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Series Introduction

The Nutraceuticals Science and Technology series provides a comprehensive
and authoritative source of themost recent information for those interested in
the field of nutraceuticals and functional foods. There is now a growing body
of knowledge, sometimes arising from epidemiological studies and often
substantiated by preclinical and clinical studies, demonstrating the relation-
ship between diet and health status. Many of the bioactives present in foods,
fromboth plant and animal sources, have been shown to be effective in disease
prevention and health promotion. The emerging findings in the nutrigenomics
and proteomics areas further reflect the importance of diet in a deeper sense,
and this, together with the increasing burden of prescription drugs in treat-
ment of chronic diseases such as cardiovascular ailments, certain types of
cancer, diabetes, and a variety of inflammatory diseases, has raised interest in
functional foods and nutraceuticals to a new high. This interest is quite
widespread, from producers to consumers, regulatory agencies, and health
professionals.

In this series, particular attention is paid to the most recent and
emerging information on a range of topics covering the chemistry, biochem-
istry, epidemiology, nutrigenomics and proteomics, engineering, formula-
tion, and processing technologies related to nutraceuticals, functional foods,
and dietary supplements. Qualitymanagement, safety, and toxicology, as well
as disease prevention and health promotion aspects of products of interest,
are addressed. The series also covers relevant aspects of preclinical and
clinical trials, as well as regulatory and labeling issues.

This series provides much needed information on a variety of topics. It
addresses the needs of professionals, students, and practitioners in the fields
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of food science, nutrition, pharmacy, and health, as well as leads conscious
consumers to the scientific origin of health-promoting substances in foods,
nutraceuticals, and dietary supplements. Each volume covers a specific topic
of related foods or prevention of certain types of diseases, including the
process of aging.

Fereidoon Shahidi
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Preface

Science and its applications to biotechnology today are facing the greatest
opportunities in the history of mankind. Biological systems of virtually all
sorts can be controlled in ways not thought possible as recently as a decade
ago. The genomics revolution in the study of biological organisms is
empowering all the life sciences. The use of genomics and functional genomics
in disease target identification and drug discovery is propelling the pharma-
ceutical industry into a new era of successful intervention in human disease,
promising individual health through therapeutics. In the view of many
scientists and economists, innovation in agriculture will enrich virtually every
human activity—from food and energy production to communication to
polymer design to human habitation. With such unprecedented knowledge of
living organisms, application of this knowledge to biological productivity can
begin to address the great challenges of modern societies: starvation and food
shortages, global energy, pollution, and safety. The inherent efficiencies of
biology will continue to revolutionize and empower the lives of individuals by
enhancing quality of life, preventing disease, and extending human perform-
ance capabilities. In no field is the promise of innovation in agriculture from
biotechnology so vivid as that of food.

Ironically, at the precise moment that biotechnology is poised to revo-
lutionize every aspect of food, the consuming public, including scientists, has
lost faith inmodern science to improveour foodsupply.Theworld is turning its
back on science and the application of biotechnology to food at a time when
scientific knowledge has become most predictive and useful in food applica-
tions. With the challenges facing the world’s immense population, do we dare
slow the progress of science addressing our most essential human need?
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The contributors to this book have taken on the challenge of addressing
this problem directly. An important underlying cause in this loss of confidence
by the public is a real or perceived disconnection within the scientific
community and a sense that biotechnology as big business is leaving main-
stream scientists behind. Such a perception is incorrect but emerges from a
lack of knowledge and communication. This book is a clear statement of
clarification.

An international group of scientists from academic, governmental, and
industrial research settings have addressed the problem directly. These
individuals have shown unusual vision in their writing and the potential of
modern biological science to revolutionize the biotechnology of foods. Each
chapter articulates the contributor’s view of the possible future of food
biotechnology and how science will realize that promise within his or her
respective specialization. We are pleased to present a broad spectrum of
research perspectives that not only illustrate the power and safety of biotech-
nological research but should serve as a blueprint for the progress of the
science of foods.

Part I addresses biological organisms in which scientific research
illustrates how powerfully biotechnology can improve all aspects of tradi-
tional food commodity production. As the scope of the many agricultural
commodities is extremely wide, this book specifically includes areas that have
not been well addressed in most other texts on biotechnology applications to
food and agriculture, which have focused solely or mostly on plant foods.
Consequently, the reader should refer to other reviews if specifically interested
by plant foods.

In this first parts, animal products are examined. Chapter 1 describes in
detail poultry and egg production. As a magnificent example of a modern
bioreactor, the laying hen represents an astonishingly productive organism
delivering one of agriculture’s most nutritious products. The poultry industry
has become one of the most successful and valuable contributors to the global
food supply. Chapter 2 addresses the dairy industry and its myriad product
offerings. Few commodities are more linked to food traditions around the
world, and dairy products are fast becoming the chosen carriers of innovative
nutritional values.

In Part II, microbial products are examined. Microbial systems provide
almost limitless potential for introducing biotechnology. From their origins
thousands of years ago, as perhaps the most primitive biological means to
process agricultural commodities, microbial systems are being re-examined
for producing specific food ingredients.

Two separate chapters provide an overview of the scientific strength and
application potential of microbiology to the future value of the food supply.
Finally, the health potential of probiotic organisms, bacteria that are ingested
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for the purpose of directly affecting the consumer’s own intestinal health, is
the subject of a fascinating chapter. That biotechnology can impact the lives
and health of consumers through the consumption of bacteria designed
specifically for this purpose is extremely exciting.

Part II also addresses (a) which health effects can be expected from
specific food ingredients and (b) how such ingredients can be produced for
further addition in food products. Both aspects are presented in some of the
chapters, whereas other authors have developed only one of these two ques-
tions, depending on the class of the functional ingredient.

Chapter 6 focuses on prebiotic carbohydrates from lactose and plant
polysaccharides. Here, health effects and production processes are equally
reported. The well-documented fructo-oligosaccharides (FOS) are not pre-
sented here due to the numerous reports already existing on these prebiotic
ingredients. Chapter 7 deals with dextrans and gluco-oligosaccharides, which
should be regarded more as colonic foods than as prebiotics. Both questions
of health effects and enzymatic technologies for production of these carbohy-
drates are discussed. These important reviews on non-digestible carbohy-
drates are followed by Chapter 8, which is entirely focused on human and
mechanistic studies aimed at measuring the effects of a prophylactic usage of
prebiotics to prevent gut disorders.

Chapter 9 deals with questions related to the addition of recombinant
milk proteins and peptides to infant formula. Such polypeptides may be
produced in transgenic animals or, alternatively, inmicroorganisms or plants.
These aspects are discussed in great detail, as are the questions related to
biochemical assessment, digestibility, and in vivo evaluation of these ingre-
dients. Chapter 10 is restricted to the use of enzymes as food ingredients,
especially for functional foods. Production guidelines are also presented.

In Chapters 11 and 12, the health effects of plant metabolites of two
classes are reported: isoflavones and anandamides. Analytical aspects, bio-
logical effects, and intervention trials are thoroughly presented and discussed.

In Part IV, chapters address the vital issues that will promote or retard
the applications of biotechnology in our lifetime. How does the consumer
perceive biotechnology, its benefits, and its risks? How can the consumer be
educated on the appropriate assessment of risk and benefit? Legal implica-
tions of globalization of biotechnology remain important issues and have
been addressed from the perspective of the principles of both biotechnology
and international law.

It has been said that the nineteenth century saw the industrialization of
chemistry to produce chemicals, leading to the chemical industry and all the
improvements in the human condition that followed. Similarly, the twentieth
century saw the industrialization of chemistry to enhance biology; the com-
mercialization of everything from fertilizers and pesticides guided the human
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condition through its greatest century ever, successfully addressing issues
from infectious diseases to agricultural productivity. The twenty-first century
will see the industrialization of biology, which will drive another quantum
leap forward in the human condition. The scientific community has produced
the biological tools, and these tools are accelerating knowledge of biotech-
nology and its myriad applications. It is now up to the imaginations of
scientists and industrialists to create opportunities for utilization biotechno-
logical innovation throughout the human experience. This book provides a
glimpse into that future and how science will enable it.

Jean-Richard Neeser
Bruce J. German
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Introduction
The Role of Biotechnology in Functional Foods

The term physiologically functional food first appeared in Nature news (1993)
with the headline ‘‘Japan Explores the Boundary between Food and Medi-
cine’’ (1). The news introduced hypoallergenic rice as an example of this
new food produced by biotechnology, with special emphasis on its medical
significance.

Neither the terminology nor the concept of ‘‘functional food’’ had
existed until nine years earlier. In 1984, an ad hoc research group started a
systematic, large-scale national project under the sponsorship of theMinistry
of Education, Science, and Culture (MESC) to explore the interface between
food andmedical sciences (2). It seems that the initiation of this research event
in Japan reflects an underlying thought in the minds of Japanese people
throughout history, which originated in the ancient Chinese saying ‘‘Medi-
cine and food are isogenic.’’

However, after the advent of modern food science in Japan, which took
place about 100 years ago, subsequent research proceeded toward a purely
nutritional rather than medical science. Especially in the early twentieth
century, the nutritive value of foodswas of great academic concern. A number
of scientists in the field of chemistry as well as food science made particular
efforts to discover new nutrients. One of the best examples is offered by
oryzanin (vitamin B1), the first vitamin discovered, which was isolated from
rice bran by the outstanding agricultural chemist Umetaro Suzuki, professor
at the University of Tokyo. Initially, he found that it had a role in combatting
the serious disease beriberi. However, further experimentation made him
recognize this factor as an essential nutrient rather than a specific antiberiberi
medicine (3). The recognition triggered the establishment of vitaminology and
also contributed in a large measure to the development of general food
nutrition, which was critically important for the health of people during the
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time throughout the pre–, mid–, and post–WorldWar II periods. Probably, a
similar situation existed in most countries of the world.

In the meantime, nutritional problems due to food shortage were nearly
solved in many countries and a new period characterized by high economic
growth began. That condition prevailed in the time encompassing the 1960s,
when the social climate focused on food preference and aversion. Such a trend
of hedonism led to academic studies on sensory properties of foods. Epoch-
making advances in instrumental analysis assisted the studies greatly. Japan,
among many developed countries, thus contributed to two mainstays of food
science: nutrition and hedonics. In accordance with this, food industries were
activated to supply a great deal of nutritionally and sensorily acceptable
products to the market. We enjoyed our rich dietary life until almost 20 years
ago, when a new, antithetical situation arose.

In the 1980s, as the aging of society began to manifest itself in many
countries of the world, prompt increases in incidence of so-called lifestyle-
related diseases became amatter of public concern. Growing awareness of the
need for nutrition to beat the odds close. The purpose was to prevent lifestyle-
related diseases such as diabetes, arteriosclerosis, osteoporosis, allergies,
cancer, and even some kinds of infectious diseases through improved dietary
practices in our daily life. This gave a strong impetus to food science in
Japan. In 1984, theMESC project, ‘‘Systematic Analysis andDevelopment of
Food Function,’’ commenced. Food value criteria were defined by three
categories:

1. Primary function, identified as the function of ordinary nutrients
that exert purely nutritional effects on the body

2. Secondary function, referring to the function of tastants, odorants,
and other elements in relation sensory organs, cells, receptors,
etc.

3. Tertiary function, newly defined as the body-modulating function of
food factors involved directly or indirectly in the prevention of
lifestyle-related diseases

Factors with a tertiary function are often called physiologically func-
tional food factors or simply functional factors. They are sometimes called
functional components. It is noted, however, that, as mentioned, although
vitamin B1 was used to prevent beriberi, it is not recognized as a functional
factor because the disease results from a type of malnutrition due to a
deficiency in vitamin B1 itself. On the other hand, vitamin C, if used for the
purpose of preventing cancer, is not a nutrient but a functional factor.
Incidentally, Clydesdale (4) has commented that the concept of tertiary
function is a most interesting notion and certainly has merit, since it is broad
in scope and obviously based on science. The MESC project (1984–87)
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proposed at the same time the term functional food as a new entity that can be
designed and produced according to the concept of the tertiary function. It
was followed by a second project (1988–91), ‘‘Analysis of Body-Modulating
(i.e., Tertiary) Functions of Foods.’’ Shortly afterwards, the last in a series of
MESC ‘‘Functional Foods’’ projects occurred in 1992, it focused on ‘‘Anal-
ysis and Molecular Design of Functional Foods’’ with the following pro-
grams:

1. Analysis and design of body-regulating food factors

Factors whose active forms function
To induce endogenous substances, e.g., hormones, in the body
To act as biomimetics for endogenous substances, e.g., neurotrans-

mitters, in the body
Factors whose precursor forms function

At the preabsorptive stage (e.g., to modulate the intestine) after
activation by intraluminal digestion

At the postabsorptive stage (e.g., to control hypertension) after
activation by intraluminal digestion

2. Analysis and design of body-defending food factors

Factors involved in immunological defenses
Immunostimulants, e.g., those that activate immunocompetent cells

in the body
Immunosuppressants, e.g., those that induce the state of energy in

the body
Factors involved in nonimmunological defenses

Anti-infection factors, e.g., antiviral substances
Antitumor factors, e.g., phytochemicals with anti-initiation and anti-

promotion effects

3. Development of a technological basis for the design of functional
foods

Design of microscopic structures
Bymolecular breeding to produce, e.g., deoxyribonucleic acid (DNA)

recombinants
By molecular tailoring to produce, e.g., hypoallergenic proteins with

removed epitopes
Design of macroscopic structures

By newly developed technologies for structural conversion, e.g.,
microcapsulation

By newly developed technologies for structural analysis, e.g., non-
destructive testing for functional factors
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A total of 60 academic professionals participated, most from medical
as well as food science fields. Representative research reports, all of which
resulted from the use of modern biotechnology, are summarized as follows:

1. A highly hydrophobic molecular fraction from an enzymatic hy-
drolysate of soybean glycinin functions at the preabsorptive stage to bind
tightly bile acids, with a resultant decrease in the serum cholesterol level. Also,
construction of a random peptide library by enzymatic hydrolysis of wheat
gluten and screening for functional components yielded Gly-Tyr-Tyr-Pro-
Thr, which is effective in accelerating the secretion of insulin (5). Thus, a food
protein is not only an amino acid supplier to the body (primary function) but
also a functional factor (tertiary function). The development of basic studies
along this line was directly or indirectly applied to producing a variety of
hypotensive oligopeptides as functional components contained in ‘‘foods for
specified health uses’’ (FOSHUs) described later.

2. Reinvestigation of conventional food components for anticarcino-
genicity disclosed that a-carotene is more potent than h-carotene. On the
other hand, research into novel phytochemicals elucidated the occurrence
of new antipromoters, e.g., fucosterols in seaweed and auraptenes in citrus
fruits (6). The discovery and characterization of potent antioxidants of plant
origin, e.g., curcuminoids in ginger, were also reported. Another unique ex-
ample was offered by oryzacystatin, a cysteine proteinase inhibitor found
in the rice Oryza sativa L., which was molecularly cloned (7) and demon-
strated to inhibit the proliferation of human herpesvirus in infected animal
cells (8).

3. Rice-associated allergy in the form of atopic dermatitis is contin-
ually increasing in Japan, a major rice-consuming country, and counter-
measures have been urgently needed in recent years. In response to such a
social need, an experiment was undertaken to design and produce hypoaller-
genic rice grains by enzymatic hydrolysis of the main allergenic proteins that
occur in the globulin fraction. The development of well-controlled conditions
for the hydrolysis yielded an immunologically and clinically satisfactory
product (9) and the production process was industrialized for its manufac-
ture. ‘‘Fine Rice’’ was approved as the first FOSHU item after careful
intervention tests weremade inmanymedical centers. These basic and applied
studies were followed by the discovery and characterization of soybean and
wheat allergens, which led to development of hypoallergenic soybean and
flour products (10).

The orthodox way of producing functional foods is to maximize bene-
ficially functional factors that are responsible for the modulation of immune,
endocrine, nerve, circulatory, or digestive systems in the body. Sometimes,
however, a unique approach can be adopted. Uniqueness is found in
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minimizing nonbeneficial functional factors by enzyme technology or even
genetic engineering. The importance of using this concept for the design and
production of functional foods has been emphasized since 1984, when the first
MESC project began. Noting the significance of this, Roberfroid (11) has
summarized approaches to developing functional foods as follows:

1. Eliminating a component known or identified to cause deleterious
effects to the consumer, e.g., allergenic protein

2. Increasing the concentration of beneficial components naturally
present in food

3. Adding a beneficial component that is not normally present in most
foods

4. Replacing a component, usually a macronutrient, whose intake is
usually excessive, with a component for which beneficial effects
have been demonstrated

How should we then define the position of functional foods? Early in
1984, a proposal was made to define the position of functional foods in
relation to ordinary foods and medicines or pharmaceuticals. As illustrated
in Fig. 1, we take nutrients from foods every day to promote our health;
even completely healthy boys and girls must do so, since otherwise they are
unable to lead healthy lives. If for some reason we get sick, it is necessary to
take medicines for the purpose of treating the disease. However, a recent
medical concept suggests that there is a semi-healthy state between health and
a particular disease. For example, when aman has a systolic blood pressure of

Figure 1 Proposal for positioning a functional food in relation to an ordinary food
and a medicine.
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130 mmHg, he may not be diagnosed as suffering from hypertension at that
moment. However, if his pressure tends to go up month by month or year
after year, the present status is thought to be a predrome to this disease. The
same may be true for most lifestyle-related diseases. It is at such a stage that
functional foods should be taken for primary care to reduce the risk of devel-
opment of a particular disease, whereas pharmaceuticals are used for sec-
ondary care in medical treatment.

With this notion as a background, the Japan Ministry of Health and
Welfare (MHW) in 1991 initiated theWorld’s first policy of legally permitting
the commercialization of selected functional foods in terms of FOSHU, as
mentioned. The new policy is defined by new legislation and also character-
ized by approval of the presentation of a health claim for each FOSHU
product. Such a legal framework is also expected to hinder the presentation of
ill-defined and misleading advertisements in commercial products. Thus,
since 1993, some selected food products have been approved to claim a
certain degree of medical representation never before permitted for any food.
The first was hypoallergenic rice grains (commercial name ‘‘Fine Rice’’),
developed after extensive immunological studies in the MESC project,
produced by enzyme technology, and industrialized after clinical intervention
tests (Fig. 2) (1,9).

A great many FOSHU candidates have been evaluated so far, andmore
than 300 approved by September 30, 2003. Table 1 summarizes the state of
the art. It deserves note that all have been designed and produced on the basis
of science. Examples are offered by, among others, the following two items.
The first is a sterilized lactic acid bacterium drink (commercial name ‘‘Ameal-
S’’), with a blood pressure–modulating or hypotensive function. This is
produced from milk by fermentation under controlled conditions, in which
h-casein is microbially converted to peptides, including two lactotripeptides,
Ile-Pro-Pro and Val-Pro-Pro, which can inhibit angiotensin-converting en-
zyme. Apparently, these are derived from bovine h-casein 74IPP76 and
84VPP86, respectively (Fig. 3). Continuous intake of the drink, one bottle a
day, is expected to decrease systolic and diastolic pressures to a reasonable
degree. The second example is a fermented soybean product, natto, which has
enhanced vitamin K2 (menaquinone-7) content. Though ordinary natto
products per se contain a certain amount of menaquinone-7 synthesized from
soybean constituents by fermentation with Bacillus natto, the FOSHU
product (commercial name ‘‘Honegenki’’) is characterized by having 1.5-fold
more of this substance as a result of using a genetically improved Bacillus
species. Historically, vitamin K was identified as a blood-coagulating factor
but now close attention is paid to its contribution to the synthesis of the 4-
carboxyglutamic acid residues in the protein osteocalcin, which transports
calcium to the bone. Actually, data showing that daily intake of the natto
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product with enhanced menaquinone-7 can regulate the progression of
osteoporosis, especially in aged women whose normal estrogen function has
been jeopardized, are available.

Apparently, the implementation of theMHWFOSHU policy as well as
the initiation of functional science in Japan had a strong impact on many
countries of the world, particularly on Europe. Early in 1995, the U.K.
Ministry of Agriculture, Fisheries, and Food temporarily defined functional
foods as foods that have components incorporated to yield specific medical or
physiological benefits, other than purely nutritional effects (12).

Deeper attention was paid by the European body of the International
Life Science Institute (ILSI Europe), which addressed the present status by
claiming that we stand today at the threshold of a new frontier in nutritional
science and also that the concept of food is changing from a past emphasis on
eating to end of hunger into a current emphasis on promising uses of foods to
reduce the risk of chronic illness. This new concept is of extreme importance in
view of the demands of the elderly population for improved quality of their

Figure 2 Hypoallergenic rice as the first approved food for specified health use and

its health claim. This rice, because its globulin has been reduced, can be used, in place
of normal rice, for those who are allergic (atopic dermatitis) to proteins of the rice
globulin class.
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Table 1 Data on 195 Foods for Specified Health Uses (31 March 2001)a

Health
claimb Functional factor

Number of

products
approved

Forms of

products on
the market

I Prebiotics 58
Lactosucrose 21 Soft drink, yogurt, biscuit,

cookie, table sugar
Fructo-oligo saccharides 15 Table sugar, tablet candy,

pudding, soybean curd
Soybean oligosaccharides 8 Soft drink, table sugar

Xylo-oligo saccharides 5 Soft drink, vinegar, chocolate,
tabet candy

Galacto-oligo saccharides 4 Table sugar, vinegar

Isomalto-oligo saccharides 3 Table sugar
Raffinose 1 Powdered soup
Lactulose 1 Soft drink

Probiotics 36
Lactobacillus casei Shiota 22 Lactic acid bacterium drink
L. delbrueckii and

Steptococcus salivarius

6 Fermented milk

Bifidobacterium breve Yakult 3 Fermented milk
L. GG 2 Fermented milk
B. longum 2 Fermented milk

L. acidophilus and B. longum 1 Fermented milk
Luminacoids 41
Indigestible (resistant) dextrin 19 Sausage, cookie, powdered

drink
Psyllium husks 19 Powdered drink, noodle,

cereal

Wheat bran 2 Cereal
Galactomannan 1 Jelly
Partially hydrolyzed

guar gum

1 Powdered drink

II Soy protein 9 Soft drink, humberg, meat
ball, sausage

Low-molecular-weight

sodium alginate

5 Soft drink

Chitosan 3 Biscuit
III Peptides 12

Sardine peptides
(containing VY)

4 Soft drink, soup

Lacto-tripeptides

(VPP and IPP)

3 Lactic acid bacterium

drink
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late life, a continuous increase in life expectancy, increasing costs for health
care, and technical advances in the food industry.

As recognized in the Japan MESC research project, up-to-date knowl-
edge in biosciences including biochemistry and molecular biology, together
with sophisticated biotechnologies based on these biosciences, support the
hypothesis that foods can modulate various functions in the body and thus
participate in the maintenance of a state of health that reduces the risk of
lifestyle-related diseases. That hypothesis is the origin of the concept of
functional food and the development of a new discipline, functional food
science, in Europe as well as in Japan.

Dried-bonito peptides

(containing IKP)

2 Fermented

soybean soup
Casein dodecapeptide
(FFVAPFPEVFGK)

2 Soft drink

Eucommia leaf glycoside
(geniposidis acid)

2 Soft drink

IV Diacylglycerol 5 Cooking oil
Diacylglycerol

and h-sitosterol
4 Cooking oil

V Casein phosphopeptide 5 Soft drink, chewing gum,
soybean curd

Calcium citrate malate 3 Soft drink
Heme 3 Soft drink
Menaquinone-7 producing

Bacillus subtilis

2 Fermented soybean (natto)

VI Manitol, palatinose, and
tea polyphenols

3 Chocolate, chewing gum

Manitol 2 Candy

VII Wheat albumin 2 Powdered soup
Globin digest 1 Soft drink
Guava polyphenols 1 Soft drink

a For more information contact jhnfa@mxl.alpha-web.ne.jp.
b Claim I, foods that improve gastro-intestinal conditions; II, foods for those who have high serum

cholesterol; III, foods for those who have high blood pressure; IV, foods for those who have high serum

triacylglycerol; V, foods related to mineral absorption and transport; VI, non-cariogenic foods; and VII,

foods for those who begin to feel concerned about their blood sugar level.

Table 1 Continued

Health
claimb Functional factor

Number of

products
approved

Forms of

products on
the market
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Functional food science in Europe (13) aims in particular

1. To identify beneficial interactions between the presence or absence
of a food component (whether a nutrient or a nonnutrient) and its
specific function(s) in the body

2. To understand their mechanisms so as to support the hypothesis to
be tested in protocols relevant to human studies

The demonstration, in human subjects, of a specific interaction with one
or a limited number of functions in the body supports a claim of functional
effects (i.e., function claim) or a disease risk reduction (i.e., health claim).
Clydesdale (7) also emphasizes the importance of these two kinds of claims to
obtain public acceptance for functional foods.

ILSI Europe stresses the significance of relaying the claims to the public
by addressing characteristic points of functional food science. It insists that
the science is part of nutrition in a broad sense, as the objective is to improve
well-being by creating the conditions for disease risk reduction. Therefore,
this science is quite distinct frommedical and pharmaceutical sciences that are
involved in curing or treating diseases. As a working definition, ILSI Europe
proposes that a food can be regarded as functional if it is satisfactorily
demonstrated to affect beneficially one or more target functions in the body,
beyond adequate nutritional effects, in a way that is relevant to either an
improved state of health and well-being and/or a reduction of the risk of
diseases. This institute also requires functional foods to

1. Remain as foods
2. Demonstrate their effects in amounts that can normally be expected

to be consumed in the diet
3. Be consumed as part of a normal food pattern (i.e., not as pills or

capsules)

Figure 3 Primary structure of bovine h-casein, with Ile-Pro-Pro and Val-Pro-Pro

sequences underlined to indicate their positions.
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What may be most important at present is to evaluate the function.
Since any functional food must be based on science, its evaluation should
essentially depend on data from biochemistry, physiology, molecular and cell
biology, and most other modern biosciences. A key approach to the devel-
opment of a functional food entails the identification and validation of
relevant markers, including biomarkers, that can predict potential benefits
related to a target function in the body. If the markers represent an event
directly involved in the process, these should be considered as functional
factors. On the other hand, if the markers represent correlated events, they
should be considered as indicators. In detail, possible markers have been
tentatively listed in relation to target functions (Table 2) (14).

There are many options for selecting appropriate markers. A promising
option may be the use of accumulated knowledge about genomics. As soon
as the human genome project was completed, the so-called postgenomic era
for the use of genomic data followed; it may not be unrelated to functional
food science. A number of sophisticated biotechnologies will become avail-
able, a most useful one of which is DNA micro- and macroarray technology
(15). It is helpful because of its high throughput potency to assess possible
effects and safety of functional food factors by total gene expression profiles.
A brief but typical example can be provided by the DNA tip technology
applied to carotenoids as possible anticarcinogens. Conventionally, experi-
ments have been carried out to look one by one at the expression profiles of
genes, e.g., c-myc. For this, however, a great deal of time and effort must be
invested. In contrast, the use of DNA arrays, whether microscopic or mac-
roscopic, will solve the problem to a great extent. Actually, it is found that
h-cryptoxanthin, for example, positively or negatively affects the expression
of various genes (16). The same technique can also be applied to detecting
single nucleotide polymorphisms (SNPs) as topical DNA sequence variations
due to point mutations. Genetically, each SNP can take place at a site on the
DNA in which a single base pair varies from person to person. Thus, gene
responses triggered by ingested functional food factors must vary, depending
on the SNPs at the individual basis. Detailed investigations of different
responses in different individuals will eventually lead to the design of tailor-
made functional foods.

Current genome programs on food organisms are proceeding as well.
These include rice, wheat, corn, soybean, and other major plant seeds for
food use. A variety of postgenomics, sciences to be born shortly before and
after the completion of the genomics, will lead to the development of new
biosciences such as nutrigenomics and functional genomics. These devel-
opments will support advances in proteomics, providing key information
about the molecular design of functional food proteins. It will thus be pos-
sible to define easily their specific functional regions involved in the pre-
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Table 2 Six Categories of Target Functions and Possible Markers

I. Functions related to growth, development

and differentiation

Maternal adaptation

during pregnancy and lactation

Maternal weight

Body fat

Infant birth

weight

Milk volume and quality

Skeletal development Ultrasound measures

Anthropometric measures

Bone mineral density (e.g. dual-energy

X-ray absorptiometry)

Neural tube development Ultrasound measurements

Growth and body Anthropometry

composition Body fat mass

Total body water

Procollagen propeptide excretion

Immune function Cellular and non-cellular immune

markers

Psychomotor and cognitive development Tests of development, behaviour, cognitive

function and visual acuity (electro-)

physiological measurements

II. Functions related to substrate metabolism

Maintenance of desirable body weight Body mass index, body fat content

anthropometric indices and imaging

techniques as indirect and direct

measures of ‘‘central obesity’’

Respiratory quotient

Resting metabolic rate

Control of blood glucose levels and insulin Fasting glucose

sensitivity Postprandial glucose

Glucose tolerance test

Glucosylated hemoglobin

Measures of insulin dynamics

Fasting plasma insulin

Control of triacylglycerol metabolism Fasting plasma triacylglycerol

Postprandial plasma triacylglycerol

Optimal performance during physical Body temperature

activity Performance testing

Muscle mass

Muscle protein synthesis

Fluid homeostasis Water balance

Electrolyte balance

III. Functions against reactive oxidative species

Preservation of structural and functional

activity of DNA

Measurement of damaged

DNA components

Preservation of structural and functional

activity of polyunsaturated fatty acids

Measurement of lipid

hydroperoxides or derivatives

Preservation of structural and functional

activity of lipoproteins

Measurement of lipid hydroperoxides

and oxidized apoproteins
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Preservation of structural and functional

activity of proteins

Measurement of damaged

proteins or components

IV. Functional related to the cardiovascular system

Lipoprotein homeostasis Lipoprotein profile, including:

plasma LDL-cholesterol

plasma HDL-cholesterol

plasma triacylglycerol (fasting and

postprandial response)

lipoprotein particle size

Arterial integrity Some prostaglandins and transforming

growth factors

Adhension molecules

Cytokines

Platelet function

Activated clotting factors and activation

peptides

Control of hypertension Systolic and diastolic blood pressure

Control of homocysteine levels Plasma homocysteine levels

V. Functions related to intestinal physiology

Optimal intestinal function and stool Stool consistency

formation Stool weight

Stool frequency

Transit time

Colonic flora composition Composition

Enzyme/metabolic activities

Control of gut-associated lyphoid tissue IgA secretion

function Cytokines

Control of fermentation products Short-chain fatty acid

VI. Functions related to behaviour and

psychological functions

Appetite, satiety and satiation Reliable direct measure of food intake

Indirect measures of food intake

Subjective ratings of appetite and hunger

Cognitive performance Objective performance tests

Standardized mental function tests

Interactive games

Multifunction tests

Mood and vitality Quality and length of sleep

Attitudes (questionnaires)

Standardized mental function tests

Ratings of subjective state

Stress (distress) management Blood pressure

Blood catecholamines

Blood opioids

Skin electrical impendance

Heart rate continuous monitoring

Source: Adapted from Ref. 14.

Table 2 Continued
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vention of such lifestyle-related diseases as diabetes, hypertension, hyper-
cholesterolemia, allergies, cancer, and even infectious diseases. Among a
number of trials, proteomics for the design of antiviral proteins may serve
as an example. One such study involves a three-dimensional nuclear mag-
netic resonance (NMR) analysis of solution structures of oryzacystatin, an
antiherpes protein of rice origin described earlier (7,8). The analysis pro-
vides information about the minimal effective region (17), the use of which
will contribute to molecular breeding of a new rice cultivated with an anti-
viral function.

As reviewed in this introduction, the importance of functional foods
is internationally accepted and the science and technology are enthusias-
tically pursued for further development. However, we personally think that
it is necessary to propose some modification of a current practice in func-
tional food science, because its policy is apparently approaching medicine
and pharmacology. A main reason for this trend is lack of consideration of
the importance of the secondary function, which per se is the most repre-
sentative attribute of any food. All foods must be sensorily acceptable, even
functional foods. The science should include studies on the senses of taste and
smell. The significance of this foods is emphasized since such sensations have
been found to be more or less related to the functions of endocrine and
exocrine systems as well as to those of digestive systems. An interesting ex-
ample can be found in red pepper, whose unique irritative component, cap-
saicin, has a ‘‘hot’’ flavor in seasoning (secondary function). A 1997 paper
reports that this substance, shortly after entering the body per os, interacts
with vanilloid receptors such as calcium channels in sensory neurons (18),
inducing a specific dynamic action, possibly with an antiobesity result
(tertiary function). Capsaicin can thus be regarded as a functional factor
with such a bilateral effect. Sensory abnormalities and disorders are other
targets of functional food science, because insights into syndromes of these
kinds will supply patients with organoleptically acceptable tailor-made foods
that also have tertiary functions.

The design and development of functional foods should not be carried
out independently of primary (purely nutritional) and secondary (sensory or
cognitive) functions of foods. Future advances in relevant sciences for
inducing to foods with integral attributes will distinguish functional foods
from medicines. Research along this line will add a new dimension, and
biotechnologies related to nutritional, sensory, and functional sciences are
academically and socially understood as having great potential for the
development of new food science, technology, and industry. From a market-
ing point of view, an even larger increase in the world turnover of functional
foods can thus be expected in the early twenty-first century.
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Readers are also advised to consult recently published volumes to learn
more about the state of the art concerning functional foods (19–23).

Soichi Arai
Professor
Department of Nutritional Science
Tokyo University of Agriculture
Tokyo, Japan

Masao Fujimaki
Emeritus Professor
Faculty of Agriculture
University of Tokyo
Tokyo, Japan
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1
Poultry, Eggs, and Biotechnology

Rosemary L. Walzem
Texas A&M University, College Station, Texas, U.S.A.

I. INTRODUCTION

The term poultry refers to domesticated species of birds valued for their meat
and eggs. The most frequently encountered examples, chickens and turkeys,
belong to the order Galliformes, as do pheasants, quail, and grouse. Notably,
two other orders of birds are included in the term poultry, Columbiformes,
doves and pigeons (e.g., squab), and Anseriformes, ducks and geese. Each of
the many species of birds within each order has been highly valued for many
thousands of years for both their beauty and their contribution to the diet (1).
Within each species there is a wide array of strains and types, varying in many
aspects of plumage, including feather color and shape. Body type and size,
growth rate, egg production, and disease resistance vary among individual
types of poultry. Thus the term encompasses a highly diverse group of birds of
broadly differing habits, genetic diversity, environmental requirements, and
nutritional needs.

It is a widely proposed that during prehistory, poultry consumption was
an adventitious event, the outcome of a successful hunt or fortunate discovery
of a nest of eggs. Poultry and eggs are noted sources of essential nutrients,
including energy, protein, fatty acids, vitamins, andminerals (2). Presumably,
an even more diverse collection of bird species was consumed in prehistory—
essentially whatever could be caught. Humans evolved within this pattern of
food intake and inadvertently benefited from what is now termed biostream-
ing: namely, that certain desirable or essential nutrients consumed by birds,
retained and concentrated within their bodies, were made available, or
available in greater concentrations, to the humans who consumed those
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birds. As such, poultry have made important nutritional contributions to
humans through biostreaming and through converting plant and insect foods
that are indigestible or unpalatable for humans to highly digestible and
nutritious food. An interesting possibility is that certain bioactive phyto-
chemicals or xenobiotics have only been consumed by humans as components
of poultry during our evolutionary history (3–6). Recognition that poultry
possessed the capability to acquire flavor and texture attributes through their
diets and environment is likely the basis for traditional feeding strategies.
These strategies include the addition of herbs, particular juiciness (due to
enhanced subcutaneous and intramuscular fat deposits), promotion of feed
components such as corn, and other manipulations to alter the final nutrient
and chemical composition to suit the consumer (7,8).

As hunter–gatherer societies transformed into agrarian-based societies,
plant and animal species that proved tractable to human cultivation were
encouraged. Food supplies stabilized and increased in abundance. Under
these conditions, sheer need or hunting and gathering skill influenced human
dietary choices less while hedonistic, intellectual, and philosophical consid-
erations influenced them more. These bits of sociological assumption are
noted to emphasize that our species has physiological and historical inclina-
tions to be omnivorous. Moreover, humans actively cultivate and fabricate
the foods they desire. Biotechnology provides another set of options to
improve food quality. Within this context, biotechnology is defined as the use
of microorganisms, plant cells, animal cells, or parts of cells such as enzymes,
immunoglobulins, or genes to make products or carry out processes (9).

One objective of this chapter is to provide factual information on
biotechnological approaches that can enhance the nutritional value of poultry
and eggs for use in human dietary supplement or contribute to other nonfood
products that enhance health or well-being (10). An example of a nonfood
application is the use of egg membranes to ‘‘bandage’’ ocular burn patients
(11). Another objective is to describe the types of enhancements that might
prove desirable within modern dietaries delivered by modern food supply
systems. This directed focus somewhat limits description of the benefits that
biotechnology will confer to continued interactions between poultry and
humans. Table 1 provides a listing of many healthful components of eggs or
poultry that may be isolated, stabilized, or augmented by biotechnology.
Table 2 provides a generalized classification of modifications or applications
according to groups most likely to benefit. From this listing it is clear that
many of the biotechnological improvements that have the greatest priority at
present are those that improve the bird’s ability to digest and assimilate feed
and thus produce less waste. The environmental gains in water or soil quality
and sanitation realized through these efforts will improve human health in
indirect but meaningful ways (12,13). Similarly, biotechnological approaches
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to enhance disease resistance and reduce mortality rate within the production
unit will improve human health through removal of antibiotics from feed and
absence of pathogenic organisms in poultry meat or eggs offered for sale.

Suggesting a fundamental change to the nutrient composition of poultry
meat or eggs is a more speculative endeavor. At present, there is a lack of
sufficient physiological understanding to make unequivocal statements re-
garding what foods constitute an optimal human dietary. However, biotech-
nology provides additional tools to enhance nutritional value of foods as such
information becomes available. Moreover, nutritional optimization is likely
to be highly individual (14,15). In this regard, the inherent genetic diversity,
short generation time, and emerging cloning strategies for poultry provide the
flexibility needed to provide consumers with eggs and meat specifically
tailored to their physiological characteristics, organoleptic preferences, and
eating patterns.

Applicability is a concern in any scientific endeavor, and biotechnology
is no exception. Data from the Food for Thought II study conducted by the
International Food Information Council in 1997 showed that 70% of
consumers in Canada, Portugal, Japan, and the United States were likely to
purchase foods enhanced by biotechnology (16). In the Netherlands, United
Kingdom, Italy, and Sweden, at least half of consumers were so inclined. A
quarter to one-third of consumers in Austria and Germany indicated that
they would be likely to purchase such foods. In the fourth biannual tracking
survey of food and health news, ‘‘Food for Thought IV, 2001,’’ found that
biotechnology was the most reported single food and health issue, although

Table 1 Healthful Egg or Poultry Components That May Be Isolated,
Stabilized, or Augmented by Biotechnology

Components found in or suitable for delivery by poultry or eggs that have health or
biotechnological applications

Proteins
Native: immunoglobulins, lysoyzme, angiotensin-converting enzyme–(ACE)-inhib-

itory oligopeptides, CCK-gastrin immunoreactive protein, phosvitin, transferrin,
ovomucoid, ovomucin, Cystatin, riboflavin-binding protein, avidin

Engineered: insulin, growth hormone, human serum albumin, humanized immu-
noglobulins, monoclonal antibodies, a-interferon, spider silk

Lipids
Choline, lecithin, cephalin, betaine, cholesterol, sphingomyelin, a-tocopherol, ca-

rotenoids, xanthophylls, lutein, lycopene, n-3 fatty acids, vitamin K, vitamin D

Miscellaneous
Sialic acid, CaCO3, shell membranes
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much of the commentary was cautionary and not placed within a consumer
context (17). Despite these aspects of reporting, a poll of 1000 representative
American consumers above 18 years of age found that only 2% wanted to
know or were concerned about foods that were modified by biotechnology
(17). This same survey found that 33% of consumers believed modified foods
were currently in supermarkets, that more (65% compared with 52%) were
likely to purchase foods identified as modified by biotechnology for purposes
of reduced pesticides/antibiotics than for flavor enhancement per se, and that
if foods of improved nutritional value were available through biotechnolog-
ical modification, that factor would encourage (36%) or have no effect (41%)

Table 2 Groups Benefiting from Modifications or Applications of Biotechnology

Types of modifications and applications

Benefit to the producer

Increased resistance to disease organisms
Enhanced feed digestion and assimilation capabilities
Improved control of food intake

Improved livability
Benefit to the processor

Increased resistance to processing-related contamination
Reduced incidence of processing-sensitive phenotypes

Improved compatibility of starter materials for complementary approaches to
enhance safety, flavor, texture, and stability

Reduced trimming waste through improved methods of further processing

Benefit to the consumer
Improved sanitation
Enhanced vitamin or trace mineral content in whole products, or foods made from

those whole products
Enhanced bioavailability of nutrients, or redistribution of existing components

such as decreased total fat, and increased light to dark meat

Improvedflavoror texture of products including, or formulatedwith, poultry or eggs
Eggs containing protein or lipid functionality—flavor, texture, therapeutics

(see Table 1)
Benefit to society

Reduced fecal waste production through enhanced digestibility, leading to reduced
environmental impacts

Reduced medical costs due to malnutrition and conditions for which poultry or

eggs, or parts thereof, act as therapeutic agents or serve in the manufacture of
those agents

Reduced costs due to reduced food-borne illness as a result of improved live and

processing contamination resistance; improved bird welfare
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on the purchase of that product. Overall, these consumers believed that
biotechnology would improve their health and nutrition (39%) the quality,
taste, and variety of foods available to them (33%), but fewer expected
reduced food costs (9%). These data suggest that foods enhanced by
biotechnology are generally acceptable to consumers. The data also suggest
that consumers are becoming sophisticated about how and when biotechnol-
ogy can be used for particular purposes to their advantage.

II. ROLE OF POULTRY IN THE HUMAN DIET

Consumption of poultry and eggs is no longer an adventitious event. It has
also moved beyond being an infrequent luxury meal, such as the Sunday
dinner chicken, Thanksgiving turkey, or Christmas goose. Total per capita
poultry consumption in the year 2000 varied from a high of 57.4 kg per year in
Hong Kong to a low of 3.7 kg per year in Romania (18). Total poultry
production for all major countries was expected to be 59.6 million tons, and
total consumption of poultry meat to be 58.5 million tons in 2001. People in
the United States and China consume the most poultry. In the United States,
total poultry consumption increased from 15.6 kg per person per year in 1960
to 45.3 kg estimated for 2002 (19). Of this amount, 37.0 kg of chicken and 8.3
kg of turkey were consumed. This nearly threefold increase in consumption
was largely due to the vertical integration of the poultry industry, which has
made it capable of being exquisitely responsive to consumer demands in terms
of price, quality, and final product form.

Consumers do demand poultry. Market data from 1997 showed that
85% of restaurants offered one or more poultry entrées, and that 12% of all
main-course entrées in 1997 contained chicken (20). Similarly, 12.3% of all
meals or snacks consumed in the United States contained chicken or poultry.
The top two appetizers in 2001 were chicken strips and chicken wings. In
addition to extremely popular nuggets, strips, fingers, or fried chicken, chicken
is increasingly used as a topping for salads. In 1997, chicken constituted 19%
of all main-dish salad, and 55% of all menus offered chicken on a salad. The
total value ofU.S. poultry production in 2000was $16.9 billion and clearly had
significant impact on the spectrum of nutrients available within the diet
(3,5,21–24).

Egg consumption in the United States followed a different path, de-
creasing from 403 per capita per year in 1945 to a low of 234 in 1991. That
decline has been widely attributed to concerns over cholesterol and changes in
breakfast meal habits (25). From 1970 to 1994, processed egg consumption
rose from 33 to 61 per person per year. In 2000, 198.4 million cases (360 eggs
per case) of shell eggswere produced in theUnited States, and approximately a
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third were further processed to egg products (26). The term egg products refers
to processed or convenience forms of eggs obtained by breaking and process-
ing shell eggs. Egg products include any of various whole eggs, egg whites, and
egg yolks in frozen, refrigerated liquid, anddried forms, aswell as specialty egg
products. Specialty egg products include prepeeled hard-cooked eggs, egg
rolls or ‘‘long eggs,’’ omelets, egg patties, quiches, quiche mixes, scrambled
eggs, and fried eggs. The newest category within the American Egg Board’s
Egg Product Reference Guide is ‘‘Eggs as Nutraceuticals’’ (27). Several
publications now available (28–30) describe novel uses and functionalities
for whole eggs and for egg components in particular. These emerging areas of
investigation suggest that potential is to develop novel health promoting
products with egg components is primarily limited by imagination of health
scientists, processors, and engineers working in the area (Table 2). Applica-
tions include food, cosmetics, and medical products. Thus, eggs and poultry
also provide starting materials for further processing that employs biotech-
nological methods, as well as being targets for direct modification by biotech-
nological techniques.

Several epidemiological studies or meta-analyses of dietary interven-
tion studies relating dietary fat and cholesterol to plasma cholesterol concen-
tration (31–33) have led medical authorities such as the American Heart
Association to state that periodic egg consumption is unlikely to influence
plasma cholesterol concentrations (34). This shift in dietary advice was among
the factors that caused egg consumption to increase to 258 per person per year
by 2000. Annual per capita egg consumption in a survey of 36 countries in
2000 varied from a low of 34 in India to a high of 320 in Japan. Despite the
decreasing confidence in egg cholesterol risk, cholesterol reduction in eggs
remains as a much sought after target (35–39), as does reduction of oxide
formation during processing (40).

Poultry meat and eggs are nutritious foods. Eggs in particular must
possess concentrated amounts of nutrients in order to support incubation and
hatch. Indeed, despite providing less than 1.3% of daily U.S. calories, eggs
provide 3.9% of daily protein, and similar or greater amounts of vitamin B12,
vitamin A, folate, vitamin E and riboflavin (21). Egg protein is considered the
highest-quality protein and contains an ideal spectrum of essential amino
acids in a highly digestible form (41).Data fromNHANES III showed that egg
consumers were better nourished than nonconsumers and had no higher
plasma cholesterol concentrations (21). Thus, even if cholesterol content
cannot be decreased (42), eggs remain a desirable vehicle for added nutritional
functionality.

Poultry meat is also nutritious (43), although the exact contribution it
makes to the diet is more variable (2,44–49). Consumer selections, including
choice of white or dark meat and method of preparation, such as roasting or
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deep fat frying, greatly influence the net diet contribution. Biotechnology
offers options in food preparation that will support increasingly sophisti-
cated consumer demand for healthy functional foods even when consumed in
forms that are traditionally viewed as less healthy. For example, it was noted
that the industry must appreciate that ‘‘it’s not going to be as easy as simply
reducing the fat percentage in a fried chicken patty, it will have to be made
with omega-3 enriched meat, using an estrogenic soy binder, and fried in a
non-absorbable fat that is fortified with antioxidants’’ (50). Each component
mentioned in these chicken patties may be the product of biotechnological
processes.

III. HISTORY OF GENETIC AND ENVIRONMENTAL
MANIPULATION OF POULTRY

Because poultry and eggs are so nutritious and are such versatile components
of the diet, the goal of first-generation biotechnological approaches was
primarily to produce more. The approaches used in these endeavors included
traditional methods of genetic selection for desired traits, controlled environ-
ments, nutritionally optimized diets, and feeding programs (51). At present,
poultry breeders offer strains of birds produced through traditional selection
methods that are highly suited to particular climates and rearing systems (52).
Poultry strains are also highly selected to achieve specific production goals;
thus birds that are grown for meat production are physically and physiolog-
ically distinct from those used for egg production (53). As a point of com-
parison, dogs are perhaps the only other commonly encountered species that
demonstrate equivalent diversity of body types, sizes, and colors inherent
within a given genome due to sustained selective breeding.

Whereas most poultry strains are quite handsome, extreme differences
in external appearance (phenotype) do result in extreme preferences among
fanciers and raise practical issues for poultry breeders (54–58). It is impor-
tant to note that all this diversity was obtained by traditional shuffling of
genes by means of cross-mating. Table 2 provides a nonexhaustive list of
targets within selective breeding programs. Most traits are the result of co-
ordinate expression of multiple genes, and selection programs are directed
toward several simultaneous targets. Biotechnology will allow these complex
expression profiles to be described and more readily manipulated by
traditional (59–61) as well as nontraditional (62–64) approaches. The ability
to manipulate phenotype-defining patterns of gene expression provides the
means to optimize bird biological characteristics. In contrast, traditional
breeding approaches are limited by coexpression of desirable and undesir-
able traits.
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IV. HISTORY OF NUTRITIONAL MANIPULATION
OF POULTRY

Application of scientific methods to the study of nutrition started in the mid-
19th century. An interesting side note is that poultry, particularly chickens,
providedmuch of the data that shape our basic understanding of purpose and
metabolism of vitamins, (particularly thiamin, folate, and vitamin D), min-
erals (particularly calcium), lipotropes (choline and betaine), and macronu-
trients (65). Moreover, the widespread use of poultry throughout the world
has generated and continues to generate applied nutrition knowledge regard-
ing diet optimization in different environments and at different stages of the
life cycle. Many of the principles that underlie optimization of nutrition for
poultry health and production are implicit in efforts to develop similar
strategies for humans to combat chronic disease consumption of functional
foods.

Beginning in the early 1960s, health messages about eggs shifted from
wholly positive to cautionary on the basis of associations among plasma
cholesterol concentrations, the incidence of atherosclerotic cardiovascular
disease, and the cholesterol content of eggs (66). Messages regarding choles-
terol risk have grown equivocal as more has been learned about human
cholesterol metabolism (33,34,66,67), but the criticism spurred efforts to
describe and improve other health-building egg components. As a result, a
variety of specialty eggs have become available. These eggs typically are en-
riched in specific fatty acids, are reduced in cholesterol content, and possess
increased vitamin E, vitamin A, or iodine content (Table 3). Other nutritional
improvements include ‘‘nonessential’’ but perceived health-promoting nu-
trients such as phytoestrogens, catechins (also known as ‘‘tea’’ eggs), and ca-
rotenoids such as lutein and lycopene.

Further improvements in egg and poultry nutritional contents are
limited by the existing physiological traits of the birds. As such, they rep-
resent attractive targets for biotechnological improvement. For example, a
single egg from a hen reared to produce vitamin E–enriched eggs can cur-
rently provide 20–25% of the daily value recommended, or about 3–5 mg
(68). In contrast, vitamin E prophylaxis doses are usually in the range of
200–400 mg per day (69,70). Further improvements in egg vitamin E content
cannot be realized by dietary approaches as a result of the essential, but lim-
iting, role of tocopherol transport protein in directing vitamin E to egg yolk
(71). Overexpression of this protein by genetically modified birds could in-
crease yolk vitamin E concentration markedly. Moreover, the endogenous
stereospecificity of tocopherol transport protein for the alpha form of vi-
tamin E will ensure that the most bioactive form of the vitamin will be de-
posited into egg yolk. Increased tissue tocopherol content could stabilize
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poultry meat during processing to prevent development of warmed over and
off-flavors (72).

Among animal production systems, the poultry industry has been the
most proactive in coupling selective breeding to nutritional programs to
optimize bird performance in a variety of environments at each stage of the
life cycle. Through its use of complementary approaches, the poultry industry
has improved human nutrition and health through the provision of high-
quality animal protein rich in vitamins and minerals (zoonutrients). Biotech-
nologywill further enablepoultryandeggs to serve this role inhumandietaries.

V. BIOTECHNOLOGY

A. Complementary Approaches

Biotechnology is defined as the use of microorganisms, plant cells, animal
cells, or parts of cells, such as enzymes, immunoglobulins, or genes, to make
products or carry out processes. Given the diverse opportunities afforded by
biotechnology to improve the food supply, multiple approaches to solve a
particular problemwill be employed, withmarket forces drivingmost efficient
solutions. Because the poultry industry is highly vertically integrated, it has a
history of using complementary approaches to optimize production outcomes

Table 3 Genetic Manipulation to Produce Specialty Birds
and Eggs

Meat-type birds

Growth rate
Feed efficiency
Disease resistance

Frame functional properties, skeletal development, body shape
Carcass muscling distribution, proportion of light and dark meat
Carcass fat content and distribution
Market size

Feather color
Egg-type birds
Egg size

Shell quality and color
Feed efficiency
Body size

Time to first egg and duration of egg laying
Frame functional properties, skeletal development, body shape
Disease resistance
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(73). Thus, the full scope of potential for benefit frombiotechnologywill likely
be first realized in highly integrated production systems, such as are found
within the poultry industry.

Significant concerns of consumers are food safety and sanitation.
Although the primary concern is microbial safety, the presence of pesticides,
hormones, and antibiotics also causes concern (74). These concerns are well
addressed by vertical integration of complementary approaches afforded by
biotechnology. For example, chicks and poults can be provided with neonatal
feed products containing probiotic bacterial cultures in combination with
prebiotic compounds in order to establish a healthy intestinal flora that
excludes pathogenic organisms from the intestine (75,76). Similar dietary
approaches are known to improve human health and well-being (77,78) and
are no less appropriate for poultry. Moreover, biotechnology can be used to
optimize the mixture of organisms, their ability to attach to the intestinal
mucosa and competitively exclude pathogens, and their ability to utilize spe-
cific prebiotic nutrients in the food and so synergize the protective effects.
These newly hatched birds may well be vaccinated by using recombinant
deoxyribonucleic acid (DNA) vaccines (79). The DNA vaccines are more
flexible and allow a rapid response to changes in pathogens, and safety issues
with regard to use in food animals are being addressed (79).

Biotechnology allows the very eggs young birds start in to be selectively
enriched in protective immunoglobulins. These protective proteins are de-
posited into the yolk by the hen in response to maternal vaccination against
neonatal pathogens (80). Such responses occur spontaneously in nature in re-
sponse to pathogen exposure but are haphazard, and many hatchlings die
before the hen begins depositing effective amounts of antibodies. Biotechnol-
ogy allows this endogenous protective mechanism to be used proactively
(81,82). This same natural process is also used to develop high-quality anti-
bodies for use in various biotechnological applications (83–88). When placed
in the grower house, these young birds can continue to be protected by
vaccines present in the corn they eat (89). These stepswill decrease or eliminate
the need for antibiotics. Notably, the flora initiated in the birds at hatching
may be further engineered to contain strains that competitively exclude
pathogens from the skin or that produce proteins lethal to disease-causing
microbes such as Salmonella or Listeria species but that are harmless to
humans and other animals (90–95). The bird itselfmay bemodified to produce
such proteins in the skin or muscles. During processing, such meat would be
resistant to accidental contamination. Egg whites have long been used to
‘‘fine’’wines in order to remove undesirable compounds (96). Eggs containing
specific antibodies or binding proteins could provide biotechnological pro-
phylaxis to protect portions of the food supply from overt (terrorist) efforts to
contaminate it.
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Poultry diets could contain other proteins or compounds produced with
biotechnological methods to enhance feed digestibility or ability to transport
and retain nutrients. For example, at present poultry diets must be formulated
with inorganic phosphorus to ensure an adequate intake of this essential
mineral element. The plant materials that constitute the bulk of poultry diets
also have phosphorus in the form of phytate. This organic form of phospho-
rus is indigestible by poultry, and as a result, it passes through the bird and is
excreted as waste, is broken down by microbes, and can ultimately enter the
water supply. At present, feed companies have products that contain micro-
bial enzymes called phytases that release phosphorus from phytate, thus
making it available to the bird (97–99). This feed amendment decreases the
amount of inorganic phosphorus added to the diet and ultimately the amount
of waste phosphorus (100,101). Themolecular biological attributes of phytase
enzymes from various sources have been studied extensively, and effective
isoforms have been cloned and expressed in cells and plants suitable for use as
feed ingredients (102). A second approach is to endow the birds themselves
with the ability to digest phytate; this has been done in pigs (103)and mice
(104). A third biotechnological approach to this topic is the selection of low-
phytate grains (105), or engineering of the plants to enhance the availability of
the minerals they contain (99,106,107). Biotechnological improvements in
poultry diets may also lead to the formulation of grains that contain
compounds used to enhance growth or promote lean muscle gains (108–
110). Such nutritional strategies decrease the value of steroidal anabolic
agents and could increase the nutrient content of poultry and eggs. Similarly,
strategies such as these would support enhanced biostreaming of nutrients
into human dietaries. Modification of the birds themselves may also be used
to achieve production goals more efficiently while diminishing the use of
exogenous anabolic agents. Market forces will influence what becomes the
most persistent strategy.

1. Modifying the Bird Itself

Biotechnological approaches hold the potential to alter specific avian phys-
iological features that improve product quality or functionality. There are
two types of objectives sought after by methods that directly manipulate the
genome of birds. The first type seeks targets identical with those of traditional
genetics. These include fundamental alterations in body composition to
reduce total fat, increase lean muscle mass, and increase the proportion of
white to dark meat (Table 3). As noted previously, poultry is a highly diverse
genetic population, and individual strains often possess certain desirable
traits to a great extent. The advantage that biotechnology offers is selectivity
in that desirable traits are usually present in combination with undesirable
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traits and require many generations of selection to capture, if indeed the
undesirable and desirable traits will segregate while remaining highly herita-
ble. The second type of objective is the introduction of novel functions within
the bird. Overexpression of tocopherol transport protein to enhance vitamin
E content of meat and eggs is an example of this second type. The advantage
here is that objectives insurmountable by alternate approaches may be solved
by introduction of novel genes or novel patterns of gene expression within
existing genomes.

A number of examples that only begin to frame the enhancement in
nutritional content or functional properties afforded by altered gene expres-
sion can be suggested (Table 4). For example, as has been done in plants
(100,106), coordinate overexpression of metal transport and storage genes
could be used to enhance concentrations of iron, zinc, or copper in poultry
meat. Introductionofnovelgenesorreprogrammingofexistinggenomescould
overcome functional defects such as the myopathy that underlies pale soft
exudates in turkeys (111).Novel ligand binding domains could be expressed to
add combinatorial capabilities in processing applications (112). Such capabil-
ity could allow, for example, stabilization of specific nutrients within foods,
addition or enhancement of flavor or color components in poultry products,
or engineering capabilities to enhance texture in final products. Altered
glycoprotein expression within muscle tissue could alter water-holding capac-
ity, pathogen resistance, browning ability, or fat penetration with frying (113–
116). Each contemplated modification requires an exquisite understanding of
biology aswell as functional aspects of poultry and eggs as biomaterials. Some

Table 4 Companies Dedicated to Transgenic Poultry Production

Company Focus

AviGenics, Athens, GA Biopharmaceutical protein production
http://www.avigenics.com Agronomic traits, including disease resistance

Improved feed efficiency and muscle growth

Origen Therapeutics, Burlingame, Biopharmaceutical protein production
CA Somatic chimeras from elite stock
http://www.origentherapeutics.com

Sima Biotechnology, Minneapolis,
MN

Biopharmaceutical protein production

TranXenoGen, Shrewsbury, MA
http://tranxenogen.com

Biopharmaceutical protein production

Vivalis, Nantes, France
http://vivalis.com

Vaccine development with Aventis Pastuer
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of this knowledge will only be acquired through iterative attempts toward the
desired outcome.

2. Altering Gene Expression

As attractive asmany of these changes are, there remains concern that altering
the genome or altering patterns of gene expression is somehow unsafe—that
birds or eggs arising from transgenic strategies are unnatural. Careful studies
of the avian genome have found natural examples of ancient retroviral gene
insertions. These discoveries suggest that exogenous modification of endog-
enous genomes has been partially responsible for mutations that drive
evolutionary change (62). Hen feathering is a trait in some male birds that
arises from an approximately 40-fold increase in the enzyme aromatase within
the feather follicle of homozygous dominant mutants (117). Aromatase is one
of the enzymes responsible for the conversion of androgens to estrogens.
Elevated estrogen concentrations in the feather follicles of mutant males
change local gene expression such that feathers growing from these follicles
take on a rounded, characteristically ‘‘hen’’ shape. Matsumine and associates
(118) reported that retroviral insertion into a regulator sequence of the
aromatase gene removes the normal restriction of gene expression in extra-
gonadal tissues. The mutation is highly prized in Bantam birds because of its
effects on plumage phenotype. Another spontaneous retrovirally mediated
alteration in gene expression causes slow feathering (62). This gene has
practical utility within the poultry industry as a simple visual method to sex
chickens. Rapid feathering males (k+/k+) are bred to slow-feathering
females (K/�) to produce slow feathering males (K/k+) and rapid feathering
females (K+/�). As this method of sexing is widely used within the industry,
nearly everyone has safely consumed poultry containing retroviral elements.
Studies of these ancient gene insertions provide a pattern for the molecular
detail needed to create safe and stable constructs for intentional gene
insertions.

Traits such as egg production, growth, or body fatness result from
complex pattern expression from many genes (54,56,58). In such situations,
adding new genes may not be as desirable as controlling the pattern of
endogenous gene expression to positive effect. Although alteration of gene
expression is still in its infancy, small molecules capable of altering gene
expression profiles are being created (119–121). This approach holds much
promise but will require substantial expansion of our understanding of gene
interactions and development of appropriate delivery technologies to be
employed effectively. Early embryonic development—interactions between
developing tissue layers—has inductive and suppressive effects that control
tissue phenotype (122–124). Antibodies can be employed to alter such in-
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teractions and thus thedevelopmentof specific tissue types.Antibodies,mono-
clonal antibodies in particular, provide the means for quite specific and se-
lective knock-out of proteins involved in tissue–tissue interactions or cell
surface receptors for signaling molecules. A patent has already been issued to
use antibodies to suppress adipose tissuedevelopment inpoultry, andpractical
application of the technique is being pursued (125,126).

Several approaches exist to insert novel genes into poultry. It is beyond
the scope of this chapter to describe these methods in detail, and the interested
reader is directed to relevant reviews (63,64,127–130). Progress in method
development is ongoing as poultry provide unique challenges for transgenic
methodology (131). For the most part, methods are directed toward the germ
line in order that inserted genes are stably passed on to progeny. However,
given the extensive breeding programs that produce highly developed strains,
and the limited production interval (40 days for broilers and 60–156 weeks for
layers), it seems that somatic transfer, such as is used in gene therapy for
human disease (132,133), could be developed as a viable alternative or adjunct
approach. Bird embryos develop atop a large fragile yolk that defies routine
microinjection techniques used in most mammalian systems (134). Thus,
manipulation and culture of modified embryos remain ongoing and active
areas of investigation (135).

Leading objectives in the field of avian transgenesis are method
development for cultivation of embryonic stem cells and development and
testing of vector constructs that allow homologous recombination (64,136).
A third requirement, the ability to produce germ line chimeras, is established,
but not perfected. Somatic chimeras can be routinely produced by hand
(130), and mechanization of the process is being vigorously pursued (137). At
present, intense commercial interest in poultry transgenesis makes searches
of patent literature key to understanding advances in the field (136,138,139),
although academic publications provide good general outlines (140). Because
methodologies in poultry lag behind those of plants and some other animal
species, the poultry industry is in a position to benefit from the experience of
commodity groups in both strategy selection and consumer acceptance
issues.

There are several companies dedicated to transgenic poultry production
(Table 4). Most are engaged in producing therapeutic proteins or immuno-
globulin-rich eggs that can be further processed into diagnostics and thera-
peutic agents because of the premium price these products—as opposed to
food products—command. Thus, the animal systems andmethods to produce
nutritional and processing functionality are in active development but not yet
employed in food production per se. The proteins produced in eggs are high
quality and suitable for food grade and pharmaceutical uses. Egg-derived

Walzem14



proteins are likely to improve nutritional and organoleptic properties of
processed foods in a variety of products.

Other products that are likely to reach the market in the foreseeable
future are somatic chimeras produced from elite broiler stock, such as those
currently being developed by Origen Therapeutics (137). These birds are the
product of a biotechnological strategy similar to that used to propagate straw-
berries and grapes and, as a result, do not carry novel genes that could slow
approval of other nearly ready birds (Table 4). Briefly, fertilized eggs are col-
lected from prolific egg laying strains and their development halted until blas-
todermal cells from donor embryos can be injected into the recipient embryo.
The donor embryos are derived from strains with superior growth but whose
egg production rates are typically low (58). The resulting hatchling has
heritage from both parental lines, but the bird itself typically exhibits superior
growth characteristics. This technology will ultimately be combined with em-
bryonic stem cell propagation and culture techniques to produce somatic
clones of modified animals.

VI. CONCLUSIONS

Increased knowledge about avian biological characterstics, coupled with var-
ious biotechnological methodologies, provides the means to supply consum-
ers with safe, wholesome poultry products. Current goals of improved disease
resistance and improved yield or growth rates will ultimately mature into
genuine improvements in utility and nutritional values of eggs and poultry
products. Such improvement will be further enhanced by complementary ap-
proaches that incorporate biotechnology at appropriate points in the pro-
duction system. These points will be found throughout the continuum of
animal rearing to food delivery or fabrication.Moreover, biotechnology is al-
ready supporting the enhancement and harvest of functional components
from eggs to improve human health through novel medicines, diagnostics,
and cosmetics (28,29). Great new andhealthy poultry and egg foods and prod-
ucts that last longer and taste better can be expected.

The most likely immediate improvement in human health through
biotechnological improvements in poultry and eggs will be in decreased waste
and enhanced water quality and decreased reliance on antibiotics. These
efforts are already in use within the industry, and the efficacy of these methods
will continue to improve. However, as methods and understanding of avian
biological traits are advancing rapidly, biotechnological improvement of both
nutritional and functional properties of poultry and eggs should be realized
within the next several years. As the ability to influence nutrient composition
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in the whole bird through transgenic methods becomes practical, manipu-
lations will always be tempered by basic biological characteristics. Particular
changes that are incompatible with healthy, disease-resistant birds are un-
likely to be acceptable to consumers or producers.
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2
Modern Biotechnology for the
Production of Dairy Products

Pedro A. Prieto
Abbott Laboratories, Columbus, Ohio, U.S.A.

I. INTRODUCTION

A. Early and Modern Biotechnology

For practical reasons it is important to distinguish between the traditional or
early methods of biotechnology and the modern approaches and techniques
of this field. This is particularly relevant in the case of dairy science and tech-
nology because regulations, risk–benefit analyses, and perceptions of pro-
cesses involving the use of genetic engineering differ from those that do not
involve recombinant technology. Animal husbandry and food technology
have provided solutions to the challenges and problems encountered during
the production of milk and milk-derived products; the tools and methods of
these fields constitute ‘‘early biotechnology.’’ This is in contrast to modern
biotechnology, which is constituted by methods based on recombinant
deoxyribonucleic acid (DNA) techniques (1) and novel approaches for the
purification of materials, selection of microbial strains, fermentation and
manufacturing processes, and analysis of foods. The specialist who implants
embryos while aiming to expand a desirable characteristic in a herd of dairy
cows and the cheese maker who inoculates curd with a naturally occurring
starter culture are indeed using the tools and methods of traditional or early
biotechnology. On the other hand, the molecular biologist who attempts to
insert a gene fragment at a specific site of the bovine genome with the purpose
of producing dairy products containing human milk proteins is clearly using
modern methodologies. Likewise, the task of genetically modifying a micro-
bial strain to speed up the maturation process in a cheese requires modern
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techniques. This review focuses on processes and technologies that utilize
genetic engineering and that, in most cases, produce genetically modified
organisms (GMOs) or their derivatives. The present account constitutes a
brief overview of modern biotechnology as it applies to the production and
modification of dairy products. Its purpose is to provide a catalogue of
techniques involving the use of recombinant nucleic acids in the context of
animal productivity and milk and milk-derived product remodeling or
improvement. Ancillary aspects are also discussed. The reader is referred to
previously published reviews that address general aspects of modern biotech-
nology (2–4).

Table 1 Biotechnology Applications That Affect the Production of Milk and
Milk-Derived Products

Aspect of dairy

production Technology

Impact on milk

production or

dairy product References

Feeding Use of GMOa

to produce

animal food

Mostly

quantitative

Krishna 1998 (18),

Crooker 1996 (5)

Improving

feed utilization,

bioconversion

Use of GMO

as probiotics

or GMO-derived

enzymes

Mostly

quantitative,

increase in feed

efficiency

Bera-Maillet et al.,

2000 (6) Blum et

al. 1999 (7) Gregg

et al. 1998 (8)

Ziegelhogger

1999 (9)

Improvement of

growth rate,

milk yields,

altering of

reproductive cycle

Use of recombinant

hormones

Quantitative Bauman, 1999 (10)

Improvement of milk

yields, synthesis

of novel compounds

in milk, alteration

of milk composition

Production of

transgenic animals

and targeted mutants

Qualitative and

quantitative

Prieto et al.

1999 (11)

Identification and

production

of improved cultures

and production

of novel strains with

custom designed

characteristics

Production and

identification of

microbial strains and

GMO-derived enzymes

to process milk and

milk-derived products

Qualitative Henriksen et al.,

1999 (12)

a GMO, genetically modified organism.
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B. Scope of the Present Review

Table 1 lists some of the steps involved in the production of dairy products
and technologies that have been used or are being investigated for each step.
The table indicates whether the main target of a particular biotechnology is
focused on a quantitative effect, such asmilk yield, or a qualitative effect, such
as the presence or increase of a particular compound in milk. Other technical
approaches that are closely related to those listed in Table 1, but are not
covered in this account are (a) the transgenic expression of hormones targeted
to the modification of carcass composition and (b) the use of animals as
bioreactors to produce biomolecules for pharmaceutical applications. These
subjects have been reviewed by Pursel and Solomon (13), Velander and
associates (14), and Ziomek (15). The technologies listed in Table 1 can also
be grouped in two categories: (a) those aimed at the dairy animal in regard to
its productivity and (b) those aimed at modifying milk or its derivatives. This
classification is useful to explain the aims and potential consequences of
particular technologies and the problems they intend to solve. The use of
genetically modified microorganisms in food products is analyzed in depth in
another chapter of the present volume; however, specific applications to dairy
products are briefly discussed in Sec. V to illustrate novel technologies as they
pertain to fermented milk and cheese manufacturing.

II. USE OF GENETICALLY MODIFIED ORGANISMS TO
ENHANCE FEED EFFICIENCY FOR DAIRY COWS

Crooker (5) states, ‘‘In animal agriculture, feed generally represents the major
input component while tissue gain (growth) or milk yield are the primary
useful outputs.’’ In addition, Crooker indicates that approximately 30% of
the calories and proteins in the diet of a dairy cow find their way into
productive functions such as milk synthesis. Biotechnology can impact the
manufacturing of animal feed in several ways, such as (a) improvement of
microbial strains for the synthesis of diet components, (b) production of
recombinant enzymes to improve digestion of diet components and improve
feed utilization, (c) production of recombinant microorganisms that act as
probiotics in the rumen of dairy cows, and (d) production of transgenic plants
as feed constituents.

A. Improved Microbial Strains

Microbial fermentation processes produce key amino acids used to supple-
ment feed. For example, the genera Corynebacterium and Brevibacterium are
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used to synthesize lysine and threonine. Studies with these microbes eluci-
dated their metabolic pathways and key control points in amino acid
synthesis. This information was then applied to design and implement
strategies to circumvent metabolic bottlenecks such as mechanisms of feed-
back inhibition. An example of these studies and their applications is
described in a report by Malumbres and Martin (16) in which the genetic
control of the key enzymatic steps involved in amino acid synthesis ismodified
by redirecting the flow of carbon skeletons. This was accomplished by
amplifying genes encoding feedback-resistant aspartokinase and homoserine
dehydrogenase.

B. Genetically Modified Organism–Produced Enzymes
and Genetically Modified Organisms as Probiotics
for Dairy Cows

Hydrolytic enzymes such as lactase (h-galactosidase) are used by lactose-
intolerant humans to aid in the digestion of lactose. Similarly, enzymes can be
used to increase feed efficiency in dairy animals and ruminants in general.
Some enzymes used as feed additives or pretreatments are made naturally by
microbes. For instance, the white rot fungus Coprinus fimetarius enzymati-
cally degrades lignin, thus releasing cellulose and hemicellulose from plant-
based feed (17,18); the released polysaccharides become susceptible to the
action of other hydrolytic enzymes such as cellulases and hemicellulases, thus
providing glucose, which was unavailable before the fungal pretreatment.
Many naturally occurring enzymes have been cloned and are now produced
efficiently through fermentation; examples of these are glycosidases such as
cellulases and xylanases (6,7). A more novel strategy is colonization of the
farm animal’s rumen with recombinant microorganisms that have been
modified to acquire new metabolic capabilities that in turn benefit the host
animal (5). These probiotic organisms for ruminants are designed to support
specific functions that go beyond the overexpression of hydrolytic enzymes.
For example, Gregg and colleagues (8) developed strains of Butyrivibrio
fibrisolvens expressing a gene encoding fluoroacetate dehalogenase. These
GMOs colonize the rumen of sheep and reduce symptoms of fluoroacetate
poisoning.

C. Transgenic Manipulation of Plants for Enhancement
of Animal Feed

Another biotechnological option to affect the efficiency of feed is the use of
transgenic plants. For instance, alfalfa- and tobacco-expressing cellulase
genes have been produced (9). These cultivars promote efficient use of feed
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because their recombinant cellulases are aids in the hydrolysis of plant
components. Genetically modified plants can also be used to provide specific
nutrients; transgenic canola with increased methionine content exemplifies
the potential of genetically modified plants as enhanced sources of amino
acids in the feed. This advantage is easily exploited because some of these
plants are already constituents of animal feed (19). Therefore, the expression
of nutrients in transgenic plants may affect both the quantity and the quality
of milk without costly purification of recombinant products (20). Another
example of transgenic synthesis of targeted nutrients in plants is the produc-
tion of specific fatty acids. Enzymes that participate in the biosynthesis of
polyunsaturated fatty acids (PUFAs) have been cloned by Knutzon and
coworkers (21,22) and Huang and associates (23), and transgenic seeds that
contain oils enriched in PUFA have been produced. On the other hand, it has
also been demonstrated that dairy cows fed fish oil increased, albeit ineffi-
ciently, the PUFA content of their milk (24). Feeding dairy cows with these
modified canola seeds or with PUFA-supplemented feed could result in large-
scale production of PUFA-enriched milk.

III. USES OF RECOMBINANT AND SYNTHETIC HORMONES
TO IMPROVE MILK YIELDS AND AFFECT
REPRODUCTIVE CYCLES

Hormone treatment of dairy cows is now used as an alternative method to
improve bioconversion of feed into milk. Since the 1930s scientists have
known that growth hormone or somatotropin from pituitary glands increases
milk yield in dairy cows (25). The commercial application of recombinant
bovine somatotropin (rBST) started in 1994 and today rBST is considered to
be the first major biotech product applied to animal agriculture (26). Re-
ferring to productivity improvement attained by the use of rBST, Bauman
(10) states: ‘‘The magnitude of the gain efficiency of milk production was
equal to that normally achieved over a 10- to 20-year period with artificial
insemination and genetic selection technologies.’’ This statement illustrates
the potential for rapid impact that characterizes modern biotechnology.
Today the use of rBST to improve milk yields is common in the United
States and has been studied from several perspectives. Other hormones or
hormone analogues have been used in dairy cows to modify reproductive
cycles with particular aims. For example, a synthetic leuteinizing hormone–
releasing hormone analogue is used to increase conception rates (27) and
estradiol and progesterone are used to induce lactation in prepubertal animals
(28). This application of hormones may or may not have commercial impact;
however, it unquestionably aids in the development of transgenic animal
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technology targeted to synthesis of novel milk compounds in the dairy cow.
Hormones can be added exogenously as part of themanagement schedule of a
dairy farm, or they can also be produced in situ and in excess of their natural
concentrations by remodeling the genetic makeup of an animal (29–31).

IV. TRANSGENIC ANIMALS

Transgenic animals (TAs) constitute perhaps one of the most tantalizing and
powerful modern technologies for the manipulation of quantitative and
qualitative aspects of dairy production. Most TAs and targeted mutants
(TMs) produced so far are experimental models in laboratory animals. These
are used to study the effects of gene expression in whole organisms or are
prototypes for the production of modified tissues or biological fluids for
industrial purposes. The potential of genetically modified dairy cows for the
manufacture of food and specialized nutritional products resides mainly in
three aspects of the production of TAs andTMs: (a) technologies available for
the production of TAs, (b) current technical hurdles and limitations of these
technologies, and (c) applications of TAs and TMs to the fields of human
health and nutrition. Understanding these aspects of the technology is also
useful to evaluate the safety and potential environmental impact of TAs and
TMs.

A. Production of Transgenic Animals

Briefly, a transgenic animal (TA) is a GMO that has acquired or lost a
function or functions with respect to the wild type (11). A function is gained in
a transgenic animal by inserting exogenous genetic information into its
genome, usually during its embryonic or proembryonic stage. Loss of
function is achieved by inserting a modified nonexpressible gene construct
in place of its homologous wild-type functioning gene. In these animals the
original gene is ‘‘knocked out’’ and the animals themselves are referred to as
targeted mutants (TMs), gene disrupted animals, or knockout animals. Partic-
ular aspects of the technologies and strategies for the production of TAs and
TMs for dairy production have been reviewed by Wall and colleagues (32),
Karatzas and Turner (33), Murray (34), and Pintado and Gutiérrez Adán
(35). The present section focuses on modified or remodeled milk produced by
TAs or TMs. The production of TAs requires several steps: (a) design and
construction of the fusion gene (also called transgene) that is commonly
inserted into an embryo, (b) physical introduction of the fusion gene, and (c)
its incorporation into the genome.

The most common method to introduce fusion genes into cells for
generation of TAs or TMs is microinjection into the pronuclei of embryos
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(36). Alternatively, the fusion gene can be electroporated directly into sperm
(37) or into the testis of an animal, thus propagating the transgene in sperm
(38). There are other technologies that are suitable for production of TAs and
TMs in which the fusion gene is not introduced into pronuclear stage
embryos; Chan and coworkers (39) describe the production of transgenic
cattle by injecting oocytes with replication-defective retroviral vectors con-
taining transgenes. Increasingly, multicellular embryos and somatic cells such
as fibroblasts are used as recipients of fusion genes to produce transgenic cows
(39–42). These technologies are important because they result in the produc-
tion of cloned transgenic animals. Briefly, if a transgene is incorporated into
the genome of a fibroblast and a cell line is established from this fibroblast,
cells can be tested for the presence and in some cases for the expression or
function of the transgene. As a last step, nuclei from this cell line can be
transferred to enucleated oocytes. In this fashion, several pseudopregnant
females can be implanted with cloned transgenic oocytes. Once a transgenic
embryo is produced, it is usually implanted into pseudopregnant cows. The
resulting calves are analyzed for the presence of the acquired transgene, and if
the transgene is found in the tissues of a calf, then it is allowed to mature for
further assessment. The resulting transgenic cow is then mated and its milk is
analyzed for the desired modifications. Alternatively, as discussed previously,
induction of prepubertal lactation can abbreviate the time from implantation
of the embryo to the determination of successful production of ‘‘remodeled’’
milk (28). This example illustrates how modern biotechnology methods and
tools combine to accelerate the development of prototype animals during the
feasibility stages of a biotechnology-based project.

All the mentioned steps are common in the production of targeted
mutants, with the exception of the first step. The genetic element used to
produce aTMcontains homologous elements that hybridize with endogenous
DNA, thus allowing its insertion into the precise site occupied by the gene that
is intended to be disrupted. It also contains fragments engineered to prevent
its transcription into a functional messenger ribonucleic acid (mRNA). An
additional method to control gene expression without obliterating endoge-
nous gene expression is transgenic expression of ribozymes, which are RNA
molecules that have the ability to hydrolyze RNA sequences in their midst
(43,44). When a ribozyme is expressed in a particular tissue it interferes with
the translation of mRNA transcripts, thus reducing the overall synthesis of a
given protein. This technology is useful in controlling the synthesis of a-
lactalbumin in lactating mammary glands (45) and enzymes involved in the
synthesis of lipids (46). Both instances are discussed later in the context of
targeted modifications to the lactating mammary glands of dairy cows.

A key problem in the construction of a fusion gene is targeting its ex-
pression to selected tissues or organs. If the desired outcome is the modifica-
tion of milk, the fusion gene requires a transcriptional regulatory element
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(TRE) that promotes its expression in the lactating mammary gland. Lothar
Hennighausen and coworkers pioneered the development of such a TRE
(47,48). This group expressed human tissue plasminogen activator in the lac-
tating mammary glands of mice by using the TRE that directs the expression
of the gene encoding the most abundant whey protein in murine milk, the
whey acidic protein. Since then, several other lactation-specific TREs have
been isolated and characterized. Examples of milk protein TREs are those of
bovine n-casein (49), goat h-casein (50), and bovine a-lactalbumin (51).

B. Technical Problems and Limitations in the Production
of Dairy Transgenic Animals and Targeted Mutants
and Approaches to Their Solution

Transgenic dairy cows expressing exogenous components in their milk have
been produced by microinjection as described (41). However, the introduc-
tion of fusion genes into embryos, gametes, or gonads has several constraints
that limit the applications of this method for large-scale production of
transgenic cows and goats. Examples of these hurdles are summarized in
Table 2. Perhaps the most frequent problem experienced in generating
transgenic animals is the lack of specific insertion of the fusion gene into
the genome. For instance, a fusion gene can be integrated into a transcrip-
tionally inactive region of a chromosome, thus severely limiting the expres-
sion of a transgene. Piedrahita has reviewed the consequences of nonspecific
insertion of fusion genes and points out that the technologies for targeted
genome modification are still in the early developmental stage (52). The
strategies to circumvent this ‘‘random insertion’’ problem have been either to
shield the transgene from the surrounding chromatin or to target insertions to
specific sites of the genome. A transgene can be shielded by dominant
regulatory sequences known as locus control regions (LCRs) or matrix
attachment regions (MARs) (53,54). Alternatively, a transgene can be directed
to a specific genomic site by homologous recombination, the most frequently
used approach for TM generation (55). Homologous recombination has not
yet been perfected for the production of TAs, and the technique yields a low
frequency of successful transgenic events (52).

Experimental animals such as rabbits and mice have short gestational
times, relatively large litters, and relatively low maintenance cost for large
quantities of animals. For these reasons it has been acceptable to use fusion
gene transfer techniques that are inefficient and produce relative low numbers
of useful transgenic events while developing prototypes in laboratory animals.
In large domestic animals such as cattle, these inefficiencies cause a significant
increase in the cost and time necessary to produce useful transgenic founders.
Several techniques are being developed to increase transfer efficiency. For
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Table 2 Hurdles for the Production of Transgenic Dairy Animals and Examples
of Techniques Explored to Circumvent Thema

Problem Consequence

Desired technical

outcome Approaches

Nonspecific

integration

of fusion gene

into genome

Transgene expression

affected by

surroundings—

unpredictable control

of transgene

expression

Transgene expression

controlled by

TRE in fusion

gene or regulatory

elements present

in targeted site

Transgene shielding:

Fujiwara et al. (53),

McKnight et al. (54)

Homologous

recombination:

Riele et al. (55)

Piedrahita (52)

Low frequency of

transgenic events

due to low

number of

live births

Reliance of efforts to

produce transgenic

founders and herds

on low-probability

events; transgenic

animals not

always obtained

Higher percentage

of live births

Microinjection of

embryos at two- or

four-cell stage:

Echelard et al. (41)

Low transfer

efficiency inherent

in microinjection

technique

Higher percentage of

transgenic animal

production Transgenic production

through retroviral

transfection:

Chan (39)

Long reproductive

cycle in cattle;

significant lag

time between

fusion gene

transfer and

verification of

success

Necessity for

long-term

maintenance of

animals before

their usefulness

is determined

Shorter periods to

determine useful

transgenic founders

Lactaction induction:

Ball et al. (28);

retroviral transfer

through teat canal:

Archer et al. (56)

Low frequency

of transgenic

events due to

lack of ability

to express

gene products

Many nontransgenic

embryos implanted

and later

nontransgenic

animals maintained

Determination

of embryo

potential before

implantation

Embryo genotyping:

Hyttinen et al. (57),

Jura et al. (58),

and Saberivand

et al. (59)

Slow transgenic

propagation

into herd

Wait time required for

commercialization

of acquired or lost

trait to establish

productive herd

Fast establishment

of transgenic herd

Cloning of TA

through nuclear

transfer: Cibelli

et al. (42)

a TRE, transcriptional regulatory elements; TA, transgenic animal.
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example, Chan and associates (39) have used viral vectors to transfer fusion
genes via reverse transcription to produce transgenic cattle. Also, Echelard
and colleagues (41) have microinjected cow embryos at the two- and four-cell
stages and compared, favorably, the number of live births obtained by this
technique with those resulting from microinjection into pronuclear stage
embryos. Another limitation inherent to the relatively long reproductive cycle
of cattle is the lag time between the fusion gene transfer and the production of
milk from a transgenic animal. An animal can have detectable elements of a
fusion gene in its genome, but their presence does not guarantee that the gene
product will be expressed in its milk; therefore, the true usefulness of a
transgenic animal cannot be determined until the animal produces milk. As
mentioned, one technique that shortens this wait period is to induce lactation
in prepuber heifers (28); another is to produce adult transgenic animals that
have been exposed to retroviral particles containing fusion genes that are
injected through the teat canal (56). This technique has the added advantage
that the fusion gene is not incorporated into the germ line, thus providing
short-term verification of the efficacy of a particular fusion gene. Several
groups have also developed methods to determine whether transfected
embryos can express transgene-encoded elements before implanting the
embryos into pseudopregnant animals (57–59).

Finally, perhaps the most obvious limitation for commercialization of
milk and milk derived products for massive consumption is the establishment
of productive transgenic herds. Cibelli and coworkers (42) have produced
cloned transgenic calves by transferring the nuclei of stable transgenic fetal
fibroblasts into enucleated oocytes. The fusion gene contained elements
encoding h-galactosidase and neomycin resistance; this allowed for selection
of neomycin-resistant fibroblasts that were also determined to express h-ga-
lactosidase activity. Nuclei from this cell line were used to generate transgenic
oocyte clones. Although the techniques to obtain transgenic animals are rap-
idly evolving, commercial applications for the production of dairy products
have mostly been demonstrated in laboratory animals, and there are only a
few reports of the actual production of transgenic dairy cows. However, the
prototypes produced in the laboratory and the fast changing environment of
functional foods and dietary supplements are providing a basis to postulate
potentially useful transgenic animals that produce remodeled milk.

C. Applications of Transgenic Animals and Targeted
Mutants to the Production of Dairy Products

Bovine milk and its constituents are mostly used for general nutrition for the
population at large. For this reason, remodeled milk with added value is a
plausible commercial target. On the other hand, transgenically remodeled
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milk is an attractive target for applications in special nutrition such as
products for nutritional disease management or for preterm infants and the
elderly. Production of transgenic animals that yield modified milk may also
benefit the manufacturer of dairy products such as cheese, cream, and yogurt
or the dairy farm entrepreneur without an apparent direct advantage for the
consumer other than potential reductions in cost and increased availability.
Several reviews have listed potential modifications tomilk through transgenic
technology (32,34,60). Table 3 is a summary of proposed modifications for
commercial applications of TAs and TMs to the production of dairy
products. It is important to reiterate that the use of the lactating mammary
gland as a bioreactor for the production of pharmaceutical compounds is not
being considered here. Only potential applications that are relevant for the
production of dairy products or other nutritional products such as dietary
supplements or medical foods are listed.

Perhaps the easiest way to obtain commercially viable dairy products
from genetically modified dairy cows is by eliminating native milk constitu-
ents, such as bovine h-lactoglobulin and lactose, that cause adverse reactions
in consumers. A TM that does not produce h-lactoglobulin is desirable for at
least two reasons: (a) its milk is more suitable for cheese manufacturing, and
(b) it is devoid of a major allergen of bovine milk (61).

Lactose-free and low-lactose products are now occupying a niche in
functional foods markets to satisfy the needs of consumers with actual or
perceived lactose intolerance. For a 1998 account on lactose intolerance the
reader is referred to de Vrese and associates (62). The extent to which lactose
intolerance plays an actual role in the commercial success of low-lactose or
lactose-free products in different markets is debatable. However, evidence
indicates that non-lactose-intolerant individuals are being driven away from
milk and dairy products by the perception that gastric symptoms of discom-
fort are attributable to lactose. This occurs even when lactose concentrations
in these products would not be enough to cause illness or discomfort due to
lactose intolerance or maldigestion (63,64). Nevertheless true lactose-intol-
erants and lactosemaldigesters require low-lactosemilk and dairy products as
sources of good quality protein and calcium. The reduction or elimination of
lactose is currently being achieved by treating milk or whey with h-galacto-
sidase. On the other hand, several strategies have been explored to produce
low-lactose milk in TAs or TMs. L’Huillier and colleagues (45) reported the
reduction of a-lactalbumin, which is a component of the lactose synthetase
complex and is necessary for lactose synthesis. Other methods to eliminate
lactose or its effects are transgenic synthesis of h-galactosidase to hydrolyze
the disaccharide after its synthesis (65) and utilization of lactose as a raw
material to build larger sugars that have lower osmotic values and, therefore,
are less prone to cause some of the symptoms of lactose intolerance. The latter
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is achieved by expressing glycosyltransferases that utilize lactose as substrate
for the synthesis of elongating oligosaccharides (66). These two strategiesmay
have the advantage of allowing for normal expression of milk because lactose
is present at some point in the lactating mammary gland, thus osmotically
driving the movement of water from the plasma compartment (65). Lipid
content in milk can also be reduced. Ha and Kim (46) demonstrated that the

Table 3 Examples of Desirable Acquired or Lost Traits in Milk Produced by Transgenic
Animals and Targeted Mutantsa

Trait

Example of

desired outcome

Potential

approaches

Potential commercial

application

Lactose synthesis Reduced lactose Deletion or down-

regulation of

a-lactalbumin or

glactosyltransferase

gene TA expression

of glycosidases; Building

of larger, less osmotic

lactose-based

carbohydrates

Low-lactose milk,

formulas for

lactose intolerance

Synthesis of

immunogenic

proteins

h-Lactoglobulin-
free milk

Knockout lactoglobulin

gene, introduction

of rybozymes to

reduce h-lactoglobulin
synthesis

Hypoallergenic milk

and formulas,

improved cheese

manufacturing

Lipid synthesis Reduced fat milk,

modified fatty

acid profile

Transgenic expression

of rybozymes against

acetyl-CoA-carboxylase

Milk and dairy

products for weight

management

Synthesis of

human milk

glycoconjugates

Milk with human

oligosaccharides

TA expression of exogenous

glycosyltransferases

Infant formulas,

supplements with

prebiotics

Synthesis of

oligo- and

polysaccharides

Milk containing

fiber or slow-

digest starches

Expression of transgenes

encoding glycosidases

and glycosyltransferases

from plants and microbes

Milk and dairy

products for weight

management

Immunoglobulin

synthesis

Milk containing

antibodies against

childhood diseases

TA expression of

antibodies or fragments

of antibodies

Milk products to

prevent infectious

diseases

Synthesis of

bacteriostatic

compounds

Milk containing

lysozyme,

defensins

TA expression of

antibacterial peptides

or proteins

Increased product

shelf life

Synthesis of

human milk

proteins

Milk containing

human caseins,

lactoferrin

TA expression of

human milk proteins

Formulas that emulate

human milk

a TA, transgenic animal; acetyl-CoA, acetyl-coenzyme A.
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synthesis of lipids can be down-regulated by coexpression with ribozymes
directed against mRNA sequences encoding acetyl-coenzyme A (acetyl-CoA)
carboxylase, which catalyzes the key step in fatty acid synthesis. In a trans-
genic cow this inhibition has at least two potential effects: (a) production of
low-fat milk and (b) increase in milk production efficiency. Because the reac-
tion catalyzed by the enzyme consumes energy, its inhibition prevents the
consumption of adenosine triphosphate (ATP) molecules that are then avail-
able to drive other synthetic reactions.

Another potential application of transgenic technology is the modifi-
cation of the fatty acid profile of milk. Medical foods that contain specific
profiles of long-chain polyunsaturated fatty acids (PUFAs) are used as
adjunct therapy to treat inflammatory processes (67), and the literature is
replete with reports on the health benefits derived from the consumption of
PUFAs [examples found in Kenler and coworkers (68) and Whelan and
associates (69)]. As stated, Knutzon and colleagues, and Huang and co-
workers (21–23) have cloned and expressed enzymes involved in the reduction
and elongation of fatty acids and have produced transgenic plants that
synthesize high levels of PUFA. It is conceivable that through transgenic
expression of the enzymes identified by this group cow milk containing a
beneficial PUFAprofile could become available. This would be an example of
the transgenic synthesis of secondary gene products in which the aim is the
expression of a transgene-encoded enzyme, which in turn acts on substrates
available in the lactating mammary gland.

Another example is the synthesis of human milk oligosaccharides. We
have expressed several glycosyltransferases in the lactating mammary glands
of mice (11,66) and pigs and rabbits (70). The expression of these enzymes
results in the synthesis of oligosaccharides by elongating lactose, thus
simulating the process that in human mammary glands leads to the synthesis
of the varied repertoire of oligosaccharides that can be found in breast milk
(71). Several biological activities have been associated with these molecules;
Kunz and Rudloff and Kunz and associates (72,73) reviewed their potential
function, and most recently Zopf and Roth (74) have discussed their anti-
infective properties. The presence of these structures could add value to milk-
derived dietary supplements and medical foods. In addition, nonmammalian
glycosyltransferases, glycosidases, or enzymes such as epimerases can be ex-
pressed in the lactating mammary gland. Raw materials such as phospho-
rylated monosaccharides are pluripotent building blocks, which are used by
plants to synthesize fibers and starches. Milk with such molecules would
provide novel benefits for consumers who already have dairy products in their
diets.

An additional strategy to supplement milk for massive consumption or
for specific applications is to express transgenically antibodies against either
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known human pathogens or microbes that cause spoilage in dairy products.
Cordle and his group (75,76) have produced antibodies against the human
rotavirus in milk of hyperimmunized cows. However, these antibodies had to
be concentrated because their relatively low concentration in the milk was not
sufficient for human applications. It is conceivable to overexpress transgene-
encoded antibodies directly into cow’s milk, thus providing a nutritional
product with activity against pathogens that are common in day care centers
or nursing homes. In this fashion the milk itself has anti-infective properties
but does not generate typical antibiotic resistance. Although this application
may be limited to pathogens that act on gastrointestinal (GI) mucosal sur-
faces, it may be of value especially for persons with compromised immune
systems. In addition, cytokines have been transgenically produced in rabbit
milk (77). Such milk could be used in medical foods to attenuate the immune
response in patients with chronic inflammatory processes or to boost immu-
nity in persons with immature or depressed immune systems such as preterm
infants and the elderly. Antibacterial proteins and peptides such as lysozyme
and defensins (78–80) not only may help the consumer of dairy products to
fight mucosal pathogens but may have a significant effect in increasing shelf
life of milk and its derivatives.

Finally, an area that has been reviewed by several workers in the field is
the transgenic expression of human milk proteins in the milk of transgenic
animals (31,81,82). This research has been focused on simulating humanmilk,
which is considered the gold standard of infant nutrition. Particular proteins
of breast milk have been associated with different biological activities (83).
For example, a variant of human a-lactalbumin has antibacterial activity (84)
and h-casein generates, upon proteolytic hydrolysis, peptides that have neu-
rotropic effects and potential immunostimulatory properties (85,86). Al-
though the transgenic expression of breast milk proteins in animal milk
seem to be a natural target for companies that manufacture infant formula,
the applications are not limited to pediatric nutrition. These functional hu-
man-milk proteins may also be less allergenic than those naturally present in
bovine milk. The use of these proteins in the manufacturing of dairy products
could make accessible cheeses, fermented milks, and other products for those
who are allergic to bovine milk proteins. Conceivably, any protein including
enzymes can be expressed in the lactating mammary glands of dairy cows.
The examples described are only a few for which some level of technical fea-
sibility has been demonstrated in transgenic experimental animals or plants.
Modern biotechnology can contribute to the health of farm animals and the
qualitative and quantitative improvement ofmilk and dairy products through
the application of additional technologies briefly mentioned in the next
section.
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V. ADDITIONAL TECHNOLOGIES

There are additional recombinant-DNA technologies being developed that
could have a significant impact in the manufacturing of dairy products. For
example, DNA vaccines are being explored for the treatment and prevention
of diseases in farm animals, including cattle (87). Additionally, significant
developments have taken place in the design and use of DNA-based diag-
nostics for cattle, specifically for dairy cows, as exemplified by the work of
Zimmer and Tegtmeier (88,89). Other technologies that have developed
significantly since 1995 are the design and implementation of polymerase
chain reaction (PCR)-based determinations of microbial contamination in
dairy products. The assay developed by Nogva and coworkers for the
detection of Listeria monocytogenes in milk (90) is a prime example. Modern
techniques that do not involve recombinant DNA and have relied on the
development of advanced instrumentation are currently used to monitor
biochemical parameters of dairy herds. These techniques are also becoming
tools for DNA-based technologies. For example, biosensors have been
developed for the measurement of progesterone in milk and other fluids
(91). Real-time measures obtained with these instruments can be used to
optimize the delivery of recombinant hormones or measure the impact of
transgenic expression of hormones and other factors that affect physiological
parameters of lactation. The convergence of powerful analytical biochemistry
methods and production-oriented biotechnology is also illustrated by the
selection and use of microbial strains for the production of fermented milks
and cheese. Although the topic of ‘‘food microbes’’ is discussed in depth
elsewhere in this volume, it is worthwhile to exemplify this marriage of
technologies with the work of Desmasures and colleagues (92) and Fortina
and Carminati (93). The first group characterized Lactococcus spp. strains
from raw milk on the basis of biochemical parameters and genotyped and
classified them by using gene restriction analysis, thus providing an objective
basis for identifying a strain and predicting its effect on milk processing.
Fortina and his group (93) embarked on a systematic and comprehensive
study of the biochemical parameters of Lactobacillus helveticus strains in
natural cheese starters. They determined the extent of DNA homology by
DNA hybridization and several biochemical parameters such as proteolytic
and peptidase activity, lactic acid production, antibiotic and lysozyme
resistance, acidification properties, and cell surface protein synthesis. These
analyses, which involve characterization of bio- and genotypes, provide the
basis for quality control of strains and for appropriate selection andmixing of
strains to obtain specific organoleptic and biochemical outcomes. Reviews of
the uses of biotechnology in the selection, biochemical characterization,
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production and development of milk-processing microbes can be found in
Henriksen and associates (12) and Palva (94).

The production and use of enzymes to process milk products are also
benefiting from the tools provided by biotechnology. Techniques for the
immobilization of enzymes and entire microbes are being employed to
hydrolyze lactose frommilk or whey streams (95). Likewise, several naturally
occurring and recombinant sources of milk clotting enzymes are being de-
veloped (96–98). Another case of converging modern technologies is pre-
sented by Kim and colleagues (99); because the hydrolysis of lactose results in
the release of monosaccharides, milk treated with lactase acquires a sweet
taste that is objectionable to some consumers. This group cleverly enclosed
lactase in liposomes that can be dried and reconstituted in water or milk. The
liposomes were able to withstand a simulated gastric hydrolytic environment
but released their contents upon contact with bile salts. This technology rep-
resents a novel approach because health and organoleptic effects of a milk
containing liposomes would not be realized until consumption; the bile salts
of the consumer carry out the last phase of the lactose reduction process by
releasing lactase from the liposomes. Enzymes can also be used as process aids
to modify endogenous milk components. An example of the use of recombi-
nant enzymes to alter physical–chemical properties of milk proteins is the
overphosphorylation of caseins using recombinant protein phosphorylases
(100). This process may be desirable because additional phosphate in proteins
enhances calcium binding and because the properties of caseins (such as curd
formation) for dairy productmanufacturing can bemodulated by their degree
of phosphorylation. Though all the examples cited offer an overview of what
modern biotechnology has to offer for the improvement of dairy products and
their manufacturing processes, this analysis of applications is an incomplete
description of the technical field. Better understanding of a technology re-
quires that it be studied from the standpoint not only of its potential benefits
but also of its historical and social contexts.

VI. CONCLUSIONS

Regulatory, safety, and perceptual aspects of modern biotechnology are
being discussed in a polarized debate. A published account of this debate,
although slanted toward transgenic crops, can be found in theApril 2001 issue
of Scientific American (101–103) Salient features of this issue are two inter-
views that present metaphorical mirror images of the same topic; one
interview is with Robert Horsch (vice president of Product and Technology
Cooperation of Monsanto) and the other with Margaret Mellon (director of
the Agricultural and Biotechnology Program of the Union of Concerned
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Scientists). A theme that permeates Margaret Mellon’s statements is the need
for study and analysis of genetically modified foods in order to assess their
risks, benefits, and safety adequately. The rational fundament of her views
stems from a knowledgeable assessment of the current situation of biotech-
nology. She points out the urgent need of workers in the field of biotechnology
to inform peers of the progress and risk assessments of nascent technologies
and their applications. Furthermore, accounts such as the present review have
the intrinsic purpose of discussing the future and evolving strengths and
weaknesses of biotechnology in addition to the current realities. Similarly,
some detractors of biotechnology point to its potential harm and not to sci-
entifically established risks. Both are views of the future, and to some extent
both are missing a third important stream of ideas, which is precisely a dis-
cussion of methods needed to determine the safety and risk-versus-benefit
analysis of biotechnological applications. The extent to which a particular
application of biotechnology is close to or distant from the consumer is a
consideration that already has practical consequences. For example, trans-
genic corn is approved in the United States for animal feed but not for human
consumption (102). Fig. 1 is a diagrammatic representation of the way
technologies affect the discrete units of the manufacturing process for dairy
products. Certainly, transgenically expressed PUFA in a plant component of

Figure 1 Effects of GMO and GMO-derived products on different elements and
different stages of dairy product manufacturing. TE, transgenic expression; TM, tar-

geted mutant; GMO, genetically modified organism.
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animal feed that eventually finds its way into milk is far removed from the
consumer as compared with a transgenic tomato. This distance does not
address the potential ecological impact of any of the two transgenic cultivars,
but it illustrates a practical approach, already in use, to design operational
regulations. Mollet (104) provides another set of considerations to ascertain
the extent to which organisms are genetically modified. A first group
constitutes the genetic modifications that can occur spontaneously in nature
such asmutations; a second group represents the introduction of recombinant
DNA of a different strain of the same species; and the third group involves the
transfer of genetic information from one species to the other. Yet another
consideration is the permanence of a genetic change in the food chain or in
nature at large. Although not devoid of conceivable risks, a transgenic cow
producing remodeled milk as a result of the expression of a fusion gene
inserted through the teat canal will not transmit the genetic modification
through the germ line, and, theoretically, the resulting GMO cannot expand
the acquired or lost traits encoded by the transgene. It appears that an
important challenge for biotechnologists is to confront in an open and self-
scrutinizing manner the challenges posed by legitimate safety concerns and
perceptual distortions of the current nature and potential of biotechnology.
However, current biological problems and forces of the marketplace present
other challenges. In certain countries the future of the entire dairy industry is
in jeopardy as a result of epidemics such as bovine spongiform encephalop-
athy (BSE) and hoof and mouth disease. Piedrahita (52) suggests that a
targeted mutant, in which the expression of a gene encoding a ‘‘normal prion
protein’’ is impeded, could be less susceptible to contract BSE. Similarly, the
receptor sites for viruses and bacteria can be removed by targeted mutation,
thus generating animals that are resistant to viral infection through the loss of
a function. Last, the reader is referred to two volumes that discuss in depth
several aspects of biotechnology and agriculture: Transgenic Animals in
Agriculture, edited by Murray and coworkers (105), and Agricultural Bio-
technology, edited by Altman (106). Both publications contain chapters that
deal with ethical, regulatory, and strategic issues of transgenic technologies.
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I. INTRODUCTION

Microbes and microbial biomass are typically not considered as food
although they significantly contribute to food properties and food quality.
Traditional spontaneous or controlled fermentations by lactic and acetic acid
bacteria of vegetables as well as milk strongly modify the taste, texture, and
consistency of such food raw materials, but foremost are preservation
measures: removal of fermentable sugars and concomitant acidification are
the preferred technological methods for natural conservation of noncooked
foodstuff with high water content. Similarily alcoholic fermentation of bev-
erages improves both organoleptic properties as well as shelf life of sugar con-
taining fruit juices and starch containing crop mashes. In any case food
processing is the underlying reason for such microbial fermentation process-
es, and not the nutritional or dietary value of the food bacteria and metab-
olites that inevitably remain in the final product.

However, it has long been recognized that fermentedmilk products such
as yogurt and kefir exhibit some health benefits that are supposed to be due to
a positive direct or indirect influence on the composition of the human and
animal bacterial gut flora. This recognition also led to the concept of
probiotics, predominantly lactic acid bacteria, which are consumed as living
organisms in fermented milk products and are considered to pass the stomach
in order to colonize the gut transiently (see Chapter 4).

Beyond food bacteria and probiotics all other contributions to food
properties, taste, and nutritional qualities are provided by isolated bacterial
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primary metabolites, enzymes, and other secretion products that are manu-
factured by industrial fermentation processes.

II. REGULATORY AND SAFETY ISSUES

Conceptually, ignoring any specific national legislation, food manufacturing
and distribution are subject to the responsibility and liability of the manu-
facturer and distributor, who must ensure that the consumption of such food
products does not risk or harm the health of the consumer. In other words,
there is no manufacturing or marketing approval policy for food products
comparable to a worldwide standard for pharmaceuticals. The administrative
measure used to ensure food safety is rigid governmental inspection of
manufacturing plants and products in themarketplace for general conformity
of raw materials, process technologies, and finished products, and particu-
larly hygiene. Among food control health issues is the search for any harmful
contamination, such as that by heavy metals, pesticides, or toxins. The latter
refers, for example, to aflatoxins and other mycotoxins carried forward from
contaminated nut and cereal raw materials to processed foods, the negative
aspects of microbiological contributions to food production: health damag-
ing contamination and spoilage. The lack of regulatory approval policies in
food production reflects the historically proven safety of food products but
also reflects practical considerations, since food production is still mainly
performed by local small and midsized manufacturers with a virtually infinite
number of different consumer end products.

Food bacteria used as starter cultures are exempted from approval and
labeling requirements, as are enzymes that are intra- or extracellular compo-
nents of such food bacteria. The underlying logic is clear: Traditionally
applied food bacteria and their enzymatic components used as processing
aids, including single isolates or improved mixed cultures, which are typically
used in starter cultures, have been proved safe. The use of any recombinant
food microorganism, however, depends on specific national product appro-
vals since they fall under not only the respective food safety directives but also
the more general issue of deliberate environmental release of genetically
modified organisms (GMOs).

No specific approval under the respective genetic engineering directives
is typically needed for microbial enzymes that are manufactured with
recombinant production strains as their manufacture is state of the art now
in the enzyme industry, provided that the commercial enzyme product is free
of GMOs and replicative nucleic acids. Enzyme production has a proven
safety record for both industrial manufacturing and enzyme application for
food, household, and technical purposes. In the past enzyme yields of
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microbial production strains have been optimized by multiple mutation and
selection programs, and since 1990 the majority of all production strains are
further improved by specific overexpression of the respective enzyme gene
through genetic engineering. Most enzymes commercially available are
secreted from the microbial cell and can be easily purified to a cell-free
homogeneous protein concentrate by large-scale industrial downstream
processing technology.

The approval exemption for food microorganisms and enzymes applies
only to traditionally used known organisms, such as lactic acid bacteria and
yeast. Any introduction of unknown organisms or their enzyme products into
the food chain depends on extended safety tests that have to be presented to
the national authorities as part of the approval procedure. This would also
refer, for example, to a bacterial strain isolated from a local fermented food
not currently used inWestern countries, as has been generally stipulated in the
‘‘novel food’’ legislation that was part of the approval policies for ‘‘transgenic
food.’’

Indeed many food processing enzymes are derived from and manufac-
tured with bacterial and fungal strains not particularly known as food
microorganisms. The introduction and use of such enzymes for food process-
ing purposes have required detailed safety and toxicity study of the enzyme
itself as well as of the microbial host. In case of the U.S. approval procedure
the Food and Drug Administration (FDA) may subsequently grant so-called
GRAS (generally recognized as safe) status. The certificate issued refers to the
particular product, e.g., an enzyme, manufactured with the particular strain
and does not automatically allow the use in food processing of the same
product derived from ormanufactured in another microbial strain, species, or
genus. On the other hand, GRAS status of a compound manufactured with a
particular strain significantly eases the subsequent approval of other fermen-
tation products manufactured with the same strain or species.

Besides enzymes, other microbial fermentation products are used as
processing aids for food production, typically referred to as food additives, or
for nutritional purposes, often referred to as food or dietary supplements. The
regulatory status of such ingredients as organic acids, amino acids, vitamins,
and polymers depends on the specific national food and dietary legislation.
The use of these ingredients, though absolutely natural and in most cases part
of regular food and even a human biochemical constituent, depends on the
particular compound approval, which may be restricted in dosage or even to
certain kinds of food, such as bakery goods, milk products, or wine only, and
must be labeled in convenience products.

Although certain fermentation products exhibit both functionalities—
technological as well as nutritional—their use is not at the discretion of the
manufacturer: Approved dosages of additives for processing purposes, such
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as vitamin C as an antioxidant, are typically too low to exhibit nutritional
benefits, and higher dosages and health claims are only allowed if such
‘‘nutraceuticals’’ are approved by the respective food supplement or dietary
food directives.

The introduction of any new chemical, biochemical, or semisynthetic
compound, whether ‘‘natural’’ or ‘‘synthetic,’’ into the food chain depends on
previous safety analysis of the compound and, in the case of biotechnological
manufacturing processes, on the safety analysis of the production strain.
Some manufacturerś intentions to get approval for pharmacologically active
compounds, even natural compounds, under food additive or food supple-
ment regulations are highly questionable since the authorities are forced to
impede any circumvention of the rigid drug approval and prescription
legislation by launching health food products with pharmacologically active
ingredients.

The principle of current drug approval legislation is to provide mar-
keting licenses to each individual applicant per single finished dosage form of
a respective drug active ingredient. This very tough safety concept would—for
the reasons outlined—not fit food products or food additives and dietary
supplements. Here the general use of a compound by any food processor is
approved but is specified for dosage range, food categories, and labeling
requirements. Current drug legislation, however, goes far beyond the mar-
keting approval of finished products with defined compositions: The drug
approval process also concerns the detailed process description of primary
and secondary manufacturing that leads to the drug ingredient and the
finished dosage form. The objective that the pharmaceutical manufacturer
has to attain is defined as good manufacturing practice (GMP). The GMP
directives basically describe how amanufacturing process must be developed,
validated, operated, controlled, and documented in order to exclude any
voluntary or unintended deviation from themanufacturing protocol, the drug
master file, that could lead to any unknown toxic contamination or any
change in product specification. Consequently the drug master file is part of
the marketing license, and any modification of the process by the manufac-
turer requires a notification or even a formal approval by the authorities in
advance of its commercial implementation.

In the early 1980s a new Bacillus subtilis fermentation process for the
amino acid L-tryptophan as a dietary supplement was introduced. Subse-
quently the production strain has been improved by genetic engineering of the
tryptophan operon, leading to a further yield improvement of L-tryptophan
synthesized from an externally fed metabolic precursor. This material regret-
tably caused a number of severe and even lethal side effects and had to be
withdrawn from the market. Upon inquiry it was discovered that because of
the improved fermentor yield with the genetically modified production strain
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the recovery and purification process of the final product was shortened.
However, the manufacturer did not check the safety of the product that
resulted from this revised process and overlooked a minor, but highly toxic
by-product that under the original purification regimen was safely removed
from the product. This regrettable experience, which was due to a lack of
process validation and general ‘‘GMP compliance,’’ but by no means a result
of genetic engineering, drew to the attention of the industry the urgent need
for strict process control, for change validation and change documentation of
any compound targeted to human or animal use regardless of whether it falls
under the formal GMP requirements of drug legislation: ‘‘The process is the
product’’ (McCormick, 1992).

III. AMINO ACIDS AND DERIVATIVES

L-Amino acids are the largest bacterial biotech products serving the nutrition
markets—food, feed, and clinical nutrition. Fermentative amino acids as
single compounds have broadly substituted amino acids purified from hydro-
chloric acid hydrolysates of animal and vegetable proteins or from other
agroindustrial by-products, such as molasses. L-cystein, which is applied as a
dough conditioner in the baking industry, as an antioxidant in cosmetic
products, and as the starting material for S-carboxymethyl- and N-acetyl-L-
cystein, leadingmucolytic ingredients in coughmedicines, is manufactured by
protein hydrolysis and extraction from hair, bristles, and feathers.Meanwhile
recombinant Escherichia coli strains have been described with deregulated L-
cystein biosynthesis and overproduction of the amino acid (Leinfelder and
Heinrich, 1997), and commercial production has been commenced. The
industrial fermentation product will strongly compete against extracted L-
cystein because of the common complaint that the proteinaceous feedstocks
are not in line with the application of L-cystein in food products and
cosmetics. Indeed, a recent directive by the European Commission (2000/
63/EC) has banned use of L-cystein of human origin in the latter two market
segments.

L-Glutamic acid, or more precisely its salt, monosodium glutamate
(MSG), is the leading amino acid by volume. More than 800,000 tons/year of
MSG are manufactured worldwide by fermentation of Corynebacterium
glutamicum and related organisms. The bulk of this material is used as a
flavor enhancer. Monosodium glutamate has partially replaced soya and
other vegetable hydrolysates as a seasoning and has strongly benefited from
the development of convenience food inWestern countries. The compound is
manufactured by a few industrial biochemical companies in dedicated plants.
Scale of operation and advanced fermentation and recovery technology result
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in production costs typical for semicommodities in the chemical marketplace
(Wilke, 1999).

The second largest L-amino acid is L-lysine, which is used predominant-
ly as a feed additive for fortifying the amino acid composition of feed grains
and other low- or suboptimal protein sources. L-Lysine strongly competes
with soya protein, which is a high-protein feed cropwell balanced with respect
to L-lysine and other essential amino acids such as L-threonine and L-
tryptophan. L-Lysine is manufactured by fermentation of Corynebacterium
glutamicum and Escherichia coli. Its market volume is in the range of 400,000
tons/year worldwide, and the recent ban of animal protein feeds in the
European Union (2001/999/EC) which must be compensated by domestic
and imported feed crops, will certainly support the use of fermentative feed
amino acids.

All other L-amino acids are considerably smaller by volume (50–200
tons/year each) and are used as food supplements, in enteral and parenteral
clinical nutrition formulations, and as building blocks for drug synthesis. Two
amino acids, L-phenylalanine and L-aspartic acid, are the building blocks of
N-L-aspartyl-L-phenylalanine methyl ester, aspartame, a widely used low-
caloric sweetener. Aspartame is an excellent example of a biotech food
additive since not only are the two amino acids derived from industrial
biotechnology processes but the coupling reaction can be performed enzy-
matically (Cheetham, 1995).

IV. NUCLEOTIDES

The two nucleotides disodium inosine monophosphate (IMP) and disodium
guanosine monophosphate (GMP) are used in processed meat products as
flavor enhancers in combination with monosodium glutamate. The nucleo-
tides can be obtained by enzymatic hydrolysis and chemical modification of
yeast nucleic acids, or preferentially by direct fermentation with Bacillus or
Brevibacterium species.

V. VITAMINS

Vitamin C, ascorbic acid, is the most important compound of its class
manufactured in a combination of synthetic and biotechnological steps.
The annual production volume of vitamin C exceeds 60,000 tons worldwide
and clearly reflects its significance as a food additive (antioxidant) as well as a
dietary ingredient (mono- and multivitamin formulations). The Reichstein
process, which starts from glucose, includes a microbial transformation step,
the oxidation of sorbitol to sorbose with Acetobacter suboxidans. In this well-
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established semisynthetic route a further chemical oxidation reaction has now
been replaced by a bacterial fermentation step, the oxidation of sorbose to L-
ketogulonic acid with Gluconobacter species. Some research programs are
focused on entirely biotechnological synthesis of ketogulonic acid from
glucose. Such concepts are getting more and more realizable as a result of
the genetic rearrangement of enzymes from different organisms in one
optimized production strain and the various kinds of targeted genetic
improvements of enzyme functionality, which together result in metabolic
pathway engineering of microbial (and plant) production systems.

Vitamin B2, riboflavin, is manufactured by fungal as well as bacterial
fermentation (Ashbya gossypii and Bacillus subtilis, respectively). The world-
wide annual production volume of ca. 3,000 tons is predominantly used in the
feed sector, followed by dietary formulations. Vitamin B12, cyanocobalamin,
is derived from Propionibacterium species or Pseudomonas denitrificans
fermentation. Its annual production volume of only 10 tons indicates that
vitamin B12 is exclusively used as a dietary supplement and in pharmaceutical
vitamin formulations.

VI. ORGANIC ACIDS

Industrial lactic acid fermentation with lactobacilli is significantly growing
since new applications of this organic acid beyond its important use as food
acidulant are emerging. Highly purified thermostable lactic acid is the
building block for a novel generation of polymers, polylactides, allowing
the entry of this renewable feedstock into food packaging and various
technical markets. Its present production volume of approximately 150,000
tons/year therefore has disproportionate growth potential.

VII. ENZYMES

The largest class of bacterial enzymes by production volume, alkalineBacillus
spp. proteases, is used outside the food industry, as a performance additive in
household detergents. Bacillus spp. and fungal proteases, however, also have
a small application in the manufacturing of vegetable, whey, meat, and fish
protein hydrolysates as seasonings or nonallergenic and readily resorbable
peptide sources in infant formulas, sports foods, etc.

Bacillus licheniformis heat-stable a-amylase is a bulk enzyme used in
industrial starch liquefaction, the first step of glucose production from corn
and other starch feedstocks. Glucose is subsequently isomerized into a
glucose–fructose mixture, high-fructose corn sirup, which is a major alterna-
tive to sucrose as a caloric sweetener in soft drinks since the 1970s. The
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isomerization reaction is performed with immobilized enzymes, glucose
isomerases, derived from Bacillus coagulans, Streptomyces rubiginosus, Acti-
noplanes missouriensis, and other bacterial strains.

The majority of microbial enzymes used in food processing (dairy
products, bakery, fruit juices, etc.) are of fungal origin.

VIII. POLYMERS

Xanthan, a bacterial exopolysaccharide manufactured with Xanthomonas
campestris, has established a firm position as a thickener in dressings and
convenience food products in general (Becker et al., 1998). Xanthan’s wide
application in the food industry is based on its outstanding rheological pro-
perties and broad temperature, pH, and salt tolerance, which result in an
annual production volume for food and technical markets of ca. 40,000 tons.

Outside nutritional applications another bacterial polysaccharide may
be mentioned, namely, hyaluronic acid derived from Streptococcus equi
fermentation. This hydrocolloid is broadly used as a moisturizing agent in
cosmetic products and as a pharmaceutical ingredient and medical device,
respectively, for reconstitution of human synovial fluids in ophthalmic and
joint disease indications. Originally hyaluronic acid was extracted from
animal tissue, cockscombs, but the fermentative material has higher molec-
ular weight (performance), is free of allergenic proteinaceous impurities
(safety), and can easily and reproducibly be manufactured by an industrial
process (economics). Hyaluronic acid is therefore a good example of the
benefits of industrial biotech processes compared to natural extraction,
particularly if animal-derived compounds are considered for food, feed,
pharmaceutical, and cosmetic applications.

IX. MISCELLANEOUS BACTERIAL COMPOUNDS

Isomaltit, the sugar alcohol of isomaltulose, has been established as a non-
cariogenic, low-calorie sweetener in food, dietetic, and confectionary prod-
ucts. Isomaltulose is derived from sucrose by enzymatic conversion with
sucrose mutase found in various gram-negative bacteria. The commercial
conversion of sucrose into isomaltulose is performed with immobilized
Protaminobacter rubrum cells (Vandamme and Soetaert, 1995).

L-Carnitine is a vitaminlike cofactor of fatty acid metabolism that can
be isolated from meat and liver. The compound facilitates the transport of
long-chain fatty acids through the mitochondrial membrane and is therefore
considered to speed oxidation and energy generation from fat. Since its
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industrial production has been achieved, it has gained a significant position as
a food and feed supplement. The annual production volume is in the range of
300 tons. The chemical synthesis includes as a final step a biotransformation
reaction that can be performed with a variety of soil bacteria and special
isolates (Yokozeki and Kubota, 1984; Kulla and Lehky, 1985) and that
introduces the h-hydroxy group in the stereochemical L-configuration, the
critical step in the entire synthesis. Alternatively L-carnitine can be obtained
from racemic D,L-carnitine by optical resolution, generally a less attractive
processing route. L-Carnitine may be considered a nutraceutical par excel-
lence: It is a natural compound, but its concentration in regular diets is too
low to effectuate any nutritional, degestive, or metabolic contributions. Its
dietary and health supporting potential can only be utilized if infant formulas,
sports drinks, and health foods (as well as animal feed formulations) are
supplemented with the respective nutraceutical in the appropriate and
regulatorily defined dosage. As has been mentioned, any pharmacological
efficacy is strictly excluded from food ingredients, supplements, and additives.
The natural carnitine derivative acetyl-L-carnitine is considered a neuro-
supportive compound, for which the industry seeks approval as a food
supplement with memory enhancing functionality, but also as a clinically
documented anti–Alzheimer’s disease drug. How the regulatory authorities
will judge such strategies is open.

Trehalose, an a,a-disaccharide that is either extracted from yeast or
derived by fermentative production as a secretedmetabolite ofBrevibacterium
spp. can be used as an additive for cryopreservation of proteins and cellular
systems and for improvement of freeze stability of processed food (Van-
damme and Soetaert, 1995).

Cyclodextrins are cyclic oligosaccharides derived from starch by enzy-
matic degradation with Bacillus or Klebsiella spp. cyclodextrin glucosyl
transferases. Because of the toruslike structure of cyclodextrins they can
form inclusion complexes with a variety of compounds (Duchêne and
Wouessidjewe, 1993). Their application ranges from stabilization of volatile,
light-, or oxygen-sensitive molecules to ‘‘solubilization’’ of hydrophobic
compounds such as vitamin E. In the United States, cyclodextrins are already
approved for food applications.

X. CONCLUSIONS

Bacterial and fungal production of biochemicals has estabished a firm
position in speciality chemical synthesis for food, feed, pharmaceutical,
and technical applications. Its competitive position compared to those of
chemical synthesis and natural product extraction has a clear technological
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basis: The molecular structure of such biochemicals and secondary metab-
olites such as amino acids and antibiotics is rather complicated and often
characterized by one or more asymmetrical carbon centers, as a result,
chemical synthesis is difficult or even impossible with respect to reasonable
manufacturing costs. For well known natural compounds, such as ascorbic
or citric acid, there is no agricultural feedstock available for direct extraction
of bulk quantities that would meet present worldwide demands. Production
feasibility and production economy are therefore the underlying principle for
using ‘‘microbial’’ compounds for nutritional purposes, and only a few
products, such as xanthan gum, are unique microbial constituents without
an alternative production source and are used because of their unique
functional characteristics.

During the second half of the 20th century some 40 bacterial fermen-
tation and biotransformation products were launched for nutritional appli-
cations (Table 1), an average less than one ‘‘new’’ compound per year.
Meanwhile many biotechnological manufacturing routes are based on re-
combinant production organisms; however, despite its high potential for
generating new products by enzyme or metabolic pathway design, genetic
engineering has not really increased product flow. Certainly manufacturing
technology is no longer the bottleneck to launching new nutritional com-
pounds of biotechnological origin; rather, the market itself and the significant
investments in basic and applied research as well as regulatory requirements
that are specified for introducing a new food additive or supplement are. At

Table 1 Bacterial Biotech Products for the Nutrition Markets

L-Glutamic acid Corynebacterium glutamicum
L-Lysin C. glutamicum, Escherichia coli
L-Cystein E. coli

Other L-Amino acids Various bacterial strains
Aspartame Various bacterial strains
Guanosine monophosphate Bacillus spp., Brevibacterium spp.
Inosine monophosphate Bacillus spp., Brevibacterium spp.

Ascorbic acid Acetobacter suboxidans, Gluconobacter spp.
Riboflavin Bacillus subtilis
Lactic acid Lactobacillus spp.

Numerous food enzymes Various bacterial strains
Xanthan Xanthomonas campestris
Isomaltulose Protaminobacter rubrum

L-Carnitine Various bacterial strains
Trehalose Brevibacterium spp.
Cyclodextrins Bacillus spp., Klebsiella spp.
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least the difference in attitude compared to that of the pharmaceutical or even
the agrochemical industry is striking: Those industries have performed
intensive and very successful microbial compound screenings. As an example
we may consider microbial enzymes as digestive aids and as neutraceuticals
with further unexpected health benefits. Such screening work is nowadays
strongly facilitated by microbial genomics data and expression libraries.

There are established neutraceuticals, such as vitamin E and polyun-
saturated fatty acids, for which improved manufacturing technologies would
be desirable. Vitamin E is a good example: A strong preference exists for the
natural compound in food and dietary products versus the less expensive and
unrestrictedly available synthetic material. Microbial production routes as
potential technological alternatives are now facing competition from im-
proved agricultural processes: Molecular plant genetics will soon give access
to conventional and transgenic crops with significantly increased vitamin E
content or specialty oil content that cut the manufacturing costs of such
nutraceuticals (Wilke 1999). Presently advanced breeding technologies will
also provide ‘‘new’’ plant ingredients with particular nutritional and health
supporting properties, such as steroids or polysaccharides that may be further
modified by enzymatic and other biotechnological techniques.
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I. INTRODUCTION

The period since the early 1990s has seen numerous developments aimed at
improving the functionality of foods. This can be realized by appropriate
selection of raw materials, specific physicochemical processing, or the addi-
tion of ingredients (including health-beneficial microorganisms). However, in
many cases food functionality can also be enhanced via biological conversions
such as by exploiting the activity of lactic acid bacteria or other microbes with
a long history of safe use in the food industry. Lactic acid bacteria are used for
the industrial production of fermented dairy, vegetable, and meat products
and form a group of evolutionarily related low-GC-content gram-positive
bacteria, comprising species of Lactobacillus, Lactococcus, or Leuconostoc.
Related gram-positive bacteria such as strains of Bacillus subtilis, Enterococ-
cus faecalis, or the somewhat more distantly related (high GC content)
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Bifidobacterium or Propionibacterium spp. are used for specific food fermen-
tations and can be applied similarly (Fig. 1). Whereas traditionally lactic acid
and related bacteria have been applied as starter bacteria, most food
innovations of lactic acid and related bacteria are correlated to their use in
fermentations with a specific function or the production of ingredients that
have potential as nutraceuticals. Yet another important application of these
microorganisms is their inclusion as live cells in food and feed matrixes or
nutritional complements for the design of health-promoting—probiotic or
functional—food products.

The completion of many genomic sequences of lactic acid and related
bacteria and the application of functional genomics approaches are greatly
advancing the knowledge base for innovations (1–3). Moreover, food-grade
approaches for high-throughput screening or specific genetic improvements
such as self-cloning are continually being sophisticated while acceptable
selection systems are being perfected (4). Hence, this chapter summarizes
the recent advances in genomics, focusing on the innovations relating to pro-
biotic lactic acid bacteria.

Figure 1 Phylogenetic tree basedon16S recombinantdeoxyribonucleic acid (rDNA)
sequences of lactic acid and related bacteria that have been completely or partially

analyzed at the genomic level. Left, low GC bacteria; right, high GC bacteria. The size
of the completely known genomes (underlined) is indicated inMb.Bsu,Bacillus subtilis
(21); Lla, Lactococcus lactis (20); Blo, Bifidobacterium longum (18); Lpl, Lactobacillus

plantarum (19); Efa, Enterococcus faecalis (22); Sth, Streptococcus thermophilus; Lac,
Lactobacillus acidophilus; Ljo, Lactobacillus johnsonii; Lga, Lactobacillus gasseri; Lbr,
Lactobacillus breve; Lhe, Lactobacillus helveticus; Lde, Lactobacillus delbrueckii; Lsa,
Lactobacillus sake; Lca, Lactobacillus casei; Lrh, Lactobacillus rhamnosus; Ppe,

Pediococcus pentosaeus; Lme, Leuconostoc mesenteroides; Ooe,Oenococcus oenus; Pfe,
Propionibacterium freudenreichii; Bbr, Bifidobacterium breve; Bli, Brevibacteriujm
linens (2).
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II. EVOLUTION OF THE PROBIOTIC CONCEPT

Since Eli Metchnikoff published The Prolongation of Life: Optimistic Studies
the field of probiotics has become nearly 100 years old (5). However, today it
is a predominantly empirical science that remains to be deciphered scientif-
ically andmechanistically. In the first generation of probiotic cultures (1904 to
1970), there was little accurate information about the identity of the cultures
or the specific health benefits that could be attributed to them. Strains were
often chosen on the basis of poorly controlled screening experiments. Also,
products reputed to contain probiotic cultures often lacked quality control
over the identity of the culture(s) and their viability and levels (6,7).

Since the 1980s, major efforts have been invested in the proper identifi-
cation and selection of probiotic strains. The evolution of molecular taxono-
my, deoxyribonucleic acid (DNA) fingerprinting, and ribosomal DNA
sequence analysis has allowed unequivocal identification of strains being used
inboth clinical trials and commercial products (8).Armedwithdefined strains,
efforts began to correlate specific health traits (e.g., lactose tolerance, immu-
nomodulation, antimicrobial activity, anticarcinogenic activity) with specific
strains or strain combinations (7,9–11). However, most of these health-
beneficial properties were studied primarily in vitro and in a variety of animal
models. Even though the number of well-controlled human intervention trials
is steadily increasing, there is still a lackof correlationbetween thedifferentme-
thods used to select probiotic strains (7). Nevertheless, the end result of these
efforts is a rapidly accumulating database of well-conducted studies that are
beginning tounravel the clinicalmanifestationsofprobiotic cultures (12).With
the rapid progress over the past decade on the genetics of lactic acid bacteria
and pending release of complete genome sequence information for major
probiotic species, the field is nowpositioned to progress on a number of fronts.
The genomic information available on both host and bacterial partners is
expected to reveal the contributions of probiotics and commensals to general
health and well-being and explicitly identify the mechanisms and corre-
spondinghost–microbecross-talk thatprovide thebasis for theirpositive roles.

This platform of information is currently leading to the selection of
second-generation probiotics, those identified by their genomic content and
expression levels for specific traits with known probiotic functionality.
Rapidly growing insight into the structure and function of the target
ecosystem, and the intestinal microbiota that include endogenous lactic acid
bacteria (13), will also contribute to understanding and prediction of the
functionality of probiotics (1,14).

Last, third-generation probiotics—genetically modified cultures that
serve as delivery vehicles or production for biologicals such as antigens, en-
zymes, or complex carbohydrates—are on the immediate horizon (15,16).
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III. GENOMIC DEVELOPMENTS OF PROBIOTIC LACTIC
ACID BACTERIA

Exploration into the genomes of probiotic cultures is now well under way
(2) and promises to contribute significantly to our understanding of the eco-
logical and phylogenetic characteristics, metabolic capacity, and safety of
probiotics. Hence genomics approaches are expected to lead the way to the
development of even newer generations of probiotics or functional cultures.
The International Scientific Association for Probiotics and Prebiotics
(ISAPP) (http://www.isapp.net/) has recommended that the genomes for all
commercial probiotic cultures be sequenced to ensure their identity, potential
functionalities, and, most importantly, safety (17).

The genomes of two probiotic species, Bifidobacterium longum (18) and
Lactobacillus plantarum (19), have been completed, and those of at least eight
more are rapidly nearing completion: L. johnsonii (Pridmore et al., in prepa-
ration), L. acidophilus, L. gasseri, L. casei (two strains), L. rhamnosus, B.
longum (a second strain), and B. breve. Draft genome information also be-
came available in the public domain in 2002 with the publication and ap-
pearance of genome sequences for lactic acid bacteria (LAB) provided by the
Joint Genome Institute (http://www.jgi.doe.gov/JGI_microbial/html/index.
html) in collaboration with the Lactic Acid Bacteria Genomics Consortium
(see also Fig. 1).

The complete size of the present paradigm genomes of Lactococcus
lactis (20), B. longum (18), and L. plantarum (19) varies somewhat between 2
and 3 Mb, in line with their fastidious lifestyle and incapacity to live without
specific medium additions. In contrast, the genome of B. subtilis is somewhat
double that size and contains many genes for auxotrophic growth (21).
However, in several cases the genome size of these food-grade bacteria is
considerably enlarged by the presence of plasmids and other extrachromo-
somal elements that contribute to the genomic flexibility of the host (22).
Notably, Lactococcus spp. are known to carry up to 20% of their DNA as
plasmids, and this characteristic may provide these starters with additional
flexibility. Moreover, even though bacteriophages are a threat to industrial
fermentations, prophages correspond to a natural and diverse component of
many genomes that may contain up to half a dozen different copies, including
both complete and incomplete versions (23).

A. Functional Genomics and High-Throughput Approaches

Approximately one-third of the genes in a genome encode functions that have
not been described yet and cannot be annotated. Moreover, several genes
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have multiple functions and many annotations are incorrect because they
refer to circumstantial evidence and not to an experimentally verified func-
tion. Hence, substantial efforts are focusing on elucidating genome functions
by a variety of approaches that include targeted or random gene inactivation,
overexpression analysis, and high-throughput expression profiling by tran-
scriptome or proteome analysis. In the case of probiotic bacteria, this ap-
proach remains rather difficult as a consequence of the lack of validated in
vitro bioassays. Nevertheless, ongoing research aims at assigning a probiotic
function to specific genes by conducting head-to-head comparison of selected
sets of strains by a series of in vitro or in vivomodels. Appropriate selection of
strains for these studies can be based either on comparative genomic analyses
or on isogenic pairs of strains corresponding to targeted mutants and their
wild-type counterparts.

Noteworthily, the first proteomic analysis of a lactic acid bacterium, L.
lactis, was completed in 2003 (24). Even though this species is generally not
considered as a probiotic microorganism per se, similar studies are expected
to be reported soon for Lactobacillus and/or Bifidobacterium spp.

B. Comparative Genomics and Strain Diversity

Comparative analysis of genomes may provide insight into evolutionary rel-
ations, reveal specific functions of genes within their context, and allow for the
analysis of genome diversity. A detailed study of L. plantarum using DNA
microarrays revealed high genomic diversity and identified specific lifestyle
islands that are characterized by aberrant codon usage or GC content and at
the same time seem to differ between strains (Molenaar et al., personal com-
munication). Whereas some of these islands in fact are lysogenic bacterio-
phages or remnants thereof (Brüssow et al., personal communication), many
appear to code for relevant functions such as the production of antimicrobial
peptides or sugar transport and utilization systems (Molenaar et al., personal
communication). Equivalent studies conducted with L. johnsonii strains
revealed that specific chromosomal regions are restricted to the probiotic
strain La1 and a few closely related isolates. These regions include prophages
and genes that could reflect the adaptation of La1 to the upper gastrointes-
tinal tract. Typically, the lack of amino acid biosynthetic pathways appears to
be compensated for by the existence of a wealth of peptidases and monomeric
nutrient uptake systems (Pridmore et al., in preparation).

The high diversity within species indicates that specific approaches are
needed to exploit fully the genomic potential of food-grade and probiotic
bacteria. One such approach is subtractive hybridization that aims to reveal
new sequences that are unique to a specific strain in comparison with another
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(sequenced or well-studied) strain. A specific form of this approach is re-
presentational display analysis, which has been used to differentiate natural
isolates of Bacillus spp. and is expected to be useful to capitalize on the di-
versity of other food-grade bacteria (25).

Although the completely sequenced genomes serve as the basis for
understanding genome organization, evolution, and expression, it is evident
that these and most of the unfinished genomes (discussed previously) will
also be instrumental in the screening for target functions including the
health-promoting properties attributed to probiotic organisms. An exciting
set of discoveries are already apparent, revealing, for example, fimbriae-like
structures on B. longum as well as the presence of a serpin-like gene, which
had not been identified before in prokaryotes and may play a role in im-
munomodulation (18). In L. plantarum gene regions that appear to promote
a lifestyle that is flexible in habitats ranging from green plants to the human
gastrointestinal tract have been identified (19). This may seem a trivial way
to exploit a genomic sequence, but it is undoubtedly very straightforward,
effective, and immediate. A specific example is that before the publication of
the complete genome sequence of B. longum, predicted to encode approxi-
mately 2200 genes, only a handful of bifidobacterial genes had been dis-
covered (18). Timely public availability of genome information for various
LAB species will catapult the field’s collective efforts to carry on comparative
and functional genomic analyses of probiotic species within the lactic acid
bacteria. Features predicted by ISAPP (17) to be important for transient
persistence, survival, functionality, and safety of probiotic bacteria are sum-
marized in Table 1.

Genomics will help to decipher the mechanistic elements of these fea-
tures and their probable roles in probiotic functionality. Soon, second-gen-
eration probiotics will be completely characterized for genetic content and
potential functionality, on the basis of expression (transcriptomics, proteo-
mics, metabolomics) of these traits and many more likely to be discovered
through genomic analysis. The concomitant progress in the design of more
relevant bioassays will contribute to defining rational probiotic selection cri-
teria. Rather than remaining largely empirical and generic as they are at
present, specific health-beneficial traits will be selectable, keeping the final
product and specific consumer populations in mind. In addition, unique ge-
netic signatures for probiotic strains are likely to be found in the genomes
and could provide unequivocal and rapid strain identification through
RAPDs, patterned gene content in microarrays, and transcriptional profil-
ing. Last but not least, holistic approaches that can best be taken when the
complete genome of the microorganism of interest is known could be applied
to verify how processing and formulation affect the function of a selected
probiotic bacterium, a field that remains virtually unexplored at present.
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IV. BIOTECHNOLOGY APPLICATIONS:
THIRD-GENERATION PROBIOTIC STRAINS

Global views of probiotic genomes and knowledge of the elements and con-
ditions that regulate gene expression within these microbes will establish the
platform to isolate new probiotics. As mentioned, since the early 1990s,
biotechnology applications for lactic acid bacteria have supported the de-
velopment of genetic tools (e.g., transformation systems, cloning and expres-
sion vectors, food-grade expression systems, integration vectors, and systems
for gene inactivation) in a selected number of probiotic cultures (26). Genetic
accessibility is vital to establish the genotype–phenotype relationships that
will ultimately define the mechanisms underlying probiotic effects.

Beyond the use of genetic approaches to investigate probiotic cultures,
there is an exciting new field developing that will exploit probiotic cultures in
new or improved applications. One application is the use of genetic modi-
fication to improve their inherent performance or activity. The first example
of this approach was targeted inactivation of the D-lactate dehydrogenase
(D-ldh) gene in L. johnsonii La1, a probiotic culture bacterium that ferments
lactose to D- and L-lactate in a 60%:40% ratio. It has been reported that in
rare cases, D-lactate may accumulate in the blood of patients suffering from
some intestinal disorders. The Codex Alimentarius also prevents the addition

Table 1 Genetic Features Predicted to Be Important for
Probiotic Bacteria

Acid, bile, and stress tolerance
Surface and extracellular proteins
Lipoteichoic acid biosynthesis
Exopolysaccharides

Adherence and aggregation factors
Bacteriocin production
Carbohydrate (prebiotic) utilization and metabolism

Quorum sensors and response regulators
Biofilm formation
Immune modulation

Putative virulence factor homologs
Siderophores, scavengers of Fe++

Antibiotic resistance/sensitivity

Gene transfer potential
Mobile genetic elements
Prophages, prophage remnants, lysogenic conversion characters

Source: Adapted from Ref. 17.
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of D-lactate-producing lactic acid bacteria to infant formulas. In order to
minimize D-lactate production, the gene (D-ldh) of La1 was isolated and an 8-
base-pair (8-bp) deletion was generated to inactivate its function. The
truncated copy of that gene was then used to replace the native D-ldh, via
homologous recombination within the genome. The resulting genetically
modified (GM) probiotic culture produced only L-lactate, at increased levels
(27). Even though the present legislation in some countries would not allow
the use of GM strains in food and feed products, such a strain certainly
corresponds to a probiotic with improved health properties.

Second, metabolic engineering allows for the rerouting of cellular
pathways and the production of specific metabolites. Although not yet
applied to probiotic cultures, metabolic engineering has allowed generation
of Lactococcus lactis with increased potential health benefits that overpro-
duce the antioxidants mannitol and sorbitol (28), immunostimulatory exo-
polysaccharides (29), or vitamins such as folic acid (30). Moreover, lactic acid
bacteria that produce alanine instead of lactic acid that sequester ammonia, a
potential toxic intestinal metabolite, have been constructed (31). Similarly,
the construction of strains producing other compounds than lactic acid, such
as the presumed beneficial butyrate, may be feasible.

Third, the use of lactic acid bacteria as delivery vehicles for biological
compounds has been considered and actively investigated for a number of
years (15,16,32–35). The generally recognized as safe (GRAS) status of the
lactic acid bacteria and their suitability for oral consumption at levels as high
as 109 cfu/g make them attractive candidates for this application in both
human and animals. Probiotic cultures may offer additional advantages for
enhanced delivery of biologicals to specific locations in the gastrointestinal
tract, mouth, vagina, or other selected tissues.

The potential of lactic acid bacteria to act as a live mucosal delivery
system was first investigated with protective antigens. The use of lactic acid
bacteria represents an attractive alternative to the use of attenuated patho-
genic microorganisms as vaccine carriers. Mucosal vaccines based on lactic
acid bacteria would be particularly suited to alleviate the drawbacks linked to
injectable vaccines: ease of administration, reduced side effects, no risk of
cross-contamination by needles, and limited side effects. By nature, lactic acid
bacteria are best adapted to passage through the stomach and would be ideal
carriers for vaccination of less immunocompetent individuals such as infants
and elderly. The most complete immunization studies have been carried out
with the C subunit of the tetanus toxin (TTFC). Both persisting—i.e.,
Streptococcus gordonii, L. plantarum, and L. casei—and nonpersisting—i.e.,
L. lactis—species have been used as carriers. The strains producing sufficient
levels of the antigen were shown to induce high levels of serum immunoglob-
ulin G (IgG) after nasal or intragastric administration. In the best cases, these
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immune responses were shown to be protective against a tetanus toxin lethal
challenge. In addition, it was demonstrated that local TTFC-specific IgA was
elicited as well (for recent reviews see Refs. 15,16,32–35). A series of other
antigens, including capsular polysaccharides (36), were successfully produced
in lactic acid bacteria. Immunizations in mouse models mimicking the
targeted mucosal infection are in progress in different laboratories (for
reviews see Refs. 33,35). Interestingly, the mechanisms by which these
recombinant lactic acid bacteria interact with the host immune cells have
begun to be analyzed (37,38). It is foreseen that these immunization studies
will shed a new light on the probiotic field, as the readouts in these studies are
well defined and relatively easy to follow.

The concept of targeted mucosal delivery by lactic acid bacteria was
extended from antigens to interleukins by Steidler and associates, who first
demonstrated that immune responses could be enhanced by the codelivery of
interleukin 2 II-2 or IL-6 and TTFC (39). This approach was next applied to
the design of new anti-inflammatory treatments targeting inflammatory
bowel disease. These authors constructed a recombinant L. lactis strain se-
creting murine IL-10 and successfully demonstrated that, upon intragastric
administration of repeated doses, this strain was able to prevent or treat
inflammation in murine colitis models. Notably, this effect was obtained
with much lower (10,000-fold) doses of IL-10 than those required when
the interleukin was used as a single therapeutic agent (40). Steidler and
associates (41) further constructed a safe (no antibioresistance marker and
chromosomally integrated transgene) biologically contained strain secreting
the human IL-10 that should allow completion of a phase 1 clinical trial in
humans.

In the recent years, production andmucosal delivery of different types of
health-promoting molecules such as ScFv antibodies, allergens, or digestive
enzymes have been achieved with lactic acid bacteria. Targeted diseases in-
cluded microbial infections such as vaginal candidiosis (42) and dental caries
(43), allergies (44,45), autoimmune diseases (46), and metabolic defects such
as pancreatic insufficiency (47). In most cases, the targeted biological effect
was indeed demonstrated in animal models mimicking the corresponding
human disease. Notably, this process often relied on the use of live bacterial
cells. Efforts are presently being devoted to improve the efficiency of lacto-
cocci or lactobacilli as a delivery system. Therefore, mutants that release in-
tracellular compounds more efficiently (48) or that present improved delivery
properties have been generated (Grangette, Hols, Delcour, and Mercenier,
unpublished).

Even though recombinant bacterial strains would not be accepted today
in functional foods, their future use in therapeutic approaches can be fore-
seen, provided that the benefit/risk balance is positive. This novel approach is
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rather promising as grafting the gene encoding for a therapeutic molecule
could enhance the natural health-beneficial properties of a strain (49).
Genomic information and genetic tools will be critically important to
furthering the development of these applications. Systems for tailored gene
expression (regulated promoters; intracellular, anchored, secreted proteins)
have already been used for targeted and regulated delivery of specific
biological compounds. It is anticipated that these systems will become more
sophisticated in the near term and promote an explosion of biotechnological
applications with probiotic cultures.

V. CONCLUSIONS

Genomics is revolutionizing our view of microorganisms and the beneficial
processes that they carry out. Global and detailed analyses of host–microbial
interactions are becoming feasible (50). Concurrently, the probiotic field is
gaining increased scientific attention and research efforts are beginning to
unravel the mechanistic basis of the ways probiotic cultures contribute to
health and well-being. Genomic analysis of probiotic cultures will now play a
pivotal role in scientifically understanding the 100-year-old concepts of
Metchnikoff. The impact of the genomic revolution on probiotic cultures
will be staggering, allowing a full view of their genetic composition, and an
understanding of the molecular mechanisms by which they interact with the
host and providing the knowledge base and tools to allow them to be
exploited in novel biotechnological applications.
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37. MRescigno, CCitterio,MThéry,MRittig, DMedaglini, G Pozzi, SAmigorena,

P Ricciardi-Castagnoli. Bacteria-induced neo-biosynthesis, stabilization, and
surface expression of functional class I molecules in mouse dendritic cells. Proc
Natl Acad Sci U S A 95: 5229–5234, 1998.

38. S Corinti, D Medaglini, C Prezzi, A Cavani, G Pozzi, G Girolomoni. Human
dendritic cells are superior to B cells at presenting a major histocompatibility
complex class II–restricted heterologous antigen expressed on recombinant
Streptococcus gordonii. Infect Immun 68: 1879–1883, 2000.

39. L Steidler, K Robinson, L Chamberlain, KM Schofield, E Remaut, RWF Le
Page, JM Wells. Mucosal delivery of murine interkeukin-2 (IL-2) and IL-6 by
recombinant strains of Lactococcus lactis coexpressing antigen and cytokine.

Infect Immun 66: 3183–3189, 1998.
40. L Steidler, W Hans, L Schotte, S Neirynck, F Obermeier, W Falk, W Fiers, E

Remaut. Treatment of murine colitis by Lactococcus lactis secreting interleukin-

10. Science 289: 1352–1355, 2000.
41. L Steidler, S Neirynck, N Huyghebaert, V Snoeck, A Vermeire, B Goddeeris, E

Cox, JP Remon, E Remaut. Biological containment of genetically modified

Lactococcus lactis for intestinal delivery of human interleukin-10. Nat Biotech-
nol 21:785–789, 2003.

42. C Beninati, MR Oggioni, M Boccanera, MR Spinoza, T Maggi, S Conti, W
Magliani, F De Bernardis, G Teti, A Cassone, G Pozzi, L Polonelli. Therapy of

mucosal candidiasis by expression of an anti-idiotype in human commensal bac-
teria. Nat Biotechnol 18: 1060–1064, 2000.
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Biotechnological Modification of
Saccharomyces cerevisiae: Strategies
for the Enhancement of Wine
Quality

Linda F. Bisson
University of California, Davis, Davis, California, U.S.A.

I. INTRODUCTION

Saccharomyces cerevisiae is a premier research organism, serving as a genet-
ically tractablemodel system inwhich to dissect the biological properties of all
eukaryotes. Indeed, a battery of biotechnological tools has been developed for
the genetic manipulation and analysis of this yeast. Saccharomyces cerevisiae
is also a major participant in the bioconversion of foods and beverages in-
tended for human consumption. It is viewed as the first true domestic or-
ganism, and its uses in the production of bread and fermented beverages
predate recorded history.

Throughout the millennia S. cerevisiae and its fungal cousins have been
the salvation of the human race during periods of disease and famine. This
yeast was an important source of micronutrients in many early human diets.
Fermented beverages produced by this organism were essential in numerous
cultures to assure a safe water supply and to preserve other foods. S. cerevisiae
is still used today to modify flavor and to boost the nutritional content of
many modern foods in addition to filling its traditional roles in bread, beer
and wine production. Thus, this organism has had and continues to have a
crucial role in the provision of safe foods and beverages for humankind.
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It is only natural to ask whether contemporary molecular strategies can
be used to engineer S. cerevisiae strains better suited for the bioconversion
processes in which this organism is involved or that can extend the range of
uses of this yeast, not only in the food system, but in the production of en-
zymes, proteins, and renewable energy sources. What are the risks of release
of genetically engineered strains of an organism so central to our food supply?
What are the benefits?Do the benefits outweigh any risks? These questions are
addressed in this chapter. In particular, the goals, strategies, and risks for the
genetic engineering of yeast strains involved in wine production are discussed.
The bioconversion of grape juice to wine represents the yeast natural
environment and poses many unique challenges to the genetic engineer.

II. PERCEIVED AND REAL RISKS OF GENETIC
ENGINEERING

In the physical world, for every action there is a reaction. The same premise
holds true for the biological world: For every genetic action there are thou-
sands of possible genetic reactions. It is our inability to predict all possible
outcomes of a directed genetic manipulation that is the underlying cause of
anxiety over genetic engineering of organisms and their subsequent use in our
food system. Will it be possible to predict the genetic responses to genomic
modification of S. cerevisiae? The answer to this question is yes. The com-
pletion of the sequence of the yeast genome has led to the development of tools
to monitor global changes in gene expression patterns and protein profiles in
response to environmental or genetic manipulation (1–4). The application of
these genomic and proteomic tools is leading to an unprecedented under-
standing of the physiological characteristics and biological responses of this
organism (5–8). Well-designed studies will indeed allow the determination of
the possible biological consequences of a directed genetic change.

Sophisticated molecular tools that have been developed permit analysis
of the extent of lateral transfer of any modified genetic trait across a
population of different strains of S. cerevisiae and to other yeasts and bacteria
with which this organism shares an environmental niche (9). Rapid screening
techniques exist and continue to be optimized that negate the need to use and
maintain selectable markers to detect desired recombinant strains (10). This
eliminates the need to use drug resistance or any heterologous dioxyribonu-
cleic acid (DNA) as a marker in the development of industrial strains of S.
cerevisiae and thereby prevents the transfer of such genes to other less benign
organisms in the environment. These kinds of strategies can and should be
developed and used for other organisms as well. Scientists are well aware of
the risks imposed by release of drug, pesticide, fungicide, and herbicide
resistance genes to a wild population and the potential for lateral gene
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transfer. Convenience and expediency do not and need not outweigh valid
concerns of risk of lateral transfer, especially when those concerns can be
addressed experimentally.

Consumers raise another issue, that the process of genetic exchange and
mutation is unnatural and therefore undesired. This view is of course not
correct. Lateral gene transfer occurs in yeast as in most microbial popula-
tions. Indeed, the yeast propensity for incorporating native as well as alien
DNA into its genome and the resulting ease of genetic manipulation are the
reasons this organism has gained such prominence as an experimental system.
The process of sexual reproduction and haploid spore formation in fungi
serves the sole purpose of reassortment of the genome. Reassortment also
occurs during vegetative growth, though at a lower frequency. Spontaneous
mutation frequencies are high in native Saccharomyces populations (11–16),
suggesting that this organism, likemany others, is a natural tinkerer of its own
genome. Lateral gene transfer has been documented among different Sac-
charomyces species (9). The role of transposable elements such as the yeast Ty
element in host genomic evolution is only now becoming appreciated (12,17,
18). It is imperative that this native tendency to exchange genetic information
be anticipated in the design strategy for any engineered organism destined to
be released into the food chain. Although Saccharomyces is not pathogenic to
the general human population, strains causing potentially lethal infections of
severely immunocompromised individuals have been identified (19,20). These
strains appear to have several different genes that lead to enhanced patho-
genesis not found in the native Saccharomyces population (21,22). This
demonstrates that this organism can indeed obtain and stabilize genes via
natural processes from other microbes in an environment, becoming more fit
for that environment. The potential to enhance pathogenicity of a normally
nonpathogenic organism must also be assessed in light of the ever-growing
immunocompromised subpopulation. Thus, Saccharomyces engages in fre-
quent genetic exchange and modification of existing traits. Rates of mutation
and genomic stability need to be evaluated across the wild or native
populations of Saccharomyces in order to understand the true potential risks
of release of a recombinant organism.

III. STRATEGIES FOR THE IMPROVEMENT OF
SACCHAROMYCES CEREVISIAE FOR WINE
PRODUCTION

Saccharomyces cerevisiae and S. bayanus are responsible for the conversion of
grape juice into wine. It has been argued that given their long association with
humans and the fact that wine has been produced for more than 7000 years,
Saccharomyces evolved along with the practice of the production of wine to
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the modern species in existence today (23). Thus anaerobic fermentation of
grape juice is the environmental niche to which Saccharomyces has adapted
over themillennia. Credence for this view arises from the lack of dominance of
this organism on the surface of fruit (23–25) and its relatively high level of
sensitivity to ultraviolet irradiation and extremes of temperature when com-
pared to those of other yeast residents of fruit surfaces. Heavy inoculation of
vineyards with specific Saccharomyces strains has demonstrated the poor
survivability of this organism in the wild. This trait greatly reduces the risk of
environmental contamination by a recombinant Saccharomyces strain. How-
ever, because of the close association of yeast strains with humans, popula-
tions may serve as vectors of transfer of yeast from one production facility to
another. In numerous examples in the wine industry the source of a yeast
contaminant has been an employee rather than any biologically active
materials entering the winery.

There are several properties of yeast that, if modified, would enhance
the quality of the wine produced or eliminate processing problems leading to
economic losses for producers (Fig. 1). Yeast metabolism is responsible for
the appearance of several key organoletpic components of wine. The impor-
tance of the yeast contribution depends upon the style of wine to be produced.
Yeast generate numerous detectable compounds in wine: higher alcohols and
their esters, volatile fatty acids, aldehydes, sulfur-containing volatiles, esters
derived from amino acidmetabolism, and volatile phenols generated from the
enzymatic modification of plant phenolic compounds (10,26,27). Depending
upon the wine produced, enhancement or reduction of these activities may be
desired.

Researchers are also generating recombinant Saccharomyces strains
that would facilitate wine processing or the achievement of wine stability.
Protein present in wine post fermentation can denature, leading to the for-
mation of a visible haze. Yeast strains optimized for acid protease production
can reduce wine protein content, thereby eliminating haze (28). This will only
be a viable process if the peptides produced do not confer any unwanted
characters, such as bitterness, on the wine. Similarly, wine filterability is im-
proved by degradation of grape polysaccharides. Saccharomyces strains with
pectinase or cellulase activity that have been constructed offer an alternative
to the use of commercial enzyme preparations (28–36). The advantage of a
recombinant strain would be the elimination of any potentially undesired side
activity that is present in the commercial preparations. However, an enzyme
addition may be easier to control and monitor than a recombinant strain.

Finally, yeast strains that possess enzymatic activities enhancing the
release of grape flavor and aroma characters are also being developed and
tested. These strains express higher levels of native enzymes that impact flavor
release, contain mutations of native genes leading to the release of metabolic
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intermediates with aromatic character, or produce heterologous enzymes or
pathways for the synthesis of grape components (37–41). Whether flavor-
modifying strains gain consumer acceptance is another matter. Surveys that
have been conducted to date suggest that consumers regard such innovations
as correcting problems associated with poor starting quality of fruit or
incompetent processing decisions. In this case it is not the fact that the strain

Figure 1 Objectives of genetic engineering of Saccharomyces cerevisiae for wine

production.
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is recombinant that is objectionable, but rather why such a strain is needed in
the first place.

More important genetic changes are those that will make wine safer for
human consumption or improve its nutritional content. An example are our
efforts to engineer genetically strains that reduce the appearance of ethyl
carbamate in the fermentation environment. Ethyl carbamate is a naturally
occurring carcinogen formed spontaneously from the reaction of carbamyl
group–containing compounds such as urea and ethanol and found in virtually
all fermented foods and beverages (42–44). Although ethyl carbamate has
been a part of the human diet for centuries, the current view is that every step
possible should be taken to reduce the level of this and other naturally
occurring carcinogens in our food supply.

It is also possible to engineer strains that would elevate the nutritional
value of wine by increasing the content of vitamins and cofactors in limited
supply in a typical unhealthy diet of developed countries. Nutritional en-
richment of a dietary staple would be quite beneficial in the reduction of the
incidence of disease. Finally, efforts to generate recombinant yeast strains that
will increase the levels of important phytochemicals such as resveratrol are
under way (45). The aim of this work is to increase the level of bioactive
phenolic compounds that have been shown to have positive dietary outcomes
in the prevention of disease. Such engineered strains may be of more value to
the population as a whole than those leading to subtle differences in wine
aroma and flavor or the elimination of economic loss for producers.

A. The S. cerevisiae Native Environment

S. cerevisiae can be found in nature on grape surfaces (23–25). Although only
aminor member of the flora of the grape surface, this organism dominates the
fermentation of crushed grapes. Initial levels of Saccharomyces in freshly
prepared grape juice are in the range of 1 to 100 cells/mL, vastly outnumbered
by other yeasts and bacteria present on the order of 106 to 108 cfu/mL. By the
end of fermentation, these numbers are reversed, and a nearly pure culture of
Saccharomyces exists (24). Saccharomyces is so well adapted to this environ-
mental niche that evenwhen outnumberedmillions to one in the initial juice, it
rapidly becomes the predominant organism present. Several biological prop-
erties are thought to allow the dominance of Saccharomyces. Principal among
these are the production of and resistance to ethanol. Concentrations of 6%
to 7% (v/v) of ethanol are inhibitory to most organisms, wild and commercial
Saccharomyces strains tolerate concentrations as high as 12% to 17%.
Sensitivity to ethanol is enhanced at low pH, and the pH of grape juice is
typically between 3.0 and 4.0. Sensitivity is also enhanced at higher temper-
atures, and rapid fermentation leads to elevation of juice temperature,

Bisson82



contributing to the toxicity of ethanol. Saccharomyces is also adept at
sequestration of micronutrients from the environment. This appears to be a
more pronounced trait in other yeasts with which Saccharomyces must
compete (46). This yeast also releases sulfite at levels inhibitory to bacteria.
Saccharomyces evolved to resist the inhibitory factors, such as acetic acid, that
are the end products of metabolism of other organisms. As a consequence,
any genetically engineered organism has to be fully competitive with other
microbes.

The grape juice environment is high in osmolarity, ranging from 20% to
28% or higher in sugar concentration, an equimolar mixture of glucose and
fructose. Saccharomyces tolerates broad changes in medium specific gravity
as sugar is consumed and ethanol produced. The environment is most
frequently limiting in nitrogen, and functional genomic analyses that we have
conducted have shown that commercial strains are efficient nitrogen recyclers
(47). Wine strains of Saccharomyces rapidly strip grape juice of amino acids;
actively growing cells display large vacuoles typically associated only with
stationary phase in laboratory strains. Inmost cases, however, nutrients are in
sufficient supply and net yeast cell division ceases as a result of the attainment
of terminal cell density. Nongrowing cells of Saccharomyces conduct most of
the conversion of sugar to ethanol during a typical fermentation (Fig. 2). A
sustained rate of fermentation requires the presence of specific nutrients called
survival factors (48). The survival factors are required for maintenance of
fermentative rates at high population densities and in the presence of high

Figure 2 Fermentation of a Chardonnay grape juice by S. cerevisiae. (.), specific
gravity; (n), log absorbance, 580 nm.
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concentrations of ethanol. Most of the survival factors have been associated
with the generation of an ethanol-tolerant cell surface and the maintenance of
protein function in a high-ethanol environment. Tolerance of ethanol poses
great constraints on a biological system. Yeast persists under conditions not
conducive to the growth or survival of most organisms. Any genetic alteration
that impacts fitness for the environment will be of little practical value.

B. Challenges Impacting Genetic Engineering Strategies of
Wine Strains of Saccharomyces

The production of wine is a natural fermentative process dependent upon the
activity of bacteria and non-Saccharomyces yeasts in addition to Saccharo-
myces. Delicate flavors and aromas must be retained and protected at all
stages of the process. The limitations of the environment noted and the in-
ability to impact strain fitness pose substantial challenges for the genetic
modification of wine strains. Further, since the production of wine does not
occur under sterile conditions, any introduced strain may become an estab-
lished winery resident and undergo genetic exchange with other members of
the same species. Thus, any strategy for the genetic construction of a wine
strain must consider the risk of lateral gene transfer and cross-contamination
of fermentation lots. Changes made must not alter the ability of the strain to
dominate the native environment, maintain ethanol tolerance, or complete
the fermentation. Several issues in addition to lateral gene transfer must
therefore be taken into account in the development of genetically altered wine
strains of Saccharomyces (Fig. 3).

The persistence of the modified organism in the winery environment is a
very crucial issue. The ideal strain would be one that is able to dominate a
fermentation when used as an inoculum but not dominate the winery flora.
Thismay be quite difficult to achieve in practice. Persistence in this casemeans
not only presence during the entire course of the fermentation but also the
ability to form biofilms and displace other winery resident species. If the
modified organism is only desired in a subset of the wines being produced,
biofilm establishment can be a serious problem for the winery. As discussed

Figure 3 Issues in the genetic engineering of wine yeast.
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later, several genetic modifications that have already been constructed in wine
strains are suitable only for a subset of wines being produced. The risk of
problems associated with cross-contamination of other fermentations where
these novel biological activities are not desiredwill prevent the widespread use
of these organisms. Success of persistence can be as much of a problem as
failure of persistence. The engineered Saccharomyces strain will have to be
able to compete with native organisms of the same species, as these will be
unpreventably present in the fermentation, but not compete with them for the
dominance of winery biofilms. More information is clearly needed on the
ability of yeast strains to form and displace biofilms to elucidate fully the risks
of persistence.

The engineered strain will also need to maintain all of the biological
features that permit dominance of the native environment over non- Saccha-
romyces yeasts and bacteria. We have found that a seemingly inconsequential
change in expression of a single glucose transporter gene (one of eight ex-
pressed during fermentation) that displayed no phenotype in pure culture
studies led to the loss of dominance of the altered strain when cocultivated
with the lactic acid bacteria commonly associated with grapes (49). Subtle
changes in the ability to maintain energy production therefore can have a
drastic impact on competitiveness of the strain.

Another critical challenge to the genetic modification of a yeast stain for
wine production is the need to be certain that the alteration does not lead to
the generation of any unwanted characters in the wine, particularly those that
would impart an off-odor or off-flavor or result in the absence of important
organoleptic compounds. Saccharomyces produces hydrogen sulfide and
several other types of objectionable sulfur containing compounds with low
thresholds of detection. These odiferous compounds are considered defects or
faults in the wine and are undesirable. The production of most of these
characters increases with increased nutritional or environmental stress. Any
genetic change that directly or indirectly increased the level of production of
these compounds would be useless commercially. Further, the biological
activities of Saccharomyces impact those of the other yeasts and bacteria
present in the fermenting medium. It is important that any change in the
genetic properties of Saccharomyces not lead to off-character production by
or otherwise inhibit the other microbes present.

It is also important to understand all of the possible side activities of any
heterologous gene used for genetic enhancement of wine strains. Grape juice
is a complex mixture of numerous classes of chemical compounds, the
majority of which have not been identified. Any novel biochemical activity
might lead to undesirable modifications of other wine components that would
impact the final characters or their stability in the wine. Finally, if the novel
trait poses any selective disadvantage to the yeast there will be strong selective
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pressure against its maintenance. Thismaymean the appearance of secondary
mutations or simple loss of gene function. Both processes may negate the
benefits of the initial change.

The limitations imposed by the process of wine production on the
construction of recombinant Saccharomyces strains may seem insurmount-
able. Success will be attained and risks be inconsequential only if the bio-
logical characteristics and responses of the organism and other residents of
the same environmental niche are well understood and predictable. In the case
of wine, while much work remains to be done; the capacity to anticipate the
impact of a directed change will be possible once the genomes of the major
species have been sequenced. Lessons learned from the biotechnological
manipulation of Saccharomyces to alter the expression of traits in the natural
environment will serve as a paradigm for alteration of the genomes of other
important food organisms.

C. Goals and Strategies for the Genetic Engineering of
Wine Strains

Reviews in 1996 and 2000 catalogued the many ways in which wine strains of
Saccharomyces might be modified to eliminate production of off-odors,
reduce incidence of arrest of fermentation, improve flavorant properties of
wine, or facilitate wine processing (10,50). Therefore, this chapter takes a
different approach: analyzing the existing and proposed biotechnological
modifications from the perspective of the type of recombinant DNA tech-
nology involved. Molecular tools can be used to modify the existing native
genomic DNA and thereby affect properties of the yeast or to create truly
recombinant organisms expressing nonnative sequences.

There are two broad types of goals for the construction of wine strains
of Saccharomyces: alteration of existing traits and generation of novel
characteristics. The genes used may be naturally occurring in other strains
of Saccharomyces, may be alterations of a native gene, or may be artificial
genes constructed from native genes. Alteration of regulation via promoter
exchange and construction of novel enzymes by fusion of functional and
regulatory domains of existing genes are examples of constructs from native
genetic material. Most consumers would consider alteration of alleles (allele
replacement) or generation of a novel allele from native sequences to be fairly
benign and of low risk for the food supply. Indeed, given appropriate selective
pressure, such changes can be expected to occur in the population naturally.
However, this characteristic highlights the hazards of banning a technology
altogether rather than its specific uses.

Of greater concern are the cases of heterologous gene transfer, or the
incorporation of DNA that encodes a unique metabolic activity from a
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different or foreign organism into the yeast genome. But here also the source
of the DNA needs to be considered. If it is derived from another Saccharo-
myces species or a closely related genus, such a change can be expected to pose
a low risk for the use of the recombinant organism, again because such
exchanges occur readily in nature. The DNA from more distantly related
organisms may present greater risks, but this is dependent upon the specific
gene that is being incorporated. Allele replacement, development of engi-
neered alleles, and heterologous gene expression strategies have all been
employed or are under active development for the generation of improved
wine strains. Examples of the uses of each of these strategies, the risks and
benefits, are discussed in the following sections.

1. Allele Replacement

Allele replacement has several uses for the construction of improved wine
strains. We are using allele replacement strategies to eliminate the production
of two undesired compounds by wine yeasts: ethyl carbamate and hydrogen
sulfide. Naturally occurring species of S. cerevisiae have that produce little to
no ethyl carbamate been identified. Our work has shown that the amount of
ethyl carbamate formed by yeast during fermentation is directly correlated
with the amount of urea released (51,52). Urea that is not immediately me-
tabolized can be released from the cells into the surrounding medium. The
amount of urea released is a function of the relative activities of arginase and
urea amidolyase (52). Urea amidolyase is a bifunctional enzyme containing
urea carboxylase and allophanate hydrolase activities on a single polypeptide.
Strains with a relatively higher ratio of urea amidolyase to arginase degrade
rather than release urea to the environment, whereas those with a lower ratio
appear to have a limited capacity for urea catabolism and do release this
compound (Fig. 4). Allele replacement strategies can be used to adjust the
ratio of these two enzymes in any commercial strain, thus reducing the
amount of ethyl carbamate formed.

A similar strategy is being employed to define the enzymatic activities
leading to a release of hydrogen sulfide. Hydrogen sulfide is made from the
reduction of sulfate in the biosynthesis of the sulfur containing amino acids.
Low-hydrogen-sulfide–releasing strains appear to have higher activity of the
enzymes downstream of sulfite reductase, particularly of O-acetylserine O-
acetylhomoserine sulfhydrolase, that fix reduced sulfur in organic molecules
(Fig. 5). The technique of allele replacement can therefore be used to reduce
the production level of hydrogen sulfide, by adjusting the ratio of activities of
sulfide production and consumption. Allele replacement strategies can be
used to address other comparable goals either to increase production of a
desirable compound or to reduce production of the undesirable.
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In these cases the biotechnological tools being used result in benign
genomic modifications. The specific examples given rely on naturally occur-
ring alleles in the population to eliminate the production of a carcinogen or an
objectionable off-odor. Each requires a thorough biochemical understanding
of the source of the compound and the regulation of the enzymatic steps
involved. The ability to change a single allele or a small set of alleles will have
minimal impact on the biological activities of the organism, especially if those
changes already occur in nature. Biotechnological modification with the goal
of allele replacement can lead to commercial strains with improved properties.
Such strains pose little to no risk to the consumer.

Figure 4 Ethyl carbamate production by yeast strains. Urea produced from the deg-

radation of arginine is excreted from the cells to the medium, whereupon a spon-
taneous chemical reaction with ethanol occurs, forming ethyl carbamate.
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2. Engineered Alleles

There are also potential benefits of the modification of alleles to forms that
currently do not exist in nature or that have not yet been identified. Such
changes may alter the regulation of a gene or pathway or modify the coding
sequence directly to change the properties of an enzyme or pathway. Since
natural processes are being modified, these changes can also be considered
relatively harmless to the environment as a whole. Strategies for strain
improvement that involve generation of null or knockout mutations are also
being employed, but it is important to know whether the loss of function will
lead to selection of suppressor mutations in the strain. The appearance of
suppressors may not pose an environmental threat but may eliminate the

Figure 5 Hydrogen sulfide production by yeast. Sulfide is produced from sulfite via

the sulfate reduction pathway. Sulfide not incorporated into homocysteine can be
released into the medium.
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effectiveness of the initial genomic modification. Specific examples of null
mutations are elimination of the decarboxylase responsible for a phenolic off-
flavor (10,53), mutation of farnesyl-diphosphate synthetase (ERG20) to
introduce terpene production to wine yeast (54), deletion of ALD6 (acetalde-
hyde dehydrogenase) and concomitant reduction of acetic acid production
(55). Null mutation of sulfite reductase has been posed as a strategy to
eliminate the appearance of hydrogen sulfide (56), but this then requires that
the cells be provided with methionine in the medium.Methionine can itself be
degraded to objectionable sulfur containing compounds, so this is not a viable
strategy for the elimination of off-aromas.Alteration of regulation of nitrogen
catabolism by mutation of transcriptional repressors has been shown to
improve nitrogen consumption of wine strains (57). This can lead to sustained
or elevated fermentation rates under limiting nitrogen conditions.

Swapping a native promoter for one leading to a higher level of ex-
pression of the genes involved in glycerol production has also been under-
taken (58,59). However, in this case large amounts of undesired components,
succinate, acetate, 2,3-butanediol, were produced. The high acetaldehyde
level noted during the growth phase led to a reduction of maximal biomass
(58,59). It is not clear whether such a strain would be sufficiently competi-
tive with wild strains of Saccharomyces and be able to dominate a wine
fermentation.

An interesting example of the problems of tailoring a strain for a specific
style of wine concerns yeast glycosidase activity. Strains with enhanced
activity of this enzyme are being generated for white wine production and
the enhancement of wine flavor as a result of release of volatile components
from bound sugarmoieties (60). At the same time strains with reduced activity
of this enzyme are being produced to stabilize wine color losses as the enzymes
also catalyze the loss of sugar moieties from anthocyanins (61). However, in
the case of Sparkling wine production, color loss is desired (62). If cross-
contamination and persistence are problems, wineries attempting to use both
strains could suffer from reduced flavor evolution in white wines or excessive
color loss in red wines.

As with allele replacement, allele engineering creates no risk other than
the problem of cross-contamination of wine production lots. Such cross-con-
tamination, if it negatively impacts the organoleptic character (aroma, flavor,
color, or mouth feel) of the wine, may lead to economic losses for the winery
but not pose a health or environmental hazard.

3. Engineering Novel Traits

The ease of stable incorporation of heterologous genetic material into the
genome of Saccharomyces has resulted in tremendous research interest in
modifying the metabolic properties of this organism. Indeed, much is being
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learned about the ability to engineer nonnative biochemical pathways in this
yeast (63). What has emerged from these attempts is an appreciation of the
difficulty of making a stable change in an organism highly adapted to a
specific environment. Yeast strains that possess novel or heterologous traits
important in wine production are also being developed.

The earliest attempts to engineer a wine strain genetically focused on
generation of a strain stably producing the bacterial enzyme that catalyzes the
conversion of malic acid to lactate. Malate and tartrate represent the two
major acid species of grape. In cooler growing regions, malate levels may be
unacceptably high at the time of harvest, leading to excessively tart wines. The
conversion of malate to lactate and the accompanying reduction in the tart-
ness of wines are caused by members of the lactic acid bacteria. If such a
reduction inmalic acid is desired, proliferation of the lactic acid bacteria must
be encouraged. Yeast and the lactic acid bacteria compete for nutrients during
fermentation and produce compounds inhibitory toward the other species. It
is frequently quite challenging to obtain both alcoholic fermentation and
malolactic conversion in wines. The lactic acid bacteria produce a spectrum of
organoleptic characters in addition to the reduction in tartness. Some of these
traits, such as the cream and buttery notes, are desired in some wines, whereas
other traits (the mousy and other animal characters) are not desired.
Therefore, the incentive to obtain a strain of Saccharomyces capable of
reducing malic acid levels exists.

The first approach taken by Williams and associates (64), was the
construction of a strain of Saccharomyces expressing the bacterial malolactic
enzyme (Fig. 6). However, the level of activity obtained was insufficient to
lead to significant metabolism of malate. The efficacy of use of the malolactic
enzyme from different species of lactic acid bacteria was also evaluated with
limited success (65,66). Many of these attempts have led to undesirable side
reactions such as increases in the level of acetic acid produced by the yeast. A
novel strategy was employed by van Vuuren and colleagues (67,68). The yeast
Schizosaccharomcyes pombe degrades malate to ethanol in a multistep
process. Malate is converted to pyruvate, which is subsequently degraded
to ethanol and CO2 (67). Although S. cerevisiae possesses the same pathway,
the substrate affinity of the Saccharomycesmalic enzyme for malate is so low
as to preclude efficient conversion of malate to pyruvate under enological
conditions. Further, Saccharomyces does not possess an efficient malate per-
mease. Instead malate is transported into the cell by passive diffusion. The
cytoplasmic level of malate is well below the Km of the enzyme. The genes
encoding the S. pombemalate permease (mae1) and the malic enzyme (mae2)
were both used to transform wine strains of S. cerevisiae, resulting in more
efficient catabolism of malate (67). Strains expressing the bacterial mleS gene
were also transformed with the mae1 transporter gene; in much higher
efficiency of conversion of malate to lactate by the recombinant yeast resulted
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Figure 6 Strategies for the construction of malate utilizing strains of Saccha-
romyces cerevisiae. Panel A, Introduction of the bacterial malolactic (mleS) gene,

resulting in the production of lactate and CO2 from malate; panel B, use of the S.
pombe mae1 and mae2 genes, resulting in the production of ethanol and carbon
dioxide from malate; panel C, addition of the mae1 malate transporter to a strain

expressing the mleS gene.
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(68). Efficient metabolism of malate was only obtained in strains able to
transport this compound into the cell efficiently. Although these efforts have
been successful in the generation of Saccharomyces strains capable of
degrading malate, other concerns have been raised. In addition to reducing
tartness and sourness, the lactic acid bacteria consume many nutrients left by
the yeast that support bacterial growth. The activities and metabolites of the
lactic acid bacteria are relatively benign when compared to those of other
spoilage organisms. The degradation of malate by yeast may lead to an
increased risk of microbial spoilage of the wine.

Wine strains of Saccharomyces that produce bacteriocins have also been
constructed (69). Bacteriocin production by yeast strains offers many advan-
tages over the current practice of use of sulfur dioxide. Individuals deficient in
sulfite oxidase display a strong hypersensitivity to sulfite. In severe cases,
exposure can lead to death. The role of sulfite in elimination of unwanted
bacteria can be effectively replaced by bacteriocins. In addition, bacteriocins
show more selectivity than sulfite and can be used to inhibit specific classes of
bacteria, not harming those that are desired in the wine.

Finally, much attention has been paid to the generation of yeast strains
possessing glycosidase activity. Many grape aroma compounds are present in
the fruit in the form of bound glycoside precursors. The terpenes are a prime
example. Unbound or free terpenes impart floral and intense fruity notes to
grapes and grape juice. The attachment of a glycoside group prevents
volatilization and therefore detection of these compounds. Bound terpenes
are hydrolyzed over time, thereby maintaining the aroma characteristics of
the fruit. The grape glycosidase is inhibited by glucose and is therefore not
active in juice or during the early stages of fermentation. Once fermentation
has been completed and the sugar content decreased, these enzymes can
slowly hydrolyze the precursor compounds over time. Yeast strains express-
ing a fungal h(1-4) endoglucanase have been generated (60,70–72). These
strains result in the release of more intense fruity character in the wine.
However, the use of these strains may impact the long-term aging potential of
the wine and lead to the loss of too many characters too quickly.

The traits selected for heterologous expression in wine strains of
Saccharomyces are likewise expected to be environmentally benign. None
of these yeasts is being used commercially largely because of concerns about
cross-contamination of fermentations where such activity is not desired.
There are also concerns among winemakers of potentially unanticipated side
effects of such strains, such as a decrease in aging potential of the wine or
impacts on wine microbial stability. Finally, if heterologous enzymes are
used, it is important to understand any potential allergenic reactions to the
protein that might exist in the population.
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IV. CONCLUSIONS

Biotechnological modification of Saccharomyces can be used to produce
strains with a better combination of native characteristics, with altered traits
leading to the enhancement of the nutritional quality of the product or to the
removal of naturally occurring carcinogens. The introduction of specific
heterologous genes can lead to improved organoleptic properties of the wine
or facilitate downstream processing. Lateral gene transfer and mutational
change of genomic information are processes that occur naturally in yeast
populations that must be taken into account in the risk assessment of any
genetic alteration of a population to be released. The risks to human health
and well-being of the generation of such modified strains of Saccharomyces
for food and beverage production are minimal, however. Risks to processing
and desired product composition are more real but can be adequately
evaluated. Thus, astute biotechnological modification of Saccharomyces
can indeed result in improved strains for the beverage industries that pose
little risk to the consumer and that may provide a more wholesome product.
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I. INTRODUCTION

The human gastrointestinal tract contains a complex ecosystem of micro-
organisms with more than 400 different bacterial species, and potentially
thousands of different strains. These bacteria are highly important to our
health. They provide us with a barrier to infection by exogenous bacteria (1)
and much of the metabolic fuel for our colonic epithelial cells (2) and con-
tribute to normal immune function (3). Disturbances to this ecosystem leave
us more vulnerable to exogenous and endogenous intestinal infections.
Intestinal bacteria have also been implicated in causation of some chronic
diseases of the gut such as Crohn’s disease and ulcerative colitis (4,5). As we
age, changes occur in the composition of the intestinal microbiota that may
contribute to an increased level of undesirable microbial metabolic activity
and subsequent degenerative diseases of the intestinal tract (6,7). Manipulat-
ing the intestinal microbiota to restore or maintain a beneficial population of
microorganisms is a reasonable approach to maintaining intestinal health in
cases when a deleterious or less than optimal population of microorganisms
has colonized the gut.

In this chapter, we consider the role that oligosaccharides and poly-
saccharides play as prebiotics and as ingredients in functional foods. We also
assess their ability to modulate gut microbial populations and activity, and
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their ability to improve human health. Fructooligosaccharides and inulin are
reviewed in other chapters, as are human milk oligosaccharides.

A. Probiotics

Probiotics are microbial cell preparations that have a beneficial effect on
the health and well-being of the host, by modulating mucosal and sys-
temic immunity, as well as improving the nutritional and microbial

balance in the intestinal tract (104).

Since being proposed as a health promoting technique byMetchnikoff in 1907
(8), the oldest and still most widely used method to increase the numbers of
advantageous bacteria in the intestinal tract is direct consumption of these live
bacteria in foods. These bacteria, called probiotics (9), have to date been
predominantly selected from the genera Lactobacillus and Bifidobacterium,
both of which form part of the normal human intestinal microbiota. In the
probiotic approach, the ingested bacteria are selected to survive gastrointes-
tinal transit and to contribute positively to the activity of the intestinal
microbiota. Proposed mechanisms of health action include increasing colo-
nization resistance to exogenous and endogenous intestinal pathogens,
reducing putrefactive and genotoxic intestinal reactions, modulating the
innate immune system, contributing to lactose hydrolysis, and producing
short-chain fatty acids (SCFAs) and micronutrients such as vitamins.

B. Prebiotics

Prebiotics are nondigestible food ingredients that beneficially affect the
host by selectively stimulating the growth and/or activity of one or a

number of bacteria in the colon, thus improving health (12).

These ingredients are normally restricted to certain carbohydrates (particu-
larly oligosaccharides) but could include certain proteins, peptides, and lipids.
Oligosaccharides are defined as glycosides composed of between 3 and 10
monomer sugar units. Nondigestible oligosaccharides (NDOs) can be distin-
guished from other carbohydrates on the basis of being resistant to digestion
in the stomach and small intestine. Not all oligosaccharides are NDOs.

Prebiotics represent a second strategy to improve the balance of
intestinal bacteria. Rather than introducing exogenous strains into an indi-
vidual’s intestinal tract, prebiotics aim to selectively stimulate the prolifer-
ation and/or activity of advantageous groups of bacteria already present in
the intestinal microbiota. To date, prebiotics have primarily been oligosac-
charides and other indigestible carbohydrates that increase the population of
strains of Bifidobacterium spp. in humans and animals. Hence, they are often
referred to as bifidogenic or bifidus factors. The mechanism(s) by which
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prebiotics promote the relatively specific proliferation of bifidobacteria
among the other major genera of intestinal bacteria remains speculative. It
is possibly due to the relatively efficient utilization of these carbohydrates as
carbon and energy sources by bifidobacteria and tolerance of these bacteria
to the SCFAs and acidification resulting from fermentation. Inulin and fruc-
tooligosaccharides remain the most intensively studied prebiotics. However,
there are a range of other indigestible di-, oligo-, and polysaccharides that
have been shown to have potential to act as prebiotics, and on which this
chapter focuses.

The prebiotic approach offers some advantages over the probiotic
strategy. Technologically, prebiotics are stable and can be incorporated into
a wider range of foods and beverages with longer shelf lives than probiotics.
They also promote the proliferation of indigenous microbiota, therefore
eliminating concerns about host specificity and colonization by exogenous
strains. Studies by Tannock and coworkers (10,11) have indicated that indi
viduals may carry their own unique complement of dominant strains of
bifidobacteria. Prebiotics may therefore overcome the difficulty facing exog-
enous probiotics of trying to persist in an environment in which there is
already an established microbiota and possibly host factors working against
them. Prebiotics also modify the activity of the microbiota by providing a
source of readily fermentable carbohydrate. Indeed, it may be this dietary
fiber–like characteristic of modifying the fermentative activity of the existing
microbiota that is the important factor in providing a number of health
benefits to consumers.

C. Synbiotics

A synbiotic is a mixture of a probiotic bacterium and a prebiotic car-
bohydrate that beneficially affects the host by improving the survival
and persistence of live microbial dietary supplements in the gut, by se-
lectively stimulating the growth and or metabolic activity of one or a

limited number of health-promoting bacteria, but especially the added
probiotic bacterial strain or strains.

There is an obvious potential for synergy between prebiotics and pro-
biotics.Hence, foods containing both prebiotic and probiotic ingredients have
been termed synbiotics (12). The prebiotics used in synbiotic combinations are
often currently selected on the basis of food technology issues and may not in
all cases be the optimal complement for the probiotic strains. However, if
synergy between the probiotic and prebiotic ingredients is to be exploited, the
probiotic strain should be able to utilize the prebiotic as a carbon substrate in
the gut efficiently. Not all probiotic species and strains can utilize fructans as a
carbon and energy source. Other nondigestible carbohydrates may be the
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most appropriate choice to include with many probiotics, to provide the best
synergistic combination to benefit the probiotic’s survival and/or functional-
ity in the gastrointestine. Since it is unlikely a particular prebiotic carbohy-
drate will be fermented solely by the added probiotic strain in the intestinal
tract, it is desirable that the prebiotic selectively promote the growth and
activity only of beneficial populations within the intestinal microbiota.

Synbiotic technology is relatively new and continues to evolve (Fig. 1).
Ultimately, manufacturers want prebiotics that can provide a health benefit
to the consumer and complement their probiotic strains in the product as well
as in the gastrointestinal tract by promoting stability, viability, and function-
ality. The prebiotic should also add to the taste and physicochemical
properties of food products (14) (see Sec. VIII).

D. Why Induce Higher Numbers of Bifidobacteria
and Lactobacilli in the Intestinal Microbiota?

The answer to the question of why to induce higher numbers of bifidobacteria
and lactobacilli in the intestinal microbiota is still largely theoretical since
studies conclusively linking naturally high levels of intestinal bifidobacteria or
lactobacilli with improved health are yet to be published. The idea that
increasing the number of these particular genera in the intestinal tract might
be beneficial to health stems largely from studies of the changes in the
composition of the intestinal microbiota with age. Bifidobacteria dominate

Figure 1 Evolution of the development of synbiotics. GI, gastrointestinal; SCFA,
short-chain fatty acid.

Playne and Crittenden102



the microbiota of breast-fed infants and, after remaining relatively stable as
one of the dominant intestinal genera throughout adulthood, reduce in
numbers in the elderly (6,13). In the elderly, the decrease in bifidobacterial
numbers is concurrent with an increase in potentially putrefactive organisms
such as clostridia (6). Intestinal lactobacilli and bifidobacteria are nonpatho-
genic, nonputrefactive, nontoxigenic, saccharolytic organisms that appear
from available knowledge to provide little opportunity for deleterious activity
in the intestinal tract. As such, they are reasonable candidates to target in
terms of restoring a favourable balance of intestinal species in cases when the
intestinal microbiota of the host contains a high proportion of potentially
harmful bacteria. The safe use of these bacteria as probiotics and emerging
evidence of benefits from consumption of probiotic lactobacilli and bifido-
bacteria add weight to the idea of enhancing these populations in the in-
testinal tract by using prebiotics. However, little is known of the role of many
genera and species residing within the intestinal tract in health and disease, or
how the microbiota composition and activity change with age, lifestyle, and
culture, and how the changes influence human health. Other genera may also
be important targets for prebiotics, in terms of both promoting beneficial
bacteria and suppressing populations and activity of harmful bacteria.
Further studies of colonic microecology and interactions between the micro-
biota and the host in health and disease are essential prerequisites to designing
appropriate prebiotic strategies.

II. TYPES OF NEW PREBIOTICS AND THEIR BIFIDOGENIC
EFFECTS

In terms of prebiotic effects on the composition of the colonic microbiota,
studies of inulin and fructooligosaccharides (108) currently dominate the
scientific literature. A number of studies have demonstrated that these
fructans can increase the proportion of bifidobacteria in the fecal flora. On
the strength of these studies, inulin and fructooligosaccharides are now the
most commonly used prebiotics in functional foods in Europe, Japan, and
Australia (14). However, fructans are not the only carbohydrates that have
attracted the interest of researchers studying the effects of dietary components
on the intestinal microbiota’s activity and composition. A number of other
oligo- and polysaccharides have been reported to act as bifidogenic factors
and have been produced and marketed commercially for this purpose since
1985 (15). These include lactulose, galacto-, xylo-, isomalto-, and soybean
oligosaccharides; lactosucrose; and a range of indigestible cereal polysac-
charides and resistant starches. Carbohydrates (other than fructooligosac-
charides)marketed for their bifidogenic potential are listed in Table 1. Inmost
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cases, the amount of published research is limited thus far to in vitro or animal
studies, or small and limited human pilot trials. In many cases, too, feeding
trials have been conducted without adequatemonitoring of fluctuations in the
baseline levels of microbial populations before intervention. However, all
these carbohydrates have shown at least some potential to act as prebiotics
that may be borne out in future, well-designed human feeding studies.

A. Galactooligosaccharides

Next to fructooligosaccharides and inulin, galactooligosaccharides are per-
haps the most studied NDOs for prebiotic effects of the commercially
available oligosaccharides. Galactooligosaccharides are fermented by a range
of human Bifidobacterium species that utilize these sugars relatively well
compared to many other intestinal bacteria when grown in vitro (16,17).
However, in terms of eliciting significant bifidogenic effects in humans, the
results of feeding trials have been mixed. Some trials have indicated that
galactooligosaccharides can induce increases in fecal Bifidobacterium sp.
levels (18–20), whereas others have observed no significant bifidogenic effect
(21–23). This difference in the observed responses between the trials was not
due to a dose effect since relatively low levels of galactooligosaccharides (2.5
g/day) were used in the trial by Ito and associates (1993) (19), whereas doses
up to 15 g/day produced no significant response in the trial of Alles and col-
leagues (1999) (22). A range of factors may influence the size of any increase in
Bifidobacterium sp. numbers, one of which is the initial size of the population.
In comparing different trials conducted using fructooligosaccharides, Rao
(1999) (24) observed that the size of the bifidogenic response was inversely
proportional to the size of the initial Bifidobacterium sp. population rather
than there being a strong dose response. Prebiotics produce bifidogenic
responses only in individuals with relatively low initial populations of these
bacteria, where there is room for an effect to occur. In the case of galactoo-
ligosaccharides, a consistently strong bifidogenic response in humans remains
to be demonstrated.

B. Soybean Oligosaccharides

Composed mainly of raffinose and stachyose, soybean oligosaccharides are
fermented well and relatively selectively by many human species of bifidobac-
teria (25). Soybean oligosaccharides have been trialed in a number of small
human feeding studies that have demonstrated increases in fecal bifidobacte-
rial populations (26–29). Hence, they are promising bifidogenic candidates
that warrant further investigation to determine their impact on the wider
intestinal microbiota population in well-designed human feeding trials.

Playne and Crittenden104



Table 1 Typical Compositions of Commercial Oligosaccharidesa

Soybean oligosaccharide
SOYAOLIGO Stachyose 24%; raffinose 8%; sucrose 39%,

glucose/fructose 16%; other saccharides 13%
[Calpis Food Industry, Japan]

Galactooligosaccharide
CUP OLIGO Minimum 70% of solids as galactooligosac-

charides (available as syrup and powder)
type: 4V-galactosyl lactose

[Nissin Sugar, Japan]

TOS 85 POWDER 85% Galactooligosaccharides; 0.3% galactose;
3.3% glucose; 10.7% lactose

TOS Elix’or SYRUP 58.5% galactooligosaccharides of solids, 0.12%
galactose; 19.7% glucose; 20.65 lactose; dry
weight 73.9%

[Borculo-Domo, Netherlands]

OLIGOMATE 55 SYRUP >55% Galactooligosaccharides of solids;
<45% monosaccharides and lactose;
75% solids

OLIGOMATE 55 POWDER >55% Galactooligosaccharides; <45%
monosaccharides and lactose

TOS pure POWDER 99% Galactooligosaccharides (<5% moisture)
[Yakult Honsha, Japan]

Lactosucrose
NYUKA ORIGO LS-40L 43% Lactosucrose of solids; 42% sucrose; 6%

lactose; 3% monosaccharides; 6% other
oligosaccharides

NYUKA ORIGO LS-55L 58% Lactosucrose of solids; 23% sucrose; 8%
lactose; 3% monosaccharides; 8% other
oligosaccharides

NYUKA ORIGO LS-55P 57% Lactosucrose; 7% sucrose; 22% lactose;
4%monosaccharides; other oligosaccharides
10%; <5% moisture

PET-OLIGO L55 45% Lactofructose;b 10% sucrose; 10%
lactose; 3% monosaccharides; 6.5%
other oligosaccharides; 24% moisture

PET-OLIGO P55 57% lactofructose;b 7% sucrose; 20%
lactose; 3% monosaccharide; 7% other
oligosaccharide

NEWKA OLIGO LS-35 >35% Lactosucrose of solids; moisture <28%
[Ensuiko Sugar Refining

Company, Japan and
Hayashibara Shoji, Japan]
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Lactulose
CONCENTRATE (Duphalac,

Bifiteral, Chronulac, Cephalac)
67% Lactulose; <6% lactose; <11%

galactose; <5% epilactose; <1.4%
tagatose; <0.7% fructose

CRYSTALLINE FORM >95% Lactulose; <2% lactose; <2.5%
galactose; <3% tagatose; <1.5% epilactose

[Solvay, Germany]

MLS-50 SYRUP 52% Lactulose; 19% mono- and disaccharides;
31% moisture

MLS-40 POWDER 41% Lactulose
MLC-A CRYSTALLINE

ANHYDRATE
98% Lactulose

MLC-H CRYSTALLINE
HYDRATE

86% Lactulose

[Morinaga, Japan]

Xylooligosaccharide
XYLO-OLIGO 95 POWDER >95% Oligosaccharide
XYLO-OLIGO 70 SYRUP >70% Oligosaccharide;

<30% monosaccharide; 25% moisture
XYLO-OLIGO 35 POWDER >35% Oligosaccharide
XYLO-OLIGO 20 POWDER >20% Oligosaccharide
[Suntory Ltd, Japan]

Isomaltooligosaccharide
ISOMALTO-500 SYRUP <25% Moisture; 40% monosaccharides;

29% disaccharide;18% trisaccharide;
13% tetrasaccharide plus (>50%
isomaltooligosaccharides)

ISOMALTO-900 SYRUP <25% Moisture; 4% monosaccharides;
47% disaccharide; 27% trisaccharide;
22% tetrasaccharide plus (>85% IMOs)

ISOMALTO-900 POWDER <5% Moisture; saccharides similar to the
ISOMALTO-900 syrup

[Showa Sangyo Co Ltd, Japan]

PANORUP SYRUP <25% Moisture; 4% monosaccharides;
47% disaccharide; 27% trisaccharide;
22% tetrasaccharide plus (>85% IMOs)

[Hayashibara Group, Japan]

BIOTOSE 50 SYRUP <25% Moisture; 41% glucose; 7% maltose;
20% isomaltose; 9% panose;
9% isomaltotriose; 14% others

Table 1 Continued
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C. Xylooligosaccharides

Xylooligosaccharides (XOS) are also fermented well by many bifidobacteria
(30–33) and have been proposed as potential prebiotics. Suntory Ltd, who are
the main producers of xylooligosaccharide products, claim that xylooligo-
saccharides are very stable at high temperatures and in acidic conditions com-
pared to other oligosaccharides. They also found that their effect on the
intestinal flora is three to four times greater, and consequently lower doses can
be used. In feeding trials in rodents (31) and in a small linear uncontrolled trial
in humans (30), feeding of XOS appeared to increase the numbers of
bifidobacteria in feces relatively selectively. Larger and more rigorously
controlled crossover trials are required to confirm whether xylooligosaccha-
rides act as selective prebiotics in humans.

D. Isomaltooligosaccharides

Unlike the other NDOs discussed, isomaltooligosaccharides are partially
digested and absorbed in the small intestine. However, breath hydrogen tests

PANORICH SYRUP <26% Moisture; 23% glucose; 17% maltose;
9% isomaltose; 30%panose; 3%maltotriose;
2% isomaltotriose; 16% branched others

[Nihon Shokuhin Kako Ltd, Japan]

GENTOSE 50 SYRUP <30% Moisture; 2% fructose; 51% glucose;
30% gentiobiose; 11% gentiotriose;
5% gentiotetraose

GENTOSE 80 SYRUP <28% Moisture; 2% fructose; 6% glucose;
51% gentiobiose; 28% gentiotriose;
14% gentiotetraose

GENTOSE 80 POWDER <5% Moisture; <5% saccharides
[Nihon Shokuhin Kako Ltd, Japan]

PALATINOSE/ MALTULOSE >90% Gentio-oligosaccharides
ICP 100% Palatinose powder
ICO 45% Palatinose powder;

45% palatin-oligosaccharides;
10% saccharides

[Mitsui Sugar Co, Japan]
IOS Mixed syrup

a Saccharides are expressed as percentage of total anhydrous saccharides present in all cases.
bLactofructose is structurally identical to lactosucrose.

Table 1 Continued
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indicate that a proportion of isomaltooligosaccharides fed to adult humans
(25g dose) remains available for fermentation by intestinal bacteria (34).
Isomaltooligosaccharides are well fermented by bifidobacteria, but also by
many species from other major intestinal genera, including bacteroides and
clostridia (35). In three sequential human feeding trials, isomaltooligosac-
charide consumption resulted in small increases in fecal Bifidobacterium sp.
numbers at doses of 10–20 g/day (35–37). In the two trials that examined
effects on other groups of intestinal bacteria (35,36), the bifidogenic effect
appeared to be relatively selective. However, further controlled human
‘‘crossover’’ studies are required to confirm the prebiotic nature of isomal-
tooligosaccharides.

E. Lactulose

Lactulose was first recognized to be bifidogenic in 1957 (38). It was not until
1971 that other oligosaccharides were also found to be able to promote the
growth of bifidobacteria. Lactulose has been shown to be a relatively selective
bifidogenic factor in two studies using healthy adult subjects (39,40) and
promoted the development of a microbiota rich in bifidobacteria in a
controlled study of an infant milk formula containing this disaccharide (41).
Hence, lactulose has found commercial applications as a bifidogenic factor in
infant milk formulas and foods in addition to its use as a therapeutic to relieve
chronic constipation and hepatic encephalopathy (42).

F. Lactosucrose

Together with lactulose, and fructo-, soybean, isomalto-, and galactooligo-
saccharides, lactosucrose (h-D-galactopyranosyl-(1!4)-a-D-glucopyranosyl
h-D-fructofuranoside) is recognized by the Japanese Foods for Specified
Health Use (FOSHU) regulatory system as a bifidogenic factor. This oligo-
saccharide is sold in Japan in a range of drinks, confectionaries, and pet foods
and as a table sugar. Bifidobacteria ferment lactosucrose well in vitro relative
to most enterobacteriaceae (43) and have been observed to increase the size of
the fecal Bifidobacterium sp. population in small trials on healthy adults (44–
46) and patients with inflammatory bowel disease (47). As with the other
oligosaccharides described in this chapter, lactosucrose shows good potential
as a prebiotic that may be borne out in further human studies.

III. EMERGING PREBIOTICS

In addition to lactulose and the oligosaccharides discussed thus far, a number
of other saccharides have been investigated for their effects on the human
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intestinal microbiota. These include lactitol, which produced similar effects to
lactulose but was slightly less potent (40), and glucono-y-lactone, which
induced a selective increase in fecal Bifidobacterium sp. numbers in humans
at a dosage of 3 or 9 g/day in a small sequential study (48). The prebiotic
effects of lactitol were summarized in 2000 (49). Depolymerized pyrodextrin
(50), partially hydrolysed guar gum (51), palatinose polycondensates (52),
and a-glucooligosaccharides (53) have also been demonstrated to have
potential as bifidogenic factors, although all require further research to
confirm these effects.

Bacterial exopolysaccharides have to date remained largely unexplored
as a source of prebiotic substrates. A polysaccharide produced by a strain of
Streptococcus macedonicus was reported in 2001 to possess a structure with
repeated oligosaccharide units that form the backbone to human milk
oligosaccharides (54) and could potentially find applications in infant milk
formulas. In the future, transglycosylation activity of glycosidases from
specific probiotic bacterial strains might be exploited to produce oligosac-
charides for specific synbiotic combinations.

A. Cereal Polysaccharides

The effect of cereal polysaccharides on microbial population dynamics in the
intestinal tract has not been intensively studied, but a few reports have
indicated that they may have potential to act as prebiotics. Arabinoxylans
and h-glucans are the major indigestible cereal fiber constituents that are
fermentable by bacteria in the human gastrointestinal tract. Cereal h-glucans
are not fermented by most lactobacilli and bifidobacteria (55), but h-gluco-
oligosaccharides produced by controlled hydrolysis of cereal h-glucans can be
utilized by some bifidobacteria and lactobacilli (33,56), although studies of
their selectivity and prebiotic effect in vivo have not yet been reported.
Arabinoxylan and arabinoxylooligosaccharides appear to be good candidates
for further study to assess their prebiotic potential. In vitro, these carbohy-
drates are relatively selectively fermented by Bifidobacterium longum and
Bifidobacterium adolescentis and are poorly fermented by other intestinal
species, including bacteroides, enterococci, Clostridium difficile, Clostridium
perfringens, and Escherichia coli (31,33,55).

B. Resistant Starches as Prebiotics

In recent years, it has been recognized that resistant starches have the po-
tential to act as prebiotics, enhancing counts of bifidobacteria in fecal samples
in animal studies (57–61). Additionally, resistant starch can provide protec-
tion for probiotic bacteria during transit to the colon (60) and may act as an
‘‘adhesion site’’ in the colon for the bacteria (62). This physical association
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between probiotic bacterium and prebiotic substrate may be able to be ex-
ploited for strain-specific synbiotics. Furthermore, resistant starches can be
consumed in greater daily quantities (e.g., 40 g/day/adult human) without
bowel distension by gas production or laxative effects.

Resistant starches differ fromNDOs in the rate of colonic fermentation.
They show amore sustained period of fermentation, whereas most NDOs are
rapidly fermented. Sustained fermentation results in colonic fermentation ac-
tivity’s extending into the transverse and distal segments of the colon, rather
than being largely restricted to the proximal colon. There is, therefore, a
theoretical advantage in supplying the host with a combination of short-chain
oligosaccharides with a longer-chain complex carbohydrate, such as inulin or
resistant starch, to gain maximal prebiotic effects including suppression of
protein metabolism in the distal colon. Preliminary data in pigs from our
research indicate that the total pool of colonic bifidobacteria increases with
diets containing both resistant starch and fructooligosaccharide (58).

IV. SUSTAINED DOSAGE AND ‘‘WASHOUT’’ EFFECTS

The ability of sustained prebiotic intake to minimize the frequency of dosage
of a probiotic bacteria needed to maintain a desired colonic population is not
well documented. The commercial culture supplier’s view is usually that daily
dosage of a probiotic is necessary to maintain adequate viable numbers in the
colon. A few experiments have examined ‘‘washout’’ of probiotics after ces-
sation of daily dosage (63–65). Probiotic strains usually persist in high num-
bers in the intestinal tract for little longer than the normal intestinal transit
period. We have examined such effects in pigs and mice, in the presence and
absence of continued dosage of an oligosaccharide (Oligofructose) and a re-
sistant starch (high-amylose HiMaize) during the ‘‘washout’’ period. The
studies were conducted using Bifidobacterium animalis CSCC 1941 as the
dosed probiotic strain. Continued ingestion of the prebiotics after the cessa-
tion of probiotic dosage increased the time in which the Bifidobacterium spp.
persisted in high numbers in the intestinal tract by several days. This result
demonstrates that synbiotic effects are possible and can promote enhanced
functionality (in this case, persistence) of complementary probiotic strains.

V. HEALTH EFFECTS OF PREBIOTICS

Studies on the health effects of prebiotics are in their infancy, and most of the
proposed benefits remain to be thoroughly studied, in terms of both under-
standing mechanisms of action and demonstrating clinical efficacy. Although
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Figure 2 Potential health benefits proposed for prebiotics. SCFA, short-chain fatty

acid.
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largely conceptual at this early stage of development and our understanding
of diet–microbiota–host interactions, there are a range of benefits to human
health that could potentially be supplied by prebiotics (Fig. 2).

A. Management of the Intestinal Microbiota: Improvement
of the Gut Barrier

Aiding the development of a ‘‘bifidus’’ intestinal microbiota in milk formula–
fed infants to mimic microbiota development in breast milk–fed infants is one
application for prebiotics that has already gained medical and commercial
acceptance. Rapidly restoring a ‘‘healthy’’ microbiota in individuals with a
perturbed intestinal flora to prevent exogenous and endogenous intestinal
infections is another potential application that shows promise (66,67). Pre-
biotics may be especially applicable to the elderly, in whom Bifidobacterium
sp. numbers decrease and are replaced by higher levels of putrefying bacteria.
Use of prebiotics to treat inflammatory bowel diseases and irritable bowel
syndrome through improvement of intestinal microbiota composition and
activity has also been proposed (47,68,69) but not yet intensively studied.
Through their action in fecal bulking, prebiotic oligosaccharides are effective
in relieving constipation and maintaining normal stool frequency (70).
Immunomodulation effects, as observed for probiotics (71–74), have thus
far been scarcely investigated for prebiotics. Prebiotics may have applications
in the prevention of food allergy in infants, as observed for probiotics (74), by
contributing to the development of a ‘‘normal’’ microbiota.

Bifidogenic effects are the most discernable impact of prebiotics. Con-
sequently, even in the absence of synbiotic treatments where an exogenous
probiotic Bifidobacterium sp. strain is added together with a prebiotic, the
results from any prebiotic addition will always be confounded in a physio-
logical or health sense by the increases in numbers of resident bifidobacteria.
Thus, the physiological and health effects shown by prebiotics will often
overlap those found for bifidobacteria.

B. Prevention of Colon Cancer

Since they supply a source of fermentable carbohydrate to the colon, dietary
fiber–like, anticarcinogenic effects have been proposed for prebiotics. Pro-
posed mechanisms include the supply of the colonic epithelium with SCFA,
particularly butyrate, and suppression of microbial protein metabolism, bile
acid conversion, and other toxigenic bacterial reactions. A number of rodent
studies [summarized by van Loo and associates 1999 (70)] have demonstrated
reduced cancer risk in animals consuming prebiotics. However, in these
studies, the animals often consumed oligosaccharide doses far in excess of
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those tolerable by humans (in some cases greater than 10% of the diet).
Additionally, the rapid intestinal transit time in rodents compared to that in
humans means that effects observed with rapidly fermented oligosaccharides
in these models may not translate well to the distal colon and rectum in hu-
mans, the primary sites for colon carcinomas. Prebiotics that can supply a sus-
tained source of fermentable carbohydrate to intestinal microbiotamay prove
the most effective in reducing the risk of colon cancer by extending SCFA
production and suppression of toxigenic bacterial reactions through to the
distal colon. Larger polysaccharides would have the added advantage of being
tolerated in higher doses than smaller, rapidly fermented oligosaccharides.

The levels of toxigenic and mutagenic enzymes (azoreductase, h-glucu-
ronidase, nitroreductase, etc.) and metabolites are often measured as an
indication of the effectiveness of prebiotics in improving the intestinal
environment. A number of studies have indicated that NDOs can reduce
the levels of these enzymes and metabolites in feces, although conclusive links
between these end points and reduced cancer risk remain to be established
(105–107).

C. Improving Mineral Adsorption

Prebiotics have also been investigated for their effects on dietary mineral
adsorption in a number of animal and human studies. Although some human
studies have been neutral in their findings (75,76), a number have reported
beneficial effects on calcium absorption (77–79). Further research is war-
ranted to investigate links between long-term prebiotic consumption and
improved bone density in humans at risk of development of osteoporosis.

D. Effects on Serum Lipid and Cholesterol Concentrations

A relatively large number of human studies have focused on the effects of
oligosaccharide and inulin intake on lipid metabolism. These include eight
human trials summarized by van Loo and colleagues (70) and more recent
trials (80–84). Although some positive data have been reported, the results of
these studies have not consistently demonstrated favorable effects of NDO
and inulin consumption on serum triacylglycerol and cholesterol levels,
although no deleterious effects have been reported.

VI. SAFETY AND RECOMMENDED DOSAGES

Galactooligosaccharides are considered safe food ingredients as they are
minor constituents of human milk and can also be produced in the gut by
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intestinal bacteria from ingested lactose. Acute toxicity tests have shown in
rats that ingestion of more than 15 g/kg body weight of b1-4 galactooligo-
saccharide was needed for LD50. No adverse symptoms were recorded in a
chronic toxicity test when 1.5 g/kg body weight was fed for 6 months.
Nonmutagenicity was confirmed by AMES-Salmonella and Rec assay.

Excessive intake (>30 g/day in adults) of most oligosaccharides and
lactulose causes osmotic diarrhea. Recommended intake of total oligosac-
charides from all sources is therefore 10 to 15 g/day for adult humans (0.14–
0.21 g/kg body weight). Naturally occurring fructooligosaccharides in foods
such as onions are estimated to contribute between 1 and 9 g/day to most
Western diets. Generally NDOs have laxative effects or cause flatulence and
bowel discomfort when daily intakes exceed 25 g/day in a 70-kg human.

VII. QUANTITATIVE MODELING OF CARBON FLOWS
IN THE HUMAN GUT

The contribution of NDOs to energy metabolism and carbon flow in humans
has not received much attention. Calculations of this type in the human
gastrointestinal tract have been made for ruminants and clearly would have
value in improving our understanding of fermentation in the human gastro
intestinal tract. For example, on active adult human of 70 kg body weight has
an energy expenditure of about 12 MJ per day. One would normally expect
a Western diet to contain 70 g fat (contributing 2772 kJ), 100 g protein
(contributing 1860 kJ), and 420 g carbohydrate (contributing 7350 kJ) to
make up the required 12MJ. Up to 10% (or 42 g) of the carbohydrate sources
supplied would be expected to be resistant to digestion and be available for
fermentation in the colon. If this were all fermented, it would give rise to about
30 g or 428 mmole of SCFA. Clearly the more cellulosic and lignified
components would not be fermented. An additional 15 g/day of NDOs would
probably be completely fermented and theoretically give rise 143 mmole of
SCFA. The amount of carbon needed for the synthesis of bacterial cells
depends on the bacterial cell turnover rate and transit time in the colon. This
diversion of carbon reduces the amount of SCFA produced from carbohy-
drates in the colon.

Questions to be answered include the following:

The volume of microbial biomass produced
The contribution of prebiotics to total available carbon pool in the
colon

The contribution of epithelial cell material and mucins to the carbon
pool
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The site of prebiotic fermentation in the colon (proximal vs. transverse
vs. distal)

The site and effects of carbon and other nutrient limitations on
microbial fermentative activity

Production and absorption rates of SCFA (as opposed to concen-
trations of SCFA)

VIII. FUNCTIONAL PROPERTIES OF NONDIGESTIBLE
OLIGOSACCHARIDES

There are a number of functional properties possessed by food grade
oligosaccharides that although they do not confer direct physiological effects
on the host are nevertheless important and make NDOs attractive for use in
foods. Examples are sweetness, low cariogenicity, and low calorific value, all
of whichmake them useful as a replacement for sugars and fats in foods. Their
indigestibility and subsequent effect on glucose and insulin responses also
make them suitable for diabetics. Obviously, there are factors affecting
functionality of the oligosaccharides in a foodstuff. These include viscosity,
water activity, moisture retention, color, osmolality, and storage stability.

Technological properties of galactooligosaccharides are the following:

Appearance: translucent/colorless
Sweetness: usually less than half that of sucrose
Water activity: similar to that of sucrose
Viscosity: similar to that of high-fructose glucose syrup
Heat stability (e.g., galactooligosaccharides are stable to 160jC for 10
min at pH 7 and to 100jC for 10 min at pH 2)

Acid stability: xylo- and galactooligosaccharides found to bemore acid-
stable than fructooligosaccharides (over the temperature span 5jC to
37jC)

Indigestibility: resistant to salivary and pancreatic alpha amylase and
other carbohydrases and gastric juice

Energy value: about 50% of that of sucrose; suitable for diabetics
Cariogenicity: low
Other food technology advantages: increased viscosity, reduced
Malliard reactions and crystal formation, and alteration of freezing
points

Applications of NDOs in foods include the following:

Dairy products: milk, yogurt, infant milk powders, fermented milk
drinks

Drinks: coffee drinks, soft drinks, soybean milk
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Confectionery: candy, muesli bars, sports bars, energy bars, cakes,
chocolate

Desserts: ice cream, pudding, jelly, sherbet
Bakery products: bread, buns
Jam: chilled jam, chocolate paste
Other products: health foods, diet sugar, processed meat products,
processed marine products, honey products

Feed additive: animal feeds for cattle, pigs, poultry, companion animals

IX. PRODUCTION OF OLIGOSACCHARIDES

Food-grade oligosaccharides are made by three processes: (a) extraction and
purification from plants, e.g., soybean oligosaccharides, inulin from chicory;
(b) controlled enzymic degradation of polysaccharides, e.g., xylooligosac-
charides, isomaltooligosaccharides, and some fructooligosaccharides; (c)
enzymic synthesis from sugars, e.g., some fructooligosaccharides, galactoo-
ligosaccharides, and lactosucrose.

A. Enzymic Synthesis of Oligosaccharides

Much research has been conducted on the enzymic synthesis of oligosacchar-
ides (85–87). Simple, cheap methods have been developed for production of
food-grade oligosaccharide mixtures using enzymes. More complex and ex-
pensive methods requiring cofactors, such as uridine diphosphate (UDP),
and expensive glycosyl transferase enzymes have been developed for produc-
tion of structurally specific and longer-chain oligosaccharides. Lactose has
been the substrate used for enzymic production of galactooligosaccharides,
for isomerization to lactulose, and for chemical conversion to lactitol.
Lactosucrose is produced by enzymic synthesis from lactose and sucrose.
Consequently, much of this section concentrates on these processes using
lactose.

1. Galactooligosaccharides

Galactooligosaccharides are formed by the enzyme h-galactosidase (EC
3.2.1.23) from lactose in a transgalactosylation reaction. This synthetic
reaction occurs simultaneously with hydrolytic degradation of the lactose.
Thus, a mixture of glucose, galactose, lactose, and tri-, tetra-, and pentaoli-
gosaccharides are usually formed.

h-Galactosidases from different biological sources and even from dif-
ferent genera of bacteria have markedly different abilities to synthesize
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galactooligosaccharides (88) and show variation in their ability to produce
particular chain lengths and structures. For example, several structures of
trisaccharide can be formed (see Fig. 3). Both 4V-galactosyl lactose (Galh1-
4Galh1-4Glc) and 6V-galactosyl lactose (Galh1-6Galh1-4Glc) predominate in
the commercial products. However, 3V-galactosyl lactose is also commonly
formed. A wide range of organisms have been studied for the suitability of
their h-galactosidases, and organisms such as Sterigmatomyces elviae have
given high oligosaccharide yields from lactose at 200 g/L at 85jC (89).

Manufacturing Process. Galactooligosaccharides are formed from
lactose in a batch reactor, using one or more h-galactosidase enzymes
(lactases) in sequence or together. Elevated temperatures are used (50jC–
80jC). The principal reason for this method is to achieve a high solubility of
lactose and thus reduce water activity and push the enzymic reaction toward
synthesis of oligosaccharides rather than hydrolysis to monomer sugars.
Lactose concentrations of up to 400 g/L are used. The choice of enzymes is
important as some sources produce h1-4 linkages and others h1-6 linkages.
Some enzymes also tend to have stronger hydrolytic activity than others; e.g.,
h-galactosidase from Aspergillus niger has a strong hydrolytic activity. The
composition of the mixture of oligosaccharides produced by different en-
zymes varies; e.g., some produce more tetra-, penta- and hexasaccharides.

Figure 3 Chemical structures of the two predominant galatotrisaccharides present
in commercial galactooligosaccharide products: a-glu–(1-4)-h-gal-(1-4)-h-gal and a-
glu–(1-4)-h-gal-(1-6)-h-gal.
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Generally, production of trisaccharides is dominant, forming more than 80%
of the total oligosaccharides in the mixture. Enzyme derived from Crypto-
coccus laurentii and Bacillus circulans tend to produce h1-4 linked galactoo-
ligosaccharide, whereas Aspergillus oryzae and Streptococcus thermophilus
produce predominantly h1-6 linked galactooligosaccharide (90). The former
enzymes are used by Nissin to produce their Cup-Oligo product, which is a
h1-4 galactosyl lactose, whereas Yakult and Snow Brand have used the latter
enzymes for their products, which have predominantly h1-6 linkages. Yakult
now also uses Bacillus circulans to produce h1-4 linked product. The Yakult
products are named Oligomate 55 and TOS 100. Typical mixtures for the
commercial products are shown in Table 1. Enzyme costs are an important
consideration in these processes. Hence reuse and immobilization of enzymes
have been researched. It is not thought that such techniques are yet used
commercially.

After batch reaction, the product mix is decolorized and demineralized,
filtered, and concentrated to produce either a syrup or a powder.When highly
concentrated product is required, such as for Yakult’s TOS100 product, then
further processing is required and this usually involves chromatographic
separation of the mono- and disaccharides from the longer-chain oligosac-
charides (see Fig. 4).

Food-grade galactooligosaccharides, although mixtures, are well de-
fined and consistent in composition. These characteristics are achieved by
good quality control of the manufacturing process at each stage, namely, in
choice of enzyme(s) source, temperature of process, lactose concentration,
purification steps, and concentration procedures. The production, properties,
effects, and uses of galactooligosaccharides were reviewed in 2000 (91).

2. Lactosucrose (h-D-Fructofuranosyl
4-O-h-D-Galactopyranosyl-a-D-Glucopyranoside)

Lactosucrose is a trisaccharide, the chemical structure of which is shown in
Fig. 5. Ensuiko Sugar Refining Company is the main producer of lactosu-
crose. It is produced from lactose and sucrose feedstocks by an enzymic
transfructosylation reaction to form a structure containing galactose-1-4-
glucose-1-2-fructose. The compound is also called lactosyl-fructoside. The
enzyme used is h-fructofuranosidase (invertase) (EC 3.2.1.26) from Arthro-
bacter species. Conditions required to produce high yields of lactosucrose
product are similar to those required for galactooligosaccharide production,
as the enzyme also hydrolyses the substrates.

Manufacturing Process. A mixture of sucrose and lactose (45:55) as a
38%–50% solution, at pH 5.8–6.2, is reacted in the presence of the enzyme h-
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Figure 4 Commercial process for the production of galactooligosaccharides.

Prebiotics 119



fructofuranosidase at 55jC–60jC. After reaction, the enzyme is inactivated,
and the solution decolorized with activated carbon, filtered, concentrated,
purified, refiltered, deionizedwith ion-exchange resins, and concentrated (92).

3. Isomaltooligosaccharides

Isomaltooligosaccharides (IMOs), such as isomaltose, panose, isomalto-
triose, and isomaltotetraose, have a-1-6 glucosidic linkages. Isomalto mix-
tures, such as Isomalto-900 produced by Showa Sangyo Co Ltd, are prepared
from corn starch by the actions of alpha-amylase, pullulanase, and alpha-
glucosidase. The IMOs occur naturally in foods such as miso, soy sauce, sake,
and honey. These isomaltooligosaccharide mixtures have also been called
anomalously linked oligosaccharides mixtures (ALOMs) (93).

Manufacturing Process. Yatake has described the process used by
Showa Sangyo (93). A 30% slurry of starch at pH 6.0 is dextrinized (liquefied)
using a thermostable bacterial a-amylase. The degree of hydrolysis expressed
as a dextrose equivalent is kept between 6 and 10. Simultaneous saccharifi-
cation and transglucosidation of the solution of dextrin take place using
soybean h-amylase and fungal a-glucosidase (60jC, pH 5.0). The solution is
then filtered, decolorized, demineralized, and concentrated. The concentrate
is then separated into an oligosaccharide–rich fraction by moving bed liquid
chromatography using Na-form cation-exchange resins, to produce IMO-
900, and a sugar–rich fraction to produce IMO-500. A powdered version of
IMO-900 is produced by spray drying.

Hayashibara Group produces Panorup, which is an isomaltooligosac-
charidemixture with similar properties. TheMitsui SugarCompany produces
palatinose (maltulose) products, including pure crystalline palatinose, and
mixtures of palatinose oligosaccharides, which also contain palatinose poly-
condensates, other saccharides, trehalulose, and monosaccharides. It has

Figure 5 The chemical structure of lactosucrose.
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been demonstrated to have a bifidogenic effect (52). Nihon Shokuhin Kako
Co. Ltd produces Biotose 50, which is composed of isomaltose, panose,
isomaltotriose, and glucose. This product is produced by a similar process.
Nihon also produces Panorich, which is a panose syrup, containing 25%
panose, maltose, glucose, and some IMOs. It is also claimed to have some
bifidogenic effect, although like other maltooligosaccharides, it exhibits
partial digestion in the stomach and small intestine. Along with maltooligo-
saccharides and glycosyl sucrose (coupling sugar), such oligosaccharide
mixtures cannot be regarded as true prebiotics. TheNihon company produces
Nisshoku Gentose, which because of the enzymes used results in a different
product of transglucosidation , and the resulting gentiooligosaccharide has a
h-1-6-glucosidic linkage, and not the usual a-1-4 and a-1-6 linkages. The
product is claimed to be bifidogenic. Its composition is given in Table 1.
Nakakuki and coauthors (94,103) have reviewed oligosaccharides derived
from starch in comprehensive papers. The chemical structures of malto-,
isomalto-, and gentiooligosaccharides are shown in Fig. 6.

4. Specific Long-Chain Oligosaccharides

Although food-grade oligosaccharides are invariably mixtures of oligosac-
charides (both in chain length and in chemical structure), the pharmaceutical
and chemical industries have extensively studied enzymic routes for the
formation of specific oligosaccharides. Glycosidases (such as h-galactosidase)
are less selective and consequently less regiospecific than glycosyltransferases.
Glycosidases are widely available from plant cells, animal cells, and bacterial
cells. Glycosyltransferases, however, require expensive cofactors (UDP), and
their use can only be justified when longer-chain specific oligosaccharides are
required. One application of the use of glycosyltransferases is the production
of synthetic human milk oligosaccharides. A 1998 report (95) shows that it is
possible to produce UDP-galactose and globotriose on a large scale by
coupling metabolically engineered bacteria. This work could lead to the
development of new methods to produce oligosaccharides by coupling sugar
nucleotide production systems with glycosyltransferases.

B. Extraction from Plants and Controlled Enzymic
Hydrolysis

1. Xylooligosaccharides

The structure of xylan is variable, ranging from a linear 1,4-h-linked poly-
xylose chain to highly branched heteropolysaccharides. The main chains
consist of D-xylose, whereas the branches contain arabinofuranose and
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glucuronic acid residues. Xylan is a major component of hemicellulose and
consequently is readily available from a range of lignocellulosic waste streams
(e.g., corncob, sugarcane bagasse).

Manufacturing Process. Xylooligosaccharides (Fig. 7), produced by
controlled hydrolysis of relatively unsubstituted xylan, are also well fer-
mented by many bifidobacteria (30). The Suntory process uses pretreatment
with alkali of corncobs to release hemicelluloses. After washing, saccharifi-
cation takes place, using endo-1,4-h-xylanase to produce a solution of 75%–
80% oligosaccharide. This is then ultrafiltered, followed by reverse osmosis
(RO), which splits the product into two streams. The permeate stream, which
contains 60%–70% oligosaccharide, receives a second RO treatment. The
permeate from this is discarded. The concentrate, which contains 70% or

Figure 6 Chemical structures of malto-, isomalto-, and gentiooligosaccharides.
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more oligosaccharide, is purified to yield the product Xylooligo 70. The
concentrate from the first RO treatment, which contains more than 95%
oligosaccharide, is purified and produces the Xylooligo 95 product.

2. Soybean Oligosaccharides

The Calpis Food Industry Company Ltd of Japan is the major producer of
soybean oligosaccharides. The oligosaccharides produced are a mixture of
stachyose, raffinose, and sucrose. Stachyose (four monomers) and raffinose
(three monomers) are a-galactooligosaccharides. The chemical structures of
raffinose and stachyose are shown in Fig. 8. The mixture produced by Calpis
contains more than 26% galactooligosaccharides and less than 74% sucrose
and other saccharides. A typical composition is listed in Table 1.

Manufacturing Process. Soybean oligosaccharides are produced by
purification of soybean whey. The protein is removed by precipitation, and
the filtrate is decolorized and demineralized and then concentrated.

Figure 8 Structures of raffinose and stachyose, the predominant oligosaccharides
in commercial soybean oligosaccharide products.

Figure 7 Chemical structure of xylooligosaccharides.
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C. Chemical Conversion of Lactose

1. Lactulose

Lactulose is not a naturally occurring compound, although small amounts are
found in some processed milk lines when heat has been applied. It was first
synthesized in 1930 using calciumhydroxide as the alkali for the isomerization
from lactose (see Fig. 9). Since then, many other alkalis have been tested,
including alkaline borate reagents. The conversions have been reviewed by
Mizota and associates (1987) (96). Lactulose is very soluble in water (76% at
30jC) and melts at 169jC.

Manufacturing Process. Purified lactose is dissolved, an alkali such as
sodium hydroxide is added with or without a catalyst such as borate, and the
mixture is heated to 100jC for the isomerization of lactose to lactulose. The
solution is then deionized and decolorized, and unreacted lactose is removed
as a precipitate after crystallization. After pasteurization, the product is
concentrated and syrups, powders, or crystals are produced.

2. Lactitol (4-h-D-Galactopyranosyl-D-Sorbitol)

Lactitol is a sugar alcohol with very high water solubility (206% at 25jC) but
is insoluble in ethanol (0.75% at 25jC). Lactitol is chemically derived from

Figure 9 Conversion of lactose to lactulose and lactitol.
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lactose by catalytic hydrogenation at high temperature and pressure. It does
not occur naturally or in processed milk products.

Manufacturing Process. Lactitol is prepared from lactose (Fig. 9). The
conversion of a sugar to a sugar alcohol involves the reduction of a carbonyl
group. This can be achieved by catalytic hydrogenation. A typical manufac-
turing process converts a 30%–40% solution of lactose using Raney nickel as
catalyst and hydrogen at 100jC to 200jC and 10,000- to 15,000-kPa pressure.
The sediment produced is filtered, decolorized with activated carbon, demin-
eralized by ion exchange, evaporated, and purified by crystallization. The
reduction of the carbonyl group can also be achieved with sodium borohy-
dride. The properties, production, and physiological effects of lactitol were
summarized by Booy (1987) (97).

X. FUTURE DIRECTIONS AND CHALLENGES

A. Lectin Ligands, Soluble Adhesion Receptor Analogues,
and Human Milk Oligosaccharides

The term chemical probiosis has been coined by workers at the Rowett Re-
search Institute in Scotland to characterize the ability of specific oligosac-
charides found in human milk and colostrum to block the adhesion of
Escherichia coli K88. A Canadian company, Synsorb Biotech Inc., has
developed oligosaccharides (Synsorb) with an inert carrier, which act as
alternative receptors to absorb lectinlike toxins from toxigenic bacteria
(verotoxigenic Escherichia coli, enterohaemorrhagic Escherichia coli, Clos-
tridium difficile). Zopf and Roth (98) discussed the use of oligosaccharides as
anti-infective agents, using a decoy oligosaccharide in the mucous layer to
bind the microorganism’s carbohydrate binding proteins. They claim that
such oligosaccharides (as found in human milk) prevent pathogen attach-
ment. An example is given by the Neose Technology’s (USA) anti-Helico-
bacter pylori oligosaccharide, NE 0080. Idota and colleagues (99) have
examined the utilization by bifidobacteria and by lactobacilli of certain
humanmilk oligosaccharides. Sialyl lactose was only used by Bifidobacterium
infantis, whereas N-acetyl-neuraminic acid was used by Bifidobacterium
longum, Lactobacillus casei, and Lactobacillus salivarius, but not by Lacto-
bacillus acidophilus. Human milk contains 3 to 6 g/L of oligosaccharide (100),
whereas cow’s milk contains very little (0.03–0.06 g/L) and most of that is
sialyl lactose. The major oligosaccharides in humanmilk are lacto-N-tetraose
and lacto-N-fucopentaose. Kunz and Radloff (100) regard the evidence as
strong as these compounds are potent inhibitors of bacterial adhesion to
epithelial cells: ‘‘Human milk oligosaccharides are considered to be soluble
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receptor analogues of epithelial cell surfaces, participating in the nonimmu-
nological defence system of human milk-fed infants.’’ In the development of
any oligosaccharide to compete with pathogen adhesion and in the gut to
impair colonization, care should to be taken to ensure that the oligosaccha-
ride does not also interfere with colonization of the normal intestinal micro-
biota.

B. Synbiotics

The concept of increasing the survival, persistence, and/or activity of a
probiotic strainwith a complementary prebiotic is yet to bewell demonstrated
in humans. Certainly, the concept has merit and the molecular tools now exist
to monitor individual strains and their activity in the intestinal microbiota
(101). Exploiting physical associations between probiotics and particulate
indigestible carbohydrates, such as between bifidobacteria and resistant
starch (62), may provide a means to ensure probiotics can specifically benefit
from an added prebiotic. Prebiotics to complement specific lactobacilli
require development. The ultimate in synbiotic combinations will include
prebiotics that can not only benefit the proliferation and activity of the
probiotic strains in the colon, but also protect the strains during gastrointes-
tinal transit and during manufacture, formulation, and storage.

C. Management of Microbiota Composition and Activity

Little is currently known of the subgenus changes in bifidobacterial popula-
tions that can be induced by prebiotics or of the importance of these changes
in a health context. New molecular tools to investigate changes in population
levels at the genus level, such as reported in 2001 by Satokari and coworkers
(102), now allow an opportunity to investigate the effect of different prebiotics
on individual Bifidobacterium species. These techniques can equally be
applied at the genus, species, and strain levels and will allow a better under-
standing of how prebiotics affect microbial population dynamics in the in-
testinal tract.

Increasing the numbers of bifidobacteria or lactobacilli in the intestinal
microbiota of individuals with an unfavorable intestinal microbial balance
appears with our current understanding of the human intestinal microbiota to
be a reasonable approach to promoting intestinal health. However, basic
research into the composition and role of different microbial populations
within the intestinal microbiota in health and disease is an essential prereq-
uisite for the development of appropriate prebiotic strategies. A more
profound understanding of what constitutes a ‘‘healthy’’ intestinal micro-
biota composition, and which microbial groups and activities are definitively
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involved in health and disease, will allow the development of prebiotics with
specifically targeted health effects in the future.

D. Improving Human Health

The challenge remains to elucidate links between increased numbers of
bifidobacteria within the intestinal microbiota induced by prebiotics and
beneficial effects on the health of the host. Prophylaxis of intestinal infections
through the rapid restoration of colonization resistance after perturbations to
the intestinal microbiota is perhaps one of the simpler health benefits to
examine and is being targeted in a number of research laboratories in Europe.
Prebiotics may have a positive role to play in protection against colorectal
cancer and in dietary mineral absorption and lipid metabolism. Further
studies to elucidate mechanisms by which prebiotics act in these cases are
certainly warranted.

XI. CONCLUSIONS

A range of nondigestible oligosaccharides, already commercially available,
show strong potential as prebiotics and can increase the populations of
bifidobacteria within the intestinal microbiota. New prebiotic carbohydrates
continue to be developed with an emphasis on specific synbiotic interactions
and on extension of fermentation to intestinal sites beyond the proximal
colon. Synbiotic combinations will become more frequently adopted in pro-
biotic functional foods, not only with added bifidobacteria, but also with new
prebiotics designed to complement specific lactobacilli. The development of
molecular methods to examine the composition and activity of the intestinal
microbiota and interactions with the host is central to the future progression
of prebiotic research.
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Dextran and Glucooligosaccharides

Pierre F. Monsan and Daniel Auriol
Centre de Bioingénierie Gilbert Durand, INSA, Toulouse, France

I. INTRODUCTION

Very recently, the European Commission authorized the use of a dextran
preparation as a new food ingredient for bakery applications (1). This clearly
illustrates the renewed interest in dextran as a food ingredient, in addition to
the nutritional applications of glucooligosaccharides. In fact, dextran oligo-
saccharides and isomaltooligosaccharides, which are closely related in struc-
ture as they present a high proportion of a-1,6 glucosidic linkages, are partly
or totally resistent to attack by humans’ and animals’ digestive enzymes. They
are not absorbed in the small intestine. In the large intestine, they are thenme-
tabolized by the colonic bacterial flora and fermented into short-chain fatty
acids (2,3). Such nondigestible glucooligosaccharides are regarded as prebio-
tics or colonic foods. A prebiotic is ‘‘a nondigestible food ingredient that
beneficially affects the host by selectively stimulating the growth and/or
activity of one or a limited number of bacteria in the colon, and thus improves
host health’’ (4). On the other hand, a colonic food is a food ingredient
enterring the colon and serving as substrate for the endogenous bacteria, thus
indirectly providing the host with energy, metabolic substrates, and essential
micronutrients.

II. DEXTRAN

Dextran is a D-glucosyl homopolysaccharide produced by lactic acid bacteria
of the genera Leuconostoc, Streptococcus, Lactococcus, and Lactobacillus (5–
7). It contains more than 50% a-1,6 glucosidic linkages, with different addi-

135



tional branching through a-1,2, a-1,3, and a-1,4 linkages (8). This branching
is the basis of the classification of dextrans into three groups, A, B, and C,
corresponding to a-1,2, a-1,3, and a-1,4 branching, respectively (9). Dextran
biosynthesis does not involve the usual glycosyltransferase scheme with
nucleotide–glucose substrate, as is the case for starch or cellulose biosyn-
thesis, for example. In fact, it was demonstrated by Hehre that dextran is
synthesized from sucrose by a cell-free filtrate (10). The corresponding extra-
cellular enzyme was named dextransucrase (E.C. 2.4.1.5) by Hestrin, Averini-
Shapiro, and Aschner (11).

Dextransucrase is able to use the energy of the glucose–fructose osidic
bond of sucrose to catalyze the transfer of the D-glucosyl moiety through the
formation of a covalent glucosyl-enzyme intermediate (12,13). A dextran
polysaccharide is obtained, with amolecular weight ranging from 500 to 6,000
kda (14,15). D-fructose is released by the enzyme as a coproduct. In addition,
in the presence of an efficient acceptor molecule, which is generally a
carbohydrate, dextransucrase catalyzes the transfer of the D-glucosyl residue
onto the acceptor to yield low-molecular-weight oligosaccharides (16–19).
Maltose is among the most efficient acceptors tested (20). When D-fructose
accumulates in the reaction medium, its pyranosyl form acts as an acceptor to
yield the disaccharide leucrose (21).

The most widely known dextran is produced by the strain Leuc. mesen-
teroides NRRL B-512F. It contains 95% a-1,6 osidic linkages and 5% a-1,3
branching. The products obtained by controlled chemical hydrolysis are used
for the production of chromatography supports (Sephadex) and blood
plasma substitutes or iron carriers (22).

A. Dextransucrase Structure

Dextransucrases have a common structure, similar to the structure of strep-
tococcal glucosyltransferases (13,23–25), which consists of the following
(see Fig. 1):

An N-terminal signal peptide involved in protein excretion (26). The
gene encoding the dextransucrase DSR-A from Leuc. mesenteroides
NRRL B-1299 is the only known exception (27);

Figure 1 General structure of dextransucrases. A, N-terminal signal peptide; B,
variable region; C, catalytic domain; D, glucan binding domain, containing repeated

units. Average amino acid number in the different domains is given.
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A variable region of unknown role (28), which is not present in DSR-A
(27);

A highly conserved N-terminal catalytic domain, which contains the ca-
talytic triad consisting of two aspartic acids and one glutamic acid re-
sidue (29,30) and presents a permutated (h/a)8 barrel structure (13);

A C-terminal glucan binding domain involved in both dextran and glu-
cooligosaccharide synthesis in the case of the dextransucrase from
Leuc. mesenteroides NRRL B-512F (31); this domain contains a se-
ries of repeating units (28,32,33).

The only exception to this general structure is the dextransucrase from
Leuc. mesenteroides NRRL B-1299, which catalyzes the synthesis of a-1,2
osidic linkages: This enzyme contains an additional catalytic domain at the C-
terminal end, which is specifically involved in the synthesis of such a-1,2
branching (34).

The availability of an increasing number of dextransucrase genes, and
more broadly of glucansucrase genes, associated with a deeper characteriza-
tion of the structure–function relationships of the corresponding enzymes at
the molecular level, suggests the potential to design new enzymes with con-
trolled specificity toward both substrates and acceptors, and controlled
regioselectivity in D-glucopyranosyl unit transfer (35). In fact, it is possible
to combine site-directed and randommutagenesis and/ormolecular evolution
approaches. The single substitution of the threonine amino acid residue at
position 667 in the dextransucrase DSR-S from Leuc. mesenteroides NRRL
B-512F by an arginine residue, for example, results in the synthesis of a
dextran polymer that contains 13% a-1,3 glucosidic bonds, instead of 5%
with the native enzyme (35). In the case of glucosyltransferase GTF-S from
Streptococcus mutans, the substitution of the threonine residue 589 by an
aspartic acid residue results in a 30% increase of the amount of a-1,3 osidic
linkage in the synthesized glucan (36).

B. ‘‘Prebiotic Colonic Food’’ Dextran Oligosaccharides

The strain Leuc. mesenteroides NRRL B-1299 produces a dextran polymer
containing 27% to 35% a-1,2 osidic branching linkages, besides a limited
amount of a-1,3 osidic branching linkages (37–40). The dextransucrase ac-
tivity is mostly associated with the cell fraction (41–46). Both cell-associated
and soluble dextransucrase fractions catalyze the synthesis of a-1,2 branched
dextran polymers. In addition, these enzyme preparations keep their selec-
tivity in acceptor reactions, in the presence of maltose as D-glucopyranosyl
residue acceptor, for example (47,48). This reaction yields a mixture of three
families of glucooligosaccharides, with a maltose residue at the reducing end
(49) and containing in addition (Fig. 2)
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Figure 2 Structure of the glucooligosaccharides obtained by the acceptor reaction
catalyzed by the dextransucrase from Leuconostoc mesenteroides NRRL B-1299 in

the presence of sucrose (D-glucosyl donor) and maltose (D-glucosyl acceptor). Series
OD, containing only a-1,6 osidic linkages in addition to the maltosyl residue located
at the reducing end; Series R, containing an additional a-1,2 osidic linkage at the
nonreducing end; Series RV, containing an additional a-1,2 osidic branching linkage

on the penultimate glucosyl residue at the nonreducing end.



Only a-1,6 linkages (series OD), which are closely related in structure to
isomaltooligosaccharides

a-1,6 Linkages and one a-1,2 linkage at the no-reducing end (series R)
a-1,6 Linkages and one a-1,2 linkage on the penultimate D-glucosyl

residue (series RV)

Such a-1,2 osidic linkages present at or near the no-reducing end result
in a very high resistance to hydrolysis by digestive enzymes in both humans
and animals (50). In fact, these glucooligosaccharides were initially designed
as low-calorie food-bulking agents to be used in combination with intense
sweeteners (47). But these glucooligosaccharides are metabolized by certain
species of beneficial intestinal flora, e.g., bifidobacteria, lactobacilli, and
particularly bacteroides, and they are poorly metabolized by potentially
detrimental strains (51,52). In fact, they are not significantly metabolized
by germ-free rats that have no intestinal flora (50).

Such glucooligosaccharides have thus been developed as ‘‘prebiotic
colonic foods’’ for both animal (52) and human applications (BioEcolians,
BioEurope-Solabia). They are fermented by the intestinal flora to short-chain
fatty acids (SCFAs). In heteroxenic rats inoculated with complex human
intestinal flora, the short-chain fatty acid profile in the cecum changes (50),
with a decrease in butyric, isobutyric, and isovaleric acid proportions ( p <
0.01) and an increase in the proportion of caproic acid ( p < 0.05). When
compared to fructooligosaccharides and galactooligosaccharides, glucooli-
gosaccharides are not bifidogenic, but they promote the growth of the cellu-
lolytic intestinal flora. More important is the fact that they induce a broader
range of glycolytic enzymes, without any significantly increased side produc-
tion of gases, and thus without detrimental effects, as demonstrated by using
rats inoculated with human cecal flora (53). These glucooligosaccharides are
used in human food complement formulations, in combination with pro-
biotics (beneficial living microorganisms) and B vitamins, to regulate the
intestinal transit. Their indigestibility has been compared to that of several
commercially available oligosaccharides and polysaccharides (54). Short-
chain fatty acid production for glucooligosaccharides is similar to that of
fructooligosaccharides, guar gum, guar hydrolysate, and gum arabic. Glu-
cooligosaccharides and maltooligosaccharide-like oligosaccharides were ad-
ded to an enteral formula control diet and fed to ileal-cannulated dogs. Ileal
digestibility was lower for both products when compared to that of the
control diet. Total fecal weights were higher and fecal concentration of bifido-
bacteria was numerically increased. These products can thus be regarded as
dietary fiber–like ingredients (54).

The production of dextransucrase by fed-batch cultivation of Leuc.
mesenteroides NRRL B-1299 was optimized, using sucrose as both carbon
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source and enzyme inducer (55,56). The addition of D-glucose to the
sucrose fed-batch feed prevents the repressor effect of D-fructose released
by dextransucrase activity (57). This results in a 100% increase in dex-
transucrase production, up to 9.7 U/mL culture medium. This dextransu-
crase activity is strongly associated with the insoluble phase comprising the
bacterial cells and the surrounding dextran slime (41–46). It is thus easily
recovered by centrifugation and immobilized by entrapment in alginate gel
beads for developing a continuous process for glucooligosaccharide syn-
thesis from a sucrose and maltose mixture (58). The optimal operational
conditions have been determined, stressing the key effect of the sucrose/
maltose concentration ratio on the glucooligosaccharide yield and size
distribution (59).

The in vitro utilization by human gut microflora of (a) industrial-grade
dextran (very probably produced by Leuc. mesenteroides NRRL B-512F
dextransucrase), (b) oligodextran fractions produced by controlled enzymatic
hydrolysis of dextran (60), and (c) maltodextrin was studied by using
anaerobic batch culture fermenters (61). Glucose and fructooligosaccharides
were used as reference carbohydrates. Fructooligosaccharides selectively
increased numbers of bifidobacteria in the early stages of the fermentation.
Dextran and oligodextran resulted in an enrichment of bacteria with high
levels of persistence up to 48 hr, with production of elevated levels of butyrate
ranging from 5 to 14.85 mmol/L. A three-stage continuous culture cascade
system was used for more effective simulation of the conditions that prevail in
different regions of the large intestine. A low-molecular-mass oligodextran
fraction was then shown to be the best substrate for bifidobacteria and lacto-
bacilli, when compared to dextran andmaltodextrin. In addition, dextran and
oligodextran stimulate butyrate production more efficiently, a characteristic
that has been shown to present very interesting potential antineoplastic
properties (61). These results underline the interest of oligodextrans as modu-
lators of the gut microflora. As the dextran polymers produced by the dex-
transucrase from Leuc. mesenteroides NRRL B-512F contain about 95%
a-1,6 glucosidic linkages (8), the oligodextran molecules resulting from their
controlled enzymatic hydrolysis present a molecular structure very similar to
that of isomaltooligosaccharides (Fig. 3).

III. ISOMALTOOLIGOSACCHARIDES

Isomaltooligosaccharides (Fig. 3) are produced on the industrial scale (ap-
proximately 10,000 tons per year) in Japan, which is the market leader in the
field of nondigestible oligosaccharides (61). They are obtained by the enzy-
matic transformation of starch, using a combination of a-amylase, h-amy-
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Figure 3 Structure of the glucooligosaccharides found in commercial isomaltoo-

ligosaccharides. A, Isomaltooligosaccharides, containing a-1,6 osidic linkages (n=0,
isomaltose; n=1, isomaltotriose; n=2, isomaltotetraose); B, maltooligosaccharides,
containing a-1,4 osidic linkages (n = 0, maltose; n = 1, maltotriose; n = 2,

maltotetraose); C, panose (a-D-Glc-1,6-maltose); D, nigerose (a-D-Glc-1,3-D-Glc); E,
kojibiose (a-D-Glc-1,2-D-Glc).
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lase, pullulanase, and a-glucosidase (62). Commercial preparations contain
(60–65) a mixture of isomaltose (DP 2, 23%), isomaltotriose (DP 3, 17%),
oligosaccharides (DP 4–6, 26%), and nonisomaltooligosaccharides (panose,
maltose, maltotriose, nigerose, kojibiose, 30%).

But isomaltooligosaccharides are partly digestible in the small intestine.
The degree of digestion decreases when the oligosaccharide DP is higher than
3 (64,65). At high dosages, they selectively promote the growth of bifidobac-
teria in the human intestine. Aminimal dosage of isomaltooligosaccharides of
8–10 g per day was necessary to increase fecal bifidobacteria (62). By
comparison, a minimal dosage of fructooligosaccharides of 1–2 g per day
results in a similar effect. This difference is attributed to the fact that
fructooligosaccharides are not digested in the small intestine, whereas iso-
maltooligosaccharides are partially digested (62). A commercially available
mixture of isomaltooligosaccharides was fractionated by preparative high-
performance liquid chromatography (HPLC). Two fractions were obtained,
IMO2, containing mainly disaccharides (86.4%), and IMO3, containing
trisaccharides and higher-DP oligosaccharides (89.9%). The administration
of IMO2 or IMO3 to humans in amounts ranging from 5 to 20 g per day
resulted in an increase in bifidobacteria in a dose-dependent manner: An
IMO2 intake of 10 g per day and an IMO3 intake of 5 g per day both produced
a significant increase of bifidobacterial number in feces and an enhanced ratio
in fecal microflora within 12 days (64). The rat jejunal loop method was used
to characterize the luminal clearance of isomaltooligosaccharides and their
hydrogenated derivatives, as an indication of their digestibility (65). They
were compared with isomaltooligosaccharide fractions IMO2 and IMO3 (see
previous discussion) with typical digestible saccharides and with typical
nondigestible saccharides. The clearance of isomaltooligosaccharides was sig-
nificantly smaller than that of the IMO2 fraction and digestible saccharides. It
was larger than that of the IMO3 fraction and significantly larger than that of
nondigestible saccharides. Hydrogenated isomaltooligosaccharides presented
a clearance similar to that of maltitol and significantly smaller than that of
isomaltooligosaccharides. These results show that isomaltooligosaccharides
are slowly digested in the rat jejunum. The components having higher molec-
ular mass are less digestible, and hydrogenated isomaltooligosaccharides are
nondigestible (65).

The metabolic fate of isomaltooligosaccharides in healthy men was
investigated by using carbon-13-labeled products (66). The expiration rates of
excess 13CO2 and hydrogen of six men were measured while sedentary and
while taking physical exercise after the carbon-13-labeled isomaltooligosac-
charide intakes. Breath hydrogen excretion remained constant after isomal-
tooligosaccharide ingestion in the sedentary state and increased in the exercise
test. Serum glucose and serum insulin increased 30 min after the oligosac-
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charide ingestion. The 13CO2 recovery levels were 28.7% in the sedentary test
and 60.9% in the exercise test, versus 70–80% in the case of maltose. This
indicates that isomaltooligosaccharides were partially digested and partially
fermented by the intestinal flora. The energy value of isomaltooligosacchar-
ides was about 75% of that of maltose (66).

Closely related in structure to isomaltooligosaccharides are the
branched maltooligosaccharides, which are oligomers of D-glucose linked
primarily by a-1,4 osidic linkages but containing at least one a-1,6 bond, with
aDP ranging from 2 to 5 (67): isomaltose, isomaltotriose, panose, and several
higher-molecular-mass oligosaccharides. They are generally produced by
serial reactions of starch with a-amylase and transglucosidase (67). They
can also be obtained from a 15% starch suspension using a Bacillus lichen-
iformis maltogenic amylase presenting both hydrolyzing and transglycosyla-
tion activities (68). The nonbranched carbohydrate content of the resulting
products can be greatly decreased by successive fermentation with immobi-
lized yeast cells (69). The functional properties of such branched oligosac-
charide mixtures have been determined and compared with those of
commercial isomaltooligosaccharide preparations, maltodextrin, and sucrose
(70). In addition, branched oligosaccharides present interesting prebiotic
properties (71–72).

IV. CONCLUSIONS

It is increasingly clear that the resident bacterial flora of the colon plays a
major role in human nutrition and health, both directly, through metabolite
production and occupation of epithelial adhesion sites, and indirectly,
through the immunomodulatory response of the digestive tract. From this
point of view, prebiotic compounds are of outstanding interest, as they are
specifically fermented and thus allow the control and modulation of the large
gut flora. Unfortunately, the individual roles of the roughly 500 different
bacterial species present in the colon are not at all understood as yet. Bifi-
dobacterium and Lactobacillus species are the two main bacterial groups
identified as presenting health-promoting effects. Molecular biological tools
now introduce the potential to identify precisely the microbial strains present
at any site of the digestive tract, even if they cannot be grown on Petri dishes.
This will allow a more precise determination of the composition of the in-
testinal microbial flora than the simple counting of colony-forming units from
feces samples. In this context, it is essential to be able to design the broadest
possible range of nondigestible oligosaccharides, built from simple and safe
carbohydrate units. Such oligosaccharides will help to obtain precise control
of the colonic flora, and, for example, to control the nature and the level of
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short-chain fatty acidsing produced in the colon. Themain effects targeted are
better resistance to pathogens, decreased gut tumor risks, and reduced levels
of blood lipids.

From this point of view, glucooligosaccharides and glucansucrases are
very good candidates. Several glucooligosaccharide structures have been
proved to be partly or totally resistant to digestive enzymes, and particularly
the structures containing a-1,2 osidic linkages produced by the dextran-
sucrase from Leuc. mesenteroides NRRL B-1299. They present interesting
properties, with very limited detrimental effects (abdominal distension,
flatulence, diarrhea). In addition, the availability of several dextransucrase
genes encoding enzymes catalyzing the synthesis of mostly a-1,6 osidic
linkages, but with different branching selectivities (a-1,2, a-1,3, and a-1,4
osidic linkages), opens the way to the generation of a broad diversity of
glucooligosaccharide structures, through the generation of enzyme variants
by site-directed mutagenesis, random mutagenesis, and directed evolution
[deoxyribonucleic acid (DNA) and family shuffling]. The corresponding
glucooligosaccharides will have to be screened to identify the best functional
candidates.
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56. M Dols, M Remaud-Siméon, P Monsan. Characterization of dextransucrases

from Leuconostoc mesenteroides NRRL B-1299. Appl Biochem Biotechnol 62:
47–59, 1997.

57. M Dols, W Chraibi, M Remaud-Siméon, ND Lindley, P Monsan. Growth and
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Prebiotics and the Prophylactic
Management of Gut Disorders:
Mechanisms and Human Data

Robert A. Rastall and Glenn R. Gibson
The University of Reading, Reading, England

I. INTRODUCTION

In recent times, the activities of the human gut microbiota have been more
fully elucidated. Although it is apparent that certain species may be involved
in gut disorders such as ulcerative colitis, bowel cancer, acute enteritis, and
pseudomembranous colitis (1), there has been much momentum for dietary
approaches that modulate the gut flora composition toward improved health
(2). Mainly historical associations have been made between probiotics and
gastrointestinal improvements, but there is a very rapidly developing func-
tional food sector in Europe based on food ingredients containing prebiotics.
These are nonviable food components that are selectively fermented in the
colon (by a beneficial and not detrimental flora). In many cases, literature on
the effects of these ingredients in human studies is sparse, and our mechanistic
understanding inadequate. However, the prebiotic approach may be a very
straightforward route for preventativemanagement of gut disease. The aim of
this chapter is to take a critical view of the proposed mechanisms for the
health promoting effects of prebiotics and an overview of recent human
studies in the area. It is not our aim to provide a comprehensive review of the
literature, but rather to focus on relevant recent research reports, concentrat-
ing on human trials and mechanisms of effect.
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II. BACKGROUND TO THE PREBIOTIC CONCEPT

The human colon is an immensely complex microbial ecosystem containing
several hundred bacterial species (3). Within this diversity it is possible to
recognize bacteria with potentially positive or negative effects upon human
health (Fig. 1). The concept that diet can shift the balance away from
undesirable microorganisms toward physiologically positive species is not
new (Fig. 1). To this end, there is a thriving functional food industry based on
the concept of including lactic acid bacteria (probiotics) in foods such as
yogurt and other fermented milks. There are, however, concerns about the
survival of such microorganisms during processing, storage, and passage
through the alimentary system. For example, gastric acid, bile salts, and
pancreatic secretions are all barriers to long-term probiotic persistence in the
gut. Moreover, in the colon they then face a huge indigenous microflora with
which they have to compete effectively if any advantageous properties are to
ensue.

Although certain probiotic strains may be robust enough to overcome
some or all of these confrontations, they are bound to be few in number and

Figure 1 Properties of bacterial genera in the colon.
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perhaps compromised in terms of activity. An alternative approach to
improved microflora modulation is therefore to intake carbohydrates that
resist digestion in the stomach and small intestine, reach the colon intact, and
are then selectively metabolized by (beneficial) bifidobacteria and/or lacto-
bacilli. This process is known as the prebiotic approach (4). In Europe, there
are four prebiotics commonly used in foods: inulin, fructooligosaccharides
(FOSs), lactulose, and galactooligosaccharides (GOSs). In Japan, the situa-
tion is more widespread with many oligosaccharides being incorporated into
foods for their prebiotic effects (5). For a summary of in vitro and in vivo trials
with prebiotics see Ref. (6). It can be said with some confidence that good
prebiotics exist, and are being developed, that have selective effects on the gut
microbiota composition. A key question remains about the health bonuses,
however. Four promising areas of importance have arisen. They are discussed
in Sections III–VI.

III. THE BARRIER EFFECT AGAINST GASTROINTESTINAL
PATHOGENS

One of themostmechanistically strong health benefits proposed for prebiotics
is the barrier function against invading gastrointestinal pathogens. If partic-
ular, thismay be a successful way of prophylactically addressing the burden of
microbial food safety through tackling problems such as those caused by
campylobacters, salmonellae, and Escherichia coli.

A. Proposed Mechanisms

There are several prospective mechanisms for the inhibition of pathogens by
bifidobacteria and lactobacilli (Fig. 2). Fermentation of carbohydrates results
in the production of short-chain fatty acids (SCFAs) (4). These reduce
luminal pH in the colon to reach levels below those at which pathogens such
as E. coli can effectively multiply. In addition, increased populations of
bifidobacteria and lactobacilli can compete with other organisms for nutrients
and receptors on the gut wall (7). Probiotics (the target microorganisms for
prebiotic intake) can also inhibit pathogens via a more direct mechanism.
They are known to produce antimicrobial agents active against a range of
pathogens (8). Although it is not known whether such metabolites function
effectively in the human gut, their powerful effects have led to their wide-
spread use as food preservatives (9).

Probiotics are also reputed to modulate the activities of the immune
system, resulting in nonspecific enhancement of immune function. In partic-
ular, encouraging results have been obtained with both lactobacilli (10) and
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bifidobacteria (11) against rotaviral infection in infants. Fortification of
indigenous probiotics, by efficient prebiotic use, should have similar effects.

B. Human Studies

It is, of course, impossible to collect human data on the probiotic barrier
against infection with pathogens through challenge-type testing. Most fer-
mentation studies in this area are alternatively carried out using in vitro
models of the human gut (12) or animals (13). Both have limitations but do
generate useful mechanistic data relevant to the situation for humans.
Although bacterial pathogenesis in humans is difficult to predict, certain
situations, such as antibiotic-associated diarrhea and gastrointestinal prob-
lems suffered by frequent travelers, seem good avenues for prebiotic use.
Moreover, our own recent data have exploited the use of a rhesus monkey
colony to infect animals with enteropathogenic E. coli (14). The experiments
were carried out using placebo and blind control, with genotypic probes for
the bacteriological characteristics. In essence, some protection against diar-
rhea was seen in the presence of bifidogenic substrates. These types of studies
need to be taken further through human trials that apply sound genomic
principles to the bacteriological characteristics (15).

IV. PROTECTION AGAINST COLON CANCER

A. Possible Mechanisms

Themost likely means bywhich prebiotics could influence the development of
bowel cancer is bymodulation of the colonic flora. Prebiotics are fermented to

Figure 2 The probiotic barrier to gastrointestinal infections.
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organic acids, and in some cases this includes butyrate (4,16). Butyrate
inhibits apoptosis (17) and is thought to be protective against colon cancer.

Many fecal microorganisms produce carcinogens and tumor promoters
from dietary and other components entering the colon (Fig. 3). In addition,
several enzymic activities, associated with fecal bacteria produce toxic or
carcinogenic products from substrates entering the colon (Table 1). The
microbial species responsible for these activities have not been unambigu-
ously identified beyond certain Bacteroides spp. and Clostridium spp. It is
known, however, that bifidobacteria and lactobacilli do not have such
capabilities and a reduction in these activities can be demonstrated in feces
from humans or rats fed lactic acid bacteria or prebiotics (18,19).

B. Human Studies

Many in vivo data on the protective effects of prebiotics on colon cancer are
obtained from animal studies, in which, for example, inulin has been shown to
inhibit formation of aberrant crypt foci (20). Human studies are few in
number and tend to focus on fecal markers of carcinogenesis rather than
being epidemiological in nature. Human data from healthy volunteers are
summarized in Table 2. In three of the four trials, a decrease in several
markers of carcinogenesis was seen. In two of these, significant increases in
bifidobacteria were also observed; nomicrobiological analysis was carried out
in the third.

Figure 3 Production of carcinogens and tumor promoters by fecal bacterial
metabolism.

Prebiotics and Gut Disorders 155



A 1999 study, however (24), found no significant changes in bifidobac-
teria or in markers of carcinogenesis. These results might at first sight seem
anomalous, as the test substrate (GOSs) has been found to be prebiotic in
many studies in the past (25). However, starting populations of bifidobacteria
in the volunteers were rather high (9.2–9.4 log). It has been noted (26,27) that
the magnitude of the response to prebiotics by bifidobacteria depends upon
the starting levels. It appears that there is a maximal level of bifidobacteria
(about 10 log values) achievable in the human gut. If populations are already
at or near this level, then little or no further increase in numbers is generally
seen. This is an important point and is currently the subject of further
research. The implication is that a healthy diet supporting a balanced
gastrointestinal microflora may not further benefit from prebiotic functional
foods (24).

V. IMPROVED CALCIUM ABSORPTION

There has been increasing interest in recent years in the possibility of
increasing mineral (particularly calcium) absorption through the consump-
tion of prebiotics. Although the small intestine is the principal site of calcium
absorption in humans, significant amounts are also thought to be absorbed
throughout the length of the gut; consequently, a maximizing of colonic
effects is desirable.

Table 1 Fecal Bacterial Enzymes Producing
Carcinogenic or Toxic Products

Enzyme Substrate

h-Glucosidase Plant glycosides
(e.g., rutin, cycasin)

Azoreductase Azocompounds

(e.g., benzidines)
Nitroreductase Nitrocompounds

(e.g., nitrochrysene)
h-Glucuronidase Biliary glucuronides

(e.g., benzidine)
IQ hydratase-dehydrogenase 2-Amino-3-methyl-

3H-imidazo (4,5-f )

quinoline (IQ)
Nitrate/nitrite reductase Nitrate, nitrite
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A. Possible Mechanisms

Several mechanisms have been postulated for increased calcium absorption as
induced by prebiotics (28) (Fig. 4), although it is far from clear at the present
time which (if any) actually operate in vivo.

1. Fermentation of prebiotics such as inulin results in a significant
production of SCFA, leading to a reduction in luminal colonic pH. This is
likely to increase calcium solubility and overall levels in the gut.

2. Phytate (myoinositol hexaphosphate) is a component of plants that
reaches the colon largely intact (29). It also forms stable, insoluble complexes
with divalent cations, such as calcium, rendering them unavailable for trans-
port. Fermentation results in the bacterial metabolism of phytate, thereby
liberating calcium.

3. It is postulated that a calcium exchange mechanism operates in the
colon. In this system, SCFAs enter the colon in a protonated form and then
dissociate in the intracellular environment. The liberated proton is then
secreted into the lumen in exchange for a calcium ion.

B. Human Studies

Numerous animal studies have indicated that prebiotics increase absorption
of calcium from the colon, thereby decreasing losses from bone tissue (30).
Very few human studies have been carried out, however. In one such study,
the feeding of 40 g inulin/day for 28 days to nine healthy subjects resulted in a
significant increase in calcium absorption (31). A more realistic 15-g inulin

Figure 4 Possible mechanisms of enhanced calcium uptake as a result of prebiotics.
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FOS or GOS/day, when fed to 12 healthy subjects for 21 days, resulted in no
significant effect on the absorption of calcium or iron (32).

In a more recent study, 12 adolescent boys (aged 14–16) were fed 15 g
FOS/day for 9 days in a placebo-controlled trial against sucrose (33). The
data showed a 10.8% increase in calcium balance with no significant effect on
urinary excretion.

VI. EFFECTS ON BLOOD LIPIDS

There is intense interest in the food industry in developing functional foods to
modulate concentrations of blood lipids such as cholesterol and triglycerides.

A. Possible Mechanisms

Themechanisms suggested by which prebiotics may influence blood lipids are
summarized in Fig. 5. There is evidence that FOSs decrease the de novo
synthesis of triglycerides by the liver. The means by which this occurs is not

Figure 5 Possible mechanisms for the modulation of blood lipids by prebiotics.
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fully understood, but the effect appears to be exerted at the transcriptional
level. It is also possible that prebiotics (such as inulin) can modulate insulin-
induced inhibition of triglyceride synthesis (34).

Effects on serum cholesterol levels have also been postulated for pre-
biotics, although the mechanism is more difficult to envisage. It has been
suggested (for reviews, see 34 and 35) that propionate produced by the bac-
terial fermentation of prebiotics inhibits the formation of serum low-density
lipoprotein (LDL) cholesterol. The difficulty with this hypothesis is that
bacterial fermentation of prebiotics generally produces much more acetate
than propionate. Moreover, acetate is a metabolic precursor of cholesterol
and may therefore tend to increase, not decrease, serum levels. A more likely
role for the gut microflora in the reduction of cholesterol is direct metabo-
lism of cholesterol by colonic bacteria, or its conversion to other metabolites
such as coprostanol (36). The evidence for this is not presently well clarified,
however.

B. Human Studies

Human studies on the lipid lowering properties of prebiotics when consumed
at a realistic (tolerable) dose are not clear-cut (37). These can be divided into
trials carried out on subjects with hyperlipidemia and on normal subjects
(Table 3). Hitherto, data indicated that there may be a significant effect on

Table 3 Effects of Prebiotics on Blood Lipidsa

Effect

Reference Date Prebiotic Dose Duration TG LDL-Ch Ch

Hyperlipidemic subjects
38 1984 FOS 8 g/day 14 days NS �10% �8%

39 1998 Inulin 18 g/day 6 weeks NS �14% �8.7%
Normal subjects
40 1995 Inulin 9 g/day 4 weeks �27% �7% �5%

41 1996 FOS 20 g/day 4 weeks NS NS NS
42 1997 Inulin 14 g/day 4 weeks NS NS NS
43 1998 Inulin 10 g/day 8 weeks �19% NS NS

44 1999 Inulin 15 g/day 3 weeks NS NS NS
44 1999 FOS 15 g/day 3 weeks NS NS NS
44 1999 GOS 15 g/day 3 weeks NS NS NS

a NS, no significant; TG, triglyceride; LDL Ch, LDL cholesterol; Ch, cholesterol; FOS, fructooligo-

saccharide; NS, not significant; GOS, galactooligosaccharide.
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blood triglycerides but not cholesterol in normal subjects, although three of
the five studies did not show any effect on concentrations. For subjects with
elevated lipid levels, however, there does seem to be a useful decrease in
cholesterol levels. It would seem to be of high priority to carry out more
research in this area—especially now that reliable methods for tracking
microbiota changes through molecular procedures are available (45).

VII. CONCLUSIONS

Prebiotics have a long history of use in Japan, but the market for prebiotics as
food ingredients in Europe is also now established (46). There has been a
tendency in the past for unsubstantiated health claims to be made for
functional foods, and it is essential, if we are to have confidence in the pro-
tective effects of prebiotics, for any claims to be based on rigorous science—
preferably carried out in humans. To date, there have been a few well-
designed volunteer studies, and these have sometimes yielded contradictory
conclusions. One problemwith evaluation of the effects of prebiotics lies is the
difficulty of identifying fecal microorganisms by using conventional culture-
based approaches. It is estimated that a large percentage of the total fecal
microflora has yet to be described and is probably unculturable (47). The
advent of molecular methods of bacterial identification has undoubtedly
improved this situation (45).

Given the significance of the human gutmicrobiota and its activities [the
colon is the body’s most metabolically active organ (48), it seems a very
reasonable approach to advocate dietary modulation by prebiotics. At pre-
sent, we are at the stage at which efficacious forms exist and can be made to
operate in the food matrix (49). The health benefits that have been suggested
are varied but also very important. In addition to good human volunteer
studies we need enhanced mechanistic understanding of the health effects of
prebiotics. Progress is being made in this area, and it is to be expected that the
prebiotic approach to prevention of disease will have a much stronger
foundation. This will lead to better informed decisions by clinicians, nutri-
tionists, and consumers.
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I. INTRODUCTION

Recombinant deoxyribonucleic acid (DNA) technology has made it possible
for genes to be introduced into different expression systems ranging from
microorganisms (bacteria, fungi, yeast) (Georgiou, 1988) to insect cells
(Luckow and Summers, 1988), plants (rice, potatoes, tobacco leaves) (Kus-
nadi et al., 1997), and transgenic animals (cows, pigs, sheep, goat) (Lubon et
al., 1996). Different expression systems have been used to obtain high levels of
human proteins for therapeutic use, such as tissue plasminogen activator
(Gordon et al., 1992), a1-antitrypsin (Archibald et al., 1990), protein C
(Velander et al., 1992), blood clotting factor VII (Niemann et al., 1999), and
apolipoprotein C-II (Wang et al., 1996). Many proteins of pharmaceutical
and/or commercial interest undergo complex posttranslational modifications
that influence biological function. Therefore, not only should high-level
protein expression be achieved by a specific system, but the system should
also have the necessary machinery to produce correctly processed proteins
when this is required. In addition, the choice of an expression system depends
upon the amount of recombinant protein desired, cost-effectiveness, the time
required for the isolation and purification of the recombinant protein, and its
intended use. Current developments have focused on producing recombinant
proteins that may be used as food ingredients. Expressing recombinant
proteins in systems that introduce few or no contaminants to the final product
or present little risk of an allergic response is paramount. Expression of
bioactive recombinant proteins in edible plants that may be consumed un-
cooked, such as bananas or tomatoes, also offers an attractive delivery system.
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Over the years, significant changes have been made in the composition
of infant formulas to reflect the nutrient composition of human milk closely.
Nutrient requirements for infant formulas are based upon the intakes of
breast-fed infants plus an additional amount to compensate for the possibility
of lower nutrient bioavailability. Even though the lipid, amino acid, carbo-
hydrate, vitamin, and mineral profile of infant formulas can be manipulated
to resemble the proportions present in human milk, there are some properties
of human milk that cannot be attained in either cow milk– or soy-based
formulas. Numerous studies have shown that human milk contains bioactive
proteins that possess antimicrobial/anti-infective, immunomodulating, and
nutrient utilization and absorption activities. Breast-fed infants not only have
different growth patterns and nutritional status than formula-fed infants, but
also have lower incidences of infections and when ill, experience faster
recovery times. With the advances made in recombinant DNA technology,
the potential exists for adding recombinant bioactive human milk proteins
into infant formula so that formula-fed infants may enjoy some of the benefits
so far only available to breast-fed infants. Many recombinant human milk

Figure 1 Strategies for evaluating recombinant proteins.
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proteins have already been produced and secreted at high expression levels in
various systems, and the addition of these bioactive milk proteins to infant
formula is feasible if their biochemical, immunological, and physiological
activities are similar to those of their native counterparts and their safety and
efficacy can be proved. Since significant advances have beenmade in this area,
and infant foods are more tightly regulated than other foods (Infant Formula
Act) and therefore require extensive evidence of efficacy and safety, we have
chosen to focus primarily on these proteins in this chapter (Fig. 1).

II. PRODUCTION SYSTEMS

A. Transgenic Animals

Expression of recombinant proteins in the milk of transgenic animals was
introduced two decades ago. Transgenic mice have been used to produce high
quantities of biologically active recombinant proteins in their milk (Archibald
et al., 1990; Meade et al., 1990; Gordon et al., 1992); however, they are not a
suitable expression system for large-scale production. Nevertheless, the
transgenic mouse model set the stage for the expression of recombinant
proteins in transgenic livestock such as cows, sheep, pigs, goats, and rabbits.
The mammary gland of transgenic livestock has been viewed as a ‘‘bioreac-
tor’’ for the production of proteins of pharmaceutical importance. Through
appropriate gene constructs using mammary gland–specific promoter ele-
ments derived from genes encoding milk proteins in animals, high-level
expression of recombinant proteins can be achieved. For example, bovine
aS1-casein promoter gene constructs have been used for the expression of
recombinant proteins in transgenic rabbits (Riego et al., 1993) and cows
(Krimpenfort et al., 1991), and the ovine h-lactoglobulin promoter has been
used for recombinant protein expression in transgenic sheep (Niemann et al.,
1999).

The technology for high-level expression of recombinant proteins in
transgenic livestock is well established and straightforward. In addition,
tissue-specific expression of human milk proteins in transgenic livestock can
produce recombinant proteins with phosphorylation and glycosylation pat-
terns very similar to those of their native counterparts that may not be
achieved in other expression systems.However, amajor disadvantage in using
transgenic livestock is that their maintenance is expensive; periods of gesta-
tion and maturation are long, and even after the transgenic embryos are
produced, the animals must be screened for the stable integration of the
transgene, and finally, these selected animals must be raised to maturity and
bred to create offspring with the same genetic background (Colman, 1996).
The use of microinjection for in vitro embryo production and potent
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promoters has increased expression levels of lactoferrin in transgenic cows up
to 3 g of protein/ L milk (van Berkel et al., 2002). With such expression levels,
one cow with an annual milk output of f8000 L could produce 24 kg of
recombinant protein per year. Herds with a large number of such animals
could supply thousands of kilograms annually, making this economically
viable. The recent introduction of nuclear transfer techniques (instead of
microinjection) as a means of producing transgenic cattle has proved more
efficient and allows the sex of founders to be predetermined, allowing quick
generation of herds, especially when lactation is induced with hormones in
young cattle (Brink et al., 2000).

B. Microorganisms

Perhaps the best-studiedmicroorganism expression system isEscherichia coli.
Although the system is still widely used for large-scale production of certain
proteins, bacteria lack the enzymatic machinery needed to perform complex
posttranslational modifications. Many mammalian proteins undergo elabo-
rate posttranslational modification processes, and without the proper glyco-
sylation, hydroxylation, phosphorylation, cleavage of the polypeptide chains,
or other alterations to the primary translation product, the biological activity
of the protein may be compromised. Furthermore, E. coli may produce
recombinant proteins that accumulate as undesirable inclusion bodies, which
require additional purification processes.

Yeasts have been used to produce large quantities of foreign proteins for
both research and pharmaceutical applications. They have the capability to
perform eukaryotic-specific posttranslational modifications, such as folding,
glycosylation, and disulfide bridge formation (Eckart and Bussineau, 1996).
For this reason, the yeast system is preferred to the bacterial system.However,
more sophisticated modifications, such as amidation, hydroxylation, and
some types of phosphorylation, are lacking in certain strains of yeast (Cregg
andHiggins, 1995). Depending upon the protein of interest, high yields can be
achieved in yeast; yeast is therefore regarded as an economical alternative to
transgenic livestock (Cereghino and Cregg, 1999).

The use of filamentous fungi, such asAspergillus species, for large-scale,
cost-effective fermentation expression of glycoproteins is also well estab-
lished. Certain Aspergillus spp. strains have been genetically well character-
ized, and recombinant proteins can be produced under the control of
inducible promoters; cell cultures can be grown to high cell density before
induction (Sanders et al., 1989). By controlling the induction of the recom-
binant protein to a specific stage in the growth cycle of Aspergillus spp., not
only is the exposure of the cells to the recombinant protein decreased, but
protein degradation by proteases secreted into the growth medium by
Aspergillus spp. is also minimized. Another advantage is that specific indus-
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trial strains of fungi can secrete large quantities of the protein into the growth
medium, thus allowing for an easily purifiable protein (Ward et al., 1992). For
example, when usingAspergillus niger var. awamori, expression levels of 5 g of
human lactoferrin/L fermentation medium have been achieved (Headon,
2002).

C. Plants

There is an increased demand for safe recombinant proteins. The production
of recombinant proteins with potential commercial application in transgenic
plants has become an alternative to other expression systems such as
transgenic animals, insect cells, and microorganisms because of its inexpen-
sive large-scale production of highly purifiable, functional proteins. Trans-
genic plant expression of recombinant human proteins has several distinct
advantages. Because genetically engineered proteins produced in transgenic
microorganisms or animals have the potential to elicit an immune response
from contaminants or to be copurified with human or animal pathogens that
may cause illness, recombinant proteins produced in certain plants may be
viewed more favorably by consumers. Furthermore, when the plant cell
culture is ultimately scaled up to a level at which transgenic plants are grown
in fields, well-established agricultural technologies are available for cultiva-
tion and harvesting.

Transgenic potatoes have become the edible plant of choice for the
production of vaccine antigens (Haq et al., 1995; Arakawa et al., 1997; Tacket
et al., 1998). A gene encoding a subunit of a pathogen cloned into an
expression cassette that contains plant regulatory sequences was introduced
into potato plants by using Agrobacterium tumefaciens–mediated leaf disk
transformation methods. Furthermore, similar transformation techniques
have been used to produce recombinant human milk proteins in transgenic
potatoes (Chong et al., 1997; Chong and Langridge, 2000). The potential for
using edible plants to produce recombinant proteins for commercial appli-
cations is large—the need for purification of the protein is minimal or
nonexistent if the plant is to be eaten raw. High-level protein expression in
transgenic tomatoes (Ruf et al., 2001) and bananas (Sagi et al., 1995) was
achieved in the 1990s. If raw consumption is not possible, then freeze-drying
the transgenic plant could be a plausible process. Not only would the amount
of the recombinant protein expressed by the plant be concentrated, but each
dose delivered to the recipient (vaccines) would be consistent.

Many pharmaceutical proteins, e.g., growth hormones (Leite et al.,
2000), erythropoietin (Matsumoto et al., 1995), and serum albumin (Sijmons
et al., 1990), have been expressed in tobacco plants. An advantage in using
tobacco as the expression system of choice is that the transformation of the
plants by Agrobacterium tumefaciens–based gene transfer is well established
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and high-level expression of recombinant proteins can be accomplished by
using the 35S promoter from cauliflower mosaic virus. In addition, the
recombinant proteins can easily be tested in the tobacco leaves within 3 to 4
months after the first transformation (Theisen, 1999). Obvious disadvantages
of using tobacco plants are the presence of nicotine and other toxic alkaloids
that must be eliminated in the purification procedure and potential negative
response by consumers.

Finally, the use of ricemay be themost efficient expression system for the
production of recombinant proteins because (a) it is cost-effective, with regard
to materials and time; (b) rice cereal is often the first baby food recommended
by pediatricians to be introduced to infants, because of its low allergenicity;
and (c) rice has high nutritional value. In addition, protein regulation and
secretion can be controlled, thus providing the capacity to achieve industrial
levels. For example, Simmons and colleagues (1991) have shown that the rice
Amy3D gene encoding thea-amylase isozyme is expressed in response to sugar
deprivation by either medium change or metabolism. Therefore, this tran-
scriptional control allows the induction of recombinant proteins to be
expressed at high levels in sucrose-free media. Recombinant proteins
expressed by rice cell culture can be evaluated in as little as 48 hr versus a
year or longer for stable transgenic rice grown in open fields (Terashima et al.,
1999). Depending upon the intended use of the recombinant protein, a highly
purified form may have to be isolated from the crude medium; however,
purification of the recombinant protein expressed in seeds of rice may not be
necessary if it is to be used in rice-based infant formulas or cereals.

III. RECOMBINANT MILK PROTEINS

Human milk contains proteins that participate in defense against infection,
nutrient digestion, and absorption and may also influence enterocyte growth
differentiation, and function.Many humanmilk proteins have been expressed
in various systems (Table 1). Achieving high-level protein expression allows
not only further structural and functional characterization of the protein but
also evaluation of the advantages and disadvantages of the expression system
used to produce the recombinant proteins that will ultimately be added to
foods.

A. Caseins

Human casein, which accounts forf40% of the total protein in human milk,
has been shown to provide a limited amount of phosphorus, calcium, and
amino acids to the newborn infant. On the basis of their electrophoretic mo-
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bility, casein subunits are classified into a-, h-, and n-casein (Jenness, 1985).
Current interest in caseins has largely focused on the biologically active
peptides resulting from the proteolysis of casein subunits.

In human milk, the major casein subunit is h-casein, a phosphorylated
protein with a molecular weight of 24 kd. Peptides resulting from the
proteolytic degradation of human h-casein have exhibited biological effects.
Some peptides have been shown to possess opioid activity—the peptides have
an affinity for opiate receptors and exhibit opiate-like effects (Brantl, 1984).
Other peptides resulting from the proteolysis of h-casein have been shown to
consist of N-terminal fragments containing phosphorylated amino acid
residues that have been shown not only to keep calcium in soluble form,
but also to facilitate calcium uptake in the intestinal tract of rats (Sato et al.,
1986). Recombinant humanh-casein has been expressed inE. coli (Hansson et
al., 1993a). Assessment of the molecular weight and phosphate content of the
purified recombinant human h-casein showed that only one isoform of h-
casein (zero phosphate groups) was produced inE. coli; however, there are up
to seven isoforms (zero to five phosphate groups) present in humanmilk. This
finding further confirms the lack of sophisticated posttranslational machinery
in E. coli that is necessary for the expression of complex mammalian proteins.
Nevertheless, the recombinant h-casein isoform exhibited similar micelle
formation in aqueous solution and decreased solubility in water after lyophy-
lization as native human milk h-casein. Potato (Solanum tuberosum) plants
have also been transformed with complementary deoxyribonucleic acid
(cDNA) encoding human h-casein (Chong et al., 1997). Themolecular weight
of the recombinant h-casein was slightly lower than that of human milk h-
casein; the difference may be attributable to differences in posttranslational
modifications and/or the removal of a 15-amino-acid leader sequence.

n-Casein, a minor casein subunit in human milk, is a glycoprotein with
charged sialic acid residues. It has amolecular weight of 37 kd, of which about
19 kd is carbohydrate (Brignon et al., 1985). n-Casein has been shown to
prevent the attachment of bacteria to the mucosal lining by acting as a
receptor analog (Newburg, 1997). The glycan of the surface-exposed carbo-
hydrates of cells in the gastrointestinal tract is similar to that of n-casein, and
therefore, it may serve as a soluble ‘‘decoy’’ for pathogens. Strömqvist and
associates (1995) demonstrated that native humanmilk n-casein inhibited the
adhesion of Helicobacter pylori to human gastric mucosa in vitro. Thus, n-
caseinmay be a component of the defense against infection provided by breast
milk. To our knowledge, the only expression of recombinant human n-casein
has been in transgenic rice suspension culture that is currently in progress.We
have cloned the human n-casein gene into a plasmid containing the RAmy3D
promoter, signal peptide, and terminator and introduced the gene into calli of
rice (Oryza sativa) cultivar Taipei 309 by particle bombardment–mediated
transformation (personal communication, Ning Huang, 2002).
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Another minor casein subunit is a-casein. a-Casein is present in human
milk in very small amounts; it has been found to account for only 0.06%of the
total protein content in human milk (Cavaletto et al., 1994). Escherichia coli
has been used to express recombinant human aS1-casein (Kim et al., 1999).
Three peptides resulting from the tryptic digest of recombinant human aS1-
casein were found to exhibit angiotensin I–converting enzyme inhibitory
activity in a dose-dependent manner, but this finding has not yet led to
concrete applications.

B. A-Lactalbumin

A-Lactalbumin is a major whey protein in the milk of most species. In human
milk,A-lactalbumin accounts for 10%–20%of total protein, thus supplying a
significant amount of amino acids to the breast-fed infant. It is the regulatory
subunit of lactose synthase, a Golgi enzyme complex that catalyzes the
formation of lactose in the mammary gland (Brew and Hill, 1975). In vitro
pancreatic enzyme digestion of bovine A-lactalbumin has been shown to
produce three polypeptide fragments with antibacterial activity against E.
coli, Klebsiella pneumoniae, Staphylococcus aureus, S. epidermidis, Strepto-
coccus spp., and Candida albicans (Pelligrini et al., 1999). Recombinant a-
lactalbumin has been produced in E. coli; however, the protein accumulated
as undesirable inclusion bodies in an insoluble fraction (Kumagai et al., 1990).
On the other hand, expression in transgenic tobacco plants, under the control
of the cauliflower mosaic virus 35S promoter, produced a soluble form of a-
lactalbumin that was biochemically indistinguishable from human milk a-
lactalbumin (Takase and Hagiwara, 1998). In this expression system, the
signal peptide of the recombinant human a-lactalbumin was correctly
processed to produce a mature form of the protein, and its biological activity,
as assessed by the synthesis of lactose when combined with lactose synthase,
was similar to that of human milk a-lactalbumin. In 2000 Svensson and
colleagues found that humanmilk a-lactalbumin, in the presence of oleic acid
(C18:1), partially unfolded to a conformational state that induced apoptosis
in several human and murine tumor cell lines. They also successfully
converted recombinant human a-lactalbumin expressed in E. coli to its active
apoptosis-inducing form from its inactive, native conformation. Thus, the
possibility exists that the conformation of recombinant human a-lactalbumin
expressed in other systems may also be converted to this apoptosis-inducing
form by using similar methods.

C. Lactoferrin

Lactoferrin, an 80 kd monomeric glycoprotein in human milk, has a high
affinity for iron; thus, a role in iron absorption in the newborn infant has been
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proposed (Cox et al., 1979). Other functions for lactoferrin include antibac-
terial (Arnold et al., 1980) as well as antiviral (Harmsen et al., 1995) activities,
production of cytokines (Crouch et al., 1992), and activation of natural killer
cells (Nishiya and Horwitz, 1982). Because of the variety of functions it
possesses—hence its potential for pharmaceutical applications—recombinant
human milk lactoferrin has been produced in various expression systems,
from microorganisms to plants to animals.

Lactoferrin has been expressed in filamentous fungi (Aspergillus oryzae)
under the control of theA.oryzaea-amylase promoter (Ward et al., 1992a) and
in A. nidulans under the control of the strong ethanol-inducible alcohol
dehydrogenase (alcA) promoter (Ward et al., 1992b). Because lactoferrin also
has antifungal properties (Andersson et al., 2000; Kuipers et al., 2002-a;
Kuipers et al., 2002-b), long exposureof the recombinantprotein toAspergillus
spp. cells couldbedeleterious;however, theability to induceproteinexpression
at a specific stage in the growth cycle inAspergillus spp.minimizes exposure of
the fungal cells to recombinant lactoferrin secreted into the media. In both
Aspergillus spp. strains, the secreted recombinant human lactoferrin was
identical to native human milk lactoferrin with regard to molecular weight,
immunoreactivity, as well as iron-binding capacity. In addition, the recombi-
nant human lactoferrin produced in A. oryzae had types of glycans that were
similar to those of the native human lactoferrin, as determined by the
comigration of both proteins on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) after treatment of the proteins with glycosidase.
The amounts of recombinant lactoferrin secreted in both Aspergillus spp.
systemswere relativelyhigh (up to 25mg/L), but the potential exists to increase
these levels considerably by optimizing growth conditions. More recently,
expression levels of 5 g/L of human lactoferrin have been achieved in A. niger
var. awamori (Headon, 2002).

Recombinant human milk lactoferrin has also been successfully pro-
duced in tobaccoplants (Nicotiana tabacumxanthiNC)under thecontrolof the
35S promoter from cauliflower mosaic virus by Agrobacterium tumefaciens
(Salmon et al., 1998). N-terminal sequencing of the recombinant human lac-
toferrin showed a sequence identical to that of native human milk lactoferrin,
indicating that signal peptides were correctly processed. Mass spectrometry
analysis of the purified recombinant human lactoferrin showed twomajor spe-
cies that may be attributable to differences in the carbohydrate moiety.
Carbohydrate analysis of the recombinant human lactoferrin showed a lower
amountofgalactoseandN-acetylglucosamineresidues,presenceofxylose,and
absence of sialic acid residues when compared to native lactoferrin. Neverthe-
less, the slight difference in carbohydrate groups did not hinder binding of the
recombinant human lactoferrin to lactoferrin receptors found on Jurkat hu-
man lymphoblastic T cells or the human colon carcinoma cells HT29-18C1.
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More recently, full-length bioactive human lactoferrin, under the
control of the auxin-inducible manopine synthase P2 promoter and the
cauliflower mosaic virus 35S tandem promoter, was expressed in transgenic
potato plants (Chong and Langridge, 2000). An advantage of an expression
system such as this is the introduction of an antimicrobial humanmilk protein
into an edible plant. Although the likelihood of consuming raw potatoes may
be minimal, as mentioned earlier, freeze-drying of transgenic potatoes,
possibly with partial purification, may be a possibility if lactoferrin is to be
added to baby foods. Therefore, expression of recombinant human milk
lactoferrin in transgenic rice provides another ‘‘edible’’ alternative—rice
expressing recombinant human milk lactoferrin may be used in baby cereals.
We have expressed recombinant human lactoferrin in transgenic rice (Suzuki
et al., 2002). We have cloned the human lactoferrin gene into a plasmid
containing the RAmy3D promoter, signal peptide, and terminator and
introduced the gene into calli of rice (Oryza sativa) cultivar Taipei 309 by
particle bombardment–mediated transformation. Primary assessment of the
secreted recombinant human lactoferrin showed similar biochemical as well
as functional characteristics to those of native human milk lactoferrin.

Recombinant human lactoferrin has also been secreted in the milk of
transgenic mice (Nuijens et al., 1997) and other animals (Krimpenfort, 1993).
Although the posttranslational modification machinery in the mammary
epithelial cells of transgenic animals may more closely resemble that of
humans, the degree of glycosylation was different in the recombinant protein
expressed in mice milk (Nuijens et al., 1997). Nevertheless, iron-binding and -
releasing properties as well as binding to a range of ligands, such as heparin,
lipopolysaccharide, and lectins, were similar to those of native lactoferrin.
Studies in 2002 on recombinant lactoferrin expressed at very high levels in
transgenic cows showed that deglycosylated lactoferrin had a molecular mass
identical to that of native lactoferrin but that the mass of the glycan was 1–2
kd smaller (van Berkel et al., 2002). Monosaccharide analysis showed that
recombinant human lactoferrin contained relatively more mannose and less
sialic acid and fucose than the native form. The types of N-linked glycans
(oligomannose-, hybrid-type, complex type) also differed, and there was a
substitution of galactose with N-acetylgalactosamine. These differences,
however, did not result in any differences with regard to the biological
properties tested.

D. Lysozyme

Lysozyme is a 15-kd protein present in human milk at concentrations higher
than in milk of most other species (Chandan et al., 1968). Lysozyme destroys
the cell walls of bacteria by catalyzing the hydrolysis of h-1,4 linkages of N-
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acetylmuramic acid acid and 2-acetylamino-2-deoxy-D-glucose residues
(Chipman and Sharon, 1969). Lysozyme alone can kill several gram-positive
bacteria; however, it has also been shown that lysozyme and lactoferrin can
work synergistically to produce bactericidal effects on gram-negative bacte-
ria—lactoferrin disrupts the outer bacterial membrane by binding to lipo-
polysaccharide (LPS), thereby allowing lysozyme access to the inner
proteoglycan matrix (Ellison and Giehl, 1991). High levels of recombinant
human lysozyme have been achieved in yeast,Kluyveromyces lactisK7, grown
in cottage cheese whey (Maullu et al., 1999). The recombinant lysozyme was
secreted into the culture medium in a soluble form and possessed biological
activity as assessed by a bacteriolytic assay usingMicrococcus luteus. Recom-
binant human lysozyme has also been expressed in transgenic rice cell cultures
(Huang et al., 2002b). The human lysozyme gene, cloned into a plasmid
containing the RAmy3D promoter, signal peptide, and terminator, was
introduced into calli of rice (Oryza sativa) cultivar Taipei 309 by particle
bombardment–mediated transformation. N-terminal amino acid sequencing
of the recombinant human lysozyme revealed that rice cells correctly pro-
cessed the signal peptide, and functional assays demonstrated bactericidal
activity. Human lysozyme has subsequently been expressed in rice grains
(Huang et al., 2002a). Expression levels were very high, 45% of soluble pro-
tein or 0.6% of the brown rice weight, and they were maintained over six
generations. Biochemical, biophysical, and functional comparisons of native
and recombinant human lysozyme showed identical N-terminal sequence,
molecular weight, pI, and specific activity. Similar thermal and pH stability
was also demonstrated as well as bactericidal activity against E. coli.

E. Secretory Immunoglobulin A

Approximately 90% of immunoglobulins in human milk is attributable to
secretory immunoglobulin A (sIgA). When the infant receives sIgA from
breast milk, the infant receives a portion of the maternal immune defense
system. Furthermore, since sIgA is resistant to proteolytic degradation
(Lindh, 1985), it survives the passage through the immunologically immature
gastrointestinal tract of the breast-fed infant (Davidson and Lönnerdal,
1987). Once in the gut of the infant, the sIgA antibodies offer protection of
the mucosal lining against colonization and invasion by pathogenic micro-
organisms. The IgA antibodies have been used for passive immunization in
animals; studies in mice have shown that oral administration of IgA anti-
bodies conferred protection against various bacteria such as Salmonella spp.
(Michetti et al., 1992),Vibrio cholerae (Winner et al., 1991; Apter et al., 1993),
and Helicobacter pylori (Blanchard et al., 1995). In humans, oral IgA
administration appeared to protect against Clostridium difficile (Tjellström
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et al., 1993). Because sIgA has four different polypeptide chains and is highly
glycosylatedwith bothN- andO- linked glycans, any expression system that is
used will have its advantages and limitations in producing recombinant sIgA.
Nevertheless, recombinant sIgA has been produced in heterologous expres-
sion systems such as insect cells (Carayannopoulos et al., 1994) and mam-
malian cells (Morton et al., 1993). Since sIgA is the product of two different
cell types in mammals, transgenic plants may be a suitable expression system
for large-scale production of sIgA for mucosal immunotherapy because
plants have the ability to produce the antibodies in single cells (Ma et al.,
1995). Because of the complex nature of sIgA, structural and biochemical
assessments and in vivo biological function assays of recombinant sIgA
produced in any expression system must be conducted.

F. Lactoperoxidase

Lactoperoxidase, in the presence of hydrogen peroxide, catalyzes the oxida-
tion of thiocyanate to produce reactive products with antibacterial properties
capable of destroying both gram-positive (Steele and Morrisons, 1969) and
gram-negative (Björck et al., 1975) bacteria. Catalytically active recombinant
human lactoperoxidase has been expressed in the culture supernatant of
Tricoplusia ni cells infected with recombinant baculovirus (Shin et al., 2000).
Since lactoperoxidase is a heme peroxidase, addition of y-aminolevulinic acid,
a heme precursor, into the insect cell culture medium increased expression
levels in this insect cell culture expression system. Currently, transgenic rice
cell culture is being used for the expression of recombinant human lactoper-
oxidase.Methods similar to those used for the insect cell culture system can be
implemented in the rice cell culture system in order to enhance protein
expression levels.

G. A1-Antitrypsin

The exact physiological significance of a1-antitrypsin in human milk is not
clear. a1-Antitrypsinmay act in the mammary gland, where it may protect the
gland from proteolytic activity of leukocytic and lysosomal proteases during
stages of differentiation and/or inhibit the degradation of other enzymes and
proteins in milk during mastitis (Hamosh, 1995). Since the gastric pH of
newborns is relatively high, human milk a1-antitrypsin remains immunolog-
ically intact and biologically active in the infant intestine (Davidson and
Lönnerdal, 1990). Thus, another function of a1-antitrypsin may be that it
offers protection to some milk proteins from hydrolysis in the infant gastro-
intestinal tract (Lindberg, 1979; Hamosh, 1995). High levels of bioactive a1-
antitrypsin, as assessed by trypsin-inhibition assay, have been expressed in the
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milk of transgenic mice (Archibald et al., 1990). However, the electrophoretic
pattern of recombinant human a1-antitrypsin was distinct from that of the
native human a1-antitrypsin, possibly because of differences in posttransla-
tional modifications. Recombinant a1-antitrypsin has also been expressed
and secreted from transgenic rice cell suspension culture under the control of
the promoter, signal peptide, and terminator from the rice a-amylase gene
Amy3D (Terashima et al., 1999; Huang et al., 2001). Because the expression of
Amy3D gene is regulated by the sugar concentration in the culture media,
expression of recombinant a1-antitrypsin was inducible. From this system,
f5 mg of recombinant a1-antitrypsin per gram dry cells was obtained. The
correctly processed recombinant a1-antitrypsin demonstrated the same ki-
netic constant and thermostability and exhibited biological activity similar to
that of the native human a1-antitrypsin, although slight differences in glycan
structures may be present.

H. Bile Salt–Stimulated Lipase

The presence of a lipase in humanmilk that is stimulated by bile salts has been
found to be part of the reason for the high digestibility of lipids in breast-fed
infants (Fredrikzon et al., 1978; Hernell and Bläckberg, 1983). The high
efficiency of bile salt–stimulated lipase (BSSL) is due in part to its wide
substrate specificity, it hydrolyzesmono-, di-, and triacylglycerols; cholesterol
esters; retinyl esters; diacylphosphatidylglycerols; and micellar and water-
soluble substrates (Hernell et al., 1989). In addition, in vitro analysis suggests
that BSSL remains active in the gastrointestinal tract of infants, thus
contributing significantly to lipid digestion (Hamosh, 1982).

Recombinant human BSSL has been successfully produced in trans-
genic mice (Strömqvist et al., 1996). Under the control of regulatory elements
derived from murine whey acidic protein, recombinant human BSSL was
expressed in milk at levels of f1 mg/mL. Although the recombinant human
BSSL exhibited a lower degree of O-glycosylation, the recombinant BSSL
demonstrated similar lipase activity, pH stability, and thermal sensitivity to
those of the native enzyme.

Stable expression of BSSL has also been achieved in amurinemammary
tumor–derived cell line, C127 (Hansson et al., 1993b). Enzyme activity as well
as bile salt dependence were found to be similar to those of the native milk
enzyme. In addition, BSSL has been produced in a yeast expression system.
Sahasrabudhe and associates (1998) recovered 0.3 g of recombinant human
BSSL expressed by Pichia pastoris per liter of fermentation medium. The
purified recombinant BSSL was found to be similar in its biochemical
properties to native BSSL. Murasugi and associates (2001) further optimized
the culture conditions of Pichia pastoris and successfully expressed f1 g

Adkins and Lönnerdal180



recombinant BSSL/L. Assessment of enzyme activity after varying storage
times showed that recombinant BSSL maintained most of its lipase activity
even after 200 days, an element of great importance when considering
commercial applications for a bioactive protein.

I. Growth Factors

Insulin-like growth factors I and II (IGF-I and IGF-II) are factors present in
human milk that have been shown to stimulate DNA synthesis and to
promote the growth of various cells in culture (Klagsburn, 1978; Corps et
al., 1987; Corps et al., 1988). In addition, these factors promote the develop-
ment of the neonatal gastrointestinal tract (Berseth et al., 1983; Read et al.,
1984; Corps and Brown, 1987). Human IGF-I has been expressed in the milk
of transgenic rabbits under the transcriptional control of regulatory elements
of the bovine aS1-casein gene (Wolf et al., 1997). High levels of recombinant
human IGF-I (50–300 Ag/mL) were expressed throughout lactation, pro-
cessed correctly, and demonstrated biological activity by binding to IGF-I
receptors and stimulating DNA synthesis in growth-arrested IGF-I-respon-
sive human osteosarcoma cells.

IV. BIOCHEMICAL ASSESSMENT OF RECOMBINANT
MILK PROTEINS

Assessment of the structure and function of recombinant proteins begins with
the isolation and purification from the expression source, i.e., culture
medium, leaves, seeds, or milk. This is usually accomplished by affinity, ion
exchange, reverse-phase, and/or size-exclusion column chromatography or
by membrane filtration technology. Even though high levels of the recombi-
nant protein may be achieved in an expression system, if the protein
purification step is labor-intensive and many ex vivo manipulations must be
performed, then achieving high quantities of purified protein at a reasonable
cost may be difficult. For example, purification of a soluble protein from the
milk of transgenic cows requires multiple steps, which include the removal of
the fat and casein fractions, before column chromatography. In contrast,
purification of a secreted recombinant protein from cell culture medium may
require only one step. Or, depending upon the expression system, it is possible
that the recombinant protein may not need any purification. Expression of
recombinant humanmilk proteins in rice that will ultimately be added to baby
cereals or to rice-based infant formulas may require only partial purification
or no purification at all. Once the recombinant protein is successfully isolated,
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the molecular weight should be determined by SDS-PAGE. Western blotting
techniques using IgG specifically directed against the protein can subsequent-
ly be used to identify the recombinant protein positively. Further evaluation
of the purity of the isolated recombinant milk protein, as assessed by mass
spectrometry, as well as other biochemical parameters, such as stoichiometry
and isoelectric point, is often useful in determining similarities to the native
protein.

As mentioned previously, it is important not only to achieve high
expression levels of the recombinant protein, but also to obtain high amounts
of correctly processed protein. Attainment of correctly processed full-length,
mature recombinant proteins is paramount for optimal biological function.
Electrophoretic mobility of the recombinant and native protein can initially
show whether or not the recombinant protein underwent correct proteolytic
processing of precursors during synthesis and secretion from cells, i.e.,
removal of the signal peptide. Furthermore, N-terminal amino acid sequenc-
ing and peptide mass mapping by mass spectrometry can be performed for
additional information. In some cases, amino acid analysis may also be
needed. For instance, if several recombinant human milk proteins would
have to be added to infant formula, then the amino acid composition of those
proteins must be known so that the amino acid profile of the infant formula
could be adjusted according to the amino acid requirements of infants.

Many human proteins undergo other posttranslational modifications
that significantly influence their biological activity. In a simple assay to
determine the extent of glycosylation of the recombinant protein, both the
native and the recombinant protein can be treated with N-glycosidase F,
resolved on SDS-PAGE, transferred to a nitrocellulose membrane, and
probed by using IgG specifically directed against the protein. Because N-
glycosidase F hydrolyzes the glycosylamine linkage that generates a carbo-
hydrate-free peptide that is lower in molecular weight, comigration of the
native and recombinant protein would suggest similar N-linked glycosyla-
tion. For further glycan characterization, the monosaccharide composition
can be analyzed by using gas–liquid chromatography. Data from mass
spectrometry calculations and monosaccharide composition can be used to
assign specific glycans to recombinant proteins (Salmon et al., 1998).

Proper phosphorylation of the recombinant protein may be equally
important. Although the role of phosphates in proteins for structure–function
relationship needs further investigation, it is possible that biological function
of a protein may be affected by conformational changes resulting from
varying phosphate content. For example, the number of phosphates attached
to recombinant human h-casein does not change the apparent molecular
weight; however, attachment of the first phosphate group changes the
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conformation of the protein and addsf2 kd to the apparentmolecular weight
(Hansson et al., 1993a). Recombinant proteins can be analyzed for different
phosphorylation isoforms by ion-exchange chromatography (elution order)
followed by phosphate staining on SDS-PAGE, as described by Green and
colleagues (1973). More accurate determination of the number of phosphate
groups attached to the recombinant protein can be achieved by mass
spectrometry. The presence of other posttranslational modifications, such
as hydroxylation or sulfation, should be assessed if the native proteins possess
such characteristics.

V. FUNCTIONAL EVALUATION OF RECOMBINANT MILK
PROTEINS

Recombinantmilk proteins produced in various expression systems should be
biochemically, immunologically, and physiologically similar to their native
counterparts. Differences in glycosylation or phosphorylation patterns may
affect the biological activity of the protein. The physiological activity of the
recombinant milk protein is of importance if its intended use is as a food
additive. The biological activity of the recombinant milk protein must be
evaluated both in a physiologically neutral buffer and in thematrix of the food
to which it will be added, e.g., cow milk–based infant formula, since aggre-
gation and/or precipitation of the recombinant proteins with existing food
components may occur. Determination of the concentration of the recombi-
nantmilk protein to be added to the food for optimal biological activity is also
important. If more than one recombinant protein would have to be added to
the food, then synergistic as well as counteractive effects of the proteins should
be determined. It should also be noted that recombinant milk proteins should
be evaluated for structural integrity and biological function after purification
from the expression source aswell as after the proteins are subjected to varying
degrees of heat (to simulate sterilization procedures), and to various pH
conditions and digestive enzymes (to simulate digestion in the gastrointestinal
tract).

Recombinant milk proteins with enzymatic activity can easily be
evaluated in vitro. For example, the bacteriolytic activity of recombinant
human milk lysozyme can be assessed by its reduction in turbidity of a
suspension of Micrococcus lysodeikticus (Shugar, 1952). Substrate binding
and specificity of the recombinant enzyme can be determined as in the case of
recombinant human milk BSSL (Hansson et al., 1993b). The hydrolyzing
capacity of recombinant BSSL can be determined by incubating the enzyme
with substrates, i.e., mono-, di-, and triacylglycerol. Furthermore, monitoring
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the synthesis of lactose when combined with lactose synthase can assess the
biological activity of recombinant a-lactalbumin (Brew and Hill, 1975).

Some human milk proteins have the capacity to enhance nutrient
absorption. To determine whether or not the recombinant milk proteins have
similar function, the extent of binding and release of the nutrient can be
assessed. For example, the iron-binding capacity and pH-dependent iron-
releasing properties of recombinant lactoferrin can be studied in vitro. Cell
culture experiments can also help evaluate binding properties of the recom-
binant human milk protein to specific sites with which they interact. Since
human milk lactoferrin binds to lactoferrin receptors in the infant gastroin-
testinal tract (Kawakami and Lönnerdal, 1991), interactions of recombinant
human lactoferrin with various cells that express lactoferrin receptors can be
determined. In these cell binding and uptake experiments, dissociation
constants and binding curves should be similar to those of the native protein
(Suzuki et al., 2002). Although it is possible that the recombinant and the
native milk protein have slight biochemical differences, i.e., glycosylation
patterns, little or no difference in binding parameters may be observed.

Human milk lactoferrin, lysozyme, and lactoperoxidase are known to
have antimicrobial functions. Some pathogens that have been shown to infect
infants include enteropathogenic and enterotoxigenic E. coli, Helicobacter
pylori, Campylobacter jejuni, Yersinia enterocolitica, Salmonella spp., and
Clostridium spp. Determination of bacteriostatic or bactericidal activity by
recombinant milk proteins can be performed by mixing a bacterial cell
suspension with the recombinant milk protein, plating the mixture on agar
plates, then incubating the mixture at 37jC for subsequent enumeration of
viable colonies. However, not all microorganisms in the infant gastrointesti-
nal tract are pathogenic. It has been shown that the fecal flora of breast-fed
infants is dominated by gram-positive, non-spore-forming rods whereas
formula-fed infants have potentially pathogenic gram-negative anaerobic
rods and E. coli (Kleesen et al., 1995). Host-friendly bacteria, such as
Lactobacillus and Bifidobacterium spp., found primarily in breast-fed infants
as compared to formula-fed infants, produce acetic and lactic acids from
lactose fermentation that may provide an unfavorable environment for
pathogenic bacteria. Therefore, assessment of recombinant milk proteins
that stimulate the growth of host-friendly bacteria should also be performed.
Another human milk protein, n-casein, has been shown to prevent the
adhesion of Helicobacter pylori to gastric mucosa in vitro; therefore, the
capacity of recombinant n-casein to prevent this adhesion can be evaluated.

Finally, peptides derived from humanmilk proteins have been shown to
have physiological activities. Casein-derived peptides have been shown to
exhibit opiate, antithrombotic, antihypertensive, and immunomodulatory
activities (Brantl, 1984; Fiat et al., 1993; Schlimme andMeisel, 1995). Peptides
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derived from lactoferrin (Tomita et al., 1991) and a-lactalbumin (Pelligrini et
al., 1999) have also been shown to possess biological functions. Therefore,
full-length recombinant aS1, h-, and n-casein as well as lactoferrin and a-
lactalbumin can be enzymatically hydrolyzed and the peptides tested for
biological activity.

VI. IN VITRO ASSESSMENT OF RECOMBINANT MILK
PROTEIN DIGESTIBILITY

The digestive system of the newborn infant is not fully developed; therefore,
some human milk proteins are resistant to degradation (Davidson and
Lönnerdal, 1987). In the neonatal stomach, the degree of protein hydrolysis
is limited. The pH of the gastric contents has been found to be around 4.0–4.5
(Agunod et al., 1969; Hamosh, 1996), and pepsin secretion has been found to
be less developed than in adults (Adamson et al., 1988; DiPalma et al., 1991).
In addition, since the pH of the infant stomach is above the optimum for
pepsin activity (pH 2), pepsin can only act to a limited extent. Furthermore,
the development of a functional response by the pancreas is not complete at
birth (Lebenthal and Lee, 1980), and the activity of intestinal enterokinase,
the enzyme that converts the proteolytic enzyme trypsinogen to trypsin, which
in turn activates other zymogens, is low at birth but increases with age
(Antonowicz and Lebenthal, 1977). In addition, the transit time through the
infant gastrointestinal tract is rapid during the neonatal period, thus limiting
the time proteins are exposed to enzymatic degradation (Lönnerdal, 1994).

Even though it may be known that a native human milk protein can
resist degradation by proteases encountered in the digestive tract of infants, it
is still necessary to evaluate the recombinant milk protein in vitro for
structural and biological stability after treatment with varying pH and
proteases. A pH stability assay, which mimics the acidic conditions of the
stomach (Huang et al., 2002b), can be used to subject the recombinant milk
proteins to varying pH (pH 2–7) for various periods (30min–2 hr). An in vitro
protein digestibility assay, designed to represent the conditions of the infant
gastrointestinal tract, can be used to predict the structural, biochemical, and
functional fate of the ingested recombinant milk protein (Rudloff and
Lönnerdal, 1992). First, the conditions of the neonatal stomach are simulat-
ed, the pH of the recombinant milk proteins suspended in either physiolog-
ically neutral buffer or infant formula is reduced to pH 2, 3, or 4 with HCl,
followed by the addition of pepsin and incubation with moderate shaking at
37jC for 30 min to 1 hr. Second, the conditions of the infant small intestine is
simulated, the pH of the protein mixture is raised to 7 with bicarbonate,
followed by the addition of pancreatin and incubation at 37jC for 1 to 2 hr
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withmoderate shaking. After enzyme inactivation, the recombinant protein is
assessed for structural, biochemical, and functional integrity, which is
compared to that of its native counterpart.

VII. IN VIVO EVALUATION OF RECOMBINANT MILK
PROTEINS

Many recombinant human milk proteins have been expressed in various
systems and their biological activity evaluated in vitro; however, their in vivo
efficacy has yet to be determined. In addition, it is important to assess whether
or not recombinant milk proteins can exert their biological activity in a diet
other than human milk in vivo and whether or not anticipated synergistic
effects by multiple milk proteins can be exhibited in vivo. Rodent models can
be used to evaluate the activity of the recombinant milk protein before using
nonhuman primates or humans in clinical trials. The choice of the animal
model is important since the data that are obtained from these studies must be
relevant to human infants. The use of rat pups may be inappropriate to study
the binding capacity of recombinant human lactoferrin to lactoferrin recep-
tors, since rat small intestine has no lactoferrin receptors, but rather receptors
for transferrin, the main iron-binding protein in rat milk (Kawakami et al.,
1990). However, rat pups can be used to study the protective effects of
recombinant human lactoferrin against intestinal infection from E. coli (Edde
et al., 2001). We are currently examining the in vivo activity of recombinant
human lactoferrin and lysozyme produced in transgenic rice in rat pups
infected with enteropathogenic E. coli, the most common bacteria known to
cause diarrhea in infants in developing countries. The antimicrobial proper-
ties of the two proteins are tested not only alone, but together, to determine
possible synergistic effects. A dose–response relationship of the recombinant
proteins on infection has also been determined.

Infant rhesus monkeys can be used as an animal model for preclinical
trials to better determine the in vivo effects of the recombinant milk proteins.
Safety and efficacy of the recombinant proteins are evaluated in infant
monkeys before the clinical trials in human infants. The use of infant rhesus
monkeys has advantages over use of human infants, in that the studies can be
performed in a controlled environment; also, ethical standard dictate that in-
vasive procedures, e.g., dissection of tissues and use of radioisotopes, are fea-
sible only in monkeys. In addition, the composition of monkey milk is very
similar to that of human milk (Lönnerdal et al., 1984), and the neonatal gas-
trointestinal tract of infant monkeys is similar to that of human infants
(Lindberg et al., 1997). Therefore, the physiological fate of recombinant hu-
man milk proteins in infant monkeys may be similar to that in human infants.
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Human infants should be used in the final evaluation of the recombinant
milk proteins. Data obtained from in vitro studies and animal experiments
should offer information with regard to the optimal dose to be added to the
infant formulas on the basis of potency/strength, half-life (stability), and
affinity/specificity (function) of the recombinant milk proteins.

After obtaining data on the efficacy of addition of a novel food ingre-
dient, such as a recombinant humanmilk protein, it is essential to acquire data
on the safety of the added protein. The efficacy data, however, are essential for
proceeding with the regulatory processes, in particular for infant formulas.
Regulatory agencies, e.g., the U.S. Food andDrug Administration (FDA) (in
theUnited States), have strict definitions provided by the Infant FormulaAct,
a federal legal document, which closely defines what is allowed. This law
stipulates that no novel component can be added unless a significant beneficial
outcomecanbecorrelatedwith this component.Thus, ‘‘cosmetic’’additionsof
novel compounds, i.e., addition of small quantities of a novel compound
without documented beneficial effect (under rigorous conditions) for market-
ing purposes are not allowed.Many other countries or organizations [e.g., the
European Union (EU)] have similar regulations.

Safety data will always be required before approval of novel food
components, whether for adults generally regarded as safe (GRAS) or for
infants (Infant Formula Act). Such studies include rat bioassays, growth and
acceptance studies in human infants or adults, allergenicity tests, and clinical
trials.

VIII. DETERMINATION OF STABILITY AFTER FOOD
PROCESSING

Sterilization of infant formula requires elevated temperatures that can
potentially destroy the biological activity of the recombinant milk protein.
The effect of various heat treatments on the biological function of milk
proteins is likely to vary, depending on their biochemical properties. Com-
pact, stable proteins, such as lactoferrin, may tolerate higher temperatures
than enzymes, for which a small change in tertiary structure (denaturation)
may prove irreversible and affect activity negatively. However, their suscep-
tibility to heat varies greatly among enzymes, and for some the food matrix
may actually help the enzyme to retain its activity. Both the temperature and
the duration of heat treatment are likely to affect protein bioactivity.
Naturally, a combination of high temperature and long heat exposure, such
as so-called in-can or retort sterilization, is likely to have more negative
impact than lower temperatures for longer periods (e.g., spray-drying) or high
temperature for a very brief time [e.g., ultra high temperature (UHT)]. This is
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illustrated by the fact that protein digestibility, indirectly a measure of heat
denaturation, was lowest for retort sterilized infant formula, and highest for
UHT formula, with powdered (spray-dried) formula being intermediate
(Rudloff and Lönnerdal, 1992). If all current processing methods affect the
bioactivity of the milk proteins negatively, other alternatives, such as aseptic
packaging, may be used.

IX. CONCLUSIONS: PRINCIPLES FOR ADDING
RECOMBINANT MILK PROTEINS INTO INFANT
FORMULA AND CEREALS

Safety, allergenicity, potency, and, ultimately, cost are factors that will deter-
mine novel applications for recombinant proteins. As the addition of these
proteins in most countries will not be allowed without any proven benefit,
efficacy trials are going to drive progress in this field. Studies in vitro and in
animal models will provide support for this, to be followed by safety studies in
rodents as well as higher species, such as nonhuman primates. Then, clinical
studies in humans will provide information on efficacy as well as preliminary
safety data before launching of larger acceptability and safety studies.
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Enzymes

Jun Ogawa and Sakayu Shimizu
Kyoto University, Kyoto, Japan

I. INTRODUCTION

Enzymes have a long history of safe use in human foods, not only for pro-
cessing but as ingredients. Recently the use of enzymes themselves as func-
tional foods is rising together with the spreading concept of dietary
supplements. Although there are only a few examples of practical applications
now, the use of enzymes for dietary purposes will increase along with in-
creasing attention to health maintenance and disease prevention. Here, an
overview of the present status of enzymes as functional foods and their future
prospects is briefly summarized together with examples of production tech-
nology and safety guidelines.

II. TRADITIONAL USE OF ENZYMES AS FOOD
INGREDIENTS

In the 1970s, several enzymes, listed in Table 1, were used as optional in-
gredients in some foods for various purposes (1). The enzymes derived from
well-known sources were generally recognized as safe. The examples of
animal enzymes included catalase (from bovine liver), animal lipase, pepsin,
rennin, and trypsin. Vegetable-derived enzymes included bromelain, papain,
and various malts.Microbial enzymes included preparations fromAspergillus
niger (lipase, catalase, carbohydrases, cellulase, pectinase, and glucose oxi-
dase), A. oryzae (lipase, carbohydrases, and proteases), Bacillus subtilis or B.
licheniforms (carbohydrases and proteases), and Saccharomyces species (car-
bohydrases, invertase). These enzymes were used to improve and/or modify
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the properties of the foods and to facilitate the food processing. The other
examples of enzyme preparations that are used in foods today are summa-
rized in Table 2. They have future potential for use as functional foods,
dietary supplements, and nutraceuticals (see Sec. III).

III. ENZYMES AS FUNCTIONAL FOODS, DIETARY
SUPPLEMENTS, AND NUTRACEUTICALS

Recently use of enzymes as functional foods (2) and dietary supplements (3),
in which they offer many benefits to the consumer, has been increasing.
Initially, the term dietary supplements referred to products made of one or
more of the essential nutrients, such as vitamins, minerals, and proteins.
Today, they include, with some exceptions, any product intended for inges-
tion as a supplement to the diet. This includes vitamins, minerals, herbs,
botanicals, and other plant-derived substances, amino acids, peptides, pro-
teins, and enzyme. The enzymes in use before 1995 for dietary supplements are
listed in Table 3. Most of them are used as digestive enzymes. Popular

Table 1 Enzymes Used as Food Ingredients and Their Purposes

Food Enzyme and source Purpose

Flour Malted wheat flour
Malted barley flour

a-Amylase (A. oryzae)

Provide sugar, modify
dough properties

Farina Papain, pepsin Accelerate cooking
Bread Wheat malt Provide sugar, modify

dough propertiesBarely malt

Malt extract
a-Amylase/protease

(A. oryzae)

Papain
Bromelain
Lipoxygenase (soy)

Cheese Catalase Remove H2O2 from milk,
precipitate caseinRennin

Microbial rennin

Soda water Glucose oxidase Stabilize drinks
Catalase

Dried whole egg,
dried egg white

Glucose oxidase
Catalase

Stabilize
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Table 2 Enzyme Preparations Used in Foods Today

Enzyme (origin) Function and purpose

From microorganisms
a-Amylase

(Aspergillus oryzae)
(Bacillus stearothermophilus)

Flour processing
Hydrolysis of edible starch

to produce maltodextrin

and nutritive carbohydrate
sweeteners

Amyloglucosidase

(Rhizopus niveus)

Degradation of gelatinized starch

into constituent sugars
Aminopeptidase

(Lactococcus lactis)
Optional ingredient for flavor

development in manufacture

of cheddar cheese
Carbohydrase and

cellulase (Aspergillus niger)
Clam and shrimp processing

Carbohydrase

(Rhizopus oryzae )

Production of dextrose from starch

Catalase
(Micrococcus lysodeikticus)

Manufacture of cheese

Esterase-lipase
(Mucor miehei var.
Coony et Emarson)

Flavor enhancer in cheeses,
fats and oils, and milk products

a-D-Galactosidase
(Mortierella vinaceae var.
raffinoseutilizer)

Production of sucrose from sugar beets

Glucose isomerase
(Streptomyces rubiginosus,
Actinoplane missouriensis,
Streptomyces olivaceus,

Streptomyces olivochromogenes,
Bacillus coagulans)

Conversion of glucose syrups
(pure culture fermantation that
produces no antibiotic)

Lactase (Candida pseudotropicalis,

Kluyveromyces lactis)

Hydrolysis of lactose in milk to

glucose and galactose
Lipase (Rhizopus niveus) Interesterification of fats and oils
Milk-clotting enzymes

(Endothia parasitica,
Bacillus cereus, Mucor pusillus
Lindt, Mucor miehei var.
Cooney et Emerson, Aspergillus

oryzae/containing the gene for
aspartic proteinase from Rhizomucor
miehei var Cooney et Emerson)

Production of cheese

Mixed carbohydrase and protease
(Bacillus licheniformis)

Hydrolysis of proteins and
carbohydrates in preparation of
alcoholic beverages, candy, nutritive

sweeteners, and protein hydrolysates
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examples of the enzymes already used as dietary supplements are described in
the following discussion.

A. Lactase

Lactase (h-D-galactosidase) is used for persons with lactose intolerance who
are unable to digest significant amounts of lactose because of a genetically
inadequate expression of the enzyme lactase. Common symptoms of lactose
intolerance include abdominal pain and bloating, excessive flatus, and watery
stool after the ingestion of foods containing lactose. Lactase deficiency is
present in up to 15% of persons of northern European descent, up to 80% of
blacks and Latinos, and up to 100% of American Indians and Asians.
Treatment consists primarily of avoiding lactose-containing foods. Lactase
enzyme supplements may be helpful. Lactase from Aspergillus oryzae (4) is
used as a dietary supplement.

Enzyme (origin) Function and purpose

Rennin and chymosin (animal-derived
preparation from

Escherichia coli K-12, Kluyveromyces
marxianus var. lactis, or Aspergillus
niger var. awamori)

Coagulation of milk in cheeses and
other dairy products

Urease (Lactobacillus fermentum) Production of wine

From plants
Bromelain (pineapples/Ananas comosus,

Ananas bracteatus)

Hydrolysis of proteins and polypeptides

Ficin/peptide hydrolase (Ficus spp.) Hydrolysis of proteins and polypeptides
Malt/a-amylase and h-amylase (barley) Hydrolysis of starch

Papain (papaya, Carica papaya) Hydrolysis of proteins or polypeptides

From animals

Catalase (bovine liver) Decomposition of hydrogen peroxide
Lipase (edible forestomach of calves,

kids, or lambs)
Hydrolysis of fatty acid glycerides

Pancreatin/peptide hydrolase (porcine or

bovine pancreatic tissue)

Hydrolysis of proteins or polypeptides

Pepsin/peptide hydrolase (hog stomach) Hydrolysis of proteins
Rennin (abomasums of the sucking calf) Coagulation of milk in cheeses and

other dairy products
Trypsin/peptide hydrolase (porcine or

bovine pancreas)
Hydrolysis of proteins

Table 2 Continued

Ogawa and Shimizu200



B. A-D-Galactosidase

Foods such as broccoli, cabbage, and beans are famous for causing gas
because they contain complex sugars (oligosaccharides), which some people
cannot easily digest. These sugars ferment in the large intestine, causing gas
and distress. a -D-Galactosidase breaks down raffinose and stachyose in gassy
foods, making them more digestible (5). a-D-Galactosidase is made from a
safe food-grade mold, Aspergillus niger (6,7).

Table 3 Enzymes Used as Dietary Supplements and Their Origins

Enzyme Origin

Amylase Bacillus subtilis, Bacillus amyloliquefaciens,

Aspergillus oryzae, Aspergillus niger,
malt (malt diastase)

Amyloglucosidase Aspergillus niger, Rhizopus oryzae

h-Amylase wheat, Bacillus spp.
Catalase Aspergillus niger
Cellulase Aspergillus niger, Trichoderma

longibrachiatum (reesei)

a-D-Galactosidase Aspergillus niger
Glucose oxidase Aspergillus niger
Hemicellulase Aspergillus niger, Trichoderma longibrachiatum (reesei),

Aspergillus oryzae, Bacillus subtilis
Invertase Saccharomyces cerevisiae
Lactase Aspergillus oryzae, Kluyveromyces lactis

Lipase Aspergillus niger, Arthrobacter ureafaciens,
Candida cylindracea, Rhizomucor miehei,
Rhizopus oryzae, Rhizopus delemar

Lysophospholipase Aspergillus niger
Lysozyme Egg white
Pancreatin Porcine pancreas
Pancrelipase Bovine and porcine pancreas

Pectinase Aspergillus niger, Aspergillus japonicus, Rhizopus oryzae
Phospholipase Porcine
Phytase Aspergillus niger

Protease (microbial) Aspergillus oryzae, Aspergillus niger, Aspergillus melleus,
Bacillus licheniformis, Bacillus subtilis,
Bacillus thermoproteolyticus, Rhizopus niveus

Protease (botanical) Papaya latex (papain), pineapple, root and stem
(bromelain)

Protease (animal) Bovine or porcine (trypsin), bovine or porcine

(chymotrypsin), bovine or porcine (pepsin), rennin
Superoxide dismutase Bacillus spp.

Enzymes 201



C. Proteases

Especially in a person of advanced age, the absorption of amino acids de-
creases with decreasing activity of the digestive enzymes, resulting in a low
level of serum albumin concentration. Serum albumin transports various
biomaterials and pharmaceuticals, so its decrease causes various disorders.
Proteases increase amino acid absorption and are used for maintaining the
health of aged persons.

Dietary supplements are taken as part of a healthy lifestyle. But some of
them are expected to be effective for clinical purposes. Some enzymes are used
to reduce the risk of, or to modulate the risk factors for, specific chronic dis-
eases such as heart disease and cancer and certain birth defects. Furthermore,
they are used for short-term benefits such as sleep management and enhanced
physical performance. Dietary supplements with such uses are called nutra-
ceuticals. A good example of a nutraceutical enzyme is bromelain (8).
Bromelain has been used successfully as a digestive enzyme after pancreatec-
tomy, in cases of exocrine pancreas insufficiency, and in other intestinal
disorders. The combination of ox bile, pancreatin, and bromelain is effective
in lowering stool fat excretion in patients with pancreatic steatorrhea,
resulting in a symptomatic improvement in pain, flatulence, and stool
frequency. Moreover, bromelain is reported to have beneficial effects on
tumorigenesis, immune modulation, potentiation of antibiotics, and other
processes. The therapeutic applications of bromelain have included admin-
istration as a synergistic drug to potentiate the action of antibiotics, as a
mucolytic to assist with the clearing of sputum from the respiratory tract, as a
proteolytic digestive enzyme, and as a nutraceutical to prevent the symptoms
of angina.

IV. GUIDELINES FOR THE PRODUCTION OF FOOD-GRADE
ENZYMES

In general, enzymes are unremarkable in terms of their toxicological profiles:
That is, they possess a low order of toxicity. Some types of enzymes, e.g.,
proteases, are irritating to skin and eyes, particularly at high concentrations
or on prolonged contact. The main safety concern associated with enzymes is
the induction of respiratory allergies among workers in the manufacturing
environment, where repeated exposure to a foreign protein may induce sen-
sitivity. Enzymes are proteins, and as can many other proteins foreign to the
human body, they can stimulate the body’s immune system if inhaled at
sufficient concentrations. The safety of enzymes commonly used in foods and
food processing is well established. However, for future expanded use of
enzymes in foods, several guidelines were established. In 1990, the U.S. Food
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andDrugAdministration (FDA) published Enzyme Preparations: Chemistry
Recommendation for Food Additive and GRAS (Generally Recognized As
Safe) Affirmation Petitions. The European Science Committee of Food pub-
lished Guidelines for the Presentation of Data on Food Enzymes in 1991.
These guidelines deal with (a) the toxicological properties of the enzyme
preparation; (b) the quantity of enzyme consumed; (c) the allergies and
irritations caused by the enzyme activity in the final product; (d) the
unintended reaction products in the food, caused by enzymatic reactions in
the final foodstuffs; and (e) the safety of the source organism. In 1994, theU.S.
FDA announced the Dietary Supplement Health and Education Act (http://
vm.cfsan.fda.gov/fdms/dietsupp.html), which clearly regulated the use of
enzymes as dietary supplements. Any enzyme that was grandfathered as a
dietary supplement before October 15, 1994 (see Table 3), any enzyme that is
generally recognized as safe (GRAS), or any enzyme that meets the criteria of
a food additive petition may not require additional toxicological testing. In
addition, the U.S. Enzyme Technical Association has published Industry
Guidelines for the Use of Enzymes in Dietary Supplements (http://www.
enzymetechnicalassoc.org/dietary.html), which refers to the safe handling of
enzymes during production processes and recommends that the following
testing be performed on the enzyme preparation (test material):

1. Subchronic toxicity study of 90 days in a rodent species. The no
observable adverse effect level (NOAEL) should be sufficiently high
to assure safety.

2. Mutagenicity studies using gene mutation in Salmonella typhimu-
rium (9,10).

3. Chromosome aberration test.

V. PRODUCTION OF ENZYMES FOR DIETARY PURPOSES

General concepts for the production of enzymes for dietary purposes are
basically the same as those for industrial purposes, with the addition of the
special safety considerations described.

A. Sources of Enzymes

Enzymes are produced from animals, plants, and microorganisms (11).
Animals have traditionally produced some enzymes for food and medical
use. The best-known food enzyme of animal origin is rennin. In general,
however, animals are a poor source of enzymes as they are slow-growing and
expensive. Extraction of enzymes from animal tissues can also be difficult,
further adding to the production cost of the enzymes. Plants grow more
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quickly than most animals and can be produced in quantity on an annual
basis. Again, this time scale is too long for enzyme manufacturers, and the
only commercially important plant enzymes are proteases obtained from
crops such as pineapple (bromelain) and papaya (papain). For these reasons,
enzyme production from microorganisms is preferred as they are fast
growing, can be easily controlled during growth, and produce enzymes that
are easy to extract. In some cases, microorganisms produce extracellular
enzymes, making extraction and purification even simpler. The microorgan-
isms listed in Table 2 and 3 are representative examples used in the production
of enzymes generally recognized as safe.

B. Microbial Production of Food-Grade Enzymes

The production and use of microbial enzymes have been reviewed (12). To
produce food-grade enzymes of microbial origin, the materials for the cul-
tivation medium should be food-grade. As a general principle, pathogenic
microorganisms should not be used. The equipment for cultivation, extrac-
tion, and purification should be as clean as that used for food processing.
Microbial production processes can be summarized as follows (13):

1. Maintenance of the master or seed culture
2. Subculturing of the inoculation phase
3. Volume fermentation and harvesting of organisms
4. Cell removal, extraction, purification, and packing

The procedures for cultivation (1 to 3) are general and common. Adequate
purification processes should be used to prevent contamination of harmful
materials. Usually, alcohol precipitation, salting-out, ultrafiltration, and size-
exclusion techniques are used for purification. Column chromatography is
cost-ineffective but is required to produce enzymes for clinical purposes.
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Chemical Analysis and Health
Benefits of Isoflavones

Shaw Watanabe, Sayo Uesugi, and Ryota Haba
Tokyo University of Agriculture, Tokyo, Japan

I. INTRODUCTION

Health benefits of soya isoflavones (IFs) for prevention of certain cancers,
osteoporosis, and climacteric symptoms at menopause have been recognized
by many epidemiological studies. A recent recommendation to use soy pro-
tein or IFcontaining tablets, however, does not stand on firm evidence that
clarifies safety and toxicity potential in humans. Various mechanisms of IF
action have been found, in addition to classical action as phytoestrogens.
Absorption, distribution, and excretion of IF have been clarified, but internal
metabolism and interaction with macromolecules in the body need further
study. Recent research on IF, including analytical methods, is reviewed in
this chapter.

II. PRESENCE AND SYNTHESIS OF ISOFLAVONES
IN NATURAL PRODUCTS

Soybeans are consumed inmanyAsian countries, and they are a major source
of isoflavones (1–7). Isoflavonoids are divided into seven categories: isofla-
vone, isoflavane, isoflavanone, coumestane, pterocarpane, rotenoid, and cou-
maronochromone (2) (Fig. 1). Isoflavonoids are distributed in various
gymnosperms and angiosperms, and the only IFs naturally occur in animals
as 5,7,2V,4V-tetrahydroxyisoflavone and 5-hydroxy-7,2V,4V trimethoxy isofla-
vone in the molluskNerita albicilla. Some IFmetabolites (such as equol in the
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human body) are considered animal IF. Hegnauer and Grayer-Barkmeijier
(8) reviewed IFs in Leguminosae and found that 489 of 517 isoflavonoid
aglycones were present in beans: 89% isoflavones, 100% isoflavanes, 100%
isoflavonones, 100% coumestanes, 100% pterocarpanes, and 95% rotenoids
(Table 1). In plants, almost all isoflavonoids are esterified with glucosides. In
beans IFs usually take a glycoside or malonyl glycoside form. Major IFs in
soybeans, such as genistein, daidzein, and glycitein, are present in the form of

Figure 1 Basic structure of the flavonoid family.
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7-O-glycosides and further esterified between malonic acid and the 6 posi-
tions of glucose. Raw soybeans are rich in malonyl glycosides, and acetyl gly-
coside concentration increase by decarboxylation of malonyl residue during
roast (9).

Soybeans arewell known to be rich in genistein and daidzein (3–8). Their
6U-O-malonylgenistin and 6U-O-malonyldaidzein concentration increase
through ripening of the seeds (9) (Fig. 2). Soybeans grown at low temperature
contained more IF in beans when compared to those grown at higher
temperature (Table 2), but this difference was smaller inside the hypocotyls
(10).Glycitin and itsmalonyl derivatives are only present in hypocotyls aswell
as soyasaponin A and soyasaponin a-g. The synthetic pathway of IF is shown
in Fig. 3. A key enzyme is phenylalanin-lyase (PAL), which transforms

Table 1 Proportion of Flavonoids in Legumes Among All Plants

Compound class

Aglicones in
all plants,
total no.

Aglicones in
Leguminosae,

no.

Legume

compounds
compared
to the total,
percentage

Anthocyanidins 17 6 35
Flavones 287 40 14
Flavonols 357 63 18
Chalcones 164 82 50

Aurone 16 8 50
Dihydrochalcones 59 13 22
Flavanones 244 83 34

Dehydroflavonols 75 27 36
Flavans 24 2 8
Flavane-3-ols(catechins) 26 10 38

Flavane-3,4-diol 31 23 74
Flavan-4-ols 7 1 14
Peltogynoids 9 7 78

Total flavonoid aglycones 1346 366 28

Isoflavones 223 198 89
Isoflavanones 50 50 100

Pterocarpans 114 114 100
Isoflavans 42 42 100
Rotenoids 56 53 95

Caumestans 32 32 100
Total isoflavonoid aglycones 517 489 95

Source: Ref. 8.
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phenylalanine to cinnamic acid. Three molecules of malonyl-coenzyme A
(CoA) condense to chalcone via an intermittent molecule. Arylmigration of
chalcone from C2 to C3 yields daidzein, and genistein is made by arylmigra-
tion from naringenin, which is made from chalcone by chalcone-flavone
isomerase. Coumestrol is synthesized from daidzein but is only detected in
the sprout.

The physiological function of IF in plants is considered to be related to
node formation (11,12). But antistress molecules, phytoalexin of soybean

Figure 2 Isoflavones in the soybean.
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glyceollin I, glyceollin II, and glyceollin III, are also produced from daidzein
(13,14).

III. MEASUREMENT OF ISOFLAVONOIDS IN BIOLOGICAL
SPECIMENS

Development of separation techniques such as (HPLC), associated with
development of detectors such as (1H-NMR), 13C-NMR, (2D)-NMR, made
it possible to identify many IFs without hydrolysis and/or derivative produc-
tion (9,10,15,16). Usually IF is extracted from samples by 60%–80% ethanol
or methanol. Acetonitrile with 0.1N HCl has also been used. Heating during
extraction caused deacylation of malonyl residues, and glycoside forms in-
creased (9). Highest concentration of aglycon was obtained after 2-hr hydro-
lysis with 1M HCl at 98–100jC.

Absorption of IF in the alimentary tract mostly occurred in the form of
aglycone (17–21). It has been suggested that bacterial hydrolysis of the gly-
cosyl bond of glycosidic forms of isoflavonoids must precede absorption from
the intestinal tract. In humans, absorption occurs for the unconjugated form

Table 2 Effects of Temperature on Soy (Kogane) Isoflavones and DDP
Binding Saponins During Ripening

Temperature Chemicals High temperature Low temperature

Cotyledon Daidzein 0.9 F 0.6 10.2 F 1.8
Genistein 1.1 F 0.6 15.0 F 1.5
Malonyldaidzein 3.5 F 0.5 69.0 F 10.3

Malonylgenistein 5.2 F 1.4 100.7 F 5.1
Total 10.7 F 3.1 194.9 F 15.1

Hypocotyl Daidzein 14.5 F 4.0 48.3 F 13.0

Glycitein 4.3 F 1.8 39.8 F 14.6
Genistein 9.1 F 0.9 45.9 F 10.2
Malonyldaidzein 84.3 F 19.1 428.6 F 69.5

Malonylglycitein 13.2 F 5.1 155.5 F 31.2
Malonylgenistein 10.2 F 3.9 119.9 F 24.1
Total 135.6 F 33.1 838.0 F 161.4

DDMP saponin Soyasaponin aa 11.7 F 1.0 9.9 F 0.9
Soyasaponin hg 165.6 F 6.3 137.8 F 11.5

Soyasaponin ha 71.8 F 3.1 89.3 F 10.7
Total 249.1 F 7.5 237.0 F 23.0
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of IF in the small intestine and large intestine. Enterohepatic circulation of
glucuronized IFs has also been considered (17). Fecal excretion of intact
isoflavonoids varied from 0.4% to 8%. This difference arises from different
compositions of intestinal bacterial flora. Isoflavonoids that possess a 5-OH
group, such as genistein, are much more susceptible to C-ring cleavage by rat
intestinal bacteria (22). Certain strains ofClostridium spp. in the human colon
can cleave the C-ring and produce monophenolic compounds anaerobically
(23).

Figure 3 The synthetic pathway of daidzein and genistein.
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O-DMA and equol, the main metabolites of daidzein, are probably
produced in the colon (20,21). Hutchins and associates (24) compared urinary
excretion after consumption of fermented and unfermented soy foods and
found that the early absorption was obtained by fermented soy, such as shoyu
and miso (fermented soy bean paste).

Measurement of plasma isoflavonoid level is difficult, because of the
small amounts present in the blood and the necessity for pretreatment to get
active forms (15). The commonly used HPLC untraviolet (UV) detector does
not have enough sensitivity (usually 100–1000 ng/mL). A high-performance
liquid chromatography electrochemical detector (ECD) that detects 10–100
ng/mL has become available. Gas chromatography–mass spectrometry (GC-
MS) is so far the most sensitive method to detect 1 ng/mL, but it requires a
skillful technique. A recently developed time-resolved fluoroimmunoassay
provides a different sensitive method, especially for the large number of spec-
imens from an epidemiological study. It can measure below 5 nmol/L (25).

To measure the urinary isoflavonoids, vitamin C (final concentration is
about 1%) and NaN3 (final concentration is 0.003M) in storage bottles
prevent denaturation of phytoestrogens and bacterial contamination. We
compared the IF concentration in plasma, urine, and feces after a single
ingestion of baked soy powder (kinako) and further analyzed the kinetic
properties of IF (18,26). Eight kinds of phytoestrogens, daidzein, genistein,
O-DMA, equol, enterolacton, enterodiol, matairesinol, and secoisolacriresi-
nol, were measured. Ingested kinako cakes contained 103.23 Amol daidzein
and 111.89 Amol genistein, on average, after complete hydrolysis to aglycone.
From the calculation of the highest level of plasma, at least 15 Amol (3000
nmol/L � 5 L: about 3.76 mg) should be present in the whole blood in the
body. Recovery of daidzein and genistein from urine was 35.8% and 17.6%,
respectively, and 4.4% of ingested daidzein and 4% of genistein were
recovered in feces. The plasma half-life of daidzein was 6.31 hr and that of
genistein was 8.95 hr. King and Bursill (27) found the same values. In
addition, equol excretion was dependent upon the composition of intestinal
microflora, such as Streptococcus intermedius ssp., Bacteroides ovatus ssp.,
and Ruminococcus ssp. (personal communication, Uchiyama, 2001). Genis-
tein seems to be absorbed more efficiently from the intestinal tract and to
remain in circulation longer.

IV. BIOAVAILABILITY OF ISOFLAVONES

Estrogenic effects of isoflavones have been extensively investigated (28–31)
(Table 3). Kuiper and colleagues (32) found that genistein and daidzein
strongly bind ER-beta, more than ER-alpha (Table 4). They are beneficial to
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prevention of osteoporosis, because bone formation is stimulated by estro-
gens through ER-beta.

Equol showed much greater affinity for binding to estrogen receptors
than the other isoflavones. Duncan and coworkers (33) reported that equol
excretors generally had lower concentrations of estrone, estrone sulfate,
testosterone, androstendione, dehydroepiandrosterone (DHEA), DHEA sul-
fate, and cortisol and higher concentrations of sex hormone–binding globulin
and midluteal progesterone, a hormonal pattern generally consistent with
lowered breast cancer risk. We also found that equal excretors showed a
stronger antioxidant effect (34).

Table 4 Soy-Isoflavone Elements Affected by Temperature of Extraction

Room temperature mg % 80jC mg %

Hypocotyls Cotyledon Hypocotyls Cotyledon

Daidzin 320 45 838 145
Glycitin 485 ND 1004 ND

Genistin 118 80 246 210
6U-O-Malonyldaidzin 423 70 8 3
6U-O-Malonylglycitin 445 ND 11 ND
6U-O-Malonylgenistin 144 117 4 ND

6U-O-Acetyldaidzin 2 2 57 8
6U-O-Acetylglycitin 6 ND 89 ND
6U-O-Acetylgenistin 105 1 39 1

Daidzein 102 33 35 11
Glycitein ND ND 15 ND
Genistein 35 48 16 14

Total 2185 396 2362 392

ND, not detected.

Table 3 Estrogenic Activities of Isoflavones

Chemical Recombinant yeast MCF 7 cell

Estradiol-17ha reference reference

Equol 2.3 � 10�2 1.3 � 10�2

Genistein 4.5 � 10�3 2.6 � 10�2

Daidzein 2.8 � 10�1 1.1 � 10�2

a The activity of 17h E2 is taken as unity.

Source: Ref. 32.
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Administration of isoflavones showed decreased estradiol concentra-
tion and a prolonged menstruation cycle, as well as a decrease in luteinizing
hormone (LH) and follicle stimulating hormone (FSH) concentration. On the
contrary, Smith and colleagues (35) found a 15% increase in mean estradiol
concentration through administration of 86mg/day isoflavones in tablet form
for two menstrual cycles, followed by a placebo for an equivalent period.
Steroid hormones, SHBG, total cholesterol, and triacylglycerol did not
change, however.

Administration of 40-mg IF tablets per day for 4 weeks showed that the
inhibition of ovarian steroid synthesis did not appear to be mediated by
gonadotrophins, since IF tablet intake increased LH and FSH in two of three
subjects (36). Lu and associates (37) reported that high levels of isoflavones
did not affect gonadotrophins but did increase prolactin levels. These data
suggest that soy isoflavones may have selective effects on hypothalamic re-
ceptors that regulate prolactin but not on gonadotrophin production.

Most IFs in blood are glucuronide conjugates, and small amounts are
sulfated or unconjugated free molecules. Isoflavone stimulates SHBG pro-
duction in the liver, so increased SHBG diminishes free active IF.

Free radicals are considered to be among the most potent carcinogens
in the body. They also act on lipid peroxidation, which is related to the aging
process (38). Suppressed production of peroxides, such as PCOOH and
PEOOH, is thought to decrease the mutations leading to cancer. Inhibi-
tory action of IF on protein kinases was studied by Akiyama and colleagues
(39) (Table 5). Genistein selectively showed strong inhibition on the EGF
receptor.

In our animal experiments, treatment of SD rats that drank soy hypo-
cotyl tea in place of ordinary water showed decreased blood PCOOH and
PEOOH levels, as well as decreased 8OHdG in the liver and kidneys (39a).
Under iron-deficient conditions, which significantly increased peroxide level
in the body, the effects were more clearly observed.

8OHdG is also considered an indicator of deoxyribonucleic acid
(DNA) damage (40–42). The excision repair of DNA followed by excretion
in urine suggests dose-dependent oxidative damage to DNA, decreased
urinary excretion of 80HdG would reflect the amount of DNA damage in
the body (42). Our preliminary study on SD rats fed a mixture of soy
hypocotyl showed marked inhibition of breast cancer induced by PHIP
treatment (unpublished).

Adlercreutz and coworkers (30) and Murkies and associates (43) found
that urinary excretion of phytoestrogens was significantly lower in the breast
cancer patients than in controls.

The 1997 case–control study of Ingram and colleagues (44) clearly
showed a significantly reduced odds ratio of 0.27 [95% confidence interval
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(CI): 0.10–0.69] for breast cancer patients with >185 nmol/day excretion of
equol, compared to<70 nmol/day.

Functions of IF are summarized in Table 6 (45–47). The low prostatic
cancer incidence among Japanese has been attributed to high IF level (48).
Carcinogenesis requires accumulation of complex events in target cells, so
various pharmacological functions should act collaboratively for the preven-
tion of cancer. In the case of breast cancer, transfer of IF frommother to fetus
could effect a preventive effect on the mammary gland after birth (49). The
parallel phenomenon for rats and humans would support the possibility that

Table 5 Effect of Flavonoids on Protein Kinasesa

EGF receptor kinase

cAMP-dependent

protein kinase

Genistein 0.7 >100
Genistin >100 NA
Prunetin 4.2 NA

Daidzein >100 NA
Biochanin A 26.0 >100
Apigenin 25.0 >100
Acacetin 40.0 NA

Flavone 50.0 >100
Kaempherol 3.2 >100
Quercetin 5.0 >100

a EGF, epidermal growth factor; cAMP, cyclic adenosine monophos-

phate; NA, not applicable.

Source: Ref. 39.

Table 6 Multiple Isoflavone Functionsa

Estogenic effect (Messina, 1991)
Inhibition of

Tyrosine protein kinase (Akiyama et al., 1987)
DNA topoisomerase (Naim, 1987)
Ornithine decarboxylase, ribosomal S6 kinase (Linassier, 1990)

Aromatase (Adlercreutz, 1986)
Induction of

Specific P450, (Sariaslani, 1986)

Glutathione transferase, catalase
SHBG

aDNA, deoxyribonucleic acid; SHBG, steroid hormone binding globulin.
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the higher intake of soy-derived food among Japanese would lower the
incidence of breast cancer.

V. EPIDEMIOLOGY AND INTERVENTION TRIALS
BY ISOFLAVONES

Traditional Japanese women with their high intake of soy—a rich source of
phytoestrogens—have a low incidence of breast and other estrogen-related
cancers and few menopausal symptoms (31). The U.S. FDA has proposed
allowing some soy products to carry a label indicating that a reduction of
heart disease riskmay result from ingestion of 25 g/day soy protein as a source
of 60 mg of soy phytoestrogens. The average Japanese consumes about 30 mg
of isoflavones per day (1,50,51). Three of four case–control studies since 1991
have suggested that soy intake reduces breast-cancer risk; one recent case–
control study showed a decreased risk in women who had high amounts of
urinary phytoestrogens (44,52) (Table 7). Whereas circumstantial evidence
for the beneficial effects of phytoestrogens is increasing, results of clinical
trials are insufficient (53–59). Studies on soy have been limited by several
factors: the amount of phytoestrogens in soy varies and is rarely measured;
other factors in soy protein could not be neglected; and trials have been short.
Previous intervention studies used various types of soy proteins, including soy
milk and soy-rich foods, so the results were often controversial. It is necessary
to determine themost effective dose that has no adverse effects. This approach
may serve to maximize the efficacy of phytoestrogens in clinical studies.

Table 7 Case–Control Study on the Relationship Between Urinary Isoflavones
and Breast Cancer

Urine excretion
nmol/day Case Control (95% Cl)a Odds ratio

Daidzein Q600 51 31 1.00

>600 f Q900 29 36 0.60 (0.27, 1.33)
>900 f Q1300 29 35 0.80 (0.36, 1.80)
>1300 24 32 0.47 (0.17, 1.33) p < 0.241

Equol Q70 47 35 1.00
>70 f Q110 37 37 0.45 (0.40, 1.02)
110 f Q185 35 36 0.52 (0.23, 1.17)

>185 24 36 0.27 (0.10, 0.69) p < 0.009

a CI, confidence interval.

Source: Ref. 44.
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There have been seven intervention studies to observe hormonal effects
of isoflavone intake (36). Most of them administered the isoflavones by soy
protein powder, soy milk, or isoflavone-rich food, so the composition and
content of isoflavones varied. The ratio of daidzein, genistein, and glycitin in
soy protein is 4:5:1; that of a hypocotyl tablet is 7:1:4 (data not shown). This
difference would yield some controversial results.

Daily drinking of soy hypocotyl tea at 12–15 mg/day showed antiox-
idative activity in the body and low urinary excretion of 8OHdG compared to
those of controls (34). Total consumption, including that in the diet, was
estimated to be 32–35 mg/day. Japanese consumed 20–30 mg isoflavone per
day on average. Such a daily dosage would have bioactivity at this concen-
tration. An upper limit that may have adverse effects has not been determined
for humans. We examined the health effects on young women by adding 20
mg, 40 mg, or 50 mg of IF in tablets to about 10-mg daily consumption in
foods for 1month. The concern was that excessive isoflavone in the diet might
have negative effects, yet there is a paucity of information on the pharmaco-
kinetics of chronic exposure to isoflavones.

Chemoprevention trials of soy isoflavones are now being carried out in
Phase II/III Cancer Prevention Trials of the National Cancer Institute (NCI)
(55). Isoflavone-rich tablets can reduce circulating levels of ovarian steroid
hormones. Ovarian steroids (estradiol, progesterone, and estron sulfate) re-
gulate breast cell proliferation, so these reductions may lead to a lowered risk
of breast cancer.

The observed decreases in ovarian steroid levels after soy consumption
are consistent with epidemiological data suggesting that Asians consuming a
diet rich in soy have lower levels of ovarian steroids and lower incidence of
breast cancer than populations consuming diets that contain less soy.

VI. CONCLUSIONS

Estrogenic and antiestrogenic effects of IF should be studied more in relation
to the nuclear protein. A 2001 study with GeneChips may show unexpected
action of IF on multiple genes. Interaction of IF metabolites with macro-
molecules in the body should also be clarified. Quercetin metabolites, for
example, showed stronger biological activity (60).

Regulation of the menstrual cycle occurs as a result of a number of
interactions between the hormones of the hypothalamus–pituitary–gonadal
axis. We found that a depressed FSH level in preovulatory phase was pro-
longed by IF tablet intake, resulting in a prolongation of LH surge. A
shortened menstruation cycle resulted from a shortened follicular phase with
a normal 14-day luteal phase. This means that isoflavones affect the hypo-
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thalamopituitary level through a feedback-like mechanism. Changes in
androstendione, testosterone, and thyroxin, caused by IF tablet intake, would
also be caused by altered function of the hypothalamus and hypophysis.
Further study of the hypothalamus–pituitary–gonadal axis is necessary. Me-
tabolites of isoflavones, such as equol, could doubly influence the endocrine
functions in this case.

Increased natural killer (NK) cell activity has newly suggested the
influence of IF on immune functions. We found in 1999 that isoflavones can
be transferred to the human fetus from maternal blood (49). That means that
intrauterine development may be modulated by dietary factors.

In 2001 supplements of IF became very popular (61). Further multipo-
tential effects of phytoestrogens should be clarified before their extensive use
is recommended for disease prevention.
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I. INTRODUCTION

A. Discovery of N-Acylethanolamines

Although D9(-)-tetrahydrocannabinol (THC) is not naturally found in the
body, receptors for this compound in the brain have been described since 1988
(Devane et al., 1988). These receptors were later named cannabinoid 1 (CB1),
and a receptor subtype (CB2) has been found in immune tissues (Munro et al.,
1993). An endogenous ligand for these receptors has more recently been
discovered: It is theN-ethanolamine form of arachidonic acid and was named
anandamide from the Sanskrit word ananda, which means ‘‘bliss’’. When
anandamide [20:4n6 N-acylethanolamine (20:4n6 NAE)] was injected into
animals, hypomobility, hypothermia, analgesia, and catalepsy were observed
(Fride andMechoulam, 1993). These are the classic behavioral effects of THC
administration. Since this discovery, other endogenous metabolites that have
been shown to be functional agonists of these receptors have been described:
several polyunsaturated fatty acid derivatives, some of which are 22:6n3
NAE, 20:4n3 NAE, 20:3n6NAE (Barg et al., 1995), 20:3n9NAE (Pillar et al.,
1995), and 2-arachidonoylglycerol (2-AG) (Mechoulam et al., 1995; Sugiura
et al., 1995) (Fig. 1). These compounds are collectively termed endocannabi-
noids and have been shown to bind to brain CB receptors with an IC50 value
equal to or 1.5-fold that of 20:4n6 NAE (Felder et al., 1995; Hillard and
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Campbell, 1997). The presence of CB receptors in diverse invertebrates
evidences that the CB signaling system has been conserved for at least 500
million years (Stefano et al., 1996; De Petrocellis et al., 1999).

B. Tissue Distribution of N-Acylethanolamines

The CB1 receptor is widely distributed in several brain regions, including the
hippocampus, cortex and striatum, cervical ganglia, and peripheral auto-
nomic fibers (Pertwee, 1997). It is also present in nonnerve tissues such as
prostate, uterus, testes, bladder, small intestine, spleen, and lymphocytes. The
CB2 receptor is found in immune tissues such as the spleen, thymus, and
tonsils and in immunocompetent blood cells with highest concentration in B
cells, natural killer cells, mast cells, and monocytes.

The distribution of endocannabinoids in the brain is not completely
consonant with the regional distribution of their binding sites. This suggests
either that theymay not necessarily be produced near their targets or that they
play functional roles other than CB receptor activation (Bisogno et al.,
1999a). The highest concentrations of 20:4n6 NAE found so far in animal
studies occur in uterine tissue (Schmid et al., 1997). Down regulation of
20:4n6 NAE levels is associated with uterine receptivity for implantation,

Figure 1 Chemical structures of endocannabinoids and other cannabimimetic fatty
acid derivatives.
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whereas up regulation is associated with uterine refractoriness. A largely
unexplored hypothesis is that 20:4n6 NAE will prove to play an important
role in reproduction.

C. Specific Types of Endocannabinoids

20:4n6 N-acylethanolamine has been isolated from the human hippocampus,
striatum, and cerebellum—brain areas known to express high levels of CB1-
type CB receptors—together with its putative biosynthetic precursor, N-
arachidonoylphosphatidylethanolamine (Bisogno et al., 1999a). Both 22:6n3
and 20:3n6 NAE bind to rat brain CB1 receptor and show similar potency in
IC50 values for inhibition of adenylate cyclase. When injected into animals
these two compounds exerted effects on behavior similar to those of THC and
20:4n6 NAE, indicating that the two ethanolamides are highly potent en-
docannabinoids (Barg et al., 1995). The first NAEdiscovered in the 1950s 16:0
NAEwas found to be the active anti-inflammatory component in fractions of
peanut oil, soybean lecithin, and egg yolk with demonstrated activity in
animal models (Kuehl et al., 1957; Ganley et al., 1958). More recently 16:0
NAE has been shown to act by inhibiting synthesis of interleukins -4, -6, and -
8 (Berdyshev et al., 1997) and diminishing inflammatory response in a number
of experimental models. Although, 16:0 NAE has low affinity for CB1 or CB2
receptors, data have been recently presented indicating that it competes for
the binding of a high-affinity ligand to membranes from rat basophilic
leukemia cells (Facci et al., 1995), increasing the likelihood that fatty acid
ethanolamides represent a family of transmitters, each with a distinct receptor
(Calignano et al., 1998). The significance of this finding was brought out in a
study of pain reception in skin in which pain responses were reduced 100-fold
more potently when both 20:4n6 NAE and 16:0 NAE were administered
simultaneously. Synergism and ‘‘entourage’’ effects are highly important
concepts in the understanding of endocannabinoid action (Ben Shabat et
al., 1998). Other naturally occurring NAEs do not bind to CB1 and CB2
receptors with high affinity (Mechoulam et al., 1994; Mechoulam et al., 1996;
Di Marzo, 1998; Di Marzo and Deutsch, 1998; Di Marzo et al., 1998a), and
their biological significance is not clear. These compounds, however, can
inhibit the breakdown of the more biologically potent NAEs, such as 20:4n6
NAE, by acting as alternative substrates for fatty acid amide hydrolase
(FAAH), the enzyme that degrades 20:4n6 NAE.

Oleamide (cis-9-octadecenoamide) is a major primary amide found in
mammals. It was first identified from the cerebral spinal fluid of a sleep-
deprived cat and when injected into a rat induced rapid physiological sleep
(Cravatt et al., 1995). It can be synthesized from oleic acid and ammonia in
brain microsomes (Sugiura et al., 1996b). Oleamide does not bind to CB
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receptors at physiological concentrations (Boring et al., 1996), but similarly to
linoleoylethanolamide, oleoylethanolamide, and 2-arachidonoylglycerol (dis-
cussed later), it inhibits the breakdown of 20:4n6 NAE by acting as an
alternative substrate for fatty acid amide hydrolase (Maurelli et al., 1995;
Cravatt et al., 1996). In addition, oleamide has been observed to enhance
binding of 20:4n6 NAE to CB1 receptors (Mechoulam et al., 1997) and
potentiate 20:4n6 NAE antiproliferative action on human breast cancer cells
(Bisogno et al., 1998).

sn-2-Arachidonoylglycerol (2-AG) resembles 20:4n6 NAE in its molec-
ular conformation and has an even greater efficacy acting at the CB1 receptor
than 20:4n6 NAE itself. It may play an even more important biological role
than 20:4n6 NAE since it was shown to be present at approximately 200-
(Sugiura et al., 1995) to 800-fold (Sugiura et al., 1996d) greater concentration
than 20:4n6 NAE in some regions of the rodent brain. It has been found also
in spleen, pancreas, and intestinal cells of rats. 2-Agrchidionylglycerol is a
CB1 receptor agonist in neuroblastoma cells (Sugiura et al., 1999) and inhibits
the breakdown of 20:4n6 NAE (DiMarzo and Deutsch, 1998). The two other
sn-2-acylglycerol compounds, sn-2-linoleylglycerol and sn-2-palmitoylgly-
cerol, have been shown to potentiate the activity of 2-AG with respect to
both its binding to CB receptors and its capacity to inhibit adenylyl cyclase, as
well as in its effects on behavior (Ben Shabat et al., 1998). Free arachidonic
acid, 2-palmitoylglycerol, 2-oleylglycerol, 2-linoleylglycerol, and 2-docosa-
hexaenoylglycerol are inactive or weakly active on CB1 receptors in neuro-
blastoma cells (Sugiura et al., 1999).

D. Synthesis and Degradation of N-Acylethanolamines

The NAEs are phospholipase D metabolites of membrane-bound N-acyl
phosphatidylethanolamines (NAPEs), which are formed from calcium-de-
pendent transacylase reactions utilizing the sn-1 position of phosphatidye-
thanolamine, phosphatidylcholine, or cardiolipin as the acyl group donor
(Schmid et al., 1990). This pathway has been shown to apply also to 20:4n6
NAE (Di Marzo et al., 1994). Typically, saturated or monounsaturated fatty
acids predominate on the sn-1 position; thus a selective pool of sn-1 polyun-
saturated phospholipid molecules must be used in the transacylase reaction
(Di Marzo, 1998; Di Marzo and Deutsch, 1998; Di Marzo et al., 1998a).

Degradation occurs by the action of fatty acid amide amidohydrolase
(FAAH) (Cravatt et al., 1996), an enzyme with broad substrate specificity
found in many tissues, including small intestine, liver, eye, and brain (Kata-
yama et al., 1997; Matsuda et al., 1997; Maccarrone et al., 1998). The lack of
specificity of this enzyme may be important in physiological regulation since
the corelease of varying substrates that compete for its hydrolytic activitymay

Berger et al.228



potentiate the actions of others. This interactionwas demonstrated in 1997 for
oleamide (Mechoulam et al., 1997). Although FAAH is capable of synthesis
and degradation in vitro (Kurahashi et al., 1997), degradation is probably
more important under physiological conditions.

The NAEs are also substrates for lipoxygenases and form new eicosa-
noid products, some of which have been shown to be bioactive (Ueda et al.,
1995; Hillard and Campbell, 1997; Edgemond et al., 1998).

E. Mechanisms of Action of N-Acylethanolamines

Cannabinoid receptor–triggered intracellular neuronal signaling leads to
downregulation of adenylate cyclase (AC) and reduction of cyclic adenosine
manophosphate (cAMP), ultimately leading to various physiological se-
quelae, including changes in appetite, peristalsis, mood and reward, motor
control, heart rate variability, and blood pressure (described later). In the
striatum, activation of CB receptors leads to decreased glutamate release from
afferent presynaptic terminals, acting after presynaptic action potentials and
calcium channels (Gerdeman and Lovinger, 2001). In the nucleus accumbens,
activation of CB receptors on presynaptic excitatory fibers contacting g-
aminobufyric acid–ergic (GABAergic) neurons leads to decreased sodium
channel conductance, to decreased glutamergic transmission, to decreased
excitation, to decreased firing by postsynaptic inhibitory cells, to increased
activation of the mesolimbic dopamine neurons, finally leading to increased
dopamine release, which could in turn lead to increased drug dependency
(Robbe et al., 2001; Vaughan, 2001).

There has been a 10-year search for a signaling molecule that fine-tunes
signals released by neurons [depolarization-induced suppression of inhibition
(DSI)].For example, DSI is important in the hippocampus, the amygdala
(emotional memory), and the cerebral cortex (movements). TheDSI signaling
molecule is released from depolarized postsynaptic neurons when internal
calcium level is increased. The CB1 receptor antagonists have been found to
block DSI in hippocampus, and NAEs are now known to be the previously
unknown DSI molecules. Cannabinoids also turn down excitatory neuronal
inputs (DSE). Overall, endocannabinoids are now thought to prime hippo-
campal neurons for long-term potentiation important for learning and
memory (Barinaga, 2001; Wilson and Nicoll, 2001).

II. FUNCTIONS OF ENDOCANNABINOIDS

Cannabis (marijuana) has been used medicinally for more than 4000 years for
the treatment of disorders that include migraine, anorexia, asthma, muscle
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spasms, seizures, glaucoma, neuralgia, pain, diarrhea, and nausea. When
20:4n6 NAE is injected into rodents, the classic behavioral effects induced by
marijuana or its active ingredient, THC, namely, hypomobility, hypothermia,
analgesia, and catalepsy, are reproduced (Crawley et al., 1993; Fride and
Mechoulam, 1993; Mechoulam et al.,1998b). In general the effects occur with
rapid onset and short duration (Smith et al., 1994).

A. Memory

There are a number of animal studies that suggest that 20:4n6 NAE and
potentially other CB1 receptor agonists induce forgetfulness, a critical ‘‘sort-
ing’’ process necessary in the processing and retention of important memo-
ries. Evidence from rodent trials has shown that 20:4n6NAE impairs working
memory (Mallet and Beninger, 1998) and memory consolidation (Castellano
et al., 1997), and Derkinderen and associates have postulated a role of 20:4n6
NAE in making and breaking short neural connections (Derkinderen et al.,
1996).

Intracerebroventricular administration of 20:4n6 NAE strikingly in-
creased sleep—both slow-wave and rapid eyemovement (REM) types—at the
expense of wakefulness, and deterioration of memory consolidation was
confirmed (Murillo-Rodriguez et al., 1998). These observations suggested
that the brain CB system participates in the modulation of both vigilance
states and mnemonic processes. In concert with these observations, further
rodent studies have shown that the CB1 receptor antagonist SR141716A
improved memory (Terranova et al., 1996; Mallet and Beninger, 1998) and
facilitated short-term olfactory memory in the social recognition test (Terra-
nova et al., 1996). These results strongly support the concept of a role for
endocannabinoids in forgetting and lead to the tantalizing suggestion that
CB1 receptor blockers might aid the establishment of effective memory.

B. Sleep Induction

The presence of CB1 receptors and 20:4n6 NAE and 2-AG in the hypothal-
amus implies that endocannabinoids may play a role in the tuning of sleep–
wake cycles. For example, the CB1 antagonist SR141716A increased waking
time in rodents (Santucci et al., 1996;Mechoulam et al., 1997). Since oleamide
has been recognized as the sleep inducing agent, there may be hitherto un-
recognized links between this bioactive compound and the CB1 receptor sys-
tem (Mechoulam et al., 1997).

Cannabinoids can also affect other hypothalamic functions such as
thermoregulation and food intake, which affect overall sedativity. Indeed, the
physiological responses of hypothermia and hypomobility are found with
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20:4n6 NAE or THC injection (Smith et al., 1994; Adams et al., 1998). One of
the mechanisms by which this occurs has been shown to be through inter-
ference with dopaminergic and GABAergic transmission (Romero et al.,
1995).

C. Vocalizations

Ultrasonic vocalizations in rat pups separated momentarily from their
mothers is a recognized sign of anxiety and is typically activated by a decrease
in body temperature. This behavior was decreased by administration of the
CB receptor agonist CP 55,940 and increased by the CB receptor antagonist
SR141716A (McGregor et al., 1996).

D. Appetite

The control of appetite is partially directed by the central CB system.Williams
and associates observed overeating in mice given any dose of 20:4n6 NAE
from 0.5 to 10 mg/kg, an effect that was attenuated by the previous ad-
ministration, in a dose-dependent manner, of the CB receptor antagonist
SR141716A (Williams and Kirkham, 1999). In 2001 ob/ob genetically obese
mice, which are known to have huge appetites, were reported to have in-
creased hypothalamic 20:4n6 NAE levels (Di Marzo et al., 2001). These same
mice have defective leptin signaling. Acute leptin injection was found to de-
crease levels of hypothalamic 20:4n6 NAE and 2-AG and to decrease appe-
tite. Together, these observations suggest that the leptin signaling cascade to
decrease appetite involves endocannabinoids (20:4n6 NAE and 2-AG). In the
future, it may be possible to block brain CB actions for antiobesity treatments
(in combination with other molecular targets to decrease appetite) and,
conversely, to administer cannabinoids to prevent weight loss in persons with
loss of appetite [e.g., cancer and, (AIDS) patients].

E. Pain

TD9(-)-Tetrahydrocannabinol has well-known antinociceptive properties.
Peripheral administration of 20:4n6 NAE has been shown to inhibit the in-
duction of hyperalgesia by capsaicin (Richardson et al., 1998). Calignano and
associates (1998) have shown highly effective decrease in skin pain (100-fold)
with administration of 16:0 NAE and 20:4n6NAE. The precise mechanism of
action of NAEs in modulating pain is a focus of current investigation. For
example,Monhemius and associates (2001) have shown in an animalmodel of
neuropathic pain that CB receptors that mediate analgesia are located on the
nucelus reticularis gigantocellularis pars alpha.
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F. Gut Motility

The effects of endocannabinoids on gut peristalsis were reviewed in 2000 and
2001 (Izzo et al., 2000; Pertwee, 2001). There is evidence that endocannabi-
noids decrease peristalsis (delayed gastric emptying, decreased transit of
nonabsorbable markers) in rodents, guinea pigs, dogs, and humans. For
example, in mice, 20:4n6 NAE injection inhibited the passage of a charcoal
meal, an effect that was reversed by the administration of the CB receptor
antagonist SR141716A (Calignano et al., 1997b). In intestinal strip models,
cannabinoids decreased evoked acetylcholine release, peristalsis, and cholin-
ergic and nonadrenergic noncholinergic contractions of longitudinal smooth
muscle. The effects of cannabinoids on gastric emptying and intestinal
transport are mediated by CB receptors in both the brain and the intestine.
Gastric acid secretion is also decreased after CB receptor activation. In
humans, CB receptor agonists also delay gastric emptying (and may decrease
gastric acid secretion).

G. Hypotension and Modulation of Vascular Tension

20:4n6N-Acylethanolamine influences vascular tension through vasorelaxant
and neuromodulatory effects, as shown by studies in renal arterial segments
(Deutsch et al., 1997). Administration of 20:4n6 NAE was shown to decrease
systemic blood pressure in rats (Lake et al., 1997) and in anaesthetized guinea
pigs, inwhich the effect was prolonged if an inhibitor of 20:4n6NAE transport
was administered (Calignano et al., 1997a). The hypotension and bradycardia
that have been observed with 20:4n6 NAE administration seem likely to be
mediated by action on presynaptic CB1 receptors in sympathetic nerves
(Varga et al., 1995; Varga et al., 1996). 20:4n6 N-Acylethanolamine has also
been shown to activate vanilloid receptors on perivascular sensory nerves and
to induce vasodilatation (Zygmunt et al., 1997).

The NAEs may affect arterial pressure via effects on platelets and
endothelial cells. Platelets contribute to mean arterial pressure through
formation of 2-AG selectively over 20:4n6 NAE (Varga et al., 1998) or via
disposal of endocannabinoids through reuptake and hydrolysis processes
(Maccarrone et al., 1999). Accordingly, 2-AG has been shown to induce
vasodilatation in vivo and in vitro (Mechoulam et al., 1998a; Varga et al.,
1998; Járai et al.,1999). Endothelial cells from the vascular bed also produce
and inactivate endocannabinoids (Mechoulam et al., 1998a; Sugiura et al.,
1998; Maccarrone et al., 2000a). Endocannabinoids derived from macro-
phages, but not from platelets, are the cause of the hypotensive state that
arises during hemorrhagic shock (Wagner et al., 1997). The hypotensive effect
of 20:4n6 NAE is not limited to the systemic vasculature—it also plays a role
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in ocular pressure (Pate et al., 1995; Pate et al., 1996; Mikawa et al., 1997),
leading to the development of new strategies for treatment of eye disease such
as glaucoma. In the lungs, 20:4 NAE synthesized after calcium stimulation
has been shown to have dual effects (dilatation, bronchospasm) via binding to
CB receptors in axonal terminals of airway nerves (Calignano et al., 2000).

H. Immune System

There is evidence for the occurrence of anabolic and catabolic reactions
involving 20:4n6 NAE and 2-AG in murine macrophages, mast cells, baso-
phils, neutrophils, lymphocytes, platelets, and endothelial cells. Lipopoly-
saccharides (LPSs) of bacterial origin stimulate 20:4n6 NAE and 2-AG
formation in macrophages (Di Marzo et al., 1999; Parolaro, 1999). Thus,
bacterial infections may trigger release of endocannabinoids, which in turn
have immune-modulatory actions. Endocannabinoids may have a role in
immune hyperreactivity, as evidenced by the fact that the immortalized mast
cell–like line leukemia RBL-2H3 cells respond to immunoglobulin E (IgE)
challenge (a stimulus leading to cell degranulation and histamine and
serotonin release) by producing 20:4n6 NAE and its congeners (Bisogno et
al., 1997a). The RBL-2H3 cells and human mast cells also inactivate 20:4n6
NAE and/or 2-AG via severalmechanisms [(Bisogno et al., 1997a);DiMarzo,
1999 #1601; Maccarrone, 2000 #1803]. In sum, endocannabinoids variously
affect immune cell development, proliferation, and functionality (Parolaro,
1999) and vascular tone and cardiac output (Kunos et al., 2000). It is thus
likely that endocannabinoids participate in the control of immune and
vascular functions, particularly during uncontrolled immune reactions (al-
lergies, septic shock, autoimmune diseases) or hemorrhage.

I. Cell Protection

Noxious agents such as ethanol and sodium azide, exposure to Ultraviolet B
(UVB) radiation, and glutamate receptor stimulation all lead to an increased
intracellular calcium concentration and an increased synthesis of 20:4n6NAE
and other NAEs (Basavarajappa andHungund, 1999; Berdyshev et al., 2000).
This relationship is the basis for the speculation that these compounds may
have cell protective roles. However, in the nervous system, direct evidence for
a neuroprotective action for 20:4n6 NAE and 2-AG was reported in 2000 not
to involve CB receptors (Sinor et al., 2000). This report is surprising because
20:4n6 NAE (as well as 2-AG) should be able to inhibit pathological
conditions arising from high intracellular calcium concentrations by acting
at CB1 receptors to inhibit neuronal calcium influx through voltage-operated
calcium channels (Mackie et al., 1993) and by counteracting membrane
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permeability to calcium via NMDA receptor-coupled channels (Hampson
et al., 1998).

J. Apoptosis

TheNAEsmay affect cell death (apoptosis) via effects on ceramide. Ceramide
is generally an activator of apoptosis. N-oleoylethanolamine (NOE) was re-
ported to inhibit ceramidase (deacylation of ceramide), leading to increased
levels of ceramide and increased apoptosis (via the ERK cascade); it also
decreased glucosylation of GlcCer, leading to lesser amounts of higher glyco-
slylated compounds in neuroepithelioma cells (Spinedi et al., 1999). D9(-)-
Tetrahydrocannabinol is known to increase ceramide in the short term via
activation of neutral sphingomyelinase and FAN adapter protein, and in the
long term via activation of serine palmitoyl transferase.

K. Reproduction

20:4n6N-Acylethanotamine, 2-AG, and cannabinoids inhibit mouse embryo
development and blastocyst implantation in the uterus via CB1, but not CB2,
receptors (Paria et al., 1998). This finding, together with the observation that
20:4n6 NAE levels or the expression of FAAH are correlated with uterine
receptivity to embryo implantation (Paria et al., 1999), suggests endocanna-
binoids play a role in pregnancy. In particular, it was found that uterine
20:4n6NAE levels are lower when the uterus is receptive, and higher when the
organ is refractory, to embryo implantation. Activity of FAAH is highly
expressed in the peri-implantation period; that expression may possibly
explain the low levels of 20:4n6 NAE found in the uterus at this stage. On
the basis of these studies, 20:4n6 NAEmay have a role in directing the timing
and site of embryo implantation. One can speculate that disorders such as
spontaneous termination of pregnancy may be linked to a malfunctioning
uterine endocannabinoid system. Indeed, evidence in 2000 showed decreased
FAAH levels and activity in lymphocytes, a condition that is likely to
determine high levels of endocannabinoids in the uterus, predicts spontane-
ous abortion in women (Maccarrone et al., 2000b). On the basis of studies
carried out in sea urchin sperm (Schuel et al., 1994; Berdyshev, 1999),
endocannabinoids may also interfere with sperm cell fertilizing capability.
These findings were extended in 1998 to human sperm, with preliminary
evidence for CB receptor expression (Schuel et al., 1998). A role for the
endocannabinoid system in reproduction is also suggested by the capability of
20:4n6 NAE and 2-AG to inhibit electrically stimulated mouse vas deferens
contractions (Devane et al., 1992; Mechoulam et al., 1995) via CB receptor
activation (Pertwee and Fernando, 1996). Cannabinoids can possibly affect
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sexual behavior via phosphorylation of the progesterone receptor, via two
hypothetical pathways. First, when THC binds to the CB1 receptor, this
binding leads to dopamine release, binding to the dopamine D1B receptor,
cAMP induction of protein kinase A, phosphorylation of DARP-32 protein,
and effects on the progesterone receptor. Second, binding to the dopamine
D1B receptor may lead to MAP kinase mediated phosphorylation of the
progesterone receptor (Mani et al., 2001).

L. N-Acylethanolamines in Demyelinating and Other
Disease States

Multiple sclerosis (MS) patients are known to smoke marijuana to decrease
spasticity. In a mouse model of MS (CREAE mice), intravenous injection of
either 20:4 NAE, 16:0 NAE, or 2-AG led to decreased spasticity. The three
compounds had different kinetics properties, based on hind limb flexion re-
sistance. Effects were mediated via binding to CB1/CB2 receptors (Baker et
al., 2000; Di Marzo et al., 2000b).

In Parkinson’s disease, NAE levels are reported to be increased in the
basal ganglia, which have a role in motor activity. Levels of 20:4n6 NAEwere
three-fold higher in the globus pallidus and the substantia nigra relative to
those of other brain regions. In reserpine-treated rats, locomotion is restored
with a dopamineD2 agonist and with a CB1 receptor antagonist (DiMarzo et
al., 2000c).

In schizophrenics, 20:4n6 NAE levels are increased in the cerebrospinal
fluid as a result of perturbed dopamine D2 receptor activation, which causes
increased 20:4n6 NAE release. Thus, the effects of blocking the CB1 receptor
in schizophrenics might be therepeutically important (Leweke et al., 1999).

Endocannabinoids may have a role in regulating psychomotor activity
(Beltramo et al., 2000). The anandamide transport inhibitor AM404 reduced
dopamine D2 receptor mediated stimulation of motor activity in rats (utiliz-
ing the D2 receptor agonist quinpirole). Also AM404 decreased hyperactivity
in juvenille spontaneously hypertensive rats, a putative model for attention
deficit disorder.

III. ENDOCANNABINOIDS IN FOODS AND ORAL
ADMINISTRATION

A. Sources of Endocannabinoids in Foods

Although the amounts of 20:4n6 NAE in typical animal tissues (0.35–1.75 Ag/
kg tissue) are well below those necessary to elicit a cannabimimetic response
after oral administration, 16:0NAE and 2-AGamounts in these tissues can be
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one or two to three orders of magnitude higher than those of 20:4n6 NAE,
respectively. For example, edible mussels may contain up to 55 Ag/kg of 16:0
NAE (Sepe et al., 1998).

B. Lecithin

A source of NAEs could be lecithin, a widely used additive in many food
products. Although one is used to thinking of soy lecithin as a crude source of
PC, it actually contains NAPEs and lysoNAPEs up to 20% by weight.
Soybean lecithin also contains 16:0 NAE (Ganley et al., 1958), but it is not
clear whether it is artefactually generated from the corresponding NAPE
during the preparation of the lecithin. Plants have very active phospholipase
D enzymes, which, depending on how the lecithin is obtained, could also be
present in lecithin crude preparations.

C. Chocolate

In 1996, a study that claimed that 20:4n6 NAE had been discovered in
chocolate (di Tomaso et al., 1996), a rather surprising finding as it is known
that higher-order plants do not synthesize arachidonic acid, was published.
Nevertheless the press and some members of the scientific community
(Bruinsma and Taren, 1999) seized on this finding as the explanation for the
desirability of chocolate and the feelings of well-being associated with its
consumption. Whether the quantitative aspects of this finding were realistic
was also discussed. Some calculations indicating that 25 lbs of chocolate
would have to be injected in order to create marijuana-like effects were
reported in the press.

D. Coffee Cherries and Beans, Unfermented Cocoa Beans,
Fermented Unroasted and Fermented Roasted, Cocoa
Powders, Dark Chocolate, Peanuts, Hazelnuts, Walnuts,
Soybeans, Oatmeal, Millet, Olives, and Milks—Bovine
Milk and Colostrum and Early and Mature Human Milk

After the finding that chocolate might contain 20:4n6 NAE and other NAEs
discussed earlier (di Tomaso et al., 1996), we analyzed all of the food products
indicated forMAGs, primary amides, andNAEs (DiMarzo et al., 1998b) and
later determined oral bioactivity of some endocannabinoids (discussed later).

E. Analysis of Food Products for Endocannabinoids

Materials were extractedwithCHCl3/MeOH2:1 (v:v) containing [2H]8-20:4n6
NAE, [2H]4-16:0, -18:0, -18:1n9, -18:2n3, and -18:3n3 NAEs, and [2H]8-2-AG
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as internal standards. In order to purify and characterize theNAEs and 2-AG,
the organic phase was brought to dryness; submitted to a series of chromato-
graphic steps, including SiO2 open bed chromatography and normal phase
high-pressure liquid chromatography (NP-HPLC) (Berrendero et al., 1999);
and NAEs and 2-AG quantified by gas chromatography–electron impact
mass spectrometry (GC-EIMS) of the corresponding TMSE derivatives (Di
Marzo et al., 1998b). Oleamide was analyzed in the total ion current mode (Di
Marzo et al., 1998b).

F. 20:4n6 N-Acylethanolamine Levels in Food Products

Results (Table 1) show that 20:4n6 NAE was very low or not present in cocoa
beans, unfermented or fermented, unroasted, or roasted; 20:4n6 NAE was
also not present in cocoa powder or dark chocolate. Thus, di Tomaso and
colleagues’ reported finding of 20:4n6 NAE in chocolate (di Tomaso et al.,
1996) may be due to an artefact, or to microbial contamination, and 20:4n6
NAE is not likely to account for chocolate’s purported pleasurable properties.
In the present analyses, 20:4n6 NAE was also not found in caturra coffee
cherries, green beans, peanuts, hazelnuts, walnuts, soybeans, oatmeal, millet,
or olives. On the other hand, human breast milk was found to contain small
amounts of 20:4n6 NAE (21 ng/g total extracted lipid), and the possible
biological significance of this finding is not known.

G. Other Fatty Acid Amides and 2-sn-2-Arachidonoylglycerol
in Food Products

In contrast to the absence of 20:4n6 NAE in plant materials, other NAEs and
oleamide were found to variable degrees in the materials studied. Oleoyl and
linoleoyl ethanolamides were the most important ethanolamides found in the
plant materials. Some 16:0 NAE was also present, and this congener was
found inmilk as well. All materials contained oleamide, andmilk proved to be
the richest source of this fatty acid amide of all materials tested. Human milk
contained higher 2-AG levels compared to bovine milk.

H. Physiological Effects of Orally Administered
Endocannabinoids

Although numerous investigators have studied the effects of ingested endo-
cannabinoids on a plethora of physiological functions, few if any researchers
have examined the bioactivity of orally delivered endocannabinoids. We uti-
lized a series of tests developed for CBs (Martin et al., 1991; Fride and
Mechoulam, 1993; Sulcova et al., 1998). Sabra female mice received food and
water ad libitum and were maintained at 20jC–22jC on a 12-hr light–dark
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cycle. Compounds were dissolved in olive oil and administered orally (100 AL/
10-g mouse) with intubation needles inserted 3–3.5 cm into the esophagus.
Pups were tested 15 min after gavaging, since 20:4n6 NAE effects can begin10
min after oral administration (Fride and Mechoulam, 1993).

Horizontal ambulatory motor activity was measured in a 20- by 30-cm
open field divided into 12 squares of equal size, over 8 min, for the numbers of
squares crossed. Vertical rearing was assessed as the number of rears in an
open field. Ring test immobility (catalepsy) was then assessed as time spent
motionless on a 5.5-cm diameter ring, for up to 4 min (Pertwee, 1972). Rectal
body temperature was measured immediately before food administration and
again after the ring test. Hot plate analgesia was also investigated (Ankier,
1974). Finally, the number of fecal pellets accumulating during open field
testing was a measure of intestinal motility (Chesher and Jackson, 1974).

I. Results of Behavioral Testing

20:4n6 N-Acylethanolamine (300 mg/kg), oleamide (200 mg/kg), and 2-AG
(400 mg/kg) had demonstrated effects on three of the four types of behavior
tested and on body temperature but had no influence on analgesia or intes-
tinal motility (Figs. 2–4). Lower doses were inactive in all tests. Intraperito-
neally injected doses of these compounds have been shown to be effective at
much lower doses (Fride and Mechoulam, 1993; Mechoulam et al., 1998b).

What is the potential for these compounds to influence behavior when
consumed in a normal diet? On the basis of the present study, calculations
show that unreasonably large amounts of a food would have to be consumed
to achieve levels of ingestion of fatty acid amides such as were shown to be
effective in the mouse. However, there are several factors to consider. First, it
is known from in vitro studies that some of the amide species, although having
lesser affinity to the receptor themselves, inhibit the breakdown of other, more
active species. Therefore, a mixture of the compounds may have a synergistic
effect that is difficult to predict. Second, in the present study, the animal
testing was based on clearly evident responses to stimuli: very strong, dis-
cernible, and pharmacological. The question remains whether lower levels
result in a much attenuated effect, although not discerned and perhaps not
discernible with the present methods used.

J. Fatty Acids and Monoglyceride Effects in the Gut?

Other digestive processes starting from fatty foods could, in principle, also
lead to the formation of cannabimimetic fatty acids in the gut of animals and
humans. The amount of free arachidonic acid in the diet before digestion
would be minute because all would normally be esterified to phospholipids
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(Carrie et al., 2000) or, more importantly, triacylglycerols. During the
digestive process, however, phospholipids containing arachidonate are con-
verted via gut phospholipase A2 to 1-acyllysophospholipids and free arach-
idonic acid. Triacylglycerols containing arachidonate (derived from fish,
meats, fungal, and algal sources, all of which are common foods today) can
contain the fatty acid on all 3 positions. During digestion by pancreatic,
lingual, and other lipases this leads to 2-AG and the free fatty acids formerly
on the sn-1 and sn-3 positions, including arachidonate. The sn-2-acylglycerols
are better absorbed than free fatty acids because the latter metabolites can
form insoluble calcium soaps that are poorly absorbed and, consequently, are
likely to stay in the gut for a longer period. If a man consumes 600 mg of
arachidonic acid per day (this fatty acid is present in high amounts in foods of
animal origin), thismeans about 200mgmaximumper serving, and up to two-
thirds of this (120 mg, formerly on the 1- and 3- positions of triacylglycerols)
could be converted to free arachidonate in the gut. Thus, it is possible that the
arachidonic acid and other free fatty acids are converted in the gut to the
corresponding NAEs by FAAH, since Katayama and associates (1997) have
shown that because of the presence of lipid inhibiting the hydrolysis reaction
in the gastrointestinal (G.I.) tract, the enzyme can catalyze the condensation

Figure 2 MAG and NAE had calming properties when orally administered. MAG,
monoacylglycerol; NAE, N-acylethanolamine; 2-AG, sn-2-arachidonoylglycerol;
THC, D9(-)-tetrahydrocannabinol.
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Figure 3 All compounds reduced body temperature vs. control body temperature.
2-AG, sn-2-arachidonoylglycerol; THC, D9(-)-tetrahydrocannabinol.

Figure 4 None of the compounds except THC affected fecal output. 2-AG, sn-2-
arachidonoylglycerol; THC, D9(-)-tetrahydrocannabinol.
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reaction (i.e., the formation of NAEs and 20:4n6 NAE) under these con-
ditions. This hypothesis needs to be tested experimentally by feeding animals
diets with and without arachidonic acid, then aspirating the stomach and gut
contents, and measuring the levels of NAEs in the different gut regions.

IV. DOES DIETARY LONG-CHAIN POLYUNSATURATED
FATTY ACID CONSUMPTION LEAD TO HIGHER
CELLULAR LEVELS OF CORRESPONDING
N-ACYLETHANOLAMINES, MONOACYLGLYCEROLS,
AND PRIMARY AMIDES BY INFLUENCING
N-ACYLETHANOLAMINE PRECURSOR LIPID POOLS
OF 20:4n6 AND 22:6n3 IN WHOLE BRAIN AND BRAIN
REGIONS?

As a next step, the hypothesis related to LCPUFA consumption and its
influence onNAEprecursor lipid pools was tested in piglets that were fed diets
with and without 20:4n6 and 22:6n3 at levels similar to those found in porcine
milk, and brain levels of corresponding NAEs were assessed (Berger et al.,
2001).

A. Animals and Diets

Male piglets (>1 kg at birth, <12 hr old) were fed liquid formulas based on
the macro- and micronutrient composition of pig milk (n = 6 piglets per
group; see Table 2). Piglets were bottle-fed by hand until 18 days of age (Innis
and Dyer, 1997), and littermates assigned to different diets. In a separate
feeding study, piglets were fed identical diets, stored at 80jC under N2, and
individual brain sections further analyzed for NAEs (n = 6 per group).
Formulas contained 8.30 en% 18:2n6 and 0.80 en% 18:3n3 and were
supplemented optionally with 0.20 en% 20:4n6 and 0.16 en % 22:6n3
(0.30–0.40 g/100 g of total fatty acids; see Table 3). The 20:4n6 and 22:6n3
were from single-celled-organism triacylglycerols. Formulas contained 57.9 g
of fat/L, 4.143 MJ/L.

B. Sample Collection

Piglets were anesthetized at 18 days age, 3–4 hr after the last feeding (Innis and
Dyer, 1997), and intracardiac blood obtained. Brains were removed and
weighed, and the entire frontal cortex, striatum, hippocampus, and hypo-
thalamus were removed for neurotransmitter analysis (de la Presa Owens and
Innis, 1999, 2000). Remaining brain tissue was homogenized in buffer, frozen,
and later analyzed for phospholipids [de la Presa Owens and Innis, 1999] and
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Table 3 Major Fatty Acid Components of Formulas Varying
in 20:4n6 and 22:6n3 Contenta

Fatty acid,

g FA/100 g total FA

Formula

C� C+ Sow milk

8:0 17.20 14.90 ND
10:0 13.50 13.00 ND
12:0 1.00 0.30 0.10

14:0 0.80 0.60 2.40
16:0 11.30 10.90 28.10
18:0 3.20 3.30 5.60
16:1n7 0.10 0.20 4.70

18:1n9 33.30 35.10 32.60
18:2n6 15.60 16.40 20.40
20:2n6 ND ND 0.40

18:3n3 1.50 1.60 ND
18:3n6 ND 0.10 0.20
20:3n6 ND ND 0.20

20:4n6 ND 0.40 0.70
22:4n6 ND ND 0.10
20:5n3 ND ND 0.10

22:5n3 ND ND 0.60
22:6n3 ND 0.30 0.10

a C�, control diet without 20:4n6 and 22:6n3; C+, control diet with added

20:4n6 and 22:6n3; FA, fatty acid; ND, not detected.

Table 2 Fat Components of Formulas
Varying in 20:4n6 and 22:6n3 Contenta

Type of oil

Formula

C� C+

Milk fat 1.70 1.70

MCT 8.70 8.70
Palm olein 4.90 4.40
Trisun oil 8.00 8.30

Soybean oil 6.50 6.30
Single-cell AA 0.00 0.30
Single-cell DHA 0.00 0.20

a Grams per 100 g oil formula. C�, control diet without

20:4n6 and 22:6n3; C+, control diet with added 20:4n6

and22:6n3;AA,arachidonicacid;DHA,docosahexanoic

acid: MCT, medium-chain triacylglycerol, single-cell,

single-cell organism triacylglycerol source.
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primary amides, NAEs, and momoacylglycerols (MAGs) (Berger et al.,
2001).

C. N-Acylethanolamines, Primary Amide,
and Monoacylglycerol Analysis

Brain samples were extracted with CHCl3/MeOH 2:1 (vol/vol) containing
[2H8]-20:4n6-NAE and [2H8]-2-AG as internal standards. To purify and char-
acterize NAEs and MAGs, the organic phase was dried and then was
submitted to chromatographic steps, including SiO2 open bed chromatogra-
phy and normal-phase high-performance liquid chromatography (HPLC),
then GC-EIMS on TMSE derivatives (Di Marzo et al., 1996a; Bisogno et al.,
1997b; Di Marzo et al., 2000a; Berger et al., 2001).

D. Polyunsaturated N-Acylethanolamines

Supplementation of control diets with 20:4n6 and 22:6n3 led to brain
homogenate increases of 20:4n6 (3.9-fold), 22:4n6 (1.6-fold), 20:5n3 (5.2-
fold), 22:5n3 (9.4-fold), and 22:6n3 NAEs (9.5-fold; see Table 4). The NAE
levels were statistically similar for piglets fed diets supplemented with 20:4n6
and 22:6n3 and those fed sow’s milk. The increases in 22:4n6, 20:5n3, and
22:5n3 can be attributed to the facts that 22:4n6 is the two-carbon elongation
product of 20:4n6, and 20:5n3 and 22:5n3 are retroconversion products of
22:6n3 (Sprecher, 1999). The increase in the indicated NAEs could be
biologically important, since NAEs with fatty acids having 20 carbons and
three double bonds bind CB1 receptors (Barg et al., 1995; Fride et al., 1995;
Priller et al., 1995; Sugiura et al., 1996a). 20:4n6 N-Acylethanolamine and
synthetic 22:6n3 NAE have similar cannabimimetic activities when injected
intomice (Fride et al., 1995), but in vitro studies showedpoor affinity of 22:6n3
NAE for CB1 receptors (Felder et al., 1993; Sheskin et al., 1997). Higher
precursor substrate levels of 22:6n3 (phosphatidylethanolamine and phos-
phatidylcholine with 22:6n3 on both sn-1 and sn-2 positions, and N-docosa-
hexaenoyl phosphatidylethanolamine) similarly lead to higher levels of
22:6n3 NAE in bovine retina (Bisogno et al., 1999b). Despite differences in
20:4n6 and 22:6n3 content between sow’s milk and our 20:4n6- and 22:6n3-
supplemented diet (Table 2) (de la PresaOwens et al., 1998; Devlin et al., 1998;
Berger et al., 2000), levels of unsaturatedNAEswere similar, suggesting that a
threshold level of dietary 20:4n6 and 22:6n3 is needed to maintain ‘‘normal’’
NAE levels. Preliminary evidence (Berger et al., 2001) showed that the dietary
precursors 18:2n6 and 18:3n3 added to pig formula were not able to elevate
20:4n6 and 22:6n3 brain NAE levels. Triacylglycerol positional distribution
of fatty acids (affecting fatty acid absorption), cholesterol, and hormones in
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sow milk are examples of other factors in sow milk that could affect NAE
metabolism (Berger et al., 2000).

In a separate feeding experiment (Berger et al., 2001), 20:4n6 and 22:6n3
NAEs weremeasured in distinct piglet brain regions, focusing on regions with
higher amounts of CB receptors and NAEs (Table 5). Levels of NAEs in
hippocampus were resistant to dietary modulation. Relative to piglets fed
control diet, in piglets fed diets supplemented with 20:4n6 and 22:6n3, there
were increases in 22:6n3 in auditory cortex (5.5-fold), brain stem (7.0-fold,
statistical trend), and striatum (2.0-fold). In contrast to results with brain
homogenates (Berger et al., 2001), there were no statistical differences in
20:4n6 NAE between supplemented- and control-diet groups for the specific
brain regions examined. However, supporting the observation that 20:4n6
and 22:6n3 can increase corresponding NAEs is that when compared to sow’s
milk–fed piglets, piglets fed diets lacking 20:4n6 and 22:6n3 had reduced
amounts of 20:4n6 NAE in brain stem, auditory cortex, and cerebellum and
reduced amounts of 22:6n3NAE in brain stem, auditory cortex, and striatum.
In the same regions, there were not significant differences in NAEs between
sow’s milk–and supplemented diet–fed piglets.

In a mouse experiment (Berger et al., 2001), mice received fat-free diets
supplemented with 0.4%milk fat, 1.2% palm olein, 1.9% sunflower oil, 1.5%

Table 4 Diet-Induced Changes in Polyunsaturated Brain (Monoacylglycerols)
and N-Acylethanolaminesa

Formula

Diet C� C+ Sow milk

MAG, 4–6 double bonds
20:4n6 66.00 F 9.38b 44.40 F 16.13 44.10 F 21.73
22:4n6 3.53 F 0.65b 6.23 F 1.82 6.13 F 1.42

22:6n3 3.87 F 0.03ab 5.93 F 1.37 6.67 F 1.92
NAE, 4–6 double bonds

20:4n6 1.02 F 0.34ab 3.96 F 0.91 3.33 F 0.80

22:4n6 0.74 F 0.03ab 1.15 F 0.02 1.46 F 0.48
20:5n3 0.33 F 0.12ab 1.74 F 0.47 1.66 F 0.13
22:5n3 0.18 F 0.09ab 1.69 F 0.49 1.40 F 0.52

22:6n3 0.95 F 0.21ab 9.03 F 3.60 3.94 F 1.24

a Picomoles per milligram brain lipid extract. Values represent means F standard errors. Pair-

wise comparisons using an unpaired, one-sided student t-test ( p < 0.05, n = 3/group) are

inxdicated as follows: a, C� different from C+; b, C� different from sow-fed group. C+

group was not statistically significant different from sow-fed group (p > 0.10);
b Statistically different at 0.05 < p<0.10. C�, control diet without 20:4n6 and 22:6n3; C+,

control diet with added 20:4n6 and 22:6n3. 18:3n3 NAE was not detected and is omitted from

Table 4. MAG, monoacylglycerol; NAE, N-acylethanolamine.
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soybean oil, and 5.1% medium-chain triacylglycerol (MCT) for 58 days. The
MCT was partly replaced with 1.1% single-celled algal oil, providing 0.5%
20:4n6 in a 20:4n6-supplemented diet. Similarly to pig results, supplementa-
tion with 20:4n6 increased 20:4n6 NAE 5.8-fold (21.8–125.8 pmol/g wet
weight of brain tissue).

E. How Dietary Long-Chain Polyunsaturated Fatty Acid Can
Modulate Brain N-Acylethanolamine Levels

Dietary 20:4n6 and 22:6n3 can modulate NAE levels by influencing levels of
NAE precursors such as N-acylphosphatidylethanolamines in neuronal
membranes (Di Marzo et al., 1994) or by providing direct fatty acid substrate

Table 5 Diet-Induced Changes in N-acylethanolamines from Specific Brain
Regionsa

Formula
N-Acylethanolamines
Brain sections C� C+ Sow milk

Brainstem

20:4n6 1.10 F 0.09b 1.60 F 0.23 2.50 F 0.35
22:6n3 0.70 F 0.06ab 4.90 F 1.79 9.90 F 1.39

Auditory cortex

20:4n6 3.00 F 0.23b 4.00 F 0.69 7.30 F 1.33
22:6n3 0.80 F 0.23ab 4.40 F 0.87 8.00 F 1.62

Visual cortex
20:4n6 3.50 F 0.35 — 4.00 F 0.58

22:6n3 3.30 F 0.17 — 2.10 F 0.35
Cerebellum
20:4n6 0.50 F 0.06b — 0.80 F 0.06

22:6n3 0.50 F 0.17 — 0.40 F 0.06
Striatum
20:4n6 1.80 F 0.02b 1.50 F 0.06 1.10 F 0.17

22:6n3 1.00 F 0.12ab 2.00 F 0.29 3.20 F 0.17
Hippocampus
20:4n6 2.20 F 0.46 2.20 F 0.17 2.00 F 0.17

22:6n3 1.20 F 0.12 0.90 F 0.06 1.40 F 0.17

a Picomoles per milligram brain lipid extract. Values represent means F standard errors. Pair-

wise comparisons using an unpaired, one-sided student t-test ( p < 0.05, n = 3/group) are

indicated as follows: a, C� different from C+; b, C� different from sow-fed group. C+ group

was not statistically significant different from sow-fed group ( p > 0.10);
b Statistically different at 0.05 < p <0.10; C�, control diet without 20:4n6 and 22:6n3; C+,

control diet with added 20:4n6 and 22:6n3;—, not determined for technical reasons; ND, not

detected.
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for de novo synthesis (Devane and Axelrod, 1994). Additionally, the phos-
pholipid acyl donor during N-acylphosphatidylethanolamine synthesis is
unusual in being an sn-1-arachidonoyl phospholipid species (Schmid et al.,
1990; Sugiura et al., 1996c). The extent to which the sn-1-polyunsaturated
phospholipid pool is modifiable by diet is not known. Dietary LCPUFA
could affect NAEmetabolism by a number of other means, including physical
effects on membranes such as the blood–brain barrier (Yehuda et al., 1999),
which can influence receptor number and kinetics (Zimmer et al., 2000); mo-
dulation of intracellular calcium levels in some cell types (Desai et al., 1993);
and modulation of protein kinase C (Raygada et al., 1998) and hormones.

F. Physiological Effects of Increasing Brain Levels of
Polyunsaturated N-Acylethanolamines

As decribed in Sec. I, activated CB1 and CB2 receptors mediate inhibition of
adenylate cyclase and N- and P/Q-type calcium channels, and activation of
potassium channels and mitogen-activated protein kinase and affect a wide
variety of physiological processes. The NAEs also have non-CB1/non-CB2
receptor-mediated activities (Di Marzo et al., 1998a; Howlett et al., 1999).
High doses of injected 20:4n6NAE or 20:4n6NAE analogues inmice (10–100
mg/kg of body weight) cause typical in vivo cannabimimetic inhibitory effects
(motor activity, rearing activity, ring catalepsy, hypothermia, analgesia, and
agonistic behavior) and inhibition of leukocyte phagocytosis. In contrast, low
doses of injected 20:4n6 NAE (0.01 mg/kg of body weight) stimulate activities
in open field and ring, increase aggressive behavior, and stimulate phagocy-
tosis (Sulcova et al., 1998). Thus, in the present nutritional studies, it is
difficult to predict whether LCPUFA-induced increases in NAEs will increase
or decrease these behavioral effects and other physiological sequelae observed
after direct NAE injection or consumption.

G. Monoarachidonoylglycerols

sn-2-Arachidonoylglyceral resembles 20:4n6 NAE in molecular conforma-
tion, and sn-1-, sn-2-, and sn3-arachidonoylMAGs have CB1 receptor affinity
(Stella et al., 1997; Sugiura et al., 1999). The 2-AG concentration can be 200-
to 800-fold greater than that of 20:4n6 NAE in some rodent brain regions
(Sugiura et al., 1996d). In addition, 2-AG is found in spleen, pancreas, and
intestinal cells of rats and inhibits 20:4n6 NAE breakdown (Di Marzo and
Deutsch, 1998). Such MAGs as sn-2-linoleoylglycerol and sn-2-palmitoylgly-
cerol could also be important, because they can potentiate CB receptor
binding of 2-AG (Di Marzo and Deutsch, 1998). Free 20:4n6 and sn-2-
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palmitoylglycerol, 2-oleoylglycerol, 2-linoleylglycerol, and 2-docosahexae-
noylglycerol are inactive or weakly active on CB1 receptors in neuroblastoma
cells (Sugiura et al., 1999). Berger and associates (2001) found levels of 20:4n6
MAG (1- and 2-isomers combined) that did not increase in response to dietary
20:4n6 and 22:6n3 supplementation, whereas levels of 22:6n3 MAG did in-
crease. Kinetic studies with labeled fatty acids, with particular focus on sn-2-
arachidonoyl-containing phospholipids (Di Marzo et al., 1996b; Bisogno
et al., 1999c) and triacylglycerols, are needed to elucidate the proceeding
finding.

H. Diet-Induced Changes in Phospholipids Compared with
N-Acylethanolamines

After feeding of the experimental diets described earlier to pigs and prepara-
tion of an identical brain homogenate (Berger et al., 2001), relative to that of
control, supplementation with 20:4n6 and 22:6n3 led to a small increase in
brain 22:6n3 level in only phosphatidylcholine, and no change in 20:4n6 in
any phospholipid classes examined [de la Presa Owens and Innis, 1999]. No
distinction was, however, made between sn-1 and sn-2 position of phospho-
lipids, and 20:4n6 and 22:6n3 NAEs are derived from phospholipids with
LCPUFA on the sn-1 position (DiMarzo et al., 1998a). The lack of change in
20:4n6 level in brain phospholipids after feeding different diets exemplifies
the importance of examining additional nonphospholipid lipid pools, such as
the NAE pool, to predict functional sequelae and to use in follow-up experi-
mentation in human and animal fatty acid feeding trials.

V. CONCLUSIONS

We have demonstrated that dietary 20:4n6 and 22:6n3 can modulate levels of
bioactive brain NAEs (see Fig. 5 for summary). This intriguing observation
has raised a number of important questions. What is the optimal dietary dose
of LCPUFA (arachidonic acid and docosahexaenoic acid, added separately
and together) for increasing levels of brain NAEs and what are the physio-
logic and behavioral implications? What are the pathways and kinetics for
formation of brain NAEs andMAGs from dietary LCPUFA? Does the same
increase in 20:4n6 NAE and 22:6n3 NAE observed in piglets occur in brain
and other organs from other animals, human infants, clinical populations,
and elderly persons after 20:4n6 and 22:6n3 supplementation. What could be
the clinical applications of these findings?
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Figure 5 Hypothetical pathways for dietary AA modulation of 20:4n6 NAE (anan-
damide) metabolism and the subsequent possible physiological downstream sequelae.
A unique pool of phospholipids [one candidate is phosphatidylcholine (PC)] with
polyunsaturated fatty acids (PUFAs) including arachidonic acid (AA) on the sn-1

position, rather than the usual sn-2 position, are believed to be precursors in a
transacylase reaction leading to formation of N-acylphosphatidylethanolamines
(NAPEs). N-arachidonylphosphatidylethanolamine represents one NAPE species.

Dietary AA could enrich the sn-1-arachidonyl 2-PUFA acyl PC pool of lipids by
affecting direct synthesis or retailoring, as depicted. Likewise, dietary fatty acids could
also lead to alteration of the acyl chains of phosphatidylethanolamine (PE), a donor in

the transacylase reaction, which subsequently could affect kinetics of the transacylase
reaction. Dietary lipids could also influence retailoring of N-arachidonylphosphati-
dylethanolamine after its formation. Thereafter, N-arachidonylphosphatidylethanol-

amine is converted to anandamide in a phospholipase D–mediated reaction. Dietary
fatty acids could influence levels of anandamide at this step by acting as alterative
substrates for amidase, an enzyme that degrades anandamide. Anandamide released
frommembranes of neuronal cells can bind to CB receptors (CB1-R) in the brain (and

other organs). CB1-R-triggered intracellular signaling, e.g., down regulation of
adenylate cyclase (AC), canultimately lead to various physiological sequelae, including
changes in appetite, peristalsis, mood and reward,motor control, heart rate variability,

and blood pressure.
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& Soubrié, P. (1996) Improvement of memory in rodents by the selective CB1
cannabinoid receptor antagonist, SR 141716. Psychopharmacology (Berl) 126:
165–172.

Ueda, N., Yamamoto, K., Yamamoto, S., Tokunaga, T., Shirakawa, E., Shinkai, H.,
Ogawa, M., Sato, T., Kudo, I., Inoue, K., et al. (1995) Lipoxygenase-catalyzed
oxygenation of arachidonylethanolamide, a cannabinoid receptor agonist.

Biochim Biophys Acta 1254: 127–134.
Varga, K., Lake, K., Martin, B. R., & Kunos, G. (1995) Novel antagonist implicates

the CB1 cannabinoid receptor in the hypotensive action of anandamide. Eur J
Pharmacol 278: 279–283.

Varga, K., Lake, K. D., Huangfu, D., Guyenet, P. G., &Kunos, G. (1996)Mechanism
of the hypotensive action of anandamide in anesthetized rats. Hypertension 28:
682–686.

Varga, K., Wagner, J. A., Bridgen, D. T., & Kunos, G. (1998) Platelet- and
macrophage-derived endogenous cannabinoids are involved in endotoxin-
induced hypotension. FASEB J 12: 1035–1044.

Berger et al.260



Vaughan, C. (2001) Cannabis: A pot of cellular actions in the mesolimbic system.
Trends Pharmacol Sci 22: 110–111.

Wagner, J. A., Varga, K., Ellis, E. F., Rzigalinski, B. A., Martin, B. R., & Kunos, G.

(1997) Activation of peripheral CB1 cannabinoid receptors in haemorrhagic
shock. Nature 390: 518–521.

Williams, C.M., &Kirkham, T. C. (1999) Anandamide induces overeating: mediation

by central cannabinoid (CB1) receptors. Psychopharmacology 143: 315–317.
Wilson, R. I., & Nicoll, R. A. (2001) Endogenous cannabinoids mediate retrograde

signalling at hippocampal synapses. Nature 410: 588–591.

Yehuda, S., Rabinovitz, S., & Mostofsky, D. I. (1999) Essential fatty acids are
mediators of brain biochemistry and cognitive functions. J Neurosci Res 56:
565–570.

Zimmer, L., Delion-Vancassel, S., Durand, G., Guilloteau, D., Bodard, S., Besnard,
J.-C., & Chalon, S. (2000) Modification of dopamine neurotransmission in the
nucleus accumbens of rats deficient in n-3 polyunsaturated fatty acids. J Lipid
Res 41: 32–40.
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I. INTRODUCTION

There is little doubt that the prevalence of obesity is increasing worldwide and
recent reports emphasize that it is increasing at an alarming rate. In theUnited
States the prevalence of obesity increased from 12% to 18%during the period
1991 to 1998 (1), an increase of 50%! In Europe the prevalence of obesity is
also high (2,3), with values of 19% in the United Kingdom (4,5), which is
almost double that observed in the Netherlands and France (3,6). Although it
could be argued that this is a consequence of the aging of the population in
Europe and America, obesity in childhood and adolescence is also increasing
and is now of growing concern (7–9). In fact, obesity is considered to be the
most prevalent disease/metabolic disorder of children and adolescents in the
United States (10). Unfortunately this dramatic increase in the prevalence of
obesity is not confined to industrialized countries but is pandemic, with
evidence of obesity in urban areas of many developing countries experiencing
rapid economic growth (11–15).

Obesity has not always been associated with disease and a diminished
quality of life. In the past, some societies considered obesity or an ample girth
to be favorable, indicating affluence, a plentiful food supply, and even health
(16). However, with changing fashion and, perhaps more importantly, the
realization that obesity is a strong risk factor for a variety of diseases that can
substantially decrease the length and quality of life (Table 1), individuals are
now searching for ways to lose excess body fat or prevent its accumulation.
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It is now generally accepted that obesity is classified according to an
individual’s bodymass index (BMI), which can be calculated easily frombody
weight and body height (17). However, this index takes no account of an
individual’s actual adiposity (18,19) and should occasionally be used with
caution, particularly when some athletes or ethnic groups, with smaller body
frames than Caucasians (20), are being assessed.

Epidemiological studies relating BMI to mortality have shown that the
risk follows a J-shaped curve (21). The risk of mortality is moderate to high,

Table 1 Adverse Health Consequences
of Obesity (Comorbidities)

Cardiovascular disease
Impaired glucose tolerance

Hyperinsulinemia
Type II diabetes
Hyperlipidemia

Hypertension
Gallbladder disease
Musculoskeletal disorders, osteoarthritis

Some cancers
Sleep apnea

Figure 1 Relationship between body mass index and mortality risk.
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below 19 kg/m2, as a result of undernutrition and illness; is relatively low in
the range between 20 kg/m2 and 28 kg/m2 (Fig. 1); but rises progressively once
the BMI exceeds 30 kg/m2, not only as a result of obesity itself but also the
contribution of comorbidities listed in Table 1.

This is supported by recent data that have estimated that approximately
30,000, or 6%, of deaths registered in England in 1998 (5) and 13% of deaths
registered in the United States in 1991 could be attributed to obesity (22). The
direct and indirect costs of obesity have also been estimated to be in the region
of £0.5 billion and £2 billion per year in the United Kingdom (5) and $52
billion and $99 billion, respectively, in 1995 in the United States (23).

With this background in mind it is no wonder that considerable
resources are being invested in the search to prevent, palliate, as well as find
remedies for obesity and its associated diseases.

II. CLASSICAL TREATMENTS OF OBESITY

The remedies proposed over the years for losing body weight, or more pre-
cisely body fat, are exhaustive and have essentially concentrated on tradi-
tional methods aimed at manipulating food intake and/or increasing physical
activity. Many dietary regimens have been proposed with various permuta-
tions on the three major energy-providing components of the diet (24), and
although they may work for a few individuals, the fact that overweight and
obesity continue to rise is evidence that they do not work for the vast majority
who wish to lose and maintain their lost weight. Increasing physical activity
increases energy expenditure and provides other health benefits; however,
when one calculates the amount of exercise that must be performed to lose a
few grams of fat it must appear a daunting task for someone who has 20 to 50
kg of excess fat to lose (25). In reality it is far easier, if one has the strength of
character, to resist consuming a 300-kcal snack than to exercise for 30min to 1
hr, to ‘‘burn off’’ the same amount of energy. The observations that most
weight-reducing programs have a low rate of success indicate that both diet
and exercise have limited efficiency. Failing, or in addition to, dietary man-
agement and physical exercise, an individual can also use pharmaceutical aids
to help control body weight. However, the number of drugs that are presently
approved for the treatment of obesity are relatively few (26). In the past a
variety of drugs that influence appetite, energy expenditure, or both were
used. These included thyroid hormones (27,28), amphetamines (26), dinitro-
phenol (29), and, more recently, fenfluramine and dexfenfluramine (30);
however, all have been found to cause serious side effects and are considered
inappropriate for the pharmacological treatment of obesity. At the present
time Sibutramine, a serotonin and norepinephrine uptake inhibitor, which

Obesity and Energy Regulation 265



reduces appetite (28) and stimulates thermogenesis (31), and Orlistat, an in-
testinal lipase inhibitor that inhibits intestinal fat digestion, are in use (28,32).
However, a 2002 metaanalysis of clinical trials using antiobesity treatments
concluded that no drug or class of drugs demonstrated clear superiority as an
obesity medication (33). Although new drugs are being investigated (32), it
may be many years before they are proved effective and considered safe. As a
final resort, usually reserved for massively obese patients for whom all other
treatments have failed, some surgical options have been proposed, such as jaw
wiring (34,35), gastric bypass (36), stapled gastroplasty (37), and gastric
banding (38). These interventions have been reported to be successful as far
as weight loss and health-related quality of life are concerned (39). However,
whatmight be consideredmore invasive procedures such as coagulation of the
feeding centers in the brain (40) have failed to produce sustained weight loss!

III. ENERGY BALANCE

Humans and animals are capable of maintaining a stable body weight over
very long periods, and for this reason many believe that body weight stability
is under precise regulatory control. Discussions on the cause of obesity often
resort to the energy balance equation, which reiterates the first law of ther-
modynamics, that energy cannot be created or destroyed, and states that
changes in energy balance of the body are the result of differences between
energy intake and energy expenditure. Although in essence this is true, it has
led to some confusion inasmuch as investigators have perhaps concentrated
too much on energy, as a general term, rather than the specific energy pro-
viding components of our food and the energetic substrates of our body (41).
It is now known that there are biomarkers that reflect the state of the different
stores in the body and that they are under neural and hormonal feedback
control. Proof of this was provided several years ago with the discovery of
leptin (42), a protein secreted by the obese gene, which has been demonstrated
to have effects on both appetite control (43) and energy expenditure (44), as
well as a variety of other functions.

Chemoreceptors sensitive to circulating molecules released from the
body’s energy stores signal the brain to modify food intake, energy expendi-
ture, and the composition of substrate oxidation (45). A variety of signals
such as insulin (46), blood glucose (47), free fatty acids that reflect the body fat
stores (45), or amino acid concentrations (48) have been proposed to influence
food intake and satiety (49).

Most animals, including humans, have evolved in conditions of periodic
food shortages and plenty that follow the seasons, droughts, and floods. For
this reason the body has become well adapted to conserving energy during

Acheson and Tappy266



starvation and laying down stores rapidly in times of plenty. Today, with food
security established in many countries, the body no longer has to deal with
food shortages and starvation but must now adapt to conditions in which a
plentiful food supply is always available. In this ‘‘obesigenic’’ environment
(50) the human body is ill equipped to expend more energy than it consumes,
unless an individual makes a conscious effort to do so. In spite of this plethora
of foodmany individuals domanage to remain slim, but unfortunately a large
proportion do not.

Although the pharmaceutical industry is investing in research for
antiobesity drugs it will be many years before safe and effective treatments
are available. Consequently few options are available at the present time,
other than prevention or reduction of obesity by healthy eating and lifestyle
changes.

IV. ARE FUNCTIONAL FOODS FOR WEIGHT CONTROL
AVAILABLE?

To date there are no effective functional foods for the prevention and
treatment of obesity and long-term maintenance of reduced body weight.
However, there are various steps in energy assimilation and metabolism that
are potential targets for present and future functional foods.

V. NUTRIENT INTAKE

It is known that energy intake is controlled by many peripheral and central
factors, and it has been shown that animals are able to regulate food intake
very well in their natural environment. Humans, on the other hand, experi-
ence numerous social and psychological cues that can override normal
physiological signals of satiety and satiation. Nutrient intake is regulated
by short-term satiety factors from the gastrointestinal tract such as gastric
distension, amino acids, and peptide hormones, as well as those, such as
leptin, that are involved in more long-term appetite regulation. Gut peptides,
cholecystokinin, and GLP1 are known to be involved in food intake control,
whereas leptin, which is secreted by adipocytes, influences body weight via its
effects on both appetite and cellular thermogenesis (51). Plasma leptin
concentrations are proportional to body fat mass (52); thus any increase in
fat mass increases leptin concentrations and serves as a negative feedback
signal to decrease appetite, by inhibition of NPY, and to increase cellular
thermogenesis. Unfortunately obese individuals have lower leptin concen-
trations in cerebrospinal fluid than the lean (53); thus its uptake or appearance
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in cerebrospinal fluid would appear to be defective in obesity and may
contribute to the decreased sensitivity of the brain to leptin in this condition
(53,54). Leptin gene expression is stimulated by insulin, which itself signals
adiposity to the brain (55); therefore, any foods that increase insulin, such as
carbohydrates and proteins, influence feeding behavior via the effect of insulin
per se and its effect on leptin. However, it is not known whether specific
nutrients regulate leptin secretion and/or its sensitivity in the brain.

VI. NUTRIENT DIGESTION AND ABSORPTION

Numerous low-energy sweeteners and artificial fat substitutes have been
designed and produced. Although some reports demonstrate modest weight
losses and improved plasma lipid profiles (56–59), the substitutes have not, so
far, proved effective in the battle against obesity. Olestra, a nondigestible fat,
is used in foods to provide the taste and texture of fat while denying the body
its high-energy value. To date Olestra has only been approved for use in
savory snacks, and although there were questions about its effect on absorp-
tion of fat-soluble vitamins and anal leakage, these concerns have been
overcome. Since Olestra does not represent a large proportion of dietary fat
intake, its effect on fat-soluble vitamins is limited, and during development its
formulation has been modified to prevent the the problem of anal leakage.

Salatrim is a reduced-fat product that is not just one fat, but a family of
triglycerides, which are produced by assembling different combinations of the
short-chain, acetic, propionic, and butyric fatty acids with the long-chain
stearic acid on the glycerol moiety. With these combinations it is possible to
decrease the digestible energy value of fat from 9 to 5 kcal/g (60). Recently,
another oil, Econa oil, was introduced in Japan and the United States. It
contains a large proportion of diacylglycerol (DAG) that is processed from
canola and soy oils. It is claimed that regular use of DAG causes weight loss
(61,62), since it is directly oxidized rather than being stored in adipose tissue,
and that it also reduces blood cholesterol concentrations.

Slowing or reducing the digestibility of carbohydrates by using slowly
digested carbohydrates and fiber-containing foods has demonstrated func-
tional properties. Slowly digested carbohydrates reduce plasma glucose and
insulin concentrations (63–67), improve insulin sensitivity (68), and have been
repoted to have satiating effects (69–72). Dietary fibers provide bulk, slow the
digestion and absorption of carbohydrates, and at the same time provide less
energy than well digested carbohydrates. In addition to their positive effects
on glucose metabolism, many fibers are fermented in the large intestine to
produce short-chain fatty acids, which provide energy and beneficial effects
for the gastric mucosa (69). Although dietary guidelines advocate eating a
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high-fiber diet and increasing the consumption of fruits and vegetables, there
is no indication that these recommendations have been widely accepted by the
general population.

VII. THERMOGENESIS

Although much work has been done on ingredients and foods that increase
thermogenesis, it should be realized that none stimulates energy expenditure
sufficiently and for long enough periods to have a significant effect on energy
balance without also producing side effects. As mentioned, it is perhaps far
easier and safer to reduce energy intake by 300 kcal per day than either to
exercise or to stimulate resting energy expenditure by 12% to 15% for 24 hr.

Coffee (73) and green tea (74) are habitually consumed drinks that have
been reported to increase thermogenesis over relatively short periods. Much
of the thermic effect of coffee is due to its caffeine content, which has been
known since the beginning of the 20th century to increase cellular thermo-
genesis (75,76). However, with green tea, it has been proposed that the
catechin-polyphenols it contains interact synergistically with caffeine to
increase and prolong sympathetic stimulation of thermogenesis and lipolysis
(77). Others have reported that epigallocatechin gallate, extracted from green
tea, decreased body weight and waist circumference of moderately obese
patients during a 3-month trial (78) and that this effect was due to inhibition of
gastric and pancreatic lipases as well as stimulation of thermogenesis.

Potential synergistic actions of plant-derived active molecules have
already been tested for weight control. Caffeine in combination with ephed-
rine, a sympathomimetic derived from the plant Ephedra sinica, has been
shown to be effective in improving (24 weeks) and maintaining weight loss (a
further 24 weeks) of obese patients (79). Although indiscriminate use without
medical supervision can be potentially dangerous, a 2002 multicenter trial
confirmed the efficacy of herbal ephedra/caffeine in promoting weight loss, fat
loss, and improvement in blood lipid concentrations without significant ad-
verse events (80).

VIII. LIPID OXIDATION

Pragmatically, since obesity is defined as an excess of body fat, an obvious
target would be the adipose tissue stores of the body. Although increased lipid
mobilization and oxidation of any mobilized lipid are advantageous, it has
been known for several years that different fat depots in the body are more
detrimental to health than others. Accumulation of fat in the visceral
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abdominal region, rather than the gluteal, femoral depots, is associated with
increased risk for ischemic heart disease, stroke, and the metabolic syndrome
(81,82). Differences in body fat distribution are thought to be due to an
imbalance of steroid hormones and pertubations of the hypothalamic-pitu-
itary-adrenal and pituitary-gonadal axes, which are amplified by stress
conditions (83). However, it is not known whether foods or food ingredients
can influence these endocrine changes or their consequences.

IX. TRIACYLGLYCEROL STORAGE AND MOBILIZATION

The major steps involved in triacylglycerol (TAG) storage and mobilization
are illustrated in Fig. 2. It is well known that the sympathetic nervous system
has a profound effect on substrate utilization by the body. The hormones
epinephrine and norepinephrine not only stimulate glycogen breakdown but
also increase lipolysis and energy expenditure. In adipose tissue, stimulation
of the h-adrenergic receptor by norepinephrine (which is released from sym-
pathetic nerve terminals and has the main lipolytic effect) or epinephrine
(from the systemic circulation, which has limited lipolytic effect at physio-

Figure 2 Major steps involved in the storage and mobilization of triacylglycerol in

adipose tissue. TAG, triacylglycerol; LPL, lipoprotein lipase; GLUT 4, glucose
transporter; EMP, Embden-Meyerhof pathway; glycerol 3-P, glycerol-3-phosphate;
HSL, hormone-sensitive lipase; cAMP, cyclic adenosine monophosphate; PK, pyru-
vate kinase; DAG, diacylglycerol; MAG, monoacylglycerol.
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logical concentrations) increases intracellular cyclic adenosine monophos-
phate (cAMP) concentrations. This in turn stimulates protein kinase (PK) to
phosphorylate inactive hormone-sensitive lipase (HSL) into its active, phos-
phorylated form. Active HSL, together with monoacylglycerol lipase, hydro-
lyze triacylglycerol to produce three fatty acids and a glycerol moiety, which
are released from the adipocyte. The fatty acids bind to albumin and are
transported to other tissues, where they are subsequently oxidized or trans-
ported back to adipose tissue, where they are taken up and reesterified.
However, the lipolytic effect of catecholamines only occurs in the presence of
low insulin concentrations. In the presence of high insulin concentrations, any
fatty acids produced intracellularly are taken up, without leaving the adipo-
cyte, and are reesterified with glycerol 3-phosphate to TAG. High insulin
concentrations also stimulate intracellular phosphodiesterase, which converts
cyclic AMP to AMP and prevents the production of active HSL. Thus insulin
not only prevents intracellular lipid mobilization but also encourages reester-
ification of any fatty acids present in the cell to the stable TAG storage form.
This brief description and Fig. 2 suggest that it is theoretically possible to
intervene at a number of sites of lipid metabolism to reduce lipid storage and
encourage increased lipid mobilization. However, whether the mobilized
lipids are subsequently oxidized depends very much on the energy require-
ments of the body at that moment in time.

Lipolysis is very sensitive to plasma insulin concentrations and is inhi-
bited by much lower concentrations of insulin than are required to stimulate
glucose transport (84); thus any foods that elicit a small insulin response limit
its antilipolytic effects and facillitate lipid mobilization and oxidation.
Formation of intracellular cyclic AMP is inhibited by stimulation of a2-
adrenergic and adenosine receptors and is broken down by phosphodiester-
ase. Therefore, inhibition of these receptors and phosphodiesterase activity
allows lipolysis to proceed. Caffeine can increase lipolysis by stimulating the
sympathetic nervous system (85) and inhibiting both adenosine and phos-
phodiesterase. More recently it has been proposed that dietary calcium
regulates energy metabolism and lipolysis (86) by modulating intracellular
phosphodiesterase and fatty acid synthase activities (87,88). High intracellu-
lar calcium concentrations, as a result of low-calcium diets and raised
concentrations of 1,25 dihydroxyvitamin D (dihydroxycholecalciferol),
increases adipocyte phosphodiesterase activity. This in turn reduces cAMP,
decreases active HSL, and inhibits lipolysis. At the same time fatty acid
synthase expression and activity are increased. Together, these two mecha-
nisms favor lipid storage. Conversely, high-calcium diets decrease intra-
adipocyte calcium flux, inhibiting fat synthesis and stimulating lipolysis
(88). Whether dietary calcium also influences thermogenesis is not known;
however, Zemel and associates observed increases in core temperature ofmice
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receiving high-calcium diets, which they interpreted as a shift in efficiency
from energy storage to thermogenesis (88). On the other hand, it has also been
established that high dietary calcium intakes decrease the digestibility of
dietary lipids, because of the formation of indigestible calcium soaps in the
gastrointestinal tract, and increase fecal fat excretion (89,90). Addition of
relatively small amounts of calcium to the diet also resulted in significant
reductions of total cholesterol (89) and low-density lipoprotein (LDL)
cholesterol (89,90). Regardless of whether dietary calcium influences lipolysis,
thermogenesis, lipid absorption, or combinations of the three, recent epide-
miological studies tend to support the positive effects of calcium and dairy
products: Children with higher intakes of calcium and monounsaturated fat
and more servings of dairy products had lower body fat (91), and the
CARDIA study, investigating risk factors associated with type 2 diabetes
and the insulin resistance syndrome (IRS), noted that there was a strong
inverse association between increased dairy consumption and IRS among
overweight adults (92).

The fatty acidsmobilized from adipose tissue can be taken up by various
organs or tissues to be oxidized as energetic fuels or be reesterified to triglyc-
eride in the liver, to be released as very-low-density lipoprotein TG (VLDL-
TG). Mobilization of fatty acid from adipose tissue is unlikely to lead to
substantial weight loss if it is subsequently reesterified, and hence it is likely
that factors promoting cellular fatty acid oxidation are required. Recent
evidence indicates that transport of fatty acids inside the cell is regulated by
several fatty acid binding proteins (FAT/CD36, FATP) and intracellular fatty
acid binding proteins (FABPs). Once fatty acids are inside the cells, their
oxidation is regulated at the leve of the entrance of fatty acyl coenzyme A
(CoA) into themitochondria, a process operated byCPT-1.Malonyl CoA is a
key regulator of this process:When glucose metabolism is high, malonyl CoA
concentrations increase and inhibit CPT-1 and lipid oxidation. Inside the cell,
there are proteins that are able to sense the energy status: AMPK is a protein
kinase activated when AMP concentrations are high, as is the case when the
cell suffers a shortage of energy. This protein phosphorylates and deactivates
acetyl Co A carboxylase (ACC), thus suppressing the biosynthesis of malonyl
CoA and promoting fat oxidation (93).

Apart from its effects on food intake, leptin is recognized to stimulate
lipid oxidation by activating AMPK and inhibiting ACC in several cell types,
including skeletal muscle, and may contribute therefore to weight loss by
promoting fat oxidation (94). It is also recognized that activation of PPARa
by pharmacological ligands, such as fibrates, promotes lower plasma triglyc-
eride concentrations by stimulating lipid oxidation in liver cells, and possibly
in other cell types as well.

There is presently little information available regarding the effects of
nutrients on leptin synthesis and intracellular ACC activity. Since ACC is
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primarily regulated by insulin, it can be expected, however, that nutrients that
keep insulin levels low tend to decrease ACC activity and malonyl-CoA for-
mation and hence stimulate lipid oxidation. Whether some types of nutrients
modulate AMPK activity remains to be investigated.

Although dietary fat is believed to be the major culprit for weight gain
and obesity, not all fats are detrimental to health. Literature is accumulating
about the advantages of consuming the N3 fatty acids eicosapentanoic acid
(EPA 22:5N3) and docosahexaenoic acid (DHA 22:6N3), which protect
against cardiovascular disease (95) and obesity (96) by favoring fatty acid
oxidation and inhibiting fat storage (97). The metabolic effects of N3 fatty
acids appear to be mediated directly, by inhibiting arachadonic acid
metabolism and replacing it as an eicosanoid substrate, and indirectly, by
influencing transcription factors such as nuclear factor kappa B (NFnB) and
peroxisome proliferator-activated receptors (PPARs) (98–100). Long-chain
fatty acids or their fatty acid derivatives are endogenous ligands for PPARa,
which is stimulated by N3 long-chain fatty acids (101), and hence may
promote weight loss by increasing fatty acid oxidation. A systematic study of
the effect of various fat sources on lipid oxidation is, however, awaited.

X. CONCLUSIONS

Throughout history an ample body weight has been associated with fertility
and, in some societies, has been considered an indication of wealth. However,
with the change in interest to a more healthy and prolonged life, for which
obesity is not an advantage, we have been searching for ways, with little
success so far, to avoid, prevent, or reduce its deleterious effects. Although
obesity was initially treated more as a cosmetic problem, the financial burden
of treating obesity and its related disorders today has pushed it to the
forefront of government and public attention. Many strategies have been
proposed to prevent or correct obesity, but all, except gastroplastry, have met
with with very modest or limited success. It is hoped that with a better
understanding of the complex mechanisms involved in energy homeostasis,
provided by continued research and gene technology, more successful treat-
ments will be available in the future.
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I. INTRODUCTION

Medical interventions, not widely taught in U.S. medical schools and not
available in U.S. hospitals, are generally received as complementary alterna-
tive therapies. Interestingly, the use of complementary and alternative
medicines (CAMs) in the United States has been on the rise. Eisenberg and
associates (1) reported that an estimated one in three Americans used
alternative medical therapies. In addition, the estimated annual total of 425
million visits to providers of CAMwas greater that the 388million visits to all
U.S. primary care physicians (2). A reported 83% of people who use CAM
also seek treatment for the same condition from an allopathic physician (1).

The availability of the Internet has fostered a take charge approach to
health care (3). It is estimated that 37% of adult Internet users have sought
health information from on-line sources (4). More than 70% of patients who
acknowledge using alternative therapy never mention it to their health care
providers (1). Inconclusive evidence about, and lack of professional training
on, the safety and effectiveness of these therapies make advising patients who
use or seek alternative therapies a challenge. Yet ignoring the issue will not
make it go away. Some danger lies in CAM, and traditional allopathic
medicine must not be abandoned in pursuit of one another (Table 1).

Nutrition supplement sales are a multibillion-dollar industry. In 1996
alone it was estimated that $453 million was spent on weight loss aids, $720
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Table 1 Definitions of Terms Used in Complementary and Alternative Medicine

Ayurveda A wholistic system of medicine from India. Aim is to provide

guidance regarding food and lifestyle so that healthy people
can stay healthy and individuals with health challenges can
improve their health

Unique aspects include:

1) Recommendations are often different for each person.
2) Ayurveda is validated by observation, inquiry, direct exam-

ination, and knowledge derived from ancient texts.

3) It understands that energetic forces influence nature and
human beings.

4) It sees and acknowledges a strong connection between mind

and body.
Botanical A plant part or extract used especially in skin and hair products.
Herb 1) A seed-producing annual, biennial, or perennial that does not

develop persistent woody tissue but dies down at the end of a
growing season.

2) A plant or plant part valued for its medicinal, savory, or
aromatic qualities.

Homeopathy A system of medical practice that treats a disease especially by the
administration of minute doses of a remedy that would in
healthy persons produce symptoms similar to those of the

disease.
Naturopathy A system of treatment of disease that avoids drugs and surgery

and emphasizes the use of natural agents (as air, water, and

sunshine) and physical means (as manipulation and electrical
treatment).

Osteopathy A system of medical practice based on a theory that diseases are
due chiefly to loss of structural integrity, which can be restored

by manipulation of the parts supplemented by therapeutic
measures (as use of medicine or surgery).

Reflexology 1) The study and interpretation of behavior in terms of simple

and complex reflexes.
2) Massage of the hands or feet based on the belief that pressure

applied to specific points, on these extremities, benefit other

parts of the body.
Vitamin Any of various organic substances that are essential in minute

quantities to the nutrition of most animals and some plants, act

especially as coenzymes and precursors of coenzymes in the
regulation of metabolic processes but do not provide energy or
serve as building units, and are present in natural foodstuffs or
sometimes produced within the body
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million on minerals, $1.0 billion on herbals, $1.4 billion on sports nutrition
aids, and $3.6 billion on vitamins. Furthermore, it has been projected that
herbal supplement sales will double to almost $4 billion annually (5). This
increase in sales reflects the increase in public awareness and use of CAM. As
health care providers we have a responsibility to become informed of all food–
drug interactions and toxicities of these remedies (5). Plants and herbals are
reported to have fewer side effects than drugs however, the U.S. Food
and Drug Administration does not have a reliable means to evaluate this
ascercion (6).

Health care providers need to take a proactive approach to the
discussion of CAM. It is true that talking to patients about alternative
therapies requires additional training. However, health care professionals
need to ask the questions that will produce reliable answers. Dietary inter-
views typically do not include questions prompting patients to disclose use of
alternative therapies; perhaps instead of inquiring only about supplements
we need to become more specific in our questioning. Many alternative
therapies are associated with health promotion and disease prevention; we
can use this association as a backbone for our questions. For example, an
individual who has arthritis could be asked, ‘‘Many people with arthritis
have been trying alternate approaches to medical therapy to find relief from
their symptoms. Have you ever thought about using herbs, vitamins, teas, or
any other kinds of methods for treating your these symptoms, or for any
other reason?’’ It has become vital, in the health care field, that we become
fully informed about patient practices, including the use of CAM, to ensure
quality of care. If we avoid the issues of CAM, the consequences could be
devastating.

For example, a practitioner of alternative medicine was charged in the
death of a diabetic girl. In this case, the girl’s mother had stopped admi-
nistering insulin to her daughter in the belief that the diabetic condition
could instead be treated through the use of herbs (7). Although this case
may be extreme, it is an excellent example of the misuse of CAM and its
consequences.

Complementary and alternative medicines may interfere with conven-
tional therapy or may themselves cause detrimental effects. In 1995, a study
examining the effects of a combination of 30 mg of h-carotene per day and
25,000 IU of retinol (vitamin A) on lung cancer and cardiovascular disease
was halted prematurely (8). The study involved 18,314 smokers, former
smokers, and workers exposed to asbestos, during follow-up of about 4 years;
388 new cases of lung cancer were diagnosed. When compared to the placebo
group the active treatment group had a statistically significant relative risk of
lung cancer of 1.28; the relative risks of death of any cause, death of lung
disease, and death of cardiovascular disease were 1.27, 1.46, and 1.26, re-
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spectively. The study was stopped 21 months early. Hence, safety and quality
control studies must be done to establish the role of alternative medicines.
Research needs to be performed to examine the alternative methods. Studies
must be evidence-based and include randomized clinical trials, metaanalysis,
case studies, and testimonials. In addition, evaluations of dietary and
nutritional therapies, which affect both biochemical and physiological pro-
cesses, require examination. These studies will help to establish a level of
control and understanding of the use of CAM. So the real questions remain: Is
CAM efficacious and is it safe?

An ad hoc advisory panel to the National Center for Complementary
and Alternative Medicine (NCCAM) developed a categorization scheme
that separates CAM into seven major categories (Table 2). Within each
category CAM practices are those that are not commonly used accepted, or
available in conventional medicine. Those practices that fall mainly into the
category of conventional medicine are identified as behavioral medicine,
and practices that can be either CAM or behavioral are designated as over-
lapping (9).

In addition to a classification system of CAM practices there are seven
fields of practice. The first is mind–body control: It is accepted that the mind
and body have the power to affect each other (10). This knowledge has led
researchers to explore the mind’s ability to affect the body. Clinically this is
called mind–body medicine (11). The placebo effect is an example of a mind–
body interaction in which the belief that a treatment will heal enables the
healing to occur. Throughout history people have been using the placebo
effect as a therapeutic management tool. However, it has changed from a
harmless management tool, without curative or symptomatic consequences,
to a ‘‘nondrug’’ with superpowers that can mimic potent drugs (12). In fact,
many skeptics believe that CAM is no more than simply a means of
prescribing placebos (13). Although this claim may, in part, be true, should
we not begin to harness the use of the placebo (14)? For some patients thismay
be a useful effort. For example, in a 1998 study by Nickel, a drug was
examined to determine its effectiveness in reducing benign prostate hypertro-
phy. The subjects taking the placebo suffered an increase in prostate size, as
would be expected, but they also experienced an improvement in symptoms as
well as an improvement in urinary flow. These patients also experienced
adverse effects, and 13% discontinued the placebo because of these effects.
This result shows that a placebo may not only influence the subjective signs
and symptoms, but also affect the objective (15). In another study, by Khoo
and colleagues, the effects of evening primrose oil in the treatment of
premenstrual syndrome (PMS) were examined (16). This trial was random-
ized, double-blinded, and placebo-controlled andwas crossed-over after three
cycles. Although the results of this study showed an improvement in PMS
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symptoms during the trial, there were no significant differences between the
active and placebo groups. The findings of this study indicated that the
improvement experiences of these women with moderate PMS were solely a
placebo effect. Spirituality and religion are two other areas of therapeutic
potential that are not taught or used in the practice of medicine. Specific
mind–body interventions include psychotherapy, support groups, medita-
tion, imagery, hypnosis, biofeedback, yoga, dance therapy, music therapy, art
therapy, and prayer and mental healing.

The second field of practice is alternative systems of medical practice
(17). Approximately 10%–30% of health care is provided by conventional,
biomedically oriented practitioners (18). 70% to 90% of health care is based
on practices ranging from self-care, to use of folk principles, to care in a
health care system that is based on alternative tradition or practice. Health
care that most people practice and receive at home, such as the use of an
herbal tea or chicken soup to treat a cold, is known as popular health care. The
nonprofessionalized but specialized health care practices of rural and urban
people, reflecting the health needs, beliefs, and natural environment, are re-
ferred to as community-based health care. The more formalized care, in which
practitioners undergo standardized training and work in established loca-
tions, is called professionalized health care. The alternative systems of medical
practice include professionalized health care practices, such as acupuncture,
ayurvedic medicine, homeopathy, anthroposophy, naturopathy, and envi-
ronmental medicine, and community-based health care practices, such as
Native American medicine, Latin American medicine, and programs such as
Alcoholics Anonymous.

The third field includes diet, nutrition, and lifestyle changes (19).
Although we may not think of CAM this way, health care professionals must
acknowledge the role of nutrition and dietetics in CAM. It is understandable
that there is a fear surrounding the inclusion of the word nutrition in
alternative medicine; nutrition science has always been a part of conventional
medicine and when used in alternative practices it has been, for the most part,
used by undertrained individuals. Nutrition is too important to leave to alter-
native practitioners who have had limited or no training in the field. Dietitians
have the responsibility to step into the field and ‘‘reclaim’’ our territory. The
field of diet, nutrition, and lifestyle changes can be divided into four areas: The
first is preventing and treating chronic disease. Throughout history humans
have evolved to adapt to changes in diet. Although the types of foods eaten
during the seasons may have changed, the mix of macronutrients has
remained relatively constant in terms of protein, carbohydrate, and fat. In
the past, starvation was also a constant threat because of the uncertain nature
of the food supply. More recently, however, this consistency in dietary
macronutrient composition has begun to change. The relative contribution
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Table 2 The National Institutes of Health Office of Alternative Medicine
Classification of Categories of Complementary and Alternative Medicine

Mind/body control Involving behavioral, Art therapy
psychosocial, social, Biofeedback
and spiritual approaches Counseling
to health. These methods Dance therapy

explore the mind’s ability
of affect the body. They

Guided imagery
Humor therapy

are based on traditional Hypnotherapy

medical systems that Meditation
use the interconnection Music therapy
of mind and body. Prayer therapies

Psychotherapy
Relaxation techniques
Support groups

Yoga
Alternate systems Involves complete Acupuncture

of practice systems of theory
and practice developed

Anthroposophically
extended medicine

outside the Western Ayurveda
biomedical approach.
This type of health

Community-based
health care practices

care ranges from self- Environmental medicine
administered care Homeopathic medicine
following folk

principles, to health

Latin America rural

practices
care in an organized
system based on

Native American
practices

alternative traditions or Natural products

practices. Naturopathic medicine
Past life therapy
Shamanism

Tibetan medicine
Traditional Oriental

medicine

Diet/nutrition/lifestyle Involving the theories and Changes in lifestyle
changes practices to prevent illness Diet

and to identify and treat risk Gerson therapy

factors, or support healing Macrobiotics
and recovery. The use of the Megavitamins
knowledge of how to prevent
illness, maintain health and

reverse the effects of chronic
disease through dietary or
nutritional intervention.

Nutritional supplements
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Biologically-based Including natural and

biologically based practices,

Echinacea

(purple cornflower)
intervention, and products, Ginger rhizome
many of which overlap with Ginkgo biloba extract

conventional medicine and Ginseng root
the use of dietary
supplements. This category

Wild chrysanthemum
flower

is divided into four Witch hazel

subcategories: phytotherapy Yellowdock
or herbalism; special diet Antioxidizing agents
therapies; orthomolecular Cell treatment

medicine; pharmacological, Chelation therapy
biological, and instrumental Metabolizing therapy
interventions. Oxidizing agents

(ozone, hydrogen
peroxide)

Manual healing Includes systems that are based Acupressure
methods on the manipulation and/or Alexander technique

movement of the body. Aromatherapy
Using touch and Biofield therapeutics
manipulation with the hands Chiropractic medicine

as a diagnostic and Feldenkrais method
therapeutic tool. Massage therapy

Osteopathy

Reflexology
Rolling

Biofield Involves systems that use

energy fields in and around
the body for unconventional
uses and medical purposes.

Bioelectromagnetic

applications

The unconventional use of

electromagnetic fields for

Blue light treatment

and artificial lighting
medical purposes. Electroacupuncture

Electromagnetic fields

Electrostimulation and
neuromagnetic
stimulation devices

Magnetoresonance
spectroscopy

Source: Ref. 9.

Table 2 Continued
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of nutrients from carbohydrate has decreased, and that from fat has increased
(20). Additionally, there is evidence to support the belief that we are eating
more ‘‘sugar’’ and less fiber. As the capacity to produce and store large
amounts of food became possible, people became freer to choose what and
when they eat; as a result major dietary changes began to occur (21). In
developed countries, such as theUnited States, the changes have been so rapid
that there has been little or no time for biological adaptation to take place.
Additionally, with advances in the treatment of infectious diseases and
trauma and surgery we are now living longer. As a result of this increase in
life span, our diet has a longer period in which to have an adverse effect, and
chronic diseases have become complicated. Together the lack of adaptation
and the increased life span have enabled the long-term adverse health effects
of the diets predominant in the developed countries to become increasingly
apparent. The rapid rise in chronic illnesses that are either directly or
indirectly related to diet and lifestyle has caused the focus of nutrition
research to shift from eliminating nutritional deficiencies to studying chronic
diseases caused by nutritional excesses. Data supporting the relationship
between diet habit and nutritional intake and these chronic illnesses have been
growing (20,22–25), supporting the need for the prevention and treatment of
chronic illness through diet management.

The second category of diet, nutrition, and lifestyle changes are the
dietary supplements.We currently do not recommend supplementation of the
typical American diet with vitamins or nutrients beyond the recommended
dietary allowances (RDAs). The alternative approaches postulate that it is
necessary to supplement the typical American diet beyond the RDAs to
promote optimal health and that supplementation well above the RDA is
necessary to reverse the effects of long-term deficiencies. These approaches
also may encourage dietary modification, eliminating or adding foods or
macronutrients to treat conditions such as cardiovascular disease and cancer.
It is believed that some of themajor contributors to theAmerican diet, such as
meat, high in saturated fats, and high-fat dairy foods, are unhealthy and
should be avoided. There is evidence that suggests that a diet high in fruits,
vegetables, nuts, and low-fat dairy products and that emphasizes fish and
chicken rather than red meat and is low in saturated fat, cholesterol, sugar,
and refined carbohydrates may actually lower blood pressure (26–31). This
diet is known as the DASH diet and has been suggested as a means of
preventing hypertension. Evidence suggesting that the RDAs for some
minerals, such as calcium and magnesium, may be too low to prevent the
onset of chronic disease and the fact that the RDAs for some other micro-
nutrients and vitamins may also be inadequate to prevent chronic illness have
highlighted an important fact: That is, the RDAs were initially designed to be
‘‘safe and adequate for virtually all healthy people in the population.’’ They
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were not intended to prevent or treat illnesses. The acknowledgment of this
fact has prompted the Food and Nutrition Board’s reevaluation of the
RDAs.

A. Dietary Reference Intake

The dietary reference intake (DRI) is designed to include four components:
(a) the RDA, used as a goal level; (b) the tolerable upper level (UL), used to
assist in understanding whether the level of intake may result in adverse
effects; (c) the adequate intake (AI), a level tomeet the needs for all individuals
in the group; and (d) the estimated average intake (EAR), a level at which the
needs of 50% of the population will not be met. The purpose of the DRIs is to
provide an intake range for all nutrients, thereby preventing both deficiencies
and toxicities. The DRIs have been established to define the role of nutrients
and other components in food in long-term health, beyond diseases of
nutritional deficiencies (32). Whether or not further supplementation over
the DRIs will be required remains to be shown.

The third area considered is orthomolecularmedicine or therapeutic use
of high-dose vitamins in the treatment of chronic diseases. By supplementing
diet beyond the optimal concentration of substances normally present in the
body, this approach promotes improvement in health for the treatment of
disease. However, how do we determine optimal concentration? Inmost cases
it is defined as the amount that prevents symptoms of deficiency. This
increased intake above and beyond the level associated with the prevention
of deficiency may have health benefits for some individuals. Some evidence
suggests that this method may be effective in the management of certain
conditions, for example, acquired immunodeficiency syndrome (AIDS),
bronchial asthma, and cancer. There are numerous alternative diets reported
to aid in the treatment of chronic illnesses and food allergies. The Ornish diet
is one example; a low-fat, plant-based (vegetarian) diet is an important part of
the Ornish plan, and stress management and exercise are also key. One
problem with these diets, however, is that most of the research available on
their use and effectiveness is either difficult to find or anecdotal. The majority
of the diets focus on increasing the consumption of fruits and vegetables,
whole grains, and legumes. Areas of investigation include food allergies (33–
36), food intolerance associated with rheumatoid arthritis (37–44), and food-
elimination diets (33,45–48) for use by hyperactive children. Studies of al-
ternate dietary lifestyles that are believed to increase the resistance to chronic
illness include research on vegetarian (49–52) and macrobiotic diets, both of
which lower the risk of heart disease, obesity, and cancer, and on Asian and
Mediterranean diets, which appear to lower the risk for heart disease and cer-
tain forms of cancer (53–59). Evaluating the effectiveness of dietary and
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nutritional therapy is complex because both biochemical and physiological
processes are involved.

Herbal medicine is a biologically based practice that includes the folk
medicine traditions of all cultures including the use of plants and plant
products. Ancient cultures began the collection of information on herbs
and their uses. This information has been used for the derivation of much of
the present day scientific medicine (60). Many prescription drugs contain at
least one plant-derived active ingredient. It has been estimated by the World
Health Organization that 80% of the world’s population use herbal medicine
for some aspect of health care. In spite of the knowledge of useful therapeutic
uses of some plants, many people remain skeptical.

In the United States herbal products may only be marketed as food
supplements. The U.S. Food andDrug Administration’s approval is required
to make specific health claims related to an herbal product. The European
market is more hospitable to natural remedies. The cost and time required to
approve medicine as safe and effective are less. When a substance has a long
history of use and effectiveness, it can be approved under the ‘‘doctrine of
reasonable certainty.’’ In the absence of scientific evidence to the contrary, a
substance’s historical use is a valid way to document safety and efficacy.
European phytomedicine has been part of clinical practice for more than 10
years; this form of botanical medicine closely resembles American medicine.

Manual healing, an important diagnostic and therapeutic tool, has been
used since the beginning of medical practice. These methods of practice utilize
the knowledge that the dysfunction of a part of the body may secondarily
affect the function of another part of the body, which may not be obviously
related. Realigning or correcting the secondary parts can restore the body to
optimal function and health. These practices include osteopathic medicine,
chiropractic science, massage therapies, and biofield therapeutics (61).

Bioelectromagnetic applications examine how living organisms interact
with electromagnetic fields. Living organisms contain electrical energy, and
electrical currents in the body produce magnetic fields that extend outside the
body. These fields can be influenced by external magnetic and electromagnetic
fields. Physical and behavioral changes caused by changes in the body’s
natural fields have been reported (62). External fields occur naturally or may
be artificial (power lines, appliances). Low-frequency electromagnetic fields
may have beneficial biological effects (63,64). Specific effects on body tissues
can result from certain frequencies. Electromagnetic fields and the way in
which they produce biological effects are under study.

Pharmacological and biological treatments include drugs and vaccines
not yet accepted by mainstream medicine. Examples include antineoplasms
(used for tumors and AIDS), cartilage products (used for cancer and arth-
ritis), ethylene diamine tetraacetic acid (EDTA) chelation therapy (used for
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heart disease, circulatory problems, rheumatoid arthritis, and cancer preven-
tion), immunoaugmentive therapy (experimental form of cancer immuno-
therapy), 714-X (used for cancer), Coley’s toxins (used for cancer), MTH-68n
(for cancer), neural therapy (for chronic pain), apitherapy (for a number of
diseases), and iscador (for tumors) (65). Randomized clinical trials need to be
done in order for these treatments to be accepted by allopathic medicine. The
high expense of running these trials, however, is amajor roadblock to research
of alternative pharmacology.

II. IMMUNITY ENHANCERS

Provided the information we have responsibility as health care providers to
determine whether immunity enhancement methods are actually alternative
medicines or fiction. We need to examine the evidence provided by science-
based research. TheU.S. Food andDrugAdministration (FDA) requires that
randomized clinical trials be performed on new drugs, biologicals, and
medical devices. They must be proved safe and effective to gain approval.
The clinical trials compare the results observed in patients who receive the
treatment with the results in similar patients who receive a different treatment
or placebo. These studies are usually double-blind. The safety and effective-
ness criteria must be met for all products, regardless of whether they are
labeled alternative or are categorized as mainstream American medical prac-
tice. Additionally, not all substances undergoing FDA clinical trials, whether
alternative or mainstream, are proved effective. Only a small fraction are.
In addition to clinical trials we can also gain knowledge on the efficacy of a
treatment by examining the case studies and testimonials presented. By these
means we hope to maintain safety and quality control.

Standards of quality (‘‘good manufacturing practices’’ such as stan-
dardization, expiration dates, and contaminant screening) are lacking in the
manufacturing of herbal products. Therefore, there is no way of ensuring the
quality of these products. Products may contain contaminants that may
actually be causing the side effects that are observed. Some products may be
contaminated with heavy metals, resulting in detrimental effects. It has been
speculated that experimentation on the use of ginseng and other herbal pro-
ducts in humans has not been conducted because of lack of reliable or
standardized preparations, the possibility of obtaining patent protection for
discoveries, the fundamental differences between Western and Oriental
medicine, and a lack of information on the proper dosage required to prevent
side effects.

To ensure the highest quality it is, therefore, essential to use a product
that is under regulation. For example, ginseng has been used for centuries in
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Asia and the former Soviet Union as a cure-all; it is described as useful in the
treatment of all afflictions. In these areas ginseng is not used to cure a
particular disease; it has a supportive role to maintain health. In China,
Asian ginseng is used as a tonic and aphrodisiac. Ginseng consumption has
more recently entered the Western world. Here, American ginseng is believed
to strengthen normal body functions and overcome disease by building up
general vitality. These effects are difficult to document scientifically. However,
the stress effects of temperature changes, diet, restraint, and exercise have
been recorded. The active components of ginseng are believed to be saponins,
which are present in the root in large numbers. There have been 28 ginseno-
sides, and 7 eleutherosides (both saponins) identified to date. The American
and Oriental ginseng species differ in composition of saponins. In addition to
varying compositions between species, the composition of a given ginseng
may vary with age, location where grown, season harvested, and method of
curing or drying. Authentic high-quality ginseng is not easily obtained. High-
quality root is extremely expensive; this high cost and lack of quality control
have resulted in commercial ginseng products that are highly variable.
Products are available in teas, powders, capsules, extracts, roots, tablets,
etc. The actual concentration of ginseng in these products is highly variable
(66). An analysis of 54 ginseng products showed that 60% contained very
little ginseng and little bioactivity, and 25% contained no ginseng at all (67). Is
ginseng a safe herb to use, or are there toxic side effects? A number of studies
have reported that ginseng use may result in estrogenic effects; however, these
studies do not provide any experimental evidence to support the claim.
Documented side effects include insomnia, diarrhea, and skin eruptions
(68). The side effects of ginseng may be specific to the species and dosage
used. Ginseng use does, however, appear to involve a low risk even over
prolonged periods or in excessive amounts (69). The plant that is the origin of
Siberian ginseng is native to eastern Siberia, Korea, and the Shansi andHopei
provinces of China. The drug is known as eleutherococc in the former USSR.
The name Siberian ginseng is actually very misleading because the plant does
not belong to the same genus as the true ginsengs; the name was given in order
to enhance the appearance of this inexpensive drug. Knowledgeable individ-
uals usually refer to the plant as eleuthero. This drug has been reported to
have androgenic effects; on further scrutiny it was revealed that much of the
eleurthero imported into the United States is misidentified and may actually
be derived from six or more closely related plants and some unrelated species.
Because of the lack of experimentally supported information on this herb,
ginseng has no proven efficacy for humans (70).

Another popularmedicinal herb is garlic, amember of the genusAllium.
The onion, leek, and shallot also belong to this family. Used historically as
both food and medicine, the bulbs and leaves of these plants are collectively
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known as alliums. The garlic bulb has been recognized as a medicinal remedy
in bothChinese andWestern cultures. Its therapeutic effects are releasedwhen
it is eaten raw or cooked. There are more than 100 different medical uses re-
ported. The active ingredient in garlic is an odorless, sulfur-containing amino
acid derivative known as alliin. Alliin itself has no antibacterial properties;
however, when it is ground, the enzyme allinase converts alliin into allicin.
Allicin is responsible for the herb’s pungent smell and is an effective
antibacterial agent (71). In China garlic is used not only for colds and coughs
but also for intestinal and digestive disorders. Some Chinese herbalists also
use garlic as an external antibiotic to relieve skin infections; Western herbal-
ists also prescribe garlic for these ailments (71,72). It is also thought, however,
to strengthen the cardiovascular system. Studies in experimental animals have
demonstrated the effectiveness of garlic in treatment of digestive disturbances
and cardiovascular disorders (72–74). Garlic has been shown to prevent
hypercholesterolemia and reduce high blood pressure in both humans and
experimental animals (75–77). Additionally, small doses of garlic have been
shown to increase intestinal peristalsis, whereas large doses inhibit movement.
There is some evidence that garlic can inhibit the development of cancer by
stimulating the immune system (78–81). The ability of garlic to inhibit the
aggregation of blood platelets is believed to offer protection against athero-
sclerosis, coronary thrombosis, and (82–84). Ajoene, a self-condensation
product of allicin, is the compound responsible for this property.

Ajoene is antithrombotic and believed to be as potent as aspirin (85–87).
Numerous studies have evaluated the effects of garlic and onions on a number
of cardiovascular risk factors in humans (88). The claims in these studies are
valid for the beneficial effects on blood cholesterol levels, platelet aggregation,
and fibrinolytic activities, but only at high dosage levels: 5 to 20 average-size
cloves of fresh garlic daily. Studies examining the effectiveness of garlic from
different commercial preparations produced contradictory findings. Exami-
nation of the stability of the active components in garlic has shown that
although dried garlic preparations contain alliin, they contain neither allicin
nor ajoene (71). Although the enzyme alliinase may be present in garlic dried
at a low temperature, it is not stable in the acidic environment of the stomach
and is destroyed before conversion to the active compounds can take place.
Garlic preparations, protected by an enteric coating, pass through the sto-
mach into the small intestine. In the small intestine the enzyme can function,
producing the active compounds. Fresh garlic releases its active properties in
themouth during chewing (70). It is currently believed that daily consumption
of garlic should not pose any health risk. However, consumption of large
quantities may result in undesirable side effects such as heartburn, flatulence,
and gastrointestinal upset (70,71). Whereas the most effective means of as-
suring effectiveness is to eat large quantities of raw garlic, this practice may
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not enhance one’s social activities. Finally, because of the anticoagulation
properties of the herb, individuals who take anticoagulation drugs should
avoid eating large quantities of garlic (70).

The use of glucosamine sulfate and chondroitin sulfate for knee osteo-
arthritis is currently under study by the National Institute of Health (NIH)
(89). Glucosamine, a substance synthesized in the body, is important in the
repair and maintenance of joint cartilage. Glucosamine sulfate and chondroi-
tin sulfate are synthetic versions of these substances, both of which are
available as supplements and are not regulated by the FDA. Studies in Europe
on the use of glucosamine sulfate and chondroitin sulfate in the treatment of
osteoarthritis reveal that patients derived some short-term benefits in symp-
tomatic relief from pain (44,90). There are no long-term, double-blind
controlled studies assessing the long-term benefits or safety of this drug.
Osteoarthritis results from the breakdown of the cartilage cushioning the ends
of bone joints. This deterioration causes joint pain, stiffness, and deformity. A
limited number of experimental animal studies have shown that glucosamine
sulfate can potentially retard the degradation of cartilage. In a Portuguese
study the efficacy of oral glucosamine was greater than that of anti-inflamma-
tory agents, cartilage extracts, and vitamins. Glucosamine was easy to use and
was effective and well tolerated (91). One study examined the effectiveness
of glucosamine sulfate in the treatment of osteoarthritis. For this study, three
double-blind, controlled parallel groups were randomized into 4- to 6- week
trials of glucosamine sulfate versus placebo or the nonsteroidal anti-inflam-
matory drug (NSAID) ibuprofen. The subjects were 606 gonarthrosic out-
patients. Efficacy goals were strictly predetermined and movement limitation
and pain were scored.When givenNSAIDs, glucosamine sulfate, or a placebo
for the treatment of osteoarthritis, 37% of the patients suffered adverse
reactions to the NSAID medication, as compared to 7% of both the glu-
cosamine and placebo groups This same study showed that NSAIDS and
glucosamine provided equal relief of arthritis pain. However, 3–4 weeks of
continuous glucosamine use was necessary to provide the relief received from
NSAIDs in 1 week (92).

Although studies are clearly showing the potential effectiveness in the
use of the alternative medicines for the treatment of chronic conditions, we
should not forget the need for patient instruction in their use and potential
drug interactions. Additionally, we need to be mindful that not all alternative
medications may be effective.

The U.S. population is increasing in weight. Over the past 20 years the
percentage of the adult population that is classified as overweight has in-
creased from about 25% to more than 55%. As a result of this increase,
weight-loss supplement sales have also increased. Chromium picolinate is
one of these hot-selling supplements; this product is marketed to both body
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builders, to aid in the loss of body fat while increasing muscle size, and
individuals who are trying to lose weight. Several weight-loss products use
chromium as their fat-burning ingredient. Does the product actually work?
Chromium plays an important role in the function of the hormone insulin and
therefore assists in the metabolism of carbohydrates, proteins, and fats.
Research has shown that a low dietary intake of chromium may impair the
body’s ability to use glucose. Indeed, in some people chromium supplements
can improve glucose homeostasis (93,94). Some researchers are concerned
that we may not be getting enough chromium in our diet and, therefore, risk
the development of prediabetic conditions. The RDA of the mineral chromi-
um has not been defined; further research needs to be performed before it is.
The question remains, however, whether we are ingesting enough chromium
in our diet? Many studies have shown that a supplement containing 200 Ag of
chromium improves the ability of the body to handle sugar (93). A highly
refined diet, high in pasta, bread, candy, and soda, is common among theU.S.
population and may be low in the mineral chromium. The reported beneficial
effect of chromium, therefore, may be a response to the normally low intake of
chromium dietary habits. Additionally, athletes may require more chromium
because strenuous exercise can result in more urinary loss of chromium (95).
When a low dietary intake is combined with an increased urinary loss, is a
supplement necessary, and would a supplement help to improve athletic
performance? Many controlled studies examining the effects of chromium
supplementation on athletic performance have shown that this type of
supplementation does not improve performance; nor does it help to lower
body fat or increase muscle size (95,96). So why did chromium picolinate
become a hot-selling item if research has shown it to be ineffective? Basically
through successful marketing strategies.

A similar approach was taken in the marketing of chitosan, an n-
decetylated derivative of the polysaccharide chitin, found in shells of inver-
tebrates. Between February 1999 and February 2000, U.S. sales of the top
three brands of chitosan exceeded $6 million despite lack of evidence of
efficacy (S. Squires. The risk of fat busters. NYTimes 2000:March 28: HE 14).
The weight loss claims for chitosan included ‘‘Lose weight without restruc-
turing food intake on a high fat diet.’’Themechanism of action proposed was
that chitosan bound with dietary fat in the stomach and prevented the ab-
sorption of up to 120 g of fat per day.

III. HEALTH CLAIMS

Dietitians and other health care professionals need to become familiar with
identifying claims and interpreting the meaning of advertisements. The sup-
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plement industry has been rapidly expanding. In an attempt to ensure that
consumers get accurate information about dietary supplements and about the
use of these products, the Federal Trade Commission (FTC) and the Food
and Drug Administration work together. The FDA is responsible for claims
on product labeling, including packaging, inserts, and other promotional
materials distributed at the point of sale. The FTC has primary responsibility
for the claims in advertising, including print and broadcast ads, infomercials,
catalogues, and similar direct marketing materials. Marketing on the Internet
is subject to the same regulation as in other media. According to the Federal
Trade Commission advertising for any dietary supplement must be truthful,
not misleading, and substantiated. In the application of FTC law the marke-
ter is required to identify all expressed and implied claims that an ad commu-
nicates to the consumer. The ad must be accurate and cannot suggest claims
that cannot be made directly. The advertisement may also not be deceptive in
what it fails to say. In the case that the disclosure of qualifying information is
necessary to prevent the ad from being deceptive, the information must be
clearly and prominently presented so that it is noticed and understood by the
consumer. In addition to conveying the product claims clearly and accurately,
marketers also need to substantiate these claims by verifying that there is
adequate support for them.Advertisers should notmake claims based on con-
sumerexperiencesor expert endorsements.Toevaluateaclaimabout the safety
and efficacy of foods, dietary supplements, and drugs, the FTC has applied a
substantiation standard of competent and reliable scientific evidence (97,98).

The only way to provide necessary evidence to allow the approval of
herbal medicine for medical conditions is to perform long-term clinical trials.
Although expensive, these trials provide information necessary for FDA and
FTC approval. The NIH is currently funding a multicenter randomized clini-
cal trial examining the efficacy and safety of St. John’s wort (Hypericum per-
forate) in the treatment of depression. Past studies examined whether extracts
of (a) weremore effective than placebo in the treatment of depression, (b) were
as effective as standard antidepressive treatments, and (c) resulted in fewer
side effects than the standard antidepressant drugs. These studies revealed
that the extracts were significantly more effective than the placebo and as
effective as the standard antidepressants. Side effects occurred in 50 patients
on extracts and 84 patients on standard antidepressants. The overall conclu-
sion was that although the extracts were effective in the treatment of mild
to moderately severe depressive disorders, further studies were needed
(77,99).

The process of providing evidence before approval is very long and may
perhaps be preventing individuals from obtaining valuable help from herbal
medicines. As suggested by Dr. David Kritchefsky, ‘‘If you wait for the evi-
dence the patients will be dead!’’ So we need to make judgment calls; keeping
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efficacy in mind, we need to weigh the risks of use against the risk of the
disease. Take, for example, childhood leukemia; this acute illness must be
treated in a conventional manner. Successful treatment requires very rapid
treatment response, and the treatment must be reliable. When treated in this
manner childhood leukemia is almost 100% curable. In a case such as this,
there should be no question as to whether a CAM approach would be
appropriate; the answer is No. The use of CAM may be considered bad
practice, in that it may delay treatment and potentially lead to death. On the
other hand, the use of CAM for the treatment of a disorder such as Alzeih-
mer’s disease, which is a chronic disease that is progressively degenerative and
has to date no known cure, may be beneficial by providing some amelioration
of the disease process. The use of ginkgo is said to relieve some of the
symptoms typical of cerebral insufficiency, including difficulties of concen-
tration, difficulties of memory, absentmindedness, confusion, lack of energy,
tiredness, decreased physical performance, depressive mood, anxiety, dizzi-
ness, tinnitus, and headache (100). This is a case in which medicinal use of
CAM is not harmful and may in fact be beneficial.

In the treatment of medical and nonmedical conditions we turn to the
use of drugs for a cure. This is true whether we use a conventional or alter-
native approach to care. As health care practitioners we are, for themost part,
aware of the many drug–drug and drug–nutrient interactions that may occur
when using conventional medications that have been highly studied and
approved by the FDA. This, however, is not the case with many of the CAM
treatments. The simultaneous use of more than one drug known as poly-
pharmacy. There may be drug–drug or drug–nutrient interactions that result
from combining conventional and CAM medical treatments; some of these
combinations may be lethal. For example, ginkgo has been shown to promote
vasodilatation and to improve blood flow in both arteries and capillaries
(100). Ginkgo also reduces blood clotting time and therefore may be contra-
indicated for individuals who are already taking anticoagulants, such as
aspirin and vitamin E.Whereas alone each of these may not be harmful, when
combined theymay result in a stroke. This is a dramatic example of a fact that
cannot be ignored. As health care practitioners we must be aware of
interactions and their hazards.We should, therefore, avoid the polypharmacy
of CAM and the combination of conventional and CAM medications.
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I. INTRODUCTION

The understanding of both mucosal immune defenses and intestinal inflam-
mation requires some consideration of the interactions between the host and
the intestinal commensal microbiota. Humans live in a bacterial world as
microbes from the environment are in constant contact with the skin and
have access to the mucosal compartments of the body. The latter can remain
sterile or, in contrast, become colonized. Whereas the distal respiratory tract
is sterile under physiological conditions, the distal gastrointestinal (GI) tract
is heavily colonized. It has been calculated that there are more bacterial cells
in the indigenous microbiota of the gut than own eucaryotic cells in the
body (1).

The intestinalmicrobiota is a very complexmixture of different bacterial
genera and species. Although in permanent interaction with environmental
microorganisms, partially food-derived, the indigenous microbiota has a
remarkably stable composition throughout most of its life span. However,
there are a variety of complex societies of different microorganisms along the
GI tract determined by different habitats and ecological conditions. The
mechanisms of control thatmaintain the equilibrium of theGImicrobiota are
mainly unknown and may differ at different levels of the intestine. The
composition of the gut microbiota may transiently vary as a consequence of
an important bacterial inoculum in the diet (2,3). Also, the administration of
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certain ingredients, mainly oligosaccharaides, nondigestible by human
enzymes but fermented by bacteria in the colon, may result in enhanced
colonic growth of bifidobacteria (4).

A drastic change in microbiota composition certainly occurs immedi-
ately after birth, when the currently sterile fetus becomes suddenly exposed to
the unfriendly external environment. In addition to the maternal bacteria
encountered during delivery and skin contact during breast-feeding, environ-
mental microbes contribute to buildup of the neonatal microflora (5). It has
been observed that before attainment of a the steady state around weaning,
there is a defined sequence of dominant bacterial genera. Nevertheless, it
appears that the type of neonatal feedingmay influence the composition of the
microflora as clear differences have been found in the intestinal microflora of
breast-fed and formula-fed babies (6). During adulthood perturbations of GI
microbiota equilibrium are rare and mainly associated with pathological
conditions such as enteral infections, antibiotherapy, or immune suppression.
Another significant change in the composition of the microbiota is observed
during the aging process. A reduction in the putative protective bacteria, such
as bifidobacteria, has been reported (7) in the elderly.

Bacterial colonization of the gut by commensal bacteria was shown to
modulate the physiological processes of the host by modification of gene
expression, which affects both nutritional and protective functions of the
intestine (8). Interestingly, different commensal bacteria appear to induce a
different profile of gene activation in the host. This recent field of research will
help to broaden our understanding of host–microbe interactions in health and
disease. As a consequence, an appropriate manipulation of the host micro-
flora might become a new tool in the prevention or management of GI
pathophysiological disorders.

In the last decades a lower exposure of the neonate and infant to intes-
tinal microbial challenge has been indicated by epidemiological data. This
observation is associated with a higher incidence of allergic diseases, which
has generated the hygiene hypothesis. It appears that a certain level of bacte-
rial challenge or bacterial inoculum is an important prerequisite to achieve
normal homeostasis in host reactivity against external antigens and pathogens
(9–11).

Mucosal surfaces are exposed to a plethora of microbes other than
commensals, including a proportion of pathogens. Although the real magni-
tude of the host exposure to pathogens at the mucosal sites is difficult to
assess, it appears that these encounters rarely result in infectious diseases. In
any case, when mechanisms of defense are activated at mucosal surfaces, the
control of the inflammatory reaction is an important condition to preserve the
integrity of the mucosal interface with the external world.
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II. THE INTESTINAL COMMENSAL MICROBIOTA, AN
‘‘‘‘ORGAN’’’’ WHOSE CELLULAR COMPOSITION
IS INDEPENDENT OF HOST CONTROL?

The host and microbial factors that direct the establishment and composition
of the intestinal microbiota are largely unknown (12). It is well established
that colonization of the intestinal mucosa by a pathogen often results in host
tissue damage. In response to this, different mechanisms of host defense are
switched on to eliminate the noxious newcomer. In contrast, the subtle
interactions between the host and its commensal intestinal microbiota are
less characterized. To date, little is known about the factors that maintain the
steady-state situation of the microbiota and, moreover, about whether the
host plays an active role in its control. Some authors have tried to incorporate,
in theoretical models, all the relevant interbacterial interactions that could
contribute to the ecological equilibrium of the colonic microbiota (13).

However, it is difficult to assume that the host remains passive in the
control of the microbiota composition. There is increasing evidence that an
immunological surveillance of intestinal bacteria seems to take place. But
nevertheless, the overall picture of the host immune response to commensals
and the way it alters intestinal colonization and functionality remains to be
elucidated.

According to current knowledge two types of control mechanisms rele-
vant to the preservation of the intestinal microbiota stability can be distin-
guished:

1. Intermicrobial interactions (host-independent)
2. Host–bacterial interactions

Examples of the first type of control are bacterial metabolic activities that
modify the intestinal ecological characteristics through production of short-
chain fatty acids and acidification, O2 consumption, and modifications of the
redox potential, which create an ecosystem optimal for the growth of some
bacterial genera and hostile for others. The production of antimicrobial
compounds by some microbes and competition for mucus binding or
receptors on intestinal epithelial cells are additional factors contributing to
the establishment of ecological niches within the intestine (14). Increasing
importance has been attributed to the communication among bacteria in
biofilms or definite microenvironments, called quorum sensing, that might
help to explain basic aspects of colonization (12).

In addition to pure intermicrobial interactions, there are host–microbe
interactions of extreme complexity that are starting to be characterized.Host–
bacteria interactions appear to be relevant to the control of the intestinal
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microbiota composition. In turn, the indigenousmicroflora participates in the
development and maturation of the gut (8) and in the regulation of intestinal
functions.

III. HOST-MICROBIOTA CROSS-TALK

It has become evident that the intestinal microbiota plays a role in the
development of innate and adaptive immune responses (15). In this review
particular emphasis is put on the influence of nonpathogenic bacteria on
preservation of intestinal tissue homeostasis.

Some authors have proposed that the immune system does not react to
but is tolerant of components of the intestinalmicroflora (16,17).Moreover, it
is thought that the breakdown of tolerance could lead to or perpetuate
inflammatory bowel disease (18). In contrast to this, it has also been reported
that commensal bacteria can be recognized by the host immune system and
elicit systemic antibody responses (19,20). A wide proportion of the resident
microflora is covered by antibodies in the lumen of the gut, mainly of the
immunoglobulin A (IgA) isotype (21). The same study indicates that a
variable proportion of the intestinal microflora is devoid of antibody coating.
The secretory or systemic immune responses to components of the intestinal
microbiota, found in physiological conditions, does not appear to have any
pathogenic consequences for the host. Interestingly the antibody response
also does not seem to correlate with the elimination of bacteria from the
intestine (22). Thus, it is still unknownwhether the immune responsemay play
a role in the constitution of the commensal microbiota. It is possible that
nonspecific binding of antibodies to bacteria occurs in the lumen of the gut
and may represent a mechanism of clearance of an excess of antibodies
generated by a permanently challenged intestinal mucosal by microbes, food
antigens, and proinflammatory molecules.

To date, the mechanisms implicated in the prevention of a deleterious
inflammatory-immune response to nonpathogenic luminal antigens is not
clear. Antigen-specific CD4+ regulatory T cells were shown to be an im-
portant lymphocyte subset for the balance of protective and pathogenic
immune responses. These cells predominantly produce interleukin 10 (IL-10)
or transforming growth factor-h (TGFh) upon stimulation and promote the
downregulation of the inflammatory response (23–25).

Regulation of intestinal homeostasis by innate defense mechanisms has
received increasing interest and might be involved in the blunting of the
inflammatory reaction at the lamina propria. The generation of arachidonic
acid metabolites by cyclooxygenase 2 (COX-2) was shown in 1999 to be an
essential modulator of the intestinal response to dietary antigens (26). The
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COX-2 is expressed in intestinal epithelial cells (IECs) (27) and in macro-
phages (28). Induction of the enzyme activity results in the production of
different metabolites, including prostaglandin E2 (PGE2) (29), which has
important immunomodulatory activities such as downregulation of major
histocompatibility (MHC) class II antigens (30) and induction of IL-10
production (31). It has been proposed that induction of COX-2 in lamina
propria macrophages depends on luminal bacterial stimuli such as lipopoly-
saccharide (LPS) (26). In addition, the small intestinal mucosa is different
from other mucosal sites as non-bone-marrow-derived lamina propria cells
were shown to have the capacity to express basal levels of COX-2 in the
absence of exogenous stimuli (32). This finding suggests that commensal
bacteria may exert a dual function. In addition to the stimulation of mucosal
mechanisms of defense (15), they may play a role in the maintenance of the
homeostasis of the immune response (26).

Although several mechanisms seem to work in concert to prevent the
inflammatory reaction of the intestinal barrier to commensal microbiota and
external antigens, intestinal inflammatory disease is a common pathological
condition of humans. The development of intestinal inflammation in knock-
out and transgenic rodents has confirmed the way genetic and environmen-
tal factors are responsible for mucosal inflammation. Spontaneous inflam-
mation of the GI tract has been demonstrated in transgenic rats expressing
the human human leukocyte antigen B27 (HLA-B27) and h-microglobulin,
in mice deficient for IL-2, IL-2Ra, IL-10, T cell receptor a (TCRa), TGF-
h1, and others. In most of the murine models no inflammation occurs if the
animals are maintained under germ-free conditions (33). The diversity of
genetic murine alterations that lead to models of inflammatory bowel disease
(IBD) seems to suggest an impairment of the physiological regulation of tissue
homeostasis by a complex network of cytokines and cells.

IV. MUCOSAL RECOGNITION OF BACTERIA:
HOMEOSTASIS, DEFENSE, AND
IMMUNE-INFLAMMATORY CONFLICT

The capacity of a microorganism to cause infectious or inflammatory disease
in the host depends not only on the microbe virulence traits but also on the
host’s health since immunodeficiency or malnutrition may account for
increased microbial pathogenesis (34).

The diversity in the genetic makeup of bacterial genera and species (35)
to which humans are exposed at the mucosal surfaces is extremely wide.
Gastric acid pH, the mucus layer, production of bactericidal peptides such as
a-defensins, and the integrity of the epithelial layer are nonspecific factors
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that can confer wide protection to the host. However, the concept of the
mucosal barrier has progressively moved from that of a stable barrier against
microbes, to a reactive compartment with the capacity to sense environmental
changes and respond to them.

Host protective functions against microbes at mucosal sites require a
molecular machinery for microbial recognition. This function may rely on
either a wide repertoire of specificmolecules or on fewer less specificmolecules
that recognize microbial traits common to different genera and species, called
pattern recognition receptors (PRRs) (36,37).

The specific molecules comprise immunoglobulins (Igs) and T cell
receptors (TCRs), which are part of the adaptive immune response and need
molecular adaptation to bacterial molecules in order to accomplish recogni-
tion successfully.

In contrast, PRRs are germ-line-encoded glycoproteins and recognize
bacterial molecules shared by a variety of microorganisms. In the gut mucosa
PPRs are found onmacrophages that are strategically distributed beneath the
epithelial basal membrane, where they play a key role, as they guard potential
sites of epithelial layer breaching by luminal bacteria. The PRRs are also
expressed on IECs (38). CD14 and the family of molecules called Toll-like
receptors (TLRs) are examples of PRRs (39). CD14 was shown to react with
TLR4 to deliver signals to eucaryotic cells (40) Different members of the TLR
family react with different types of bacteria or bacterial compounds. Whereas
TLR4 participates in the recognition of gram-negative bacteria or their
products, e.g., lipopolysaccharide (LPS), TLR2 is involved in signaling
immune cells upon reaction with gram-positive bacteria or their products,
e.g., lipotheichoic acid (LTA) and peptidoglycan (PG) (41,42). Ten TLR
molecules have been described so far in mammalians, and it is assumed that
each of the TLRs recognizes a discrete subset of molecules widely shared by
microbial pathogens. Thus, together, TLRs afford protection against an
important number of pathogenic bacteria (43). Reaction of bacterial products
with a given TLR results in host cellular signaling, leading to activation of nB
(NF-nB) or AP-1 (40).

A major feature of the intestine’s defensive function is the capacity to
differentiate between commensal bacteria, which may be beneficial for the
host, and the colonization by pathogens. It is possible that highly specific
molecules, Igs or TCRs, could account for the discrimination between
pathogens and commensals, although the latter can also evoke a humoral
immune response (19–21). Discrimination between commensals and patho-
gens seems a difficult task for PRR as they recognize common traits across
bacterial genera and species. It is likely that in addition to sensing of the
presence of bacteria via PRR, a second danger signal has to be delivered to
initiate an appropriate response to pathogenic bacteria (44,45). Endogenous
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ligands of PRR, and more specifically TLRs, may initiate an immune
activation upon detection of cell damage or cellular stress. These endogenous
‘‘danger signals’’ may be heat shock proteins, nucleotides, or extracellular
matrix breakdown products. This possibility has given origin to the so-called
danger model of the immune response (46,47), in which activation occurs if
host tissue damage is detected. One feature of bacterial pathogenicity is the
capacity to invade host epithelial cells (43). The defensive systems can also
recognized noninvading pathogens when they induce cytopathic or enter-
otoxic effects or when they target membrane cell compartments not exposed
to the luminal environment (39). The recognition of pathogens before induc-
tion of tissue damage, in the lumen of the gut, remains for the moment
speculative, but some bacterial stimulation of airway and intestinal epithelia
may result in the production of bactericidal proteins such as defensins. In-
terestingly epithelial expression of defensins seems to depend on the recog-
nition bacterial molecules by PRRs such as CD14 (48,49).

A. The Epithelium, a Major Player for Sensing the Bacterial
Content of the Gut and Danger of Infection

The epithelium of the intestinal tract is a constitutive component of the innate
response of the host to the luminal microbiota.

Some authors have demonstrated an epithelial innate response to
invasive pathogens (50,51). In fact, the intracellular detection of LPS by
a protein called caspase-activating and -recruitment domain 4 (CARD4; also
known as nucleotide binding oligomerization domain (NOD1)) was shown to
be implicated in NF-nB-activation-dependent proinflammatory pathway in
IECs triggered by invasive bacteria (52–54).

In addition, the innate epithelial host response also seems to be able to
discriminate between commensals and pathogens in the absence of invasion.
The molecular bases of discrimination between commensals and pathogens
may depend on different molecular mechanisms. It has been postulated that
conserved bacterial molecules, present in pathogens as well as nonpathogens,
promote an epithelial response when detected in combination with a second
danger signal (39). An example reported in 2001 is the recognition of flagellin
in the basolateral membrane of the intestinal epithelium, which may initiate a
defensive response subsequent to TLR5 binding (55,56).

Furthermore, the IEC also recognizes and responds to nonpathogenic
commensal bacteria, an issue that was neglected until 2000 (57). It has been
demonstrated in vitro that the epithelial cell response to nonpathogens was
enhanced upon coculturing IEC with professional immune cells. Epithelial
cell cultures were performed in a two compartment transwell system, with
enterocyte-like human epithelial cells on the apical compartment, and pe-
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ripheral blood mononuclear cells in the basolateral compartment. Bacterial
stimulation was performed adding bacteria to the apical-epithelial compart-
ment. Notably, a differential response to nonpathogenic bacteria could be ob-
served, distinguishing twomajor cytokine–chemokine profiles of IEC (Fig. 1):

1. Gram-negative Escherichia coli and specific strains of gram-positive
lactobacilli triggered a NF-nB-mediated inflammatory response. This initial
proinflammatory event was transient and self-limiting (57). It was shown that
immune-modulatory cells in the lamina propria, particularly themacrophage,

Figure 1 Proposed model for an autoregulatory loop to ensure homeostasis after
activation of IEC by nonpathogenic bacteria. Left side, Direct TGFh-dependent
epithelial homeostatic loop induced by immune-regulatory nonpathogenic bacteria.
TGFh exerts cytoprotective effects on the epithelium and strengthens barrier integ-
rity. In addition, TGFh promotes regulatory T cells (Th3) and prevents T cell death.
Right side, Indirect IL-10-dependent homeostatic loop induced by immune-

stimulatory bacteria. The transient proinflammatory response is blunted by lamina
propria (LP) cells, particularly immunosuppressive LP macrophages, which predo-
minantly secrete IL-10. IEC, intraepithelial cell; IL-10, interleukin 10; TNFa, tumor

necrosis factor a; GM-CSF, granulocyte macrophage stimulating factor; IE,
intraepithelial; T, T lymphocyte; B, B-lymphocyte; Mo, macrophage.
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seem to play a crucial role in switching off the initial inflammatory response of
the epithelium. This integrated epithelium–lamina propria response requires
the participation of an intricate network of cells and cellular mediators that
assure tissue homeostasis.

2. A second type of response was evoked by gram-positive bacteria
that failed to induce stimulation of proinflammatory mediators, but instead
triggered gene activation of the regulatory cytokine TGF-h (57). This type of
response could constitute one of the mechanisms underlying induction of
immunological tolerance to components of the microflora.

Both types of epithelial responses against nonpathogenic bacteria seem
to indicate the importance of either a self-limiting (type 1) or a noninflam-
matory (type 2) cellular immune response in the context of the antigen-rich
intestinal environment (58).

In contrast, if bacterial invasion occurs, or other cytopathic effects are
induced by pathogens (59), the inflammatory reaction persists in order to
recruit leukocytes for the clearance of the pathogen. Thus, epithelial recog-
nition and response to pathogens may require multistep stimulation, com-
prising recognition of bacteria and cellular damage. Once the pathogen has
been cleared from the body, regulatory mechanisms intervene to stop an idle
inflammatory response and restore the intestinal barrier integrity. Thus,
integrated epithelium–lamina propria cell interaction may also be crucial
for tissue restitution.

The NF-nB activation is a pivotal event in defensive inflammatory
reactions, inducing gene activation such as IL-2, IL-6, IL-8, and tumor
necrosis factor a (TNF-a) (60). Pathogens and stress are common activators
of this pathway. In addition, NF-nB activation may play a pathogenic role in
chronic inflammatory diseases including arthritis (61) and inflammatory
bowel disease (62), in particular Crohn’s disease. The NF-nB proteins are a
family of heterodimers and homodimers with different activatory capacities.
The p50 and p65 heterodimers are involved in IL-1 andTNF-agene activation
and are blocked by IL-10 (63,64). The NF-nB exists in the cytoplasm in an
inactive form associated with regulatory proteins called inhibitors of jB
(InBs). Phosphorylation of InB is an important step in NF-nB activation.
Phosphorylated InB is then ubiquitinated and degraded in the 26S proteo-
some (63). Then NF-nB is released from the complex with InB and trans-
located to the nucleus, where proinflammatory gene activation is initiated.

In 2001 an association between Crohn’s disease and a mutation in
NOD-2 gene was documented. TheNOD-2 encodes a cytosolic protein whose
expression is restricted to monocytes (65). The NOD-2 protein is a member of
the CED4/APAF1 superfamily of apoptosis regulators. It is composed of two
caspase recruitment domains (CARDs), a nucleotide binding domain, and a
leucine-rich repeat (LRR) in its carboxy terminus side (66,67). The LRR
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domain binds lipopolysaccharide and activates theNF-nBpathway; however,
this induction is deficient in the mutant NOD-2. This genetic defect may be
related to perdurable pathogenic inflammatory-immune response. However,
the mechanisms that link the carriage of the mutated NOD-2 variant and the
persistent tissue inflammation in Crohn’s disease have not been unraveled yet.

Modulation of NF-nB has become an obvious target for anti-inflam-
matory therapies, and specific compounds may act at different levels of its
complex regulatory pathway. It will be of interest to investigate whether
luminal components, such as bacterial products, can stimulate a cellular
response that blunts the pathogenic activation of NF-n(B. It has been
reported that some nonpathogenic bacteria can prevent NF-nB activation
through inhibition of InB-a ubiquitination. This type of bacteria would have
direct anti-inflammatory activity at the level of epithelial cells. This relation
shows that luminal microflora can send positive and negative signals to
mucosal epithelial cells as part of the symbiotic interactions with the host (68).

V. CONCLUSION

Bacterial strains, which induce immunoregulatory cytokines at the IEC level,
maymodulate inflammationwithout the participation of lamina propria cells,
such asmacrophages or lymphocytes. Thismay represent a strategy to control
inflammation in the gut when the integrated epithelium–lamina propria cell
loop is impaired by genetic defects.

The homeostatic response to a limited epithelial inflammation con-
trolled by immunomodulatory cytokines such as TGF-h, IL-10 (64), PGE2,
or an appropriate NF-nB regulationmay be impaired in IBD, asmany studies
seem to indicate.

Therefore, use of commensal bacterial strains, including probiotic
bacteria, selected for their properties to activate an epithelial inhibitory re-
sponsemaybe a rational nutritional approach for patients suffering fromIBD.
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I. INTRODUCTION

Aging can be defined as a time-dependent decrease in the ability of an or-
ganism to maintain homeostasis or react to external and internal changes
(1,2). Therefore, aging can be highlighted by a loss of functionality and re-
sistance or adaptability to stress that leads to increased susceptibility of indi-
viduals to age-associated diseases. In developed countries, the large majority
of the aging population die of degenerative diseases such as cancers and car-
diovascular diseases, which account for almost 50% of all deaths in persons
85 years and older (3).

There are many theories that have been put forward to explain the
process of aging, and none of them gives a complete satisfactory explanation
(for review see Ref. 1). In general, theories of aging can be classified into two
categories: (a) Aging is caused by random detrimental events that cause accu-
mulation of errors in the cell over time (i.e., stochastic theory) and (b) aging is
directly controlled by a genetic program.

A. Stochastic Theory

In the stochastic theory, one major mechanism involving free radical dam-
age seems to emerge in a quite consensual manner. Reactive oxygen species
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(ROS), produced by a variety of processes, including mitochondrial
electron transport, react with macromolecules and cause extensive oxidative
damage, including deoxyribonucleic acid (DNA) base modifications (e.g.,
hydroxylation or ring opening), peroxidation of membrane lipids, carbon-
ylation, and loss of sulfydryl groups in proteins. This oxidative damage,
if unrepaired, would be responsible for age-associated loss of functional
capacity.

As reviewed by Lindsay (4), an age-associated elevation of oxidative
stress has been demonstrated by an increase in the exhalation of alkanes
(products of ROS-induced peroxidation of lipids) and in the concentration
of oxidatively damaged protein as well as an increase in the concentration
of 8-hydroxy 2V-deoxyguanosine (8-OHdG), indicator of oxidativeDNAdam-
age. Oxidative damage in mitochondrial proteins is increased with age, and
in damaged mitochondria, free radical generation may increase (5). The in-
crease in oxidative damage may result from an increase in the rate of ROS
generation or a decline in antioxidant defenses. The decreased age-related
function of the mitochondrial respiratory chain has been proposed to be
responsible for increased electron leakage associated with enhanced ROS
production (6,7). Nevertheless, studies investigating the relationship be-
tween age and respiratory chain function have generated conflicting data:
some demonstrating decreases of different respiratory complex enzymes
(8–11) and others showing no correlation (12–14). There is little evidence
that aging is associated with changes in the activity of enzymes involved
in antioxidant defense, such as superoxide dismutase (SOD) and catalase
(CAT) (15,16). Interestingly, transgenic Drosophila species overexpress-
ing both SOD and CAT have been reported to live up to 30% longer than
wild-type flies (17). Specific overexpression of SOD alone in adult moto-
neurons is able to extend Drosophila sp. life span by 40% (18) but not
when expressed all over (19). Therefore, cumulative ROS toxicity in the ner-
vous system may be an important factor in determining longevity, at least in
flies. In rodents, overexpression of SOD alone in various organs or tis-
sues, including brain, is not sufficient to extend the life spans of animals
(20,21).

Other sources of damage are generated by metabolic reactions. For
example, glucose reacts with primary amine groups on proteins, DNA, and
lipids throughout the body. This complex reaction, called the Maillard reac-
tion, occurs at high rates in diabetics and at a lower rate in healthy humans
(22). Extensive accumulation of a variety of Maillard reaction products was
shown to occur in cartilage collagen with age (23), consistently with a role for
glycation in aging. Nevertheless, definitive proof that active ROS generation
and glycation product formation are causative of rather than a result of aging
remains to be obtained.
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B. Genetic Control

Since different organs are controlled by different genes and each organ follows
its own pattern of aging, it initially appeared uncertain that one single gene
can be responsible for overall aging. However, defects in a single gene in-
volved in genomic stability, in DNA repair pathways, in control of tran-
scription, or in antioxidant defense could theoretically contribute to the
alteration of other genes and accelerate the aging process. The theory of ge-
netic control of aging has gained interest since the finding that single genes can
have large effects on the longevity of yeast, worms, flies, and even mammals
(for review see Ref. 24). Interesting findings have raised the possibility that
insulin or insulin-like growth factor (IGF) signaling pathways somehow limit
life span.C. elegans, mutated in the daf-2 gene, which encodes an insulin/IGF
receptor homologue, are able to live more than twice as long as wild-type
animals (25). Similarly, mutation of the Drosophila melanogaster InR gene,
which is homologous to the daf-2 gene, leads to a 85% extension of longevity
(26). A 50% extension of the median life span is also observed in D. mela-
nogastermutated in the CHICO gene encoding an insulin receptor sub-strate
(27).In 1996, the first life extension mutant in mice was reported (28). Mice,
called Ames dwarf mice, exhibited a life span extended by 50% (28). In these
mice, mutation in the df gene was demonstrated and associated with a
defective function of the anterior pituitary gland leading to a deficiency in
growth hormone (GH) and insulin-like growth factor I (IGF-I) (29). Sub-
sequently other mutations extending murine life span were found, such as a
mutation in the gene encoding p66shc, involved in a signaling pathway
controlling stress apoptotic responses (30).

Since 1975, nine senescence-acceleratedmouse (SAM) strains have been
generated by selective inbreeding at KyotoUniversity (for review see Ref. 31).
The SAM strains are an interesting murine model of senescence acceleration
and age-associated disorders that should contribute to a better understanding
of the role of genes in longevity. The nature of the genetic defect(s) associated
with the different SAM phenotypes is unknown. Nevertheless, loci analysis
revealed that chromosomes 4, 14, 16 and 17 could contain the genes
responsible for accelerated senescence in the SAM strains (32). The develop-
ment of amousemodel deficient in the catalytic subunit of the telomerase gene
(TERT) (33) is increasing our understanding in the longevity field, especially
for the aging of highly proliferative organs. The TERT gene is known to block
cellular senescence bymaintaining the length of telomeres (34). In the absence
of telomerase activity, each chromosome loses a few telomere repeats, at each
cell division, making the chromosome shorter, unstable, and subject to fusion
as well as rearrangements. The mice lacking TERT exhibit shortened life
span, defective spermatogenesis, compromised proliferative capacity of he-
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matopoietic progenitors, small intestine atrophy, impaired wound healing,
alopecia, and hair graying but no greater incidence of thinning bones, blocked
arteries, cataracts, or diabetes than normal mice (35–37). Therefore, telomere
shortening does not cause generalized premature aging but rather a reduced
capacity to respond to stress, as in wound healing and hematopoietic ablation
(36). The elevated genomic instability, in the absence of telomerase activity,
also leads to an increase in the incidence of spontaneous cancers originating
from highly proliferative cell types [i.e., germ cells (teratocarcinomas), leu-
kocytes (lymphomas), and keratinocytes (squamous cell carcinoma)] (36).
Nevertheless, the role of the telomerase gene as a cause of cancers appears to
be complex and not always beneficial since telomerase is activated in most
human cancers (38,39). The genome integrity is preserved in normal cells by
the p53 tumor suppressor protein, known to induce apoptosis, cell cycle
arrest, and cellular senescence in stress conditions (40). The p53 is activated in
telomerase-deficient mice (41). In 2002, Tyner and associates demonstrated
that mutant mice showing increased p53 activity display enhanced resistance
to spontaneous tumors, as expected but also display early aging-associated
phenotypes and reduced longevity (42). As mentioned by the authors, this
finding supports the concept that senescence is a mechanism of tumor sup-
pression (42).

Werner’s syndrome (WS) is a rare autosomal recessive disease of rapid
aging (for review see Ref. 43). In WS the loss of functional capacity is
restricted mainly to tissues that undergo continuous regeneration such as
the skin, gut, connective tissues, and bone marrow. The WS gene (WRN)
encodes a member of the RecQ family of DNA helicases, which when mu-
tated lead to genomic unstability and a distinctive mutator phenotype (44).
Whereas normal human fibroblasts achieve about 60 population doublings
during their life span in culture, WS fibroblast cultures achieve no more than
about 20 population doublings (45). Ectopic expression of TERT in WS fi-
broblasts is able to prevent the premature replicative senescence of cultured
WS fibroblasts (46). Therefore, one consequence of theWS defect seems to be
the acceleration of normal telomere-driven replicative senescence.

Aging appears as a complex process involving both intrinsic (genetic)
and extrinsic (environmental) factors. These factors could have a different
influence, depending on the tissue and its renewal capacity. Gut and skin
tissues show an elevated turnover rate that requires a continuous recruitment
of stem cells. Loss of stem cell pools or decreased capacity of these cells to
proliferate, via, for example, telomere shortening controlled replicative se-
nescence, may be the major aging process for these tissues. Muscle and brain
tissues, which display both slow turnover of regeneration and high-energy
metabolism, may be the main targets for oxidative damage. In fact, the effects
of genetic and environmental factors could combine in both types of tissues.
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With aging and senescence of stem cells, gut and skin regeneration declines
and the nonrenewed terminally differentiated cells (i.e., postmitotic cells) may
could be subjected to stochastic events such as oxidative stress. For muscle
tissue, the increased numbers of damaged myotubes over time, in response
to stochastic events, may not be compensated for by regeneration processes
frommuscle stem cells (satellite cells), presenting a senescence phenotype with
age.

II. NUTRITION AND AGING

Throughout history, claims have been made for dietary substances that
influence aging. Unfortunately, the supporting evidence for many of these
claims is less than compelling. Today only three dietary interventions, dis-
cussed in the following sections, show potential benefits for aging.

A. Calorie Restriction

1. Effects on Aging

Calorie restriction (CR), which is defined as undernutrition without malnu-
trition, is the only experimental intervention known clearly to retard aging. It
extends bothmean (survival) andmaximal (longevity) life span and delays the
onset of a number of life-shortening diseases such as diabetes, hypertension,
and cancer (for review see Ref. 47). Its effects on aging have been demon-
strated in several animal species such as D. melanogaster, C. elegans, and
rodents. Middle-aged monkeys, fed for 10 years with a calorie-restricted diet,
show low blood pressure, reduced intraabdominal fat, and decreased levels of
circulating insulin, glucose, cholesterol, and triacylglycerols (48–50). There-
fore, CR puts these monkeys at a lower risk for diabetes and cardiovascular
diseases than the ad libitum fed animals (49,51). The survival (median life
span) of the restrictedmonkeys appears to be exceeding that of ad libitum–fed
monkeys (51), but effects on longevity (maximal life span) in nonhuman
primates will be only demonstrated conclusively, by this ongoing study,
around 2020.

2. Mechanisms of Action

The mechanism by which CR produces these beneficial changes is not un-
derstood, but pathological and molecular observations have provided clues
on the ways CR that could decelerate aging. Today three mechanisms are
being explored: (a) attenuation of oxidative damage, (b) insulin and glucose
exposure, and (c) genomic stability.
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Attenuation of Oxidative Damage. In mice fed ad libitum, levels of
oxidized DNA (8-OHdG) and proteins (carbonyls) increase with age in brain
as well as in cardiac and skeletal muscle (52). The CR (60% of the caloric
intake of the ad libitum regimen) prevents the increase of oxidative damage
in these tissues (52–54). Age-dependent increase of oxidative damage in
skeletal muscle of nonhuman primates is attenuated by CR (55). A CR-
induced decrease in oxidative stress appears to be most profound in
postmitotic tissues and may derive from lower mitochondrial production
of free radicals. Whether CR decreases the generation of oxidants by
increasing antioxidant defense enzymes (e.g., SOD and catalase) or/and by
causing less free radical production via improved electron transport is still a
matter of debate.

Insulin and Glucose Exposure. Rodents as well as nonhuman pri-
mates, on a low-calorie diet, have increased insulin sensitivity and both
lowered fasting glucose and lowered insulin levels (50, 51, 56–58).

Different observations suggest that insulin levels throughout life influ-
ence aging. Hyperinsulinemia is associated with an increased prevalence of
coronary heart diseases (59), one of the primary causes of death in the de-
veloped world. Therefore, preserved insulin sensitivity and normoinsuline-
mia by reducing pathological condition onset positively influence life span.
Interestingly, healthy centenarians have a preserved insulin effect on glucose
and fat metabolism (60,61). As previously mentioned, impairment of genes
encoding components of the insulin–IGF-I pathways increases the life span
of animal models. In these models, it is speculated that insulin signaling
pathways, by modulating neuroendocrine functions involved in growth,
energy metabolism, and reproductive state, may influence aging. A theory
of aging based on an imbalance of hormonal and growth factor exposure has
also been proposed in mammals (62–64). The CR modulates not only insulin
levels but several other endocrine factors. Among them, CR induces gluco-
corticoid (65) and growth hormone (GH) (66) concentrations, and IGF-I
(67) and triiodothyronine (T3) (68) levels are reduced, at least in rodents. By
potentiating cellular and organismic homeostasis throughout life, this endo-
crine compensatory mechanism certainly plays a role in the antiaging action
of CR.

Protein glycation and accumulation of advanced glycation end prod-
ucts, caused by elevated blood glucose levels, are suspected to play an im-
portant role in aging. Although it is clear that CR reduces fasting glucose
concentrations, conflicting data exist regarding its effects on the levels of
glycosylated hemoglobin in rodents (69, 70). In middle-aged non human pri-
mates submitted to CR, the levels of glycosylated hemoglobin do not differ
from those of the nonrestricted animals (48,58).
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3. Increase of Genome Stability

Yeast silent information regulator 2 (Sir-2) is on oxidized nicotinamide-
adenine dinucleotide– (NAD+)-dependent histone deacetylase involved in
transcriptional silencing and control of genomic stability (71,72). Yeast cells
lacking Sir-2 have a reduced replicative life span, whereas cells with an extra
copy of Sir-2 display a longer life span than wild-type (72,73). When yeast is
grown in the presence of low concentrations of glucose, to mimic calorie re-
striction, extention of life span is observed (72). The increased longevity
induced by CR in yeast is associated with the activation of Sir-2 gene
expression and subsequent chromosome stability (72). In Sir-2 knockout
yeast or in cells showing a disrupted NAD pathway, the effect of lowered
glucose level on life span is abolished (74). One mechanism proposed is that
Sir-2 competes with metabolic enzymes for NAD+ utilization. By reducing
metabolic activity, CR would reduce the utilization of NAD+, which could
then be used by Sir-2 to silence genes and stabilize the genome (74). In
mammals, the evidence that genomic stability plays a role in the effects of CR
on aging is only correlative: That is the antiaging action of calorie-restricted
rodents is correlated with decreased DNA damage and mutation and
increased DNA repair capacity (75). Therefore, experiments that employ
more accurate assays on the regulatory pathways involved in chromosome
stability are needed in order to understand the antiaging action of CR.

B. Antioxidants

As previously discussed, sustained oxidative damage of cell constituents is
suspected to be a major factor in the decline of tissues and organs associated
with aging and age-related degenerative diseases. Several epidemiological and
clinical studies have revealed potential roles for certain dietary antioxidants in
the reduction of risk of morbidity and mortality from cancer and heart
diseases (76). Nevertheless, supplementation studies with antioxidants and
their effects on life span in different cellular, animal, and human studies have
produced inconsistent results. Ad libitum feeding of middle-aged C57BL/
6NIAmale mice with diets supplemented with different antioxidants (vitamin
E, glutathione, melatonin, and strawberry extract) had no effect on the
pathological outcome or onmean (survival) nor maximal life span (longevity)
of themice, despite the reduced level of lipid peroxidation products (77). Beta-
carotene, of which the in vivo fre-radical scavenger activity is a matter of
debate, was not shown to be an effective means for prolonging life span in
C57BL/6Jmalemice, even if the supplementation began at 29 days of age (78).
The addition of vitamin E to the diet of male mice, starting shortly after
weaning, was shown to increase the average life span by 7% (79), whereas
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antioxidant supplementation initiated during middle age did not appear to
affect age-associated pathological markers and longevity of mice (80). The
few animal studies performed in the past and showing beneficial effects of
antioxidants on longevity have to be considered cautiously as, at that time,
rodent diets were often suboptimal. Corrections of deficiency rather than
supplementation effects were then studied. Interestingly, brussels sprouts
decrease DNA damage in rats and humans under conditions in which sup-
plementation with vitamin E, vitamin C, or beta-carotene does not (81).
Therefore, other known (e.g., polyphenols, micronutrients) or unknown com-
pounds in fruits and vegetables may be responsible for the beneficial effects of
diet on survival and should be further investigated.

C. Polyunsaturated Fatty Acids

Diet rich in n-3 polyunsaturated fatty acids (PUFAs) seems tomodulatemany
age-associated degenerative diseases (i.e., atherosclerosis, coronary heart dis-
ease, and inflammatory disease) favorably (82). Long-term feeding of nor-
mal rats with diet rich in alpha-linolenate (18:3n-3) or linoleate (18:2n-6)
induced a significant difference in the n-3/n-6 ratios of highly unsaturated
fatty acids in brain. Rats fed the alpha-linolenate-rich diet had a longer mean
survival time and an increased learning ability in advanced age (83). Similarly,
diets with fish oil containing n-3 PUFAs dramatically extend the life span and
delay the onset and progression of disease in autoimmune-prone female mice
as compared to those fed corn oil rich in n-6 lipids (84,85). A study in 2000 was
undertaken to investigate the effects of dietary PUFAs on longevity in the se-
nescence-accelerated SAMP8mousemodel (86).Male mice were fed either an
n-3 PUFA-rich (9 g/100 g perilla oil) or an n-6 PUFA-rich (9 g/100 g safflower
oil) diet beginning at 6 wk of age. The results showed that the animals fed
perilla oil had significantly lower scores of aging markers, represented by
changes in behavior (e.g., reactivity or passivity), appearance (e.g., glossiness
and coarseness of coat, hair loss), and pathological condition onset (e.g.,
ulcers, ophthalmic lesions, cancers) than those fed safflower oil (86). Surpris-
ingly, their mean life span was significantly reduced compared to that of those
fed with safflower oil. Therefore, even if supplementation of diet with n-3
PUFAs shows beneficial effects in certain animal models and in some target
tissues such as immune system and brain, further investigations are required
to demonstrate and to understand the potential benefits of PUFAs in aging.

III. CONCLUSIONS

Although the mechanism of aging is not elucidated, there is growing evidence
that genetic controls as well as increased tissue damage are involved. Single
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genes appear to regulate aging, meaning that intervention may be possible.
Nevertheless, because of the interplay between cellular senescence and cancer
formation, development of pharmacological interventions, aimed to delay
aging, and targeting proteins involved in genome stability (e.g., telomerase,
p53, WRN) appears rather challenging.

Among all the nutritional claims vaunting beneficial influences on
aging, only caloric restriction in laboratory animals has been clearly shown
to slow senescence. Nevertheless, dietary interventions with antioxidants or
PUFAs seem to demonstrate some potential benefits on the average life ex-
pectancy, probably by reducing the onset of age-related diseases. As the ma-
jority of the aging population die of degenerative diseases, research in dietary
ingredients able to delay the appearance of these disorders appears to be of
particular interest. Further work will be needed to determine whether specific
compounds in the diet may influence aging per se.
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I. INTRODUCTION

Epidemiological studies clearly indicate a protective effect of fruit and veg-
etable consumption against the occurrence of several types of cancer in hu-
mans (1). This has led to a recommendation by the U.S. National Cancer
Institute that all citizens consume at least four to six servings of fruit and
vegetables per day. If this were to occur, it is estimated that the overall
reduction in cancer incidence in the United States would be approximately
20%–30% (2), with similar (or possibly greater) reductions worldwide. The
protective effects of fruits and vegetables against cancer, broadly referred to
as chemoprevention, is attributed to their content of fiber and to multiple nu-
tritive and nonnutritive compounds.

The goal of this chapter is to define chemoprevention, identify stages in
carcinogenesis amenable to prevention strategies, summarize investigations
on the chemopreventive effects of various food components and foods, and,
where known, discuss the mechanisms of action of these foodstuffs in cancer
prevention. The chapter also summarizes current human clinical trials to
assess the preventative effects of dietary factors. It is not possible to include all
known dietary inhibitors of cancer in this report; more information can be
found in comprehensive reviews that havebeenpublished in recent years (3–6).
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A. Chemoprevention

Chemoprevention is defined as prevention of cancer by the administration of
one or more chemical entities, either as individual drugs or as dietary
supplements (7). To date, more than 800 individual compounds, many of
which have been isolated from dietary fruits and vegetables, have been shown
to inhibit the development of cancer in animals. Several of these have been or
are being evaluated for efficacy in humans (6), among whom the most likely
target populations are individuals from high-risk groups. These include those
who (a) engage in risk-taking behavior or lifestyle (e.g., smokers and heavy
alcohol users), (b) have had occupational exposure to known carcinogens
(e.g., asbestos workers, uranium miners), (c) are genetically predisposed to
the development of cancer (e.g., individuals with familial colonic polyposis
(FAP), xeroderma pigmentosum), (d) have premalignant lesions (e.g., colonic
polyps, Barrett’s esophagus, oral leukoplakia), (e) are survivors of primary
cancers with a high degree of recurrence or a high tendency toward formation
of second primary tumors (head and neck cancer, breast cancer, etc.), or (f )
received significant chemotherapy and/or radiation therapy when treated for
cancer (4–6).We do not foresee the administration of chemopreventive agents
on a routine basis to the general population, since there is always the potential
for toxicity after long-term administration. Further, the general population is
probably not motivated to take chemopreventives on a routine basis for long
periods. However, changes in dietary habits, such as those recommended by
the National Cancer Institute mentioned, have the potential to reduce cancer
incidence through broad application in general populations.

B. Multistep Nature of Carcinogenesis

The chemopreventive effects of food-derived and synthetic agents may act at
several points in the progression of cancer, since carcinogenesis studies in
animal model systems have shown that the development of cancer in several
organs is preceded bymultiple genetic changes. Early investigations, using the
mouse skin model of tumorigenesis, defined three distinct stages of tumor
development, i.e., initiation, promotion, and progression (8). Initiation is a
process whereby chemical and physical carcinogenic agents produce a per-
manent structural change in the deoxyribonucleic acid (DNA) of a target
cell. The target cell is then designated an initiated cell. At least three processes
are important in initiation, namely, carcinogenmetabolism, DNA repair, and
cell proliferation. Metabolism may activate or inactivate the carcinogen;
DNA repair may either correct the damage or introduce an altered base into
the genome; and cell proliferation is essential to stabilize heritable changes in
the genome. Initiation is an irreversible process, but not all initiated cells go
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on to establish a tumor, since many die through the process of programmed
cell death (apoptosis) or undergo normal cellular differentiation. Promotion
is an experimentally defined part of the carcinogenic process that is thought to
involve epigenetic events, selectively influencing the clonal expansion of
initiated cells. One group of chemicals, known as tumor promoters, may con-
tribute to carcinogenesis by nongenotoxic mechanisms. For example, tumor
promoters stimulate the proliferation of initiated cells, resulting in their clonal
expansion and the formation of benign focal lesions such as adenomas and
papillomas. Many of these lesions regress, but a few cells may acquire ad-
ditional genetic changes and progress to cancer. Promotion is considered to be
a reversible process, since cells return to their previous state if the promoting
agent is withdrawn. Although there is no simple unifying mechanism to ex-
plain the functions of promoting agents, they appear to cause a transient in-
crease in cell division and to decrease apoptosis, thus giving a selective growth
advantage to initiated cells.

The third stage of carcinogenesis, progression, defines the stepwise de-
velopment of a cancer cell as it acquires additional heritable changes leading
to malignancy and metastatic potential. During progression, tumors acquire
the ability to grow uncontrollably, invade locally, and establish distant me-
tastases. A principal hallmark of progession is karyotypic instability. Chro-
mosomes in tumors are often disrupted; afterward segments are translocated
to other chromosomes, are present in multiple copies, or are partially or to-
tally deleted. In parallel with these structural changes, there are changes in
critical cellular genes, such as the activation of oncogenes through mutation
and the inactivation of tumor suppressor genes through mutation, deletion,
or hypermethylation. These changes lead to the additional selection of cells
suited to neoplastic growth and to a more pronounced karyotypic instability.
Analysis of tumor development at the molecular level clearly shows that mul-
tiple changes in the genome are associated with tumorigenesis. For example,
studies on the stepwise development of colon cancer have shown that multiple
genes on different chromosomes must be altered to allow a normal colon cell
to acquire neoplastic and metastatic potential (9).

II. FOOD COMPONENTS AND FOODS
IN CHEMOPREVENTION

As indicated, findings from epidemiological studies seeking to relate dietary
patterns to disease risk have provided strong support for the conclusion that
consumption of diets rich in fruits and vegetables is protective against cancers
at many sites (1,2,10). Components of these foods include many substances
that have been shown to have promise as cancer chemopreventive agents
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(11,12). These agents exhibit inhibitory effects in vitro and in animal model
tumor systems, and many have been evaluated for efficacy in phase II and III
human clinical trials. Some of the major categories of dietary inhibitors of
cancer are discussed in the following sections.

A. Carotenoids

Carotenoids comprise a large class of lipid-soluble compounds that include
xanthophylls, lycopene, and carotenes (Fig. 1). b-Carotene, abundantly
available in the diet as a component of green and yellow–red and yellow–
orange vegetables and fruits, acts as an antioxidant in many in vitro systems
and is also a precursor of vitamin A (13). An extensive literature shows that
h-carotene is not genotoxic, teratogenic, or carcinogenic and does not induce
organ toxicity when administered to animals in subacute, subchronic, or
chronic oral toxicity studies at doses up to 1 g/animal/day (13). Consequently,

Figure 1 Representative carotenoids with chemopreventive activity.
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b-carotene has been designated as a generally recognized as safe (GRAS)
substance by the U.S. Food and Drug Administration.

Observational epidemiological studies that have correlated either high
intakes of b-carotene-rich vegetables and fruits or high blood concentrations
of b-carotene with cancer risk have consistently found evidence of a sig-
nificant inverse association with lung cancer risk (14,15). Although it is un-
clear whether observed effects were attributable to replenishment of vitamin
A in deficient diets, to its inherent antioxidant activity, or to confounding by
other compounds in the diet, these data and animalmodel data indicated both
chemopreventive promise and safety in the case of b-carotene. In particular, it
was suggested that b-carotene might be an effective inhibitor of lung cancer
(16). Large-scale interventions using b-carotene are presented in Sec. IV. Un-
expectedly, results from these interventions indicated that b-carotene supple-
mentation may increase lung cancer risk in high-risk individuals (17–19).

Importantly, accumulating evidence indicates that other carotenoids,
including retinoids, as summarized later, and lycopene show promise as
possible cancer chemopreventive agents. Several case-control and large
prospective studies focusing on dietary assessment suggest inverse associa-
tions between intake of tomato products and risk of prostate, lung, and
stomach cancers (20). Lycopene, a carotenoid found at relatively high con-
centration in tomatoes and tomato products, may contribute to the lower
cancer risk, although the possible contributions of other carotenoids and
phytochemicals present in tomato products have not been assessed. Lycopene
has been shown to inhibit the action of insulin-like growth factor (IGF-1) in
cultured breast cancer cells (21). Frequent consumption of tomato products as
part of an overall healthy dietary pattern may therefore reduce risks of
prostate and other cancers as well as other chronic diseases.

B. Vitamin A and Retinoids

Retinoids comprise vitamin A (retinol and its fatty acid esters, 3,4 didehy-
droretinol and retinal) together with a series of synthetic analogs (Fig. 2).
Vitamin A is not synthesized by humans but is supplied through the diet;
particularly rich sources are liver, milk and other dairy products, egg yolk,
and fish liver oils. Vitamin A is required for growth and bone development,
vision, reproduction, epithelial tissue differentiation, immune system integ-
rity, and a variety of biochemical processes such as cholesterol biosynthesis
and steroid metabolism. With respect to chemoprevention, the natural ana-
logues of vitamin A can elicit significant toxicity when administered at high
doses and/or for long periods. During the past few decades, therefore, numer-
ous retinoid analogues of vitamin A have been synthesized and evaluated for
toxicity and for efficacy as chemopreventive agents.
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Multiple in vitro and in vivo studies have shown that retinoids are ef-
fective in suppressing tumor development in models of skin, breast, oral cav-
ity, lung, prostate, bladder, liver, and pancreatic cancers (22–24). Retinoids
are particularly effective chemopreventive agents for tumors of epithelial ori-
gin, such as those that arise in the aerodigestive tract (25). For example, 13-
cis-retinoic acid inhibits chemically induced carcinogenesis in the buccal
pouch and tongue of hamsters and oral squamous cell carcinoma in mice
(26,27). Similarly, N-(4-hydroxyphenyl)retinamide (4-HPR) can reverse pre-
malignant lesions and can inhibit the development of adenomas and adeno-
carcinomas in animal models of lung cancer (28,29). On the basis of these
preclinical studies, several retinoids, including 13-cis-retinoic acid and 4-
HPR, are being tested in clinical trials of epithelial cancers in humans (25,30).

Figure 2 Vitamin A (retinol), its metabolite (retinoic acid), and representative
retinoids (4-hydroxyphenylretinamide, 9-cis-retinoic acid, 13-cis-retinoic acid) with
chemopreventive activity.

Stoner et al.336



Interestingly, in a 2001 report from our laboratory, the dietary administration
of 4-HPR resulted in a marked enhancement of tumorigenesis in the rat
esophagus induced by the carcinogenN-nitrosomethylbenzylamine (NMBA)
(31). The 4-HPRwas found to stimulate themetabolic activation ofNMBA in
explant cultures of rat esophagus by upregulating cytochrome P4502A3 and
to increase formation of O6-methylguanine adducts from NMBA in esoph-
ageal DNA in vivo. In addition, 4-HPR increased esophageal tumor size,
presumably by enhancing cell proliferation. Thus, we suggest caution in the
use of this agent in chemoprevention trials.

Vitamin A and its retinoid analogues have shown activity against many
carcinogenesis-associated molecular targets, primarily in signal transduction
pathways (6,32). At the cellular level, they act primarily by inhibiting prolif-
eration and by inducing differentiation and apoptosis. Many of their effects
are likely mediated by their interaction with retinoid receptors belonging to
the superfamily of steroid and hormone receptors. All of these receptors func-
tion as transcription factors that regulate the expression of specific genes. Tran-
scriptional changes that have been associated with chemopreventive functions
of retinoids include genes involved in intercellular and intracellular signal-
ing; growth factors, receptors, and oncogenes; modulation of hormones and
immune response; altered intercellular matrix and proteolytic enzymes; and
inhibition of viral replication. Differences in activity among the retinoids are
thought to result from differential binding affinity with retinoid receptors
(RARs and RXR’s), through which they activate the receptors to regulate
expression of genes associated with carcinogenesis (23,29). Unfortunately,
retinoid toxicity has also been associated with binding to RARs, limiting the
usefulness of certain of these analogues as cancer chemopreventive agents.

Overall, evidence that retinoids inhibit human carcinogenesis is com-
pelling, although not definitive, since it is largely from uncontrolled trials (6).
Lowdietary intake of retinol has been associatedwith increased risk for breast
and colon cancer in prospective studies and with lung and prostate cancers in
retrospective studies. Serum retinol levels have been inversely associated with
risk for gastrointestinal cancers in prospective studies and with sarcoma and
lung, prostate, bladder, and ovarian cancers in retrospective studies. Work is
in progress to develop retinoids as agents that take advantage of the
preventive activities associated with the RXR-mediated pathwaywhile avoid-
ing the toxicity associated with RAR-mediated pathways.

C. Other Vitamins and Selenium

Vitamin C (Fig. 3), a water-soluble vitamin with antioxidant properties, is an
important free-radical scavenger widely present in fruits, vegetables, and
tubers. Epidemiological as well as biochemical evidence indicate that vita-
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min C probably decreases risk for stomach cancer and possibly decreases risk
for cancers of the mouth, pharynx, esophagus, lung, pancreas, and cervix
(33). In experimental animals, it blocks in vivo formation of carcinogenic
N-nitroso compounds and inhibits carcinogenesis in several animal model
systems (34).

Vitamin E (Fig. 3), a fat-soluble vitamin present at substantial levels in
vegetable oils, whole-wheat products, and nuts, acts as a free-radical scaven-
ger and prevents lipid oxidation in cell membranes. a-Tocopherol is the most
active member of a series of structurally related compounds with vitamin E
activity. One review of the epidemiological data suggested that vitamin E de-
creases risk for lung cancer (33); however, this decrease was not confirmed in
another study (35). Results from a large-scale clinical intervention suggested a
protective effect of vitamin E against cancers of prostate and colon (17).

Figure 3 Vitamins C, D, and E and a representative selenium compound (seleno-

methionine) with chemopreventive activity.
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Moreover, data from the Health Professionals Follow-up Study indicated an
inverse association between supplemental vitamin E and prostate cancer risk
among smokers (36). Vitamin E succinate, a derivative of vitamin E, has been
shown to stimulate apoptosis of human prostate cancer cells in vitro (37).

Vitamin D (calciferol) (Fig. 3) is a fat-soluble vitamin obtained from
dietary sources such as liver, oily saltwater fish, and eggs. In the context of
cancer chemoprevention, it inhibits cell proliferation and DNA synthesis,
alters expression of several oncogenes, reduces lipid peroxidation and
angiogenesis, and induces differentiation (38). Epidemiological studies sup-
port that there is an inverse association between vitamin D intake and
colorectal cancer risk and have also shown that vitamin D deficiency and
low plasma levels increase the risk of prostate cancer (39,40). The overall
evidence, however, is insufficient to provide definitive evidence of cancer
chemopreventive activity for vitamin D. The situation with respect to folic
acid is similar. It is abundantly available in many of the fruits and vegetables
that are rich in carotenoids, and, together with vitamin B12, methionine, and
choline, it is involved in methyl group metabolism. Since DNA hypomethyl-
ation has been associated with neoplastic development, attention has been
focused on a possible role for folic acid in cancer chemoprevention. An
inverse correlation between folic acid intake and adenomatous polyps or
colorectal cancer has been reported, but definitive evidence for a causal role
has yet to be established.

Selenium, a trace element abundant in seafood, liver, and meat, is re-
quired as a cofactor for glutathione peroxidase, the major antioxidant en-
zyme catalyzing the oxidation of hydroperoxides (41,42). It is also involved in
cell signaling in immune responses, whichmay contribute to its cancer chemo-
preventive potential. Experiments in animal models have demonstrated that
selenium, in many forms, can inhibit carcinogenesis (43). For example, the
selenium in high-selenium broccoli significantly reduced the incidence of
chemically induced aberrant crypt foci in the colon of rats (44). Aberrant
crypt foci are preneoplastic lesions that are thought to progress to adenomas
and adenocarcinomas. Data from epidemiological studies suggest a protec-
tive effect of selenium on the incidence of lung cancer (33,45), but data have
not been convincing overall for cancer at other sites, including prostate, skin,
breast, pancreas, ovary, colon, and cervix (40).

D. Polyphenols

Polyphenolic compounds found in tea leaves, vegetables, and fruits are anti-
carcinogenic in several animal model systems. Those that have been investi-
gatedmost extensively as chemopreventive agents include the tea polyphenols,
curcumin, resveratrol, ellagic acid, and apigenin.
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1. Tea Polyphenols

Teas made from dried leaves of Camellia sinensis are widely consumed glob-
ally, and the possible health benefits of tea have been extensively investigated.
Of the approximately 2.5 million metric tons of dried tea manufactured
annually, about 20% is green tea, 2% is oolong tea, and the remainder is black
tea (46). Green tea ismanufactured by drying fresh leaves, whereas black tea is
made from crushed leaves. Black tea is commonly consumed in Western
countries and green tea principally in Asia.

Green tea contains 35%–52% (measured in weight percentage of solid
extract) catechins and flavonols combined. The four major catechins in green
tea (Fig. 4) are (-)-epicatechin (EC), (-)-epicatechin-3-gallate (ECG), (-)-
epigallocatechin (EGC), and (-)-epigallocatechin-3-gallate (EGCG). The
major component is EGCG, which accounts for greater than 40% of the
total polyphenolic mixture (47). During the process of black tea preparation,
the polyphenols in green tea undergo oxidative polymerization by a process
known as fermentation, which results in the conversion of catechins to the

Figure 4 Catechins in green tea with chemopreventive activity.

Stoner et al.340



theoflavins and thearubigins (Fig. 5). A typical black tea beverage contains
3%–10% catechins, 3%–6% theaflavins, 12%–18% thearubigins, and other
components.

Various green and black tea preparations possess strong anticarcino-
genic effects against cancer at different organ sites in animals, including skin,
lung, oral cavity, esophagus, stomach, small intestine, colon, pancreas, and
mammary gland (47). The constitutive polyphenols in these preparations,
particularly EGCG, have been shown to influence carcinogen metabolism
by inhibiting phase I P450 enzyme activities and stimulating phase II enzyme
activities (48,49). In addition, tea components influence tumor promotion

Figure 5 Theaflavins and thearubigins in black tea with chemopreventive activity.
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and progress events. For example, EGCG and theaflavins block the signal
transduction pathway leading to the activation of nuclear transcription factor
jB (NF-jB) (50).

Epidemiological studies, on the other hand, have produced only incon-
clusive evidence concerning possible protective effects of tea consumption
against cancer formation in humans (51,52). For example, several studies
suggested a protective effect of black tea against oral, pharyngeal, laryngeal,
digestive tract, and urinary bladder cancers, and of green tea against cancers
of the esophagus and stomach (52,53). On the other hand, others found no
evidence of protective effects against stomach, colorectal, lung, and breast
cancers (54). Most reports showing positive cancer preventive effects were
from studies of Asians who drink predominantly green tea, whereas studies of
black tea drinkers infrequently observed protective effects (55,56).

Many factors may plausibly be responsible for the observed discrep-
ancies between animal and human data. For example, dose levels that are
effective in animal models, in which tea is provided as the sole form of liquid,
are typically much higher than levels of human tea consumption. Moreover,
the underlying mechanisms of tumorigenesis in animal models, generally
induced by chemical carcinogens, may be unrelated to those responsible for
human cancers of the same tissues. Additionally, bioavailability of tea con-
stituents may be an important factor in determining its chemopreventive
activity in animals and may confound extrapolation of animal data to hu-
mans. Diverse mechanisms have been suggested for inhibition of tumorigen-
esis by tea, including modulation of signaling pathways responsible for cell
proliferation and transformation, induction of apoptosis in preneoplastic and
neoplastic cells, and inhibition of both angiogenesis and tumor invasiveness
(55,56).

2. Curcumin

Curcumin (diferuloylmethane) (Fig. 6) is a plant phenol widely used as a spice
(curry) and food coloring agent. It is the major phenolic antioxidant and anti-
inflammatory agent in turmeric and can be extracted from turmeric with
ethanol and other organic solvents. Studies in in vitro and in vivo experimen-
tal models have shown that curcumin may prevent DNA damage by inhibi-
ting phase I and stimulating phase II enzyme activities (57). It also inhibits
tumor promotion and progression events in mouse epidermis, e.g., arachi-
donic acid metabolism via lipoxygenase and cyclooxygenase pathways (58)
and TPA-induced inflammation (59). Animal studies have shown that
curcumin is effective in inhibiting carcinogenesis in skin, colon, oral cavity,
stomach, and mammary gland (47). Human trials with curcumin are under
way.
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3. Resveratrol

Resveratrol (3, 4V,5-trihydroxystilbene) (Fig. 6) is a polyphenol phytoalexin
found in grapes and wines (60). It has been reported to exhibit a wide range of
pharmacological properties and is believed to play a role in the prevention of
human cardiovascular disease (61). It is synthesized by awide variety of plants
in response to injuries. Red wines are particularly rich sources of resveratrol,
which is present in grape skin, not the flesh of the berry, and is therefore much
more concentrated in red than in white wines. Fresh grape skins contain 50–
100 mg/g resveratrol (62). Resveratrol is a promising cancer chemopreventive
agent and also has potential as a chemotherapeutic agent (63). Numerous
experiments have demonstrated its ability to block each step in the carcino-
genesis process. These are summarized extensively by Gusman and associates

Figure 6 Naturally occurring polyphenols with chemopreventive activity.
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(64). Through inhibition of the activity of cyclooxygenases and the cyto-
chrome P450 complex, resveratrol can simultaneously inhibit promutagen
activation, stimulate carcinogen detoxification, and protect against diverse
environmental toxicants. Through inhibition of prostaglandins and nitric
oxide formation, it can prevent their stimulating effects on tumor develop-
ment. Since formation of reactive oxygen species is also thought to be
involved in tumor development, the antioxidant activity of resveratrol may
also play a protective role. Suitably designed epidemiological studies will be
required to assess the potential importance of resveratrol as a modulator of
cancer risk as they have in showing an inverse correlation between red wine
consumption and the incidence of cardiovascular disease.

4. Ellagic Acid

Ellagic acid (Fig. 6) is a naturally occurring phenolic constituent of many
species from a diversity of flowering plant families. It is present in plants in the
form of hydrolyzable tannins called ellagitannins. We determined the content
of ellagic acid in a series of fruits and nuts; the highest amounts were found in
blackberries, raspberries, strawberries, cranberries, walnuts, and pecans (65).
It is pharmacologically active and has been found to control hemorrhage in
animals and in humans, presumably as a result of its ability to activate
Hageman factor.

In vivo and in vitro experiments in our laboratory and others have
demonstrated the ability of ellagic acid to influence events involved in
tumor initiation (47). For example, it inhibits the metabolic activation of
carcinogens into forms that induce DNA damage. It can also promote
carcinogen detoxification by stimulating the activity of various isoforms of
the enzyme glutathione-S-transferase. A third mechanism by which ellagic
acid may inhibit tumor initiation is through its potential role as a scav-
anger of the reactive metabolites of carcinogens, e.g., benzo(a)pyrene diol-
epoxide, discussed later. Finally, it has been shown to occupy sites in DNA
that might otherwise react with carcinogens or their metabolites. Ellagic
acid has also been shown to influence promotion and progression events in
mouse skin through its inhibition of TPA-induced ornithine decarboxylase
(ODC) activity, hydroperoxide production, and DNA synthesis (59), and
of free-radical-induced lipid peroxidation (66). In vitro studies have
demonstrated its ability to inhibit prostate cancer cell proliferation by
activating Waf1/Cip1 and by downregulating IGF-II in a p53-independent
manner (67,68). Studies in 2002 using DNA microarray showed that ellagic
acid influences the expression of clusters of genes that control cell pro-
liferation, differentiation, and apoptosis in cultured prostate cancer cells
(69).
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Animal studies have demonstrated the preventative effect of ellagic
acid on chemically induced tumors of the lung, skin, esophagus, and liver
(47). It appears that the compound must be present in the target tissue at
significant concentrations in order to exhibit a protective effect. Thus, it was
effective in inhibiting chemically induced lung tumorigenesis in mice when it
was injected along with the carcinogen benzo(a)pyrene, but not when fed in
the diet (70,71). The most likely explanation for this is the relatively poor
bioavailability of ellagic acid when administered in the gastrointestinal tract
(71). Human studies of ellagic acid as a preventative agent have not been
undertaken.

5. Apigenin

Another natural polyphenol with promising chemopreventive properties is
apigenin (Fig. 6). Apigenin is found abundantly in celery root (72) and in
Digitaria elixis, a variety of millet commonly found in semiarid regions (73).
In vitro studies have demonstrated the ability of apigenin to influence several
factors associated with tumor promotion and progression. It inhibits the
growth of v-Ha-ras-transformed NIH3T3 cells, in part, by downregulating
various mitogen-activated protein kinases and their associated oncogenes
(74). It is a strong inhibitor of ornithine decarboxylase, a marker of tumor
promotion in mouse skin (75). Apigenin has been shown to increase gap
junction formation in rat epithelial cells, thus enhancing cell–cell communi-
cation (76). Furthermore, it inhibits the growth of human colon, breast,
prostate, and thyroid cancer cells by inducing cell cycle arrest and stimulating
apoptosis (77,78). Apigenin also suppresses the growth of endothelial cells,
thus inhibiting angiogenesis (79), and it inhibits matrix metalloproteinases
involved in tumor cell metastasis (80). Finally, a 1999 study has shown that
apigenin is a potent inhibitor of the activation of nuclear transcription factor
B (NF-nB), which plays a key role in the regulation of cell growth and apo-
ptosis (81).

In vivo studies have demonstrated the ability of apigenin to inhibit
tumor necrosis factor–induced upregulation of intercellular adhesion mole-
cule-1 inmouse skin (82). Topical application of apigenin was found to reduce
tumor development in SENCARmouse skin as well as ultraviolet B– (UVB)-
radiation-induced squamous cell carcinomas in hairless SKH mice (83,84).
More recently, apigenin was shown to induce a reversible G2/M arrest in both
epidermal and fibroblast cells in mouse skin by inhibition of p34cdc2 kinase
activity (85). Apigenin was also shown to increase the stability and trans-
activational activity of wild-type p53 in cultured mouse skin Reratinocytes
(86). To date, there have been no human clinical trials to evaluate the putative
chemopreventive effects of apigenin.

Foods and the Prevention of Cancer 345



E. Isothiocyanates

Epidemiological studies suggest that consumption of cruciferous vegetables
may be particularly effective, compared with total fruit and vegetable
consumption, in reducing cancer risk at several organ sites (87). Crucifers
are the family of plants that include broccoli, cauliflower, cabbage, kale, and
brussel sprouts, as well as others such as daikon and radishes widely
consumed in various areas of the world. These plant foods are especially rich
in glucosinolates, which are converted by plant myrosinase and the gut
microflora to isothiocyanates (88,89).

Some isothiocyanates are potent inducers of phase II detoxification
enzymes such as the glutathione-S-transferases, and substantial evidence
indicates that induction of phase II enzymes is highly effective in reducing
susceptibility to carcinogens (90). This conclusion was supported in 2001 by
molecular evidence from experiments on mice in which nrf2, the transcription
factor essential for induction of phase II proteins, was knocked out (90).
These mice exhibit greatly enhanced sensitivity to induction of forestomach
cancer by benzo(a)pyrene, demonstrating the importance of phase II enzymes
as a determinant of carcinogen metabolism. Sulforaphane (1-isothiocyanato-
4-(methyl-sulfinyl)butane) (Fig. 7) is an isothiocyanate of particular interest
in the context of cancer chemoprevention. It was isolated from one variety of
broccoli as the major and potent inducer of phase II detoxication enzymes in
murine hepatoma cells in culture (91). Subsequently, it was shown that
sulforaphane as well as synthetic analogues, designed as phase II enzyme
inducers, blocked the chemically induced formation of mammary cancer in
rats, demonstrating the potential for phase II enzyme inducers as effective
chemopreventive agents (92). These initial observations have been confirmed
and extended in many subsequent investigations, including the 2002 discov-
ery that sulforaphane is a potent bacteriostatic agent against Helicobacter
pylori, the bacterium responsible for gastric ulcers and a strong risk factor for
stomach cancer, irrespective of its resistance to conventional antibiotics (93).
Further, brief exposure to sulforaphane was bactericidal and eliminated
intracellular H. pylori from a human epithelial cell line. Gastric infection
by H. pylori is common globally but is particularly high in developing
regions, where there is also a high prevalence of gastric cancer. Consequently,
the dual actions of sulforaphane in inhibiting H. pylori infections and
blocking gastric tumor formation offer hope that these mechanisms might
function synergistically to provide diet-based protection against gastric
cancer in humans (93).

Another series of isothiocyanates prevent chemically induced cancer
in animals principally through their ability to inhibit P450 enzymes involved
in the metabolic activation of carcinogens (94,95). These include benzyl
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Figure 7 Naturally occurring (sulforaphane, benzyl-, phenylethyl-) and synthetic
(phenylpropyl-, phenylbutyl-, phenylpentyl-, phenylhexyl-) isothiocyanates with
chemopreventive activity.
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isothiocyanate (BITC) and phenethyl isothiocyanate (PEITC) (Fig. 7),
which are found in a series of glucosinolates in cruciferous vegetables such
as Chinese watercress, cabbage, brussels sprouts, turnips, and cauliflower
(88). The PEITC is rapidly absorbed and distributed throughout the body
when administered by gavage to mice. In addition, PEITC and its glucu-
ronide conjugates can be detected in the urine of humans after the con-
sumption of watercress (96). Along with related isothiocyanates (Fig. 7)
BITC and PEITC are highly effective inhibitors of tumorigenesis in animal
models induced by polycyclic aromatic hydrocarbons and nitrosamines
(89). Further, BITC is a potent inhibitor of benzo(a)pyrene-induced fore-
stomach and lung tumors in mice (7). Both PEITC and synthetic isothio-
cyanates of longer chain length, i.e., phenylpropyl isothiocyanate (PPITC),
phenylbutyl isothiocyanate (PBITC), phenylpentyl isothiocyanate
(PPeITC), and phenylhexyl isothiocyanate (PHITC), produced up to a
100% inhibition of lung tumors in strain A/J mice induced by the
tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
none (NNK) (97,98). The efficacy of the isothiocyanates to inhibit NNK-
induced lung tumors increased with increasing chain length, presumably as
a result of better absorption and distribution of the longer-chain com-
pounds and their higher binding affinity for P450 enzymes (99). On the basis
of these and other studies in animals, PEITC is being evaluated in a phase I
trial for its ability to inhibit nitrosamine metabolism in tobacco smokers. In
the rat esophagus model in which tumors are induced by the carcinogen
N-nitrosomethylbenzylamine (NMBA), PEITC is a very effective inhibitor
of esophageal tumorigenesis (100). Whereas PPITC was found to be even
more potent than PEITC, as expected, the longer-chain isothiocyanates
(PBITC and PHITC) failed to yield a significant inhibitory effect (101). In
fact, PHITC actually enhanced tumorigenesis, presumably by causing a
low-grade toxicity in the basal epithelium leading to an increased prolifer-
ation of premalignant cells (102,103). In addition, PHITC enhanced azoxy-
methane carcinogenesis in the rat colon (104), suggesting that when
administered in the diet, PHITC may be absorbed locally where it produces
toxicity and enhances tumorigenesis.

Studies in 1998, 1999, and 2000 in cell culture and in animals have shown
that in addition to their action on phase I and II enzymes, isothiocyanates, in
particular, BITC, PEITC, sulforaphane, and their conjugates, can induce
apoptosis (105–107). They activate mitogen-activated protein (MAP) kinases
and activator protein 1 (AP-1) in cultured human tumor cells (106,107), and
PEITC has been shown to induce p53 activation in mouse epidermal cells
(108). Together, these studies suggest that isothiocyanates may have poten-
tial for inhibiting the tumor promotion and progression stages of carcino-
genesis.
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F. Chlorophyllins

Chlorophylls and chlorophyllins, their water-soluble salts, are components of
many common foods and have been found to be effective anticarcinogens in
several animal models (109). Chlorophyllin, a mixture of nontoxic sodium–
copper salts of chlorophyll commonly used as a food colorant, has potent
antimutagenic activity in a range of short-term in vitro and in vivo genotox-
icity assays. Mechanistic studies suggest that chlorophyllin forms tight
molecular complexes with carcinogens such as aflatoxin B1 and may thereby
diminish the bioavailability of dietary carcinogens by preventing their
absorption and promoting fecal excretion. It also acts as an antioxidant to
inhibit lipid peroxidation. On the basis of its efficacy as an anticarcinogen,
antimutagen, and antioxidant; its lack of known toxicity; and its ready
availability, chlorophyllin has been subjected to a randomized, double-blind,
placebo-controlled chemoprevention trial among residents of Qidong county,
People’s Republic of China, who are exposed to high dietary levels of
aflatoxins and who are at high risk for subsequent development of liver
cancer (110). The primary endpoint of the trial was modulation of levels of
aflatoxin B1-guanine adducts in urine, a biomarker of the biologically
effective dose of aflatoxin B1, elevation of which is associated with increased
risk of liver cancer. Chlorophyllin consumption at each meal led to an overall
55% reduction inmedian urinary adduct levels compared to levels excreted by
placebo controls. Comparable reduction of this biomarker in experimental
animals dosed with aflatoxin is associated with very significant reductions in
liver cancer incidence. These results suggest that this type of intervention can
have a favorable impact on the toxicokinetics of unpreventable exposures to
dietary aflatoxin and other carcinogens. Natural chlorophylls also exert
protective effects against carcinogen exposure in animals, suggesting that
supplementation of diets with foods rich in chlorophylls may be an effective
approach to chemoprevention readily implementable in many regions of the
world (110).

G. Soy Products

Soy products contain large quantities of isoflavones (Fig. 8), structural
isomers of flavonoids, with which they share similar biological properties.
Genistein and other members of this group have weak estrogenic activity
and in some test systems also show antiestrogenic properties (111–113). These
findings have led to the suggestion that they may have potential as chemo-
preventive agents against hormone-dependent cancers. Although health
claims for soy products have been approved by the U.S. Food and Drug Ad-
ministration (FDA) on the basis of lowering of serum cholesterol levels, the
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extent to which isoflavones contribute to this effect has not been determined.
Epidemiological studies suggest that in Asian countries where high amounts
of soy products are consumed the population may have a reduced risk of
breast, bladder, and prostate cancers (114–116). Isoflavones isolated from soy
products also have been shown to prevent certain cancers in experimental
animals (112,113,117–119). For example, preweanling rats given genistein, a
major isoflavone, are resistant to later chemically induced mammary cancer
(120) and soy-isoflavone extracts suppressed promotion of chemically in-

Figure 8 Soy compounds with chemopreventive activitiy.
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duced liver cancer (111). Mechanisms underlying cancer chemopreventive
effects of isoflavones may involve not only estrogenic or antiestrogenic
properties, but also the ability of isoflavones to inhibit some tyrosine kinases
and to inhibit angiogenesis required for tumor development and growth
(121,122). In vitro studies suggest the ability of nutritionally relevant amounts
of isoflavones to increase human natural killer cell activity, an innate tumor
surveillance mechanism (123). The literature on health effects of purified iso-
flavones is limited, and no studies in humans appear to have been done. Other
relevant soy constituents are saponins, which are coextracted with isoflavones
and are present at similar levels in most soy foods. They have been shown to
inhibit chemically induced colon cancer in rats (123). However, it remains to
be determined whether isoflavones themselves can produce human health
benefits and to what extent they contribute to the potential health benefits of
soybean foods or soy-derived food ingredients or dietary supplements.

H. Berries

In the mid-1980s, our laboratory and others were involved in studies of the
chemopreventive potential of the natural occurring polyphenol ellagic acid.
As indicated, as part of these studies, we evaluated several fruits for their
content of ellagic acid and found that the compound was particularly
abundant in black and red raspberries, strawberries, and, to a lesser extent,
cranberries (65). On a weight basis, the ellagic acid content of berry seeds is
higher than in the pulp; berry juice contains only small amounts of ellagic acid.
On the basis of these observations, we decided to freeze-dry berries and
pulverize the freeze-driedmaterial (seed and pulp) into a powder. Since berries
are approximately 90% water, this would concentrate any preventative
components, including ellagic acid, approximately 10-fold. Administration
of freeze-dried strawberries and black raspberries at 5% and 10% of the diet
before, during, and after treatment of Fischer 344 rats with the esophageal
carcinogen NMBA resulted in a 40%–60% reduction in the number of
NMBA-induced esophageal tumors (124–126). Both berry types were equally
effective in preventing tumor development, and the inhibitory effect of the
berries could not be attributed to ellagic acid alone. Berries were found to
reduce the formation of O6-methylguanine adducts from NMBA in esopha-
geal DNA in a dose-dependent manner. They also reduced the excretion of 8-
hydroxy-deoxyguanosine adducts in the urine of chemically treated animals,
indicating protection against oxidativeDNAdamage (127). Thus, they appear
to inhibit tumor initiation by influencing carcinogenmetabolism and reducing
oxidative stress. Strawberries and black raspberries were also shown to inhibit
esophageal tumorigenesis when administered in the diet after treatment of rats
withNMBA.Onemechanismof their protective effect on tumor progression is
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inhibition of the growth rate of preneoplastic cells. Other mechanisms are
currently under investigation. When fed at 2.5%, 5%, and 10% of the diet to
rats that had been pretreated with azoxymethane, black raspberries produced
up to an 80% inhibition of adenocarcinoma development in the rat colon
(127). However, when administered to A/J mice at 10% of the diet, strawber-
ries failed to inhibit NNK- and benzo(a)pyrene-induced lung tumorigenesis
(128). These results suggest that the protective effect of berries in the diet could
be limited to the gastrointestinal tract, where absorption of berry components
is likely to be optimal. Chemical analysis indicates that berries contain
multiple components with chemopreventive activity, including vitamins A,
C, E, and folic acid; calcium and selenium; numerous polyphenolic com-
pounds, including coumaric acid, ferulic acid, quercitin, and several antho-
cyanins; and phytosterols, including b-sitosterol (127).

In 2001 in vitro studies with organic extracts of freeze-dried berries
demonstrated the ability of certain berry extracts to inhibit benzo(a)pyrene-
induced transformation of Syrian hamster embryo cells (129). These same
extracts were effective in downregulating benzo(a)pyrene diol epoxide induc-
tion of the transcription activators, nuclear factor-kappa B (NF-kB), and
activator protein 1 (AP-1) in JB-6 mouse epidermal cells (130). Unpublished
results from a phase I clinical trial in 2002 indicate that freeze-dried black
raspberries are well tolerated by humans when administered orally at 90
grams per day. Phase II prevention trials of berries have not, as yet, been
conducted.

III. MECHANISMS BY WHICH DIETARY COMPONENTS
EXERT CHEMOPREVENTIVE EFFECTS

In this section we describe, in more detail, known mechanisms by which
dietary components have been shown to inhibit both the initiation and
promotion and progression stages of cancer. Largely on the basis of studies
in animal models of carcinogenesis, Wattenberg (7) classified chemopreven-
tive agents, including compounds in the diet, into three functional categories:
(a) inhibitors of carcinogen exposure, (b) anti-initiating or ‘‘blocking’’ agents,
and (c) antipromotion/antiprogression or ‘‘suppressing’’ agents (Table 1). All
three categories are subject to further stratification on the basis of the specific
mechanistic principles by which each agent acts.

A. Inhibitors of the Effects of Carcinogen Exposure

Wattenberg originally defined a class of chemopreventive agents that inhibit
carcinogen formation (7). These include the dietary components vitamin C,
caffeic acid, and ferulic acid, which inhibit the in vivo nitrosation of primary
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and secondary amines to form nitrosamines in the stomach (34,132). Calcium
inhibits the uptake of bile acids by colon epithelium, thus reducing exposure
to these tumor promoting agents (133). Sodium thiosulfate can prevent the
absorption of reactive electrophilic metabolites of carcinogens in the diet by
reacting with such compounds, detoxifying them before uptake by the
gastrointestinal tract (134).

Table 1 Representative Dietary Chemopreventive Agents and Their Mechanisms
of Actiona

Mechanism of action Examples

Inhibitors of carcinogen exposure
Inhibitors of carcinogen formation

(e.g., inhibitors of nitrosation)

Ascorbic acid

g-Tocopherol
Dietary phenols

Inhibitors of carcinogen absorption and uptake Calcium

Sodium thiosulfate

Anti-initiating agents

Cytochrome P450 inhibitors Phenylisothiocyanate
Phenylpropylisothiocyanate
Diallyl sulfide
Monoterpenes

Cytochrome P450 inducers Indole-3-carbinol
Phase II enzyme inducers Isothiocyanates

Polyphenols

Scavengers of electrophiles Ellagic acid
N-acetylcysteine

Inducers of DNA repair Vanillin

N-acetylcysteine

Antipromotion/antiprogression agents

Inducers of apoptosis Phenylisothiocyanate
EGCG

Inducers of differentiation Retinoids
Carotenoids

Calcium
Deltanoids

Inhibitors of angiogenesis Resveratrol

EGCG
Inhibitors of protease activity Bowman-Birk inhibitor
Inhibitors of reactive oxygen species EGCG

N-acetylcysteine
Other polyphenols

a DNA, deoxyribonucleic acid; EGCG, (-)-epigallo-catechin-3-gallate.
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B. Anti-Initiating or ‘‘Blocking’’ Agents

Blocking agents intervene in the stage of tumor initiation. We have already
described some of the known blocking agents in the diet. Most blocking
agents can be assigned to one or more of five major subclasses, namely, (a)
inhibitors of cytochrome P450 enzymes, (b) inducers of cytochrome P450
enzymes, (c) inducers of phase II detoxification enzymes, (d) scavengers of
electrophiles, and (e) inducers of DNA repair (Table 1).

1. Inhibitors of Cytochrome P450 Enzymes

Most chemical carcinogens are procarcinogens: That is, they must be con-
verted into metabolites that cause mutational events in DNA to produce
cancer. The major enzymes involved in the metabolic activation of carcino-
gens are the cytochrome P450s. Several dietary components, including the
isothiocyanates and ellagic acid, mentioned previously, have been shown to
prevent chemically induced cancer in animals by inhibiting the activities of
cytochrome P450s. In addition, diallyl sulfide, a naturally occurring constit-
uent of Allium sp. vegetables, inhibits carcinogen activation (135) and
tumorigenesis in a number of animal model systems (136–138).

2. Inducers of Cytochrome P450 Enzymes

Inducers of cytochrome P450 can act as blocking agents by increasing the
production of activated carcinogen metabolites in resistant nontarget tissues
or by enhancing oxidative detoxification at any tissue site. The most thor-
oughly investigated dietary factor with P450 inductive activity is indole-3-
carbinol (I3C), which is present in numerous vegetables, is a potent inducer of
cytochrome P450 enzymes, and exhibits chemopreventive activity in several
animal models (139–141). The induction of P450 activity by I3C, however,
can lead to a shift in the target organ through enhanced activation of car-
cinogen elsewhere (142); that effect may account for the known ability of I3C
to enhance tumorigenesis in some organs (143,144).

3. Inducers of Phase II Detoxification Enzymes

Among the most attractive anti-initiating agents are the inducers of phase II
detoxification enzymes. Phase II enzyme inducers have historically received
preference over cytochrome P450 inducers as chemopreventive agents, since
they appear to inhibit a wider range of chemical carcinogens and are regarded
as less likely to enhance tumorigenesis themselves. Significant interest in
phase II enzyme inducers has focused on inducers of those enzymes that de-
toxify electrophiles, e.g., glutathione S-transferases (GSTs) and reduced
nicotinamide-adenine dinucleotide phosphate NADPH quinone oxidoreduc-
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tases (NQOs). However, such compounds usually induce UDP glucuronosyl-
transferases as well. One of the first dietary factors whose mechanism was
determined to be partially due to phase II enzyme induction, namely, induc-
tion of glutathione S-transferase(s) (145), is BITC. As mentioned, other die-
tary isothiocyanates, such as PEITC (91), and sulforaphane (92) are known
inducers of glutathione S-transferase, althoughmost of the inhibitory activity
of PEITC can be attributed to its inhibitory effects on cytochrome P450s.

4. Scavengers of Electrophiles

Some dietary components chemically react with the activated (electrophilic)
forms of carcinogens and, in so doing, protectDNA from electrophilic attack.
In general, such components contain nucleophilic moieties such as hydroxyl
groups and sulfhydryl functions. Examples include ellagic acid and N-
acetylcysteine. Ellagic acid has been shown to react directly with the diol
epoxide of benzo(a)pyrene (i.e., BPDE) to form a conjugate (146); such
activity may account for its inhibition of BPDE-induced carcinogenicity in
mouse skin (147,148). The sulfhydryl moiety of N-acetylcysteine (NAc) can
react with a number of electrophilic species; the reaction may account for
some of the antimutagenic and anticarcinogenic effects of NAc (149–151).
Scavenging agents must be maintained at relatively substantial concentra-
tions in target tissues at all times during which carcinogens are present to elicit
protective effects.

5. Inducers of DNA Repair

Enhancement in the rate and/or fidelity of DNA repair in an individual
exposed to genotoxic carcinogens should result in a decreased incidence of
initiating events. In a prior review, we cited vanillin as an example of a dietary
component that affects DNA repair (3). Although vanillin shows significant
inhibition of mammalian cell mutagenicity (152,153), the utility of vanillin
appears to be largely limited to inhibition of UVB and X-ray-induced
mutagenesis. Kelloff has listed N-acetylcysteine and dietary protease inhib-
itors among enhancers of poly [adenosine diphosphate (ADP)-ribose] poly-
merase (PARP) (6). Activity of PARP normally increases in the presence of
DNA damage (i.e., DNA strand breaks), and PARP is believed to be impor-
tant in DNA repair (154).

C. Antipromotion and Antiprogression Agents

Classification of dietary factors that inhibit tumor promotion and progres-
sion is more difficult since the precise sequence of events in the stages of
promotion and progression is not known with certainty. However, as indi-
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cated in our previous reviews (3,5) and those of Kelloff (6) and De Flora and
Ramel (155), most antipromotion and antiprogression agents can be classified
into one or more of the following categories: (a) inducers of apoptosis, (b)
inducers of differentiation, (c) inhibitors of angiogenesis, (d) inhibitors of
protease activity, and (e) inhibitors of reactive oxygen species. Representative
dietary agents possessing these types of activity are listed in Table 1. This list
of mechanistic categories should not be considered to be exhaustive, and as
for the anti-initiating agents, it is clear that nearly all of these agents possess
multiple mechanisms of action.

1. Inducers of Apoptosis

Apoptosis, or programmed cell death, is a means by which damaged cells can
be removed when genomic DNA damage is excessive. Since tumor cells tend
to lose their apoptotic responses, restoration of apoptotic response mecha-
nisms in tumor cells represents a potential means of inhibiting cancer. The
principal apoptotic pathways are the death receptor pathway and the mito-
chondrial pathway, both of which lead to the activation of caspases, i.e., cys-
teine proteases that cleave other proteins involved in the maintenance of
nuclear integrity and cell cycle progression (156). Because both pathways can
be influenced by a number of stimuli, a substantial number of chemopreven-
tive agents likely induce apoptosis. In addition to its anti-initiating activities,
PEITC at high doses can induce apoptosis in vitro and in vivo (106,107).
Another dietary factor that stimulates apoptosis is the green tea polyphenol
EGCG, which appears to induce apoptosis by the mitochondrial pathway;
it specifically reduces expression of apoptotic inhibitors such as bcl-2 while
increasing expression of the apoptotic enhancer bax, resulting in caspase-9
activation (157).

2. Inducers of Differentiation

Tumor cells are phenotypically dedifferentiated in nature (158). The induction
of terminal differentiation in a proliferating cell results in inhibition of
proliferation and produces a cell that is more susceptible to apoptosis.
Inducers of differentiation, therefore, offer the possibility of arresting the
growth of a neoplasm at the premalignant stage. There are a number of
mechanisms that can induce terminal differentiation in cells, including
upregulation of cellular gap junctions (159), as well as inhibition of histone
deacetylase (160). As stated, retinoids induce the differentiation of epithelial
cells in vivo and in vitro, presumably by binding to nuclear receptors and
regulating gene expression. The effects of retinoids on cell growth and on in
vitro transformation are well correlated with their abilities to affect gap
junctional communication; in this regard, carotenoids have similar effects in
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vitro (161–163). Calcium and vitaminD agonists (deltanoids), as do retinoids,
stimulate cell differentiation (164) and inhibit tumor promotion in animal
models, particularly when high-fat diets are employed (165–167). It has been
known for some time that calcium is an important regulator of the growth and
differentiation of squamous epithelial cells (164).

3. Inhibitors of Angiogenesis

Tumor cells require access to adequate levels of nutrients and removal of
cellular wastes in order to support their growth and proliferation. When solid
tumors approach a size of approximately 2 to 3 mm in diameter, further
growth tends to be inhibited unless the tumor is able to develop its own blood
supply. The process by which new blood vessels develop from existing vessels
is termed angiogenesis, and tumor cells produce factors that stimulate
angiogenesis (168). Thus, an important approach to the prevention of tumor
development is inhibition of angiogenesis. Several dietary factors have been
demonstrated to exhibit antiangiogenic activity. The tea polyphenol EGCG
inhibits endothelial cell proliferation as well as tumor vascularization
(169,170). Such antiangiogenic activities may make a significant contribution
to the chemopreventive activity of EGCG. Similarly, resveratrol exhibits
antiangiogenic activity both in vitro and in vivo (64). A number of other
factors that are normally placed in other mechanistic categories also display
antiangiogenic activities, at least in vitro. Such agents include the retinoids
such as all-trans-retinoic acid, 9-cis-retinoic acid, and 13-cis-retinoic acid and
the Bowman-Birk inhibitor (171).

4. Inhibitors of Protease Activity

Protease inhibitors are active inhibitors of the early stages of promotion in
mouse skin (172) and are also effective in the suppression of breast, bladder,
colon, liver, and lung tumorigenesis (173–176). They have been shown to
prevent transformation of NIH-3T3 cells by the H-ras oncogene (177) and
inhibit the formation of promoter-induced oxygen radicals and hydrogen
peroxide (178). Protease inhibitors that can inhibit chymotrypsin are more
potent in the inhibition of oxygen radicals and appear to be better inhibitors
of tumor promotion (179).

The protease inhibitor that has been examined to the greatest extent is
the Bowman-Birk inhibitor. The Bowman-Birk inhibitor (BBI) is a soybean-
derived peptide protease inhibitor with a molecular weight of approximately
8000 daltons (180–182). It is part of a larger family of polypeptides isolated
from soybeans and other plants that are referred to collectively as Bowman-
Birk inhibitors (180–183). The BBI is a potent inhibitor of the proteases

Foods and the Prevention of Cancer 357



trypsin and chymotrypsin (180). In addition to its protease inhibitory
activity, BBI possesses anti-inflammatory effects (181). It is believed that
BBI may also reverse the initiating event(s) in carcinogenesis, as well as
affecting the promotional stage (182). Indeed, protease inhibitors are nor-
mally classified as suppressing agents. Both BBI and Bowman-Birk inhibi-
tory concentrate (BBIC) decrease the expression of oncogenes such as c-myc
and c-fos and inhibit certain types of proteolytic activities that are found
to be elevated in carcinogen-treated tissues or transformed cells (181–183).
Although BBI is known to inhibit apoptosis, this activity appears to be
primarily due to the phospholipids that copurify with BBI (184,185). In
experimental animals (186–188) BBI inhibits tumors of the intestine, cheek
pouch, and esophagus. The U.S. Food and Drug Administration granted
BBIC Investigational New Drug status in April 1992 (180). In patients with
oral leukoplakia BBIC has been employed in phase I and IIa trials (189,190).
In the phase IIa study, BBIC elicited a complete or partial response in ap-
proximately one-third of the individuals (190); BBIC is still under evaluation
in clinical trials.

5. Inhibitors of Reactive Oxygen Species

The generation of reactive oxygen species (ROS) and free radicals is facilitated
by a number of promoters and complete carcinogens (191). At low concen-
trations, ROS serve as regulatory molecules in various cellular signaling
processes; at high concentrations, these moieties promote cellular damage
and inflammatory processes (192). The ROS are involved in initiation, the
early stages of promotion, as well as tumor progression. The production of
superoxide, hydroxyl radicals, and hydrogen peroxide can result in the
formation of DNA adducts, including 8-oxodeoxyguanosine, thymine glycol,
and 5-hydroxymethyl uracil (191). Although we have chosen to classify ROS
inhibitors as antipromotion and antiprogression agents, it is clear that anti-
oxidants that scavenge ROS can provide protection at all stages of carcino-
genesis.

Dietary antioxidants are particularly attractive as potential chemo-
preventive agents since they are potent inhibitors of ROS. Antioxidants
provide protection of cells against damage caused by free radicals produced
at low levels in the course of aerobic metabolism, and in large excess by
inflammatory cells. They act by either preventing free radical formation or
scavenging radicals after they are formed. Various dietary antioxidants have
been shown to inhibit carcinogenesis in experimental animals, acting at the
stages of tumor initiation, promotion, and progression.

It is apparent that many of the effects of green tea or its semipurified
polyphenol fraction can be ascribed to EGCG. Despite the fact that EGCG

Stoner et al.358



exhibits apoptotic and antiangiogenic effects, many of the preventative effects
of EGCG are attributed to its antioxidant activities. In most in vitro test
systems, EGCG exhibits considerably greater antioxidant potential than the
other catechins (193). The antioxidant effect is due to the metal ion chelating
potential of the catechol moieties, the ability to scavenge superoxide and
hydroxyl radicals, and the ability to quench lipid peroxidation chain reactions
(193). EGCG inhibits TPA-induced increases in hydrogen peroxide as well as
the formation of oxidized DNA bases (191). Under conditions in which
EGCG does not affect NNK-induced DNA alkylation, EGCG reduces both
8-oxodeoxyguanosine formation and tumorigenesis in lung induced by NNK
(194). In addition to tea, many other foods are rich in polyphenolic content,
which is undoubtedly important for their antioxidant effects.

IV. HUMAN CLINICAL TRIALS

Clinical trials designed to determine the efficacy of chemopreventive agents,
including dietary components, have been conducted in several different
countries. In the United States, the principal sponsor of such trials is the
Division of Cancer Prevention of the National Cancer Institute (NCI),
National Institute of Health (NIH). A comprehensive listing of studies cur-
rently in progress is available on the NCI Clinical Trials web page (http://
www.nci.nih.gov/search/clinical_trials). Those specifically designed to eval-
uate foods or food components are summarized in Table 2. We shall not
attempt to address these comprehensively, but rather shall discuss several
illustrative examples, including one well-known past failure, and provide a
brief discussion of trials currently under way. (For more comprehensive
reviews of human clinical trials of chemopreventive agents against organ-
specific cancers, the reader is referred for example, to Ref. 195 and Ref. 196.)

A. b-Carotene: A Tragic Failure

Perhaps among the most interesting and most disappointing clinical trials
were those trials conducted with h� -carotene (13,197). A large number of
epidemiological studies, both retrospective and prospective, strongly sug-
gested thath� -carotenemight be an effective inhibitor of lung cancer (16). Such
studies demonstrated that individuals who ate more fruits and vegetables,
which are rich in carotenoids, and people who had higher serum b-carotene
levels had a lower risk of lung cancer. Several trials employing b-carotene
were designed to evaluate this possibility, including the a-Tocopherol, b-
Carotene Cancer Prevention Study (ATBC Study), the Carotene and Retinol
Efficacy Trial (CARET Trial), and the Physicians’ Health Study. The ATBC
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Table 2 Active U.S. Clinical Trials on Dietary Chemopreventive Agents

Agent

Type of

study

Cancer

targeted Cohort Endpoint Site

Dietary

soy

Phase II Prostate

cancer

Patients with

elevated PSA

levels

PSA levels

and other

biomarkers

Cancer and Leukemia

Group B

Doxercalciferol Phase II Prostate

cancer

Patients with

localized

prostate

cancer

Intermediate

endpoint

biomarkers

University of Wisconsin

Cancer Center,

Madison, WI

Isoflavones Phase III Prostate

cancer

Men with

grade 1 or 2

prostate

cancer

Tumor

progression,

surrogate

endpoint

biomarkers

Moffitt Cancer Center,

Tampa, FL

Isotretinoin

and

vitamin E

Phase II Lung

cancer

Current

smokers

or former

smokers at

high risk for

lung cancer

Surrogate

endpoint

biomarkers

University of Colorado

Cancer Center,

Denver, CO

Selenium Phase III Lung

cancer

Previously

resected

stage I

non–small

cell lung

cancer

Incidence of

secondary

primary

tumors

American College of

Surgeons Oncology

Group, Cancer and

Leukemia Group B,

Eastern Cooperative

Oncology Group,

NCIC-Clinical Trials

Group, North Central

Cancer Treatment

Group, Southwest

Oncology Group

Selenium Phase III Prostate

cancer

Men with

high-grade

prostatic

intraepithelial

neoplasia

Prostate cancer

incidence and

surrogate

endpoint

biomarkers

Cancer and Leukemia

Group B, Eastern

Cooperative Oncology

Group, Southwest

Oncology Group

Selenium

and

vitamin E

Phase III Prostate

cancer

Males above

the age of

50–55 years

Incidence of

prostate

cancer

and other

cancers

Cancer and Leukemia

Group B, Eastern

Cooperative Oncology

Group, NCIC-Clinical

Trials Group, North

Central Cancer

Treatment Group,

Radiation Therapy

Oncology Group,

Southwest Oncology

Group

Source: NCI Clinical Trials web page (http://www.nci.nih.gov/search/clinical_trials/).
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Study, conducted in Finland, was a randomized trial of more than 29,000
male smokers (198) who received a-tocopherol (50 mg), b-carotene (20 mg),
both, or neither daily for periods of 5–8 years. Although a 19% reduction in
lung cancer incidence was observed in subjects with highest versus lowest
quintile of serum a-tocopherol, b-carotene administration was associated
with increased lung cancer incidence. The CARET Trial was a randomized
trial involving about 18,000 smokers in the Pacific Northwest, performed at
the Fred Hutchinson Cancer Center in Seattle (199). Subjects were random-
ized to treatment arms of 30 mg b-carotene or 25,000 IU retinyl palmitate
daily. As in the ATBC study, smokers receiving b-carotene also suffered a
46% excess in lung cancer mortality rate compared to controls. The Physi-
cians’ Health Study included b-carotene supplementation (50 mg every other
day) in a group of more than 22,000 U.S. male physicians, which included
very few current smokers (200). In this trial, no decrease in overall cancer
incidence or in lung cancer incidence was observed after b-carotene admin-
istration. Thus, in three trials, an increased risk of lung cancer incidence or
mortality rate occurred in two studies, with no evidence of a protective effect
in the third.

A number of factors may account for the disappointing failure of these
trials. One relates to the current paradigm for drug development in the United
States, which, then and now, normally includes a requirement for demon-
stration of efficacy in preclinical studies in experimental animals. This re-
quirement was waived in the case of b-carotene, for which there is no evidence
of chemopreventive activity against lung cancer in an experimental animal
model. Additionally, limitations inherent in the observational epidemiolog-
ical data suggesting chemopreventive activity were not fully appreciated.
Despite their value in identifying potential beneficial or deleterious effects of
environmental exposures, statistical associations in such studies cannot prove
causality. In this context, it is important to recognize that fruits and veg-
etables are complex mixtures of hundreds of chemicals, and that b-carotene
may simply have served as a surrogate biomarker for high fruit and/or veg-
etable consumption in the epidemiological studies suggesting chemoprotec-
tive efficacy, leaving the active chemopreventive constituents unidentified. It
is also known that many antioxidants can act as potent prooxidants under
some conditions. For example, at high oxygen partial pressures, conditions
that plausiblymay have occurred in active smokers in the ATBC andCARET
trials, b-carotene actually displays a dose-dependent prooxidant effect (201).
Although the results of these b-carotene trials are disappointing, they do em-
phasize a need for the following minimal benchmarks in the future develop-
ment of cancer chemopreventive agents: (a) clear demonstration of preclinical
efficacy, (b) thorough understanding of the mechanisms of action of the
prospective agent, and (c) initiation of phase III trials only after successful
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completion of phase I trials and short-term phase II trials utilizing reliable
surrogate endpoint biomarkers, even in the case of a substance that is con-
sidered generally recognized as safe (GRAS).

B. Current Human Trials

Current human clinical chemoprevention trials that involve foods or food
components are listed in Table 2. All studies are phase II or phase III clinical
trials and are supported by the NCI. The targets include prostate cancer (five
trials) and lung cancer (two trials). Two trials involve the use of soy or soy
isoflavones for the prevention of prostate cancer, and there are three trials of
selenium for prevention of lung and prostate cancer. None of the agents under
evaluation is a purely anti-initiating agent, and the vast majority of agents are
more properly classified as antipromotion and/or antiprogression agents.

V. CONCLUSIONS

Chemoprevention continues to merit consideration as an effective means of
controlling cancer incidence. As we have already pointed out, a large number
of identifiable groups at high risk for the development of cancer stand to
benefit from chemopreventive approaches. A large number of chemopre-
ventive agents, including many dietary components, have been and are
currently being examined in preclinical experiments, with a correspondingly
fewer number of agents under consideration in current human clinical trials.
As our understanding of the molecular mechanisms of action of these agents
increases, we should expect to develop more rational combinations of agents,
for it is apparent that the most fruitful approach will be to employ such
combinations, rather than individual agents. In this respect, many foods,
such as tomatoes, berries, and soybeans, contain multiple chemopreventive
agents that exhibit activity in preclinical models. The concept of administer-
ing these foodstuffs in concentrated form (e.g., freeze-dried preparations) to
humans may well be a viable approach to cancer prevention. In addition, the
long-term administration of foodstuffs to humans is less likely to produce
toxic effects than the high-dose administration of single chemopreventive
agents or combinations of chemopreventive agents. Finally, since a dispro-
portionate share of the burden of funding chemoprevention efforts falls upon
the public sector and since chemoprevention is relatively underfunded in
comparison to other means of cancer control and treatment, it is incumbent
upon us to step up our efforts to increase government funding for chemo-
preventive efforts and to attempt to enlist greater support from the private
sector as well.
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I. INTRODUCTION

Someone once said to me that whenever people find new ways of looking at
things, these new ways inevitably meet resistance. In this context, I recall that
during the 1980s, the growing popularity of desktop computers engendered
fears that these machines would take over our lives and destroy our humanity.
Now in the twenty-first century, we use these machines to buy goods, do
business, communicate with others, and entertain ourselves. We even use
them to write manuscripts for books. Fears that personal computers would
destroy our lives have given way to an appreciation of their usefulness.

Genetically modified organisms (GMOs) are now encountering that
resistance. As with past worries over computers, GMOs represent unfamiliar
technologies with unknown risks. However, there are some differences be-
tween computers and GMOs. Admittedly, unlike computers, which are inert
materials when not in use, GMOs are living organisms that literally do have
lives of their own. GMOs or their components may reproduce or move in
physical space regardless of our intentions. Also, GMOs were sold to con-
sumers without their knowledge whereas desktop computers were highly
publicized products.

Many issues concerning GMOs are widely discussed in print. Perhaps
foremost, critics argue that the development and use of GMOs were less than
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ethical because the means by which GMOs were produced, released into the
environment, and sold to consumers were unfair (1,2). For example, anti-
GMOgroups feel that consumers should have the right to knowwhat they are
buying and have the choice to avoid GMOs. These issues are central to the
issue of the labeling of foods and food products. Thus, fairness is achieved by
establishing correct processes for the manufacturing and distribution of
products to their consumers. In contrast, regulatory agencies are said to base
their decisions (e.g., food safety) on the end product rather than the process
(3). In essence, if the food product is safe, it is approved for use regardless of
the methods by which it was produced. Despite these generalizations, one
might argue that formal procedures are applied to GMOs. The institutions
that produce GMOs (e.g., Monsanto) must use some form of standardized
research and development methods, and regulatory agencies [e.g., the U.S.
Environmental Protection Agency (EPA)] examine these novel products
before their release into the environment or to the markets. The argument
actually is one of sufficiency, transparency, and goals of the process.

Another ethical problem is the supposed unnaturalness of organisms
created by recombinant DNA technology (4). In the most objective sense, this
is a nonissue. At least in terms of known scientific concepts, we are part of the
natural world. Traveling at velocities greater than the speed of light or living
forever is beyond any current human being. Thus, everything we do (includ-
ing making GMOs) is, by definition, natural. However, many people disagree
and this disagreement creates some interesting paradoxes. Herbal remedies
are often sold without regulation or testing (5). They are in part exempt from
the regulatory controls applied to GMOs because of their aura of naturalness
(6,7). But herbal medicines are essentially not biologically different from GM
foods as they both are derived from living plantmaterials. In addition, the fact
that something is deemed more natural than another does not necessarily
make it a better product. If it is natural to die of smallpox and unnatural to be
vaccinated for smallpox, which would you choose? The real question should
not be the naturalness of GMOs, but the wisdom of their creation and use.

Another source of contention is substantial equivalence. Comparisons
between the key constituents of a GMO and those of its nongenetically
modified (non-GM) counterpart are used as one factor in assessing the safety
of the GMO. The more similar the GMO is to its traditional counterpart, the
safer it is considered to be (8). But the definition of ‘‘substantial equivalence’’
and the sufficiency of process have become issues (9,10).

One issue related to substantial equivalence is that evidence of differ-
ences between a GMO and its non-GMO counterpart may depend on the
extent of testing and study. Indeed, studies have shown that secondary
metabolites may result from genetic modification (11,12). However, modifi-
cation by selective breeding ormutagenesis is also likely to cause secondary or
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unknown changes in agricultural organisms. For example, a study compared
the breeding efficiency of aGM form ofArabidopsis thaliana and counterparts
created by a mutagen with their wild-type cousin (10). Results from the study
showed that the GMO was relatively more efficient at breeding with the wild
type than the mutated plant was. Researchers concluded that this enhanced
outcrossing by a GMO could increase the probability of transgene escape.
There is another interpretation of this finding. One might expect that the
method of mutagenesis would affect many physiological systems within the
plant, including reproduction, becausemutagenesis is a relatively nonselective
means of modifying a plant’s genetic makeup. However, a specific advantage
of recombinant DNA methods over traditional breeding methods is the
ability to select more reliably for useful changes to be made to an organism
(13). Thus, a GMO might be expected to reproduce more faithfully with its
wild-type counterpart if reproduction were not a target of modification. This
supports the view that in the long run, recombinant DNA techniques will
probably create more predictable and less risky products than other methods
of product development (14).

A further objection to GMOs is the claim that GMOs are less safe to eat
than non-GMOs. Proponents of this view use the frequently referenced
brazilnut protein and potato lectin studies to demonstrate the potential harm
from transgenics (15,16). But causing harm is a possibility for many foods,
whether developed by recombinant DNA techniques or not (11,17,18). This is
the reason for studying all new food products before release to consumers.
Again, the relative precision of transgenic techniques will in the long run
probably lead to safer and more predictable products.

There is also a dispute over the need for agricultural biotechnology and
GMOs. The GMO critics argue that there is enough food in the world to feed
everyone and no one presently alive need go hungry. The argument is that the
real problem is politics and not the lack of food (19,20). However, proponents
of GMOs believe that biotechnology will be needed to meet the needs of the
larger world population expected in the future (20,21). In addition, many
products of GMOs (e.g., edible vaccines) are targeted to developing countries
where current agricultural ormedical supplies are unsuitable for those regions
or are not available. Since simply moving donated food from one part of the
world to another might lead to a system of dependency and unreliable and
temporary fixes rather than a more permanent form of self-sufficiency, it is
better to develop a crop that will grow well in sub-Saharan Africa than
constantly to ship these items from amore developed nation (21). The current
fear is that since there is already relatively less economic incentive for
companies to perform research and development (R&D) for poor countries,
the effects of anti-GMO activities might easily stop these research efforts
(22,23). One might argue that since politics is a reality, the fact that there is
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theoretically enough food in the world for everyone cannot be relied on to
fight world hunger. Many anti-GMO organizations should realize this, since
their strategies and tactics are often political in nature (24,25). Thus, perhaps
science and technology could be used to sidestep the counterproductiveness
of political conflicts and suboptimal distribution of the world’s food for the
sake of humankind. However, there are indications that even absent the re-
sistance posed by anti-GMO groups, economics and politics may still be ma-
jor obstacles to the implementation of biotechnology for the world’s poor
(20,26,27).

On the basis of these and many other points of dispute, one major issue
emerges, that of risk. This includes the risk that the food a consumer eats is
not safe, the risk that the environment may be harmed through the release of
GM crops, and the risk that an ethical belief or religious practice may be
violated. The ways we define, predict, manage, and live with these risks are
central to our level of comfort with GMOs or any other product or activity.
Two widely discussed forms of risk management are found in the GMO
literature. First, there are government regulations. Generally, governmental
agencies assess and manage risk through regulation by determining risks and
risk factors, deciding on acceptable levels of risk, and regulating human
behavior. There aremany reviews on this subject, particularly as they apply to
GMOs (14,28–30).

A second is the Precautionary Principle (PP). This principle is thought
to have evolved in Germany and culminated in the Principle of Precautionary
Action of German federal law. This law states that actions must be taken to
prevent environmental harm even when evidence of causality is limited (31).
In the context ofGMOs, the PP is used in a case-by-case basis to determine the
acceptability of uncertainties that a newly modified organism may create an
environmental risk. The PP allows decisions to be made in the absence of
evidence of harm, or harmful characteristics of the GMO, and shifts the
burden onto the promoter of the GMO to prove that it is safe (32). The basis
for burden shifting has been analogized to the principle of criminal law that a
defendant need not prove his or her innocence, but that the prosecutor must
prove guilt (33).

Just as society does not require a defendant to prove his innocence, so it
should not require objectors to prove that a technology is harmful. It is
up to those who want to introduce something new to prove, not with

certainty but beyond reasonable doubt that it is safe. Society balances
the trial in favour of the defendant because we believe that convicting an
innocent person is far worse than failing to convict someone who is

actually guilty. In the same way, we should balance the decision on risks
and hazards in favour of safety, especially in those cases where the
damage, should it occur, is serious and irredeemable (33).
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As with other decision-making tools, the PP has its share of problems
and detractors. First, there are multiple interpretations and definitions of the
PP (34,35). Second, since decisions may be based on the avoidance of
uncertainties and not on measurable risks or known risk factors, the PP
may lead to overregulation, the elimination of highly beneficial products, and
the stifling of innovation. Thus, decisions based on the PP may be unfair.*
Perhaps to prevent some of the problems that may result from a rigid
and narrow application of the PP, guidelines and factors that include non-
discrimination, examinations of costs and benefits, and the use of scientific
evidence have been proposed (33,37).

A third form of risk management that is less widely discussed as
regulation and the PP is litigation in court (38). Litigation in the context of
GMOs could involve many issues, including antitrust (21), the insufficiency of
process, and even the interpretation of the PP (35). Litigation is often seen as a
means of reparation after harm is already done. Perhaps less appreciated is
that the opportunity or threat of litigation can deter wrongful behavior and
encourage correct behavior. Section II discusses how an awareness of the
potential of litigation may lead to the lowering of risks associated with GMO
development and use. The balance of this chapter primarily focuses on a brief
review of products liability laws and a hypothetical legal challenge to aGMO.
Specifically, the author’s prior examination of the safety of the Roundup
Ready GM soybeans is used to demonstrate how these laws might be applied
to hypothetical problems of safety.

* Although interesting, the comparison of burden shifting by the PP to that in criminal law [as

stated inRef. 33] is not completely satisfying. In a criminal case, there must first be evidence that

a wrong or harmwas actually committed. The prosecutor must then prove beyond a reasonable

doubt that the defendant is guilty of the crime. This may include proof that the defendant

intended to harm the victim and that the defendant’s actions did indeed cause the harm suffered

by the victim. The PP does not require a showing that any harm had occurred before barring of

the use of the GMO. Thus, the PP can effectively put an innocent (or perhaps an immensely

productive and respectable) GMO behind bars without any proof that the defendant had

committed awrong or that anywrongdoing hadoccurred. Similarly, U.S. constitutional laws on

prior restraint may be applicable. In the United States, the freedom of speech is of such high

value that in general, one cannot be restrained from speaking, although a person may be pun-

ished after the act. Also, the government or opponent of the proposed speech usually has the

burden to prove that such speechmust be preventedbefore it occurs. In theUnited States, people

may be criminally liable for their acts (including speech), but not solely for their thoughts, their

appearance of foreignness or strangeness, or their existence. Therefore, most criminal liability is

imposed after the act has already occurred. However, certain acts may be prohibited (e.g.,

injunctions) before their occurrence, for example, if there is proof of irreparable harm (actual or

potential) to land.
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II. LITIGATION AS A FORM OF PRECAUTIONARY PRINCIPLE

There is a rationale for giving consumers and other interest groups the op-
portunity to litigate over GMOs. First, politics, business, trade, employment,
environmentalism, and many other examples of human interactions are in-
creasingly being conducted on a global scale. Fairness suggests that this in-
exorable process of globalization include litigation and rules of liability.
Second, human activities may be accompanied by uncertainties, hazards, and
sometimes unfair attempts to gain at the expense of others. Therefore, ave-
nues for just compensation of injuries ought to be available. Third, statutes
and regulations are usually general rules that become more specifically de-
fined through a case-by-case series of lawsuits (39). In this sense, the PP is
similar to regulations or statutes. Case law (e.g., rulings from lawsuits) can be
used to refine the PP’s meanings through the application of its provisions in
specific situations (37). From a scientific point of view, court trials seem
analogous to scientific experiments that test hypotheses or theories. Fourth,
lawsuits vindicate personal autonomy by providing private citizens a means
to participate in the making of laws and rules that affect their personal lives.
Perhaps consumers will more readily accept novel products if there is a formal
and legal forum inwhich theymay voice their complaints after the appearance
of product defects (40).

The last assertion suggests a conceptual link between the availability of
litigation after harm has occurred and the need for caution before actual harm
occurs. In theory at least, the opportunity to litigate puts organizations on
notice of the availability of legal repercussions for deliberate or inadvertent
wrongdoing. This notice could encourage care while minimizing overregula-
tion and the stifling of innovation (41). The ability of litigation to balance the
risks and benefits of any particular technology or product is a result of the
fact-finding process and its use on a case-by-case basis, the refinement of laws
through a series of related cases, and the exacting of penalties on the losers of
trials. In this way, risks may be minimized, benefits maximized, and, ideally,
fairness achieved.

III. U.S. PRODUCTS LIABILITY LAWS

Lawsuits involving GMOs can be based on a number of legal theories (e.g.,
nuisance); this chapter focuses on products liability. Since most GMOs are
developed as consumer products and these products result frommodern tech-
nology, products liability laws are among the most readily available means to
challenge GMOs legally. Thus, a review of U.S. products liability laws is
presented. In addition, the author of this chapter has previously written about
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the evidence of safety of GM soybeans (42). This provides an opportunity to
examine the application of such laws in a hypothetical situation within the
context of the food safety of GM soybeans. Since the theme of this chapter is
the use of litigation as a form of deterrence, the analysis of GM soybeans and
products liability laws is intended to provide some insight on the extent of
liability that could be imposed on GMO makers and the types of premarket
scientific studies that may lead to successful legal defenses as well as the pro-
duction of safe products.

A. Evolution of Products Liability Laws

1. Contract Privity

Today products liability laws are considered to be part of the law of torts
(43,44). However, at least one historical review of products liability in the
United States begins with the law of contracts (45). The seminal case for the
contractual origins of products liability law is the 1842 English decision of
Winterbottom v. Wright. A mail coach driver was injured by a defective coach
during the course of his employment. The manufacturer of the coach had a
contractual relationship (i.e., contract privity) with the postmaster-general to
maintain the coaches in good repair. Although the driver had no direct
contractual agreement with the manufacturer of the coach, he sued the
manufacturer because his employer (the postmaster, with whom he had legal
ties) was immune from lawsuits. The court decided that liability for the
injuries of the driver was limited to his employer (who could not be sued) and
not the manufacturer of the coach because the driver had no direct contrac-
tual agreement with the manufacturer (46).

There is no privity of contract between these parties; and if the plaintiff

can sue, every passenger, or even any person passing along the road,
who was injured by the upsetting of the coach, might bring a similar
action. Unless we confine the operation of such contracts as this to the

parties who entered into them, the most absurd and outrageous con-
sequences, to which I can see no limit, would ensue (46).

This limitation on liability applied to situations in which a party to a
contract simply did not do what he or she contracted to do (as opposed to
instances of improper performance of obligations).

2. Negligence

The 1916 decision of MacPherson v. Buick Motor Co. removed contractual
privity as a requirement for liability for products that become dangerous
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when defective. In that case, a purchaser who bought an automobile from a
dealer was injured by the collapse of a defective wheel. There was no contract
between the consumer and the manufacturer. Before this case, only consum-
ers of ‘‘inherently dangerous’’ products (e.g., poison and dynamite) could sue
manufacturers for injuries derived from their products. But the court in
MacPherson argued thatmany things become inherently dangerous if they are
made defectively and that manufacturers should be potentially liable for
injuries caused by the defects in such products. To balance the risks to manu-
facturers, the court added that the inherent dangers in potentially defective
products must be reasonably foreseeable (47). In addition, since manufac-
turers and not retail sellers are often most responsible for the condition of the
sold goods, fairness to the consumer should guarantee recourse against the
manufacturer for redress (48). AlthoughMacPherson opened a path through
which manufacturers could be held liable for consumer injuries, plaintiffs still
had to prove both that products were defective and that manufacturers were
negligent (49).

3. Warranty

Breach of express and implied warranties also became sources of manufac-
turers’ liability. Warranty-based litigation has elements of both tort and
contract law. A breach of a warranty may be interpreted as a form of mis-
representation as well as a violation of the terms of a contract of sale (50). The
form of liability for breach of warranty is strict liability. This no-fault form of
liability does not require proof of negligence or deliberate wrongdoing of a
manufacturer. Instead, liability is based on the product’s inability to meet the
standards guaranteed by the manufacturer or seller.

Since the evolution of products liability laws generally led away from
the need for direct contractual agreements between manufacturers and con-
sumers, warranty litigation became increasingly reliant on implied rather than
express warranties. Initially, the Uniform Sales Act of 1906 provided that a
warranty of ‘‘merchantability’’was implied in the sale of goods (51). Thus, if a
good was not at least of average quality and fit for the general purpose for
which it was manufactured and sold, the seller breached this warranty and
was liable for personal injuries incurred through the defect in the product.
Again, strict liability was based on the performance of the product and not the
manufacturer or seller. Since this implied warranty existed between only the
seller and the buyer and not a third-party user, contract privity was still re-
quired for a seller to be legally responsible to a purchaser. Also, a written dis-
claimer within a contract could eliminate an implied warranty.

The protection for consumers initiated by the Uniform Sales Act was
extended by the 1960 decision of Henningsen v. Bloomfield Motors, Inc. Mr.
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Henningsen bought a car as a gift for his wife. The contract for the purchase of
the car included a disclaimer that the car dealer gave no warranties on the car,
express or implied, other than replacement of defective parts. A steering
failure then led to the injury ofMrs. Henningsen. First, the court removed the
requirement for a contractual agreement by holding manufacturers liable to
virtually all users and not only to people who purchased the product. This was
based on the idea that many products, including cars, are used or consumed
by people other than the purchasers (52). Also, proof of negligence was not
required because the product defect constituted a breach of warranty, and
liability for this breach did not require proof of fault (i.e., strict liability).
Second, the court ruled that the disclaimer of implied warranties of mer-
chantability was unconscionable and illegal (53).

The gross inequality of bargaining position occupied by the consumer in

the automobile industry is thus apparent. . . . Because there is no com-
petition among the motor vehicle manufacturers with respect to the
scope of protection guaranteed to the buyer, there is no incentive on

their part to stimulate good will in that field of public relations. Thus,
there is lacking a factor existing in more competitive fields, one which
tends to guarantee the safe construction of the article sold. Since all

competitors operate in the same way, the urge to be careful is not so
pressing (53).

4. Strict Liability in Tort

In the 1963 case of Greenman v. Yuba Power Products, Inc., the court spe-
cifically ruled that there could be liability without negligence. The user of a
power tool was injured when a piece of wood flew out of the machine and hit
him on his forehead. Evidence showed that the injuries were caused by the
defective design and construction of the power tool. The court used this case
to impose strict liability on the makers of products for injuries incurred by
their users (54). Essentially, there is a duty to supply safe products. Strict
liability is imposed if the court finds that this duty was breached, the user
sustained actual damages or injuries, and the breach of duty led to these
injuries.

The results of Greenman agreed with those ofHenninsen but considered
the implied warranty rationale a camouflage for the creation of a new tort:
strict product liability in tort. That is, strict liability through breach of
warranty and strict liability in tort are the same forms of liability but under
different names. As with breach of warranty, strict liability in tort does not
require fault by themanufacturer or seller, and the same evidencemay be used
for either theory of liability. Thus, there is no legal difference between an
implied warranty from themanufacturer that a product is safe for its intended
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use and a duty imposed on the manufacturer to make the product safe for its
intended use.

B. Specific Considerations in Products Liability

The evolution of U.S. products liability laws shows a tendency toward in-
creased protection for purchasers, users, and bystanders. This trend was
achieved by imposing liability without the need for a contractual agreement
between the injured plaintiff and defendant manufacturer, and the creation of
implied warranties or duties to guarantee the safety and utility of the products
sold.

Before we can apply products liability laws to a hypothetical problem
with GM soybeans, other specific details must be discussed. One of the most
highly debated and contentious areas in products liability litigation, partic-
ularly when science and technology are involved, is causation. If a user of a
product sues the manufacturer on the basis of alleged injuries from the
product, the plaintiff must show proof that the particular product did in fact
cause the harm. In fairness to manufacturers, defenses are available to limit
the extent to which liability may be imposed. In particular, the foreseeability
of harm becomes important. Both causation and foreseeability are discussed
as part of the review of negligence.

Another area to be clarified is the definition of a defective product.
Previous discussions of negligence and strict liability in torts included the
concept of defective products. Under product liability laws, there are three
potential types of defects in a product: manufacturing, design, and failure to
warn of potential problems.

1. Negligence

The requirements for a case of negligence are usually analyzed in four
interrelated steps. The first step is that of duty of care. In a civilized society,
we are supposed to interact in ways that minimize harm to each other. But to
whom does one owe a duty to be cautious and careful? In general, there is no
duty to act affirmatively. For example, a bystander is not required to help a
drowning person if the bystander did not create the dangerous situation or
add a new risk of harm to the victim. However, if an actor acts in a way that
may create an unreasonable risk of harm to someone, a duty of care is
established. Courts have also imposed duties of care to other situations,
including (a) a certain special relationship (e.g., parent and child), (b) the
need to control a person from injuring others, and (c) a situation in which
a person who is not legally required to act voluntarily goes to the aid of an-
other (55).
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In order to establish a duty, one must ask, What was the defendant
supposed to do, or how was he supposed to act? One approach to answering
this question is the use of the reasonable prudent person standard. This
standard is based on a hypothetical average person with the same general
physical characteristics as the actual person or defendant who had the duty of
care. The standard of care then becomes what this hypothetical reasonably
prudent person would have done in the same situation. There are legally
accepted variations on this reasonable person theme. For example, children
may be compared to a hypothetical child of the same age, and the standard of
care of professionals or those with special occupational skills may be
established through the use of people with equivalent levels of training and
experience. Standards may also be created through customs, statutes, or case
law (56).

Second, we look for a breach of duty or standard of care. This is a failure
to conform to the required standard (57).

Third, proof of causation must show a reasonably close causal link
between the breach of duty and the plaintiff’s injuries. An analysis of
causation usually begins with actual cause or causation in fact. A person’s
act is considered a cause in fact if the injury would not have occurred ‘‘but
for’’ the act. Thus, there must be some actual link between the defendant’s act
and the plaintiff’s injury. Other rules were developed for cases in which more
than one person caused the injuries of a victim or the contributions ofmultiple
defendants to the plaintiff’s injuries are unknown (58,59).

After the establishment of causation in fact, an analysis of proximate or
legal cause is done to set boundaries on the extent of liability. The rationale
for this limitation is the idea that although a defendant’s act may be a cause
in fact of the plaintiff’s injuries, there may be circumstances that make the
imposition of liability unfair to the defendant. There are two major questions
that guide the proximate cause analysis. The first is, Was the harm to the
plaintiff foreseeable? The second is, Was the injury of the type that the duty
of care was designed to avoid? Glannon (1995) uses a hypothetical situation
to illustrate the use of these two questions. Suppose that a car owner leaves
his car unlocked and the keys in the ignition switch. Such a driver may
negligently breach a duty of care if a thief steals the car and then uses it to
injure someone. Harm to an innocent victim is a foreseeable result of leaving
a car unattended. This satisfies the foreseeability factor. But the type of harm
is also a factor in imposing liability on the car owner. If the thief hits a
pedestrian, the car owner is liable for this injury, since this injury is of the
type of risk of harm that the duty of care is designed to minimize. But if the
thief uses the car as part of a bomb to blow up a building, the car owner is
probably not liable for that result (60). There is liability even if the injuries to
the victim become more extensive than anticipated (e.g., there is liability if
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small scratches lead to a lethal infection) or if the foreseeable injury comes
about in an unusual or unforeseeable manner (61).

In [United Novelty Co. v. Daniels, 42 So. 2d 395 (Miss. 1949)] the
defendant allowed its employee to clean some machines with gasoline in
a small room heated by a heater with an open flame. A rat, drenched

with gas, ran from under one of the machines over to the heater, caught
fire, and ran for refuge back to the machine, causing an explosion that
killed the employee. The court concluded that, while the manner in
which the accident took place was unusual, an explosion was exactly the

type of accident to be anticipated from using a volatile, flammable liquid
in a small room with an open flame. The defendant was held liable (61).

Thus, foreseeability of the type of harm, rather than the extent of harm,
seems to be more important in limiting liability.

Fourth, the plaintiff must prove damages and prove that she sustained
some kind of injury to her person or property.

2. Product Defects

The Greenman case mentioned earlier used the defectiveness of a product to
justify the imposition of strict or absolute liability on a manufacturer.
Subsequent cases and legal commentary have refined the concept of defec-
tiveness to encompass three types of product defects: manufacturing defects,
design defects, and failure to warn of potential dangers adequately.

A manufacturing defect in a product occurs when ‘‘the product departs
from its intended design even though all possible care was exercised in the
preparation and marketing of the product’’ (62). Thus, the intended design
serves as an objective standard. Generally, strict liability is imposed on the
manufacturer if the product is proved to be defective at the time of sale and it
proximately caused the plaintiff’s injuries. Under strict liability, there is no
requirement to prove that the defendant acted negligently or that less than
reasonable care was used in the manufacturing process. The rationale for
strict liability is based on several policy considerations, including that (a) the
product defect was probably due to a negligent act that would be very difficult
to prove, (b) the manufacturer is in a better position relative to the plaintiff to
develop methods to reduce the frequency of manufacturing defects, and (c)
the manufacturer is better able than the plaintiff to absorb the costs of injuries
that cannot be eliminated in a cost-effectivemanner (63). The primary defense
to an alleged manufacturing defect is to show that the product did conform to
the intended design when it was sold or manufactured but that it was altered
after it left the control of the manufacturer.

The second type of defect, design, occurs ‘‘when the foreseeable risks of
harm posed by the product could have been reduced or avoided by the
adoption of a reasonable alternative design by the seller or the distributor, or
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a predecessor in the commercial chain of distribution, and the omission of the
alternative design renders the product not reasonably safe’’ (64). A determi-
nation that a design is defective suggests that all members of that product line
are inherently defective. For example, a productmay be dangerously defective
because a bolt was not placed in a particular location in the product. A design
defect occurs when such bolts were intentionally not used in the entire product
line. A manufacturing defect occurs when a bolt that was supposed to be
included was inadvertently left out. These situations require different stan-
dards or tests for defectiveness.

Two tests have been used to determine whether a product design is
defective: the consumer expectations test and the risk–benefit test. The
consumer expectations test states that the product is defective if it is not as
safe as expected. However, problems are associated with this test, including
(a) whether the consumer or the jury is to decide what was expected and (b)
how safe a product must be before it is not defective, particularly if the
product is known by the consumer to be dangerous or its usefulness is related
to its dangerousness (e.g., a knife, car, or cigarette) (65,66). As a result, this
test is used primarily for very simple or obvious expectations. For example, a
car should not overturn when driven at 2 miles per hour.

In contrast, the risk–benefit or risk–utility test inquires whether the risk
that accompanies the use of a product outweighs its benefits or utility. Since
this test requires the balancing of risks and benefits, it creates a partial return
to a negligence type of analysis but without the requirement of proving that a
consumer’s injury was foreseeable (67). The two major problems associated
with this balancing test are the need for expert knowledge and the availability
of alternative designs. The first problem forces jurors to make decisions
about products, concepts, or information about which they may have little
knowledge or experience (68). The second problem requires jurors to decide
whether a safer product design was available and not used, and, on occasion,
whether it was cost-effective or feasible. If jurors are required to determine
the reasonableness or feasibility of an alternative design, this calls for a
return to a negligence standard since such an analysis may include an exam-
ination of foreseeable harm by the product (69). The analysis of design de-
fects would also include other considerations. For example, courts generally
argue that the manufacturer rather than the consumer (a) has more knowl-
edge of the risks that accompany a product, (b) had the power to decide on its
design and (c) chose the manner of advertising its products (70). The
polycentric nature of a design alludes to the interrelatedness of the compo-
nents and functions within a finished product (71). A design that accentuates
a particular desired characteristic of a product may unavoidably alter or
compromise other characteristics. Therefore, a balancing of pros and cons is
recognized as an integral part of the development of a reasonable and feasible
product.
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The third type of defect, warning, is based on the idea that manufac-
turers rather than consumers have superior knowledge of the characteristics
of their products. A warning defect occurs ‘‘because of inadequate instruc-
tions or warnings when the foreseeable risks of harm posed by the product
could have been reduced or avoided by the provision of reasonable instruc-
tions or warnings by the seller or other distributor, or a predecessor in the
commercial chain of distribution, and the omission of the instructions or
warnings renders the product not reasonably safe’’ (72). By providing con-
sumers with adequate product information, warnings enable users to perform
their own risk–benefit analyses. A failure by a manufacturer to warn of
potential hazards deprives a consumer of the information to choose to avoid
or accept the risk associated with the use of the product. In addition, the
manufacturer has a duty to warn of any foreseeable misuse of a dangerous
product (73). As with a design defect, liability due to a failure to warn is based
on negligence.

Two issues stand out in a discussion of a failure to warn. The first is the
adequacy of the warning. A jury determines the adequacy of a warning, and
Abraham (1997) has suggested that this could be no easier a task for a jury
than deciding whether a design was defective (74). Second, in an attempt to
provide complete and adequate warnings, an excessive amount of informa-
tion may distract the consumer from the precise warning that she needs to
avoid injury.

Abraham (1997) also identified interactions between the adequacy of
warnings and design defects (75). An adequate warning may eliminate lia-
bility by sufficiently reducing the risks stemming from what would otherwise
be a defective design. Less predictable results arise from cases in which useful
and desired products have no reasonable alternative design, and adequate
warnings would not be sufficient to decrease the risks relative to benefits. Then
there are products with obvious associated hazards, and the inclusion of
warnings make the hazards even more obvious, and yet courts may still im-
pose liability on manufacturers (76). In addition, the obviousness of a hazard
may depend on the user’s sophistication, professional expertise, and level of
education (77).

Finally, the materiality of the lack of warning is a measure of the im-
portance of the warning in the consumer’s decision to use or avoid a product.
Essentially, the question asks whether a warning would have affected a
plaintiff’s choice. This is also a causation question, since a material lack of
warning would have influenced a person’s actions (78).

3. Defenses

A manufacturer can make several defenses against an allegation of product
liability, including some in common with general negligence or strict liabil-
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ity claims. Contributory and comparative negligence are potential defenses
in situations in which the plaintiff is partly responsible for the injuries that
are associated with the use of a product. Contributory negligence may pre-
clude any award to the injured plaintiff. Comparative negligence gives to the
plaintiff a percentage of a damage award equivalent to the fault of the manu-
facturer. Therefore, if a court decides that a consumer is personally respon-
sible for 40% of his own injuries, he will be awarded 60% of the claimed
damages.

Product misuse is a defense unique to products liability claims, and here
foreseeablility becomes an issue (79). Generally, a manufacturer is not liable
for injuries caused by unforeseeable misuses of a product even if it contains a
manufacturing or design flaw. Avoidance of liability from foreseeablemisuses
by the consumer requires additional and adequate warnings from the
manufacturer.

As mentioned earlier, the primary defense to an alleged manufacturing
defect is a showing that the product conformed to the intended design when
it was sold or manufactured but that it was altered after it left the control of
the manufacturer.

IV. THE APPLICATION OF PRODUCTS LIABILITY LAWS
TO A HYPOTHETICAL FOOD SAFETY SITUATION

Amajor concern of consumers is the safety of GM products when consumed.
Asmentioned earlier in this chapter, I have previously written on the evidence
of safety ofGMsoybeans. On the basis of published scientific data, a review of
the United States’ Federal Rules of Evidence as they apply to scientific evi-
dence, and pertinent regulations of the U.S. Food and Drug Administration,
the GM soybean appeared to be as safe as non-GM soybeans. But the pre-
paration of that paper did result in a few caveats concerning GMOs. Al-
though the soybean is only one GM product among many, it was chosen for
the paper because more information was readily available on the soybean
than on other GMOs. In general, information on GMOs may not be as ac-
cessible to the public as one might hope. In the previous paper, I suggested
that safety studies include immunological assays. Thus, the range of methods
for studying products of transgenic technology might be broadened, if not to
increase the actual safety of the foods then perhaps to ensure the peace of
mind of consumers.

In this present work, my intention is to review some of the routes of
liability that might reach a product such as the GM soybean. In this regard,
the accessibility and sufficiency of the GM soybean literature provide bases
for assessing the reasonable foreseeability of hazards that might accompany
the consumption of this food. Thus, my previous analysis of the safety of GM
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soybeans can be used as a tool to use to decide whether liability should be
imposed in a hypothetical food safety issue. Since potential defendants are as
capable of generating hypothetical problems as potential plaintiffs, such
exercises would also be useful in deciding what types of GMOs and GMO-
derived products to develop and in determining the types of studies to conduct
to ensure that these products are reasonably safe. And perhaps one form of
defense in litigation is the use of good faith efforts to develop reasonably safe
products. Thus, the choice of studies to perform and data to retrieve during
product development is central to the creation of safe and useful products, the
level of confidence that consumers have in those products, and the vuner-
ability of these products to lawsuits.

The rest of this chapter includes a brief review of food allergies and
discussions on (a) the foreseeability of allergies, (b) product defects, (c)
implied warranties, and (d) strict liability as applied to GM soybeans.

A. Food Allergies

As one trained in immunology, I ammore familiar with immunological prob-
lems that might result from the consumption of foods than other types of
reactions (e.g., acute toxicity or carcinogenicity). These immune system re-
sponses would most likely include allergic, hypersensitivity, or autoimmune
types of reactions to foods. Therefore, I limit the rest of this chapter to a
hypothetical problem related to an immune response to GM soybeans.

We begin with an allegation that consumption of soybeans or a soy
product made from GM soybeans caused some type of allergic response.
There might be questions about increased levels of known soy allergens or the
creation of new allergens. A hypothetical new allergen could be the direct
protein product of the introduced genes or a secondary metabolite that is
indirectly derived from the transgene’s activity. The overtmanifestation of the
allergy might include rashes, gastrointestinal upsets, anaphylactic shock,
pain, swollen mucous membranes, and other signs of inflammation. But
proof that the soy caused the allergymust include evidence that the reaction is
allergic in nature and was directly caused by the soy product.

To comprehend the nature of true allergic reactions caused by food, one
must understand the underlying structure and function of the immune system
(80). Briefly, the immune system’s main function is to protect the individual’s
body from damage caused by invading microorganisms. This protective
response results from complex interactions between various white blood cell
types, antibodies that are released by B lymphocytes, the numerous means by
which cells signal or communicate with each other, the particular genetic
composition of the individual, and contacts with environmental components
that might be physical, chemical, or biological in nature. Foods definitely fall
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within the category of environmental contacts. Allergies result from the
activation of immune defenses to what would otherwise be benign contacts
with the environment.

True allergies (as opposed to other types of hypersensitivities or adverse
reactions to foods) involve a particular class of antibody, the immunoglobulin
E (IgE). This type of antibody literally acts as a physical bridge between
allergens and immune cells (i.e., eosinophils) that release inflammatory
chemicals. About one-third of the human population may have allergies of
the IgE type (81).

The ability to predict the allergenicity of any particular antigen to a par-
ticular person is confounded by the complex interactions alluded to previ-
ously. For example, scientists are attempting to identify and characterize
‘‘atopy genes’’ that may predispose people to allergies (81). These genes may
influence the nature of intercellular communication, the interactions between
IgE and immune cells, and the activity of cells (e.g., transcription regulation).
Also, the hygiene hypothesis suggests that vaccinations and other public
health measures to reduce the prevalence of communicable diseases may in-
crease the incidence of allergic diseases (82). Cross-reactivity among allergens
is also implicated in food allergies. Latex, such as that used in gloves, contains
more than 30 proteins similar to food proteins. In cross-reactions, the IgE
generated by an allergic response to latex may recognize certain food com-
ponents as well and thereby cause reactions to foods (83). A study of the
structures of protein allergens also suggests that there is no particular amino
acid sequence or protein conformation that is more likely to be allergenic than
another (84). Allergenicity is probably more closely associated with other
factors such as amount and route of exposure, digestibility, and avoidance of
mechanisms that suppresses helper T-cell 2. Therefore, the ability to predict
the allergenicity of a particular protein on the basis of its conformation or
amino acid sequence may be limited. The effects of nutrition on the immune
system may also include one’s susceptibility to allergies (85). The phenome-
non of oral tolerance adds more complexity to the understanding of food
allergies (86). The oral intake of antigens may lead to a suppression of
immune responses to those specific antigens, a situation that appears to
conflict with the notion of food-initiated allergic reactions. Finally, other
factors such as age, exercise, and drugs also affect the allergic response (87).

The diagnosis of a food allergy includes distinguishing an IgE-mediated
response from the many other types of adverse reactions to foods. Food
intolerances not associated with IgE include enzyme deficiencies (e.g., lactose
intolerance), pharmacological substances in foods (e.g., caffeine in coffee and
histamine in some fish), toxins naturally occurring in foods and those
generated through storage, and psychological aversions (88). There are
several standard tests used to differentiate true IgE-mediated food allergies
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from these other reactions to foods (88,89). Some involve controlled contacts
between patients and allergens. These examine the reactions of patients when
challenged (or fed) suspect foods or when such foods are eliminated from their
diets. Other tests examine patients’ blood for IgE that is specific for the
allergens in question. Purified allergens are used in skin tests to examine
patients’ dermal reactions. Medical histories also examine patients’ recollec-
tions of their experiences with certain foods and adverse reactions. However,
these tests are not without their limitations. At least one author has stated that
‘‘reports of food allergy or intolerance from individuals or parents of children
are notoriously unreliable’’ and that blood and skin tests are ‘‘unreliable
because of a large number of false positive and false negative reactions’’ (87).
The reliability of a diagnosis increases when these tests are integrated and a
broader spectrum of information about the patient is available.

B. Foreseeability of Allergies from Genetically Modified
Soybeans

Presuming that allegations of GM soybean allergies have been made and
confirmed by medical tests, any determination of negligence requires a
discussion of the reasonable foreseeability that genetic modification will
increase the allergenicity of the soybean. Genetic modification might increase
the allergenicity of a food by increasing the food’s content of a known and
preexisting allergen. In fact, non-GM soybeans are already among the most
allergenic of foods (90). Trypsin inhibitor, a known soybean allergen, is a
protein that has been found at similar levels in GM and non-GM soybeans, as
have other constituents such as amino acids, fats, and carbohydrates (84,91).
Thus, on the basis of a comparison of the components of GM and non-GM
soybeans, GM soybeans could reasonably be foreseen to be as allergenic as
their non-GM counterparts. Notably, for regulatory purposes, these compar-
isons also helped to establish that GM soybeans are substantially equivalent
to the already existing non-GM soybeans.

Genetic modification may also result in the appearance of allergens
absent in the unmodified soybean. In the first case, genetic modification may
increase the allergenicity of the soybean through the transfer of the gene of an
allergen. This potential hazard was illustrated by the previously mentioned
transfer of a brazil nut allergen to soy plants (15). This study is often used as
an example of the dangers of transgenic foods. However, this paper also
demonstrates how safety studies successfully prevent hazards from entering
our food supply. It may also serve as an example of how cutting edge science
works. The published safety studies on the equivalency of GM and non-GM
soybeans, and the brazil-nut soy transgenics, were published in the same year,
1996. The common date suggests that these experiments were being done at

Yoshida394



about the same time and that one scientific group was not necessarily aware of
what the other group was doing or had found. Without further information
on this issue, there is no reason to believe that Padgett et al. (91) should have
been on notice of the actual transfer of an allergen and its allergenic properties
until the brazil-nut paper was published. But generally, the transfer of the
allergenic potential of a known allergen along with its gene is reasonably
foreseeable. The objective of most genetic modification is to transfer the
function of a gene in order to give the GMO some desired characteristic. With
theRoundupReady soy plant, glyphosate resistance was an expected result of
the insertion of the glyphosate-resistant gene. Thus, the transfer of other
characteristics, including allergenicity, should also be expected with gene
transfer.

In the case of the glyphosate-resistant GM soybean, the question is
whether a known allergen was introduced into the plant. Known food aller-
gens share a number of characteristics (92). Allergenic proteins are usually
within a range of physical size that is optimal for recognition by the immune
system. They are often glycosylated and demonstrate physical stability when
heated or in contact with digestive enzymes. Certain amino acid sequences
are associated with allergenicity. Finally, food allergens tend to be abundant
in food. For example, the egg allergen ovalbumin constitutes 54% of egg
white protein. To confirm that the glyphosate-resistance protein would
probably not be allergenic to consumers, studies were done to show that it
(a) was not glycosylated, (b) rapidly degraded with digestive enzymes and
heat, (c) had no amino acid similarities with known food allergens, and (d)
constituted only about 0.08% of the soybeans’ total protein (93,94). Thus,
the gene and protein that conferred glyphosate resistance to the soy plant
could not reasonably be foreseen as an allergen in the edible soybean. Indeed,
study in 2000 by Aalberse suggests that amino acid sequence data may be less
reliable indicators of allergenicity than previously thought (84). In effect, this
indefinite reference retrospectively reduced the number of reliable tests of
allergenicity that were done on the glyphosate-resistance protein and argu-
ably lowered the study’s actual ability to predict its potentially allergenic
character.

Unexpected secondary metabolites may also generate novel allergens.
The internal complexity of any individual organism, not only of its immune
system but of all its interconnected biochemical, cellular, and physiological
systems, precludes the ability to predict all results of a change such as the
introduction of one or more genes. Thus, genetic modification is likely to lead
to unintended and unpredictable alterations in the soybean and other GMOs.
But as discussed in Sec. I, the products of other forms of plant production
such as selective breeding and mutagenesis may be equally predictable if not
more unpredictable than those derived from recombinant DNA techniques.
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But GMO critics counter that recombinant DNA technology allows for
another form of complexity and uncertainty through the introduction of
genes from any one species into potentially any other species. Reproductive
barriers generally prevent a similar free mixing of genes. For the purpose of a
legal discussion on proximate cause, perhaps the question is whether on the
basis of existing knowledge and reasonably obtainable additional informa-
tion, the generation of allergenic secondary metabolites is reasonably fore-
seeable. Since allergic reactions are derived from the interactions of
consumers and their foods, reasonable forseeability of allergies would also
require knowledge of the biological characteristics of the consumers. As with
many other difficult issues, the determination of proximate causation in a
hypothetical trial would probably be done on a case-by-case basis and rely on
the judgment of a jury.

C. Product Defects

As discussed earlier, a case for a manufacturing defect must show that a
particular individual product deviated from the intended design as a result of
some problem or negligence in production. This may be of little use in
litigation against a GMO such as the soybean. Genetic mechanisms within
eucaryotic organisms such as plants and animals minimize the occurrence of
mutations during DNA replication. Therefore, soy plants derived from a sin-
gle and stable transgenic event are unlikely to deviate from the intended
design because of variability in their genetic makeup. However, the compo-
nents of soybeans, both GM and non-GM, may vary because of differences in
growing conditions such as light, water, insect pests, and soil nutrients. Thus,
variability in food quality and quantity would more likely be due to everyday
growing conditions than to some inherent genetic instability with the soybean.
If the introduction of foreign genes to create a GMO somehow perturbs the
mechanisms that ensure that fidelity of DNA replication, and if some indi-
vidual soy plants do deviate from the intended design, perhaps these factors
could open a case for a manufacturing defect, or a design defect.

Liability based on design defects is determined by the consumer
expectation test and the risk–benefit test. As discussed earlier, problems that
juries face with these tests include an understanding of what was expected, the
need for expert knowledge, and the availability of alternate designs. In terms
of consumer expectations within the context of allergies, the GM soybean
should be no more allergenic than the non-GM soybean. Although human
subjects were not used in the published safety studies of GM soybeans, the
published reports did show substantial equivalence between these two types of
soybeans. Also, experiments on the character of the glyphosate-resistance
protein showed that it would probably be nonallergenic. Thus, consumer
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expectations for aGM soy product that was nomore allergenic than non-GM
soybeans were met as well as possible. As for alternate designs, they are
limited by the state of scientific and technical knowledge and the genes that
are available in nature for use.

The balancing of risks and benefits of theGMsoybean is complicated by
the fact that there may be more than one class of consumers. The two relevant
groups of consumers are the people who eat the soy products and the farmers
who grow the crops. Among GMO critics, unfairness arises because farmers
gain all the benefit from the glyphosate resistance of the GM soybeans and
people who directly eat the soy products bear all the risk. In other words, the
risks and benefits are unfairly distributed and thus more difficult to balance.
As an additional consideration, the analysis of risks and benefits of GM soy
should also include the gains to be realized in future GMproducts. As with all
other consumer goods, knowledge from the experience with GM soybeans
will be applied to improve and refine the designs of subsequent products.
Thus, risks and benefits must also include the contributions from the use of
current products to the development of better ones.

Liability based on a failure to warn would probably be associated with
the use of food labels. The conflict between the failure to warn and the proper
use of labels is that warnings presume that there is some risk to the consumer
from the use of the product (95). However, the safety studies conducted on the
GM soybean show no evidence of any risk to human health above that of non-
GM soybeans. Thus, no warning is required. However, one might argue that
labels provide information of all sorts (e.g., nutritional content) that help
consumers decide whether or not to buy a product. The addition of labels
designating the contents of a product as including or being free of GM soy
components might help consumers to make their purchase decisions. These
labels could materially affect a person’s choice, and the purchase of a GM
foodmight be interpreted as consent to, or assumption of, any risk associated
with the product. But if decisions to avoid the product are based on a
perceived but unfounded risk associated with GM products in general, they
would be unfair to the manufacturers of such products. Perhaps the best
policy would be to indicate on the label of a GM food that it contains GM
components approved by the FDA. Although this might help some consum-
ers while confusing others, one might argue that such information is balanced
and impartial.

D. Implied Warranties

Successful litigation based on the theory of a breach of implied warranty of
merchantability must show that the product used was below average quality
and unfit for the general purpose for which it was sold. In the hypothetical
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case of an allergic reaction, the allergenicity of the GM soy product in
question could be compared to the allergenicities of ‘‘average’’ GM or non-
GM soy products. Comparisons with GM soy products might be comple-
mented by an argument that a manufacturing defect could have caused this
particular product to deviate from the average. Comparisons with non-GM
soy could be interpreted as an attempt to define all GM soy products as below
the quality of the average non-GM soy product. This might then be sup-
plemented with a design defect case. However, the published studies on the
composition and allergenicity of GM soybeans showed that they are very
similar to non-GM soybeans in these respects. Perhaps one could extrapolate
from these findings and say that the average allergenicities of both types of
beans would also likely be very similar. And again, more variability may be
caused by growing conditions than by genetics. Incidentally, implied warran-
ties may also be based on the concept of ‘‘fitness for a particular purpose.’’ In
this situation, if a seller knows or has reason to know of the particular purpose
for which a product is bought, and the buyer relies on the seller’s skill and
judgment in selecting the goods, an implied warranty is created. A breach of
this implied warranty would involve issues of negligence and foreseeability of
the particular purpose. Since GM foods are generally bought for consump-
tion, the particular purpose is fairly clear.

E. Strict Liability

A case for strict liability in tort might be based on a duty of manufacturers to
produce and distribute safeGM soy foods, the breach of this duty, evidence of
causation, and injuries to consumers. But in light of the known allergenicities
of non-GM soybeans, the unknowns that remain inherent to foods in general,
and the contributions of environmental conditions and human biological
processes to allergies, what would be considered a safe GM food? As with
implied warranties, perhaps comparisons of the allergenicity of the GM
product to that of other GM and non-GM products could provide criteria
for a determination that the product is unsafe or less safe. A safeGM soy food
might then be one that is no more allergenic than a similar non-GM product.
Or perhaps as with the risk–benefit analysis for a design defect, allergenicity
might be balanced with the utility of the product.

Some cases have imposed strict liability on injuries through foods on the
basis of a foreign-natural test (96). Under this theory, strict liability is applied
if the injurious substance is considered foreign to the food (e.g., glass in a
chicken dinner), whereas legal recovery from injuries from a natural material
(e.g., chicken bone in a chicken dinner) requires a showing of negligence.
Genetically modified soybeans were developed through the integration of
genes and gene products from a variety of organisms. In a hypothetical allergy
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case, the use of this theory of liability may generate a lively discussion onwhat
is foreign or natural in a domesticated organism whose genetic makeup is
derived from the deliberate insertion of genes from other species.

Incidentally, the earlier discussion of the characteristics of implied
warranty and strict liability in tort suggested that they are very similar if
not the same theory of liability. The concurrent use of both theories in a suit
against amanufacturer is not advisable since a jurymay acquit a defendant on
one theory and convict on the other. The contradictory nature of this result
might require that another trial be held.

V. CONCLUSIONS

The thesis of this chapter, that the existence of products liability laws may
help to foster the exercise of caution as does the Precautionary Principle, is
based largely on the concept of reasonableness. Admittedly, finding a work-
able definition of reasonableness may itself be a source of contention. Courts
seem generally to define reasonableness as that which characterizes the or-
dinary, average, law-abiding person or entity. This move toward reasonable
decisions is noted by the importance placed on reasonable foreseeability, the
balancing of risks and benefits, and the notion of proximate causation to limit
liabilities.

With reasonableness, we may try to find the best compromises for the
development of valuable, practical, and safe products. Good faith efforts at
compromise will be required to balance the many concerns that confront any
attempt at creating something new. With GMOs, these will include the
complexity and unknowns inherent to biological systems, the press for
innovation to help solve our many problems and fulfill our wants and needs,
the safety of products derived from new technologies, the financial profits
spurring the development of new knowledge and products, and the opportu-
nities to litigate that provide necessary protections for consumers but that can
also be abused.

Courts are forums for litigation, symbols of fairness, and a source of
laws. Therefore, they serve as mediators of compromise and reasonable
decision making. Litigation, or perhaps the preference to prevent litigation,
could encourage the developers of GMOs to proceed with caution in the
production and use of their products (97). The threat of litigation would be
balanced by legal protections and freedoms needed to promote innovation
and risk taking, and to allow businesses to function. Courts and laws are
based on reasonableness and fairness. And as with all other matters in life,
reasonableness and fairness are important considerations in facing the
controversies over GMOs.
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I. INTRODUCTION

For the average consumer, the rationale for the development of functional
foods is relatively obvious. There may be a need to create crops that contain
higher protein levels for human populations who face protein deficiency. Or
the manipulation of a plant’s ability to synthesize a particular fatty acid may
lead to enhanced immune system or cardiovascular health for the consumer.

What is not so obvious to the average person are the scientific studies
and information that underlie the known efficacy, safety, and problems
associated with these products. One result of the relative difficulty in
understanding the nature (as opposed to the need) of bioengineered products
is the manipulation of public perceptions over their usefulness and safety by
people or organizations with particular policy or political views.

A large proportion of the general population, including those with little
scientific training or understanding, were reported to have a high regard for
scientific research and information (1). Perhaps if consumers had a greater
understanding of the types of studies and tests that are conducted during the
research and development of products derived fromnew technologies, and the
information derived from such studies, they would be more prepared to
decide personally on the usefulness and safety of these functional foods.

Many of the premarket and postmarket scientific studies on functional
foods are done to comply with various governmental regulations that exist to
control the quality, safety, manufacture, dosage, and other characteristics of
consumer products. Therefore, a review of the regulatory requirements that
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guide the research and development of a functional food would include a
review of the scientific concepts and issues that are relevant to that particular
product. Thus, this chapter first defines edible vaccines as functional foods.
Second, some of the issues specific to bioengineered foods are briefly re-
viewed. Third, the requirements imposed by the U.S. Food and Drug Ad-
ministration (U.S. FDA) concerning the premarket and postmarket studies of
one type of vaccine [deoxyribonucleic acid (DNA) vaccines] are used to illus-
trate the types of scientific information that are needed for regulatory com-
pliance. Finally, existing scientific information on edible vaccines is reviewed
to describe the ongoing assessment of these functional foods.

II. EDIBLE VACCINES AS FUNCTIONAL FOODS

A 1996 review emphasized the basic tenets that characterize the nature and
development of functional foods (2). In essence, foods that are similar in
appearance to conventional foods and that are consumed as part of a normal
diet are developed to enhance human health or reduce the risk of disease by
enhancing specific physiological functions. The functionality of these foods
must be based on sound interdisciplinary scientific studies and evidence, and
such evidence must be communicated to the general public.

Edible vaccines are functional foods as they appear similar to conven-
tional foods, they function to stimulate the immune system to provide pro-
tection against specific infectious diseases, and a wide range of studies and
disciplines are required for their development and application. For example,
an edible vaccinemay be derived from the tomato. Such a fruit appears similar
to, and is consumed in the same way as, a conventional tomato. However, the
edible vaccine is engineered to deliver an immunogen (i.e., antigen that gen-
erates an immune response) to give the consumer resistance to a particular dis-
ease. The development of a single edible vaccine can conceivably encompass
the inputs ofmany disciplines, includingmolecular biology, agriculture,medi-
cine, ecology, nutrition, food science, and toxicology. Thus, edible vaccines
fulfill the definition of functional foods.

III. SCIENTIFIC ISSUES SPECIFIC TO BIOENGINEERED
FOODS

Perhaps the principal consumer and scientific issue is the safety of the
bioengineered food. Essentially, there must be evidence that the food is as
safe as its conventional counterpart (3). One example of the analysis of safety
of a bioengineered food is the present author’s published review of studies
performed on Monsanto’s glyphosate-resistant soybeans (4). These studies
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showed that genetically modified soybeans were substantially equivalent or
similar to nonmodified soybeans in nutritional content, toxicity and allergenic
potential, and acceptability to domestic animals (5–7).

Stein and Webber described other regulatory issues that concern bio-
engineered plants (8). The authors wrote that environmental regulations
control the cultivation, harvesting, and transportation of plants to ensure
that their genes and genetically influenced propensities (e.g, production of im-
munogens) do not contaminate other crops or inadvertently enter the human
food supply.

Stein and Webber also reviewed chemistry and manufacturing controls
(8). They stated that the production of bioengineered plants, including trans-
fection methods and genetic constructs used to modify plants, should be
thoroughly described. Seed banks should also be established to ensure con-
sistency between batches of plants that are cultivated. In the United States,
the manufacture of biologics (e.g., vaccine) derived from bioengineered
plants is overseen by the U.S. Food and Drug Administration, and compli-
ance with current good manufacturing practices must be enforced. Also,
analytical methods must be used to maintain consistency in the potency and
dose of biologics derived from fruits and vegetables that are eaten without
further manufacturing or processing. The stage of ripeness of the fruit or
vegetable, the maturity of the plant, and the shelf life or stability of the fruit or
vegetable may influence the biological characteristics of the product. Finally,
the structure of the engineered protein product within the plant must be
analyzed to determine its immunogenicity (i.e., ability to generate a useful
immune response as a vaccine) and allergenicity.

IV. SCIENTIFIC CONCEPTS UNDERLYING THE
PREMARKET AND POSTMARKET LIFE
CYCLE OF A VACCINE

As this chapter was written, there was no edible vaccine yet on the market.
Therefore, a complete review of the scientific studies of a particular edible
vaccine was not possible. However, another type of vaccine, the DNA vac-
cine, is further along in its research and development. Since several useful
reviews on the regulation of this vaccine were published, studies on the effi-
cacy and safety of the DNA vaccine can provide a model for analogous work
that will probably be required for the edible vaccine.

A. Quality Control of Manufacture

The first issue is that there should be a product that both is of high quality and
can be obtained in consistent form. The information required for regulatory
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compliance includes descriptions of (a) the intended use of the vaccine, (b) the
development of the product (e.g., origins of genes and cloning methods), (c)
the startingmaterials used to produce the unrefined product (e.g., cells used to
generate the genetic material to be used as immunogens), (d) the manufac-
turing process used to purify the product, and (e) the product in its final and
usable form (9).

B. Preclinical Study for Safety

The second issue concerns the safety of DNA vaccines. Some of the safety
concerns are unique to DNA vaccines since they involve the direct adminis-
tration of geneticmaterial into the host to be immunized. Apprehension stems
from the possibility that the incorporation and expression of foreign genetic
material by the host may lead to adverse immunological reactions such as
inflammation, autoimmunity, or immunosuppression (10). However, in vivo
animal tests are also done to examine other potential toxicities as well as to
determine dosages and routes of administration for clinical studies (11). These
studies are of relevance to edible vaccines. Preclinical studies for safety may
require at least 5 years for completion, and in theUnited States, these data are
presented in an InvestigationalNewDrug application to theU.S. FDAbefore
approval for human clinical trials (12).

C. Prelicensure Clinical Trials

Clinical trials are divided into four phases, the first three of which are con-
ducted before marketing of the product. The final phase occurs after release
and marketing to the general public.

Phase I consists of an initial evaluation of the safety and immunoge-
nicity of the vaccine for small groups of healthy adults. Adverse reactions,
tolerable dosages, and the generation of immune responses are among the
types of information sought (13).

In phase II, the vaccine is given to a larger number (50–500) of members
of the designated at-risk population to obtain information on safety and
immunogenicity. The purpose of this second phase is to develop the final
experimental design that will be implemented in the larger phase III trial.
Thus, information from phase II is used to determine such factors as the
appropriate dosages, adjuvants to be used, vaccination schedules, and the
number and personal characteristics of people to be included in the next phase
(13).

Phase III examines the efficacy of the vaccine in the target population.
Here, thousands of people at risk of contracting the particular disease for
which the vaccine was developed are inoculated and their progress followed.
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A typical clinical trial may require 7 years for completion and in one es-
timate could cost about $75 million (12). If the candidate biologic is shown
to confer significant protective immunity against the disease in question,
then a New Drug Application may be filed with the U.S. FDA for licens-
ing and marketing (12). The application should contain a full description
of the efficacy, safety, quality, and consistency of the vaccine as well as the
final manufacturing procedure. An inspection of the manufacturing facil-
ity is also conducted before final approval of the product for use (9). The
U.S. FDA approves about 20% of Investigational New Drugs for marketing
(12).

D. Postlicensure Evaluation

Phase IV of a clinical trial consists of an epidemiological study of the entire
vaccinated population. Rare adverse reactions not observed in previous
phases most likely become evident in this final phase with the largest number
of inoculated people (14). Also, only through this ongoing phase can the
long-term effectiveness of the vaccine be understood. Changes in the vaccine,
its manufacture, or its use may be warranted by information obtained in
phase IV (9).

V. STATUS OF THE DEVELOPMENT OF EDIBLE VACCINES

Reviews of the development of edible vaccines were published in 2001 (15–17).
These reviews show that efforts are being made to generate a variety of edible
vaccines for both human and animal diseases. Of particular interest as func-
tional foods are those that are directed to human illnesses such as those caused
by enterotoxigenic Escherichia coli and Vibrio cholerae, hepatitis B, rabies,
Norwalk virus, human cytomegalovirus, malaria, influenza, and autoimmune
diabetes. At the time of the writing of this chapter, most of these vaccines were
still at the early stages of development. For example, antigen-specific immune
responses were generated in mice by edible vaccines to hepatitis B (18),
respiratory syncytial virus (19), E. coli enterotoxin (20), and Norwalk virus
(21). In addition, diabetic mice fed transgenic potatoes that produced human
insulin–cholera toxin–subunit B fusion proteins showed reductions in pan-
creatic inflammation and progression of clinical diabetes (22). Interestingly,
this last example demonstrated the beneficial effects of a form of antigen-
specific immunosuppression or tolerance induction.

Published human clinical trials are limited to one study by Tacket and
associate (23). In this phase I trial, humans fed a transgenic potato that
expressed the Norwalk virus capsid protein had antigen-specific antibody
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responses to the viral protein. Oral vaccination resulted in increased periph-
eral blood immunoglobulin A–(IgA)-positive lymphocytes and intestinal
virus-neutralizing IgA. Since Norwalk virus causes acute gastroenteritis
and food poisoning (24), elevated IgA level in the intestines of vaccinated
volunteers would be among the preferred type of immune response desired.
Aside from this one published clinical trial, Walmsley and Arntzen (25) re-
ported that trials were under way for potato-derived hepatitis B and Norwalk
virus vaccines. On the basis of the length of time that is required for the
completion of these trials, edible vaccines for humans will probably not be
permitted for use by the general public for at least several more years.

VI. SCIENTIFIC PROBLEMS STILL TO BE RESOLVED
IN EDIBLE VACCINE DEVELOPMENT

There are still numerous problems to be solved and refinements to be made in
the production, application, and efficacy of edible vaccines before their
widespread use is realized. Transgenic plants must produce sufficient quan-
tities of immunogens in a consistent manner that predictable doses of vaccines
are delivered to the consumer (12,15,26). Further genetic manipulation and
selective breeding of plants will accomplish this goal. Other hurdles are the
instability and degradation of vaccines that follow harvesting of fruits or
vegetables. Types of processing of products (e.g., drying), choices of plants to
be bioengineered, and locations within the plants where vaccine components
are generated will all influence the stability of immunogens and their
deliverability to designated populations (12,15,26). Immunogens may also
succumb to digestion and degradation in the human digestive system and
thereby be rendered useless as vaccines. The efficient absorption of intact
immunogens may be facilitated through their encapsulation in liposomes or
transgenic plant tissues, or by physical linking with other molecules (12,15).
Of particular concern is the generation of oral tolerance. Since foods are
potential allergens to consumers, the immune system tends to suppress or
become incapable of generating immune responses to food components.
Without a mechanism for the generation of oral tolerance, the consumption
of any food would involve the risk of an allergic reaction. As described, one
strategy for the treatment of autoimmune diseases is the feeding of autoan-
tigens to generate tolerance to the molecular targets of an autoimmune reac-
tion (12,22). But edible vaccines must be designed tomaintain tolerance to the
food vehicle and yet not generate oral tolerance to the bioactive vaccine com-
ponent (27). Further studies on the design and delivery of edible vaccines, and
on the basic mechanisms of oral tolerance, will ensure the beneficial functions
of these bioengineered products.
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VII. CONCLUSIONS

This brief review of the scientific concepts and practices that underlie one type
of bioengineered product provides a basis for understanding the complex
challenges that are involved in converting an idea to a useful and marketable
product. In turn, an understanding of these complex challenges helps to
explain the time, costs, and ingenuity that are required for the development of
products such as edible vaccines. However, the potential benefits to be derived
from edible vaccines are incalculable when one considers the price in human
lives paid for microbial infections and other diseases.
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I. INTRODUCTION

Joseph Needham (1), after lifelong comparative study, wrote in his book,
Science and Civilisation in China as follows:

It is my conviction that the Chinese proved themselves able to speculate
about Nature at least as well as the Greeks in their earlier period. If
China produced no Aristotle, it was, I would suggest, because the inhib-

itory factors which prevented the rise of modern science and technology
there began to operate already before the time at which an Aristotle
could have been produced. But apart from the vision of the Taoists, there

runs throughout the Chinese history a current of rational naturalism and
of enlightened scepticism, often much stronger than what was found at
corresponding times in that Europe where modern science and

technology in fact grew up.

From the viewpoint of analytical Westerners’ knowledge, the Chinese
or Eastern interpretation of scientific observations probably appeared to be
based on primitive theories, such as yin and yang and the Five Phases.
However, in the view of Eastern people, who emphasized the harmony of
human beings and nature, simplifying the natural phenomena in an equation
to manipulate nature appeared to be too dangerous. For this reason, the
growth of science and technology in China was often reduced or abandoned
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when it experienced friction with ethical considerations. The rational natu-
ralism and enlightened skepticism of the Chinese, as described by Needham
(1) in the 1950s, would not be merely inhibitory factors preventing the growth
of science and technology, but could be considered as the safeguard against
the adverse effects of science and technology that we are confronting today.

John Robbins (2) warned of the adverse effects of the so-called Great
American Food Machine, created by scientific research and development
during the last century.His book,Diet for aNewAmerica, describes the effects
as follows:

Increasingly in the last few decades, the animals raised for meat, dairy
products, and eggs in the United States have been subjected to ever
more deplorable conditions. Merely to keep the poor creatures alive

under these circumstances, even more chemicals have had to be used,
and increasingly hormones, pesticides, antibiotics, and countless other
chemicals and drugs end up in foods derived from animals. The more

unnaturally today’s livestock are raised, the more chemical residues end
up in our food.

This is an example of the consequences of scientific development achieved
without ethical considerations. The conventional paradigm of scientific
development is facing a new challenge—recovery of harmony between
humans and nature and the world is now seeking the proper model for a
new paradigm.

II. THE QUAGMIRE OF THE WESTERN FOOD SYSTEM

Modern nutritional science is based on the analytical knowledge of food
components. When people began to learn about chemical composition, they
tried to determine the physiological effect of each component and to segregate
the useful components from harmful or useless ones. It is human nature to
value useful components more and to tend to concentrate them. The food-
stuffsmade in this way include butter, cheese, white bread, and sugar. Vitamin
pills are another example. Western food technology directed by modern
nutritional science for the last century achieved significant developments in
mass production of high-energy and high-protein nutritious foods that are
easily digested and absorbed in the body. However, it has gone too far and
aggravated mistakes. Foods made with refined ingredients contain high
energy density and little to excrete from the digestive channel. An average
of 30% to 40% of the energy in the Western diet is derived from fat, whereas
only 10% is in the traditional Korean standard meal. Overweight and obesity
are the natural consequence of consumption of this high-calorie food, and it is
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considered the major cause of all the chronic diseases that most affluent
people are suffering today. After removal of most of the undigestible matter
from food, there is little left to travel to the large intestine, where material
remains for a long period to lose water. Such a diet leads to constipation and
colon cancer.

Statistics shows that about 70% of Americans consider themselves
overweight and control their diet. They suffer from resisting their desire to
eat in themidst of affluent tasty foods. According to theReport of the Selected
Committee on Nutrition and Human Needs of the U.S. Senate in 1977 (3),
one in six deaths in the United States is caused by incorrect eating habits, and
the additional medical expenses due to incorrect eating habits of people were
estimated to cost U.S.$70.9 billion in 1994 (4). Although it is well recognized
in dietary guidelines that Americans must eat less fat and sugar andmore fiber
from cereals and vegetables, it is difficult to influence eating habits in a short
period. Americans have instead chosen to solve the problem by using purified
fiber and other isolated food components in pills as a dietary supplement.

Table 1 compares the causes of death in the United States, France,
Japan, and Korea. It shows clearly the differences in causes between East and
West. It is interesting to note that the people who eat more refined and
nutritionally concentrated food have less stomach cancer and liver cancer
and diseases but higher incidences of breast cancer and heart disease. Some
speculate that the use of soybeans as food is related to the low incidence of
breast cancer in Asian women. Aside from the genetic and environmental
influences, the style of diet appeared to be the most important factor
determining the cause of death. The calorie sources of both Koreans and

Table 1 Statistics of Cause of Death by Countries in 1994a

United States France Japan Korea

Total cancer 205.6 244.6 197.3 110.1
Stomach cancer (5.2) (10.4) (38.7) (28.8)
Liver cancer (1.8) (7.7) (16.7) (23.0)

Breast cancer (32.7) (36.3) (11.3) (3.8)
Diabetes 21.8 11.0 8.8 17.0
Hypertension 14.6 10.2 6.8 25.8

Heart disease 185.1 80.4 46.7 12.6
Cerebral blood

vessel disease
58.6 74.7 96.8 84.4

Liver disease 9.9 16.0 13.4 29.2

a Number of deaths per 100,000 people.

Source: WHO, World Health Statistics 1977–1999.
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Japanese are 58% to 66% from carbohydrates, 15% to 16% from protein,
and 19% to 26% from fat, whereas those for Americans are 52% from
carbohydrates, 15% from protein, and 33% from fat (5). Koreans eat 15%
more grains, 70% more vegetables, 17% more fruits than Americans;
Americans eat 46% more meat and meat products and 3.1 times more dairy
products than Koreans (5).

TheU.S. nutritional education and diet style have been the worldmodel
for the last half-century, and most of the developing countries have tried to
follow the U.S. model. One of the first to pursue the model was Japan, and
Korea followed thereafter. Despite the long tradition of a vegetarian food
habit in Korea and Japan, the food pattern has changed substantially to
Western style. Fig. 1 shows that the meat and dairy food consumption
increased 2.2 times and 18 times, respectively, during three decades in Korea,
and grain consumption decreased by 33% in the same period. The increase in
animal food consumption resulted in a drastic reduction in food self-
sufficiency from 80% in 1970 to 28% in 1995 (6).

Figure 1 Changes in Korean food consumption pattern and food self-sufficiency
during the past three decades. (From Refs. 6 and 7.)
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The Westernization of the Korean diet style has a strong correlation
with the prevalence of chronic disease among the population (8). Table 2
shows that the death rate caused by stomach cancer and liver cancer decreased
by 26.4% and 16%; respectively, but the rates of breast cancer and colon
cancer increased substantially, by 31.3% and 79.5% in Korea during the
decade from 1989 to 1998. The death rate caused by circulatory disease
decreased slightly (23.4%), but that caused by diabetes increased 2.2 times for
the same period.

III. HEALTH CONCEPT IN EASTERN DIETARY CULTURE

Northeastern Asian thought about life and health is based on the shamanistic
folk religion Taoism, which sets as the ultimate goal a healthy eternal life.
Established Taoism, as developed by early Chinese philosophers, teaches that
this goal can be achieved by discipline, mainly by the control of breath, sex,
and food. The principle of control is the harmony of yin and yang, the negative
and positive natures of the universe (9).

According to yin–yang and Five Phases theory, all food materials are
classified by their properties and their different tastes. The properties are cool,
as yin, neutral, and warm, as yang. For example, fruits on the tree are
considered to have the yang property, whereas root crops in the soil have
the yin property. The yin property also represents material entities such as
nutrients; the yang property represents functions, such as energy. Taste is
divided into five groups, representing the Five Phases: sour–wood, bitter–fire,
sweet–earth, pungent–metal, and salty–water (10). Taste can be related to the
human body and its organs, senses, and feelings, and even to color, the
weather, and the seasons, through classification into the Five Phases. Antag-

Table 2 Changes in the Causes of Death in Korea per 100,000

1989 1998 Change, percentage

Circulatory disease 161.5 123.7 �23.4
Cancer 105.0 110.8 5.5

Stomach 31.7 23.9 �24.6
Liver 23.6 20.0 �16.0
Breast 1.6 2.1 31.3

Colon 3.9 7.0 79.5
Diabetes 9.4 21.1 124.5

Source: Ref. 18.

Eastern and Western Food Systems 419



onistic or affinitive relations between tastes and organs or senses are also
judged or predicted by the principles of the Five Phases (10).

The basic idea of traditional Korean nutrition is to harmonize proper-
ties and tastes in the diet on the basis of yin and yang and the Five Phases. A
diet that inclines toward one property or extreme taste is considered to be
unhealthy. Korean meals are prepared to harmonize the properties and tastes
through selecting the proper ingredients and process.

Table 3 shows a Korean meal analyzed by the yin–yang and Five Phases
theories. The property of the main dish, cooked rice, is neutral, and the
materials used for side dishes are evenly distributed among yin and yang and
the Five Phases: the pattern of a balanced diet (11). The purpose of a
therapeutic food in Eastern medicine is to emphasize one of the properties
or tastes according to the patient’s symptom of illness: cool, cold, warm, and
hot. When a patient suffers from a disease caused by cool nature, a diet that
emphasizes the warm property is served, and the converse.

On the basis of the philosophical ideas and medical knowledge devel-
oped in China and Korea, the Korean people have developed a standardized
ideal meal, within a systematic menu program, that is called chop bansang.

Table 4 shows the nutritional value of a traditional Korean standard
meal system in the menu of Kim Ho-Jik as calculated by the current Food
Composition Table of Korean Food (12). The basic meal, which consists of a
bowl of cooked rice, a bowl of soup, and a dish of kimchi, can supply 40% of
the energy and 48.7% of the protein of the Recommended Dietary Allowance
(RDA). When three dishes were added to the basic meal, the three-dish meal
(samchop bansang) contained 47.2%of the energy and 94.3%of the protein of

Table 3 Analysis of a Korean Meal in Terms of Yin–Yang and the Five Phases

Wood

(sour) Fire (bitter) Earth (sweet) Metal (pungent)

Water

(salty)

Yang (warm) Leek Mugwort Shepherd’s purse,
wheat flour

Green onion,
garlic, ginger,
black pepper,

sesame

Salt

Neutral Water, rice,
soybeans,
yellow corvina

Yin (cool) Vinegar Plant root,
fernbrake

Cabbage Onion Soy sauce,
soybean
paste
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the RDA. Sufficient amounts of minerals and vitamins were supplied by the
three-dish meal. Carbohydrates contributed 77.0% and 64.4% of the total
energy in the basic meal and the three-dish meal, respectively, whereas lipid
contributed only 8.3% and 11.6%. The energy from lipid did not exceed 12%
of the total energy supply until a five-dish meal, which was considered a
luxury, was analyzed.

The traditional Korean meal was estimated to be able to supply from
2000 to 2500 calories and from 80 to 90 g of protein per day. The energy
constituents were 73% to 77% carbohydrates, 15% to 18% proteins, and
10% to 12% lipids. Animal protein was 20% to 30% of the total protein. The
contribution of lipid energy in total calorie intake did not significantly change
by increasing the number of side dishes to five, but that of protein did increase.
It appears that the Korean traditional meal is well balanced in the view of
modern nutritional science. It could supply sufficient protein, minerals, and
vitamins to nourish an adult male if the energy intake exceeded 2000 calories
per day (10).

High amounts of carbohydrates, which are mainly supplied by cereals
and vegetables, and low amounts of animal meat and fat are characteristics of

Table 4 Evaluation of the Nutritional Value of the Traditional Korean Standard Meal
in the Menu of Kim Ho-Jik (1944)a

Type of menu Basic meal Three-dish meal Five-dish meal Seven-dish meal

Composition

of menu

Cooked rice,

soup, kimchi

Basic meal plus

spinach, roasted

beef, dried fish

Three-dish meal

with stew plus

meat jelly,

fermented

fish roe

Five-dish meal

plus panned

oysters, radish,

kimchi

Total energy (kcal) 995 (40.0) 1181 (47.2) 1320 (52.8) 1672 (66.8)

Carbohydrate (%) 77.0 64.4 60.1 53.4

Protein (%) 14.7 24.0 28.0 27.7

Lipid (%) 8.3 11.6 11.9 18.9

Total protein (g) 36.5 (48.7) 70.7 (94.3) 92.5 (123.3) 115.5 (154.0)

Animal Protein (g) 28.7 59.5 69.0 72.3

Ca (mg) 161.1 (26.9) 216.3 (36.1) 255 (42.5) 596 (99.3)

Fe (mg) 12.1 (121.9) 23 (230) 26.8 (268) 40.3 (403)

Vitamin A (IU) 426.2 (17.1) 8,7616 (350.5) 9,129 (365.2) 9,965 (398.6)

Vitamin B1 (mg) 0.62 (47.6) 0.86 (66.2) 1,08 (8.1) 2.16 (166.2)

Vitamin B2 (mg) 1.92 (127.9) 3.03 (202.2) 3.44 (229.3) 4.35 (290.4)

Niacin (mg) 11.6 (68.3) 28.9 (169.9) 37.1 (218.2) 45.8 (269.4)

Vitamin C (mg) 19.7 (35.9) 83.7 (152.2) 86.4 (157.2) 99.6 (181.2)

a ( ), Percentage of recommended dietary allowance.
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a traditional Korean diet. In the traditional Korean culture, food was con-
sidered to be the fundamental source of health, and it was believed that all
diseases could be cured by the control of food intake. Without knowledge of
the chemical composition of foods, Koreans have developed a well-balanced
diet by using their yin and yang and Five Phases theories. Whereas nutritional
science in Western society is based on analytical techniques confirmed with
animal experiments, the Eastern concept of food and nutrition is developed
for the harmonization of human beings and nature through long experience
with human trials.

On the basis of the health and nutritional concepts ofKorea,Hong Seon
Pyo (13) proposed dietary guidelines in his Book of Korean Cookery,
published in 1940, as follows:

1. Eat only when hungry.
2. Eat hard materials, with adequate mastication.
3. Stop eating before achieving satisfaction.
4. Eat raw food wherever possible.

He suggested using certain principles in selecting ingredients for the prepa-
ration of healthy food:

1. Fresh
2. Raw
3. Natural
4. Long-lived plants and animals
5. Dense texture
6. Young plants and animals
7. Materials produced nearby
8. Nonstimulating foods

He also recommended the reduction of salt and refined sugar intake. His
dietary guidelines and principles of selecting food materials are widely
accepted today.

Considering food to be medicine, practitioners of traditional medicine
studied each food ingredient for its property, taste, and medicinal effects.
Their knowledge has been compiled in numerous medicinal books in China
and Korea for thousands of years and has been practiced in everyday life at
the household level as part of Korean dietary custom.

Food preparation was likened to prescription of medicine for the
individuals in a household. The word yaknyum, the general term for ‘‘sea-
soning’’, means ‘‘thought of medicine.’’ This mentality refuses to accept
processed food made in a mass production system. The enormous size of the
health food market today in Korea and neighboring countries reflects the
tradition of ‘‘food as medicine.’’
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A 1996 survey of consumer attitudes toward health food and their
perceptions on health and food habits in Korea revealed that the people
considered their food habits as the most important factor in the maintenance
of health, followed by physical exercise. More than 90% of the people
believed that food habits were the most important factor determining the
condition of health of human beings, and that diseases could be cured by
adjusting food habits (14). One-half of the subjects had the experience of using
health foods, and 68% believed in their effectiveness (15).

IV. HARMONIZATION FOR PARADIGM SHIFT

Food technology and modern nutritional science have improved the well-
being and health status of humankind tremendously for the last century. The
chemical analysis of food components makes us evaluate not only the nutri-
tional value of food, but also physiological function at the microgram level of
minor components. Food is no longer merely an energy and essential nutrient
supplier; it is now proved by modern analytical tools to be a disease-
preventing and even a disease-curing agent. The border between food and
medicine is obscure, as shown in Fig. 2 (16).

Figure 2 Definition and regulatory status of health foods.
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The regulations adopted from Western society strictly distinguish food
from medicine, creating severe conflict with the general concept of food and
medicine in traditional societies. The range of health claim allowances for
food varies from country to country for this reason. The demand for health
claims in food will increase as modern analytical techniques explore more of
the physiologically effective substances in food.

It appears that the old Eastern concept of food as medicine is now being
proved by Western analytical methods. However, the approaches taken to
utilize natural products for health benefits of humankind are different in East
and West. Western analytical science continues to identify the effective
components in food materials and purify them and make into pills, as they
have for vitamins. It is the main driving force of research today to produce
profitable nutraceuticals and drugs from natural products. Biotechnology is
being used to maximize the production of useful components in the cell and
facilitate their separation. This trend of product development will probably
cause the same quagmires we have experienced in Western society, such as
removal of fiber from food materials, causing constipation and colon cancer,
and consumption of high-protein and high-fat diet, aggravating cancer, heart
disease, and osteoporosis.

The Eastern approach is blending various components to maximize
beneficial effects andminimize side effects. Eastern people know that no single
component can provide absolute benefit to the body, which is made of various
organs and tissues that have different functions and chemical reactions.Many
of the health and medicinal effects of natural products are derived not from a
single component but from the integrated action of numerous components.
Emphasizing only a known beneficial effect by concentrating the component
responsible may potentially create numerous unknown adverse effects. This
caution makes the Eastern medical practitioners use blending of herbs and
other natural products in medicine. Some of the ingredients are used only for
the reduction of an adverse effect of the major ingredients. The same
principles have been applied for selection of food ingredients, as represented
by the yin–yang and Five Phases theories mentioned.

Now the answer is rather clear about the direction the paradigm shift
should follow. The analytical approach of Western science and technology
has gone too far in the ‘‘differential’’ region and is likely to overlook the whole
picture. It is necessary to consider matters with an integral view, considering
harmony of human and universe, sparing natural resources, and practicing
ethical behavior with our fellow creatures. We often discuss ‘‘sustainable
development’’ and ‘‘environmentally friendly production systems’’. These
tendencies are all in the same direction. Modern biotechnology should pay
great attention to this proposition, so that it will not be hindered by social
resistance and rejection.
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Consumer Attitudes Toward
Biotechnology: Implications for
Functional Foods
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Concern about biotechnology continues to be low on consumers’ list of
concerns. When asked to volunteer food-related concerns, only 2% express
concerns about the safety of foodsmodified by biotechnology. People support
applications that benefit the environment; modifications that provide direct
consumer benefits, such as increased nutritional value or better taste, are
endorsed by slightly fewer people. Most consumer research has focused on
plant applications of biotechnology; modification of animals may be more
emotionally charged. Few European consumers consider themselves knowl-
edgeable about biotechnology. Knowledge of basic biology is lacking, putting
people at risk formisinformation. A sizable percentage of Europeans consider
genetically modified plants very different from traditional plants and believe
their personal genetic material will change if they consume genetically
modified food. Among applications of biotechnology, more Europeans
consider medical applications useful and appropriate for support when
compared to other applications. Consumers are interested in information
on the relationship between health and diet. Health-related applications may
be well received with the appropriate communication program. Communi-
cation with Europeans intended to correct misinformation and describe
potential benefits of biotechnology is challenging since few consumers trust
government and industry information sources. Experience in the United
States indicates that communication can change attitudes. Frequent and
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effective communication that highlights potential benefits and addresses
public concerns is a prerequisite for increasing public acceptance.

I. INTRODUCTION

Modern biotechnology can be applied in a broad range of areas, offering
advantages in food production and processing, environment stewardship,
and human health (1). Crop production can be modified to provide increased
yields on the same acreage, lower production costs, and use less of pesticides
and herbicides. Plant breeders have used recombinant deoxyribonucleic acid
(rDNA) technology to develop corn that is nutritionally more dense and
easier for animals to digest.Human food can bemodified to provide improved
nutritional characteristics, lower levels of natural toxins, and increased qual-
ity. In the future, proteins that trigger allergic reactions may be removed, so
people with allergies can enjoy previously prohibited foods. Although the
range of promising applications is broad, not all consumers have responded
positively to them.

II. ATTITUDES TOWARD BIOTECHNOLOGY

A. U.S. Consumers

Consumer surveys provide general information about consumer attitudes
toward product innovations. Most U.S. consumers have a positive attitude
toward biotechnology, and 61% believe biotech will benefit them and their
family within the next 5 years (2). Furthermore, in a 1000-person nationwide
U.S. telephone survey conducted in 2001, 65% of consumers indicated that
they would purchase produce modified by biotechnology to reduce pesticide
use, and 52% said that they would purchase productsmodified for better taste
(2). When told that biotechnology-modified plants could be used to produce
cooking oil with less saturated fat, only 14% indicated that the use of
biotechnology would have a negative effect on their likelihood of purchase.

Few U.S. consumers perceive modifications by biotechnology as risky,
and labeling food as genetically modified is not a priority. When asked in an
opened-ended question about food safety concerns, only 2%volunteered con-
cerns about genetically modified food (2). In contrast, concerns about food
borne disease and safe handling were mentioned by 30% and 32%, respec-
tively. When asked whether there was information not currently on a food
label they would like to see added, only 1% asked for information indicating
whether the food was genetically altered (2). When asked by another
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investigator to select one item from a list of potential label additions, 17%
chose labeling that indicated whether the product was genetically altered,
33% selected information whether pesticides were used in production, 8%
whether the product was imported; 16% responded that they needed no
additional information; and 15% said they did not know (3).

Attitudes toward biotechnology can be influenced by perception of the
technology’s impact beyond the safety or quality of food. Surveys reveal that
the public considers potential environmental risks caused by genetic modifi-
cation important. When respondents were asked whether a series of potential
risks are very, somewhat, or not at all important, the potential for contam-
ination of plant species by genetic transfer was considered a very important
risk by 64%of consumers (4). Other potential risks and the percentage of con-
sumers considering the risk very important include the potential to create
superweeds, 57%; to develop pesticide-resistant insects, 57%; to reduce ge-
netic diversity, 49%; and to produce modified plants that could harm others,
48%.

The percentage of the public having a positive view of biotechnology has
decreased over time. In 2001, 61% of consumers said they expect to receive
personal benefits from biotechnology, whereas in 1997, 78% held that view
(2). Similarly in 2001, 65% of consumers indicated they would purchase
products modified to reduce pesticide use, whereas in 1997, 71% said they
would buy modified products offering this benefit. This attitude change could
be related to negative media coverage and the perception that potential risks
were not under control. Media coverage of biotechnology increased from less
than 1% of articles in 1997 to 6% in 1999 and 12% in 2001 (5). A content
analysis of articles in 1999 found that claims of harmwere expressed in 70%of
the articles, whereas discussions of benefits were included in only 30% of the
stories (6). Discussion of harm focused on environmental or human health,
whereas benefits were generally limited to increased production. This is not
likely to be an important benefit to consumers in areas where food is
abundant. In 2001, articles on Starlink corn dominated media coverage at
73%, while the ability to detect biotechnology components was the focus of
11%of the articles, and labeling of biotechnology foods was discussed in 10%
of the articles (5). Negative comments exceeded benefits by an 8 to 1 ratio.
Although Starlink corn led to no known human illness, the potential for an
allergic response was frequently mentioned. Furthermore, the incidence
illustrated that modified plant products could unexpectedly be present in a
wide variety of foods.

Many consumers value potential benefits made possible through bio-
technology. When specific benefits are identified, 74% rated cleaning toxic
pollutants as very important (4). Other potential benefits and the percentage
of consumers considering the benefit very important include reducing soil
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erosion, 73%; using less fertilizer, 72%; developing drought-resistant plants,
68%; developing disease-resistant trees, 67%; and using less pesticide, 61%.

Few consumer studies have focused on animal applications of biotech-
nology. Early work found fewer than 40% of consumers indicate support for
traditional cross-breeding practices (7). In contrast, when asked about the
techniques of biotechnology in conjunction with specific benefits, more than
40% expressed support for using biotechnology to produce leaner meat, and
more than 50% supported use of biotech to enhance animal disease resistance.

B. European Consumers

Few Europeans (11%) consider themselves informed about biotechnology
(8). Questions related to facts of biology indicate basic knowledge is lacking
among the general population. In 1999, only 34% of European consumers
correctly responded that genetically modified animals are not always larger
than conventional animals. Only 35% correctly responded that the following
statement is false: ‘‘Ordinary tomatoes do not contain genes while genetically
modified tomatoes do.’’ Furthermore, only 42% recognized that eating
genetically modified fruit does not change personal genes, 24% believed
human genes would be changed, and the remaining were uncertain. A com-
parison of responses in 1996 and 1999 indicates that there has been little in-
crease in public knowledge. In fact, fewer consumers responded correctly in
1999 to the statement that eating genetically modified fruit changes human
genes than in 1996: 42% correct responses in 1999 compared to 48% in 1996.

Only about half of European consumers were aware of many of the
applications of biotechnology (8). Slightly over half, 56%, were aware that
genetic modification could be used to make plants resistant to insect attack.
About half were aware that these tools could be used to detect inherited
diseases (53%), prepare humanmedicine or vaccine from animals (52%), and
clone human cells to replace those that are not functioning (49%). Slightly
fewer (44%) were aware that tools of biotechnology could be used to
introduce human genes into bacteria to make medicine such as insulin for
diabetics. Only 28% knew biotechnology could be used to clean toxic spills.
Similarly, a national survey in theUnitedKingdom found 22% said that there
were no benefits of genetically modified food and 31% indicated they did not
know about benefits (9). Furthermore, 69% of UK consumers indicated they
did not know enough about genetically modified foods to made a decision
about their use.

When basic knowledge about biology is lacking, the belief persists that
consumption of modified food can change human genetic material, and
awareness of benefits is limited, it is not unexpected that European consumers
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are concerned about potential risks associated with eating genetically mod-
ified food.

When respondents were asked to rate whether a biotechnology appli-
cation is useful, is risky, or should be encouraged, medical applications were
considered most useful, including using tools of biotechnology to detect he-
reditary disease, using human genes in bacteria to produce medicine, and
replacing nonfunctional human tissue (8). Environmental remediation,
described as developing genetically modified (GM) bacteria to clean toxic
spills, was also more highly regarded.The usefulness rating for modifying
food to obtain high protein, longer shelf life, or changed taste was lower than
for the other applications explored: a usefulness rating at the midpoint. The
support for environmental applications is consistent with a national survey in
France. A majority of consumers (63%) indicated that it was acceptable to
grow genetically modified crops in France if doing so allowed the develop-
ment of more environmentally friendly practices (9).

Europeans considered all applications of genetically engineering some-
what risky (8). The applications considered most risky were food production
and cloning of animals. Using tools of biotechnology to detect hereditary
disease received the lowest risky rating but was still at the midpoint of risk.

When respondents were asked to rate the moral acceptability of various
biotechnology applications, developingGMbacteria for environmental reme-
diation, using biotechnology to detect hereditary disease, and cloning animals
to produce medicine or vaccine were rated highest in acceptability (8). Two
applications,making plants resistant to insects andmodifying food to increase
protein, shelf life, or taste, were below the midpoint of moral acceptability.

Those applications European consumers felt should be encouraged
corresponded to perceptions of usefulness and moral acceptability (8).
Medical and environmental applications received the highest ratings; pro-
duction of insect-resistant plants and food-related modifications received the
lowest. Since consumers respond differently to various applications of
biotechnology, it is not the technology itself that is acceptable or unaccept-
able, but the way the technology is used. In an analysis of European attitudes,
Gaskell (2000) observed that as the perceived usefulness of applications
declines, there are an increase in perceived risk and a decline in moral ac-
ceptability and support (10). Perception of the value or worth of potential
benefits is key to acceptance of the application of biotechnology and the
products produced.

Communication about potential benefits and risks is critical to accep-
tance.When askedwho is doing a good job in the area of geneticmodification,
more European consumers supported the work of consumer organizations,
70%, followed by newspapers, 59%, and environmental organizations, 58%
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(8). The government and the food industry were perceived as doing a good job
by only 45% and 30% of Europeans, respectively. Similarly, few European
consumers, 3%–4%, indicated they trusted international or national public
authorities in regard to work with genetic modifications; greatest trust was
placed in consumer organizations, 26%, and medical professionals, 24%.

C. Attitude Change

People can change their attitudes in response to information from a credible
source. Many groups are involved in education in the United States. The
biotechnology industry funds television advertisements that describe the ben-
efits of this technology. Professional societies, such as the American Dietetic
Association and the Institute of Food Technologists, have prepared material
for their members, the media, regulators, and the public. Universities and
colleges also have outreach programs to keep the public informed about new
developments.

A university-sponsored program delivered in California and Indiana
provided information about biotechnology for community groups, such as
Kiwanis, Lions, Rotary, and Soroptomist (11). A 14-minute videotape high-
lighting current applications of biotechnology was shown during the organi-
zation’s normal meeting time, followed by a discussion with members as to
potential risks and benefits of the technology. Tracking of attitudes of par-
ticipants before and after the program revealed that the percentage of con-
sumers who believe biotechnology offers society benefits increased from 68%
before the program to 96% afterward. Similarly those who believe biotech-
nology presents society with risks increased from 46% to 65%. In an assess-
ment of the overall impact of biotechnology on human health, those believing
the impact would be positive increased from 71% initially to 90% after the
program. Those believing the overall impact of biotechnology on the envi-
ronment would be positive increased from 65% initially to 83% after the
program.

Similarly, consumer surveys after television advertisements describing
potential benefits of biotechnology show increased public recognition that
biotechnology can be used to reduce pesticides, produce healthier foods,
produce hardier corps, and develop new medicines (12). Those agreeing that
biotechnology can be used to develop new medicines and health care
techniques increased from 68% inMarch 2000 to 78% in July 2002. Similarly,
those believing biotechnology develops healthier foods such as food that is
higher in nutrients increased from 45% in March 2000 to 56% in July 2002.
Support for biotechnology continues to be higher among people who have
heard more about it. In July 2002, 67% of those who had heard some or a lot
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about biotechnology supported developing new varieties of crops, compared
to 51% who had heard little or nothing about biotechnology.

III. ATTITUDES TOWARD HEALTH-PROMOTING FOODS

Consumer interest in diet and health is high. Most consumers check nutri-
tional labels when first purchasing items (13–15). Consumers in the United
States indicated an interest in receiving information about the health benefits
of food. In a nationwide survey, 78% of consumers said they were interested
in receiving information about food that boosts the immune system, 77%
were interested in information about food that reduces the risk of disease, and
53% were interested in information about active cultures in yogurt (16). A
focus group study conducted in California investigating consumer response
to probiotic bacteria in dairy products found strong interest in product
benefits (17). Consumers indicated their belief in the validity of health ef-
fects was increased when health claims were reviewed by the U.S. Food and
Drug Administration and additional endorsement was provided by recog-
nized health organizations (17).A survey of foodmanufacturers, retailers, and
ingredient producers projected a 60% growth in functional foods in Europe
and a 78% growth in theUnited States between 2000 and 2015 (18). Although
consumer interest is high, national surveys find that themajority ofAmericans
support increased government regulation to ensure that claims about health
benefits are true (19).

IV. CONCLUSIONS

The key to consumer acceptance of biotechnology is perceived benefit.
Consumers expect human, animal, and environmental safety to be protected.
Consumer attitudes are more likely to be positive when people understand
why animals or plants are modified, they view the potential benefit as
important, and neither the animal nor the environment is harmed. Support
of medical application of biotechnology is strong. Consumer attitudes toward
modification of functional foods for health benefits may be aligned with
medical applications when appropriately presented.

Messages about potential benefits should be presented many times,
using a variety of media. Although consumers in the United States have
positive attitudes, few are aware of all the potential applications under
development. European consumers are less aware, and many do not trust
regulators or the food industry. Messages about biotechnology that highlight
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potential benefits, address consumer concerns, and are delivered by trusted
knowledge sources are critical to long term-acceptance.
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