decreased plasma glutamine levels could be used as a possible
indicator of overtraining syndrome (OS) in athletes.1,2,66 Glutamine synthesis (Figure 21.1) occurs
in the skeletal muscle, lungs, liver, brain, and adipose tissue,1,67 with the main consumers of
glutamine being the kidneys, gut, and cells of the immune system.64 The major site of glutamine
utilization is the gastrointestinal tract.68 Under conditions such as a reduction in dietary carbohy-
drate, the liver can also become a consumer of glutamine.64

Although glucose is the main source of energy for the immune system, glutamine is important
in the proliferation of immune cells,69 cytokine production,70,71 macrophage phagocytosis,72 and the
synthesis of DNA, RNA, and protein.73 Glutamine affects the immune system via glutathione,74

nitric oxide (NO),75 and heat shock protein (HSP) expression.76 The main site of glutamine synthesis
in the body is skeletal muscle. The rate of glutamine released by muscle to plasma is affected by
muscular activity,77 and a decrease in resting plasma glutamine concentrations has been reported
in overtrained endurance athletes.78

FIGURE 21.1 Glutamine synthesis and hydrolysis.

NH3, ATP, Glutamine Synthetase

Glutamate Glutamine

H2O, Glutaminase
 NH3
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Dietary amino acids are essential precursors for the production of nitric oxide (NO) and
glutathione.79 NO is an important messenger in the signal transduction process, is involved in innate
immunity as a toxic agent towards infectious organisms, is implicated as a pro- and antiinflammatory
agent via its inhibitory or apoptotic effect on cells,80 and is a mediator of sepsis.81 Glutathione is
the most important nonprotein antioxidant in immunocompetent cells. It is essential for normal cell
function and replication,82 and as a sink for ROS.83 Glutamine can also mediate its antiinflammatory
effects through HSP, which are present in cell membranes and protect the cell from proinflammatory
mediators.84 Glutamine is a known inducer of HSP70 expression, which is the major HSP.85

Lymphocyte activated killer cell activity is reported to be dependent on glutamine with optimal
target cell lysis at glutamine concentrations of 300 μM.86 An immunological challenge to lympho-
cytes and monocytes causes an increase in glutaminase activity,87 which would increase glutamine
uptake, hydrolysis (Figure 21.1) and the production of glutamate and ammonia. In incubated
lymphocytes glutamine uptake is fourfold higher than glucose.88 The depletion of glutamine
decreases the mitogen-inducible proliferation of lymphocytes89 while in vitro lymphocyte prolifer-
ation increases with increasing glutamine concentrations.73 Gut function can also be disrupted by
low glutamine concentrations leading to higher risks of bacterial and viral translocations.90 A
reduction in lymphocyte proliferation can also decrease the production of IL-1 and 2.73 The optimal
plasma glutamine concentration for immune cell proliferation is 300–1000 μM.87

Glutamine supplementation is beneficial in reducing tumor growth,91 length of hospital stay in
bone marrow patients,92 and reducing infection rate in bone marrow transplant patients93 and
multiple trauma patients.94 It may also be effective in decreasing overall inflammation and increasing
measures of nutrition in burns patients,95 and increasing bodyweight in HIV patients.96 Glutamine
supplementation dosages vary with the current hallmark at 0.5g/kg bodyweight.97 Glutamine sup-
plementation (0.57 g/kg bodyweight) has not shown any clinical toxicities or generated toxic
metabolites (ammonia and glutamate),98 which can have neurological effects.99

Catabolic conditions such as excessive exercise or trauma can decrease plasma glutamine
concentrations while glutamine supplementation can maintain normal plasma glutamine
concentrations100–102 or even increase plasma glutamine concentrations.87,103 Enhanced natural killer
cell activity seen with glutamine supplementation can be attributed to the inhibition of PGE2

synthesis mediated by glutathione.83 Glutamine supplementation decreases the production of IL-6
and IL-8 in the human gut.70

VIII. EXERCISE AND OVERTRAINING SYNDROME

Factors such as exercise, trauma, sepsis, burns, and surgery can reduce plasma glutamine concen-
trations and potentially compromise the effectiveness of the immune system. Muscular activity can
affect the rate of glutamine release by muscle and plasma glutamine concentrations.77 A reduction
in plasma glutamine concentrations is a potential indicator of OS. OS is often characterized by
fatigue, chronic or recurrent infections, impaired immune function, and reduced exercise perfor-
mance.66 Prolonged exercise can increase plasma cortisol concentration, which stimulates protein
catabolism, glutamine release, and hepatic gastrointestinal and renal gluconeogenesis.2 A drop in
the ratio of testosterone to cortisol is proposed to also be an indicator of overtraining.90 A reduction
in plasma glutamine concentration could be a result of either an increase in uptake and demand
for glutamine by the tissues that are involved in the use of glutamine or a change in the transport
and/or production of glutamine.

The type and duration of exercise performed has different effects on plasma glutamine con-
centrations. Brief high-intensity exercise has been reported to both increase plasma glutamine
concentrations104,105 and decrease plasma glutamine concentrations.106 Prolonged endurance exer-
cise decreases plasma glutamine concentrations.78,107 Athletes with decreased plasma glutamine
concentrations can be susceptible to upper respiratory tract infections (URTI).108 A significant
relationship between the frequency of reported URTI symptoms and a prolonged decrease in
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plasma glutamine concentrations has been observed in overtrained endurance athletes.78,109 Infec-
tion rates may be higher among athletes who participate in endurance-based sports110 or following
intensified training.111

There is limited data available on which to evaluate the effects of dietary glutamine supple-
mentation on exercise performance, but the current consensus is that glutamine supplementation
has not been shown to enhance exercise performance.112 Supplementation has been studied in
relation to resistance training and high intensity exercise. Glutamine supplementation has no
significant effect on muscle performance, body composition, or protein degradation in healthy
young adults performing resistance training,113 does not improve high-intensity exercise perfor-
mance in trained males,114 and does not improve the weight-lifting performance of resistance-trained
men.115 Glutamine plus creatine supplementation improves lean body mass and power production
during multiple cycle ergometer bouts,116 but creatine was most likely the effector as a second
group of participants that received creatine supplementation minus glutamine had similar gains in
lean body mass and power production.

IX. COMBINATION OF GLUTAMINE AND
OMEGA-3 SUPPLEMENTATION

Glutamine and omega-3 supplementation has predominantly been studied in the form of immune-
enhancing diets and immune formulas for the treatment of patients that have undergone stress such
as trauma, surgery, or burns. Nutrition is one of the most important treatments for severe trauma
or burns patients.117 Immune-enhancing formulas and diets that contain glutamine, omega-3 fatty
acids, nucleotides, and other amino acids such as arginine can positively modulate postsurgical
immunosuppressive and inflammatory responses in patients who have undergone major operations
in gastrointestinal cancer, can decrease polymorphonuclear leukocyte supernatant IL-6 and TNF-
α,118 can shorten intensive care unit stay, and can decrease C-reactive protein up to 14 d posttrauma
in severe trauma and burn patients117 and reduce infectious complications in severely injured
patients.119 It is not known what effects combinations of glutamine and omega-3 fatty acids may
have on athletes, exercise performance, or exercise-related inflammatory mediators as no studies
have been performed.

Athletes most likely to benefit from glutamine and omega-3 fatty acid supplementation may
be those on energy restricted diets or in an immuno-compromised state. Low intakes of carbohydrate
may increase the utilization of glutamine for energy (anaplerosis) and consequently compromise
glutamine availability for other functions. Low intakes of protein may compromise glutamine
concentrations, and low intakes of dietary fat or specifically omega-3 fatty acids may increase the
risk of chronic or prolonged inflammation during stressed states. Athletes who engage in large
training volumes, prolonged high intensity training, or training with a large eccentric component
that increases the risk of muscle damage may also benefit. Finally, athletes in sports that have high
levels of impact, such as those in the martial arts or contact sports involving tackling, are likely to
experience regular inflammation-inducing body impact during training. Athletes in the martial arts
in particular may benefit from glutamine and omega-3 fatty acid supplementation as they are
frequently on restricted diets in order to compete in particular weight divisions.

X. SUMMARY

Exercise increases the production of the major proinflammatory cytokines IL-1β, TNF-α, and IL-6,
but the effects of exercise on PGE2, LTB4, IL-1Ra, IL-4, and IL-10 is unclear at present. Omega-
3 fatty acids have antiinflammatory properties via altering eicosanoid production and adhesion
molecule expression. Glutamine supplementation can attenuate the decrease in plasma glutamine
concentration that occurs under stress conditions and maintain normal immune function. Combined
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dietary omega-3 fatty acid and glutamine supplementation can be beneficial in reducing infection
rate and decreasing the length of hospital stay in patients that have undergone stress such as trauma,
surgery, and burns. Whether the beneficial effects of glutamine and omega-3 fatty acid supplemen-
tation in trauma patients are applicable to athletes undergoing stress from exercise is unclear. No
research has yet been conducted on the effects of dietary omega-3 fatty acid and glutamine
supplementation on the inflammatory process or exercise performance in athletes. The types of
exercise training, performance, and athletes that may benefit from supplementation with omega-3
fatty acids and/or glutamine remain to be determined. 
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I. INTRODUCTION

 

Oxidative stress has been linked to the pathogenesis of many chronic diseases

 

1

 

 and has demonstrated
links to fatigue,

 

2

 

 muscle damage

 

2

 

 and reduced immune function,

 

3

 

 which can all affect exercise
performance. Exercise has been shown to increase oxidative stress through the increased production
of reactive oxygen species (ROS).

 

4

 

 Despite this increase in oxidative stress, regular exercise has
well-known beneficial effects for health and exercise performance. This unique situation is often
termed the 

 

exercise–oxidative stress (EXOS) paradox

 

.

 

5

 

 It is not known why the EXOS paradox
exists, but it has been hypothesised that the capacity and adaptation of the body’s antioxidant
defenses may be part of the reason.

 

6

 

 Ingesting a diet rich in antioxidants to defend against oxidative
stress is clearly important, but many other questions remain unanswered. It is largely unknown
how dietary antioxidants influence the body’s oxidative balance, whether those who participate in
regular exercise require antioxidants in addition to the Australian Recommended Dietary Allow-
ances (RDIs), whether diet alone provides enough antioxidants to combat the increases in ROS
production induced by exercise, or whether supplementation is required. Questions also remain as
to whether dietary or supplemental antioxidants can be used to manipulate the oxidative environment
into one that is favourable for health and/or enhance sporting performance.

 

II. OXIDATIVE STRESS

 

Oxidative stress is defined as an imbalance between free radical production and the antioxidant
defense mechanisms of a biological organism, which results directly or indirectly in cellular
damage.

 

7

 

 Under normal circumstances, the body has adequate antioxidant defenses to cope with
resting and significant increases in the production of free radicals. However, if the production of
free radicals is excessive or if antioxidant defenses are compromised, the balance tips in favor of
free radicals.

 

8

 

 Free radicals then have the potential to react with and damage every component of
the cell including cellular membranes (lipids), cellular enzymes (proteins), and nucleic acids DNA
and RNA (nucleic acids) that can alter cellular functioning.

 

9

 

A. F

 

REE

 

 R

 

ADICALS

 

A free radical is defined as any molecule or molecular fragment that contains one or more unpaired
electrons.

 

10

 

 The presence of unpaired electrons makes free radicals more reactive than the corre-
sponding nonradicals because free radicals strive to balance their unpaired electrons with electrons
from other molecules. When a radical reacts with a nonradical another free radical is formed,
creating a chain reaction. Depending on the free radical and the nonradical molecule involved, a
chain reaction can give rise to a wide array of free radicals, which potentially could be more or
less reactive than the free radical that initiated the chain reaction.

 

11,12

 

B. R

 

EACTIVE

 

 O

 

XYGEN

 

 S

 

PECIES

 

 

 

AND

 

 O

 

XYGEN

 

-D

 

ERIVED

 

 F

 

REE

 

 R

 

ADICALS

 

Reactive oxygen species (ROS) is an umbrella term used to describe oxygen-derived free radicals
and other oxygen-derived molecules (e.g., hydrogen peroxide) that have the capacity to generate
highly reactive free radicals. Oxygen generally exists in its diatomic ground state (O

 

2

 

), which by
definition is a diradical because it has two unpaired electrons spinning parallel (i.e., they both share
the same spin quantum number) to one another in separate orbitals.

 

6

 

 This means that oxygen is not
very reactive with nonradicals despite its strong oxidizing potential, because nonradical molecules
have paired electrons spinning in opposite directions and would not fit the vacant orbital spaces of
molecular oxygen, in accordance with Pauli’s principle. Consequently, oxygen tends to accept one
electron at a time with the potential to form highly reactive oxygen intermediates or ROS, which
can potentially cause oxidative stress.

 

13,14

 

 Paradoxically, oxygen has an essential role in aerobic
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metabolism oxidizing carbon- and hydrogen-rich substrates to obtain energy to maintain life. The
balance between the essential role and potentially harmful effects of oxygen is commonly referred
to as the 

 

oxygen paradox

 

.

 

7

 

1. Types of ROS

 

Examples of ROS and related species are listed in Table 22.1. The related species that are created
as a result of interaction with ROS will be discussed in later sections.

 

C. C

 

HARACTERISTICS

 

 

 

OF

 

 O

 

XIDATIVE

 

 S

 

TRESS

 

In biological organisms oxidative stress is characterized by cellular damage. Free radicals have the
potential to react with and damage every functional component of the cell by attacking lipids
(cellular membrane), proteins (structural and enzymes), and nucleic acids (DNA and RNA). Thus,
oxidative stress can be characterized as lipid peroxidation, protein peroxidation, and/or nucleic acid
damage. Extensive damage to any one of these components has the potential to alter cellular
homeostasis or cause cell death.

 

D. A

 

NTIOXIDANTS

 

Antioxidants are defined as molecules, present in small concentrations compared to other oxidizable
biologically-relevant molecules, that prevent or reduce the extent of oxidative damage to other
biologically-relevant molecules.

 

14

 

 In other words, antioxidants neutralize ROS to less toxic byprod-
ucts and prevent oxidative damage. Thus, the extent of oxidative damage is determined not only
by the level of free radical generation but also by the capacity of antioxidant defenses.

There is no such thing as a “universal” antioxidant.

 

16

 

 A broad array of antioxidants exists
endogenously and various antioxidant nutrients consumed in the diet provide additional protection
against ROS. Antioxidants are divided into two broad categories: endogenous and exogenous
antioxidants. Endogenous antioxidants are produced by the body and include uric acid, bilirubin,
plasma proteins and the enzymes superoxide dismutase, glutathione peroxidase, and catalase.
Exogenous antioxidants exist in common foods such as vegetables, legumes, nuts, seeds, grains,
and fruits that are consumed in our diet, and include vitamin E, vitamin C, and carotenoids.
Exogenous antioxidants can also be consumed as manufactured antioxidant supplements, and their
possible merits are still largely unknown. Also, there are those antioxidants that can be produced
endogenously and consumed in the diet, which include glutathione and coenzyme Q10.

 

14

 

There are various mechanisms by which antioxidant molecules protect against oxidative dam-
age.

 

17

 

 These act to:

 

TABLE 22.1
Types of Reactive Oxygen Species and 
Related Species

 

Radicals Nonradicals

 

O

 

2
–•

 

Superoxide H

 

2

 

O

 

2

 

Hydrogen peroxide
OH

 

•

 

Hydroxyl radical

 

1

 

O

 

2

 

Singlet oxygen
HO

 

2
•

 

Hydroperoxyl radical HOCl Hypochlorous acid
NO

 

2
•

 

Nitrogen dioxide 0N00

 

–

 

Peroxynitrite 
NO

 

•

 

Nitrogen oxide

 

Source

 

: Data from Noguchi, N. and Niki, E., 

 

Chemistry of Active
Oxygen Species and Antioxidants

 

, Boca Raton, FL: CRC Press, 1998.
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1. Prevent ROS formation
2. Scavenge ROS before they react with biologically-relevant molecules, either by reducing

the potency of the ROS or by enhancing the resistance of the biological molecules
3. Ensure less-reactive ROS (e.g., superoxide) don’t transform to more deleterious mole-

cules (e.g., hydroxyl radical)
4. Facilitate the repair of damage caused by ROS and trigger the expression of genes

encoding antioxidant enzymes
5. Provide a favorable environment for the effective functioning of antioxidants, either by

recycling or acting as cofactors to other antioxidants or by binding to metal ions that are
capable of generating free radicals such as Fe

 

2+

 

The point at which an antioxidant has its effect, and the potency of the effect, is dependent on
an antioxidant’s reduction potential, polarity, bioavailability and pharmacokinetics, and the syner-
gism it has with other antioxidants. The reduction potential of antioxidants is a measure of the
ability to reduce a free radical or donate an electron.

 

18

 

 An antioxidant with a large negative reduction
potential has greater ability to donate an electron, increasing its antioxidant ability. Polarity will
determine the distribution of antioxidants in polar (aqueous) and no polar (lipid) parts of the body.
For example, vitamin E is located strictly within lipid membranes, thus having minimal effect in
protecting cellular components outside the membrane.

 

18

 

 The bioavailability and pharmacokinetics
of an antioxidant will also influence its efficiency. In other words, it first has to be absorbed through
the gut and persist either unchanged or as sulfated, methylated, conjugated, or active metabolites,
which continue having antioxidant effects. Antioxidants that are not absorbed may still have
significant antioxidant action within the gastrointestinal tract.

 

18

 

 
The efficacy of antioxidants to defend against radical species is also dependent on the synergistic

interaction between antioxidants. The protection provided by the synergistic interaction between
antioxidants is not yet fully understood. It is likely that the body requires a balanced presence of
antioxidants to work effectively. For example, an increased carotenoid concentration may result in
the formation of cation radicals at levels beyond which vitamin E and C pools can effectively
regenerate, resulting in a prooxidant attack.

 

16

 

 When this balance is intact, the interaction between
antioxidants has been suggested to magnify antioxidant capacity and, to some extent, can compen-
sate for antioxidant nutrients that are lacking, by substitution or regeneration, using other antiox-
idants that are in abundance resulting in a negligible shift in antioxidant capacity.

 

19, 20

 

 

 

1. Enzymatic Antioxidants

 

Three primary antioxidant enzymes exist in the human body: (1) superoxide dismutase (SOD), (2)
glutathione peroxidase (GPX), and (3) catalase (CAT). These enzymes work synergistically to
neutralize ROS to generate less reactive byproducts.

 

2. Nonenzymatic Antioxidants

 

A summary of well known nonenzymatic antioxidants and their potential mode of action are
presented in Table 22.2. These antioxidants also work synergistically, which serves to regenerate
them following their action against ROS and/or amplify their action against ROS.

 

E. A

 

NTIOXIDANTS

 

 

 

AS

 

 P

 

ROOXIDANTS

 

High dose antioxidant supplements are generally perceived at worst as innocuous, which disregards
Paracelsus’ (1493–1541) fundamental rule of toxicology that every compound is toxic provided
the dose is high enough. There are accumulating reports citing potential prooxidant effects of
commonly known antioxidants including tocopherols,

 

21

 

 ascorbic acid,

 

14

 

 carotenoids,

 

22

 

 flavanoids,

 

12,21

 

 dihydrolipoic acid,

 

23

 

 N-acetyl-cysteine (NAC),

 

24

 

 urate,

 

14

 

 and ubiquinone.

 

25, 26
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Antioxidants may act as prooxidants in several ways. First, the radical formed following
antioxidant interaction with an ROS has the capacity to generate further oxygen radicals through
interaction with cellular components. This will only occur if these antioxidant radicals are not
regenerated by synergistic interaction with other antioxidants. This highlights the importance of
balanced antioxidant intake and the risk relating to unbalanced antioxidant consumption. Perhaps
the relatively smaller amounts of vitamin E and 

 

β

 

-carotene provided by whole foods in combination
with other antioxidants are examples of this and may explain why the diet provides health benefit,
whereas supplementation of these antioxidants fails.

 

27,28

 

 Second, the reducing power that allows
antioxidants to scavenge ROS may also allow it to reduce transition metals, which can facilitate
the formation of highly reactive free radicals. Whether these effects are relevant 

 

in vivo

 

 are not
known. Most transitional metal ions in healthy humans are bound to transport and storage proteins
and are not available to catalyse free radical reactions. Thus, it would be expected that the
antioxidant properties of vitamin C would predominate over any prooxidant effects in healthy
people. However, situations may occur where the concentration of free metal irons are increased
such as in people with haemochromatosis, a condition characterised by iron overload, or in people
who have significant tissue injury or cellular disruption that is known to release free metal ions.
Childs and colleagues

 

24

 

 found that participants who exercised eccentrically (known for causing
muscle damage) and were supplemented with vitamin C and NAC had increased oxidative stress
and cell damage above levels induced by the exercise protocol alone. Prooxidant effects have been
shown to occur only 

 

in vitro

 

 when carotenoids are either in high concentrations or subject to high
oxygen tension.

 

22

 

TABLE 22.2
Well Known Nonenzymatic Antioxidants and Their Potential Mode 
of Action

 

Action

Lipid Phase

 

Vitamin E (

 

α

 

-tocopherol) Quenches singlet oxygen
Prevents/breaks lipid peroxidation
Stabilizes membranes

 

β

 

-carotene Quenches singlet oxygen
Quenches superoxide radical provitamin A

Ubiquinone (coenzyme Q

 

10

 

) Prevents lipid peroxidation
Can spare vitamin E 2-electron reduction of ubiquinone-10

Flavonoids Phenolic plant antioxidant
Inhibit lipid peroxidation (

 

in vitro

 

)
Inhibit lipoxygenase, cyclooxygenase
Antiinflammatory agent
Appear to have the highest antioxidant capability 

 

in vitro

 

Aqueous Phase

 

Ascorbic acid Quenches aqueous soluble radicals
Quenches singlet oxygen
Regenerates vitamin E to reduced form 
Possibly increases glutathione peroxidase activity in red blood cells
Essential for certain hydroxylase enzymes

Glutathione Scavenges singlet oxygen
Regenerates vitamin E and C
Scavenges hydroxyl radicals
Removal of hydrogen peroxide (by peroxidase activity) 
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The prooxidant action of antioxidants may also depend on how it is delivered to the body. For
example, when taken as a supplement vitamin C is totally in the reduced form and can contribute
to prooxidant activity whereas vitamin C present in food is comprised of equal portions of reduced
and oxidized forms.

 

20

 

 Similarly, the levels of carotenoid required to act as a prooxidant appear
physiologically out of reach unless someone consumes a high supplemental dose of carotenoids in
addition to the diet. The prooxidative aspects of antioxidants illustrate that much needs to be learned
about the beneficial as well as the detrimental effects of antioxidants and the impact of these
compounds on health and exercise performance.

 

F. E

 

XERCISE

 

-I

 

NDUCED

 

 O

 

XIDATIVE

 

 S

 

TRESS

 

There is an ever-increasing body of direct and indirect evidence showing that exercise increases
levels of oxidative stress in both animals and humans. There is evidence that oxidative stress is
present in various pathophysiological conditions (e.g., atherosclerosis, retinopathies, muscular
dystrophy, some cancers, diabetes, rhuematoid arthritis, aging, ischaemia-reperfusion injury, and
Alzheimer’s disease).

 

17

 

 There is also evidence of an association between oxidative stress, fatigue,

 

29

 

muscle damage,

 

29,30

 

 and reduced immune function,

 

3

 

 all of which can adversely affect exercise
performance. Despite an increase in oxidative stress due to exercise, regular exercise has well
known beneficial effects for health and exercise performance. This unique situation is often termed
the EXOS paradox.

 

5

 

 
It must also be recognised that oxidative stress has important roles in cell maintenance and

turnover, and in the body’s immune system. Clanton

 

31

 

 argued that oxidative stress and the oxidants
generated as a result of exercise might simply be a part of the normal homeostatic environment of
the cell. Thus, terming it 

 

oxidative stress

 

 may be inappropriate, as it is not a “stress” because it
does not seriously threaten the cell’s survival. Rather, the minimal alterations in the oxidative state
of antioxidants and the generation of ROS and oxidized cellular molecules in response to exercise
might be an important part of cell signaling, perhaps as negative-feedback signalling molecules,
functioning to protect the muscle from over-stimulation and subsequent injury. Oxidants and their
products may also have important roles in normal contracting myocyte to regulate Ca

 

2+

 

 metabolism,
contractile behavior, or perhaps utilization and control of energy substrates. 

An understanding of the mechanisms that contribute to exercise-induced oxidative stress, the
associated physiological responses, and the mechanisms that defend against oxidative stress are
fundamental to:

1. Gaining a greater understanding of the balance between ROS and antioxidants
2. Controlling oxidative stress-related damage and avoiding possible adverse health effects
3. Determining optimal antioxidant intakes for preventative and therapeutic purposes
4. Determining optimal exercise levels for health and exercise performance 

 

17

 

III.  EVIDENCE OF OXIDATIVE STRESS IN EXERCISE

 

A small number of studies have measured electron spin resonance (ESR) or electron paramagnetic
resonance (EPR) to provide direct evidence of increased free radical production during exercise.
These numbers have remained small because of the inherent limitations with this technique and
the inability to use this technique in human muscle-models.

 

7,13

 

 Davies

 

4

 

 found EPR signals to increase
two- to threefold in rat muscle homogenates following exhaustive treadmill running, providing
direct evidence of the increased generation of free radicals in exercising muscle. Jackson

 

32

 

 also
observed an increase (70%) in ESR signals in working vs. resting muscles in rats. In humans,
venous blood ESR signals have been investigated by Ashton and coworkers

 

5,33

 

 who found a three-
to fivefold elevation of free radicals postexercise as compared to preexercise samples. These results
clearly indicate that exercise increases free radical production within the exercising muscle and in

 

6409_book.fm  Page 426  Saturday, September 16, 2006  9:54 AM



 

Oxidative Stress and Antioxidant Requirements in Trained Athletes

 

427

 

blood post exercise. The exact nature of the free radical (i.e., oxygen-, nitrogen-, or carbon-centered)
is still unclear. All of these studies, except Jackson and colleagues,

 

32

 

 observed lipid peroxidation
markers in conjunction with the EPR/ESR signals and found they, too, were significantly elevated
following the exercise protocols, supporting the notion that the ESR/EPR signals were generated
by ROS.

 

5

 

 
Most studies investigating the relationship between oxidative stress and exercise have used

malondialdehyde (MDA) as an indirect marker.

 

7

 

 MDA concentration in animal muscle tissue
immediately after exercise has been shown to be significantly increased in the majority of stud-
ies.

 

4,34–39

 

 Some studies have observed no change,

 

38,40

 

 but this was generally muscle-specific and
was accompanied by increased MDA concentrations in other muscle types.

 

34,37

 

 In many human
studies plasma MDA immediately following exercise has increased.

 

5,20,41–49

 

 Other studies found that
MDA concentrations remain similar to resting levels,

 

33,44,48,50–60

 

 and some have reported a fall in
plasma MDA following exercise.

 

61,62

 

 Overall, MDA as an indirect marker has shown a tendency
to increase immediately after exercise in tissue and plasma in both animal and human models,
suggesting that exercise increases oxidative stress; however, there are many equivocal findings. The
TBARS method used to quantify MDA is often criticized because it lacks specificity, and it is
believed that this has led to inconsistencies in findings and uncertainty over the relationship between
oxidative stress and exercise.

Measuring F

 

2

 

-Isoprostane has overcome many of the problems associated with MDA and has
been recognized as the most promising biomarker for use in human trials examining oxidative
stress and associated interventions (e.g., antioxidant or exercise).

 

63

 

 To date, although there have
been few studies investigating the effect of exercise on F

 

2

 

-Isoprostane concentrations,

 

24,64–69

 

 those
studies have consistently indicated that high-intensity aerobic exercise increases plasma F

 

2

 

-Isopros-
tane concentrations during and immediately postexercise.

 

64–68

 

 These findings support the notion
that exercise increases ROS production and oxidative stress.

 

IV. MECHANISMS THAT MAY INCREASE ROS PRODUCTION 
IN EXERCISE

A. E

 

LECTRON

 

 T

 

RANSPORT

 

 C

 

HAIN

The electron transport chain (ETC) is a series of enzyme complexes embedded in the inner
membrane of the mitochondria and is best known for its role in generating energy for the body.
Electrons are univalently passed down this chain of complexes, while protons are simultaneously
moved across the mitochondrial membrane to create a proton gradient. Two terminal complexes
(cytochrome oxidase and adenosine triphosphate [ATP] synthase) then catalyse reactions, oxygen
(O2) accepting four electrons to form water (Reaction 1), and the proton gradient being utilized to
generate energy in the form of adenosine triphosphate (ATP).70 The process of reducing oxygen is
referred to as aerobic metabolism and has been calculated to account for 95 to 98% of the body’s
total oxygen consumption. The other fraction (2 to 5%) of oxygen is univalently reduced to form
the superoxide radical, which can then go on to create the wider range of ROS.71

O2 + e– → O2
–• + e + 2H+ → H2O2 + e– + H+ → OH• + e– + H+ → H2O (22.1)

During exercise, energy (ATP) requirements are increased in direct proportion to the level of
intensity and duration of exercise. This increases the electron flux along the ETC, thus a greater
amount of oxygen is required to terminally accept electrons. It is reported that during exercise
whole body O2 consumption can increase by 10- to 15-fold, and that O2 flux in an active muscle
may increase 100-fold to 200-fold.17 Thus, if superoxide production increases in proportion with
oxygen consumption, the potential of oxidative stress is significantly increased.
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There is good evidence to substantiate that ROS production occurs at rest and increases during
exercise in both rodent and human models.4,32 However, the idea that ROS production increases in
direct proportion with oxygen consumption during exercise appears unlikely. Rats exposed to 100%
oxygen (5 times the normal concentration at sea level) died within 72 h of exposure perhaps due
to oxidative stress.72 Exercise, however, appears protective against early death, which suggests that
during exercise there are several mechanisms that protect against massive oxidative stress, such as
antioxidant adaptation and/or a reduction in the number of electron leakage sites.73

B. XANTHINE OXIDASE

Xanthine oxidase (XO) is an enzyme that functions to clean up any nucleatide byproducts that have
not been regenerated into ATP and has been proposed as a potential generator of superoxide
following exercise.74 During resting conditions 80 to 90% of XO exists in the form of xanthine
dehydrogenase (XDH), which uses NAD as an electron acceptor in these oxidation reactions. During
stressful metabolic events such as exercise, XDH may be converted to XO, which uses O2 as an
electron acceptor to form O2

–•.
During high-intensity exercise, XO activity, hypoxanthine, xanthine, and uric acid are increased,

suggesting that the XO pathway does play a role in ROS generation during exercise.74 The evidence
that it plays a critical role in oxidant formation during exercise in humans remains unclear. Ischaemic
muscle contraction, isometric exercise, sprinting, exercising in a hypoxic environment, and exercise
with impaired blood flow due to vascular disease would appear the most likely exercise modalities
where XO would play a significant role.74

C. INFLAMMATION AND IMMUNITY

The body’s inflammatory response is critical in removing damaged protein and preventing bacterial
and viral infection. Polymorphonuclear neutrophils, macrophages, and eosinophils are cells involved
in this process, which engulf unwanted microorganisms or damaged tissue (phagocytosis) and then
break down these components by generating ROS, such as O2

–•, H2O2, hypochlorous acid (HOCl),
and HO•.75 This process is known as the oxidative burst. Although this inflammatory response is
considered critical to health, ROS and other oxidants generated from the inflammatory response
can also cause secondary damage to functional molecules such as membrane lipids, cellular protein,
and DNA. 

Exercise is capable of causing muscle tissue damage, via oxidative stress or mechanical forces,
which initiates an inflammatory response. This inflammatory response could be responsible for
further ROS generation in exercise. However, given the time required for neutrophil infiltration,
this mechanism is probably not the primary source of ROS production during short-term exercise.74

However, it may serve as an important secondary source of ROS production during the recovery
period following high intensity, long duration or eccentric exercise.74

There are two proposed mechanisms that induce muscle tissue damage during exercise: oxida-
tive stress and mechanical stress (for review, see Reference 75). Oxidative-stress damage to muscle
tissue arises when ROS formed from metabolic disturbances (as discussed previously in the electron
transport chain and xanthine oxidase sections) exceed antioxidant defenses and attack cellular
components. Mechanical muscle tissue damage is caused by, as the name suggests, shear mechanical
forces produced during muscle fibre contraction. Mechanical muscle tissue damage appears more
pronounced as a result of eccentric-exercise (muscle lengthening) as opposed to concentric-exercise
(muscle shortening), and high-intensity exercise. The damaged cells induce an inflammatory
response, and ROS are produced to eliminate and/or regenerate the damaged cell (Figure 22.1).
This mechanism may be active in exercise that is highly strenuous or long lasting, where ATP is
in short supply and maximal oxygen uptake is exceeded.75
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D. METAL IONS

Transitional metals (iron and copper) are important constituents of numerous enzymes in the body.
Transitional metals present in the body in their free ionic form have the potential to react with O2

–•

and H2O2 generating the highly reactive OH• radical (e.g. Fe2+ + O2 → Fe3+ + O2
–•), which unless

removed is likely to create oxidative stress.10 Most transitional metal ions in healthy humans are
bound to transport and store proteins and are not available to catalyze free radical reactions. However,
during exercise, tissue injury and cellular disruption may occur, releasing free metal ions.24

E. PEROXISOMES

Peroxisomes are organelles located in cells that are involved in nonmitochondrial oxidation of fatty
acids and D-amino acids.74 Several enzymes catalyzing oxidation reactions within peroxisomes that
generate H2O2 contribute to the steady-state production of ROS in normal metabolism.14 It has also
been shown that when fatty acid oxidation is elevated, H2O2 generation is increased.74 During
prolonged exercise fatty acid oxidation becomes a primary energy source for myocardium and
skeletal muscle, thus peroxisomes may be a potential site for ROS production during exercise.
Catalase is almost entirely located in peroxisomes and its activity has been suggested to act as an
indirect measure of ROS production in peroxisomes. Given the equivocal findings with regard to
the response of catalase to exercise and exercise training, no clear conclusions can be made of the
contribution of peroxisomal ROS production during exercise.74

F. OTHER FACTORS

In addition to those mechanisms discussed above, various other factors can induce oxidative stress
regardless of exercise. These include cigarette smoke and other air pollutants, alcohol, radiation,
and medication (for review see76).

V. ANTIOXIDANTS AND EXERCISE

A broad array of antioxidant defense mechanisms exist endogenously and various antioxidant
nutrients consumed in the diet provide protection against the production of ROS. However, the
response of the body’s antioxidant defenses to acute exercise and to regular exercise training remains
uncertain.

Total antioxidant capacity (TAC) assays are proposed to reflect the body’s overall antioxidant
capacity and seem a good starting point to unravel this uncertainty. TAC has been shown to increase
in response to exercise,8,77–79 with few exceptions.20 Exercise training studies that have measured
TAC have yielded conflicting results. Brites and coworkers80 measured plasma TAC in sportsmen,
compared their levels to those of more sedentary subjects, and found resting plasma TAC to be
significantly higher (25%) in athletes, indicating that exercise training increases the body’s antiox-

FIGURE 22.1 Inflammatory generation of oxidative stress.
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idant capacity. In contrast, Bergholm and colleagues81 trained (4 × 1 hr run/wk) male athletes for
3 months and observed a nonsignificant but 15% reduction in TRAP.

Three adaptive processes that increase antioxidant defenses have been identified to occur in
response to acute and regular exercise, which may combat the increased production and possible
accumulation of ROS. These are (1) the up-regulation of endogenously produced antioxidant
enzymes, (2) the de novo production of endogenous antioxidant molecules glutathione and urate,
and coenzyme increase, and (3) the mobilization of antioxidant vitamins from tissue stores and
their transfer through the plasma to sites undergoing oxidative stress. The extent to which these
adaptive mechanisms improve the body’s ability to defend against oxidative stress is unknown, and
the mechanisms behind these adaptive endogenous processes are not well understood.

VI. UP-REGULATION OF ENDOGENOUSLY PRODUCED 
ANTIOXIDANT ENZYMES

Several studies have observed acute changes in antioxidant enzyme activities.82–85 The exact mech-
anism responsible for this up-regulation is unknown, but it has been suggested that the response
of antioxidant enzyme activities to acute exercise is too rapid to result from new protein synthesis,
although it could be due to posttranslational modifications.82

Those that have reviewed the effect of exercise training on endogenous antioxidant enzymes
have found slightly conflicting results but have mostly come to similar conclusions (for review,
see29,71,74,86,87). In most studies, SOD activity has been shown to increase, although a few have
suggested that it remains unchanged with training. Similarly, GSHPx activity appears mostly to
increase with regular exercise training. CAT was mostly found to remain unchanged but has also
been found to increase and decrease as a result of exercise training. It does appear that highly
oxidative tissue produces the most marked increase in antioxidant enzymes, and high-intensity and
longer duration exercise is superior to low-intensity and short-duration exercise in up-regulating
these enzymes, respectively.

VII. INCREASED DE NOVO PRODUCTION OF ENDOGENOUS 
ANTIOXIDANT MOLECULES

Glutathione appears to be regenerated and produced de novo in response to acute exercise, and
exercise training has been found to improve GSH-dependent antioxidant defenses (for review,
see74,88–90). During moderate to high intensity exercise, a substantial amount of GSH is oxidized to
GSSG in skeletal muscle, the heart, and red blood cells (RBC) when defending against the increased
production of ROS. However, GSH redox status (i.e., GSH:GSSG) is tightly regulated and does
not alter significantly, because GSSG is quickly reduced back to GSH by glutathione reductase
(GR) in the cell using NADPH as a reducing power. Furthermore, if the generation of GSSG
exceeds the capacity of GR in the cell, GSSG can be redistributed from the tissue into the blood
and GSH can be imported from blood into tissue via the γ-glutamyl-transpeptidase (GGT). The
liver is responsible for the supply of GSH through its synthesis of GSH from endogenous or dietary
amino acids de novo and subsequent efflux into the blood. Muscle and blood GSH content may be
reduced during prolonged endurance exercise when liver GSH reserves and/or production either
diminish or are overrun by GSH uptake. Exercise training in humans and animals has generally
been shown to increase plasma and erythrocyte GSH and total glutathione concentrations, and to
improve tolerance to exercise-induced disturbance of blood GSH.

Uric acid appears only to be elevated transiently following both endurance8,68,91 and short-
duration high-intensity exercise.92,93 Increased plasma urate may arise from the increased demand
of ATP during high-intensity exercise. ATP can be regenerated via the adenylate kinase catalyzed
reaction and subsequent breakdown of nucleotide byproducts via xanthine oxidaze (already dis-
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cussed in Subsection IV.B). On the other hand, although there are exceptions,80 exercise training
in the majority of studies appears to reduce both plasma urate concentrations at rest81,94 and its
increase following high intensity exercise.93 These findings might indicate that exercise training
reduces the contribution of urate to the body’s antioxidant capacity; however, it might also mean
that adaptation from exercise training reduces oxidant production via the xanthine oxidase pathway.

Exercise training has also been shown to increase the ubiquinone content of animal tissue, with
the most marked increases occurring in highly oxidative tissue, which is consistent with the well-
known mitochondria adaptation to regular exercise.95, 96

VIII. MOBILIZATION

Mobilization of antioxidant vitamins from tissue pools and their transfer through the plasma to sites
undergoing oxidative stress is a well-established phenomenon and may serve as a mechanism to
explain increases in athletes’ antioxidant defenses during exercise and in response to exercise training.

Princemail and colleagues demonstrated that tocopherol is mobilized into plasma during acute
exercise.97 Erythrocyte tocopherol stores were shown not to be responsible for the elevation in
plasma tocopherol because they also increased during exercise. Thus, the authors proposed that the
increase may have come from either the regeneration of tocopheryl radical by vitamin C or through
the mobilization of tocopherol into plasma from tissue stores and its redistribution to sites under-
going free radical attack. The later proposal seems the most likely as Gohil recently demonstrated
that vitamin C could not attenuate the detrimental effects of vitamin E deficiency.98 The most likely
store of tocopherol appears to be adipose tissue. 

Increases in ascorbic acid during exercise have been suggested to arise from an efflux from the
adrenal glands, which has the highest concentrations of ascorbic acid in the body.81,99 Gleeson came
to this conclusion after finding that increased ascorbic acid concentrations in plasma were positively
correlated with plasma cortisol in 9 men who ran a 21-km race.99 

Contrary to findings regarding vitamin E and C, there were lower concentrations of coenzyme
Q in the plasma of animals subjected to regular exercise compared to sedentary animals. The
concentrations of coenzyme Q in liver and skeletal muscle mitochondria of animals exercised until
exhaustion were higher than in sedentary animals, suggesting the existence of a mobilization
between plasma and mitochondrial membrane for these antioxidants as a response to an oxidative
attack.100 GSH and GSSG are also known to be mobilized from blood into tissue and from the
tissue into the blood when the redox balance favors the latter in the cell.

Mobilization of antioxidants is often seen as a transient event that occurs during acute exercise
and returns to preexercise levels with rest.97 However, the recurrent rise and fall of plasma levels
that occurs with regular exercise training may contribute to a chronic rise of baseline plasma vitamin
levels or an improvement in the ability to mobilize antioxidants, a notion that is supported by
several authors.29,80

Although mobilization of antioxidants may occur, findings from studies that have investigated
the response of circulating exogenously supplied antioxidants to acute8,48,50,55,62,65,68,77,79,97,101–103 and
regular exercise80,81,94,100,104,105 have been equivocal. One possible explanation for these inconsistent
findings regarding the mobilzation of antioxidants is the variation in the type, intensity, and duration
of exercise used in studies.

IX. ANTIOXIDANT MANIPULATION, OXIDATIVE STRESS, AND 
EXERCISE PERFORMANCE

Even during resting conditions, the body’s endogenous antioxidant defenses have been shown to
be inadequate to completely defend against the body’s continual ROS production.10 Thus, with
further elevations in ROS production induced by exercise, it seems reasonable to suggest that
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exogenous antioxidants not only have an important role in defending against oxidative stress but
that those participating in regular exercise require greater amounts.

Although favorable adaptive changes occur to antioxidant defenses as a result of exercise
training, people who are unaccustomed to exercise may still be at risk of oxidative stress because
their antioxidant defenses have not been conditioned.106 Athletes may also be at considerable
risk, given that they are constantly pushing the barriers of exertion in an effort to maximize
performance, which may also exceed adaptive antioxidant mechanisms. At the point where
adaptive mechanisms can precede no further, exogenous antioxidant manipulation may be used
to create a favorable oxidative environment, which may maximize health outcomes or enhance
sporting performance.

X. ANTIOXIDANT DEFICIENCY AND RESTRICTION

Removing antioxidants from a diet is an effective way to establish their role in oxidative stress and
exercise performance. In animal studies, antioxidant deficiencies increase oxidative stress and
reduce exercise capacity.4,74,98,107–112 There is limited evidence from human studies to support these
findings because in healthy, well-fed subjects, particularly athletes, vitamin deficiencies are rare,
difficult to create, and unethical to induce.

The few human studies investigating the effects of short-term restriction of dietary intakes
of antioxidants and oxidative stress or performance capacity have had varying results. These
studies have predominantly restricted dietary intakes of a single antioxidant such as vitamin E
or vitamin C over a short time. No differences in oxidative stress levels were observed between
11 female athletes who consumed habitually a diet low in fat and vitamin E compared to
controls consuming a habitual higher-fat, higher-vitamin E diet prior to undertaking a 45 min
submaximal run.113 A difference in performance capacity between the groups was not observed
in this study. In contrast, a general reduction in antioxidant defenses was observed in eight
healthy men after seven weeks on a vitamin C restricted diet.114 Another study in six healthy
men with a similar methodology (i.e., 6 weeks on a vitamin C restrictive diet of less than 10
mg/d), found a significant decrease in blood vitamin C concentrations, although aerobic capacity
was not affected.115

In a recent study, 17 healthy male athletes followed a restricted fruit and vegetable diet for 2
weeks. This diet resulted in reducing a wider range of antioxidants than just a single antioxidant
source. Oxidative stress was significantly increased during and following exercise in these athletes
when following the restricted fruit and vegetable diet, compared to the same athletes undertaking
the same exercise test consuming their habitually high antioxidant diet.116 This study found that
antioxidant intakes were reduced threefold on a restricted antioxidant diet, and the subjects’ capacity
to defend against the increased production of ROS during exercise was also potentially compro-
mised. Although the level of antioxidant restriction did not induce measurable changes in exercise
performance, it did increase the athlete’s perception of effort. Further dietary antioxidant restriction
beyond the levels used in this study may result in reduced exercise performance but has not been
tested. As suggested earlier, ethical concerns associated with inducing dietary deficiency in human
subjects precludes further investigation.

Animal studies confirm that antioxidant deficiencies can increase oxidative stress and impair
exercise capacity, providing strong biological plausibility. However, in human studies, short-term
mild-to-moderate antioxidant restriction does not induce deficiency, which may explain why similar
findings have not been confirmed in humans. The limited number of studies suggests that dietary
antioxidants do provide protection against the increased production of ROS during exercise, play
an important role in preventing tissue damage, and provide a more favorable oxidative environment
for recovery and exercise performance.
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XI. DIETARY INTAKE

Various antioxidant nutrients are consumed in the diet and are believed to provide protection against
the production of free radicals, while at the same time the diet provides oxidizable substrates such
as PUFAs and catalytic trace metals like iron and copper.117 Thus, food might exert positive and
negative effects, depending on whether the balance of nutrients favors antioxidants or prooxidants.
The antioxidant content and activity of whole food such as fruit, vegetables, nuts, and seeds is
considered to play a major role in defending the body against oxidative stress118 and its related
pathological conditions.119

Few studies looking at exercise-induced oxidative stress have reported dietary intakes of
antioxidants20,41,55,120 or considered the role that food sources of antioxidants have on oxidative
stress and antioxidant biomarkers in exercise.55,120 Hence, the extent to which antioxidants from
food sources defend against oxidative stress induced by exercise is largely unknown. 

The available research suggests that athletes may require slightly higher amounts of antioxidants
than the RDIs to defend against exercise-induced oxidative stress. In athletes consuming a habitually
high antioxidant diet (where vitamin C intakes were at least three times the RDI), oxidative stress
was not elevated at the completion of a submaximal or maximal exercise test.153 This outcome
suggests these athletes were adequately protected against exercise-induced increases in oxidative
stress. Interestingly, when the same athletes switched to a restrictive antioxidant diet for 2 weeks,
oxidative stress levels observed at rest were no different than when they had been on the high
antioxidant diet. This suggests that at rest, even a restricted antioxidant diet was still adequate to
protect against ROS; however, significant increases in oxidative stress were observed during and
following the same exercise test in the athletes on the antioxidant restricted diet. This response
suggests that, for the subjects in this study, the relatively “low” level of dietary antioxidants
consumed over the 2 weeks (i.e., an intake that met the RDIs for vitamin C and contained similar
qualities of β-carotene to nonathletes in Australia) was not sufficient to defend against the acute
increase in ROS production induced by submaximal and maximal exercise.

Studies comparing athletes with sedentary subjects also indicated that athletes may require a
greater antioxidant intake to maintain adequate antioxidant status. Balakrishnan et al.105 found a
reduction in circulating antioxidant levels in athletes compared to sedentary subjects, even though
the athletes, antioxidant intake was much greater than that of sedentary subjects. Schroder et al.120

also found that circulating vitamin C concentrations were reduced throughout a playing season in
elite basketball, despite adequate vitamin C intakes.

XII. SUPPLEMENTATION

Antioxidant supplements have been marketed as a means for athletes to train more effectively and
maximize performance, via their ability to reduce the oxidative damage induced by exercise, and
to enhance recovery.

In population studies, it is well accepted that diets rich in antioxidants are cardio-protective121

and associated with lower risk of cancer.122 Further, populations consuming diets rich in fruit,
vegetables, and whole grains (and hence antioxidants) generally have higher plasma levels of
antioxidants (e.g., vitamin C and E, carotenoids, and certain flavonoids), than populations eating
low intakes of these foods.63,123 These findings led to the widespread promotion of antioxidant
supplements as a preventive measure to the general population. It has, however, been argued that
these results have been a misinterpretation of mistaking correlation for causation,12 as results from
meta-analyses studies of intervention trials investigating the protective effects of single-antioxidant
supplements on health outcomes have not supported their widespread use. 

There have been several meta-analyses on population studies aimed at determining the health
outcomes of single-antioxidant supplementation trials. The first meta-analysis looked at clinical
trials investigating the effect vitamin E and β-carotene supplements have on all-cause mortality
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and CVD.27 β-carotene supplementation was found to cause a small but significant increase in all-
cause mortality and cardiovascular death, whereas vitamin E did not provide benefit or detriment
to all-cause mortality compared to controls. A second meta-analysis investigated the dose-response
relationship between vitamin E and all-cause mortality and found that high dosages of vitamin E
supplementation (>400IU/d for at least 1 year) increased all-cause mortality. In the dose-response
analysis, all-cause mortality progressively increased as vitamin E dosage increased by more than
150IU/d. At dosages less than 150IU/d, all-cause mortality was slightly but not significantly
decreased.28 It is generally thought that high dose antioxidant supplements are perceived at worst
as innocuous. In view of the findings that both β-carotene and vitamin E supplementation at high
doses increase all-cause mortality, the question must be raised of the appropriateness of high-dose
antioxidant supplementation in athletes.

Most studies suggest that vitamin E supplementation in animals124–126 and humans127–131 provides
protection against exercise-induced oxidative stress and tissue damage. In animal studies vitamin
E supplementation has also provided exercise performance benefits.132,133 In human studies vitamin
E has never been found to provide performance benefits,129,131 except for one study where exercise
was conducted at high altitude.134 Although vitamin E supplementation may reduce exercise-induced
oxidative stress, all of these studies have used markers of oxidative stress that have been subject
to various criticisms.7,13,14,135 A study using F2-isoprostane, a more reliable measure of lipid perox-
idation, has found that a combination of vitamin E and C reduced F2-isoprostane following an ultra
marathon, which also contributes to the weight of evidence.64 However, another recent study that
measured F2-isoprostane found levels were elevated in athletes taking a vitamin E supplement when
compared to those taking a placebo following an ultra endurance triathlon.65 These equivocal
findings highlight the uncertainty surrounding the use of vitamin E supplementation to manipulate
the antioxidant–prooxidant balance in athletes.

Studies that have examined the relationship of vitamin C supplementation, oxidative stress, and
exercise performance have returned equivocal findings. Most studies have shown that vitamin C
supplementation has had no effect on oxidative stress and tissue damage.20,33,49,59,103,136,137 However,
some increases138,139 and decreases33,137 have been shown. Although vitamin C supplementation may
be useful in reducing the effects of exercise-induced muscle damage, it has not been shown to improve
exercise performance in rats 98 or humans 33 with adequate or even inadequate vitamin C status. There
is evidence to suggest that vitamin C supplementation may even reduce exercise capacity.112,140 

Ubiquinone supplementation in animals suppresses exercise-induced tissue damage141 and lipid
peroxidation,142 and improves running time to exhaustion.142 Human studies have returned equivocal
results with regard to ubiquinone supplementation. Exercise-induced cell damage has been reported
to increase25 and lipid peroxidation has been reported to be elevated143 and remain unchanged144,145

following supplementation. Although improvement in exercise capacity following ubiquinone
supplementation146 has been reported in healthy active humans, many studies have either found no
effect on exercise performance,145,147,148 or increased perception of effort148 and significant reductions
in exercise capacity.25,143,144 In contrast to these findings clinical studies have indicated that
ubiquinone supplementation has beneficial effects on pathological conditions such as cardiomyop-
athies, as well as degenerative muscle and neurodegenerative diseases.149 Each condition has dis-
played low tissue levels of ubiquinone, suggesting that the benefit from the uptake of dietary sources
is mainly related to endogenous deficiencies.150 Equivocal findings of the effect and uncertainty
about the mechanism of action make it impossible to draw any firm conclusions about the use of
ubiquinone supplementation in exercise-induced oxidative stress and exercise performance.

Selenium and riboflavin influence glutathione peroxidase (GPX) and GSSG reductase, respec-
tively. Tissue GPX activity is sensitive to selenium status, and selenium deficiency has been shown
to increase lipid peroxidation in tissue,133 but supplementation or deficiency has not had any effect
on exercise performance.151 Glutathione ethyl esters, NAC, and α-lipoic acid have all been used to
increase cysteine availability. Glutathione ethyl ester has been shown not to be effective,74 whereas
both NAC and α-lipoic acid interventions during rest and exercise have been shown to enhance
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cellular GSH levels and decreased GSH oxidation, which generally has resulted in no significant
change in lipid peroxidation markers’ response to exercise in rats110,152,153 or humans.42,154 The effect
of glutathione altering supplementation on exercise performance has been equivocal. They have
been reported to improve muscle contractile function in rabbits,155 reduce low frequency fatigue in
human leg muscle,156 and improve endurance time to exhaustion in mice,157,158 but have no effect
on time to exhaustion in rats110 or humans.154,159

In summary, the evidence suggests that the protective effect of diets rich in antioxidants is not
simply attributed to antioxidants in isolation. Fruit, vegetables, and wholegrain contain other
compounds that have physiological functions that are protective (e.g., phyto-oestrogens, polyphe-
nols, flavonoids).63 Perhaps vitamin E and β-carotene are simply markers of fruit and vegetable
intakes and may not be the primary protective compounds, or more likely, antioxidant nutrients act
in synergy with other antioxidants and nutrients in whole foods. It is not surprising that whole,
unprocessed food appears to provide antioxidants in the right quantities and combinations to elicit
health benefits. A diet that contains antioxidant nutrients in amounts that exceed RDIs as much as
threefold is recommended.153 The levels or dosage and combination of antioxidant supplements
that are needed to achieve an antioxidant–prooxidant balance that is favorable for reducing or
preventing oxidative stress induced by exercise is still unknown.

XIII. CONCLUSIONS

Current evidence supports the hypothesis that athletes require higher intakes than the RDIs for
dietary antioxidants to defend against the increased production of ROS induced by exercise. A diet
that restricted antioxidant nutrient intake to levels similar to RDIs was less capable of protecting
against the exercise-induced oxidative stress. The findings highlight the importance of the intake
of dietary antioxidants when protecting against exercise-induced oxidative stress. There is still
uncertainty as to whether antioxidant supplementation provides benefit or harm for an athlete’s
health and performance. Thus, until research suggests otherwise, the most prudent recommendation
regarding antioxidant therapy to optimize the body’s capacity to defend against increased ROS
production during exercise would be to consume a diet high in antioxidant-rich foods that exceeds
the RDIs for antioxidant nutrients by as much as threefold. Antioxidant supplements may only
provide beneficial effects for athletes whose long-term diet lacks fruits, vegetables, and other sources
of dietary antioxidants and provides dietary antioxidants in amounts less than or equal to the RDIs. 
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I. INTRODUCTION

 

Oxidative stress is postulated to play an important role in the tissue injury caused by ischemia and
reperfusion, inflammation, aging, and various diseases (1–3FR). Furthermore, it has been suggested
that oxidative stress plays a role in brain damage, because the brain, a relatively small tissue, uses
20% of all inspired oxygen (4FR), and part (about 5%) of these oxygen molecules are converted
to reactive oxygen species (ROS) (5FR). Mitochondria are one of the main sources of ROS, as
95% of molecular oxygen is metabolized within mitochondria, and 2% of total oxygen is converted
to ROS as byproducts even under normal conditions (6FR). Coenzyme Q (ubiquinone, CoQ) is
well known as a redox carrier in the mitochondrial respiratory chain.

Coenzyme Q (CoQ) or ubiquinone (2,3,-dimethoxy-5-methyl-6-multiprenyl-1,4-benzoquinone)
is a redox-active, lipophilic substance present in the hydrophobic interior of the phospholipid bilayer
of virtually all cellular membranes. It consists of a quinone head attached to a chain of isoprene
units numbering 9 or 10 in the various mammalian species (7FR). CoQ exists in three redox states,
fully oxidized, semiquinone, and fully reduced: nevertheless, the existence of different possible
levels of protonation increases the possible redox forms of the quinone ring (8FR).

Coenzyme Q plays an essential role as an electron carrier in mitochondrial oxidative phospho-
rylation and may have an important role as an antioxidant.

 

1

 

 A role of the bulk of the CoQ in the
mitochondrial membrane (as well as in other membranes) is to serve as an antioxidant in its reduced
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form.

 

2

 

 The CoQ pool in mitochondria is partly reduced under steady-state conditions of electron
transfer; CoQH

 

2

 

 may serve as an antioxidant under oxidative stress conditions. It has also been
shown that CoQ10 has a stronger antioxidant activity than CoQ9.

 

3

 

Coenzyme Q10 (CoQ10) is known to be highly concentrated in heart muscle cells due to the
high energy requirements of this cell type. For the past 14 years, the great bulk of clinical work
with CoQ10 has focused on heart disease. Specifically, congestive heart failure (from a wide variety
of causes) has been strongly correlated with significantly low blood and tissue levels of CoQ10.

 

4

 

CoQ10 deficiency may well be a primary etiologic factor in some types of heart muscle dysfunction
although, in others, it may be a secondary phenomenon. Whether primary, secondary or both, this
deficiency of CoQ10 appears to be a major treatable factor in the otherwise inexorable progression
of heart failure. Internationally, there have been a number of nine placebo-controlled studies on
the treatment of heart disease with CoQ10 that have confirmed the effectiveness and remarkable
safety of this method of treatment.

 

5–13

 

.

 

II. HISTORY OF CoQ10

 

CoQ10 was first isolated from beef heart mitochondria in 1957.

 

14

 

 The same year, a compound
obtained from vitamin A-deficient rat liver was defined to be the same as CoQ10

 

15

 

 and named
ubiquinone, meaning the ubiquitous quinone. The precise chemical structure of CoQ10: 2,3
dimethoxy-5 methyl-6 decaprenyl benzoquinone, was determined in 1958 (Figure 23.1). In the
mid-1960s, coenzyme Q7 (a related compound) was used for the first time in the treatment of
congestive heart failure in humans. In 1966, Mellors and Tappel showed that reduced CoQ6 was
an effective antioxidant.

 

16,17

 

 In 1972 it was reported that there is a deficiency of CoQ10 in human
heart disease.

 

18

 

 By the mid-1970s, pure CoQ10 in sufficient quantities for larger clinical trials was
being produced in Japan. Peter Mitchell received the Nobel Prize in 1978 for his contribution to
the understanding of biological energy transfer through the formulation of the chemiosmotic theory,
which includes the vital protonmotive role of CoQ10 in energy transfer systems.

 

1,19–21

 

In the early 1980s, there were a number of clinical trials with CoQ10. These resulted in part
from the availability of pure CoQ10 in large quantities from pharmaceutical companies in Japan
and from the capacity to directly measure CoQ10 in blood and tissue by high performance liquid
chromatography. Lars Ernster of Sweden enlarged upon CoQ10’s importance as an antioxidant and
free radical scavenger.

 

2

 

 Professor Karl Folkers went on to receive the Priestly Medal from the
American Chemical Society in 1986 and the National Medal of Science from President Bush in
1990 for his work with CoQ10 and other vitamins.

 

III. CoQ10 DEFICIENCY

 

Significantly decreased levels of CoQ10 have been reported in a wide variety of diseases in both
animal and human studies. CoQ10 deficiency may be caused by insufficient dietary availability,
impairment in its biosynthesis, excessive utilization by the body, or any combination of the three.
Decreased dietary intake is presumed in chronic malnutrition and cachexia.

 

3

 

 
The main source of CoQ10 in humans is biosynthesis. The biosynthesis of CoQ10 is a complex

process and requires at least seven vitamins (vitamin B

 

2

 

 [riboflavin], vitamin B

 

3

 

 [niacinamide],
vitamin B

 

6

 

, folic acid, vitamin B

 

12

 

, vitamin C, and pantothenic acid) and several trace elements.
Suboptimal nutrient intake of these leads to subsequent secondary impairment in CoQ10 biosynthesis. 

HMG-CoA reductase inhibitors used to treat high blood cholesterol levels by blocking choles-
terol biosynthesis also block CoQ10 biosynthesis due to the partially shared biosynthetic pathway
of CoQ10 and cholesterol leading to CoQ10 deficiency.

 

4

 

 The lowering of CoQ10 can have a
significantly harmful effect in patients with cardiovascular diseases (CVD); however, this can be
controlled by oral supplementation.

 

5
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IV. TREATMENT OF HEART DISEASE WITH CoQ10

 

As previously stated, CoQ10 is highly concentrated in heart muscle cells due to the high energy
requirements of these cells. Congestive heart failure (from a wide variety of causes) has been
strongly correlated with significantly low blood and tissue levels of CoQ10.

 

6,7

 

There have been a number of placebo-controlled studies on the treatment of heart disease with
CoQ10: two in Japan, two in the U.S., two in Italy, two in Germany, and one in Sweden.

 

8–13,23,24

 

These studies have confirmed the effectiveness of CoQ10 as well as its remarkable safety. There

 

FIGURE 23.1

 

Profile of coenzyme Q standards analyzed by LC/MS/MS.
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have been 8 international symposia on the biomedical and clinical aspects of CoQ10 from 1976
through 1993.

 

25–32

 

 These 8 symposia included over 300 papers presented by approximately 200
different physicians and scientists from 18 different countries. The majority of these scientific
papers were from Japan (34%), the U.S. (26%), and Italy (20%) and the remaining 20% were from
Sweden, Denmark, Germany, the United Kingdom, Belgium, Australia, Austria, France, India,
Korea, The Netherlands, Poland, Switzerland, U.S.S.R., and Finland. The majority of the clinical
studies concerned the treatment of heart disease and were remarkably consistent in their conclusions,
namely, that treatment with CoQ10 significantly improved heart muscle function while producing
no adverse effects or drug interactions. The efficacy and safety of CoQ10 in the treatment of
congestive heart failure, whether related to primary cardiomyopathies or secondary forms of heart
failure, has now been well established.

 

33–41

 

It is important to note that in all of the above clinical trials, CoQ10 was used in addition to
traditional medical treatments, not to their exclusion. In one study by Langsjoen and colleagues,
of 109 patients with essential hypertension, 51% were able to stop between one and three antihy-
pertensive drugs at an average of 4.4 months after starting CoQ10 treatment, whereas the overall
New York Heart Association (NYHA) functional class improved significantly from a mean of 2.40
to 1.36.

 

42

 

 In another study, there was a gradual and sustained decrease in dosage or discontinuation
of concomitant cardiovascular drug therapy.

 

37

 

 Out of 424 patients with cardiovascular disease, 43%
were able to stop between one and three cardiovascular drugs with CoQ10 therapy.

 

V. METHODS FOR DETECTION OF CoQ10

 

As the deficiency of CoQ10 has been related to a number of diseases, the testing of its serum levels
will become a norm in the near future. A number of laboratories have described methods for
detection of CoQ10. Some of these methods use HPLC in conjunction with fluorescence detector
and others have used UV detection. However, if this testing has to become a part of routine
examinations, then there will be a need for a high throughput screening assay to measure serum
CoQ10 levels. A method for the detection of CoQ in biological fluids as well as in tissue homo-
genates has been developed by the laboratory at KGK Synergize, Inc.

 

A. M

 

ATERIALS

 

Coenzyme Q6, Q9, Q10, and sodium borohydride were purchased from Sigma Aldrich. All solvents
were HPLC grade and purchased from Fisher Scientific. Water was purified through a Millipore
Milli-Q system.

 

B. I

 

NSTRUMENTS

 

 

 

AND

 

 E

 

QUIPMENT

 

The analysis was conducted on a Varian LC/MS/MS system consisting of two model 210 pumps,
a model 410 refrigerated auto sampler, and model 1200L quadrupole MS/MS. The column used
was a Varian 4.6 

 

×

 

 30 mm Pursuit 3 

 

μ

 

m C18 with a Varian Metaguard 4.6 mm Pursuit 3 

 

μ

 

m C18
guard column. The mobile phase was a 20:80 mixture of 2-propanol and methanol at a flow rate
of 1 ml/min with run times at 5 min. CoQ was detected by MS/MS using the APCI interface in
negative mode with a corona current of 5.0 

 

μ

 

A and a shield voltage of 600 V. The capillary CID
was set at –70 V and detector at 1900 V. The manifold temperature was 42ºC and API housing
temperature at 57

 

°

 

C with air used as the nebulizing gas at 40 psi. The nitrogen drying gas was set
at 25 psi at a temperature of 275

 

°

 

C and the auxiliary gas at 17 psi at 550

 

°

 

C. All quantification was
done using the 219.0 m/z fragment ions with argon as the collision gas. Collision energies were
set at 40 V for all ions except for CoQ6, which was set at 30 V. All data were processed using the
Varian Saturn LC/MS Workstation software.
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C. S

 

TANDARDS

 

 P

 

REPARATION

 

Stock solutions were made for CoQ6, CoQ9, and CoQ10 at 0.2 mg/ml in iso-octane and stored at
–80ºC. A 2 ng/

 

μ

 

l standard mix solution was made by combining 100 

 

μ

 

l of each stock solution and
diluting to 10 ml with 1-propanol. A CoQ6 internal standard solution of 1 ng/

 

μ

 

l was made by diluting
50 

 

μ

 

l of stock to 10.0 ml with 1-propanol. A reduced standard mix solution was prepared according
to Tang and colleagues

 

43

 

 with some modifications. 50 

 

μ

 

l each of CoQ9 and CoQ10 stock solution
were combined in a 16 ml glass centrifuge tube with a teflon-lined cap. The solutions were evaporated
to dryness under nitrogen at room temperature and then redissolved in 1 ml of reagent alcohol. 50

 

μ

 

l of freshly prepared 0.05M sodium borohydride in water was added, the tube vortex-mixed for 1
min, and then placed in the dark for 30 min. 10 ml of hexane and 3 ml of water were added and
the contents vortex-mixed for 1 min before centrifuging at 500 

 

×

 

 g for 5 min. The bottom aqueous
layer was carefully removed with a Pasteur pipette and discarded. This procedure was repeated twice
more with 3 ml of water before evaporating the hexane layer to dryness under nitrogen at room
temperature. Redissolving the residue in 5.0 ml of 1-propanol, which was previously purged with
nitrogen and degassed under vacuum in a sonicating water bath, made a 2 ng/

 

μ

 

l standard mix solution.
Aliquots were transferred to 1 ml vials and immediately stored at 80ºC until analysis. All other
standard solutions could be stored at –20ºC, protected from light, for up to 2 months. Immediately
before analysis an aliquot of the reduced standard mix solution was quantified for oxidized CoQ9
and CoQ10. 500 

 

μ

 

l of reduced and 500 

 

μ

 

l of oxidized standard mix solution were mixed together
to make a 1 ng/

 

μ

 

l complete standard mix solution. A calibration curve was constructed by injecting
10 

 

μ

 

l of 0.01, 0.1, and 1.0 ng/

 

μ

 

l of the complete standard mix solution in triplicate. The actual
concentrations were adjusted accordingly, based on the amount of oxidized CoQ present in the
reduced standard mix solution. CoQ6 was added to each sample as an internal standard and quantified
to compensate for any loss during sample processing or due to ion suppression during analysis.

 

D. S

 

AMPLE

 

 P

 

REPARATION

 

 

 

AND

 

 A

 

NALYSIS

 

Samples were quickly processed in batches of 24 or less under reduced light and transferred in
amber vials to the refrigerated auto sampler set at 4ºC for immediate analysis. Methanol and 1-
propanol were purged of air by bubbling nitrogen gas through them for at least 10 minutes before
being placed in a sonicating water bath under vacuum. The bottles were sealed and placed in ice
before use. Serum or plasma was quickly thawed and 50 

 

μ

 

l pipetted into a 1.5 ml micro centrifuge
tube with 50 

 

μ

 

l of methanol, 50 

 

μ

 

l of CoQ6 internal standard solution and 1 ml of 1-propanol.
The tubes were capped and vortex-mixed at high speed for 30 sec before being centrifuged at
10,000 

 

×

 

 g for 5 min; 1 ml of supernatant was transferred to a new tube along with 300 

 

μ

 

l of
methanol. The tube was mixed and an aliquot transferred to an auto sampler vial for analysis. 10

 

μ

 

l of each sample was injected in triplicate. 
Tissues were individually dissected and flash frozen in <5 min to minimize the oxidation of

ubiquinol. Specimens were maintained at –80

 

o

 

C until analysis. The method for preparation of tissue
homogenates was adapted from Tang and colleagues.

 

43

 

 Briefly, pieces of tissue were accurately
weighed in the frozen state and subsequently homogenized with 100 

 

μ

 

l of ubiquinone-6 solution
and 2 ml of cold 1-propanol in a Tissue Homogenizer on ice bath. To the homogenized mixture,
100 

 

μ

 

l

 

 

 

of cold water was added and mixed on a vortex for 20s. The mixture was then transferred
to a capped polypropylene tube and centrifuged at 10,000 rpm for 5 min. The clear supernatant
was immediately filtered through a disposable filter (0.1 

 

μ

 

m) into an auto-sampler vial and injected
directly onto the HPLC system.

 

E. A

 

NALYSIS

 

The amount of CoQ10 present in the sample was quantified based on peak area as compared to
the calibration curve. Using a multiplier of 29.9 in the sample table gave results in 

 

μ

 

g/ml serum
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or plasma, which could be divided directly by the result for the CoQ6 internal standard to give the
corrected value. The chromatograms of standards and samples are presented in Figure 23.1 to
Figure 23.4. The sensitivity of detection using this method is ~10 pg/ml. The recovery of the sample
was calculated to be >89% by this method.

 

VI. CONCLUSION

 

Cardiovascular diseases (CVD) and Type II diabetes are two of the major diseases affecting the
developed world. Functional foods are fast becoming the choice of prevention and control of a
number of diseases including CVD and Type II diabetes. A number of studies have already
investigated and reported the positive effects of CoQ10 in CVD. CoQ10 deficiency has been related
to the development of CVD; therefore, measuring CoQ10 levels should provide a marker for
identifying people with an increased risk for developing CVD and other chronic diseases. The
technique described here offers a sensitive and reproducible method for detection of CoQ10 for
diagnostic purposes. 

 

FIGURE 23.2

 

Detection of CoQ10 using LC/MS/MS in brain samples.
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FIGURE 23.3

 

Detection of CoQ10 using LC/MS/MS in platelet samples.
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I. INTRODUCTION

 

Caffeine is the most commonly consumed drug in the world, and has been used for centuries for
a variety of reasons. Caffeine is a common substance in the diets of a variety of individuals ranging
from athletes to elderly. Today, caffeine can be found in numerous products such as sports gels,
energy drinks, and alcoholic beverages.

 

1

 

Coffee is likely to be the primary delivery system for caffeine today. For most people, caffeine
and coffee are synonymous, but these two should not be thought of as the same. There are other
ingredients in coffee besides caffeine that exert a biological effect. Caffeine can have many effects
in the body, but typically caffeine is thought of as a way to boost a person’s energy level on both
a psychomotor level (i.e., awareness) as well as a physiological level (i.e., energy), which is
clearly a role that caffeine can play.

 

2

 

 These two factors alone are probably the sole reason that
many people consume coffee as part of their daily ritual, and this aspect of coffee consumption
is very important.

The following chapter will discuss the background on coffee and its role as a functional food.
This discussion will include types of coffee, the ingredients in coffee, the effects of coffee on
energy metabolism, and its role as a drink that can enhance various aspects of health and possibly
prevent or reduce the risk of some diseases The effects of caffeine on various diseases and health
conditions needs to be discussed due to the fact that caffeine is the active ingredient in coffee in
most preparations.
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II. INTRODUCTION TO COFFEE AND CAFFEINE

 

The popularity of coffee has increased dramatically over the last decade. Drinking coffee is a ritual
that suits a variety of situations, from jump-starting your day to an aspect of social engagement.
Traditionally, caffeine is typically associated with coffee consumption, and this is probably the
most popular form of caffeine in the U.S. today. There are many different types of coffee, and they
usually differ on factors such as taste or flavor, type of preparation, and the caffeine content of
various types. Obviously, the brand of the product and the flavor usually has something to do with
the content of caffeine, but most caffeine in food products typically contains chocolate or a coffee
flavoring. Caffeine content can range from a couple of milligrams in an ounce of milk chocolate
to ~115 mg in 12 oz of a Red Bull energy drink.

The most popular form of caffeine ingestion is via coffee, and the content typically depends
on the method and duration of brewing; caffeine concentrations can range from 65 mg in 7 oz of
instant coffee to 175 mg in 7 oz of drip-brewed coffee. Table 24.1 gives a comprehensive list of
the caffeine contents of various consumer products.

 

III. DOSES OF CAFFEINE

 

The caffeine content of coffee is one of its important aspects for many people when they drink
coffee. Caffeine is a derivative of methlyxanthine and is found in numerous consumer products in
the U.S.

 

3

 

 The following section will address the topic of caffeine doses, particularly the doses used
in research settings and/or the doses that are allowed to be used by athletes before “caffeine doping”
is reached. All of these factors are important in considering how much caffeine one should ingest
for both optimal performance and safety.

Whether you are drinking coffee or tea, or taking caffeine pills, the amount of caffeine that an
individual consumes is important to consider. Research has focused on varying levels of caffeine
ingestion to determine optimal doses for different situations. In research trials, the most commonly
used dose of caffeine is approximately 6 mg/kg of body weight, and this dose has been shown to
give improved endurance exercise capacity and performance.

 

3–6

 

 Other doses have been used as well
in research trials, with increases in performance still evident. Doses as low as 1.3–1.9 mg/kg of
body weight have been reported to increase performance,

 

6

 

 and these findings support other evidence
that caffeine can have an ergogenic effect at intakes as low as 1–3 mg/kg of body weight.

 

7–9

 

 On
the other hand, doses as high as 9 mg/kg of body weight have been used in research, but it is still
debated whether the ergogenic effects are additive at higher doses.

 

4,5

 

Caffeine is not banned or restricted by the IOC.

 

TABLE 24.1
Typical Caffeine Content of Several 
Coffee Products

 

Double espresso (2oz) 55–100 mg
Drip brewed coffee (8 oz) 80–130 mg
Instant coffee (8 oz) 70–95 mg
Decaf coffee (8 oz) 1–5 mg
Tea, black (8 oz) 45 mg
Tea, green (8 oz) 20–30 mg
Tea, white (8 oz) 15 mg
Ben and Jerry’s Coffee Fudge Frozen Yogurt (8 oz) 85 mg
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IV. COFFEE AND CAFFEINE IN WEIGHT LOSS AND 
ENERGY EXPENDITURE

 

Like other stimulants, caffeine has been advertised and sold as a way to stimulate energy expenditure
and weight loss. This potential effect on weight management is important to coffee’s role as a
functional food. The fact that coffee is consumed by so many people and can be a potent dose of
caffeine could indicate that daily coffee consumption can be important in augmenting energy
expenditure and, as a corollary, weight loss. 

As discussed with caffeine’s role as an ergogenic aid in endurance exercise, caffeine can
stimulate both lipolysis and energy expenditure.

 

11

 

 Many studies have been performed on the results
of caffeine ingestion, with some examining caffeine alone, whereas others have examined caffeine
combined with various herbal and vitamin products like ephedra, green tea extracts, calcium,
tyrosine, chromium picolinate, capsaicin, garcinia cambogia, etc. Caffeine has even been examined
when combined with another popular stimulant in the U.S., cigarette smoking, in which caffeine
was suggested to increase energy expenditure in an additive manner from the smoking stimulant.

 

12

 

The method of administration has varied from coffee and/or tea ingestion to administering caffeine-
containing pills. The following section will discuss the pertinent research involving caffeine’s and
possibly coffee’s effect on energy expenditure as well as possible weight loss that could result from
this decreased energy state.

Some of the original work on caffeine and energy expenditure came out of the 

 

American Journal
of Clinical Nutrition

 

 in the late 1980s. Initial findings suggested that a single dose of 100 mg of
caffeine had a significant effect on the resting metabolic rate (increase of 3–4% over 150 min) in
a variety of populations. These findings lead the authors to suggest that caffeine can have a
significant effect on energy balance at a commonly consumed dose and possibly have positive
effects in the treatment of obesity.

 

13

 

 Subsequent studies confirmed these findings, with one study
reporting that caffeine ingestion increased energy expenditure by 7%, while also lowering plasma
insulin and norepinephrine levels and increasing the appearance of free fatty acids in the blood.

 

14

 

Koot and Deurenberg reported similar findings of a 7% increase in energy expenditure for 3 h
following ingestion of 200 mg of caffeine, which was administered as coffee.

 

15

 

 Clearly, older studies
have shown caffeine to have an effect on the metabolic rate of humans, and recent research has
continued to back this notion.

More recent research on the effects of caffeine continues to support its role in increasing energy
expenditure. As mentioned earlier, caffeine is now being combined with a variety of products to
promote a thermogenic effect. One example in the literature used the combination of capsaicin,
catechins, caffeine, tyrosine, and calcium. This study reported an increase in energy expenditure
of 2% over a 7-d period when these products were ingested as bioactive food products.

 

16

 

 Another
recent study that looked at caffeine alone found an increase in energy expenditure of 13%, with
doubling of lipid turnover. These researchers concluded that the effects of caffeine alter energy
expenditure and are mediated via the sympathetic nervous system. Furthermore, they explain the
lipid mobilization action of caffeine in two ways: increased mobilization alone is insufficient to
drive oxidation, or large increments in lipid turnover can result in an increase in lipid oxidation.

 

11

 

Clearly, caffeine does play a role in metabolism and energy expenditure. One can debate how
much caffeine is necessary and the optimal time to consume it. One solution to this is to incorporate
it into products that consumers use daily or at least regularly. Even coffee, which is consumed
many times a day by millions of people, has now been modified by adding some of these products,
plus additional caffeine. These products do have some credibility, and early research has found
some functional coffee beverages (i.e., JavaFit Diet Plus) to have significant effects on energy
expenditure, body weight, and fat loss when compared to regular caffeinated coffee (Experimental
Biology Meeting, 2006; Ron Mendel, Ph.D., personal communication). It has yet to be determined
whether or not caffeine and the many products that contain significant amounts of it have long-
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term effects on energy balance. Despite this, the role of coffee as a functional food is intriguing
because of the popularity of consumption on a broad scale.

 

V. EFFECTS OF COFFEE (CAFFEINE) IN THE BRAIN AND BODY

 

Caffeine and caffeinated coffee can have a stimulatory effect on mental performance. This effect
of consuming caffeine has been well documented. One study in particular suggested that consuming
caffeinated beverages can maintain both cognitive and psychomotor performance throughout the
day.

 

17

 

 Because coffee is a caffeinated beverage, these beneficial effects could be associated with
daily coffee consumption. In fact, additional research has focused specifically on the effects of
caffeinated vs. decaffeinated coffee on various cognitive function variables. The results of this study
suggest that lifetime and current consumption of caffeinated coffee may be associated with better
cognitive performance among women, especially in elderly populations.

 

18

 

VI. EXERCISE PERFORMANCE WITH COFFEE AND 
CAFFEINE CONSUMPTION

 

As we have discussed, caffeine is a popular drug all over the world as well as a frequently used
ergogenic aid among athletes. There is substantial research that supports the fact that caffeine
consumption can have beneficial effects on exercise performance. However, research that utilizes
coffee as the means of caffeine administration is sparse. The following section will discuss the
evidence to support caffeine’s role in exercise performance.

Caffeine has been shown to improve performance and increase endurance during prolonged
exercise, and in smaller amounts in shorter-term endurance performance.

 

4, 19

 

 This enhanced per-
formance in endurance exercise is typically not associated with elevations in VO

 

2

 

 max and/or any
parameters related to it, but it could allow an individual to compete at a higher power output or
give the ability to train longer.

 

20

 

 Other reported benefits include a reduction in perceived leg pain
induced by exercise

 

21

 

 and improved psychomotor performance (reaction time) during exercise.

 

2

 

Improved concentration, improved cognitive performance after exercise,

 

22

 

 a reduction or delay in
fatigue,

 

23

 

 and enhancement in alertness,

 

19

 

 have also been reported. The benefits of caffeine con-
sumption are clear. The evidence supporting a functional role for coffee consumption on exercise
performance is discussed next. 

The research on coffee and caffeine intake on exercise performance began in the 1970s and is
still being conducted today. One classic study was performed by Costill and colleagues to determine
the effects of caffeine ingestion on performance during prolonged exercise.

 

24

 

 This study utilized
cycle ergometry at 80% of VO2 max until exhaustion following the consumption of either decaf-
feinated or regular coffee (330 mg of caffeine) to determine the physiological effects of caffeine.
The results found that the caffeine group exercised longer (90.2 min) than the decaffeinated group
(75.5 min), and the caffeine group also showed an enhanced fat-burning effect. In addition, the
caffeine group also reported a lower rating of perceived exertion (RPE) during the exhaustive
exercise bout.

 

24

 

 Other studies have showed similar results when coffee was used as the means of
caffeine administration. A more recent study determined that various forms of caffeine ingestion
all resulted in significant increases in time-to-exhaustion exercise when compared to placebo groups.
Furthermore, this study demonstrated that prior coffee consumption did not decrease the ergogenic
effect of anhydrous caffeine ingestion on exercise performance.

 

25

 

In addition to these ergogenic effects, caffeine has not been associated with any negative effects
on exercise performance including rehydration status, ion imbalance, or any other negative effects
on exercise performance.

 

1,26

 

 Caffeine consumption stimulates a mild diuresis similar to water, but
there is no evidence that the fluid–electrolyte imbalance is negatively affected on exercise perfor-
mance. In fact, caffeine consumption doses ranging from 100–680 mg of caffeine have rarely
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affected the differences in urine output when compared to placebo. The effect on fluid–electrolyte
imbalance is also affected by caffeine tolerance, and the chance of affecting it is reduced in
individuals that regularly consume caffeine. Overall, whether it is coffee or another caffeine
containing product, individuals who consume caffeine in moderation and maintain a typical diet
will not incur any detrimental fluid–electrolyte imbalances.

 

27

 

Despite all of these reported benefits, the mechanism of action for the respective effects is still
unclear. Traditionally, the benefits on endurance exercise were associated with increased free fatty
acid oxidation

 

24,28

 

 and subsequent sparing of muscle glycogen.

 

29,30

 

 These effects of caffeine inges-
tion are most likely due to the competitive antagonism of adenosine receptors at physiological
concentrations.

 

31

 

 Despite the findings of these studies, many other studies disagree with the mech-
anism of action in which caffeine is exhibiting these effects.

 

7,32

 

 The primary argument in these
studies is that performance enhancement has been shown to occur without changes in catecholamine
or FFA/glycerol concentrations during exercise.

 

7

 

 Together, these findings suggest that caffeine has
an effect at the level of the skeletal muscle, which could be the result of the ergogenic effect.

 

7,32

 

Recent studies are in agreement with the notion that the effect of caffeine is mediated at the
skeletal muscle level. One study found that anaerobic exercise performance was increased following
caffeine ingestion resulting from stimulation of the skeletal muscle by caffeine.

 

33

 

 Other studies
have suggested that caffeine has an effect on calcium release via the ryanodine receptor,

 

34

 

 and this
release was not a result of adenosine antagonism.

 

35

 

 In addition, studies have found that caffeine
ingestion can potentiate submaximal skeletal muscle contractile force,

 

3,36

 

 thus eliciting an ergogenic
effect. The most recent study exhibiting these findings found that caffeine ingestion of 6 mg/kg of
body weight potentiated contraction force during low frequency stimulation.

 

3

 

 These authors sug-
gested that, in view of the known effects of caffeine on the ryanodine receptor, these data are
consistent in demonstrating that caffeine can potentiate calcium release from the SR and further
suggest that caffeine’s ergogenic effects are at least partly mediated by direct effects at the skeletal
muscle level.

 

3,7

 

 In addition, the researchers suggest that since caffeine ingestion has no effect on
MVC, high-frequency stimulation is consistent with the fact that caffeine has lesser to no effects
on maximal strength and high-intensity exercises,

 

3

 

 as has traditionally been thought to be the case.
Another possible mechanism that may partially explain caffeine’s ergogenic effects involves

its relationship to RPE and perceived pain. Research has suggested that caffeine ingestion increased
high-intensity cycling performance; the authors reported that the reduction in RPE as well as an
elevation in blood lactate concentration could be the reason for the ergogenic effect.

 

37

 

 A meta-
analysis on caffeine ingestion and RPE levels also suggests that caffeine reduces RPE levels during
exercise, thus eliciting an important ergogenic effect.

 

38

 

 These studies agree with a previously cited
report that caffeine ingestion significantly reduced leg muscle pain ratings during moderate intensity
cycling exercise. The researchers suggested that caffeine’s hypoalgesic properties could play a role
in improving exercise performance.

 

21

 

 Although they are not the same, RPE and perceived leg pain
could be associated with one another, thus suggesting that the decreased RPE and/or perceived
pain resulting from caffeine ingestion could be one factor in the ergogenic effects of endurance
exercise performance.

 

21,37,38

 

In conclusion, despite the fact that the mechanism of action is somewhat still debated, caffeine
consumption can result in improved exercise performance on a variety of levels. Caffeine is the
most commonly consumed drug in the world, and athletes frequently use it as an ergogenic aid.
Caffeine consumption improves performance and endurance during prolonged, exhaustive exercise
and, to a lesser degree, caffeine enhances short-term, high-intensity athletic performance. In addi-
tion, caffeine improves concentration, reduces fatigue, and adds to alertness; all of these factors
can improve performance in different events. Habitual intake does not diminish caffeine’s ergogenic
properties. Caffeine is safe and does not cause significant dehydration or electrolyte imbalance
during exercise. The role of coffee ingestion has also been shown to be an effective way of
administrating caffeine as an ergogenic aid, thus substantiating coffee’s role as a functional food. 
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VII. HEALTH RELATED ISSUES IN COFFEE CONSUMPTION

 

Based on the fact that billions of individuals worldwide drink coffee, it could be assumed that if
there were negative side effects to drinking coffee, the problems would be manifest in large
populations of coffee consumers; however, there is no evidence that such harm occurs. In fact,
there is data to suggest that coffee consumption may indeed confer numerous health benefits.

 

A. B

 

LOOD

 

 P

 

RESSURE

 

One very important marker of health that affects millions of people across the world is blood
pressure. The role of coffee consumption and its effects on blood pressure has been studied, and
these studies have shown consistent results. One large scale study examined over 3000 Japanese
males who were 48–56 years old and were undergoing preretirement health screenings. These
individuals completed self-administered questionnaires to determine average coffee intake over the
past year. The significant findings of this study revealed that regular coffee drinkers had lower
blood pressure than individuals who did not consume coffee. In addition, this effect was demon-
strated at all levels of alcohol consumption, cigarette smoking, obesity, and glucose intolerance.
Thus, the major conclusions of this study suggest that habitual coffee consumption does not have
adverse effects on blood pressure, and drinking coffee does have significant beneficial effects on
the blood pressure levels in this population.

 

39

 

 Other studies examining the relationship between
coffee consumption and blood pressure have found similar results. One study examined over a
thousand adults during health checkups and revealed that coffee consumption had no significant
effects on blood pressure in these individuals or on total or HDL blood cholesterol levels. In
addition, these findings revealed a negative correlation between coffee consumption and serum
triglycerides in these individuals. These findings further support the beneficial effects of coffee
consumption in these populations and show that drinking coffee does not adversely affect these
cardiovascular risk factors in adults.

 

40

 

 Despite these positive findings, it is important to note that
individuals who currently have high blood pressure should be more cautious with coffee drinking
and should probably consult a physician before drinking coffee on a regular basis. This suggestion
is supported by research that indicates that reducing or restricting coffee intake may have a beneficial
effect on controlling high blood pressure in some populations.

 

41,42

 

 Overall, habitual coffee con-
sumption does not seem to lead to negative effects on blood pressure unless there is a preexisting
problem with high blood pressure. In addition, moderate coffee consumption may have a beneficial
effect on blood pressure levels.

 

B. C

 

ARDIOVASCULAR

 

 D

 

ISEASE

 

One of the most significant health issues over the last 30 years has been the prevalence of
cardiovascular disease. Over the last decade or so, a false impression has risen around the relation-
ship between coffee consumption and an increased risk of heart problems. However, coffee con-
sumption not only does not increase the risk, but as we will discuss later, it also has beneficial
effects on some of the contributing factors that result in cardiovascular disease, like Type 2 diabetes
and hypertension. In fact, a recent prospective study does not support the hypothesis that moderate
caffeine (from coffee) consumption significantly increases the risk of coronary heart disease.

 

43

 

Other studies have examined the relationship between coffee consumption and various aspects
of cardiovascular disease, some of which will be discussed next. One of these studies was performed
on over 85,000 middle-aged registered nurses in the U.S. It examined the 10-year incidence of
coronary heart disease (CHD) and found no association with caffeine intake from all sources and
CHD. In addition, there was no association between CHD and decaffeinated coffee consumption
in this population.

 

44

 

 A more recent study conducted in hospitalized patients who had confirmed
acute myocardial infarction (heart attack) found that coffee consumption was not associated with
the overall rate of death in these individuals.

 

45
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Additional research has supported the idea that coffee consumption does not increase one’s
risk for cardiovascular disease. These studies report consistent findings, such as no significant effect
of coffee consumption on general mortality and/or cardiovascular disease-associated mortality in
men. A lower rate of general mortality was associated with coffee consumption in women.

 

46

 

 The
risk of occurrence for a nonfatal heart attack is not associated with coffee consumption in men,
and all-cause mortality rate was decreased by increasing coffee consumption in women.

 

47

 

 Thus,
the evidence seems to support the understanding that moderate coffee consumption does not increase
an individual’s risk for developing cardiovascular disease. In addition, there is some evidence to
suggest that moderate consumption may have some beneficial effects as well, thus providing
evidence to support the role of coffee as a functional food.

 

C. D

 

IABETES

 

There is a plethora of fairly recent research to support the inverse relationship between coffee
consumption and Type 2 diabetes.

 

48–57

 

 The following section will discuss some of the more relevant
examples of the research examining the association with drinking coffee and Type 2 diabetes.

One general consensus reached in examining the relationship between coffee and Type 2
diabetes is that coffee drinking is associated with a higher insulin sensitivity and a lower risk of
Type 2 diabetes.

 

49,53,55,57,58

 

 This is important due to the fact that Type 2 diabetes is a disease that is
characterized by a severe reduction in insulin sensitivity, thus leading to adverse metabolic affects
on the body. One study demonstrating the evidence to support this was conducted in about 8,000
healthy individuals aged 35–56 years, who were administered questionnaires to obtain information
regarding coffee consumption as well as other general factors. The overall findings of this study
demonstrated that high coffee consumption (5 cups per day) was inversely associated with insulin
resistance, thus promoting a positive effect on insulin metabolism.

 

48

 

 Other studies have confirmed
these findings and have suggested that coffee consumption of up to 6 cups a day (but no more than
6 cups) has beneficial effects on preventing the occurrence of Type 2 diabetes.

 

53

 

 Further support
from the Nurses’ Health Study and Health Professionals’ Followup Study that examined approxi-
mately 42,000 men and 84,000 women found another inverse association between coffee intake
and Type 2 diabetes, following the adjustment for age, body mass index, and other risk factors.
Additional findings from this study found that total caffeine intake from all sources was associated
with a significantly lower risk for diabetes in men and women.

 

55

 

 
Thus, the evidence is clear and in some cases overwhelming, that drinking moderate to high

amounts (4–6 cups per day) of coffee has a protective effect on the development of Type 2 diabetes
in men and women. The implication of reducing the risk of diabetes affects not only the individual,
but also clearly our society and economy, due to the substantial costs related to treating this disease.
Diabetes is the fifth leading cause of death by disease in the U.S.,

 

59

 

 and its incidence will probably
continue to rise in the future. Knowing what we now know about the protective effects coffee can
have on this disease, it is clear that this fact alone should justify a role for coffee as a functional food.

 

D. C

 

ANCER

 

One of the most recent studies examining coffee consumption and cancer was conducted on pre-
and-postmenopausal women to explore the relationship between coffee consumption and breast
cancer. According to this, regular coffee consumption does display a protective effect against breast
cancer in premenopausal women, but there was no association discovered between coffee, black
tea, and/or decaffeinated coffee consumption and breast cancer in postmenopausal women.

 

60

 

Another study conducted in Swedish women found similar findings and suggested that drinking
coffee, tea, and caffeine was not associated with the incidence of breast cancer in this population.

 

61

 

Breast cancer is not the only form that has been studied in regards to coffee consumption and risk
of disease. Other research has suggested that drinking regular coffee (i.e., not decaf) may decrease
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the risk of developing oral/pharyngeal and esophageal cancer,

 

62

 

 bladder, colon and rectal cancer,

 

63

 

epithelial ovarian cancer,

 

64

 

 and liver cancer in men and women.

 

65

 

 Caffeinated beverages have no
effect on the risk of thyroid cancer,

 

66

 

 and coffee intake has been shown to have no association with
the risk of pancreatic cancer.

 

67

 

 As you can see, the evidence is pretty clear that frequent coffee
consumption does not increase the risk for developing cancer and in some cases coffee intake is
associated with having a preventive effect (see Table 24.2).

To summarize, it is clear that coffee and caffeine consumption have been studied in various
aspects of health and disease. Some of the more prevalent diseases in our country were discussed
in the text. Coffee has been studied in other aspects of health and disease as well (Table 24.2).
Despite traditional beliefs, it is now becoming apparent that both occasional and habitual coffee
drinking, which is accompanied by caffeine consumption, does not have a negative affect on health.
Furthermore, drinking coffee does seem to have beneficial effects on one’s health, and not all of
these are contributed by caffeine. Taken together, these data provide further evidence to support
the role of coffee as a functional food.

 

VIII. CONCLUSION AND CLOSING REMARKS

 

This chapter has discussed the various aspects of coffee consumption in both acute and chronic
instances. Coffee is one of the most popular beverages in the world and is consumed by millions
of people every day. Coffee’s most intriguing and studied ingredient is caffeine. Both coffee and
caffeine have been studied in a variety of situations, from psychomotor effects to performance
enhancement effects in exercise, to drinking coffee to prevent a number of diseases. As this chapter
has demonstrated, coffee consumption is not dangerous by any means and in most cases can have
a multitude of beneficial effects. Traditionally, these beneficial effects have been attributed to the
caffeine content of coffee, but we now know that this is not the case in every situation, and the
additional ingredients of coffee may also provide beneficial effects. In most cases, a functional
food has a special effect on a particular population, but it is clear that the benefits of drinking
coffee cover a wide spectrum of the population, and the benefits are not defined in isolated situations.
The role that coffee consumption has in preventing some of the most devastating and prevalent
diseases should justify the classification of coffee as a functional beverage.
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TABLE 24.2

 

 

 

Coffee and Caffeine Consumption and Health

 

Author Type of Study Population Observations of Study

 

Ruhl et al. (2005) Cohort Individuals at high risk
for liver damage

Coffee and caffeine consumption were 
associated with lower risk of elevated ALT 
activity

Sudano et al. (2005) Review Coffee drinkers Coffee consumption is not associated with 
cardiovascular health hazards and may have 
beneficial effects on cardiovascular health

Dorea et al. (2005) Review Coffee drinkers  Many studies report the beneficial effects of 
habitual coffee drinking on several aspects of 
health; coffee impacts a large population and 
provides a wide spectrum of health benefits

Sudano et al. (2005) Experimental, 
placebo-controlled

Habitual and 
nonhabitual coffee 
drinkers

Nonhabitual coffee drinkers experience 
enhanced cardiovascular response to mental 
stress; habitual coffee drinkers experience a 
blunted response; ingredients other than 
caffeine in coffee are partly responsible in 
stimulating the cardiovascular system

Nawrot et al. (2003) Review Healthy adults Moderate daily caffeine intakes up to 400 mg 
per day are not associated with adverse health 
effects in healthy adults; children and women 
of reproductive age may require modified 
caffeine intakes for safety

Leviton et al. (2002) Review Women of reproductive 
age

There is inadequate evidence to conclude that 
caffeine consumption increases risk for 
reproductive adversity

Baker et al. (2006) Case-control Pre- and post- 
menopausal women

Regular coffee consumption is associated with 
a decreased risk of breast cancer in 
premenopausal women; risk of breast cancer 
is not associated with coffee, black tea, and/or 
decaf coffee in postmenopausal women

Ranheim et al. 
(2005)

Review Coffee drinkers Moderate daily filtered coffee consumption is 
not associated with cardiovascular events; 
coffee has significant antioxidant capabilities 
and may be inversely related to risk of Type 2 
diabetes

Karlson et al. (2003) Prospective study Women There is minimal evidence to support an 
association between coffee, decaf coffee, or 
tea consumption and the risk for developing 
rheumatoid arthritis in women

Van Dam et al. 
(2005)

Review Coffee drinkers Although the mechanism of action is not 
known, habitual coffee consumption is 
associated with substantially lower risk of 
Type 2 diabetes

Jordan et al. (2004) Case-control Women with epithelial 
ovarian cancer

Increased coffee consumption was associated 
with lower risk of ovarian cancer; association 
not due to caffeine, but due to other 
components in coffee

Keemola et al. 
(2000)

Cross-sectional 
survey

20,000+ Finnish men 
and women

Drinking coffee does not result in increased risk 
for coronary heart disease and/or death

 

Continued.
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I. INTRODUCTION

 

The acceptability of a food product is achieved by its quality and nutritional content being main-
tained from the time of processing through distribution and storage to the final consumption of the
product. Although the food and pharmaceutical industries have guidelines for determining product
stability and insuring label claims, such is often not the case with nutraceutical products. However,
nutraceuticals are subjected to the same types of quality losses during storage as food and phar-
maceutical products. To maintain consumer acceptance and avoid possible governmental action,
nutraceuticals should be evaluated for stability, including determination of product shelf life and
insuring accurate label claims. The physiological benefits of nutraceuticals are achieved only if (1)
the product is consumed and (2) the bioactive substance is present at the required concentration.
If either of these conditions is not met due to a product quality change during storage, the
nutraceutical or functional food loses its beneficial effect.

Shelf life is defined as the length of time after processing that a product remains acceptable to
the consumer from a quality or safety perspective. A product can lose shelf life in several ways.
Microbial growth in a product can decrease sensory acceptability via spoilage (e.g., the proliferation
of lactic acid bacteria in milk) or cause a health risk (e.g., 

 

Listeria

 

 in luncheon meat). Physical
changes, such as hardening of dried fruit and softening of crunchy cereals, are other mechanisms
of shelf life loss. Finally, chemical reactions can occur during processing and storage, resulting in
quality changes such as unacceptable color development, nutrient loss, and flavor modification.

The Food and Drug Administration (FDA) regulates food and pharmaceutical products with
respect to nutritional and potency values placed on labels; these values can decrease over time due
to deteriorative chemical reactions. A nonfortified food product such as pure orange juice is expected
to contain at least 80% of the label value for a listed nutrient (e.g., vitamin C), whereas fortified
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foods, such as orange juice with added calcium, must contain 100% of the label value for the
fortified nutrient, in this case calcium.

 

1

 

 If the nutrient degrades over time and the amount of the
nutrient falls below that required, based on the food type and label value, the product is considered
misbranded by the Food, Drug, and Cosmetic Act and becomes illegal.

 

1

 

 For pharmaceutical prod-
ucts, the expiration date is determined by the intersection of two lines: 90% of the label potency
value and the lower 95% confidence limit of concentration decrease as a function of time.

 

2–4

 

 Labeling
issues with nutraceuticals and dietary supplements are less clear because little is known about their
chemical stability, and for some products, the active ingredient has not been identified. Regulation
of products is quite limited and was not helped by the passage of the Dietary Supplement Health
and Education Act (DSHEA) in 1994.

 

5–6

 

 However, some nutraceuticals are in the form of a “food”
and as such are subject to the same regulations as traditional foods, which is one reason under-
standing stability issues associated with the product is important.

Nutraceuticals and functional foods include a vast array of different product types, containing
a variety of different biologically active chemical compounds. Some of these compounds include
isoflavones, flavonoids, carotenoids, bioactive peptides, and vitamins. Nutraceuticals can exist as
dry powders, intermediate moisture products (e.g., bars), and beverages. Some type of food pro-
cessing (e.g., mixing, heating, drying) is required to prepare the aforementioned product types.
Nutraceutical producers need to know how much biologically active ingredient must be consumed
to obtain the desired physiological effect, and compare this value to the amount of the ingredient
remaining in the product after processing, distribution, and storage. Dry powders are often stored
for over a year; however, the consumer may or may not be obtaining the desired nutraceutical
“dose” from this product. For example, the ginsenoside contents in ginseng preparations were found
to vary from close to 0 to as high as 9%

 

.6–7

 

 Whereas some of the product inconsistency is due to
variations of species, maturity, and plant source (e.g., root vs. leaf),

 

8 

 

the potential for degradative
reactions persist and product stability should be evaluated.

To address the issues raised previously, stability testing needs to be performed on the product.
The first step of the process is to identify the bioactive substance in the nutraceutical. Coffee
contains hundreds of chemical compounds, but caffeine is the well-known bioactive compound,
providing the stimulatory effect. Similarly, hypericin is the active substance found in St. John’s
wort.

 

9–10

 

 After the bioactive compound has been identified, an accurate and precise analytical method
for its determination is required to measure its concentration as a function of time under different
conditions, including temperature, moisture, oxygen, and added ingredients. After the concentration
of the active compound is measured over time, the data undergoes kinetic modeling, and shelf life
predictions can be made for conditions typical of product distribution and storage. The basic aspects
of stability testing are presented subsequently.

 

II. KINETIC MODELING OF CHEMICAL REACTIONS

 

Assuming the biologically active substance has been identified and a precise analytical method for
its detection developed, the first step of shelf life testing is to collect concentration data as a function
of time at a constant temperature. The greater the number of data points along with the greater extent
of concentration change, the more statistically valid the mathematical modeling becomes.

 

11

 

 It is most
desirable to have at least 13 data points and to collect data past a 50% decrease in ingredient
concentration because this allows for reasonable confidence limits to be calculated.

 

12

 

 However,
typically 10 data points are equally effective with only a slight increase in the confidence limits as
compared to 13 data points. Once the number of data points is reduced below 8, the confidence
limits become significantly larger and shelf life predictions become increasingly error prone.

Chemical reactions consist of reactants being converted into products as outlined below.

 

aA

 

 

 

→

 

 

 

bB

 

(25.1)
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The loss of reactant 

 

A

 

 or the accumulation of product 

 

B

 

 results in the product losing shelf life.
The elementary reaction above proceeds at a specific rate (concentration change vs. time, –

 

d

 

[

 

A

 

]/

 

dt

 

);
the rate expression is defined as:

–

 

d

 

[

 

A

 

]/(

 

a

 

)

 

dt 

 

= +

 

d
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B
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b

 

)

 

dt

 

 = 

 

k

 

[

 

A

 

]

 

a

 

 = 

 

k

 

[

 

B

 

]

 

b

 

(25.2)

where [

 

A

 

] and [

 

B

 

] are concentrations of reactant and product, respectively; 

 

a

 

 and 

 

b

 

 are molecularities
of the compounds; and 

 

k

 

 is the rate constant.

 

13

 

 The molecularity represents the true number of
molecules involved in the reaction as determined from its mechanism; thus, for complex chemical
reactions, the true rate expression cannot be determined from the overall reaction pathway.

 

13

 

 Rate
constants depend upon temperature, and their determination is central for shelf life predictions.

In complex food and pharmaceutical systems, many variables influence chemical reactions, and
the overall pathway for a given reaction is frequently written as:

reactant(s) 

 

→

 

 product(s) (25.3)

where the true reaction mechanism is generally ignored. For this type of reaction, the rate expression
for reactant loss is written as:

–

 

d

 

[

 

A

 

]/

 

dt

 

 = 

 

k

 

obs

 

[

 

A

 

]

 

n

 

(25.4)

where –

 

d

 

[

 

A

 

]/

 

dt

 

 is the concentration change over time, [

 

A

 

] is the reactant concentration, 

 

k

 

obs

 

 is the
observed or apparent rate constant, and 

 

n

 

 is the reaction order. As mentioned, for many chemical
reactions in foods and pharmaceuticals, 

 

n

 

 is not the true reaction order as determined from physical
chemistry, but is the pseudo-order of the reaction.

The reaction order can be determined from several techniques, as discussed in physical chemistry
textbooks.

 

13

 

 Other methods can also be found in the literature.

 

14–15

 

 Because shelf life predictions are
most effective with linear models, simple mathematical techniques consistent with reaction kinetic
concepts are frequently employed to linearize the quality loss data. For food systems, most data can
be fit to either pseudo-zero-order or pseudo-first-order kinetic models.

 

12

 

 By performing a linear
regression on the reactant concentration as a function of time (

 

n

 

 = 0 for pseudo-zero-order) and the
natural log of reactant concentration as a function of time (

 

n

 

 = 1 for pseudo-first-order), the more
appropriate order can be selected by evaluating the coefficient of determination (

 

r

 

2

 

). If an adequate
number of data points has been collected past a concentration change of 50%, then the data having
the highest 

 

r

 

2

 

 value is usually the best pseudo-order for modeling quality loss associated with the
change in reactant or product concentration.

 

12

 

 Figure 25.1 shows an example of determining the
pseudo-order for aspartame degradation using previously collected data,

 

16 

 

where the data is plotted
as both pseudo-zero-order and pseudo-first-order. As shown in this figure, the pseudo-first-order
model provides the better linear fit and would be used to calculate the rate constant. A discussion of
different pseudo-order kinetic models for calculating rate constants follows subsequently. Again, the
determination of rate constants under different conditions is a critical component of shelf life studies.

The pseudo-zero-order kinetic equation (

 

n

 

 = 0) for reactant loss takes the form of:

–

 

d

 

[

 

A

 

]/

 

dt

 

 = 

 

k

 

obs

 

[

 

A

 

]

 

0

 

 = 

 

k

 

obs

 

(25.5)

To model product formation, the negative sign in front of –

 

d

 

[

 

A

 

]/

 

dt

 

 is simply changed to a
positive sign, +

 

d

 

[

 

A

 

]/

 

dt

 

. Upon integration of Equation 25.5, the following expression is derived:

[

 

A

 

] = [

 

A

 

]

 

0

 

 – 

 

k

 

obs

 

t

 

(25.6)

where [

 

A

 

]

 

0

 

 is the initial reactant concentration and [

 

A

 

] is the concentration at time, 

 

t

 

. The pseudo-
zero-order rate constant, 

 

k

 

obs

 

, is determined from the linear slope of a pseudo-zero-order kinetic
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plot, where reactant concentration, [

 

A

 

], is plotted as a function of time. Figure 25.2 shows a general
example of the pseudo-zero-order kinetic plot. The time to reach 50% of the initial reactant
concentration is known as the half-life. The half-life, 

 

t

 

1/2

 

, of a pseudo-zero-order reaction is
calculated using the following equation:

 

t

 

1/2

 

 = [

 

A

 

]

 

0

 

/2

 

k

 

obs

 

(25.7)

and is identified in Figure 25.2. The value of the half-life is dependent upon the initial reactant
concentration. The formation of brown pigmentation from the nonenzymatic browning reaction is
commonly modeled using pseudo-zero-order kinetics.

 

17–19

 

FIGURE 25.1

 

Aspartame degradation in 0.1 

 

M

 

 phosphate buffer at pH 7 and 25

 

°

 

C plotted as pseudo-zero-
order and pseudo-first-order kinetic models. (Data from Bell, L.N. 

 

Aspartame Degradation Kinetics in Low
and Intermediate Moisture Food Systems

 

, M.S. thesis. University of Minnesota, St. Paul, MN, 1989.)

 

FIGURE 25.2

 

General example of a pseudo-zero-order kinetic plot. Slope equals pseudo-zero-order rate
constant. The half-life, t

 

1/2

 

, of the reaction is identified.
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The pseudo-first-order kinetic equation (

 

n 

 

= 1) for reactant loss takes the form of:

–

 

d

 

[

 

A

 

]/

 

dt

 

 = 

 

k

 

obs

 

[

 

A

 

]

 

1

 

 = 

 

k

 

obs

 

[

 

A

 

] (25.8)

Again, to model product formation, the negative sign in Equation 25.8 is replaced with a positive
sign. Integrating Equation 25.8, the following expression is derived:

ln[

 

A

 

] = ln[

 

A

 

]

 

0 – kobst (25.9)

which can be rearranged into:

ln([A]/[A]0) = –kobst (25.10)

where [A]0 is the initial reactant concentration, [A] is the concentration at time, t, and [A]/[A]0 is
the ratio (i.e., percent) of the reactant remaining at time, t. The pseudo-first-order rate constant,
kobs, is determined from the linear slope of a pseudo-first-order kinetic plot, where the natural log
of reactant concentration is plotted as a function of time. If log base ten is used instead of the
natural log, the slope needs to be multiplied by 2.303 to obtain the rate constant. Figure 25.3 shows
a general example of the pseudo-first-order plot. The half-life, t1/2, of a pseudo-first-order reaction
is calculated as follows:

t1/2 = 0.693/kobs (25.11)

The value of the half-life is independent of the initial reactant concentration for pseudo-first-
order reactions, unlike pseudo-zero-order reactions. The time corresponding to the half-life is also
indicated in Figure 25.3; note that the y-axis values of 4.605 and 3.91 represent the natural log of
100% and 50% of the initial reactant concentration, respectively. In addition to aspartame degra-
dation,16,20–22 pseudo-first-order kinetics have been used to model riboflavin degradation,23 thiamin
degradation,23–24 vitamin C degradation,25–26 enzymatic activity loss,27 and soy isoflavone loss.28–29

FIGURE 25.3 General example of a pseudo-first-order kinetic plot. Slope equals pseudo-first-order rate
constant. The half-life, t1/2, of the reaction is identified.
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Pseudo-zero- and pseudo-first-order kinetics do not always adequately model quality loss data.
When two compounds react to form a product, second-order kinetics are often more appropriate
to use. For the reaction,

A + B → product(s) (25.12)

the rate equation for the loss of reactant A or B via a second-order reaction has the following form:

–d[A]/dt = –d[B]/dt = kobs[A][B] (25.13)

assuming one molecule of A reacts with one molecule of B. In Equation 25.13, [A] and [B]
represent the concentrations of the reactants and kobs is the second-order rate constant. If the initial
concentrations of A and B are equal, Equation 25.13 can be integrated and rearranged to yield the
following expression:

1/[A] – 1/[A]0 = kobst (25.14)

where [A]0 is the initial reactant concentration and [A] is the reactant concentration at time, t. A
plot of 1/[A] as a function of time yields a straight line whose slope is equal to the second-order
rate constant. A more detailed discussion of second-order kinetics, including kinetic modeling when
the initial reactant concentrations are not equal, can be found in physical chemistry textbooks.13

The most common food related reaction that follows this type of kinetics is reactant loss associated
with the Maillard reaction.18–19 The Maillard reaction begins with an amine (e.g., an amino acid or
peptide) reacting with a carbonyl (e.g., monosaccharides), ultimately leading to the destruction of
both the sugar and amino acid.

Some reactions may not follow pseudo-zero, pseudo-first, or second-order kinetics. Lipid
oxidation, for example, has its own unique kinetic models.30–31 Therefore, the scientific literature
should be consulted to determine what types of kinetic models have been used successfully for a
particular reaction as part of a shelf life study.

A. EFFECT OF TEMPERATURE ON STABILITY

Temperature has a dramatic effect on the rates of chemical reactions. The primary effect of
temperature is on the rate constant, although other more subtle effects also exist (e.g., changes in
water activity, melting of lipids, glass–rubber transitions). Product deterioration increases as tem-
perature increases, which is the rationale for storing food and pharmaceutical products under
refrigerated conditions. By determining the effect of temperature on a chemical reaction’s rate
constant, predictions can be made as to rates at other temperatures. To evaluate this temperature
effect, the pseudo-order rate constant should be determined at a minimum of three temperatures,
but preferably four or five to increase the confidence of the predictions.12

The effect of temperature on chemical reactions occurring in food and pharmaceutical products
generally follows the Arrhenius relationship:

kobs = (A)exp(–Ea/RT) (25.15)

where A is the preexponential factor, Ea is the Arrhenius activation energy, R is the ideal gas constant,
and T is temperature in Kelvin.13 Using the value of 8.314 J/(mol K) for the ideal gas constant, the
activation energy is in units of J/mol. If the ideal gas constant is taken as 1.987 cal/(mol K), the
activation energy has units of cal/mol. A plot of the natural log of the pseudo-order rate constant,
ln(kobs), as a function of the reciprocal of absolute temperature, 1/T, yields a straight line, as shown
in Figure 25.4 for vitamin C degradation.25 The slope and intercept of the line equal –Ea/R and
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ln(A), respectively. Using this information, pseudo-order rate constants at any other temperature can
be calculated. However, the confidence of the prediction depends upon the quality of the kinetic
data, the number of temperatures used to obtain the activation energy, and the distance from the
experimental temperatures one is trying to predict. Labuza and Kamman have discussed aspects for
optimizing the confidence of temperature extrapolations using the Arrhenius equation.12

Another approach for modeling the temperature effect on chemical reactions is by calculating
Q10 values.12 The ratio of the rate constant at one temperature to the rate constant at 10°C lower
is one definition of Q10. Another definition of Q10 is the ratio of the shelf life at one temperature
to the shelf life at a temperature 10°C higher. To determine the Q10 value, a shelf life plot is
constructed, where the natural log of shelf life (or half-life) is plotted as a function of temperature
in degrees Celsius. The absolute value of the slope, b, from this plot is used to calculate the Q10

value, as shown below:

Q10 = exp(10|b|) (25.16)

A shelf life plot of the vitamin C degradation data25 appears in Figure 25.5. The Q10 value of
2.96, as determined from the slope of Figure 25.5, means that the stability of vitamin C at 25°C
is approximately three times less than that at 15°C. Similarly, the Q10 value for thiamin degradation
was calculated to be 3.3 from previously published stability data.24 Using this Q10 value for thiamin
degradation, an 80-d shelf life at 20°C will be shortened to 38 d by increasing the temperature
only 5°C to 25°C.

The relationship between the Q10 value and Arrhenius activation energy is shown in the
following equation.12

ln(Q10) = 10Ea/RT(T + 10) (25.17)

This equation also shows that the Q10 is dependent upon temperature, and as such, extrapo-
lations are valid only over a narrow temperature range (i.e., <25°C). The Arrhenius activation
energy is not temperature dependent and should therefore be used when trying to extrapolate
kinetic data over larger temperature ranges. However, in both cases the assumption is made that
no physical changes of the product (i.e., lipid melting, glass transition) occur over the extrapolated
temperature range.

FIGURE 25.4 Arrhenius plot for vitamin C degradation in a model system at water activity 0.32. (Data from
Lee, S.H. and Labuza, T.P. Destruction of ascorbic acid as a function of water activity. J. Food Sci., 40:
370–373, 1975.)
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Temperature abuse is frequently the major factor limiting product shelf life. A prime example
is outdoor storage displays of aspartame-sweetened beverages by mini-markets; these canned
products sit in the hot summer sun for long periods of time before purchase. The temperature abuse
these products experience enhances aspartame degradation, decreasing product sweetness and
acceptability. The same situation exists for products stored in hot automobile trunks and garages.
Similarly, the degradation of genistin, an isoflavone in soy milk, depends upon the storage temper-
ature. Genistin has a half-life of over 20 months at 25°C, but at 37°C (abuse conditions) its half-
life is reduced to 6 months.28 Establishing quality control procedures during processing and distri-
bution can help reduce excessive temperature exposure of the product. Refrigeration, though a more
expensive option, can substantially extend product shelf life. Dates and handling instructions on
product labels can be used to help educate consumers about the consequences of temperature abuse.
One approach for indicating more accurately the thermal history of a product is by the use of time
temperature indicators (TTIs). TTIs are small tags that provide a visual indication as to the net
temperature exposure of a product and may improve the accuracy of shelf life dating. Concepts
associated with the use of TTIs have been discussed in the literature.32–35 Controlling temperature
abuse is the primary way to increase the shelf life of nutraceuticals and functional foods and to
improve the accuracy of their nutritional labeling.

B. EFFECT OF MOISTURE ON STABILITY

The importance of moisture content and water activity has long been recognized with respect to
the evaluation of product stability and prediction of shelf life, especially for dry powders and
intermediate moisture foods.36–38 Food stability generally correlates better with water activity than
moisture content.39 Water activity (aW), which is related to the chemical potential of water, can be
defined as:

aW = p/po (25.18)

where p is the partial pressure of water in a product at a given temperature, and po is the partial
pressure of pure water at that same temperature.37,39 Water activity values range from 0 at dryness

FIGURE 25.5 Shelf life plot for vitamin C degradation in a model system at water activity 0.32. (Data from
Lee, S.H. and Labuza, T.P. Destruction of ascorbic acid as a function of water activity. J. Food Sci., 40:
370–373, 1975.)
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to 1 for pure water. Water activity is the governing force that dictates moisture transfer between a
product and the environment until equilibrium is obtained.40

The relationship between water activity and equilibrium moisture content of a substance is
shown via moisture sorption isotherms,40 such as that shown in Figure 25.6. One of the more
frequently utilized mathematical models of moisture sorption data is the GAB equation, which can
be written as:

m = mokCaW/[(1 – kaW)(1 – kaW + kCaW)] (25.19)

where m is the moisture content, mo is the monolayer moisture content, and k and C are constants
representing the thermodynamics of multilayer moisture adsorption.40–41 Nonlinear regression of
the moisture sorption data yields values for mo, k, and C. Of interest is the value of mo because
many chemical reactions occur only minimally at and below this moisture content.37,40,41 Chemical
stability of solids generally decreases as water activity increases above mo due to an increase in
reactant mobility.37,40 A stability minimum often exists at an intermediate water activity. At water
activities above this minimum, stability may increase due to reactant dilution reducing the proba-
bility of molecular collision and subsequent reactivity.37,40 Figure 25.7 shows the effect of water
activity on aspartame shelf life,21,42 where the shelf life is defined as the time to reach 20% of the
initial aspartame concentration. The shelf life minimum is at a water activity of approximately 0.8
for aspartame at pH 5 and 30°C.

From the monolayer to the stability minimum, a plot of the log base ten of the shelf life as a
function of water activity often yields a straight line.40 From the absolute value of the slope, B, the
QA value can be calculated using the following equation:

QA = 100.1|B| (25.20)

Similar to the Q10 value discussed previously, the QA is the ratio of the shelf life at one water
activity to the shelf life at a water activity of 0.1 units higher. This expression can be used to predict
the shelf life at different water activities within the linear range. A QA plot of the aspartame
degradation data21,42 is shown in Figure 25.8. From this plot, a QA of 1.54 was determined, meaning
that if the product has a 0.1 unit increase in water activity, the shelf life decreases a factor of 1.54.
The QA values for the degradation of various vitamins (i.e., riboflavin, thiamin, ascorbic acid) were
similar, ranging from 1.3–1.7 as calculated from previously published kinetic data.23,25

FIGURE 25.6 Moisture sorption isotherm for oat fiber at 25°C.
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An additional factor to consider is that in sealed packages, temperature influences the water
activity of the food product. From moisture sorption data collected at different temperatures, the
Clausius–Clapeyron equation, shown below, can be used to predict the water activity at a constant
moisture content for the new temperature.40–41

ln(aW2/aW1) = –(QS/R)(1/T2 – 1/T1) (25.21)

In the above equation, QS is the excess heat of sorption, and R is the ideal gas constant.40–41 A plot
of the natural log of water activity as a function of reciprocal temperature in Kelvin yields a straight

FIGURE 25.7 Shelf life of aspartame at pH 5 and 30°C as a function of water activity. (Data from Bell, L.N.
and Labuza, T.P. Aspartame degradation kinetics as affected by pH in intermediate and low moisture food
systems. J. Food Sci., 56: 17–20, 1991; Bell, L.N. Investigations Regarding the Definition and Meaning of pH
in Reduced-Moisture Model Food Systems. Ph.D. dissertation. University of Minnesota, St. Paul, MN, 1992.)

FIGURE 25.8 QA plot for aspartame shelf life at pH 5 and 30°C. (Data from Bell, L.N. and Labuza, T.P.
Aspartame degradation kinetics as affected by pH in intermediate and low moisture food systems. J. Food
Sci., 56: 17–20, 1991; and Bell, L.N. Investigations Regarding the Definition and Meaning of pH in Reduced-
Moisture Model Food Systems. Ph.D. dissertation. University of Minnesota, St. Paul, MN, 1992.)
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line, from which the water activity at other temperatures can be extrapolated.40–41 Accurate shelf
life predictions require knowledge of the true water activity at the actual product storage temper-
ature, which may be different from the experimental temperature conditions.

Another issue associated with moisture is its ability to plasticize amorphous solids; aspects of
this phenomenon are presented in detail by Roos.43 Briefly, the conversion of a rigid glassy
amorphous solid into a softer more viscoelastic rubbery solid is known as the glass transition. This
conversion is promoted by either increasing temperature or adsorbing moisture. The glass-to-rubber
transition can promote unwanted crystallization of sugars, softening of crispy bakery products, and
clumping of powders, making such products unacceptable. In addition to physical changes, the
glass transition may impact chemical stability. Much research is continuing in this area to more
clearly elucidate potential effects. Nevertheless, the glass transition can cause a product to become
unacceptable such that the product is not consumed. As mentioned earlier, physiological effects of
nutraceuticals are only achieved if the product is consumed.

As discussed, moisture transfer within a product or between the product and the exterior envi-
ronment can lead to a loss of shelf life. Moisture gain can cause enhanced chemical reactivity as
well as undesirable physical changes (stickiness, loss of crispness). Thus, the selection of packaging
to reduce moisture gain (or loss) is important for maximizing nutraceutical stability. Understanding
moisture sorption isotherms allows for proper package selection and the ultimate control of moisture
transfer.40 The use of anticaking agents, such as calcium silicate, can help reduce undesirable
clumping of powders, whereas the use of humectants (e.g., glycerol, sucrose, salt) can reduce water
activity.40 Handling instructions can also help by informing consumers of the importance of properly
resealing packages of partially consumed nutraceutical products. Controlling undesirable effects
associated with moisture is the second approach toward improving nutraceutical stability.

C. EFFECT OF OXYGEN ON STABILITY

Several nutraceutical ingredients are sensitive to oxygen. Polyunsaturated fatty acids, β-carotene,
and vitamin C are all subject to enhanced degradation due to oxidation.44 For example, water
containing vitamin C and 5 ppm copper at pH 3.2 and 30°C lost 30% more vitamin C when shaken
for 30 min (oxygen incorporated) as compared to unshaken solutions.45 Lipid oxidation is also
affected by the amount of available oxygen, as shown by the following expression for the oxidation
rate, R:

1/R = (1/k1){1 + ([O2]/k2)} (25.22)

where k1 and k2 are rate constants and [O2] is the oxygen concentration.30 At low oxygen concen-
trations, the oxidation rate increases linearly with increasing oxygen concentration. Above a critical
oxygen concentration, the rate becomes independent of oxygen concentration. More information
on the kinetics of lipid oxidation can be found elsewhere.30–31

If oxygen-sensitive substances exist in the nutraceutical, selection of oxygen impermeable
packaging can help extend product shelf life. Encapsulating these ingredients to shield them from
oxygen may also limit oxidation. In addition, the use of antioxidants can be beneficial for extending
product quality. For example, the stability of lycopene in tomato oleoresins was improved by
incorporating antioxidants.46 Packets of iron enclosed in the product’s package also keep the oxygen
content low; the iron reacts with oxygen to form iron oxide (i.e., rust). By removing oxygen from
the package, these oxygen scavengers help prevent undesirable oxidation during product storage.47

D. EFFECTS OF INGREDIENTS ON STABILITY

Nutraceuticals and functional foods contain more than just the bioactive ingredient in the formu-
lation. These products often contain amines (e.g., amino acids, proteins), carbonyls (e.g., sugars,
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flavors), minerals, and buffer salts, among other substances. These substances can have dramatic
effects on the chemical stability and ultimate acceptability of the nutraceutical.

Amines and carbonyls react via the Maillard reaction to cause flavor modification, amino acid
destruction, and brown discoloration. If the bioactive substances in nutraceuticals contain amine
or carbonyl groups, the possibility exists for them to degrade via the Maillard reaction. Tagatose
is an alternative nondigestible sweetener that has been shown to behave as a prebiotic by stimulating
butyrate production and selecting favorable bacteria in the colon.48–49 However, tagatose can react
with amines in nutraceutical products during processing and storage, causing a loss of tagatose and
a reduction of the prebiotic effect. Even without loss of the bioactive substance, other quality
changes (e.g., browning, off-flavors) that reduce the likelihood of consuming the nutraceutical result
in the consumer not obtaining the expected physiological effect from the product. Potential reactivity
between the active nutraceutical substance and other ingredients in the formulation must therefore
be evaluated.

The presence of minerals, either intentionally added or naturally occurring, can also influence
product stability. Lipid oxidation is catalyzed by the presence of minerals (e.g., iron, copper), which
results in potent off-flavors and aromas.30–31 A small amount of such oxidation can result in an
unacceptable product. Similarly, vitamin C degradation is also catalyzed by metal ions. For example,
as the concentration of copper increased in water, the amount of vitamin C remaining dramatically
decreased.45 Thus, fortifying a nutraceutical with both vitamin C and a mineral, such as iron, can
lead to enhanced vitamin C degradation and nutritional labels that are no longer in accordance with
federal regulations.

Buffer salts are often added to foods for controlling the pH; however, these can also have
significant effects on chemical reactivity. Phosphate buffer enhances the degradation of aspartame
as compared to citrate buffer, and the effect increases as the buffer concentration increases.50

Phosphate buffer was also shown to increase the loss of glycine and extent of browning associated
with the Maillard reaction.51 Figure 25.9 shows the relative effects of pH and buffer type on the
shelf life of thiamin-containing solutions; at pH 5, thiamin is more stable in phosphate buffer,
whereas at pH 7 thiamin is more stable in citrate buffer.52 Thiamin loss also increases as buffer
concentration increases.52 Thus, the selection of buffer type and concentration can have serious
implications for nutraceutical product stability.

FIGURE 25.9 Effect of buffer type and pH on the stability of thiamin in 0.02 M buffer solutions at 25°C.
(Data from Pachapurkar, D. and Bell, L.N. Kinetics of thiamin degradation in solutions under ambient storage
conditions. J. Food Sci., 70(7): C423–C426, 2005.)
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III. ACCELERATED SHELF LIFE TESTING

Although it is desirable to investigate chemical stability in a system at conditions as close to those
of the commercial product as possible, often the time constraints of product development require
the use of accelerated shelf life testing for predicting product stability. Accelerated shelf life testing
utilizes extreme conditions to enhance shelf life loss followed by an extrapolation to normal
conditions. The extreme conditions may include high temperatures and/or high water activities.
The benefit of this protocol is that answers come faster, saving time and money, but at the risk of
some errors.

The best way to understand accelerated shelf life testing and shelf life prediction in general is
to discuss two examples. The first example is aspartame degradation in 0.1 M phosphate buffer at
pH 3, where the data was collected from 30–45°C.16 Figure 25.10 shows the degradation data,
modeled using pseudo-first-order kinetics. At least 9 data points were collected past 50% degrada-
tion. The slopes of these plots are the pseudo-first-order rate constants. Figure 25.11 shows the
Arrhenius plot of the aspartame kinetic data from which pseudo-first-order rate constants at any
other temperature can be mathematically extrapolated. At 25°C, the extrapolated rate constant of
0.00924 d–1 was found to be the same as that determined experimentally (0.0089–0.0011 d–1).50

For refrigerated storage at 4°C, the extrapolated rate constant is 0.000802 d–1. If one assumes an
initial aspartame concentration of 600 ppm and that the product remains acceptable to a final
concentration of 500 ppm, then the shelf life, t, at 4°C is calculated using the pseudo-first-order
kinetic model (Equation 25.10) as shown below:

ln(500/600) = –(0.000802 d–1)(t) (25.23)

Equation 25.23 yields a shelf life of 7.5 months, which would require too long to determine
experimentally for most businesses.

The second example uses aspartame degradation data from 0.01 M phosphate buffer at pH 7,
but collected from 70–100°C.22 Using the Arrhenius relationship (Equation 25.15), the pseudo-first-
order rate constant for aspartame degradation at 25°C was calculated to be 0.042 h–1. The experi-
mentally determined rate constant (0.014 h–1)50 is much lower than that predicted using the high

FIGURE 25.10 Pseudo-first-order kinetic plots of aspartame degradation in 0.1 M phosphate buffer at pH 3
and various temperatures. (Data from Bell, L.N., Aspartame Degradation Kinetics in Low and Intermediate
Moisture Food Systems. Master’s thesis. University of Minnesota, St. Paul, MN, 1989.)
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temperature data. This result means that the true shelf life is three times longer than that predicted
by accelerated shelf life testing. In this case, product would be assumed to have deteriorated three
times sooner than it really would, resulting in acceptable product being discarded. The opposite
effect is possible as well, where the shelf life is shorter than expected. These are two potential
problems associated with accelerated shelf life testing.

The under- and overprediction of shelf life, as demonstrated previously, can be attributed in
part to changes in water activity, pH, and reactant solubility as a function of temperature. In addition,
thermal transitions (e.g., glass transitions and lipid melting) can impact predictions from high to
low temperatures. Another limitation of accelerated shelf life testing is a substance that degrades
by different mechanisms at different temperatures. Genistin degradation had different activation
energies depending upon the temperature range over which the reaction was studied; the authors
suggested that differing reaction mechanisms may explain these differences.28 Extrapolating
between the different temperature ranges would lead to errors in shelf life predictions.

An additional problem associated with accelerated shelf life testing is caused by competing
chemical reactions. The activation energies of various chemical reaction types differ. Thus, two
reactions with different activation energies will each predominate over a different temperature
range. A critical crossover temperature exists as shown in Figure 25.12. Below this temperature
(30°C), reaction 1 predominates and is responsible for shelf life loss; however, above this temper-
ature reaction 2 predominates. For example, oxidation of polyunsaturated fatty acids may be the
major mode of product deterioration at one temperature, whereas vitamin degradation predominates
at another temperature. The possibility of multiple modes of nutraceutical deterioration needs to
be recognized before using accelerated shelf life testing. The critical reaction responsible for loss
of shelf life under typical storage conditions should be identified and utilized during the shelf life
test. Thus, while accelerated shelf life testing has its advantages, the potential errors need to be
recognized. Other aspects of accelerated shelf life testing are discussed by Labuza and Schmidl.53

IV. FINAL THOUGHTS

Shelf life testing is an important aspect of nutraceutical product development. The consumer
demands a quality product and that is possible only by optimizing the product shelf life. If the

FIGURE 25.11 Arrhenius plot of aspartame degradation in 0.1 M phosphate buffer at pH 3. (Data from Bell,
L.N., Aspartame Degradation Kinetics in Low and Intermediate Moisture Food Systems. Master’s thesis.
University of Minnesota, St. Paul, MN, 1989.)
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biological activity or sensory attributes deteriorate, the product has failed to meet consumer expec-
tations. Other implications associated with stability issues include failure of the product to meet
label claims, which is a violation of federal law. Optimizing stability requires, at the very least,
the ability to control temperature abuse and moisture transfer. Solutions for each of these have been
presented. By using a well-designed experimental plan and appropriate kinetic modeling, accurate
shelf life predictions can be made, benefiting both the company and the consumer.
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I. INTRODUCTION

 

Nonalcoholic steatohepatitis (NASH) is a condition characterized by liver injury, resembling alco-
holic hepatitis, in the absence of significance alcohol consumption.

 

1–24

 

 Although data regarding
NASH prevalence is still scarce, it is thought that NASH prevalence has been increasing along with
the trend of increasing risk factors.

 

1

 

 

 

Syndrome X

 

 and 

 

metabolic syndrome

 

 are the terms used to
denote the cluster of abnormalities — insulin resistance, obesity, type II diabetes mellitus, hyper-
tension, and hyperlipidemia — that are associated with NASH risk factors.

 

3,4

 

 NASH is a part of the
liver disorder known as nonalcoholic fatty liver disorder (NAFLD), which ranges from simple
steatosis and nonalcoholic steatohepatitis (NASH) to fibrosis and cirrhosis.

 

5

 

 Liver biopsy is the only
way to distinguish NASH from the liver disorders within the NAFLD spectrum.

 

12

 

 NASH may be
asymptomatic for a long period of time; however, recent evidence has shown that NASH may
develop into advanced liver disease (fibrosis, cirrhosis).

 

25–27

 

 Despite the fact that there is no evidence-
based treatment for NASH yet, an appropriate intervention is needed among people with high risk
factors to prevent disease progression.

 

25

 

 There has not been any large-scale randomized clinical trial
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for NASH treatment to date.

 

7

 

 Key management for NASH is to treat related conditions.

 

28–32

 

 Some
studies have shown that NASH management involving nutritional aspects such as gradual weight
loss and nutritional supplements of long chain fatty acids and antioxidants may provide beneficial
results for the NASH patient.

 

32–48

 

 Currently in Australia, recruitment of subjects in a longitudinal
study is underway at Westmead Hospital, Royal Prince Alfred Hospital (RPAH), and the Western
Sydney Division of General Practice, to examine the nutritional aspects of NASH treatment.

 

A. C

 

ONCEPTS

 

 

 

AND

 

 I

 

SSUES

 

In 1980, Ludwig and colleagues introduced the acronym NASH for the first time to describe liver
injury in the absence of significant alcohol consumption. NASH is similar to alcoholic hepatitis.

 

1

 

NAFLD is a term used to refer to conditions ranging from simple steatosis and NASH to fibrosis
and cirrhosis.

 

1–11

 

 Thus, NASH is a stage of advanced disease within the NAFLD category.

 

24

 

B. P

 

ATHOGENESIS

 

Pathogenesis of NASH is increasingly important in view of its relationship with NASH manage-
ment.

 

3

 

 Other important factors with regard to NASH pathogenesis are conditions associated with
NASH, which have become more prevalent in the last two decades. Some evidence has shown that
NASH may progress to advanced liver disease.

 

25–27

 

 Day proposed the “two hits” concept for NASH
pathogenesis in 2002.

 

7,21

 

 This concept suggests a close relationship between obesity, insulin resis-
tance, hyperlipidemia, and NASH. The “first hit” is the result of the development of steatosis, which
sensitizes the liver to a “second hit” from further oxidative stress. The presence of factors associated
with Syndrome X, such as obesity and insulin resistance, may increase the degree of steatosis and
thus the progression of fibrosis.

 

7,21

 

 Elevated insulin levels promote lipolysis, which leads to free
fatty acid transported to the liver. Increasing free fatty acid supply results in fat in the form of
triglycerides accumulating in the liver.

 

49–51

 

 Oxidative stress in the “second hit” triggers the devel-
opment of conditions, which range from simple steatosis to NASH and advanced liver disease.

 

21

 

Fatty acid oxidation produces oxidative stress. As shown in Figure 26.1, free fatty acids in the liver,
which are metabolized within hepatic mitochondria, activate reactive oxygen species (ROS).

 

16,17,26

 

 
Lipid peroxidation induced by ROS activation releases tumor necrosis factor alpha (TNF-

 

α

 

)
as a consequence. A study by Crespo and colleagues has demonstrated that the degree of NASH
severity is equal to the serum TNF-

 

α

 

.

 

18

 

 Oxidative stress activates hepatic stellate cells, thus creating
extracellullar matrix proteins, which are then responsible for liver fibrosis.

 

14–21

 

II. DIAGNOSIS OF NASH

 

Most patients (45–100%) with NASH develop no specific symptoms.

 

5

 

 Hepatomegaly is present in
75% of the patients. Although NASH is often diagnosed coincidentally, abnormal levels of serum
transaminase lead to a NASH diagnosis.

 

3,12,14,16,17,25–37

 

 In 65–90% of the cases, a ratio of less than
one of the aspartate aminotransferase (AST)/alanine aminotransferase (ALT) helps to differentiate
between NASH and alcoholic hepatitis.

 

49–52

 

 A personal history, including alcohol consumption and
all underlying conditions related to NASH should be investigated initially. Ultrasound and computer
tomographic scans are only able to show hepatic steatosis. Liver biopsy is the only way to diagnose
NASH accurately.

 

53–55

 

 As NASH is thought to be responsible for two-thirds of cryptogenic cirrhosis,
there is some evidence that NASH may progress to liver cancer.

 

56

 

 Hepatocellular carcinoma (HCC)
usually develops in the cirrhotic liver, and any form of cirrhosis predisposes to HCC, although the
relative risk varies between causative factors.

 

57

 

 The relative risk is highest for hepatitis B, hemo-
chromatosis, and hepatitis C, and at an intermediate level for alcohol and metabolic related dis-
eases.

 

56

 

 Diagnostic tests become very important tools in gathering prognostic information for an
early intervention to be made.

 

56

 

 Liver biopsy is required for a diagnosis of NASH, in the presence
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of chronic elevation of serum transaminase and the other NASH risk factors.

 

52–54

 

 Ratziu and
colleagues performed an evaluation by giving one score for each variable proposed; body mass
index (weight in kilograms divided by height in metres squared) (BMI > 28 kg/m

 

2

 

 or age > 50
years, ALT level (twice the normal level), and triglycerides > 1.7 mmol/L).

 

52

 

 Existence of more
than one factor indicates a risk of liver fibrosis.

 

52,53

 

 A study by Marchesini and colleagues demon-
strated that the relationship between obesity, type II diabetes mellitus, and advancing age was
associated with the increased development of liver fibrosis.

 

3

 

 Thus, individuals with abnormal liver
enzyme test results and a combination of risk factors should endeavor to modify lifestyle factors
for 3–6 months. If this strategy is unsuccessful, a liver biopsy should be performed to determine
the extent of the diagnosis of NASH.

 

54

 

A. R

 

ISK

 

 F

 

ACTORS

 

NAFLD has been closely related to insulin resistance syndrome. Currently, NAFLD is a common
condition; however, in the near future an increased incidence of NASH can be expected. Some
recent studies suggest that NAFLD maybe responsible for approximately 80% of the cases of
abnormal persistence of liver enzymes. In the majority of cases NAFLD is a benign condition, and

 

FIGURE 26.1

 

Pathogenesis of NASH and treatment impacts: Insulin resistance increases triglyceride (TG)
lipolysis and inhibits esterification of free fatty acids (FFA) in adipose tissue. This causes plasma FFA to
increase, which are then taken up by the liver. Hepatic TG synthesis is increased by the increased FFA flux.
The FFA flux causes the 

 

β

 

-oxidation pathway to convert excess FFA to TG where they are stored, leading to
steatosis. Steatosis is the initial incident necessary in the development of liver cell damage in NASH. The
second hit develops when reactive oxygen species (ROS) develop as a product of 

 

β

 

-oxidation. Lifestyle and
nutritional strategies of weight loss diets coupled with increased exercise and supplements of n-3 LCPUFA
and vitamin E demonstrate where this cycle of damage may be interrupted.
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it has little chance of progression to advanced liver disease. However, in 20 to 30% of the cases,
this entity (NAFLD), which ranges from simple steatosis to NASH, to fibroses, to cirrhosis, can
develop into NASH

 

.

 

3–10,13–17,19–22,47–63

 

 A study of NASH patients has shown that insulin resistance
is present in a high proportion of NASH patients.

 

58–69

 

 Evidence demonstrated that high concentra-
tions of insulin levels could cause a blockage in the mitochondrial fatty-acid oxidation path-
way.

 

5,7,9,11,22

 

 This might also cause high concentrations of intracellular fatty acids that may trigger
oxidative stress.

 

7

 

 Another study proposed that cryptogenic cirrhosis may be the result of “burnt-
out NASH.”

 

21

 

 This is more likely because NASH is closely associated to obesity, type II diabetes,
and hyperlipidaemia.

 

14 

 

Clearly, NASH cannot be categorized as a primary liver disease, because
NASH is part of a multifactorial metabolic syndrome.

 

69

 

B. O

 

VERWEIGHT

 

 

 

AND

 

 O

 

BESITY

 

Body mass index calculated as weight in kilograms/height in metres

 

2

 

 (BMI) is a strong predictor
of fibrosis in overweight patients. In a series of case studies, approximately 40% of the subjects
were found to be obese or overweight (Table 26.1). The overall prevalence of NASH in obese
patients (using autopsy data) was at least six times more frequent than in lean individuals.

 

53

 

 Other
data has demonstrated that NASH occurs in approximately 15–20% of obese people.

 

2

 

 The Interna-
tional Obesity Task Force (2000) proposed a classification standard for Asian adults in which the
overweight classification was a BMI of 23 to 24.9, and the obese classification was a BMI of 

 

≥

 

 25
kg/m

 

2

 

.

 

20,55

 

 Some ethnic groups have been associated with higher insulin resistance due to increased
visceral adiposity.

 

9,20

 

 The greater fat mass releases substances such as TNF-

 

α

 

, leptin, and free fatty
acids, which eventually lead to insulin resistance.

 

18

 

 Fat accumulation within hepatocytes occurs as
a result of insulin resistance; liver cells are then more susceptible to the “second hit.”

 

7,21

 

 The other
concerns about NASH in the obese are the increased risk of developing cryptogenic cirrhosis. This
is shown in Table 26.2 and Table 26.3. A study conducted by Browning and colleagues from 1990
to 2001, using 41 subjects, reports that cryptogenic cirrhosis was found in 46% of obese subjects.

 

11

 

This study was consistent with the results from two previous studies investigating the cause of
cryptogenic cirrhosis conducted by Poonawala and colleagues

 

25

 

 and Caldwell and colleagues.

 

26

 

 They

 

TABLE 26.1
Risk Factor Association in NASH/NAFLD

 

Ref.
No. Study (N) Type of Study

Obesity
(%)

Diabetes
(%)

Hyperlipidemia
(%)

 

1 Ludwig et al. (1980) 20 Retrospective review 90 25 67
26 Caldwell et al. (1999) 50 Retrospective review 64 42 n/a
53 Wanless et al. (1990) 351 Case series

 

a

 

18.5 n/a n/a
58 Diehl et al. (1988) 39 Retrospective review 71 55 n/a
59 Powell et al. (1990) 42 Prospective review 93 36 81
60 Bacon et al.(1994) 33 Retrospective review 39 21 21
61 Pinto et al. (1994) 32 Retrospective review 47 34 28
62 Laurin et al. (1996) 40 Intervention study 70 28 n/a
63 Knobler et al. (1999) 48 Prospective review 64 44 73
64 Sorrentino et al. (2004) 58 Retrospective review 100 93.1 77.5

 

Note:

 

n/a = not applicable.

 

a

 

Autopsy.

 

Source

 

: Adapted from Youssef, W.I. and McCullough, A.J., Steatohepatitis in obese individuals, 

 

Best Pract Res Clin
Gastroenterol

 

., 16: 733–747, 2002.
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found that obesity was present in 47% and 73%, respectively, of their subjects. Furthermore, Ratziu
and colleagues investigated survival, liver failure, and HCC incidence in obesity-related cryptogenic
cirrhosis, which revealed that the short-term survival rate was less in people with obesity-related
cryptogenic cirrhosis, when compared with hepatitis-C-related cirrhosis (Table 26.3).

 

57

 

C. T

 

YPE

 

 II D

 

IABETES

 

 M

 

ELLITUS

 

Type II diabetes mellitus is a condition that has been closely linked with NASH, especially in obese
patients. Obesity is an independent risk factor for NASH.

 

25,49,64–70

 

 Marchesini and coworkers dem-
onstrated that people with type II diabetes have a two- to threefold higher risk of developing
NASH.

 

49

 

 Dixon and colleagues

 

 

 

investigated the relationship of insulin resistance in 26 NASH
patients.

 

69

 

 Results of this study revealed that some of the subjects were diabetic after several normal
fasting blood glucose levels. A similar mechanism was evident in obese people in which the cytokine
TNF-

 

α

 

 played an important role in the mechanism of the development of insulin resistance in
people with type II diabetes mellitus.

 

18

 

 A study conducted by Silverman and colleagues

 

 

 

demon-
strated that increasing liver pathology was found to correlate with the subject’s glycemic state.

 

65

 

TABLE 26.2
NASH Incident in Obese Patients

 

Ref. 
No. Study

Obese
Patients(n)

Mean BMI
(kg/m2) Type of Study

NASH
(%)

 

29 Dixon et al. (2004) 36 n/a Retrospective study 64
30 Spaulding et al. (2003) 48

 

a

 

51.1 Retrospective study 56
65 Silverman et al. (1990) 100 n/a Retrospective study 66
66 Luyckx et al. (1998) 528

 

b

 

43 ± 7 Retrospective study 10
67 Marceau et al. (1999) 551

 

c

 

47 ± 9 Retrospective study 24
68 Ratziu et al. (2000) 93 29.1 Retrospective study 30
69 Dixon et al. (2001) 105

 

d

 

n/a Retrospective study 26

 

Note

 

: n/a = not applicable.

 

a

 

Patients underwent bariatric surgery.

 

b

 

Patients underwent biliopancreatic diversion for severe obesity.

 

c

 

Patients underwent liver biopsy in obesity surgery.

 

d

 

Patients underwent Roux-en-Y gastric bypass for morbid obesity.

 

TABLE 26.3
Incidence of Cryptogenic Cirrhosis in Metabolic Syndrome Patients

 

Ref. 
No. Study (n) Type of Study

T2 Diabetes
Mellitus

 (%)
Obesity

(%)

Morbid
Obesity

(%)

Obesity + 
Diabetes

(%)
Hyperlipidemia

(%)

 

11 Browning et al.
(2004)

41 Retrospective review 53 46 n/a 68 n/a

25 Poonawala et al. 
(2000)

49 Retrospective review 47 47 22 23 21

26 Caldwell et al. 
(1999)

70 Retrospective review 53 47 n/a n/a n/a

 

Note

 

: n/a = not applicable.
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Marceau and colleagues verified the results of the Silverman et al. study, in that people with impaired
glucose tolerance or diabetes were seven times more likely to develop fibrosis.

 

67

 

 A study conducted
in India recently reported that the duration of diabetes plays an important role in NASH progression;
this was mainly due to prolonged insulin resistance and fatty oxidation abnormalities.

 

68

 

 Further, a
large cohort in the Verona study demonstrated that liver cirrhosis was the second most frequent
cause of death in people with type II diabetes mellitus.

 

70

 

 Poonawala and colleagues found crypto-
genic cirrhosis occurred in 47% of subjects with type II diabetes.

 

25

 

 Hence, it is very important for
people with NASH to undergo a glucose challenge test to exclude diabetes diagnosis, because
diabetes often occurs asymptomatically in NASH patients, and this may worsen the liver prognosis.
Weight loss is the most effective treatment strategy to date.

 

28,29

 

D. H

 

YPERLIPIDEMIA

 

Hyperlipidemia (hypertriglyceridemia, hypercholesterolemia) as a cause of insulin resistance is
often evident in patients with NAFLD and NASH.

 

17

 

 Diehl and colleagues found that one fifth of
NASH and NAFLD patients developed hyperlipidemia.

 

58

 

 Another study reported that hyperlipi-
demia occurred in 21–83% of NASH patients.

 

25

 

 However, compared to hypercholesterolemia,
hypertriglyceridemia is thought to increase the risk of development of fatty liver.

 

28

 

 Te Sligte and
colleagues summarized some factors that may contribute to fat accumulation in NASH patients;

 

19

 

high intake of saturated fatty acids and cholesterol results in increasing plasma triglycerides and
free fatty acids. The diminishing insulin sensitivity suppresses lipolysis and increases hyperinsuline-
mia and TNF-

 

α

 

 release.

 

19

 

E. O

 

THER

 

 C

 

ONDITIONS

 

 A

 

SSOCIATED

 

 

 

WITH

 

 NASH

 

Although insulin resistance is strongly associated with NASH, there are some other conditions
that also relate to NASH. These conditions vary from surgical procedures such as jejunoileal
bypass and intestinal resection, to rapid weight loss, drugs, total parenteral nutrition (TPN), and
metabolic disorders.

 

52,71–73

 

F. P

 

ROGNOSIS

 

It is obvious that NASH may progress to advanced liver disease, especially in those individuals
who carry a predisposing factor.

 

71 

 

One retrospective study demonstrated that 25% of patients with
NASH die from a liver-related cause.

 

73 Furthermore, Hui and colleagues found that people with
NASH had similar health risks to those with untreated chronic hepatitis C (HCV). Liver failure is
the main cause of morbidity and mortality in cirrhosis associated with NASH in Australia, and the
cumulative probability of overall survival was 95, 90, and 84% in 1, 3, and 10 years, respectively.73

Furthermore, Chitturi and coworkers found that patients with NASH have similar health risks to
those with untreated HCV.20 Dutta and colleagues observed in Australia a 2% annual incidence of
HCC in patients over 40 years of age with HCV. Malnourished patients with a previous exposure
to HBV have the highest risk of developing HCC.74 Two Japanese studies reported HCC incidence
in NASH patients as sufficiently common to warrant screening.75,76

III. COMPLEMENTARY THERAPIES IN THE TREATMENT OF NASH

At present there are no evidence-based guidelines that can be used in NASH treatment.47,63–69

Although a number of drugs have been used in clinical trials, and several have been used in practice
for NASH treatment, the best practice evidence remains to be elucidated.33,61 The management of
NASH currently is more focused on the underlying disease. Lifestyle and nutrition intervention,
which promote gradual weight loss; dietary supplementation in the form of long-chain polyunsat-
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urated fatty acids (with proven ability to reduce hyperlipidemia risk), and antioxidant supplements
may be beneficial.28–48 Improvement is evident not only in liver function tests but also confirmed
through further examination using ultrasound or CT scan and histological findings in a follow-up
liver biopsy.34,44,46,47 It appears that nutritional interventions assist in treatment of NASH and help
to control predisposing factors or putative underlying diseases.30–37 However, literature research has
revealed that studies of nutritional intervention in NASH patients are still very limited, and these
strategies are yet to be incorporated into clinical practice. It is hoped that the study to commence
at Westmead, RPAH, and Western Division of General Practice will clarify this situation. Fortu-
nately, a system of staging and grading of histological changes has been developed to identify the
changes that take place in the development of NASH.77,78 Ratziu and coworkers developed a
clinicobiological score combining BMI, age, ALT, and triglyceride levels to improve the selection
process of patients for liver biopsy.52 

A. LIFESTYLE INTERVENTION: WEIGHT LOSS

A number of studies have demonstrated that weight loss improves NASH and, to date, this is
considered to be current best practice,28–37 although no randomized controlled trial has been con-
ducted with regard to weight loss. Eleven studies used weight loss in NASH and NAFLD treatment
with different approaches to weight loss, such as diet restriction, combination between diet restric-
tion and exercise, gastric banding, and drugs.28–37,63 The measurement outcomes that demonstrated
significant improvements after weight loss are serum transaminase and the reduction of the degree
of steatosis. Limitations found in the studies overall were the lack of liver histology as only three
studies performed liver biopsies,33,35,36 and one study used CT-scan to measure the degree of
steatosis.31 These studies did demonstrate a reduction in the degree of fibrosis. Hickman and
coworkers demonstrated in the HCV setting that weight loss was associated with a decrease in
fibrous scores and a reduction in activated stellate cells.37 Liver histology outcomes are necessary
in these studies to establish the degree of weight loss needed to bring liver back to normal, and
none of the studies offered this information. One study conducted by Andersen and colleagues
reported that rapid weight loss in people with severe fatty liver would exacerbate the degree of
fibrosis and inflammation.79 Therefore, gradual weight loss is recommended as a treatment in NASH
patients, particularly those who are 30% overweight. Weight reduction around 500g–1 kg per week
appears to be considered safe and effective.47,48,79,80

B. PHYSICAL ACTIVITY

Physical activity was found to be beneficial in improving hepatic steatosis lipid profile, and in
reducing adipose tissue fat accumulation. A study conducted by Gauthier and colleagues in hepatic
steatosis-induced rats suggested that eight weeks of physical training provided significant
improvement in plasma concentrations of triacylglycerol in comparison with rats fed a high fat
diet with sedentary activity levels.81 Furthermore, the active rats had lower nonesterified fatty
acids (NEFA), diminished insulin concentrations, and lower plasma leptin compared to the other
rats with sedentary activity.81 Two studies conducted in Japan using a combination of diet
restriction and exercise produced a more beneficial effect using this strategy.34,35 A study by Ueno
and colleagues demonstrated that energy restriction (25–30 kcal/kg IBW/day) combined with
exercise each day for 3 months would improve NASH patients’ status.34 This finding was
confirmed with a measurement of some parameters such as BMI, liver function test, blood glucose
level, total cholesterol along with histological data from liver biopsy (degree of steatosis). A study
by Hickman and colleagues conducted over 12 months supported the Ueno findings that improve-
ment was achieved in biochemical and histological data after following a restricted diet and
exercise program (Table 26.4).36
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C. NUTRITIONAL ASPECTS OF TREATMENT OF NASH:
OMEGA-3 FATTY ACIDS

Supplementation with n-3 long chain polyunsaturated fatty acids (n-3 LCPUFA) suggests some
promising results: however, it is not currently recommended as best practice. Gradual weight
loss, although requiring more clinical trials, is considered in the literature as best practice.28,29,36,

37 Six studies investigated the association between omega-3 supplementation and the reduction
of risk factors for NASH. Three studies each were conducted in animals39–41 and in humans.35,82,83

The majority of the studies examined the antiobesity effect of omega-3 supplementation through
different aspects. Browning and colleagues investigated the antiobesity related effect of omega-
3 supplementation (1.3 g EPA and 2.9 g DHA) in two groups of women with different inflam-
matory status (measured by sialic acid).82 The results demonstrated that the group with the higher
inflammatory status had a significant improvement in insulin sensitivity. One study conducted in
humans compared the effect of omega-3 fatty acids with Atorvastatin and Orlistat.83 Although
the Orlistat group demonstrated a greater improvement in steatosis when compared to other
groups, omega-3 fatty acids proved to be more effective in reducing AST. Furthermore, this study
demonstrated that the omega-3 group had the highest reduction in triglyceride levels. In the three
animal studies,39–41 two were controlled, suggesting that fish oil administration would suppress
sterol element regulatory binding protein-1 (SREBP-1), which is predominantly located in liver.
SREBP-1 is responsible for the regulation of synthesis and storage of triglycerides in the liver.
Disruption in mature SREBP-1 could improve hepatic steatosis. Although significant reduction
of AST and ALT levels was not observed in these studies, one study decreased levels of triglyc-
erides and postprandial blood glucose.40 Promising data from clinical and animal studies without
histological endpoints can be misleading. Hatzitolios et al. (2004)83 demonstrated that n-3 LCP-
UFA supplementation reduced triglyceride levels; however, given the mechanism of the develop-
ment of triglyceridemia in NASH patients, the significance of this effect is not yet clear (Table
26.5).52,60,83 Clearly, further well-designed and executed studies are necessary to elucidate the
mechanisms involved, so that n-3 LCPUFA can be included in clinical practice treatments of
NASH patients.

D. ANTIOXIDANTS

Antioxidant therapy is not recommended as part of clinical practice, even though the research
appears to be promising. At present there is a lack of strong evidence to support the supplemen-
tation of vitamin E to boost serum antioxidant levels in NASH patients. This therapy is based
on the fact that oxidative stress is one of the most important factors in the promotion of NASH
pathogenesis.41 Four studies varying in length from 12 weeks to 12 months investigated the
therapeutic use of vitamins in the treatment of NASH patients (Table 26.6). Lavine demonstrated
in a pilot study of children less than 16 years of age that supplementation with vitamin E (400
to 1200 IU/d) resulted in the normalization of ALT.43 In a 12-month pilot study, NASH patients
receiving dietary advice for 6 months, and vitamin E supplementation for 12 months, at a rate
of 300 mg/d, improved histologically.44 In a 6-month prospective, double blind study, 45 patients
were randomized to receive 1000 IU/d of vitamin E and 1000 mg/d of vitamin C or placebo
together with dietary counseling and a low fat diet. There was a statistically significant improve-
ment in fibrous score (P = 0.002), but not inflammation.45 Kugelmas and colleagues conducted
a pilot study of 16 NASH patients, in which the effect of a low fat diet and aerobic exercise
with or without 800 IU of vitamin E daily on cytokine and liver enzyme levels was investigated.46

Lifestyle modifications were associated with improvement in cholesterol and liver enzyme status.
Cytokines were not decreased significantly with weight loss in either the supplemented or the
unsupplemented groups. It is clear that a larger, multicenter, longer-term antioxidant supplemen-
tation study is warranted. 
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IV. IS THERE A LIVER CLEANSING DIET?

There is no liver cleansing diet to improve liver function.84 Liver function can be impaired by
nutritional deficiencies, and excess energy intake can lead to an accumulation of fat in the liver,
causing hepatic steatosis. Liver function cannot be altered by diet, and there are not any nutrients
that can restore metabolic balance to a diseased liver. The biological functions that underpin liver
disease are inflammation and cell necrosis, apoptosis, proliferation, and fibrosis. These functions
are not influenced by diet.56 If a patient has an energy intake in excess of needs and has hepatic
steatosis, then a low-fat, weight-reducing dietary intake combined with lifestyle changes to increase
energy output can reduce the amount of fat accumulated in the liver.5,48 This reduction of accumu-
lated fat in the liver can reduce liver injury and improve liver function test results.34,36

V. CONCLUSION

There is a need to develop a better understanding of the pathogenesis and natural history of NASH.
Many patients do not progress to advanced liver disease; however, it would be of benefit to clinicians
to be able to identify the subset of patients who are at risk of this progression. Treatment has been
focused on the management of risk factors such as obesity, type II diabetes mellitus, and hyper-
lipidemia. NASH associated with obesity may be resolved by gradual weight loss, although some
results are not consistent. Control of glucose and lipid levels is an appropriate strategy, but this
does not always reverse the condition. Some medications have the potential to benefit patients as
do nutritional supplements; however, dose responses remain to be elucidated. Thus, further research
involving well-reasoned study design is needed to develop a wider range of treatment strategies to
benefit NASH patients.
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I. INTRODUCTION

 

During the 1990s functional foods and nutraceuticals emerged as the dominant trend for the food
industry, both in the U.S. and internationally. The concept of foods that could provide health-
enhancing and disease-preventing properties was embraced by a growing number of consumers,
increasingly documented by nutritionists and scientists, and legally endorsed by public policy and
legislative mandates for food and dietary supplement labeling. These developments spawned con-
siderable corporate attention across several industries, from agriculture, biotechnology, and life
science-based concerns that grow and develop the raw commodities to nutritional, food, and
pharmaceutical manufacturers that design new products.

 

1–3

 

 Bringing these newly developed and
newly positioned products to the consumer was the challenge and the value-added opportunity
pursued by these industries.

Whereas consumer interest in the category continued to grow, 1999 emerged as a year with
strong market gains for foods using Nutrition Labeling and Education Act (NLEA)–approved health
claims and nutrient content claims as part of their marketing message. Product successes of note
included the volume gains reported by Quaker Oats in its third quarter financial report featuring
7% gains for oatmeal for the summer quarter, a traditional down-period for hot cereal consumption.
Ready-to-eat cereals increased 5% in volume for the period.

 

4

 

 General Mills, in its mid-year report,
highlighted 13% volume gains for Cheerios, using the oat bran and then the whole-grain health
claim. Other General Mills whole-grain cereals received similar double-digit volume gains in a
food category dependent on population increase (0.6%) for category growth.

 

5

 

 Campbell Soup
Company reported impressive success with their V8 Splash line, rich in antioxidants, which
exceeded expected market growth and surpassed its category parent V8 vegetable juice.

 

6

 

After a bellwether year of consumer response to products repositioned to market their functional
advantages, the nascent market continued evolving in the new millennium. Advances in nutrition
science discovery and documentation accelerated in university laboratories with both private and
public sector funds. Early in the new decade the Office of Dietary Supplements at the National
Institutes of Health (NIH) and U.S. Department of Agriculture (USDA) funded a variety of research
projects and established numerous university research centers to address the science needed for
U.S. Food and Drug Administration (FDA) review and approval of health claims on food labels.
Table 27.1 presents a list of the NIH multiyear, multimillion-dollar-funded botanical research
centers. The advances in scientific documentation coincided with legal challenges to the regulatory
structure and science criteria. Prompted by case law, the FDA went through a series of positions
to establish criteria for review and approval of “Qualified Health Claims” on food labels. At mid-
decade the process is still evolving.

 

7

 

 By 2003, the attention on obesity as an epidemic reached

 

TABLE 27.1
NIH Funded Botanical Research Centers 1999–2005

 

UCLA Center for Dietary Supplements Research
University of Illinois at Chicago: NIH Center for Dietary Supplements Research in Women’s Health
The Arizona Center for Phytomedicine Research at Tucson
Purdue University and the University of Alabama at Birmingham Botanicals Research Center for Age Related Diseases
University of Missouri Center for Phytonutrient and Phytochemical Studies
University of Iowa and Iowa State University Center for Dietary Supplement Research/Botanical Supplements Research 

Center
The Pennington Botanical Research Center: Metabolic Syndrome (with Rutgers University)
The Wake Forest and Brigham and Women’s Center for Dietary Lipids
MSKCC Center for Botanical Immunomodulators (Memorial Sloan-Kettering Cancer Center)

 

Source

 

: Compiled from NIH and Office of Dietary Supplements Web sites.
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critical proportions and received priority in food policy discussions. This further fueled consumer
and food development interests in foods for health with benefits that could be claimed on the food
label. Release of the revised and repositioned “My Pyramid” food dietary guidance in 2005
continued the attention on food for health for consumers and food marketers.

Careful attention to regulatory issues and insightful thought on communication of meaningful
messages on product benefits to consumers are required for the marketing and positioning of
products with health claims in the functional food area. Regulations control the language and
scientific benefit that may be conveyed on the product label, in the marketing literature, and in the
product advertising. Consumers, however, are often more persuaded by nuance, association, and
promises of well-being than by scientific statements and numerical documentation.

 

II. EVOLUTION OF A MARKETING ENVIRONMENT FOR 
FUNCTIONAL FOODS AND NUTRACEUTICALS

 

From the 1970s onwards, food has taken on major connotations of being “good for you” or “bad
for you,” the latter types of foods, such as saturated fats and sodium, to be avoided or ingested in
moderation. The good-for-you foods increasingly include foods and food components shown to
lower the risk of cancer, heart disease, and other chronic diseases of aging. Since then, numerous
studies and research reports have been published documenting the association between diet and
health. In response, public health goals were reoriented from prevention of diseases associated with
nutritional deficiencies to an emphasis on nutrition for decreasing risks for chronic disease. Early
attention focused on preventing, among others, coronary heart disease, stroke, high blood pressure,
cancer, diabetes, obesity, osteoporosis, dental diseases, and diverticulum disease, as pursued in the
Surgeon General’s landmark document on nutrition and health published in 1988.

 

8

 

During the first Bush administration two major initiatives dominated consumer nutrition policy.
The FDA, acting under Congress’s directive, wrote new regulations governing health claims on
food labels. The Nutrition Labeling and Education Act (NLEA) of 1990 was implemented in 1993.
With the assumption that the food label is a primary nutrition education vehicle for the consumer,
the NLEA carefully restricted what can be claimed on the label as well as what nutritional
information must be disclosed.

The second parallel consumer nutrition education thrust involved the redefinition and reissue
of the USDA Five Food Groups from 1979 as the initially controversial Food Guide Pyramid
released in 1992. The new Food Guide Pyramid recommended the number of servings for six food
groups. This initiative was refined and reintroduced in 2005 as My Pyramid.

In this environment emphasizing the role of diet in preventing disease and in promoting good
health, a marketing, consumer, and regulatory crisis began to surface. A market for products with
food components that prevent disease and prolong good health was created by consumer interest
and education in such products. This was accompanied by publicized technological advances and
scientific studies isolating food components such as antioxidants and carotenoids whose presence
in food delivers these prophylactic benefits. These products are referred to by many terms such as

 

nutraceuticals

 

, 

 

functional foods

 

, 

 

designer foods

 

, and other labels from the corporate and scientific
community. Interested consumers seek and respond to marketing claims that identify and elaborate
on these components. Such claims, particularly as presented on the product label, created a growing
dilemma to the FDA in the mid- and late-1980s.

 

9–11

 

III. REGULATORY BACKGROUND

 

Since 1973, FDA regulations have stated that a food whose labeling represents that the food is
adequate or effective in the “prevention, cure, mitigation, or treatment of any disease or symptom”
is deemed “misbranded.” These regulations were amended in 1993 to exempt FDA-approved health
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claims (21 C.F.R. 101.9(i)(1)(1992 ed.; recodified and extended in new NLEA regulations at 21
C.F.R. 101.9(k)(1), 58 Fed. Regis. 2533, January 23, 1993). 
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Contrary to the strict pre-1993 provisions, in the mid-1980s the FDA pursued a policy of selective
nonenforcement, permitting an acceleration of explicit health-related and disease-related claims on
food products that the FDA felt were justified and benefited the public health. The frequently cited
“watershed” was the 1984 promotion of All Bran cereal by Kellogg’s Company with labels that
explicitly claimed preventive benefits of fiber with respect to cancer: “… eating the right foods
may reduce your risk of some kinds of cancer … eat high fiber foods … bran cereals are one of
the best sources of fiber.”

 

12–14

 

This promotion was jointly conducted with the National Cancer Institute (NCI) which, in the
1980s and 1990s, was ahead of other government agencies in promoting to the consumer the use
of diet and, specifically, foods rich in certain nutrient properties. The NCI launched the well
publicized Designer Foods Program specifically to address and document the role of these phy-
tochemicals in cancer prevention.

 

15

 

Other permitted claims in the late 1980s included claims concerning lowered blood serum
cholesterol and the reduced risk of chronic heart disease for oat-based breakfast cereals and other
products containing oat bran; claims that calcium helps reduce the risk of osteoporosis promoted
on dairy products and dietary supplements; and vegetable oil products posting a variety of claims
from “cholesterol-free” to “better for your heart than … ” to specific claims regarding “lower blood
serum cholesterol” and “reduced risk of chronic heart disease.” By 1990, it was reported that “…
40 percent of all new food products introduced in the first half of 1989 bore general and specific
health claims.”

 

16

 

Besides the exploding number and variety of health claims promoted by food marketers —
which the FDA chose to ignore, thereby informally condoning them — the FDA also officially
exempted several food categories from drug status and accountability while permitting explicit
health and disease-related labeling claims. These food product categories included “medical foods,”
“hypoallergenic” foods, diabetic foods, sugarless foods that “will not promote tooth decay,” and
foods that are qualified for special dietary uses (21 C.F.R.).

 

17
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The incipient loss of control by the FDA with its official and unofficial exemptions encouraged a
flood of health claims from entrepreneurial marketers and created a consumer marketplace rife with
confusion and skepticism. Adding to the loss of control and embarrassment on the FDA level was
the ambitious behavior of several state attorney generals who very publicly invoked their authority
in this arena, on behalf of consumer protection, opposing fraudulent and misleading food labeling
claims and seizing the products.

 

18–20

 

An early attempt to regulate this type of imitative and ambitious marketing behavior was an
FDA proposal in 1987. This set of permissive guidelines never took effect and ultimately was
replaced by the restrictive 1990 NLEA proposals. The strict separation of definition of food and
drug returned. A food product could make a health- or disease-related claim “only if (FDA)
determines, based on the totality of publicly available scientific evidence (including the evidence
from well designed studies …) that there is significant scientific agreement, among experts … that
the claim is supported by such evidence” (21 U.S.C. 343(r)(3)(B)).

Though the overall regulations were quite stringent, more restrictive, more inclusive, and set
high standards for qualification, the FDA did address and rule on ten claims that the agency
examined for authorization. The authorized claims were approved for use as generic health claims
on foods that qualified. Table 27.2 lists the originally approved health claims under the NLEA. The
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FDA also established a definition for the term healthy for use in food labeling. To be labeled as
healthy, food must meet the definition of “low” for fat and saturated fat, must contain cholesterol
and sodium below disclosure levels prescribed in FDA regulations, and must comply with all
applicable rules concerning specific nutrient content claims on the label (21 C.F.R. 101.65(d)(2),
58 Fed. Regis. 2944).

This select and limited approach permitted access to generic health claims in the food situations
that qualify under the authorized categories listed in Table 27.2. Any health claim that was not
explicitly approved for use in food labeling by an FDA regulation was deemed to be forbidden
from use in food labeling.

 

21

 

The implementation of the NLEA in 1993 quickly prompted concerns of ambitious enforce-
ment from the FDA. In hindsight, two results are easily documented. Industry’s adherence to the
new legislation dramatically reduced the number of claims used in food product advertising
(Figure 27.1). The concerns of the dietary supplement industry that the FDA would aggressively
apply the new regulations to their growing industry prompted separate legislation in the area.
The quick and unanticipated passage of the Dietary Supplement Health and Education Act
(DSHEA) in 1994 created a separate set of label criteria for the ancillary dietary supplement
industry that was distinct from the regulations required on food labels. It also created a separate
and distinct regulatory category for dietary supplements with separate marketing standards for
label claims and advertising statements.
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The regulated market for health claims on foods and claims on dietary supplements continued to
evolve in the late 1990s as claims were approved and challenged, and as various legal precedents
occurred in this area. The Food and Drug Modernization Act (FDAMA) of 1997 permitted the
consideration of authoritative statements as a source for health claims on foods. This led to the
approval of the whole-grain health claim addressing the risk of heart disease and cancer, as cited
in a National Academy of Science report on diet and health. This report also sourced the potassium

 

TABLE 27.2
Health Claims That Meet Significant Scientific Agreement (SSA) Receiving Approval 
under NLEA

 

Seven Health Claims Receiving Original Approval under NLEA

 

Calcium and osteoporosis
Sodium and hypertension
Dietary lipids (fat) and cancer
Dietary saturated fat and cholesterol and risk of coronary heart disease
Fiber-containing grain products, fruits and vegetables, and cancer
Fruits, vegetables, and grain products that contain fiber, particularly soluble fiber, and risk of coronary heart disease
Fruits and vegetables and cancer

 

Additional Health Claims Receiving FDA Approval under NLEA

 

Folic acid and neural tube defects
Dietary noncarcinogenic carbohydrate sweetners and dental caries
Dietary soluble fiber from certain foods (such as that found in whole oats and psyllium seed husk) and risk of coronary 
heart disease 

Soy protein and risk of coronary heart disease
Stanols/sterols and risk of coronary heart disease

 

Source:

 

 From FDA Web site: Label Claims — Health Claims that Meet Significant Scientific Agreement (SSA), Updated
June 9, 2004, www.cfsan.fda.gov/~dms/lab-ssa.html.
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and risk of high blood pressure and stroke claim. A report of the Food and Nutrition Board of the
Institutes of Medicine provided documentation to permit the institution of a nutrient content claim
for choline. These are included in Table 27.3.
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Legal developments during 1999 triggered a significant revamping of FDA claim regulation, which
is still evolving at mid-decade. The new qualified health claim criteria is still under review, and
expands the possibility that manufacturers may be able to bring more “emerging” science to the
label as they present their data in unbiased terms. The qualified health claim format permits
discussion of a nutrient–disease connection in qualified terms, depending on the FDA’s assessment
of the strength of the relationship based on the presented dossier of research. This is a complex
and lengthy assessment that includes multiple considerations. These include the number of studies,
study type and size, strength of study findings, relevancy of the studies to the intended claim
statement and target population, and consistency of findings across studies.

 

22

 

 Table 27.4 lists the
qualified health claims permitted for use by mid-decade.
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An applicant has two key concerns when approaching the FDA regulatory environment in pursuit
of claim approval. These are the amount of documentation and time required for approval, and the
type of claim and the structure of the communications message permitted. For a health claim to
be approved on a food product, the claim must be submitted to the FDA with scientific documen-
tation. All materials enter the public domain. After lengthy review and public comment, the claim

 

FIGURE 27.1

 

Use of nutrition messages on food labels 1990–2003: nutrient content — structure/function
— health claim.

 

TABLE 27.3
Label Claims Receiving FDA Approval under the 
FDA Modernization Act of 1997 (FDAMA)

 

Potassium and the risk of high blood pressure and stroke
Whole grain foods and the risk of heart disease and certain cancers
Nutrient content claim for choline

 

Source:

 

 From FDA Web site: Label Claims — FDA Modernization
Act of 1977 (FDAMA) Claims, updated June 9, 2004, www.cfsan.
fda.gov/~dms/labfdama.html.
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may receive generic approval for use by all products that meet the qualification of the claim. It
remains a concern for the existing qualified health claim protocol that the time necessary for review
and approval, the presentation of data in the public domain, and the generic availability of the
resulting claim will deter private investment in documenting and developing products with func-
tional advantages for health. Without access to patents or proprietary claims, the research incentives
lie within the public domain, through university funded centers as listed in Table 27.1. Private
sector situations that benefit under the existing generic claim protocol include agricultural co-ops
and ingredient suppliers who can either patent or brand their functional ingredient in a way that
grants them some advantage in order to provide a return on their investment in research to document
the functional ingredient.
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The development and commercialization of next generation functional foods and nutraceuticals
will be influenced by the fields of genomics and nanotechnology. There is a growing understanding
that certain food components activate genetic based responses in body cells and that these responses
vary on an individual level. With broader access to DNA typing and gene testing it is expected that
individually customized diets can be prescribed to prevent disease when susceptibility is identified
on an individual cellular level. Called 

 

nutrigenomics,

 

 this nascent field holds promise for customized
preventive healthcare. Nanotechnology application in food delivery also promises a high tech
patentable research field that can enhance and deliver functional benefits in food forms through
microencapsulation and nanoprocessing, among other applications. Difficulties in extracting, stan-
dardizing, and delivering benefits in the botanical arena may be ameliorated through advances in
food nanotechnology.

Both fields are aggressively pursuing intellectual property protection, though policy makers are
uncertain how to regulate these processes and products. There also is preliminary debate on whether
proprietary discovery will impede new product development and dissemination of healthier foods
on the widest level in the future.

 

IV. INTRODUCTION TO CONSUMER MARKETING ISSUES FOR 
NUTRACEUTICALS AND FUNCTIONAL FOODS

 

Nutraceutical and functional food consumers tend to be female, middle-aged, affluent, and more
educated than the average consumer. They represent a desirable marketing segment that is less
price sensitive and more proactive regarding pursuit of good health. They segment into numerous

 

TABLE 27.4
FDA Permitted Qualified Health Claims with Qualifying Language

 

Selenium and cancer —

 

 some scientific evidence suggests…evidence is limited and not conclusive

 

Antioxidant vitamins and cancer — 

 

some scientific evidence suggests…evidence is limited but not conclusive

 

Nuts and heart disease — 

 

scientific

 

 

 

evidence suggests but does not prove…

 

Walnuts and heart disease – 

 

supportive but not conclusive research shows….

 

Omega-3 fatty acids and coronary heart disease — 

 

supportive but not conclusive research shows…

 

B vitamins and vascular disease — 

 

evidence in support of the above claim is inconclusive

 

Monounsaturated fatty acids from olive oil and coronary heart disease — 

 

limited and not conclusive evidence suggests…

 

Soy-derived phosphatidylserine and cognitive dysfunction and dementia — 

 

very limited and preliminary scientific research 
suggests…FDA concludes that there is little scientific evidence supporting the claim

Source:

 

 From FDA Web site: Summary of Qualified Health Claims Permitted, updated August 4, 2005, www.cfsan.fda.gov/
~dms/qhc-sum.html.
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lifestyle and behavior groups, and have concerns across a number of chronic disease states. They
represent a quintessential target market.

Marketing issues can be divided between general factors promoting marketing success, as
listed in Table 27.5, and specific factors for product positioning on a whole health continuum.
General factors, or lessons learned for marketing foods utilizing health claims, are discussed in
the following sections.
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Most successful new food products in the late 1990s demonstrated three criteria: taste, convenience,
and nutritional advantage. Taste remains paramount of the three and is the dictating factor for repeat
purchase. Although nutrition or convenience may generate trial purchase, neither will sustain repeat
purchase without good taste. Not only should nutraceutical products provide good taste, they must
promise good taste in their advertising and reinforce the consumer’s curiosity for good taste. This
is critically important for new products without benefit of a familiar brand heritage.
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The brand name of the product should connect to the health benefit of the product and offer insight
into the unique functional value of the food, as well as not connote a taste concern. An exception
would be a preexisting product like oatmeal repositioned for its functional health value, where the
preexisting brand equity is retained. The early psyllium cereals demonstrated the communication
strength of the more straightforward Heartwise brand offered by Kellogg’s vs. the more vague
implications of General Mill’s Benefit brand moniker. Again, the Nabisco Brand NutraJoint product
communicated with consumers but the recent Kellogg’s psyllium line Ensemble did not equate the
beneficial purpose of the product. Tropicana has succeeded in communicating their functional
orange juice line, first under the banner Pure Premium Plus and later Essentials, with identification
of the specific functional ingredient(s) and purpose. This was dramatically successful with their
Healthy Kids introduction based on a nutrient bundle adding health benefits specific to children’s
nutrition needs and dietary deficiencies.
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The more specific the nutrient and its benefit, the more consumer education on the disease state
and health condition that is needed. Cardiovascular disease, cancer, and osteoporosis seem to be

 

TABLE 27.5
Lessons Learned for Marketing Functional Foods

 

Good taste necessary
Brand name should connect to functional advantage without compromising taste assurance
Consumer education required
Consumer confused by information overload and contradiction in media
Avoid complicated claims referencing numbers or unfamiliar food components
Competitive set determined by health issue, not product category
Nonverbal messages are important: satisfied users
Suggest usage occasion and product substitution 
Avoid negative or scare-tactic advertising
Functional foods serve niche markets
Recognize and exploit corporate heritage in specific product categories
Provide assurances for dosage and standardized product
Use packaging to imply dosage and penetrate multiple channels for convenient access
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reasonably well communicated health concerns, but many of the more specific health issues are
not. Complementarily, the consumers have varying levels of understanding of the benefits of the
nutrients. Popular antioxidant vitamins are readily accepted for their health value, whereas newer
antioxidants such as lycopene and xianthan are less familiar and not readily identified with the
health condition they sustain. Levels of consumer education appear to follow public health cam-
paigns, and to the degree that approved health claims receive rapid exposure in the commercial
and public health media, consumers quickly appreciate new nutrient benefits.
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Consumers do not easily process complicated quantitative messages regarding nutritional benefit,
and do not readily understand comparative mathematical relationships as validation of nutrient
benefit. Although such information may be provided on the label and in the marketing literature
for the product, it should not be the essence of the positioning and advertising of the product. Such
information is useful for the medical audience and the informed consumer and its presence provides
value for these purposes. 
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One of the most repeated fundamental marketing errors that has occurred with functional foods
and nutraceuticals is the inclination to address the product category competitive set and not the
substitutive competitive set defined by the health condition. Cholesterol-lowering foods, whether
oatmeal, soy, or stanol ester spreads, are in direct competition with ethical drug products for this
purpose and provoke strong competitive response from the pharmaceutical industry. These defensive
responses are addressed to both the consumer and the medical community. Food manufacturers
rarely anticipate this out-of-category — indeed, out-of-industry — counter response.

F. IMPORTANCE OF NONVERBAL MESSAGES

The use of nonverbal messages is an important method for communicating good taste, quality
assurance, and functionality. Product functionality can be connoted in a number of ways by showing
active, satisfied users. Taste assurance is conveyed with satisfied users enjoying the product.
Nonverbal messages also can be used to suggest target market consumers, product quality, and to
provide a “natural” halo for the product with visuals of fields, growing plants, plant botanical
graphics, or other reassuring images.

G. USAGE OCCASION

The sight of satisfied users and the presence of the product consumed in a usage occasion envi-
ronment is reassuring and provides context to the consumer. Usage occasion is an important factor
as it suggests to the consumer the method for incorporating the product into a daily routine, thereby
meeting dosage demands. It also suggests product substitution possibilities, which increase likeli-
hood of product adoption.

H. AVOID NEGATIVE ADVERTISING

Advertising focusing on the fear of the disease and a message addressing the loss of health has not
resonated with consumers so far. Consumers are wary of avoidance messages, and are more
favorable and receptive to messages of “more” and “better” and general promises of good health.
Functional foods are excellent sources of “better” and “good-for-you” product messages and are
easily positioned to emphasize their positive advantage. This good health approach also is less
challenging to the regulatory structure.
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I. NICHE MARKETS

Almost by definition, as bioactive ingredients are better understood, they are promoted for specific
use by specific populations and represent niche market opportunities. As the category matures,
competition increases, and the medical community becomes more interested in products, the niche
market specificity will become more important. These specifics are necessary to communicate
product differentiation, superiority, and credibility.

J. EXPLOIT CORPORATE HERITAGE

Many food and pharmaceutical companies hold enviable brand equity positions, such as Quaker
Oats Oatmeal mentioned earlier, and enjoy corporate images of trust and expertise with the
consumer. McNeil Consumer Health holds such a trust with the consumer as does Kellogg’s with
its healthy fiber cereal dominance. Kellogg’s Heartwise cereal was able to secure ready consumer
acceptance as a high-fiber cereal because of the Kellogg’s heritage in the category. For General
Mills’ Cheerios brand and Tropicana’s Pure Premium Plus and Essentials line, the existing equity
of taste and quality were powerful foundations for their transformations to functional food posi-
tionings. The existence of a product line or portfolio allows the nutrition message and health claim
to be directed at one product in the line, but the health “halo” covers the entire line, even the items
that are sugar frosted, marketed to children, or otherwise inappropriately positioned to be consonant
with targeted health claim marketing. 

K. DOSAGE AND STANDARDIZATION

As the category for functional foods continues to mature, the regulatory environment, the educated
consumer, and the medical community will be asking for levels of bioactive presence to fulfill
efficacious dosage levels. Standardized product will be an important factor for assessing product
quality, and perhaps to meet required product certification in the future. 

L. PACKAGING

Use of individual serve packaging suggests dosage, and delivery of multipacks in sleeves can
suggest and monitor weekly usage. Individual serve also offers the opportunity to market the product
in multiple outlets including vending, convenience store, and food service formats, which are
popular functional food channels in Japan and Europe. Individual serve packaging is particularly
popular with beverage and bar product forms. For products to convey functionality, they are better
presented in smaller portions. They are not meant to be refreshing beverages or meal substitutes.
Lower caloric content also increases the likelihood that the products can be incorporated into a
daily diet without major impact on preexisting dietary habits.

V. POTENTIAL PRODUCT POSITIONING

Consumers interested in functional foods and nutraceuticals have four categories of product function
that are desired. These are therapy, prevention, performance, and particularly in the U.S., weight
loss. The therapy, prevention, and performance categories have varying foci, depending on the
respondent’s sex and age.

Consumer studies repeatedly indicate there are segments in the population that have attitudes
and lifestyles more consonant with the concept of foods for health. Typically, consumer research
can segment about 40 million consumers who are “health active,” meaning they act today to ensure
good health when older, are concerned about family nutrition, regularly eat fruit, accept medications,
and exercise twice a week. In addition, research recognizes a somewhat similar group of consumers,
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titled “health aware,” who are like the former “active” group except they do not exercise twice a
week. This group, also comprising consumers over age 18, is estimated to include 13 million
consumers. These are sizable consumer markets.23

Of notable interest is that these “health active” and “health aware” consumers also differ from
the remaining “health uninvolved” population of 137 million people by virtue of their advanced
interest in the continuum of food–nutrition–health. They are far more likely to have moved farther
along the continuum to food–nutrition–health–wellness–well-being. Their concept of health has a
totality about it that is likely to encompass community, self-enhancement, religion, personalization,
rituals, and the environment. These factors can be addressed as physical, emotional, spiritual, social,
and financial dimensions. Not surprisingly, people who are willing to believe what they do and eat
today may potentially impact their health far in the future have some distinguishing beliefs that
can become the foundation for functional food positionings, advertising messages, promotional
opportunities, and product ingredients.

A. PHYSICAL COMPONENTS

Functional food and nutraceutical positionings, regardless of product function or product form,
exist along each of the five dimensions identified in the following sections. The physical dimension
is the most obvious and is clustered around an attention to nutrition, exercise, and medicine.
Functional foods can be positioned along a continuum of nutrition to medicine depending on their
scientific credibility and purpose for therapy, prevention, or performance. Any products that com-
plement or enhance the healthy benefits of physical exercise offer strong positioning opportunity.

B. EMOTIONAL COMPONENTS

The emotional component involves the needs for nurturing, self-knowledge, and stress management.
Functional food and nutraceutical positioning is compatible with a need for nurturing one’s own
health as well as that of one’s family. The woman’s proclivity for functional food products encour-
ages her, as primary shopper, to respond to a positioning that nurtures and protects her family. This
consumer’s interest in self-knowledge, which will include genome vulnerabilities and environmental
exposure, as well as the individual’s need for stress management, will heighten consumer interest
in products, particularly customized products that address these concerns. Self-knowledge and
customized/personalized/individualized products offer a potentially powerful match. Test kits and
other measurements and “surrogate markers” or biomarkers (such as cholesterol for cardiovascular
disease) become valuable vehicles for recognizing individual needs for protection, restoration or
enhancement of performance, and recovery. These vehicles will document the need for a specific
disease-associated functional food, and thereby encourage its use.

C. WELL-BEING COMPONENTS

The consumer’s dimension of well-being, or spirituality, encompasses meditation, prayer, energy,
and nature. The two latter components directly relate to the performance purpose of functional
foods (energy) and to the desirability of natural ingredients for such products (nature). The term
natural takes on many dimensions of purity from the desirable organic stricture to being naturally
sourced, or simply being plant derived rather than a laboratory-sourced synthetic substitute. Con-
sumers’ first preference, by a wide margin, is to obtain nutraceutical substances through consump-
tion of fruits and vegetables. This underscores their desire for familiar and natural sources for
these active ingredients. Natural connotations can be conjured from the product name, label
graphics, and advertising setting. In Japan, where the culture harmonizes rather than separates
food and health, the FOSHU (Foods for Specified Health Use) products are required to be of
natural origin.
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D. SOCIAL COMPONENTS

The social component includes three factors of large and familiar promise for functional food
positioning. These are family, community, and philanthropy. The first two provide reasons as well
as occasions for functional food consumption. So long as nutraceuticals remain a functional food
— an edible or drinkable product — they have the potential to be a part of the most social and
most routine parts of our lives, namely, daily sustenance. The philanthropy connection is an
important insight for marketers as it indicates that relationship marketing should be a powerful
tool. Tying products in with preexisting disease foundations and fund-raisers, such as the breast
cancer annual “Run for the Cure” event, should carry strong credibility to these consumers.
Foundation endorsements, seals of approval, and spokespeople offer potential marketing and posi-
tioning tactics. Many may offer opportunities for exclusivity, which could become a powerful
product point of differentiation in an arena of generic claims.

E. FINANCIAL COMPONENTS

The fifth dimension is financial, and it clusters into four drivers: concerns and preparations for
comfort, for retirement, for maintaining independence from one’s children, and for contingency
planning. Though obviously no functional food is a financial investment instrument, brand posi-
tionings, nonverbal advertising messages, and promotions that focus on the enjoyment and attain-
ment of these goals give a credible context and purpose for preventive functional food products.
This is evident in the advertising campaigns for Quaker Oats Oatmeal using the health claim
language in a venue of active seniors enjoying breakfast on the golf course; Tropicana Pure Premium
Plus presenting active seniors hiking under the headline, “Leave the Grandkids in the Dust” and
inclusion of the health claim; and in Ensure’s active senior advertising. Ensure’s campaigns have
focused on two of the above elements: elder parent and grown child enjoying the product together
and toasting “to our health,” and implicit independence. More recently, a campaign of active seniors
was introduced, again emphasizing the comfort and fun opportunities offered by healthy retirement.

VI. SUMMARY

In summary, product positioning potential is multidimensional for a segment of consumers of pro-
claimed belief in functional food and nutraceutical products. This target market responds to product
purpose for prevention, therapy, and performance. They have specific disease states that concern them,
in an individualized manner, for which they are receptive to seeking prevention and therapy products.
Such disease concerns include heart disease, cancers, Alzheimer’s, and others. As well as the segments
of product purpose and target disease, described above, there are product positionings and advertising
messages, verbal and nonverbal, which carry particular credibility and immediacy to these consumers.
These tend to cluster into the five areas elaborated above, which include physical, emotional, spiritual,
social, and financial components. Each offers numerous product “hooks” for catching consumer
interest with a credible and identifiable message. Without offering specific direction for product
function, form, or targeted disease state, these components offer marketing context for product
positionings, insight for product names, label design, advertising campaigns, promotions, co-market-
ing, spokespeople, endorsing organizations, and other marketing tactics. Even though regulation does
not permit proprietary health claims, powerful marketing relationships can be structured in an exclusive
manner. This is a familiar aspect of sports drink marketing, a performance product category. 

VII. CONCLUSION

Nutraceuticals and functional foods are clearly poised as a 21st-century industry. They promise
value-added opportunities in the food industry and new market opportunities for the pharmaceutical
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industry. They offer advances in public health as health claim marketing messages empower
consumers to select healthier food choices. Regulatory issues are complex and have evolved in a
politically driven fashion with three major legislative efforts transpiring in the 1990s (NLEA,
DSHEA, and FDAMA) and several legal decisions impacting regulatory interpretation and appli-
cation via case law in the present decade. 

The regulatory activity defines the marketing parameters for the product label, which is one of
the marketing venues. Several suggestions are given for savvy marketing of functional food prod-
ucts. Elaboration on product positionings are offered, acknowledging that consumer receptivity
often hinges on perceptions of quality, taste, acceptability, and well-being, rather than stated
specifics of product potency and clinical benefit.
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A confluence of public events on a global scale have placed obesity front and center of food policy
and corporate strategy. It has generated innumerable conferences and an entire low carb food frenzy
in the short run. But its real promise is in the long-term, proven product development of foods that
are demonstrated to functionally impact obesity: functional foods for obesity. Such documented
products may have a double reward — eligibility for qualified health claims and possible reim-
bursement under Medicare as a disease treatment. They also offer laudable product franchises that
provide a “healthy” balance to food company product portfolios, thereby limiting corporate liability
on both legal and stock valuation fronts. Opportunities abound for ingredients and well formulated
products that provide both taste and convenience with their functionality: products that carefully
document and demonstrate their ability to aid weight loss and prevent weight gain.

 

I. EMERGENCE OF OBESITY AS MAJOR PUBLIC HEALTH ISSUE

 

Surgeon General David Satcher issued the formal “Call to Action to Prevent and Decrease Obesity
in 2001.” The lawsuits against McDonalds followed in 2002, generating tremendous media attention
if not legal respect. The World Health Organization declared obesity a global epidemic in March
2003 and followed it up with bold recommendations in 2004. April 2003 witnessed the J.P. Morgan
equities report, which ranked public food company product portfolios based on the volume of their
products which were high in fat and calories, thereby contributing to obesity

 

.

 

 This tied corporate
stock valuation to anticipated liability risk and profit erosion from over-reliance on high-calorie
foods. Later in the summer of 2003, Department of Health and Human Services Secretary Tommy
Thompson announced his Obesity Roundtables, which began a well publicized and high level

 

* This chapter is expanded from the article “Obesity Policy Promises a Functional Food Feast,” published in the 

 

Nutrition
Business Journal

 

 Vol. IX (7/8) and from the IFT Annual Meeting 2005 presentation, “Obesity and Marketing Opportunities
for Functional Ingredients,” delivered in New Orleans in July 2005.
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stakeholder dialogue on the topic. He also instructed the Surgeon General, Center for Disease
Control, NIH, and the FDA to address the obesity epidemic with high priority. In 2003 and 2004
numerous state legislatures took up the obesity charge with a variety of bills to tax high caloric
foods and beverages or restrict sales venues for such products. In the summer of 2004 Medicare
formally declared obesity an illness with eligibility for reimbursement of medically documented
products and treatments for seniors. In late 2004 the National Academies of Science instituted a
national working committee on Food Marketing: Diets of Children and Youth and in 2005 published

 

Preventing Childhood Obesity: Health in the Balance. 

 

Later that summer the FTC and DHHS held
the public forum Perspectives on Marketing, Self-Regulation and Childhood Obesity. Public policy
focused especially on the marketing of foods to children as a component of childhood obesity and,
by extension, as a factor in the population’s obesity epidemic.

The FDA has proposed label changes that rationalize portion size to package size and alter the
Nutrition Facts Panel to emphasize calories as percent of daily total. They are giving early consid-
eration to the possible addition of symbols on the label translating calories to physical energy
expenditure. Also, they are implementing a qualified health claim policy that allows a reference to
the health value of foods or ingredients provided the label carries a qualified health claim denoting
the level of science and certainty behind the claim as rated by the FDA. They are proposing
standardized qualified language for potentially four differentiated levels of qualified health claims
for use on the food label. The vocabulary differentiates the FDA’s acceptance of the documented
science for the claim based on number of studies, rigor of study design, and consonance of study
findings. These are the operating models until FDA sponsored consumer research is evaluated on
the claims’ differing language and their receptivity and viability with consumers. This consumer
research will explore communication issues with consumers regarding the differing claim levels,
and the research findings will impact decisions regarding the final qualified health claim format
for implementation. Qualified health claims represent an evolving policy area within the FDA.

Qualified health claims provide potential communication opportunities for many functional
food bioactives; they are also available for use with obesity related products. The high priority
given to weight loss efforts in the public health arena suggests that the FDA would give such
products timely and thorough scrutiny, in the hope of seeing genuine weight loss products entering
the market with the ability to communicate their message to consumers.

 

II. INGREDIENTS WITH FUNCTIONAL POTENTIAL TO 
MITIGATE OBESITY

 

Obesity has been addressed by a threefold product development approach.

 

A. L

 

ESS

 

 I

 

S

 

 

 

MORE

 

A straightforward reduction of undesirable ingredients, such as sugars, fats, and, most recently,
carbohydrates, associated with weight gain, would reduce weight. Such products had peaked rapidly
in 2004 with enormous product reformulation to create low carbohydrate products and brands,
overwhelming the consumer with lower carbohydrate product alternatives. By 2005 interest in these
products and in a serious low carbohydrate diet had waned. Weight management formulation then
shifted to embracing new and versatile sugar alternatives.

 

B. M

 

ORE

 

 I

 

S

 

 L

 

ESS

 

 

 

A plethora of new ingredients are being developed and touted to bulk up foods to achieve a low
caloric density. These can be as simple as adding more water, air, or fruits and vegetables to
formulations. Whipped versions of yogurts and desserts permit lower caloric density of favorite
products with desired taste and mouthfeel.
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New novel oils and fats such as diacylglycerol (

 

Enova

 

 by ADM Kao LLC) and structured
triglycerides (

 

Benefat

 

 by Danisco), sugar substitutes, flours and fibers (

 

Raftiline

 

 inulin by Orafti
and 

 

Oliggo-Fiber

 

 from Cargill) can be formulated into products to achieve a lower calorie product.
Additional products, which extend products without adding excessive calories, include starch
blockers, flaxseed, and soy (

 

Solae

 

 from DuPont Protein Technologies and USDA’s 

 

Soytrim

 

), among
other possibilities.

 

C. F

 

UNCTIONAL

 

 I

 

NGREDIENTS

 

These show real potential for actively assisting weight management. Both Generally Recognized
as Safe (GRAS) status and qualified health claim approval are actively being sought for several of
these products. All such products would need an ongoing research program demonstrating efficacy
for FDA review. Potential products range the full spectrum, from familiar ingredients with new
weight management evidence such as has been found concerning calcium, to more tentative and
novel products under review. 

Functional food candidates in this group, as highlighted by the Institute of Food Technologists’
(IFT) 

 

Food Technology Journal

 

 in March 2003, include leptin, chromium, soy and whey proteins,
L-carnitine, conjugated linoleic acid, and other products. Fibers such as barley or oat derived beta-
glucan (

 

Maltrim

 

 and 

 

Nutrim 

 

by VanDrunen Farms; 

 

OatVantage

 

 by Nurture, Inc.) may aid satiety
and maintain blood glucose levels for weight management. Specialty corn-derived starches (

 

Nov-
elose

 

 by National Starch and Chemical Co.) may lower glycemic responses. Extensive work with
flax lignans suggests health functionality with many cofactors for obesity as licensed by ADM.
Whey proteins (such as 

 

Grande Ultra

 

 by Grande Custom Ingredients Group) may suppress
appetite, and dairy products are showing a multifaceted functionality for weight loss (including

 

TruCal

 

 by Glanbia and efforts by Dairy Management Inc.). Conjugated linoleic acid (

 

Xenadrine

 

by Cytodyne Technologies or 

 

Clarinol

 

 by Loders Croklaan Lipid Nutrition) may accelerate fat
breakdown and increase lean body mass. New functional fibers that manage sugar levels to assist
weight loss include fenugreek (

 

FenuLife

 

 by Acatris, Inc., and 

 

Fenupure

 

 by Adumin Food Ingre-
dients) and polydextrose (

 

Litesse

 

 by Danisco). Chitosan polysaccharide fibers inhibit fat digestion
(

 

ChitoClear

 

 from Primex BioChemicals). Chromium and chromium picolinate are long associated
with weight management potential (

 

ChroMax

 

 by Nutrition 21 and 

 

CarnoChrome 

 

by FutureCeu-
ticals). L-Carnitine is another ingredient associated with weight control through energy. Other
novel products include cocoa extract (

 

Chocamine

 

 from NatTrop) and hydroxycitric acid to suppress
appetite; betaine, a component of sugar beets, improving fat metabolism; 4-hydrosyisoleucine
(

 

Promilin

 

 from Technical Sourcing International), DHEA (

 

7-Keta

 

 by Humanetics Corp.) and
forskolin root extract.

Although these ingredients are identified for their potential promise in assisting weight loss
and weight management, they need adequate science and GRAS status for consideration for FDA
qualified health claim approval. Additionally they would need substantial medical substantiation
such as clinical trials for possible qualification for Medicare reimbursement. This list, by no means
complete, indicates the impressive potential for functional food opportunities to address obesity.
Most encouraging is the number of trademarked and branded ingredients, which suggest an ingre-
dient supplier may be interested in sharing the scientific effort to document the functional value
of the bioactive.

As shown in Figure 28.1, the obesity market opportunities are large and growing, and exhibit
various intersections between traditional diet foods, growing healthy food markets, expanding
functional food markets and the diminishing low carb category. This permits entry opportunity for
various types of products for weight loss and weight management and a broad spectrum of marketing
and positioning opportunities for these products. This creates a continuum of differentiated product
space both with and without reliance on an approved qualified health claim.
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III. STRATEGIES FOR QUALIFIED HEALTH CLAIM USE

 

Qualified health claims remain generic in their application. Unless the ingredient supplier demon-
strates a purported health value from a proprietarily derived ingredient, the qualified claim would
have application to all similar products. Even if an ingredient is proprietary and is permitted a
qualified health claim, the claim would be generically available to all food products that used the
ingredient. This situation creates a dichotomized set of opportunities in the marketplace. 

The value and appropriateness of qualified health claim use becomes dependent on the product’s
positioning in the marketplace and whether the claim is fundamental to authenticating the position
or is a value-added enhancement to a position that is not primarily based on health benefit. In this
case it provides a “health halo” to the product via its presence in the formulation: the actual use
of the qualified health claim is not central to the positioning. For science-based positions for health
specific states the qualified health claim is essential and meets the needs of consumers seeking
information for specific product needs. Also, past research shows that the less familiar the bioactive,
the larger the role for the qualified health claim. For Health Reward and Authenticated for General
Health product positionings, the claim can be useful but not to the same degree as a science based
health specific position. Figure 28.2 presents the positioning continuums in a matrix format.

 

IV. FUNCTIONAL FOODS AND OBESITY

 

Attention to obesity creates market opportunity to identify and develop promising functional
ingredients to help reduce and manage weight. Documented science leading to a qualified health
claim lends the necessary credence to the new ingredients. The functional food category expects
6 to 7% annual growth through the decade. This category appears as a sustainable and appropriate
long term market category and important source for functional food growth. Genuine functional
foods for weight loss and maintenance should be rewarded with an enormous market response.
Consumer interest in obesity fighting products will not wane, and consumer patterns of faddish
over-response should remain the norm. Demographics for the consumers targeted for obesity
functional foods should increase in size as the American baby boom generation continues to
avalanche into middle age with its spreading waistline. 

The obesity foods category will continue to evolve from the deliberate 

 

less is more

 

 approach,
to the more technically driven 

 

more is less

 

 capability to substitute new products for former fattier
or sweeter components. Lastly the novelty and technical accomplishments of the 

 

functional food
ingredients

 

 category offer the larger opportunity — for possible proprietary positions and for aiding
consumers in obtaining a healthier diet and lifestyle. The category should remain lucrative and

 

FIGURE 28.1

 

Market opportunity space for functional obesity products. (Developed by N. Childs, 2004.)
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sensitive to products that provide scientific documentation rather than reliance on anecdotal endorse-
ments too often associated with economic fraud. The abundance of branded functional ingredient
products already in the market bodes well for developing a successful obesity targeted functional
food category based on scientific documentation.
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FIGURE 28.2

 

Advantage of qualified health claims by type of functional food positioning. (Developed by
N. Childs, 2004.)
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Alcaligenes faecalis

 

 var. 

 

myxogenes

 

, 360
Alendronate (Fosamax), 251
Allergens, herbal ingredient issues, 272
Allicin, 5; 

 

see also

 

 Sulfur (allyl sulfur/organosulfur) 
compounds

Allilin, 77
Allilumin, 78
Allyl sulfur (organosulfur) compounds, 

 

see

 

 Sulfur (allyl 
sulfur/organosulfur) compounds

Alzheimer’s disease, 319, 322
Amino acid-based nutraceuticals

chemical classification, 9, 20
fermentation systems, 4

Amino acids
capsaicinoids, 182
catecholamines, 377
essential and nonessential, 393
leucine and weight loss, 398
phenolic compounds, 14
role of, 393–395

Animal feed supplements, 336

Animal models, 7, 62–63
Animal trials, 65
Antagonisms, unknowns, 7
Antheraxanthin, 177
Anthocyanates, 6
Anthocyanins/anthocyanidins, 14, 15, 17

chemical classification, 9, 14
glycoside derivatives, 14
grapes, 104
phenolic compounds and, 14

Antibacterial/antimicrobial properties, 7
functional foods, 270, 279
garlic, 76, 78–79

Anticancer/antitumor effects, 7; 

 

see also

 

 Cancer/antitumor 
effects

Antihypercholesterolemic properties, 7; 

 

see also

 

 
Cholesterol levels; Lipids, blood

Antihypertensive properties, 7; 

 

see also

 

 Cardiovascular 
disease/cardiovascular system effects; 
Hypertension

Antiinflammatory activity, 7; 

 

see also

 

 
Inflammation/inflammatory 
mediators/antiinflammatory activity

Antioxidants, 

 

see

 

 Oxidative stress/reactive oxygen 
species/antioxidants

Apios, 6
Apocarotenal, 13
Apogenin glycosides, 106
Apoproteins, lipid, 145–146, 147, 148–149
Apoptosis, 288
Appetite, proteins and, 401
Arabicans, 16
Arachidonic acid pathway, 

 

see

 

 Inflammation/inflammatory 
mediators/antiinflammatory activity

 

Arctostaphylos uva-ursi

 

 (bearberry), 270
Arginine, 20
Arthritis, 

 

see

 

 Osteoarthritis; Rheumatoid arthritis
Asian populations

calcium homeostasis, 253–254
osteoporosis, 247, 249, 250
prospective studies, bone mineral density, 255, 256

Astaxanthin, 12
Asthma, 117

 

Astragalus

 

, 277
Atherosclerosis

 

, see also

 

 Cardiovascular 
disease/cardiovascular system effects

garlic, 89
lycopene and, 67
polyphenols from grape wine and tea and

cholesterol and lipid effects, 110
epidemiology, 109–110
etiology, 110
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inflammation and, 116–117
tocopherols and, 319

Athletes
coffee/caffeine effects

endurance, 454
performance, 456–457

inflammation in, 409–416
adhesion molecules, 412–413
cell membrane fatty acid content, 412
exercise and inflammatory mediators, 410, 411
exercise and overtraining syndrome, 414–415
glutamine, 413–414
glutamine and omega-3 fatty acid combination 

supplementation, 415
omega-3 fatty acids, 410, 412, 413

osteoarthritis risk factors, 196, 199
Athletes, oxidative stress and antioxidant requirements, 

422–435
antioxidant deficiency and restriction, 432
antioxidant manipulation, oxidative stress, and exercise 

performance, 431–432
antioxidants and exercise, 429–430
dietary intake, 433
evidence for oxidative stress in exercise, 426–427
increased de novo production of antioxidants, 430–431
mobilization, 431
oxidative stress, 422–426

antioxidants, 423–424
antioxidants as prooxidants, 424–426
characteristics of, 423
exercise-induced, 426
free radicals, 422
reactive oxygen species, 422–423

reactive oxygen species in exercise, possible 
mechanisms, 427–429

supplements, 433–435
up-regulation of antioxidant enzymes, 430

ATP
fiber metabolites, 133, 135
reactive oxygen species production in exercise, 418, 

427
Autoimmunity, rheumatoid arthritis, 224

 

B

 

Baby food, probiotics, 347
Bacteria

 

, see also

 

 Probiotics/microbes
exopolysaccharides, 

 

see

 

 Exopolysaccharides, lactic 
acid bacteria

fermentation systems, 4
functional foods and, 270
intestinal, 

 

see

 

 Intestinal flora
phenolic compounds, 13
polysaccharide degradation, 16

Bearberry, 270
Beer, 355
Benign prostatic hyperplasia, 

 

see

 

 Prostate gland, prostate 
cancer, and BPH

Benzoic acid derivatives, 14, 15, 16
Berries, 6

Beta carotene, 

 

see

 

 Carotenes/carotenoids

 

Bifidobacterium 

 

bacteria, 6, 338, 341
isoflavone analysis, 35
prebiotic substances, 339

 

Bifidobacterium bifidum

 

, 5, 20, 338, 342, 347

 

Bifidobacterium brevis

 

, 347

 

Bifidobacterium infantis

 

, 5, 20, 347, 364

 

Bifidobacterium longum

 

, 5, 347
Biflavonoids, versus bioflavonoids, 104
Bilberry (

 

Vaccinium myrtillus

 

), 270
Bile acids

exopolysaccharides and, 363
fiber and, 139
yogurt and, 343

Bile synthesis, 140
Bioavailability, biological distribution, and metabolism

isoflavones, 36
lycopene, food sources and health benefits, 57–62

factors altering absorption and plasma 
concentrations, 60

processing effects, 59
Biochemical markers, bone, osteoporosis treatments, 

256–258
Biosynthetic pathways

mevalonate pathway, 10
phenolic compounds, 13–15

Bisphosphonates, osteoporosis treatments, 251
Black tea, 107, 114
Blood clotting, 

 

see

 

 Coagulation
Blood levels

flavonoids, 108–109
lipids, 

 

see

 

 Lipids, blood
lycopene, 58–59, 60

Blood pressure

 

, see also

 

 Hypertension
coffee/caffeine and, 458, 462
garlic, 88–89
and nonalcoholic steatohepatitis (NASH), 490

Blueberries (

 

Vaccinium angustifolium

 

), 270
Blue cohosh, 272
Body fat, 

 

see

 

 Fats/lipids, body
Body weight and composition

conjugated linoleic acids (CLA), 287
glutamine and, 415
and nonalcoholic steatohepatitis (NASH), 487, 

488–489
obesity, 

 

see

 

 Obesity
polyphenols from grape wine and tea, 103
protein as functional food ingredient, 391–403; 

 

see also

 

 
Proteins, dietary

Bone/bone mineral density, 7
isoflavones and, 247–260

current state of understanding, 258–259
epidemiology of osteoporosis, 248–251
future directions and research needs, 259–260
health benefits, 37
sites of action, 36
treatments for osteoporosis, 251–259

osteoarthritis and, 195–196; 

 

see also

 

 Osteoarthritis
Bones and joints

arthritis, 

 

see

 

 Osteoarthritis; Rheumatoid arthritis
conjugated linoleic acids (CLA) and, 290

 

6409_book.fm  Page 524  Saturday, September 16, 2006  9:54 AM



 

Index

 

525

 

Botanicals
functional foods, 

 

see

 

 Functional foods
identity issues, 271

Brain, 

 

see

 

 Nervous system/brain
Bran sources, comparison of fiber content, 141
Bread, exopolysaccharides, 355
Breast/mammary cancer

isoflavone sites of action, 37
lycopene and, 65, 66
olive oil and, 303–304

Breast milk, lycopene status of infants, 60–61
Brewing conditions

coffee, 454
tea, 112, 119

Broccoli, 6
Brussels sprouts, 6
3-n-Butyl Phthalide, 6

 

C

 

Cabbage, 6
Cafestol, 12
Caffeic acid, 14, 15, 300, 302
Caffeine, coffee as functional beverage, 453–462
Calcitonin, 251
Calcium, 5, 7, 20

chemical classification, 9
osteoporosis treatments, 252, 253–254

Cancer/antitumor effects, 7
coffee/caffeine, 459–460, 461, 462
conjugated linoleic acids (CLA), 288–289
exopolysaccharides, 362
garlic, 79–87

carcinogen activity modulation, 82–83
cell cycle arrest/apoptosis, 83–84
COX/LOX pathways, 86–87
diet as modifier, 87
DNA repair, 84
epigenetic modulation, 84–85
immunocompetence/immunonutrition, 85–86
nitrosamine and heterocyclic amine formation, 

80–82
redox and antioxidant capacity, 85

glutamine, 414
isoflavones

health benefits, 38, 43, 45
sites of action, 37

kefir, 346
lycopene, 66–67

epidemiological studies, 63–64

 

in vitro

 

 studies, 64–65
olive oil, 303–305

breast, 303–304
miscellaneous sites, 304–305
prostate, 304
research needs and future directions, 305

pepper fruit (

 

Capsicum annuum

 

) and, 166–167
polyphenols from grape wine and tea and, 118
tocopherols, 322–324

colon cancer, 324

lung cancer, 323
prostate cancer, 323–324

yogurt and, 344

 

Candida albicans

 

, 79

 

Candida kefyr

 

, 345
Canthaxanthin, 13
Capsaicin, 5, 7, 209
Capsaicinoids, 5, 6, 20

chemical classification, 9
pepper fruit (

 

Capsicum annuum

 

), 182–185
Capsanthin, 12, 177

 

Capsicum annuum

 

, 

 

see

 

 Pepper fruit (

 

Capsicum annuum

 

)

 

Capsicum chinense

 

 (habanero pepper), 165, 169, 173, 180, 
184

 

Capsicum fruitescens

 

 (tabasco), 165, 169, 173, 180, 184
Capsorubin, 177
Carbohydrates

dietary
athletes, 415
and obesity, 392

shikimic acid pathway, 14
Carbohydrates and derivatives

fiber composition, 133–134
nutraceutical classes, 9, 16–17, 19
and vitamin C in pepper fruit, 167, 169

Cardiovascular disease/cardiovascular system effects, 461; 

 

see also

 

 Blood pressure; Hypertension
coenzyme Q10 treatment, 444, 445–446
coffee/caffeine, 458–459
coffee/caffeine and, 461
conjugated linoleic acids (CLA), 291
and depression, 384
fiber and, 131–142

cholesterol levels and, 136–141
classification and food sources, 131–134
health claims, 141–142
physical and physiological properties, 134–136

garlic, 87–89
blood pressure, 88–89
cholesterol and lipoproteins, 87–88
plaque and platelet aggregation, 89

herbal ingredients in functional foods, activity and 
efficacy, 274, 277

isoflavones, 37–38
lycopenes, 67
mechanisms of action, 8
olive oil in coronary heart disease, 300–303

antioxidants, 301–302
fatty acids in Mediterranean diet, 300
hypertension, 303
inflammation, 302–303
miscellaneous constituents and effects, 300

omega-3 fish oils and, 234–235
polyphenols from grape wine and tea, 101–120

adsorption and metabolism, 107–109
adverse effects, potential, 117–118
antioxidant effects, 110–112
atherosclerosis and inflammation, 116–117
atherosclerosis epidemiology, 109–110
atherosclerosis etiology, 110
chemical background and nomenclature, 103–104
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cholesterol and lipid effects, 110
classification of polyphenols, 103–104
compounds found in teas, 106–107
compounds found in wines and grapes, 104–106
dietary recommendations, 119–120
hemostasis, effects on, 115–116
LDL oxidation, 112–115
significance of, 118–119
vasodilatory and nitric oxide effects, 115

rheumatoid arthritis and, 231
tocopherols, 321–322

Carnosol, 6, 7

 

β

 

-Carotene, 5, 6, 7
Carotenes/carotenoids

antioxidant properties, 114, 423
athletes, oxidative stress and antioxidant requirements, 

435
dietary intake, 433
supplements, 433–434

chemical classification, 9–10, 12
and LDL oxidation, 67
lycopene, 

 

see

 

 Lycopene
mode of action, 425
pepper fruit (

 

Capsicum annuum

 

), 176–181
prooxidant properties, 424

Carrots, 6
Caseins, 7, 396
Catechins, 6, 7, 104

and cardiovascular disease, 112, 113
distribution of, 109
polyphenols from grape wine and tea, 106, 107

Catecholamines, 377
Cat’s claw, 277
Cauliflower, 6
Celery, 6
Cell culture/

 

in vitro

 

 studies, lycopenes, 62, 64–65
Cell cycle arrest/apoptosis, garlic and, 83–84
Cell membranes, 19, 412, 422
Cell signaling system, 

 

see

 

 Signal transduction pathways
Cellulose, 5, 6, 131

chemistry, 133
food sources, 132
hydration properties, 136
physical properties, 135

Chalcones, 14
Chalcone synthase, 15
Chaparral, 272
Cheddar cheese, 347
Cheese, 347, 355
Cheese whey, 355
Chitin, 16
Chlorogenic acid, 7
Chocolate

caffeine, 454
exopolysaccharides and, 363

Cholesterol levels, 

 

see

 

 Lipids, blood
Cholesterol metabolism

lactic acid bacteria exopolysaccharides, 363
yogurt and, 342–343

Choline, 4, 5, 9, 20
Chondroitin sulfate, 17, 18, 19, 209, 212–213, 214

Chylomicrons, 145
lipolysis of, 148
omega-3 fish oils and, 147–148
tocopherol absorption, 319
tocopherol secretion, 318

Cianidanol, 117
Cinnamate, 14

grapes, 104
trans-cinnamic acid, 14, 15

Citrus fruit, 6
CLA, 

 

see

 

 Conjugated linoleic acids (CLA)
Classification of nutraceuticals, 3–4

 

Clostridia

 

, 44, 340
Coagulation

garlic, 89
polyphenols from grape wine and tea, 102, 103, 

115–116
Cocoa, 6
Cod liver oil, 156
Coenzyme A, 14
Coenzyme Q10 (ubiquinone), 5, 425, 431, 443–450

antioxidant properties, 423
deficiency, 444–445
detection methods, 446–450
heart disease treatment, 445–446
history, 444
mobilization, 431
prooxidant properties, 424
supplements, 434

Coffee as functional beverage
caffeine doses, 454–455
diterpenes, 12
effects of caffeine in brain and body, 456
exercise performance effects, 456–457
forms of caffeine ingestion, 454
health-related issues in coffee consumption, 458–460

blood pressure, 458
cancer, 459–460
cardiovascular disease, 458–459
diabetes, 459
research findings, 461–462

literature/research studies, 461–462
weight loss and energy expenditure, 455–456

Cognitive function enhancers, 273–275
Cole crops, 6
Collagen, 17
Collards, 6
Colon cancer, 324
Condensed polyphenols, 104
Coniferyl alcohol, 14
Conjugated linoleic acids (CLA), 5, 6, 7, 19, 285–292

absorption, 286
body weight and composition, 287
chemical classification, 9
classifying nutraceuticals, 4
dietary reference intakes, 285–286
health aspects, 287–291

adverse effects, 291
blood lipids, 287–288
bones and joints, 290
cancer, 288–289
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diabetes, 290–291
inflammation and immune function, 289–290
safety, 291

metabolism, 286–287
Conjugation, polyphenol metabolism, 109
Connective tissue, 17
Consumer education, 510–511
Copper, 9, 20
Corn, 6
Coronary heart disease

 

, see also

 

 Cardiovascular 
disease/cardiovascular system effects

coffee/caffeine and, 458, 461
and depression, 384

Corticosteroid therapy
osteoarthritis, 208
rheumatoid arthritis, 233

Coumarins, 9, 14, 15, 16
COX, 

 

see

 

 Cyclooxygenase inhibitors
Cranberry (

 

Vaccinium macrocarpon

 

), 279

 

Crataegus oxycantha

 

, 274, 277
C-reactive protein, 140
Creatine, 5, 415
Cruciferous vegetables, 6
Cryptoxanthin, 12, 177, 178
Culture conditions, exopolysaccharide production, 356
Curcumin, 6, 7
Cyanidin, 14, 17, 106
Cyclooxygenase inhibitors

herbal preparations, 280
osteoarthritis management, 207–208
rheumatoid arthritis, 232

Cyclooxygenase/lipoxygenase activity

 

, see also

 

 
Inflammation/inflammatory 
mediators/antiinflammatory activity

garlic and, 86–87
polyphenols from grape wine and tea, 117
tocopherols and, 313

Cystic fibrosis, 316
Cytochrome P450, 109, 318
Cytokines, 

 

see

 

 Inflammation/inflammatory 
mediators/antiinflammatory activity

 

D

 

Daidzein, 5, 6, 7, 248; 

 

see also

 

 Isoflavones
analysis, foods, 25–31, 33, 35
isoflavones and, 37
structure, 24

Daidzin, 35
Dairy foods, and cancer, 289
Delphinidin, 14, 17
Deoxyallilin, 78
Deoxycholic acid, 139
Depression, adjunctive treatment, 373–386

clinical features, 376
diagnosis, 376–377
management, 381–386

adjunctive nutritional regimens, 381–386
pharmacological treatment, 381

pathogenesis, 376

prevalence, 374–376
risk factors, 377–381

gender and biological factors, 377–379
psychological factors, 379–380
social factors, 380–381

Designer foods, 269
DHA, 

 

see

 

 Docosahexenoic acid (DHA) and 
eicosapentaenoic acid (EPA)

Diabetes
coffee/caffeine and, 459, 461, 462
conjugated linoleic acids (CLA) and, 290–291
fiber and glucose levels, 136, 137–138
lactic acid bacteria exopolysaccharides, 363
and nonalcoholic steatohepatitis (NASH), 489–490
omega-3 fish oils and insulin resistance, 155–160

Diacyl glycerols, 19–20
Diallyl disulfide, 77
Diallyl sulfide, 7, 77; 

 

see also

 

 Sulfur (allyl 
sulfur/organosulfur) compounds

Diallyl trisulfide, 77
Diarrhea, yogurt and, 343–344
Didrocal (etidronate), 251
Dietary intake, 

 

see specific nutraceutical classes

 

Dietary regimens
osteoarthritis management, 208–209
polyphenols from grape wine and tea, 119–120
rheumatoid arthritis, 229–230, 233–235, 237

Dietary sources, 

 

see

 

 Food sources
Dietary supplements, 

 

see

 

 

 

specific nutraceuticals and 
medical conditions

 

; Supplements
Dietary Supplements Health and Education Act of 1994 

(DSHEA), 270, 272, 468

 

Digitalis lanata

 

, 271
Diglycerides, 19–20
Dihydrobenzoic acid metabolites of salicylic acid, 115
Dihydroflavanols, 15
Dihydroflavonols, 14, 15, 104
Dihydrolipoic acid, 424
Dimethylallyl pyrophosphate (DMAPP), 11
DNA damage, 303, 422
DNA repair, 84
Docosahexenoic acid (DHA) and eicosapentaenoic acid 

(EPA), 4, 5, 6, 7, 19
antioxidant properties, 155
cell membrane fatty acid content, 412
depression management regimens, 382, 383, 384
lipoprotein metabolism, 148, 149
rheumatoid arthritis, 236

Dosage
herbal ingredient issues, 272
marketing issues, 512

Drug interactions
herbs as ingredients in functional foods, 272
polyphenols from grape wine and tea, 118
St. John’s wort, 386
unknowns, 7

Drug therapy
depression, 374, 381
omega-3 fish oils with, 150
osteoarthritis, 207–208
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rheumatoid arthritis, 224
statins, fiber as adjunct therapy, 140–141

 

E

 

Echinacea

 

, 271–272, 274, 277, 278
Eggs, 6
Eicosanoids

 

, see also

 

 Inflammation/inflammatory 
mediators/antiinflammatory activity

cell membrane fatty acid content, 412
mechanisms of action, 8
rheumatoid arthritis, 228–230, 233, 234

Eicosapentaenoic acid (EPA), 

 

see

 

 Docosahexenoic acid 
(DHA) and eicosapentaenoic acid (EPA)

Elastin fibers, 17
Electron transport chain, 427–428, 443–444
Ellagic acid, 6, 7
Endocrine factors

lycopene bioavailability, 58–59
and osteoarthritis, 196
osteoporosis

 

, see also

 

 Osteoporosis
estrogen/hormone therapy, 251
research needs, 258–259
selective estrogen receptor modulators (SERMs), 

252–253
soy isoflavones, estrogenic activity, 247

Endurance, coffee/caffeine and, 454
Energy metabolism

and body weight, 392
coffee/caffeine and, 454, 455–456
and nonalcoholic steatohepatitis (NASH), 487
reactive oxygen species production in exercise, 

427–428
rheumatoid arthritis, 230
ubiquinone/coenzyme Q10, 443–444

Energy sources
carbohydrates and derivatives, 16
fiber metabolites, 135
proteins, 399–400

 

Enterococcus faecium

 

, 338, 347
Enterolactone, 7
EPA, 

 

see

 

 Docosahexenoic acid (DHA) and 
eicosapentaenoic acid (EPA)

Ephedra, 272
Epicatechin, 105, 106, 107
Epidemiological studies, lycopene effects, 63–64
Epigallocatechin, 107
Epigallocatechin gallate (EGCG), 106, 112

adverse effects, potential, 117
antioxidant properties, 114
polyphenols from grape wine and tea, 107

Epigenetic modulation, garlic, 84–85
Equol, 7, 43–45
Erythrocyte sedimentation rate (ESR), 426–427

 

Escherichia coli

 

, 338
Essential oils, 12
Estrogen

and osteoarthritis, 196
osteoporosis treatments, 251
soy phytoestrogens, 247

Estrogen receptors
isoflavones and, 40–41, 248
selective estrogen receptor modulators (SERMs), 

252–253
Etidronate (Didrocal), 251
Exercise/physical activity

 

, see also

 

 Athletes, inflammation 
in

coffee/caffeine and, 454, 456–457
exercise-oxidative stress paradox, 422
and inflammatory mediators, 410
and nonalcoholic steatohepatitis (NASH), 491, 494
osteoarthritis management, 200–204, 214, 215
osteoarthritis risk factors, 196, 199
and overtraining syndrome, 414–415
oxidative stress, 

 

see

 

 Athletes, oxidative stress and 
antioxidant requirements

rheumatoid arthritis, 231–232
and weight loss, 401–402

Exopolysaccharides, lactic acid bacteria, 353–365
Extra virgin olive oil, 298, 299

 

F

 

Farnesyl pyrophosphate (FPP), 11–12
Fats/lipids, body

conjugated linoleic acids (CLA) and, 287, 291
hawthorn berries and, 277
mechanisms of action, 8
and nonalcoholic steatohepatitis (NASH), 487
protein as functional food ingredient, 391–403; 

 

see also

 

 
Proteins, dietary

tocopherol storage, 431
Fats/lipids, dietary and nutraceutical

carotenoid content, 12
chemical classification, 9, 19–20
classifying nutraceuticals, 4
conjugated linoleic acids (CLA), 

 

see

 

 Conjugated 
linoleic acids (CLA)

depression management regimens, 382
lycopene adsorption, 58
mechanisms of action, 8
and obesity, 392
olive oil health benefits, 297–306
omega-3 fish oils and lipoprotein metabolism, 145–150
polyphenols from grape wine and tea, 119
tocopherol sources, 314–315

Fatty acid metabolites
exopolysaccharides, 359, 362
fiber, 133, 135
prebiotic substances, 339

Fatty acids
exopolysaccharides and, 360–361
hepatic production of VLDL, 146–147
inflammatory mediators, 

 

see

 

 
Inflammation/inflammatory 
mediators/antiinflammatory activity

olive oil in coronary heart disease, 300
in rheumatoid arthritis, 228–230

Feed supplements, probiotics, 336
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Fermentation processes, 4
isoflavone analysis, 35
lactic acid bacteria exopolysaccharide production, 

356–358
Fermented milk products

and cancer, 344
exopolysaccharides, 355
kefir and kefir grains, 

 

see

 

 Kefir
probiotics, 347
yogurt, 

 

see

 

 Yogurt
Fermented vegetables, 346–347
Ferulic acid, 14
Feverfew, 274, 280
Fiber

carbohydrates and derivatives, 16
and cardiovascular disease, 131–142

cholesterol levels and, 136–141
classification and food sources, 131–134
health claims, 141–142
physical and physiological properties, 134–136

and lycopene bioavailability, 60
Field conditions, 

 

see

 

 Growing conditions
Fish oils, 6, 19

and lipoprotein metabolism, 145–150
olive oil with, 305
in rheumatoid arthritis, 233, 236

Flavones/flavonoids/isoflavones, 15
chemical classification, 9, 14
isoflavone sources and metabolism, 

 

see

 

 Isoflavones, 
sources and metabolism

pepper fruit (

 

Capsicum annuum

 

), 171–174
phenolic compounds, 14, 15
polyphenols from grape wine and tea

chemical substitutions, 103–104
classification of polyphenols, 103
compounds in tea, 106, 107

prooxidant properties, 424
structures, 18

Flax, 6
Fluids and electrolytes, coffee/caffeine and, 456–457
Fluoxetine, 386
Folate, 9, 20, 385
Food, Drug, and Cosmetic Act, 270
Food and Drug Administration, 

 

see

 

 United States Food and 
Drug Administration

Food and Drug Modernization Act (FDAMA), 507–508
Food chain, sources of nutraceuticals, 4
Food families, 5
Foods for special health uses (FOSHU), 337
Food sources

anthocyanins and anthocyanidins, 14
fiber

and cholesterol reduction, 136–137
content of select foods, 132

lycopene, 56–57
omega-3 fatty acids, 236, 412
proteins, 394, 396–397
tocopherols, 314–315

FOS (fructooligosaccharides), 7
Fosamax (alendronate), 251
Fractures, soy intake and, 249–251

Free radicals, 

 

see

 

 Oxidative stress/reactive oxygen 
species/antioxidants

French paradox, 102
Fructooligosaccharides (FOS), 6
Fruit juices, probiotics, 347
Functional foods, 269–281

actions and evidence of efficacy, 273–280
digestive system, 278–279
heart and circulation, 277
immune system, 277–278
musculoskeletal system, 280
nervous system, 273–277
respiratory system, 279
urinary system, 279–280

coffee as, 453–462
defining versus nutraceuticals, 2–3
evolution of marketing environment, 505
herbs as ingredients, 270–272

drug interactions, 272
identity issues, 271
processing effects, 271–272
regulatory status, 270–271
safety issues, 272
standardization issues, 271

label statements and claims, 272–273
lactic acid bacteria exopolysaccharides, 353–365
and obesity, 520–521
regulatory definitions, lack of, 269

Fungi, phenolic compounds, 13
Furanocoumarins, 16

 

G

 

Galactans, 16
Galactomannanase, 364
Galactosidase deficiency, 341–342
Gallic acid, 5, 105
Gallocatechin, 106, 107
Gamma carotene, 

 

see

 

 Carotenes/carotenoids
Garlic, 5, 6, 73–89

antimicrobial effects, 76, 78–79
cancer, 79–87

carcinogen activity modulation, 82–83
cell cycle arrest/apoptosis, 83–84
COX/LOX pathways, 86–87
diet as modifier, 87
DNA repair, 84
epigenetic modulation, 84–85
immunocompetence/immunonutrition, 85–86
nitrosamine and heterocyclic amine formation, 

80–82
redox and antioxidant capacity, 85

composition and chemistry, 74–76, 77
health implications, 76, 77
heart disease, 87–89

blood pressure, 88–89
cholesterol and lipoproteins, 87–88
plaque and platelet aggregation, 89

organosulfur compounds, names and structures, 77
supplement forms, 73
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Gastric cancer, red wine consumption and, 118
Gastrointestinal system

exopolysaccharides, 360
exopolysaccharides and, 360
garlic compound antimicrobial activity, 78–79
herbal ingredients in functional foods, activity and 

efficacy, 274, 278–279
kefir and, 346
microbiology of intestinal tract, 339–341
prebiotic substances, 338–339
probiotics and, 336, 337
tocopherols and, 324

Gellan gum, 360, 363, 364
Generally Regarded as Safe (GRAS), 8, 270–271
Gene regulation, polyphenols from grape wine and tea, 116, 

117
Genestein, 5, 6, 7
Genetics, and pepper fruit (

 

Capsicum annuum

 

) carotenoids, 
178

Genistein, 248; 

 

see also

 

 Isoflavones, sources and 
metabolism; Isoflavones, soy

analysis, foods, 25–31, 33, 35
isoflavones and, 37
structure, 24

Genistin, 25–31, 35
Genotoxicity, isoflavones, 39–40

 

Geotrichum candidum

 

, 345
Geraniol, 5
Geranylgeranyl pyrophosphate (GGPP), 12
Ginger, 274, 279
Gingerol, 7

 

Gingko biloba

 

, 270, 271, 272, 273–274
Ginseng, 271
GLA (gamma-linolenic acid), 7

 

β

 

-Glucan, 5, 6, 7
Glucomannan (Konjac-mannan fiber), 137–138
Glucosamine sulfate, 209, 212–213, 214
Glucose levels

and body weight, 392
energy metabolism, 399
fiber and, 136, 137–138
glycemic control

and obesity, 392
proteins and, 398–399

omega-3 fish oils and, 156, 157
proteins and, 398–399

Glucose production, omega-3 fish oils and, 158
Glucose tolerance, exopolysaccharides and, 363
Glucosides, isoflavone, 24
Glutamine, 395, 409, 413–414, 415
Glutamyl-

 

S

 

-allyl-

 

L

 

-cystine, 77
Glutathione, 5, 7, 20, 413

allicin and, 79
antioxidant properties, 423
exercise and activity

athletes, oxidative stress and antioxidant 
requirements, 431

reactive oxygen species production, 430
mode of action, 425
supplements and, 434–435

Glutathione peroxidase, 20, 434

Glutathione transferase, 109
Glycerophospholipids, 19
Glycitein, 248; 

 

see also

 

 Isoflavones, soy
analysis, foods, 25–31
isoflavones and, 37
structure, 24

Glycitin, analysis, foods, 25–31
Glycogen, 131, 133
Glycomacropeptide, 396
Glycosaminoglycans (GAGs), 17
Glycosides

flavonoid polyphenols from grape wine and tea, 108
isoflavone, 32, 33, 34, 36
triterpene, 12

Glycyrrhiza glabra, 274, 279
Glycyrrhizin, 7
Goitrogens, green tea extract, 117
Goldenseal, 277
Gout, 364
Grapes and grape wine, 6

antioxidant properties, 114
polyphenol compounds, 104–106; 

 

see also

 

 Polyphenols 
from grape wine and tea

Grape seed, 118
Green tea, 107, 109, 114

gene regulation, 116
and iron absorption, 117

Growing conditions
herbal ingredient standardization issues, 271
and pepper fruit (

 

Capsicum annuum

 

) capsaicinoids, 
183, 185

and pepper fruit (

 

Capsicum annuum

 

) carotenoids, 178
Growth media, lactic acid bacteria exopolysaccharide 

production, 356–358
Guar gum, 7, 363
Gums, 131, 134, 360, 361

and cholesterol digestion and metabolism, 363
food sources, 132
physical properties, 135
structure, 360, 361
and uric acid levels, 364

 

H

 

Habanero pepper (

 

Capsicum chinense

 

), 165, 169, 173, 180, 
184

Hawthorn (

 

Crataegus oxycantha

 

), 274, 277
Health claims

labeling issues, 272–273
obesity, 520
regulation, 

 

see

 

 Regulatory issues
HeartBar(TM), 277
Heart disease, 

 

see

 

 Cardiovascular disease/cardiovascular 
system effects

Heat shock protein (HSP), 413, 414
Heat treatment, and isoflavone content, 34

 

Helicobacter pylori

 

, 78–79, 279
Hemicellulose, 5, 131, 133

food sources, 132
physical properties, 135
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Hepatic function, 

 

see

 

 Liver
Herbal medicines

functional foods, 270
osteoarthritis management, 209, 210–211

Herbicides, 13
Hesperidin, 14
Heterocyclic amine formation, garlic, 80–82
Hexoses, 16
High-density lipoproteins (HDL), 145, 149
Homocysteine, 20, 385
Homopolysaccharides, 16
Hormones, 

 

see

 

 Endocrine factors
Human milk, 364
Hyalouronan, 208
Hyaluronic acid, 19
Hydroxybenzoate, 104
Hydroxycinnamic acid derivatives, 103, 104
5-Hydroxyindole acetic acid (HIAA), 378, 386
Hydroxypinoresinol, 300
Hydroxytyrosol, 7, 300, 301, 302–303
Hyperforin, 272

 

Hypericum perforatum

 

 (St. John’s wort), 272, 274–275, 
382, 386

Hyperlipidemia, 

 

see

 

 Lipids, blood
Hypertension

 

, see also

 

 Blood pressure
and nonalcoholic steatohepatitis (NASH), 490
olive oil in coronary heart disease, 303
polyphenols from grape wine and tea, 118

 

I

 

Ice cream, 347, 355
Identity issues, herbs as ingredients in functional foods, 271
Immune system

conjugated linoleic acids (CLA) and, 289–290
exopolysaccharides and, 362
garlic, 85–86
glutamine and, 414
herbal ingredients in functional foods, activity and 

efficacy, 277–278
lactic acid bacteria exopolysaccharides, 362–363, 364
reactive oxygen species production in exercise, 428, 

429
rheumatoid arthritis

treatment paradigms, 232
vitamin D and, 235

yogurt and, 343
Indole-3-carbonol, 5, 7, 20
Indoles, 6, 9
Infant formula

exopolysaccharides, 364
probiotics, 347
soy-based, 37

Infants
kefir and, 346
lycopene status, 60–61

Infections, glutamine depletion and, 414–415

Inflammation/inflammatory mediators/antiinflammatory 
activity, 7

in athletes, 409–416
adhesion molecules, 412–413
cell membrane fatty acid content, 412
exercise and inflammatory mediators, 410, 411
exercise and overtraining syndrome, 414–415
glutamine, 413–414
glutamine and omega-3 fatty acid combination 

supplementation, 415
omega-3 fatty acids, 410, 412
omega-3 fatty acids and inflammatory mediators, 

413
capsaicinoids and, 183
conjugated linoleic acids (CLA) and, 286, 289–290, 

291
coronary heart disease, 302–303
fiber and CHD risk, 140
garlic and, 86
olive oil, 302–303, 305
omega-3 fish oils and, 155–156
polyphenols from grape wine and tea, 103, 115, 

116–117
reactive oxygen species production in exercise, 428, 

429
rheumatoid arthritis, 228–230

complementary therapies, 233–234
omega-3 fish oils and, 234–235
treatment paradigms, 232–233
vitamin D and, 235

tocopherols and, 313–314
Ingredients, and product stability/shelf life, 477–479
Insects, chitin, 16
Insulin

conjugated linoleic acids (CLA) and, 291
energy metabolism, 399
leucine and, 395
and nonalcoholic steatohepatitis (NASH), 486

Insulin resistance
conjugated linoleic acids (CLA) and, 287
and nonalcoholic steatohepatitis (NASH), 485, 488
omega-3 fish oils and, 155–160

Insulin response, and body weight, 392
Interactions between strains, lactic acid bacteria 

exopolysaccharide production, 358
Intermediate density lipoproteins (IDL), 145
Intestinal flora

exopolysaccharides, 359
fiber and, 135, 136, 139
fiber metabolism, 133
and flavonoid polyphenols from grape wine and tea, 108
isoflavone biotransformation, 43, 44–45
rheumatoid arthritis treatment with probiotics, 235–236
yogurt cultures colonizing, 337

Intracellular signaling pathways, 

 

see

 

 Signal transduction 
pathways

Inulin, 6, 7

 

In vitro

 

 studies, lycopenes, 62, 64–65

 

β

 

-Ionone, 5
Ipriflavone, 252
Iron, 117, 344
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Irradiation, pepper fruit (

 

Capsicum annuum

 

), 181
Irritable bowel syndrome (IBS), 278–279
Isoflavones, 6; 

 

see also

 

 Flavones/flavonoids/isoflavones
and bone, 247–260; 

 

see also

 

 Bone/bone mineral density
structure, 14

Isoflavones, sources and metabolism, 23–45
absorption and pharmacokinetics, 41–42
analysis, foods, 25–32
analytical issues, 24, 32
endogenous biotransformation, 42–43
food chemistry, 23–32
microbial biotransformation, 43–45
sites of action, 36–41

estrogen receptors, 40–41
health benefit potential, 37–38
toxicology, 38–40

Isoflavones, soy
bioavailability of, 36
osteoporosis treatments, 253–258

biochemical markers, bone, 256–258
calcium homeostasis, 253–254
prospective studies, bone mineral density, 254–256

in soy foods, 34–36
in soy ingredients, 32–34

Isoflavonoids, 15
Isopentenyl pyrophosphate (IPP), 10, 11
Isoprene, 9
Isoprenoid derivatives (terpenoids), 9–13
Isoprostane, 427
Isothiocyanates, 6, 9, 20

 

J

 

Joint disorders

 

, see also

 

 Osteoarthritis; Rheumatoid 
arthritis

glycosaminoglycan and chondroitin sulfate 
supplements, 17

rheumatoid arthritis, see Rheumatoid arthritis

K

Kaempferol, 302
antioxidant properties, 114
polyphenols from grape wine and tea, 107, 108

Kahweol, 12
Kale, 6
Kava kava, 274, 275
Kefir, 344–346

exopolysaccharides, 355, 362, 363, 364
fabrication, 345–346
health benefits, 346

Kefiran, 363, 364
Kinetic modeling of chemical reactions affecting product 

stability, 468–470
Kluyveromyces yeasts, kefir and kefir grains, 345
Konjac-mannan fiber (glucomannan) fiber, 137–138

L

Labeling, nutraceuticals, 3
fiber content and health claims, 142
herbs as ingredients in functional foods, 272–273
Nutrition Labeling and Education Act, 504, 506

Lactase deficiency, yogurt, 341–342
Lactic acid bacteria exopolysaccharides, 353–365

chemical structures, 358–359
factors affecting production, 356–358

fermentation conditions, 356
fermentation technology and, 358
growth media, 356–358
interactions between strains, 358

foods containing, 354–358
health benefits, 359–364

antitumor effects, 362
cholesterol digestion and metabolism, 363
diabetes, 363
digestion of exopolysaccharides, 359–362
immune system, 362–363, 364

other uses of exopolysaccharides, 364
Lactobacillus acidophilus, 7, 20, 342, 344, 345, 347
Lactobacillus acidophilus LC1, 5, 338
Lactobacillus acidophilus MS 02, 337
Lactobacillus acidophilus NCPB 1748, 5, 338
Lactobacillus bacteria, 6

kefir and kefir grains, 345
prebiotic substances, 339

Lactobacillus brevis, 338, 345
Lactobacillus bulgaricus, 7, 337, 341, 343, 345
Lactobacillus casei, 20, 343, 344, 345, 357
Lactobacillus casei Shirota, 338, 343
Lactobacillus delbrueckii, 345, 363
Lactobacillus delbrueckii ssp. bulgaricus, 338, 357, 

362–363
Lactobacillus fermentum, 338
Lactobacillus gasseri (Lactobacillus acidophilus strain MS 

02), 337
Lactobacillus helveticus, 338, 345, 357, 359, 361
Lactobacillus helveticus var. jugurii, 362
Lactobacillus johnsonii, 345
Lactobacillus kefiranofaciens, 345, 357, 359
Lactobacillus plantarum, 20, 338, 345
Lactobacillus rhamnosus, 338, 345, 356, 357, 362
Lactobacillus sake, 355
Lactobacillus sanfranciscensis, 355, 360
Lactococcus lactis, 357, 363
Lactococcus lactis ssp. cremoris, 338, 345, 359, 360, 361, 

362
Lactococcus lactis ssp. lactis, 338, 345
Lactococcus lactis ssp. lactis biovar diacetylactis, 345
Lapacho, 277
Lecithin, 5, 9
Legislation, 468, 504, 507

Food and Drug Modernization Act (FDAMA), 507–508
regulation of herbal ingredients, 270

Legumes, 6
Leishmania major, 85
Leptinemia, 291
Leucine, 393, 394, 395, 398
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Leuconostoc, 338, 341, 345
Licorice, 274, 279
Lignans, 6

olive oil, 300
tea, 106

Lignin, 5, 14, 15, 131
chemical classification, 9
chemistry, 133
food sources, 132
hydration properties, 136
physical properties, 135

Limonene, 5, 7
Limonin, 12
Linoleic acid, 19, 298
Linoleic acid, conjugated, see Conjugated linoleic acids 

(CLA)
Linolenic acid, 4, 7, 19, 298
Lipid (per)oxidation

fish oil supplements and, 149
lycopene and, 65
product stability and shelf life, 472, 478
tocopherols and, 311

Lipids, see Fats/lipids, body; Fats/lipids, dietary and 
nutraceutical

Lipids, blood, 7, 145
conjugated linoleic acids (CLA) and, 287–288
fiber and cholesterol levels, 136–141

miscellaneous risk factors, 140
role of fiber in reducing, 138–140
statin medication, fiber as adjunct therapy, 140–141

garlic, 88–89
garlic and, 87–89
hyperlipidemia, 8
isoflavones and, 37, 38
kefir and, 346
lycopene and, 67
and nonalcoholic steatohepatitis (NASH), 487, 490
omega-3 fish oils and lipoprotein metabolism, 145–150
pepper fruit (Capsicum annuum), 166
polyphenols from grape wine and tea, 102, 103, 110
rheumatoid arthritis and, 231
tocopherol secretion, 318
ubiquinone/coenzyme Q10 and, 444

Liver
cholesterol synthesis, 145

fiber and, 139–140
omega-3 fish oils and, 146–147

glucose production, omega-3 fish oils and, 158
lycopene and, 65
omega-3 fish oils and, 146–147
steatohepatitis, nonalcoholic, 485–498; see also 

Steatohepatitis, nonalcoholic
steatosis, conjugated linoleic acids (CLA) and, 291
tocopherol metabolism, 318–319

Liver disease, and vitamin E deficiency, 316
Low-density lipoprotein (LDL) cholesterol, 145

garlic and, 87–88
isoflavone sites of action, 37, 38
omega-3 fish oils and, 149

oxidation
lycopene and, 67
polyphenols from grape wine and tea, 112–115

L-selectin, 412
Lung cancer, 323
Lutean aglycon, 301
Lutein, 5, 6, 7, 12

pepper fruit (Capsicum annuum), 177
Luteolin, 5, 7, 172, 301
Lycopene, 5, 6, 7, 12, 55–67

antioxidant properties, 61–63
in vitro, 62
in vivo, 62–63

bioavailability, biological distribution, and metabolism, 
57–62

absorption, 57–59
biological distribution, 60–61
factors altering absorption and plasma 

concentrations, 60
metabolism, 61
processing effects, 59

and chronic disease, 63–67
animal trials, 65
epidemiological studies, 63–64
human investigations, cancer, 66–67
human investigations, heart disease, 67
tissue and cell culture studies, 64–65

dietary sources, 56–57
structures, 56

Lymphatic system, 20, 317; see also Immune system

M

Malondialdehyde (MDA), 427
Malonic acid pathway, 13, 14
Malonylated isoflavones, 25–31, 32, 33–34, 35
Malonyl CoA, 14, 15
Malvidin, 14
Manganese, 20
Mannans, 16
Marketing

branding, 510
consumer education, 510–511
evolution of demand, 505
product positioning, 512–514
taste, 510
weight loss products, 519

Marketing issues, 505, 509–513
Mechanisms of action, multiple, 8
Medical and health applications, classifying nutraceuticals, 

3–4
Mediterranean diet, 102

olive oil, 302
olive oil in coronary heart disease, 300
rheumatoid arthritis, 234–235, 237

Membranes, cell, 19, 412
oxidative stress, 422

Menopause, isoflavone health benefits, 38
Mentha x piperita, 274, 278–279
Menthol, 12
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Metabolic syndrome, 155–160
Metabolism

coffee/caffeine effects, 455–457
conjugated linoleic acids (CLA), 286–287
lycopene, 57–62
osteoarthritis, 193
polyphenols from grape wine and tea, 107–109
polysaccharides, 16
reactive oxygen species production in exercise, 427
rheumatoid arthritis, 224
tocopherols, 318–319

Metal ions
product stability and shelf life, 478
reactive oxygen species production in exercise, 429

Methicillin-resistant Staphylococcus aureus, 78
Methiin, 77
Methotrexate, 231
Methylcellulose, 363
Methyl p-hydroxyphenyl lactate, 44–45
Mevalonic acid pathway, 10
Microbes

antibacterial properties, 7, 76, 78–79
intestinal, see Intestinal flora
nutraceutical classes, see Probiotics/microbes
phenolic compounds, 13

Minerals, 5
exopolysaccharide production, 358
nutraceutical classes, 9, 20
polyphenols from grape wine and tea and, 117

Minor flavonoids, 104
Modified cellulose, 131
Moisture, and product stability/shelf life, 474–477
Monoamine oxidase, 377, 378
Monoamine oxidase inhibitors, 374, 378, 381
Monosaccharides, fiber, 131, 133–134
Monoterpenes, 11
Monounsaturated fatty acids, 5, 6, 7, 9
Most plants (component of cell walls), 6
Mozzarella, exopolysaccharides, 355
Mucilages, 131, 132, 134, 135
Muscle strength, rheumatoid arthritis and, 231, 232, 235
Musculoskeletal system

herbal ingredients in functional foods, activity and 
efficacy, 280

osteoarthritis, see Osteoarthritis
osteoporosis, see Bone, isoflavones and
rheumatoid arthritis, see Rheumatoid arthritis

Myrcene, 12
Myricetin

antioxidant properties, 114
grapes, 104
polyphenols from grape wine and tea, 106, 107

N

N-acetyl-cysteine, 424, 425
NASH, see Steatohepatitis, nonalcoholic
National Institutes of Health, 504
Natto, 346–347
Neoplasia, see Cancer/antitumor effects

Nervous system/brain
coffee/caffeine and, 456
cognitive function enhancers, 273–275
depression, biochemical factors, 377–378
herbal ingredients in functional foods, activity and 

efficacy, 273–277
tocopherols and, 322

Neurotransmitters, 377–378
Nutraceuticals/nutraceutical factors, 1–20

chemical classification, 8–20
amino acid-based, 20
carbohydrates and derivatives, 16–17, 19
fatty acids and structural lipids, 19–20
isoprenoid derivatives (terpenoids), 9–13
microbes (probiotics), 20
minerals, 20
phenolic compounds, 13–16, 17, 18

classifying, 3–4
defining versus functional foods, 2–3
food and nonfood sources, 4–5
labeling guidelines, 3
mechanisms of action, 6–8
regulatory definitions, lack of, 269
in specific foods, 5–6

NFκB pathways, 117, 287, 313
Nitric oxide, 20

garlic and, 86
glutamine and, 413, 414
olive oil, 302–303
polyphenols from grape wine and tea, 103, 115, 117

Nitrogen fixation, 14
Nitrogen oxides, tocopherols and, 314
Nitrosamine and heterocyclic amine formation

garlic, 80–82
pepper fruit (Capsicum annuum) and, 166–167

Nitrosative stress, tocopherols and, 314
Nomilin, 12
Nonalcoholic steatohepatitis (NASH), see Steatohepatitis, 

nonalcoholic
Nonstarch polysaccharides, 16
Nordihydrocapsaicin, 5
Nordihydroguaiaretic acid (NDGA), 86
Norepinephrine, 377, 378, 381
Novasoy®, 43
NSAIDs, 207, 232–233, 237
Nuclear factor kappa B (NFκB), 117, 287, 313
Nutrient vehicle, yogurt as, 344
Nutrition Labeling and Education Act (NLEA), 504, 

506–507

O

Oat bran, 6, 137, 139–140, 141, 344
Oats, fermented, 355
Obesity, 8, 517–521

chitin in weight loss products, 16
defined, 391–392
emergence as major health issue, 517–518
functional foods and, 520–521
ingredients with functional potential, 518–519
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and nonalcoholic steatohepatitis (NASH), 488–489, 
490

omega-3 fish oils and, 159
osteoarthritis risk factors, 195, 214, 215
protein as functional food ingredient, 391–403; see also 

Proteins, dietary
and rheumatoid arthritis, 230
strategies for qualified health claim use, 520

Occupational risk factors, osteoarthritis, 196, 197–198
Octadecadienoic acid, 286
ODMA (O-desmethylangolensin), 43
Olea europea (olive), 297–306
Oleic acid, 19, 298
Olestra(TM), 60
Oleuropein, 7, 300, 301, 302, 303
Oligosaccharides, prebiotic substances, 16
Olive oil, 6, 297–306

cancer, 303–305
breast, 303–304
miscellaneous sites, 304–305
prostate, 304
research needs and future directions, 305

consensus report summary, 305
coronary heart disease, 300–303

antioxidants, 301–302
fatty acids in Mediterranean diet, 300
hypertension, 303
inflammation, 302–303
miscellaneous constituents and effects, 300

cultivation of, 297
harvesting and processing of olives, 298–299
miscellaneous disease conditions, 305
nutritional components of olives, 298

Omega-3 fatty acids, 7, 19
cell membrane fatty acid content, 412
chemical classification, 9
and conjugated linoleic acid isomers, 286
depression management regimens, 382, 383, 384
inflammation in athletes, 410–412, 413, 415
mechanisms of action, 8
and nonalcoholic steatohepatitis (NASH), 494
olive oil with fish oil, 305
osteoarthritis management, 208–209
rheumatoid arthritis, 234–235, 236
steatohepatitis, nonalcoholic, 495–496

Omega-3 fish oils
and insulin resistance, 155–160

adipokines, 159
clinical indications for n-3 fish oils in diabetes, 

155–156
glucose homeostasis, 156
glycemic control effects, 156, 157
hepatic glucose production effects, 158
pancreatic insulin secretion effects, 158
peripheral insulin action effects, 158–159

and lipoprotein metabolism, 145–150
adverse effects, potential, 149
combination therapy for hyperlipidemia, 150
HDL metabolism, 149
and hepatic production of VLDL, 146–147
and intestinal production of chylomicrons, 147–148

LDL metabolism, 149
lipolysis of triglyceride-rich lipoproteins, 148–149
lipoprotein metabolism, 146–149
specific effects of individual n-3 fatty acids, 149

Omega-6 fatty acids
and conjugated linoleic acid isomers, 286
depression management regimens, 383
rheumatoid arthritis, 233–234, 237

Onion, 6
Onions, 5, 6
Oolong teas, 114
Organosulfur compounds, see Sulfur (allyl 

sulfur/organosulfur) compounds
Osteoarthritis, 193–215

epidemiology, pathogenesis, clinical features, and 
diagnosis, 194–195

lifestyle and nutritional intervention, 214
management, 200–214

complementary therapies, 208–214
nonpharmacological treatment, 200–207
pharmacological treatment, 207–208

risk factors, 195–200
age and gender, 195
bone mineral density, 195–196
genetics and ethnicity, 199
hormones, 196
muscle weakness, 199
nutrition, 199–200
obesity, 195
occupational factors, 196, 197–198
sports participation and trauma, 196, 199

Osteogenetic or, 7
Osteoporosis, 247–260

current state of understanding, 258–259
epidemiology, 248–251

Caucasian versus Asian populations, 249
overview, 248–249
soy intake, bone density, and fractures, 249–251

isoflavones and, see Bone/bone mineral density
and osteoarthritis, 195–196
research needs and future directions, 259–260
treatments, 251–259

bisphosphonates, 251
calcitonin, 251
calcium and vitamin D, 252
estrogen/hormone therapy, 251
selective estrogen receptor modulators (SERMs), 

252–253
treatments, soy isoflavones, 253–258

biochemical markers, bone, 256–258
calcium homeostasis, 253–254
prospective studies, bone mineral density, 254–256

Overtraining syndrome, athletes, 413, 414–415
Oxidation, LDL, polyphenols from grape wine and tea, 

112–113
Oxidation products, lycopene, 61
Oxidative stress/reactive oxygen species/antioxidants, 7

athletes, 422–435; see also Athletes, oxidative stress 
and antioxidant requirements

Capsicum annuum, 165–185; see also Pepper fruit 
(Capsicum annuum)
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coffee/caffeine and, 461
conjugated linoleic acids (CLA), 286
Echinacea-stimulated immune system and, 278
essential trace elements/minerals, 20
fish oil supplements and lipid peroxidation, 149
free radicals in red wine, 118
garlic, 85
glutathione, 414
lycopene, food sources and health benefits, 61–63
and nonalcoholic steatohepatitis (NASH), 487, 494
olive oil, 302–303
olive oil in coronary heart disease, 301–302
omega-3 fatty acids, 412
and osteoarthritis, 199
osteoarthritis management, 208–209
pepper fruit (Capsicum annuum), 166–167, 172–173, 

174
polyphenols from grape wine and tea, 103, 110–112, 

112–115
product stability and shelf life, 472
steatohepatitis, nonalcoholic, 497
tocopherols, 311–314, 324
ubiquinone/coenzyme Q10, 443–450

Oxygen, and product stability/shelf life, 477

P

Packaging, marketing issues, 512
Pain/analgesic properties, capsaicinoids, 183
Palmitic acid, 19, 298
Palm oil, 12
Pancreatic islets, conjugated linoleic acids (CLA) and, 291
Pancreatitis, and vitamin E deficiency, 316
Paprika, 174, 175, 178, 180, 181
Paracetamol, 207
Para-coumaryl CoA, 14
Paraoxonase, 149
Patient education

osteoarthritis management, 200, 204, 205
rheumatoid arthritis, 231

Pau d’arco, 277
Pectin(s), 5, 7, 16, 131, 132, 133, 134, 135
Pediococcus acidlactici, 338
Pelargonidin, 14, 17
Pentose phosphate pathway, 14
Pentoses, 16
Peonidin, 14, 17
Pepper, 5
Pepper fruit (Capsicum annuum), 6, 165–185

ascorbic acid, 166–171
comparisons of species/cultivars, 168–170
postharvest processing and handling effects, 

170–171
capsaicinoids, 182–185

comparisons of species/cultivars, 184
postharvest processing and handling effects, 185

carotenoids, 176–181
comparisons of species/cultivars, 179–180
postharvest processing and handling effects, 

180–181

flavonoids, 171–174
comparisons of species/cultivars, 173
postharvest processing and handling effects, 

173–174
fruits and vegetables for disease prevention, 166
genetic diversity of genus Capsicum, 165
tocopherols, 174–176

comparisons of species/cultivars, 175–176
postharvest processing and handling effects, 

174–176
Peppermint oil, 274, 278–279
Perillyl alcohol, 5
Peroxisomes, 429
Peroxynitrite, 62

olive oil, 303
tocopherols and, 314

Petunidin, 14, 17
pH

exopolysaccharide production, 356
intestinal, exopolysaccharides and, 360
product stability and shelf life, 478

Pharmacology
isoflavones, 36
research and regulatory considerations, 7–8

Phenolic compounds, see also Polyphenols from grape 
wine and tea

nutraceutical classes, 9, 13–16, 17, 18
olive oil, 300, 301–302

Phenylalanine, 14, 15, 18
Phenylalanine ammonia lyase (PAL), 14, 15
Phenylpropamides, 14, 15
Phosphatidylcholine, 4
Phosphorylation cascades, see Signal transduction 

pathways
Photoprotection, carotenoids and, 12
Photosynthesis, carotenoids and, 12
Physical activity, see Exercise/physical activity
Phytates, yogurt and, 344
Phytoene, 11
Phytoestrogen, isoflavone

equol, 43–45
health benefits, 37
soy, 247

Pigments
anthocyanins and anthocyanidins, 14
carotenoids, 12, 13

Pinoresinol, 300
Piper methysticum, 274, 275
Plantago, 271
Plantain, 271
Platelet aggregation, see Coagulation
Polypeptides, classifying nutraceuticals, 20
Polyphenol oxidase, 106
Polyphenols, 7, 14
Polyphenols from grape wine and tea

adsorption and metabolism, 107–109
adverse effects, potential, 117–118
antioxidant effects, 110–112
atherosclerosis and inflammation, 116–117
atherosclerosis epidemiology, 109–110
atherosclerosis etiology, 110
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chemical background and nomenclature, 103–104
cholesterol and lipid effects, 110
classification of polyphenols, 103–104
compounds found in teas, 106–107
compounds found in wines and grapes, 104–106
dietary recommendations, 119–120
hemostasis, effects on, 115–116
LDL oxidation, 112–115
significance of, 118–119
vasodilatory and nitric oxide effects, 115

Polysaccharides, 17, 18, 19
fiber classification, 131

Population studies
osteoporosis, 249
rheumatoid arthritis, 233

Port wine, 111
Postpartum depression, 378–379
Potassium, 5, 9, 20
Prebiotic substances, 338–339

carbohydrates and derivatives, 16
future for, 347

Probiotics/microbes, 335–347
criteria for, 335–337
exopolysaccharides, see Exopolysaccharides, lactic 

acid bacteria
fermented vegetables and other foods, 346–347
future for, 347
microbiology of intestinal tract, 339–341
nutraceutical classes, 9, 20
products, kefir, 344–346

fabrication, 345–346
health benefits, 346

products, yogurt, 342–344
cancer, 344
cholesterol metabolism, 342–343
diarrhea, 343–344
immune system, 343
lactase deficiency, 341–342
as vehicle for other nutrients, 344

products on market, 337–338
rheumatoid arthritis, 237
rheumatoid arthritis management, 235–236

Processing, handling, storage effects
garlic, and antioxidant activity, 85
herbal ingredient issues, 271–272
herbs as ingredients in functional foods, 271–272
isoflavone content, 34
olive oil, 298–299
pepper fruit (Capsicum annuum)

ascorbic acid, 170–171
capsaicinoids, 185
carotenoids, 180–181
flavonoids, 173–174
tocopherols, 174–176

product stability and shelf life concerns, 467–481
accelerated shelf life testing, 479
ingredients and, 477–479
kinetic modeling, 468–480
moisture effects, 474–477
oxygen effect, 477

temperature effects, 468–470
wine making, polyphenol effects, 106

Production process, kefir, 345–346
Prooxidant properties of antioxidants, 424–426, 435
Propionibacterium freudenreichii, 338
Prostaglandins, see Inflammation/inflammatory 

mediators/antiinflammatory activity
Prostate gland, prostate cancer, and BPH, 279

herbal ingredients in functional foods, activity and 
efficacy, 274

lycopene and, 65, 66
olive oil and, 304
saw palmetto and, 279–280
tocopherols and, 323–324

Protein kinases, 8
omega-3 fish oils and, 158–159
polyphenols from grape wine and tea, 117

Proteins, dietary
as functional food ingredient, 391–403

appetite, 401
BCAAs, leucine and weight loss, 398
digestion and absorption, 397
discovering protein, 392–393
energy metabolism, 399
exercise and weight loss, 401–402
food sources, 396–397
glycemic control effects, 398–399
macronutrient levels and weight loss, 392
obesity as health problem, 391
overview of protein, 393
protein and weight loss, 400–401
requirements, 395–396
role of amino acids and proteins, 393–395
turnover, 397–398
weight loss and energy intake, 399–400

and tocopherol absorption, 319
Provitamin A activity, pepper fruit (Capsicum annuum), 

177–178
Prozac, 386
Psoralen, 16
Psyllium, 6, 138, 139, 140, 141, 142
Pumpkin, 6
Purple coneflower, 277
Pygeum africanum, 280
Pyridoxal (vitamin B6), 385

Q

Quality issues, see Processing, handling, storage effects
Quercetin, 5, 6, 7, 14

adverse effects, potential, 118
antioxidant properties, 114
blood levels, 108–109
and cardiovascular disease, 112, 113
grapes, 104
pepper fruit (Capsicum annuum), 172
plasma protein binding, 108–109
polyphenols from grape wine and tea, 105, 106, 107, 

108
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R

Raloxifene, 252
Raspberries, 6
Reactive oxygen species, see Oxidative stress/reactive 

oxygen species/antioxidants
Red grapes, 6
Red wine, 6, 114; see also Polyphenols from grape wine 

and tea
Regulatory issues, 505–509

FDA Modernization Act, 507–508
future applications of technology, 509
health claims, 506
herbs as ingredients in functional foods, 270–271
investment considerations, 508–509
labeling guidelines, 3
label statements and claims, 272–273
nutraceutical position, 7–8
NIH funded botanical research centers, 504
NLEA establishment, 506–507
product stability and shelf life, 467–468
qualified health claims, 508

Research
nutraceutical position, 7–8
NIH funded botanical research centers, 504

Respiratory system, 274, 279
Resveratrol, 6, 7, 101, 105, 106

antioxidant properties, 114
and cardiovascular disease, 111
grapes, 104

Rheumatoid arthritis, 223–237
clinical features, 225–227
diagnosis, 227
epidemiology, 224–225
management, 231–237

complementary therapies, 233–236
nonpharmacological treatment, 231–232
pharmacological treatment, 232–233

management, complementary therapies
dietary regimens, 234–235
probiotics/microbes, 235–236
supplements, 236
vitamin D, 235

pathogenesis, 225
risk factors, 227–231

age and gender, 227
comorbidities, 230–231
environmental, 228
genetics, 227–228
inflammation, 228–230

Rheumatoid cachexia, 230
Riboflavin, 434
Ripening, and vitamin C in pepper fruit, 167, 169
Risedronate (Actonel), 251
RNA intake, and gout, 364
Roots, nitrogen fixation, 14
Rose hips, 57
Rosemary, 6
Roundup (herbicide), 13
Rutin, 106, 114
Rye, 6

S

Saccharomyces boulardii, 5, 20
Saccharomyces cerevisiae, 359
Saccharomyces yeasts, 345
S-adenosyl-L-methionine (SAMe), 374, 385–386
Safety issues

conjugated linoleic acids (CLA), 291
herbs as ingredients in functional foods, 272

Salicylic acid, 14, 15, 16
Saponins, 7, 12

chemical classification, 9, 13
isoflavone analysis, 33, 35

Saw palmetto, 274, 279–280
Selective estrogen receptor modulators (SERMs), 248, 

252–253
Selenium, 5, 9, 20, 434
Serenoa repens, 274, 279–280
Serotonin, 377, 378, 381, 383, 384–385
Serotonin and norepinephrine reuptake inhibitors, 374, 378, 

381
Sesquiterpenes, 11
Shelf life, see Processing, handling, storage effects
Shikimic acid pathway, 13, 14, 18
Short chain fatty acids, exopolysaccharides and, 360, 362
Signal transduction pathways, 8

leucine and, 395
nitric oxide and, 414
omega-3 fish oils and, 158–159
polyphenols from grape wine and tea, 103, 117
tocopherols and, 313

Simple phenols, 103
Simvastatin, 141
Sinapyl alcohol, 14
Sitosterol, 7, 13
Skin cancer, lycopene and, 66
Smoking, 62

French paradox, 102
polyphenols from grape wine and tea, 112, 119
tocopherols and, 314, 319

Soluble fiber, 131
Soyasaponin, 35, 37
Soybeans, 6

fermented products, 346–347
isoflavones, see Isoflavones

Soy protein, 7, 20
Sphingolipids, 5, 7, 9
Spinach, 6
Sports activity, see Athletes; Physical activity
Squalene, 12
Squash, 6
Stability of nutraceutical products, see Processing, 

handling, storage effects
Standardization issues, herbs as ingredients in functional 

foods, 271
Staphylococcus aureus, 78
Starch, 131, 133
Statins, 140–141, 150
Stearic acid, 298
Steatohepatitis, nonalcoholic, 485–498

complementary therapies, 490–497
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antioxidants, 494, 497
omega-3 fatty acids, 494, 495–496
physical activity, 491, 492–493
weight loss, 491, 492–493

concepts and issues, 486
diagnosis, 486–490

body weight and obesity, 488–489
diabetes, type II, 489–490
hyperlipidemia, 490
medical conditions associated with, 490
prognosis, 490
risk factors, 487–488

diet, 498
pathogenesis, 486

Steatosis, liver, conjugated linoleic acids (CLA) and, 291
Steroid hormones, mevalonate pathway, 11
Sterols, plant, 7, 13, 344; see also Phytoestrogen, isoflavone
Stinging nettle, 280
St. John’s wort (Hypericum perforatum), 272, 274–275, 

382, 386
Storage, see Processing, handling, storage effects
Strawberries, 6
Strength training, whey proteins in, 396–397
Streptococcus, 341
Streptococcus macedonicus, 364
Streptococcus salivarius (subs. thermophilus), 5, 20, 342
Streptococcus thermophilus, 337, 341

exopolysaccharides, 356, 357, 359, 360
kefir and kefir grains, 345

Structural lipids, see Fats/lipids, dietary and nutraceutical
Sucrose polyester, 60
Sugars, fiber classification, 131
Sulfur (allyl sulfur/organosulfur) compounds, 5, 6, 20, 77

chemical classification, 9
garlic, see also Garlic

and cancer, 79–87
composition and chemistry, 74–76
and heart disease, 87–89

Superoxide dismutase, 20
Supplements

animal feed, probiotics in, 336
legislation regulating, 270
osteoarthritis management, 208–209
rheumatoid arthritis management, 236
tocopherols, 315–316

Surgery
osteoarthritis, 208
rheumatoid arthritis, 233

Syndrome X, 485, 486
Synergisms, unknowns, 7
Synthetic carotenoids, 13

T

Tabasco pepper (Capsicum fruitescens), 165, 169, 173, 180, 
184

Tamoxifen, 252
Tanacetum parthenium, 274, 280
Tannins, 7, 14, 15, 104

chemical classification, 9
grapes, 104
and iron absorption, 117
structure, 18

Teas, 6, 106–107; see also Polyphenols from grape wine 
and tea

Temperature
exopolysaccharide production, 356
product stability and shelf life, 476
and product stability/shelf life, 468–470

Terpenes, 9
Terpenoids, 9–13
Tetraterpenes, 11
Theaflavin, 105, 107
Theaflavin gallate, 105, 107
Thearubigins, 107
Thermoanaerobium brockii, 79
Thrombosis, see Coagulation
Tocopherols, see Vitamin E and tocopherols
Tocotrienol, 7
Tocotrienols, 5, 7, 9
Tomatoes and tomato products, lycopene, 6, 55, 56, 57, 58, 

59
Torulaspora delbrueckii, 345
Toxicity

tocopherols, 319–320
unknowns, 7, 8

Trace elements/minerals, 5, 9, 20, 433
Tree nuts, 6
Tricyclic antidepressants, 378, 381
Triglyceride-rich lipoprotein lipolysis, omega-3 fish oils 

and, 148–149
Triglycerides, 19, 145, 147
Triterpenes, 11, 12
Tryptophan, 377, 385, 393

depression management regimens, 384
phenolic compounds, 14

Turmeric, 6
Tyramine, 374
Tyrosine, 377, 393

nitration of, 303
phenolic compounds, 14

Tyrosol, 104, 300

U

Ubiquinone, see Coenzyme Q10 (ubiquinone)
Umbelliferone, 16
United States Department of Agriculture, 504
United States Food and Drug Administration, 8, 467–468, 

504, 505–506, 518
fiber health claims, 141
labeling issues, 272
regulation of herbal ingredients, 270–271

Uric acid, 111, 364, 424, 431
Urinary system, herbal ingredients in functional foods, 

activity and efficacy, 279–280
Uronic acid, 16
Urtica dioica, 279
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V

Vaccinium angustifolium (blueberry), 270
Vaccinium macrocarpon (cranberry), 279
Vaccinium myrtillus (bilberry), 270
Valerian, 274, 275
Valeriana officinalis, 274, 275–276
Vanillic acid, 300
Vanillin, 14, 15, 16
Vanillylamine, 182
Vascular system, conjugated linoleic acids (CLA) and, 291
Vasoactivity, 20

mechanisms of action, 8
polyphenols from grape wine and tea, 115

Vegetable oils, rheumatoid arthritis supplementation 
strategies, 236

Vegetables, fermented, 346–347
Very low-density lipoproteins (VLDL), 145

fiber and, 139
lipolysis of, 148
tocopherol secretion, 318

Vinyldithiin I and II, 78
Violaxanthin, pepper fruit (Capsicum annuum), 177
Virgin olive oil, 298, 299
Vitamin A and carotenoids, see also Carotenes/carotenoids

and osteoarthritis, 199
Vitamin Bs (folate, vitamin B6, vitamin B12), depression 

management, 385
Vitamin C (ascorbic acid), 5, 7

antioxidant properties, 114, 423
athletes, oxidative stress and antioxidant requirements

antioxidant deficiency and restriction, 432
dietary intake, 433
mobilization, 431

carbohydrates and derivatives, 16
mode of action, 425
in nonalcoholic steatohepatitis (NASH), 494
and osteoarthritis, 199
pepper fruit (Capsicum annuum), 166–171
product stability and shelf life, 473–474, 478
prooxidant properties, 424, 426
tocopherols, interactions with, 320

Vitamin D
lycopene synergy, 64–65
and osteoarthritis, 199
osteoporosis treatments, 252
rheumatoid arthritis, 237
rheumatoid arthritis management, 235

Vitamin E and tocopherols, 5, 7, 309–325
antioxidant properties, 114, 423
athletes, oxidative stress and antioxidant requirements, 

435
antioxidant deficiency and restriction, 432
dietary intake, 433
mobilization, 431
supplements, 433–434

bioavailability, 316–319
digestion and absorption, 316–317
hepatic metabolism, 318–319
hepatic secretion, 318

chemical classification, 9
chronic disease prevention, 320–324

Alzheimer’s disease, 322
cancer, 322–324
cardiovascular disease, 321–322

deficiency, 319
dietary sources, 314–316

food, 314–315
supplements, 315–316

fish oil supplements, 149
functions, 311–314

antioxidant properties, 311–313
nonantioxidant, 313–314

history, 310–311
human requirements and dietary intake, 316
mode of action, 425
in nonalcoholic steatohepatitis (NASH), 494
olive oil, 298, 301–302
and osteoarthritis, 199–200
pepper fruit (Capsicum annuum), 174–176
prooxidant properties, 424
toxicity, 319–320
vitamin C interactions, 320

Vitamins, exopolysaccharide production, 358
Vitamin supplements, and osteoarthritis, 199–200
Volatile fatty acids, fiber and, 133, 135

W

Walnuts, 6
Water

exopolysaccharides and, 362
fiber hydration, 136
moisture effects on product stability/shelf life, 474–477

Weight, body, see Body weight and composition; Obesity
Weight loss/weight loss products, 455–456

chitin in, 16
coffee/caffeine and, 455–456
economics of, 392–393
and nonalcoholic steatohepatitis (NASH), 491
osteoarthritis management, 200, 204, 214, 215
protein as functional food ingredient, 391–403; see also 

Proteins, dietary
Wheat bran, 141
Wheat breads, soy isoflavones, 35
Whey, 396–397
White wine, 114
Whole grains, 6, 140, 141–142
Wine, see Polyphenols from grape wine and tea

X

Xanthan gum, 359, 361, 363, 364
Xanthine oxidase, 428, 430–431
Xanthomonas campestris, 359, 361
Xanthophils, 12
Xylans, 16
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Y

Yamogenin, 13

Yeasts, 5, 20, 345

Yogurt, 6, 342–344

cancer, 344

cholesterol metabolism, 342–343

diarrhea, 343–344

exopolysaccharides, 355

frozen, 347

immune system, 343

intestinal colonization, 337

lactase deficiency, 341–342
as vehicle for other nutrients, 344

Yohimbe, 272

Z

Zeaxanthin, 5, 6
chemical classification, 12
pepper fruit (Capsicum annuum), 177

Zinc, 5, 9, 20
and tocopherol absorption, 319
yogurt and, 344

Zingiber officinale (ginger), 274, 279
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