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SERIES INTRODUCTION

The Nutrition and Health series of books provide health professionals with
texts that are essential for professional development because each includes: (1)
a synthesis of the state of the science, (2) timely, in-depth reviews by the leading
researchers in their respective fields, (3) extensive, up-to-date fully
annotated reference lists, (4) a detailed index, (5) relevant tables and figures, (6)
identification of paradigm shifts and their consequences, (7) virtually no overlap
of information between chapters, but targeted, interchapter referrals, (8) sugges-
tions of areas for future research, and (9) balanced, data-driven answers to patient
questions that are based upon the totality of evidence rather than the findings of
any single study.

The series volumes are not the outcome of a symposium. Rather, the editors
have the potential to examine a chosen area with a broad perspective, both in
subject matter and in the choice of chapter authors. The international perspective,
especially with regard to public health initiatives, is emphasized where appropri-
ate. The editors, whose trainings are both research- and practice- oriented, have
the opportunity to develop a primary objective for their book; define the scope
and focus, and then invite the leading authorities from around the world to be part
of their initiative. The authors are encouraged to provide an overview of the field,
discuss their own research, and relate the research findings to potential human
health consequences. Because each book is developed de novo, the chapters can
be coordinated so that the resulting volume imparts greater knowledge than the
sum of the information contained in the individual chapters.

Nutritional Health: Strategies for Disease Prevention, edited by Ted Wilson
and Norman Temple clearly adheres to the mission of the Nutrition and Health
series. Drs. Wilson and Temple provide the reader with a number of chapters with
unique and compelling perspectives concerning the importance of the essential
and currently characterized, nonessential components of the diet and their poten-
tial roles in reaching optimal health. The critical role of nutrition, from fetal life
to senior years, in chronic diseases, especially osteoporosis, cancer, diabetes, and
cardiovascular disease, is reviewed in depth in a number of key chapters.
Requirements and functions for dietary components such as antioxidants, soy
isoflavones, and long-chain polyunsaturated fatty acids are discussed in light of
their importance in primary as well as secondary prevention of specific disease
conditions. By including chapters on the role of biotechnology in the develop-
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ment of the food supply, nutritional epidemiology, as well as nutrition for exer-
cise/sport applications, the editors have made this volume more appealing to a
wider audience than most basic nutrition texts. Moreover, Nutritional Health:
Strategies for Disease Prevention is especially unique in the inclusion of a chap-
ter by Michael Jacobson of the Centers for Science in the Public Interest on the
role of the private versus public sector in nutrition advocacy. Other provocative
chapters include two coauthored by Norman Temple: one, coauthored with
Marion Nestle, that addresses the role of government in nutrition policy and a
final chapter coauthored with Ted Wilson that projects the potential consequences
of nutrition policies on health in the 21st century. Readers will also gain timely
information about the role of the Internet in nutrition communications and
resource availability. Thus, Nutritional Health: Strategies for Disease Preven-
tion represents a comprehensive, up-to-date resource for undergraduate, gradu-
ate, and medical students, nutrition and public health educators, practicing
physicians, and other health care providers as well as policy makers.

                          Adrianne Bendich, PHD, FACN

                   GlaxoSmithKline, Parsippany, NJ
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The role of nutrition in the prevention of chronic diseases has gained greater
awareness among funding agencies and food producers, and in national dietary
guidelines. Over the last 20 years, the explosive growth of the field of nutritional
epidemiology has helped guide this transition. The earliest cross-cultural studies
provided an inexpensive method for examining associations between food and
nutrient intake and chronic disease. Since then, metabolic studies and large-
scaled prospective cohort studies and clinical trials have provided detailed in-
sight into the importance of specific nutrients in the prevention of chronic disease.
With the refinement of scientific tools to study nutrition, we have
become more focused and narrow in the topics we study. Scientifically, this
allows us to understand the complex biological processes that form the basis for
associations between nutrients and disease. However, from a public health per-
spective, we cannot lose sight of our larger goals of understanding how foods and
food groups affect a multitude of health conditions. Nutritional Health: Strate-
gies for Disease Prevention addresses this issue by putting into a public health
context the most recent scientific evidence for the health effects of vitamins,
minerals, functional foods, and other classes of foods.

Nutritional Health: Strategies for Disease Prevention fills a gap appparent in
other publications. First, it provides readers with updated and detailed reviews
of the literature in several new areas of nutritional research. Importantly, each
chapter also emphasizes how the specific food components may affect a wide
range of health conditions. Second, several chapters address more global issues
related to the importance of preventive nutrition for food advocacy groups, for
government agencies, and for shaping nutritional research for the new century.

One important concept that we should always keep in mind when reading new
scientific publications is that conclusive evidence documenting an association
between food and chronic disease can sometimes take decades to complete.
Therefore, our understanding that fruits and vegetables lower the risk of cancer
or cardiovascular disease is based on much more substantial evidence than more
recent research findings on the health benefits of soy isoflavones or nutraceuticals.
The editors in Nutritional Health: Strategies for Disease Prevention appropri-
ately describe the current state of knowledge in each of the areas highlighting
those topics where research is definitive and others where it is promising or
speculative.
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Medical educators of the future will need to incorporate the concept of preven-
tive nutrition into their training programs, and health providers will need to
incorporate sound clinical advice on nutrition habits. This book can serve as an
important guide to help us all weave through the growing body of literature that
suggests nutritional interventions are essential in reducing risk of chronic
disease.

Eric B. Rimm, SCD

Harvard School of Public Health
Boston, MA
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During the last century of continuous nutritional advancement, we have
frequently been faced with great opportunities that were brilliantly disguised as
insoluble problems. Perhaps we are biased, but in our eyes, the apparently
unsolvable problems associated with nutrition are among the most exciting of
those in the life sciences. How many other branches of the life sciences offer the
promise of slashing the burden of human disease by one third or more?

With a scattering of brilliant exceptions, until the 1970s, few gave serious
consideration to the notion that our diet plays an important role in such chronic
problems as heart disease and cancer. Today, we have a vastly improved under-
standing of the role of diet in disease; we know, for example, how fats, fruits, and
vegetables affect cancer and heart disease, how salts and calcium affect blood
pressure and osteoporosis. Now, at the dawn of the 21st century, our vastly
improved nutritional knowledge affords us the capability of preventing a sizable
fraction of the chronic diseases that afflict the people of our world, but only if we
can fully inform its populace about these discoveries.

Ironically, despite overwhelming evidence that nutrition has such enormous
potential to improve human well-being, the field still fails to receive the
resources it merits. Growth in funding for nutrition research and education
remains stunted. By contrast, countless millions of dollars are spent on the glam-
our areas of biomedical research, such as genetic  engineering and gene therapy.
But we already know that our genes can only explain a fraction of our disease
burden. Even if gene therapy reaches its full potential, it seems most improbable
that it will ever achieve a quarter of what nutrition can do for us today.

In the words of Confucius: “The essence of knowledge is that, having acquired
it, one must apply it.” But a major barrier is that nutrition information often fails
to reach the health professionals who most need to apply it. This is illustrated by
a recent survey of physicians in Canada (1) conducted by one of us. This study
revealed mixed results on the depth and breadth of nutrition knowlege. For
example, barely half of those surveyed knew that potassium is protective against
hypertension or that hydrogenated fats contain trans fatty acids.

How can our exciting discoveries in nutrition be applied when much of this
information has not filtered through to the people who most need it, namely, the
physicians, dietitians, and nurses who represent the frontline workers in health
care? How do we bring this information to others who also need it, such as the
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professors of nutrition who lack the time to read more than a tiny portion of the
literature outside of their main area of interest?

Nutritional Health: Strategies for Disease Prevention endeavors to address
the needs of those who would most benefit from up-to-date information on recent
advances in the field. Accordingly, our book contains a series of chapters by well-
established experts across a diverse range of nutritional areas. Our aim is not so
much to cover all the leading edges of nutrition, as it is to discuss recent thinking
and discoveries that have the greatest capacity to improve human health and
nutritional implementation.

Some readers may disagree with the opinions presented, but in nutrition,
differences of opinion are often unavoidable. Owing to the constant changes in
our diet, nutrition is by nature in constant dynamic flow, as are our opinions of
what constitutes the best nutritional habits. The views expressed in Nutritional
Health: Strategies for Disease Prevention are in many cases particular interpre-
tations by the authors of each chapter on their areas of specialization.

Ted Wilson, PHD

         Norman J. Temple, PHD

1. Temple NJ. Survey of nutrition knowledge of Canadian physicians. J Am Coll Nutr 1999;
18:26–29.
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  1 Nutrition Advocacy
for Better Health

Michael F. Jacobson

1. INTRODUCTION

As other chapters in this book make clear, the broad outlines of good nutrition
are well known: eat more foods rich in vitamins, minerals, fiber, and phytochem-
icals (fruits, vegetables, whole grains, and low-fat animal products), and fewer
foods rich in saturated and trans fats, cholesterol, refined sugars, and salt (meat,
cheese, hydrogenated shortening, egg yolks, soft drinks, sweet baked goods, and
salty processed foods).

The challenge to health officials and nutrition educators is to make that healthy
diet the preferred diet of the nation. Working against good nutrition is everything
from consumers’ taste buds to the corporations that market pathogenic foods.
The soft drink, fast food, meat, egg, and other marketers not only advertise their
products heavily and distribute them widely, but they use every opportunity to
influence legislators and government officials. With government being heavily
pressured by industry, advocacy groups like the Center for Science in the Public
Interest (CSPI) seek to represent the public interest in influencing both public
opinion and public policies. This chapter uses several case studies to indicate
how CSPI and other consumer-advocacy groups function.

CSPI is a nonprofit organization that was founded in 1971 by three scientists
who wanted to apply their expertise to solving social problems. In general terms,
CSPI investigates whether corporate practices and government policies are con-
sistent with scientific research and, if not, seeks to bring about greater consis-
tency. The organization has received some funding from foundations and the sale
of publications, but most of its funding has come from subscribers to its Nutrition
Action Healthletter. CSPI, unlike many nonprofit organizations, does not accept
funding from industry or government.
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Since its founding, CSPI has been concerned with, among other issues, nutri-
tion and food safety. Nutrition has been a priority because of diet’s great impact
on health. According to US government estimates, poor diet (coupled with a
sedentary lifestyle) causes between 310,000 and 580,000 deaths per year (1).
Just four diet-related health problems—heart disease, cancer, diabetes, and
stroke—are responsible for at least $71 billion in direct and indirect costs annu-
ally (2). On the food-safety side, food poisoning is estimated to cause about 5000
deaths and 76 million illnesses annually. In addition, food additives may cause
illnesses or deaths due to allergic reactions, congestive heart failure, cancer, and
other health problems. Government health agencies have the primary responsi-
bility for reducing those tolls. However, in practice, government is often limited
by political considerations deriving from the power of the agricultural, food-
processing, supermarket, restaurant, and advertising industries. Consumer groups
like CSPI attempt to balance that power by encouraging government to act more
aggressively in the public interest.

2. EDUCATION

Public education is the bedrock of CSPI’s activities. Not only does education
directly assist consumers who are seeking to improve their diets and health, but
it also serves as a foundation for activism on the policy front. CSPI provides
information by means of such traditional methods as newsletters, books, pam-
phlets, media interviews, and, more recently, the Internet (www.cspinet.org). It
also holds press conferences to draw media attention to timely issues and new
reports. And occasionally it sponsors paid mass-media ads (newspapers, televi-
sion, radio).

CSPI’s first educational campaign was grassroots-oriented. In April of 1975,
1976, and 1977, CSPI sponsored the national Food Day. The annual event
spurred activities in thousands of classrooms and communities around the
United States. It encouraged improved diets, greater support for anti-hunger
programs in the United States and abroad, and discussion of problems caused
by agribusiness. The local efforts were reinforced and stimulated by a hand-
book (3) and national publicity in newspapers and on television. Food Day
introduced millions of people both to concerns about nutrition and to the fledg-
ling activist organization.

Currently, CSPI’s major educational medium is its own newsletter, Nutrition
Action Healthletter, which has more than 800,000 subscribers in the United
States and Canada. That newsletter has articles on nutrition research, the nutri-
tional quality of natural and processed foods, and other consumer information.
It also supports CSPI’s policy initiatives by encouraging readers to write to or
call government and industry officials.
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Information in the form of occasional articles and media appearances only has
limited power to influence the national diet, especially when one voice, such as
CSPI’s, is only one of hundreds of voices vying for the public ear. CSPI has long
advocated that government should mount much more aggressive educational
campaigns to improve the public’s diet. Opponents of such campaigns have
contended that nutrition education is a waste of public funds because it has little
impact. Thus, in the late 1990s, CSPI sought to develop a model for an effective
community-wide dietary-change campaign.

For people who do not smoke tobacco, saturated fat is one of the leading cause
of heart disease. Milk is the third largest source of saturated fat for adults (4) and
the largest source for children (5). In 1994, CSPI staff scientist Margo Wootan
developed a campaign—1% Or Less—designed to switch entire communities
from higher-fat (whole, 2%) to lower-fat (1%, fat-free) milk.

We focused on milk because of its importance to health. Although consumers
are slowly moving toward lower-fat milks, whole and 2% milk still make up 70%
of national beverage milk sales (6). Simply changing the kind of milk consumed
can make a big difference to a person’s overall diet. We have estimated that if
the average American who consumes the average quantities of saturated fat,
calories, and milk switched from drinking whole milk to fat-free milk, his or
her saturated-fat intake would decrease from 12% of calories to 10%, (7) the
level recommended by the Dietary Guidelines for Americans.

CSPI’s strategy differed markedly from most previous nutrition campaigns. Its
core feature was paid broadcast advertising. CSPI developed two 30-s television
and two 60-s radio messages and placed them during times of large audiences over
a 6-wk period. By comparison, most other campaigns that used the broadcast
media depended on public-service announcements (PSAs) that stations played
for free, but infrequently and at times that reached few people. Moreover, sta-
tions are unlikely to broadcast PSAs that may offend major industries—and
major advertisers—such as the dairy industry. The messages noted that a glass
of whole milk contains as much saturated fat as five strips of bacon and urged
viewers and listeners simply to switch from fattier milk to “1% Or Less” (8).

Although educators usually consider the costs of advertising prohibitively
expensive, CSPI found that the costs, at least in small cities, were relatively
economical compared to the costs of hiring nutritionists to convey messages
by more traditional means. We found that local personnel and program costs for
the pilot 1% Or Less campaign were higher than the advertising costs (7).
Together, the community education components cost approx $36,000 compared
with $24,000 for the placement costs of the advertising.

In most 1% Or Less campaigns, the TV and radio spots were reinforced by
occasional paid print ads and a variety of public-relation activities to generate
news coverage. The campaigns were announced at news conferences designed
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to attract free publicity. Several times during the campaign, spokespersons
appeared on news and talk shows, and a series of guest columns were published
in local newspapers. Halfway through the campaigns, cardiologists and pediatri-
cians held press conferences to highlight the health reasons for switching to
lower-fat milk.

Local grocery stores played key roles in several 1% Or Less campaigns by
providing campaign organizers with data on sales on the various types of milk.
That was crucial for evaluating the effectiveness of campaigns. However, effec-
tiveness was also measured by telephone surveys of people in test and control
cities before and after campaigns.

The campaigns proved to be highly effective in influencing milk-buying hab-
its. In the first campaign, in Clarksburg and Bridgeport, West Virginia, the market
share of 1% and fat-free milk sold in supermarkets doubled, from 18 to 41% of
all milk sold (7). In fact, the campaign was so successful that stores frequently
ran out of 1% milk. One year after the campaign ended, milk sales data showed
that the change largely persisted.

That first campaign was conducted jointly with West Virginia University.
Additional campaigns have been conducted in collaboration with health depart-
ments and universities in West Virginia, California, New York, Pennsylvania,
Maine, and elsewhere.

We compared the cost and effectiveness of a 1% Or Less campaign that included
community-based educational programs and public relations (PR) activities (to
generate free news coverage) (9) to a campaign that used paid advertising and PR
(in the absence of any other programs) (10). The ads-plus-PR campaign had a
slightly smaller budget of $43,000, yet it resulted in 34% of high-fat milk drinkers
switching to low-fat milk compared with approx 20% in the community-program-
plus-PR campaign, which had a $51,000 budget. In terms of the number of people
exposed to the campaign message, the community-programs-plus-PR campaign
cost approx 22 times that of the ads-plus-PR campaign ($2.28 per person reached
compared to 10¢ per person).

Paid advertising and news coverage can reach more people than can community
programs. We worked very hard in the community-programs-plus-PR campaign
and had good community involvement, yet reached less than 20% of the popula-
tion. In contrast, the ads and news coverage reached 80–95% of the population,
according to telephone surveys. In addition, advertising provides more message
reinforcement than do community programs. The ads aired several times a day for
six weeks. The community programs were a one-time interaction.

CSPI’s 1% Or Less campaigns proved that focused, intensive, economical,
educational campaigns can improve the public’s diet on a community-wide basis.
The same approach could be used to encourage diets higher in whole grains,
fruits, and vegetables, and lower in meat, cheese, and soft drinks. However, a
small group like CSPI cannot fund such campaigns nationally. Hence, CSPI has
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encouraged the federal government to invest tens of millions of dollars annu-
ally in those dietary-change campaigns. Currently, the largest US campaign for
the general public is 5-A-Day for Better Health, which is sponsored by the
National Cancer Institute to encourage greater fruit and vegetable consump-
tion. Unfortunately, the NCI spends only about $1 million per year on commu-
nications, an amount that pales in comparison with the tens or even hundreds
of millions of dollars that companies spend to advertise their candy bars and
french fries. We have suggested that one way to finance health campaigns is to
tax soft drinks, candy, and other low-nutrition foods. More than a dozen states
in the United States, as well as Canada, tax some of these foods, but they do not
use the revenues to promote health (11).

3. ADVOCACY

Education is a long slow process and, with competing messages from diverse
sources, is often not sufficient to attain health goals. Consequently, CSPI has
always complemented educational activities with advocacy efforts. Such efforts
seek to encourage companies to market more healthful products or to eliminate
illusive advertising and encourage government agencies to ban unsafe additives,
stop deceptive advertising campaigns, undertake educational campaigns, or pro-
vide better labeling.

3.1. Nutrition Labeling

One of the most powerful educational media is the food label, and some of
CSPI’s most important activities have sought to persuade Congress, the US Food
and Drug Administration (FDA), and the US Department of Agriculture (USDA)
to require labeling that provides clear, useful information. The first nutrition-
labeling requirements were issued by the FDA in 1973. Although that labeling
represented an advance, it had severe limitations. First, it was voluntary, except
when a company made a nutrition claim, such as “low salt,” on the label. Thus,
even after 20 yr, only about half the foods in supermarkets carried nutrition
information. Second, labels were not required to provide information about
nutrients that represented clear health concerns, including saturated fat, cho-
lesterol, refined sugars, and dietary fiber. Third, even when information about
a macronutrient was provided, that often had little meaning to the consumer.
A label might state 10 g of fat, but consumers had no way of knowing if 10 g
was a lot or a little. Finally, the typeface used was small, rendering the labels
difficult to use.

In the mid-1980s, CSPI began to call attention to deceptive labels. Some
products labeled as “Light” were only light in color, not in calories or other
nutrients. Some “Low Cholesterol” products were high in saturated fat. Even
Business Week magazine, in a 1989 cover story, proclaimed “Can corn flakes



6 Jacobson

cure cancer? Of course not, but health claims for foods are becoming ridiculous”
(12). Initially, CSPI petitioned the FDA to stop those deceptive claims, but the
FDA was slow to act. CSPI then sought support from influential members of
Congress, several of whom, at widely publicized press conferences, expressed
their outrage at deceptively labeled foods. Finally, those members of Congress
concluded that the only way to obtain real progress was not to expect after-the-
fact enforcement actions by the FDA to stop deceptions, but the passage of new
laws to ensure that labels were more honest and informative.

CSPI legal director, Bruce Silverglade, organized a coalition of health orga-
nizations—including the American Cancer Society, the American Dietetic Asso-
ciation, and the American Heart Association—to work with Congress to develop
a comprehensive nutrition-labeling bill. The legislation had two main goals:
provide comprehensive, easy-to-understand nutrition labels on all foods and
ensure that health claims (for instance, “helps prevent cancer”) and nutrition
claims (for instance, “low sodium”) were honest. Congressman Henry Waxman
and Senator Howard Metzenbaum were key sponsors. They held hearings on the
problems with current labels and participated in press conferences with CSPI and
other health organizations to draw public attention to the issue.

Introduction of the legislation in 1989 spurred the FDA to develop its own
proposals, but by then Congress recognized that any FDA action could be blocked
by the food industry so it was vital to pass new legislation. The Nutrition Labeling
and Education Act (NLEA) was signed into law by President George Bush in
1990. Although the “education” component of the act has been virtually nonex-
istent, the labeling portion gave the United States the best nutrition labels in the
world (of course, many less-developed nations had much less need of labels,
because they relied far more on traditional, natural foods and very little on pro-
cessed foods). It took the FDA another 2 yr to write an extraordinarily complex
set of regulations to implement the law.

The law took effect in 1994, and consumers rapidly took advantage of the
valuable information that was provided on the clear and conspicuous labels
(see Fig. 1). Having nutrition information on labels enabled consumers to
compare the nutrition profiles of different foods and of different brands of a
given food. Companies began to compete, to a certain extent, on the basis of
nutritional quality and introduced an unprecedented number of new low- and
reduced-fat foods.

Surveys sponsored by the FDA and the food industry show that about two-
thirds of Americans check the nutrition label the first time they buy a product, and
about one-third of those consumers have stopped buying a food because of the
label. A survey sponsored by the National Cancer Institute showed that consum-
ers who read nutrition labels consume diets containing about five percentage
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points fewer calories from fat than consumers who do not. It is hoped that nutri-
tion labeling will lead to actual decreases in the incidence of heart disease and other
chronic diseases as the FDA predicted after enactment of the labeling law.

3.2. Labeling of Trans Fat
In the several years since NLEA was implemented CSPI has sought to improve

it. For one thing, when the FDA was writing its regulations, little was known
about the atherogenicity of trans fat, a monounsaturated fat produced when
vegetable oil is partially hydrogenated. Hence, the label did not require that trans

Fig. 1. The “Nutrition Facts” label was developed by the US Food and Drug Adminis-
tration pursuant to the 1990 Nutrition Labeling and Education Act.



8 Jacobson

fat be listed, only that it not be included in with monounsaturated fat, if the
different types of fat voluntarily were listed. Shortly after the regulations were
published, several studies demonstrated convincingly that trans fat was about as
atherogenic as saturated fat (13,14).

That research impelled CSPI in 1994 to file a petition calling on the FDA to
require that the amount of trans fat be included on food labels. As with many
other CSPI actions, that petition was supported by several leading nutrition
researchers. CSPI announced its petition at a press conference and followed up
with articles in its newsletter, analyses of the trans-fat content of various pack-
aged and restaurant foods, and a letter-writing campaign from health-conscious
consumers. As the biomedical research in support of the petition accumulated,
the FDA ultimately decided to require trans-fat labeling. In November 1999, the
FDA proposed that trans fat be listed on food labels (15). Improved labels should
appear on store shelves a year or two after a regulation is finalized.

3.3. Labeling of Fresh Meat
Another problem with the NLEA is that it does not require nutrition labels on

fresh meat and poultry, because those products are regulated by the USDA, not
the FDA. That means that some of the biggest dietary sources of saturated fat and
cholesterol usually lack “Nutrition Facts” labels, though some supermarket
chains voluntarily provide them. Therefore, in 1997, CSPI again petitioned the
USDA to require nutrition labeling on ground beef (which contributes about 60%
of the saturated fat Americans get from beef [4]) and all other cuts of fresh meat
and poultry. In 2000, USDA officials said that they planned to propose a regu-
lation to require nutrition labeling of ground beef.

3.4. Labeling of Refined Sugars
A third labeling initiative followed from CSPI’s concern about increasing

consumption of refined sugars. The amount of refined sugars (beet and cane
sucrose, and dextrose, corn syrup, and high-fructose corn syrup) used in the
United States increased by 28% between 1983 and 1998, with no sign that that
increase would stop (16). In 1994–1996, the average American obtained 16% of
calories from refined sugars, and the average teenager 20%, with many people
consuming upwards of one-third of their calories from that source.

Excessive refined-sugars consumption, aside from contributing to dental car-
ies, appears to increase triglyceride levels and the risk of heart disease in insulin-
resistant individuals (17,18). Perhaps more importantly, heavy consumption of
calorie-dense foods, such as those high in refined sugars and fat, may increase the
risk of obesity (19) or displace more nutritious foods from the diet. The USDA
has found that people who consume high levels of refined sugars are likely to
consume less protein; dietary fiber; vitamins A, riboflavin, niacin, B6, B12, C, E,
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and folate; calcium; iron; zinc; and magnesium (20). The leading contributor to
increased refined-sugars consumption is soft drinks, which provide one-third of
all refined sugars. A particular concern about soft drinks is that they are likely to
replace more nutritious beverages. For instance, in 1977–1978, American teen-
agers consumed almost twice as much milk as soft drinks; in 1994–1996, they
consumed twice as much soft drinks as milk (21). That reversal may portend
increased rates of osteoporosis several decades from now. As a means of educat-
ing the public and arousing nutritionists, CSPI published a report, Liquid Candy,
that detailed the increase in soft-drink consumption.

To help consumers ascertain their own intake of refined sugars, and to reduce
those levels when appropriate, CSPI again sought to build upon the nutrition
label. Currently, labels do not distinguish between the sugars that occur naturally
in fruits, vegetables, and dairy products and the refined sugars that are added to
foods. Chemically, of course, those sugars are identical. But naturally occurring
sugars are accompanied by vitamins, minerals, and other nutrients, whereas
refined sugars are, by definition, pure “empty” calories. CSPI has been con-
cerned about refined sugars because so many Americans consume such huge
quantities of those sugars.

In 1999, CSPI, again with support from nutrition scientists and health orga-
nizations, including the American Public Health Association and 40 others, peti-
tioned the FDA to take two actions to provide more information to consumers.
First, CSPI asked the FDA to separate added sugars from total sugars and list the
number of grams per serving of each on the label. Second, CSPI asked the FDA
to establish a “Daily Value” for added sugars. The Daily Value is a recommended
maximum daily intake; food labels indicate the percentage of the Daily Value a
serving of food provides for nutrients such as saturated fat and sodium. The FDA
did not, and could not, set a Daily Value for total sugars, because consumers
should be eating more foods with naturally occurring sugars, but fewer foods
with refined sugars. CSPI urged the FDA to set a Daily Value for refined sugars
of 40 g per day, the amount that USDA nutritionists have estimated would fit into
a nutritious 2000-calorie diet (22,23). The FDA was considering the petition as
this book went to press.

4. PUBLICITY
A small consumer group like CSPI lacks many of the tools that major corpo-

rations have at their disposal to convey their messages to the public and to
influence policy makers: high-powered lobbyists, political-campaign contribu-
tions, influential stockholders, large advertising budgets, and thousands of
employees who can be asked to write to legislators. Compensating for those
deficiencies is the public recognition that consumer groups are acting more in the
public interest than in the self-interest—plus their credibility and motivated staff
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members. Consumer groups use those positive attributes to magnify their
voices in the mass media.

CSPI regularly issues press releases and holds press conferences to deliver
its messages to the general public. That free publicity, although not as focused
as advertising, can be highly effective in informing the public and gen-
erating political support. The critical ingredient to reaching the public
through the mass media is credibility and accuracy. An organization or indi-
vidual whose information is not accurate quickly loses respect and attention
from journalists.

In addition to the previous examples related to 1% Or Less and nutrition
labeling, a good example of how CSPI has used publicity is a campaign to
restrict the use of a dangerous preservative. In 1982, the FDA proposed that
sulfite preservatives—which had been widely used in wine, packaged foods,
and restaurant salads—be affirmed as Generally Recognized As Safe food
ingredients. CSPI conducted a literature review and discovered studies dem-
onstrating that sulfites could cause severe anaphylaxis in sensitive individu-
als, usually asthmatics. CSPI petitioned the FDA to ban sulfites, issuing a
news release that generated substantial publicity. CSPI announced a clear-
inghouse to which sulfite victims could write and gradually accumulated
reports of more than a dozen deaths. Submitting those case reports to the FDA
generated even more public attention, including reports on some of the most-
watched national television shows. Ultimately, a congressional committee
held a hearing, at which parents told how their daughter died due to anaphy-
laxis caused by a sulfite-treated salad, that exposed the FDA’s failure to
restrict the use of that preservative. Finally, the FDA banned the use of
sulfites on restaurant salad ingredients and required labeling on any product
that contained 10 ppm or more of added sulfites. In the decade since then, no
deaths have been reported. Without the media publicity, it would have been
difficult to generate the public and congressional pressure that ultimately
brought about the new policies.

5. CONCLUSION

The food industry has almost limitless funds to advertise its products, hire
professors to do research and serve as consultants, and lobby legislative and
regulatory authorities. In contrast, only a very few comparatively small non-
profit organizations have the expertise and resources to represent the public
interest in government proceedings on selected nutrition issues and to chal-
lenge inappropriate corporate practices. Over the years, CSPI and other such
organizations, with assistance from academic scientists, have effectively pro-
moted the public’s health by educating the public, pressing industry to
improve its products, and persuading government to improve its policies.
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1. INTRODUCTION

It is now generally accepted that lifestyle—diet, tobacco use, exercise—has
a major impact on health, especially Western diseases. However, there is a world
of difference between awareness of these facts and their translation into preven-
tive action.

This chapter not only focuses on nutrition in relation to health promotion, it
also examines other areas, especially smoking and exercise. This is necessary
because most health promotion campaigns take a broad lifestyle approach and
simultaneously tackle nutrition, exercise, and smoking.

Trends toward a healthier lifestyle over the last 20 yr have been inconsistent.
In the United States, deaths from coronary heart disease (CHD) have fallen by
half since their peak in the late 1960s. Contrariwise, from 1976–1980 and
1988–1994 about 7% of American adults became newly obese (1). A rising
prevalence of obesity has also been reported from other Western countries (2).

In the United States, per capita intake of fruit and vegetables increased by
about 20% from 1970 to 1994 (3). Nevertheless, only about two Americans in
five consume the recommended five or more servings per day of these vital foods
(4). Moreover, half of Americans eat no fruit on any given day (5).

This poor rate of progress in the area of diet should be seen as part of a more
general problem that large sections of the population give a low priority to a
healthy lifestyle. For instance, the proportion of middle-aged adults in England
engaged in at least moderate exercise, such as a brisk walk for at least 30 min 5
or more days each week, is no more than one half of men and one quarter of
women (6). In the United States about one third of adults achieve this level of
exercise (7), and another one third report no leisure time physical activity (8).

There has been an impressive fall by about half in smoking rates in men in
many Western countries over the last 30 yr. The percentage of American men
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who smoke dropped from 44 to 28% between 1970 and 1993 (9). However,
recent trends indicate that smoking rates have been creeping up in recent years,
especially in young people. For instance, 37% of American students in grade 10
are smokers (4).

2. HEALTH PROMOTION CAMPAIGNS

During the 1970s, the intimate connection between lifestyle and health
became increasingly apparent. As a result, many people assumed that the next
step was to disseminate this information to the public and exhort lifestyle
changes, action deemed sufficient to bring about the necessary changes. How-
ever, a review of 24 evaluations of the effectiveness of using the mass media
across a range of health topics found little evidence of behavior change as a
result of education alone (10). Here, we look at various types of health promotion
campaigns, most of them focused on risk factors for cardiovascular disease.

2.1. Campaigns in Communities

A number of community interventions have used the mass media combined
with various other methods to reach the target population. Three major projects
were carried out in the United States during the 1980s. Their aims were to lower
elevated levels of blood cholesterol, blood pressure, and weight, to cut smok-
ing rates, and to persuade more people to exercise. Each program lasted 5–8 yr
and succeeded in implementing its intervention on a broad scale, involving
large numbers of programs and participants. In the Stanford Five-City Project,
conducted by Farquhar and colleagues (11) in California, two intervention
cities received health education via TV, radio, newspapers, other mass-distrib-
uted print media, direct education, and schools. On average each adult was
exposed to 26 h of education, achieved at the remarkably low per capita cost
of $4 per year (i.e., about 800 times less than total health-care costs). A similar
project was the Minnesota Heart Health Program, which included three inter-
vention cities and three control cities in the upper Midwest (12). A third project
was the Pawtucket Heart Health Program in which the population of Pawtucket,
RI, received intensive education at the grass roots level: schools, local govern-
ment, community organizations, supermarkets, and so forth, but without
involving the media (13).

A recent analysis combined the results of the three studies so as to increase the
sample size to 12 cities (14). Improvements in blood pressure, blood cholesterol,
body-mass index (BMI), and smoking were of very low magnitude and were not
statistically significant; the estimated risk of CHD mortality was unchanged.
These results are mirrored by two additional community projects: the Heart To
Heart Project in Florence, South Carolina (15), and the Bootheel Heart Health
Project in Missouri also showed little success (16).
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One factor contributing to the lack of effect may have been that the projects
took place at a time when American lifestyles were becoming generally more
healthy and CHD rates were falling. This suggests that when a population starts
receiving health education, even if little more than reports in the mass media and
government policy pronouncements, large numbers of people will be induced to
make changes in lifestyle. A health promotion campaign superimposed on such
secular trends may have little additional benefit. However, we cannot discount
the possibility that different types of intervention might be successful where
those just described were not.

Fortunately, we have some examples of reasonably successful community
projects for heart disease prevention. One of the earliest and most informative
such projects was conducted in North Karelia, a region of eastern Finland with
an exceptionally high rate of the disease (17). The intervention began in 1972
before much health information had reached the population. Nutrition education
was an important component of the intervention. Over the next few years, CHD
rates in North Karelia fell sharply. Later, an intensive educational campaign
spread to the rest of the country leading to a national drop in CHD rates (18).

Two other European studies also achieved some success. Positive results were
seen in the German Cardiovascular Prevention Study (19), which took place
from about 1985–1992, when there was no particular favorable trend in risk
factors for the population as a whole. It was carried out in six regions of the
former West Germany using a wide-ranging approach similar to that used in the
American community studies. The intervention caused a small decrease in blood
pressure and serum cholesterol (about 2%) and a 7% fall in smoking, but had no
effect on weight. Action Heart was a community-based health promotion cam-
paign conducted in Rotherham, England (20). After 4 yr, 7% fewer people smoked
and 9% more drank low-fat milk, but there was no change in exercise habits,
obesity, or consumption of wholemeal bread.

Recent American and Australian community campaigns are of particular inter-
est because each was narrowly focused on changing only one aspect of lifestyle and
used paid advertising as a major intervention strategy. The 1% Or Less campaign
aimed to persuade the population of two cities in West Virginia to switch from
whole milk to low-fat milk (1% or less) (21). The campaign is further described in
Chapter 1 by Jacobson. Advertising in the media was a major component of the
intervention (at a cost of slightly less than a dollar per person) together with super-
market campaigns (taste tests and display signs), education in schools, as well as
other community education activities. Low-fat milk sales, as a proportion of total
milk sales, increased from 18 to 41% within just a few weeks. The intervention
campaign was repeated in another city in West Virginia; this time only paid adver-
tising was used (21a). Low-fat milk sales increased from 29 to 46% of total milk
sales. An Australian intervention campaign also used paid advertising as a major
component (22). The campaign ran in the State of Victoria from 1992–1995 and
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aimed to increase consumption of fruit and vegetables. Significant increases in
consumption of these foods was reported (fruit by 11% and vegetables by 17%).

Taken together, the community intervention studies indicate that small
changes in cardiovascular risk factors can be made by the methods used to date.
The evidence is suggestive that interventions focusing on a small number of
changes and using paid advertising can be more successful.

2.2. Worksite Health Promotion
As an alternative to health promotion using a community intervention

approach, other interventions have focused on the worksite. A pioneering project
of this type, which started in 1976, was carried out in Europe by the World Health
Organization. The project was conducted over 6 yr in 80 factories in Belgium,
Italy, Poland, and the UK with the aim of preventing CHD (23,24). The trial
achieved modest risk factor reductions (1.2% for plasma cholesterol, 9% for
smoking, 2% for systolic blood pressure, and 0.4% for weight); these were asso-
ciated with a 10% reduction in CHD.

At around the same time, “Live for Life” was carried out by the Johnson &
Johnson company in the United States. This comprehensive intervention was
started in 1979 and lasted 2 yr. Employees exposed to the program showed
significant improvements in smoking behavior, weight, aerobic capacity, inci-
dence of hypertension, days of sickness, and health-care expenses (25).

Another worksite project took place in New England (26). Employees were
encouraged to increase their intake of fiber and to reduce their fat intake. Com-
pared with the control sites, the program had no effect on fiber intake, but fat
intake fell by about 3%. A few years later, the research team reported that they
succeeded in increasing employees’ intake of fruit and vegetables by 19% (half
a serving per day) using an approach that targeted employees and their families
(27). A similar project in Minnesota offered employees weight control and smok-
ing cessation programs (28). The program had no effect on weight, but the preva-
lence of smoking was reduced by 2% more than occured in the control worksites.

2.3. Health Promotion in the Physician’s Office
In 1994, two British studies reported the effects of intervention carried out by

nurses in the offices of family physicians. The aim was to improve cardiovascular
risk factors. Each study was a randomized trial aimed at cardiovascular screening
and lifestyle intervention. Both studies achieved only modest changes despite
intensive intervention. The OXCHECK study reported no significant effect on
smoking or excessive alcohol intake but did observe small significant improve-
ments in exercise participation, weight, dietary intake of saturated fat, and serum
cholesterol (29,30). The Family Heart Study achieved a 12% lowering of risk of
CHD (based on a risk factor score) (31). These results are consistent with the
results of a meta-analysis of 17 randomized controlled intervention trials where
dietary advice was given to healthy adults (32). Changes over 9–18 mo included
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small decreases in serum cholesterol and blood pressure, leading to a 14% fall in
the estimated risk of CHD.

A variation of the foregoing trials is the targeting of patients at high risk of
CHD, probably the most cost-effective form of intervention (33). A study from
Sweden exemplifies this approach. Subjects at relatively high risk of cardiovas-
cular disease received either simple advice from their physician or intensive
advice (five 90-min sessions plus an all-day session) (34). The intensive advice
had a modest impact; it reduced the risk of CHD by approx 6%.

The major deficiency of the high-risk approach, as Rose (35) has pointed
out, is that it only affects a minority of future cases: the 15% of men at “high
risk” of CHD account for only 32% of future cases. Therefore, to achieve a
major effect on CHD, it is necessary to target the entire population. This logic
also applies to other diseases related to diet and lifestyle practices such as
stroke and cancer.

2.4. Health Promotion and the Individual

What the foregoing projects teach us is that appealing to individuals to change
their lifestyles will be effective in some instances but not in others and can
therefore be frustratingly difficult. Although some projects have achieved a
moderate degree of success, typically progress has amounted to no more than a
few percentage points. This might be expected to reduce the risk of CHD by
about 5–15%. Although this is certainly beneficial, it will not affect the majority
of people at risk, however. Thus, exhortations to the individual, whether via the
media, in the community, at the worksite, or in the physician’s office, are most
unlikely to turn the tide of Western diseases.

Myriad factors influence people’s lifestyle behavior besides concerns about
how to protect health. Social factors, such as housing, employment, and income
also shape people’s attitudes, as does education. Advertising directly affects
what people want and prices determine whether they can afford it. We are also
creatures of habit and custom; resistance may therefore be expected when lifestyle
modification demands changes in longstanding behavior and goes against fash-
ion or peer pressure. We must also bear in mind that individuals have little control
over many aspects of their physical environment, such as pollution and food
contamination. It is probably naïve, therefore, to expect dramatic results from
interventions that merely exhort the individual to lead a healthier lifestyle. Indeed,
this has sometimes been characterized as “victim blaming.”

This in no way dismisses interventions aimed at encouraging people to
improve their lifestyle. Quite the contrary. Minor changes can make valuable
contributions to public health that more than justify the expense and effort
involved. For instance, Jeffery and associates (28) concluded that a smoking
cessation program at a worksite costs about $100 to $200 per smoker who quits,
whereas the cost to the employer for each employee who smokes is far greater.
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Similarly, Action Heart estimated that the cost per year of life gained was a mere
31 (British) pounds (20). Each reduction in blood cholesterol of 1% yields a 2%
decrease in coronary risk, and reductions of risk in the range 10–15% would have
a huge beneficial impact if achieved in entire populations.

Health promotion, therefore, can be a cost-effective way to improve lifestyles
and thereby improve the health of large numbers of people. This is emphasized
by the fact that in the United States poor dietary practices cost an estimated $71
billion per year in lost productivity, premature deaths, and medical costs (36).
More research is required to determine why different health promotion projects
have achieved such varying levels of success. Would campaigns be more suc-
cessful if the focus was on one lifestyle change rather than many? Is paid adver-
tising the best means to utilize scarce resources?

3. GOVERNMENT POLICY

Effective interventions may need to tackle the factors that determine how
people make food choices. Such interventions require the implementation of
policies, especially by governments. In the words of Davey Smith and Ebrahim
(37): “…even with the substantial resources given to changing people’s diets the
resulting reductions in cholesterol concentrations is disappointing. [Health pro-
motion programs] are of limited effectiveness. Health protection—through leg-
islative and fiscal means—is likely to be a better investment.”

Governments have a variety of powers at their disposal that can be put into
service. One approach, which relies entirely on voluntary cooperation, is to issue
statements of policy. However, these can easily amount to no more than hollow
declarations as is illustrated by government policies on tobacco in many coun-
tries. On the other hand, policy statements can serve as a clarion call to action.
For instance, British and American government policy on diet and disease, in
conjunction with the media and medical science, helped change the climate of
opinion so that it is now widely accepted that diets should preferably be much
lower in fat and richer in fiber.

3.1. The Effect of Price on Sales

Prominent among available government powers are legislation and the use of
taxation and subsidies. Action on tobacco control most graphically illustrates the
necessity for placing these powers as a tool of health promotion. Educational
efforts over the last three decades have been enormously important in persuading
millions of people to quit smoking. Nevertheless, smoking rates are still well over
half of their level of 30 yr ago. There is convincing evidence that price hikes are
an effective means to reduce smoking rates (i.e., there is price elasticity) (38). It
has been estimated that a 10% increase in price reduces tobacco consumption by
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about 5%, especially among the lower socioeconomic groups (39). The Canadian
experience is particularly illuminating. The prevalence of smoking in young
Canadians fell by half during the 1980s in tandem with a doubling of the price.
This trend was reversed in the early 1990s when the price was slashed in an
attempt to reduce smuggling from the United States (40). Price increases appear
to be a far more effective means of tobacco control than education or media
campaigns (41).

Alcohol intake shows a similar price elasticity to tobacco intake: a price rise
of 10% causes a decrease in consumption by 3–8% (42). Studies in Eastern
Europe, especially Poland and the former USSR, have demonstrated that pricing,
sometimes in combination with rationing, sharply reduces consumption and
associated mortality (43).

The lesson we learn from tobacco and alcohol is, first and foremost, that price
increases are an effective vehicle to lower consumption.

What applies to cigarettes and alcohol no doubt also applies to food. By
means of taxes and subsidies fruit, vegetables, and whole-grain cereals might
become more attractively priced in comparison with less healthy choices. This
would most likely induce many people to shift their diets in a healthier direc-
tion. Recommendations along these lines in the area of food and nutrition
policy were advocated by the World Health Organization (44) at the Adelaide
Conference in 1988. The policy recommendation given was: “Taxation and
subsidies should discriminate in favor of easy access for all to healthy food and
improved diet.”

Jeffery and colleagues in the United States carried out a series of studies that
have demonstrated the potential of policy interventions, especially of low prices,
to increase the consumption of healthy food choices. In one study, the price of
low-fat snacks sold in worksite vending machines was halved. Purchases of these
foods increased from 26% of total sales before intervention to 46% after (45). In
a worksite cafeteria, the range of fruit and salad ingredients was increased at the
same time as the price was halved. As a result, purchases tripled (46). In a similar
study conducted in a high school cafeteria, prices for fruit, carrots, and salads was
halved. This led to a fourfold increase in sales of fruit, a twofold increase for
carrots, and a slight increase for salads (47).

3.2. Advertising, Marketing, and Labeling of Food
Another area where policy interventions could positively affect food choices

concerns food advertising. The annual advertising budget for Coca-Cola Classic
alone is over $130 million a year, and the budget for McDonalds is over $600
million (48). In stark contrast, the education component of the National Cancer
Institute-sponsored 5-A-Day campaign to promote fruit and vegetable consump-
tion receives well under 1 million. The extent to which these huge imbalances in
advertising budgets affect people’s actual diets is not known, but is almost cer-
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tainly significant (49). Common sense dictates that if advertising did not work,
the advertisers would not be wasting their money.

A particular issue is food advertising on children’s TV. A study of advertise-
ments appearing on Saturday morning TV in the United States found that 44%
were for fats, oils, and sugar, 23% were for highly sugared cereals, and 11% were
for fast food restaurants (50). None were for fruit and vegetables. The authors
concluded that: “The diet that is presented on Saturday morning television is the
antithesis of what is recommended for healthful eating for children.” Similar
findings were reported for Canadian TV (51).

Advertising is but one part of the wider production and marketing strategy of
the food industry. James and Ralph (52) pointed out that in response to demand,
manufacturers sell foods with less fat, but the missing fat often reappears in
“added value” foods, which may be little more than concoctions of fat, sugar, and
salt. James (53) made the compelling point that the food industry promotes high-
fat food because it is so profitable, while at the same time, food labeling is
“completely confusing” (with particular reference to Britain). The system is, in
theory, based on “consumer choice” but, in reality, choices become largely unin-
formed decisions.

3.3. Government Policy and Food

The foregoing discussion suggests that government policies concerning food
prices and, to a lesser extent, food advertising and labeling may be an effective
means to induce desirable changes in eating patterns.

Here, we offer some specific suggestions as to how existing government poli-
cies could be modified along the foregoing lines so as to encourage diets higher
in fruit and vegetables and lower in fat (54).

1. Subsidies paid to milk producers could be changed to favor low-fat milk. Simi-
larly, by the use of such means as subsidies, grading regulations, and labeling,
and perhaps even taxation, the sale of low-fat meat could be encouraged over
high-fat varieties.

2. There is always scope for improved food labels to facilitate purchase of foods
with a low content of fat, especially saturated fat. In addition, labeling and
nutrition information should be extended to areas presently outside the system,
especially restaurant menus, soft drinks, snack foods, and fresh meat.

3. By means of regulations and rewards, schools could be encouraged to sell meals
of superior health value while restricting the sale of junk food. Similar policies
could be applied to other institutions under government control, such as the
military, prisons, and cafeterias in government offices.

4. Television advertising could be regulated so as to control the content, duration,
and frequency of commercials for unhealthy food products, especially when the
target audience is children.
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Jeffery (55) argued that this approach be used as a strategy against obesity: “I
believe that it is time to think about alternatives to the traditional individual-
focused strategies for obesity control. I believe we should also view our food
supply as a potential environmental hazard that promotes obesity and to consider
public health policy strategies for improving it.” He suggested that perhaps
calorie-dense products should be packaged in small serving sizes and that taxa-
tion should be based on the fat and sugar content of food. James (53) also made
proposals for how policies could be used to help combat obesity.

The approach discussed above was well put by Blackburn (56):

...even the newer community-based lifestyle strategies continue to assign
much of the burden of change to the individual. A shift of focus to reducing,
by policy change, many widespread practices that are life-threatening, while
enhancing life-supportive practices, should redirect the currently misplaced
emphasis on achieving “responsible” behavior and its purported difficulty.
For example, local communities may more appropriately be considered to
have a “youth tobacco access problem,” approachable in part by regulation,
than a “youth smoking problem,” approachable mainly by education. Policy
interventions may also be designed to .... make preventive practice more
economical, as well as to encourage the development of more healthy prod-
ucts by industry. They may be a partial answer to another major paradox:
while unhealthy personal behavior is medically discouraged for individuals,
the whole of society legalizes, tolerates, and even encourages the same prac-
tices in the population.

Schmid et al. (57) summed up the approach discussed here:

Health departments that support disincentives for high-fat foods, tax breaks
for cafeterias that offer healthy food choices, policies that require zoning
ordinances to include sidewalks, or school facilities open to the public might
be labeled radical or experimental today; tomorrow, however, they may be
considered prudent stewards of the public health.

The problem of lead pollution is an excellent illustration of what can be
achieved by governmental action. In the 1970s, regulations implemented by the
American government forced major reductions or removal of lead from gasoline,
paint, water, and consumer products. As a result, the blood lead level of the
average American child is now less than one quarter of what it had been in the
late 1970s (58,59).

3.4. Barriers Against Public Health Policies
Although many might consider the policies discussed here to be worthy of imple-

mentation, it must be appreciated that barriers exist. In particular, industry profits
enormously from the sale of highly processed food and has often shown itself to be
resistant to change. In this regard, industry often secures government support.
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The history of attempts to enact legislative control over tobacco illustrate how
effective an industry can be when it utilizes a large budget in attempts to delay,
dilute, or stop laws. There is clear evidence as to the likely reason why the US
Congress has been so lethargic when it comes to antismoking legislation. In 1991
and 1992, the average senator received $11,600 per year from the tobacco indus-
try (60). In the opinion of the researchers who carried out this study: “The money
that the tobacco industry donates to members of Congress ensures that the tobacco
industry will retain its strong influence in the federal tobacco policy process.”
Similarly, researchers looked at the California legislature and concluded: “Leg-
islative behavior is following tobacco money rather than reflecting constituents’
prohealth attitudes on tobacco control” (61).

If the tobacco industry can achieve so many successes, then it will likely be
much easier for the food industry to thwart interventions that threaten its profits.
This is because the relationship between diet and disease is far less clear than is
the case with tobacco. Indeed, there is ample evidence that governments are
sympathetic to the wishes of the agricultural and food industries. Typically,
although the health arm of governments encourages people to eat less fat, the
departments responsible for the agricultural and food industries are largely con-
cerned with maintaining high sales. James and Ralph (52) asserted that: “Analy-
sis of different policies suggest that health issues are readily squeezed out of
discussion by economic and vested interests.”

There is considerable evidence of how industry has successfully pressured
governments to bow to their wishes on questions of nutrition policy. As discussed
by Nestle (62,63), the meat industry has been particularly effective in rewriting
dietary guidelines. In the late 1970s, the goal was “eat less meat.” This then became
“choose lean meat.” By 1992, people were encouraged to consume at least two or
three servings daily. There is also evidence that the 1992 version of Canada’s Food
Guide was similarly modified under pressure from the food industry (64).

Discussing the question of salt, Goodlee (65), assistant editor of the British
Medical Journal, put it as follows:

…some of the world’s major food manufacturers have adopted desperate
measures to try to stop governments from recommending salt reduction. Rather
than reformulate their products, manufacturers have lobbied governments,
refused to cooperate with expert working parties, encouraged misinformation
campaigns, and tried to discredit the evidence…The tactics over salt are much
the same as those used by other sectors of industry. The Sugar Association in
the United States and the Sugar Bureau in Britain have waged fierce cam-
paigns against links between sugar and obesity and dental caries.

3.5. National Nutrition Policies: Examples
One pioneering project was the Norwegian Nutrition and Food Policy (66).

Implemented in 1976, it recognized the need to integrate agricultural, economic,
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and health policy. The policy included consumer and price subsidies, marketing
measures, consumer information, and nutrition education in schools. Unfortu-
nately, the policy clashed with policies aiming to stimulate agriculture. As a
result, subsidies went to pork, butter, and margarine rather than to potatoes,
vegetables, and fruit. Despite these setbacks, the policy has achieved some suc-
cess in moving the national diet in the intended direction (67).

Another noteworthy effort which implemented several of the policies dis-
cussed here was Heartbeat Wales (68). This project was carried out in Wales with
the aim of preventing CHD. Specific measures included better food labeling,
price incentives, and greater availability of healthier food. The active support
was enlisted of catering departments and a food retailer. Unfortunately, little
information appears to be available as to the degree of success of this policy.

3.6. Are Nutrition Policies Acceptable to the Public?
An important question concerns the extent to which the public would accept

the suggested policies. The issues of seat belt use and drunk driving illustrate
that when legislation is implemented and the public is educated as to their
importance, there is a high degree of acceptance. A study by Jeffery and col-
leagues (69) in the upper midwest of the United States indicated widespread
support for regulatory controls in the areas of alcohol, tobacco and, to a lesser
extent, high-fat foods, especially with respect to children and youths. If such
policies are acceptable to Americans, then they are also likely to be acceptable
in other countries.

4. SOCIOECONOMIC STATUS AND HEALTH

One area of importance is the relationship between socioeconomic status
(SES) and health. Low SES is strongly and consistently associated with a raised
mortality rate. This applies to total mortality, as well as to death from CHD and
cancer. The risk ratios are in the range 1.5–4, clearly making SES a major deter-
minant of health. Various measures of SES have been examined—income, social
status of job, being unemployed, area of residence, and education—and each
seems to manifest a similar relationship to mortality (70–75). Another important
finding is that the degree of inequality within a country predicts morbidity and
mortality. In other words, the key factor predicting health and life expectancy of
a country is not average income or average level of education, but the gap between
the rich and poor (76).

Various studies have investigated why SES is associated with increased mor-
tality. In general, lower SES is associated with higher rates of smoking and a diet
of lower nutritional quality. Is SES merely a proxy measure of lifestyle? Or does
SES affect health by a more direct mechanism? This question is of much more
than mere theoretical importance and has a bearing on health strategies. If people
of low SES are unhealthy because they lead an unhealthy lifestyle, then the
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solution lies in encouraging changes in their lifestyles. But, if a low SES is
intrinsically unhealthy, then the solution lies elsewhere.

Our best evidence is that both possibilities are partially correct. After correct-
ing for confounding variables, especially smoking, exercise, blood cholesterol,
blood pressure, and weight, most studies have found that the strength of the
association between SES and mortality is reduced by about a quarter or a half
(70,73,77,78). This indicates that people with lower SES tend to lead a less
healthy lifestyle and this partly explains their poorer health.

But this still leaves half to three-quarters of the association between SES and
mortality unexplained. None of the studies we cited examined diet in relation to
SES. If people of low SES tend to eat a less nutritious diet, this would help explain
why such conditions as hypercholesterolemia, hypertension, and overweight are
associated with low SES. Nevertheless, it appears that much of the association
between SES and mortality cannot be explained by lifestyle and must therefore
be a more direct consequence of low SES.

Psychological factors appear to play an important role in explaining the asso-
ciation between SES and mortality (74,79). The psychological factor most closely
associated with risk of poor health is lack of control at work (79–81). We can
speculate that other psychological factors, such as resentment, frustration, and a
feeling of disempowerment, all contribute to poor health among low-income
groups. Whatever the precise mechanisms, there is little doubt that structural
elements of inequality within Western societies—economic, educational, social
status—lead to reduced health.

What should be done about this? An effective strategy to deal with the
challenge of low SES may have to include efforts to reduce socioeconomic
inequalities. If people of lower SES could be persuaded to adopt the same
lifestyle, including diet, as those of higher SES, perhaps as much as half of
the problem would likely disappear. Therefore, dietary advice is still worth
the effort.

5. CONCLUSIONS

Based on the close association between income inequalities in a society and
health, an essential component of enhancing a population’s health must be gov-
ernment measures to make societies more egalitarian. Unfortunately, the legacy
of Thatcherism and Reagonomics means that many governments are ideologi-
cally opposed to taking such action. At the same time, governments have been
even more business friendly and non-interventionist than ever.

This was well put by James (53) with specific regard to obesity:

The needed transformation in thinking on transport, environment, work facili-
ties, education, health and food policies, and perhaps in social and economic
policies is unlikely when governments are wedded to individualism, but with-
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out these changes to enhance physical activity and alter food quality, societies
are doomed to escalating obesity rates.

This viewpoint applies to the relationship between nutrition and all diseases
related to it. The primary force driving government policy is economics rather
than a desire to improve the national health. However, the weight of evidence
strongly suggests that until governments reorientate their nutrition policies so
that national health becomes the first priority, we will be losing great opportuni-
ties for the prevention of such diseases as cancer and CHD.

The philosophy discussed here need not stop at nutrition: what applies to nutri-
tion certainly applies to other areas of lifestyle, especially to smoking. Exercise also
lends itself to policy initiatives. What is the point in telling people to exercise if
there is a lack of appropriate facilities? What is the point in telling people to cycle
if the roads are too dangerous for bikes? What is needed is a comprehensive view
of human health that takes all such factors into consideration.

In the 21st century, no doubt, people will look back with incredulity on today’s
world where narrow commercial interests and government laissez-faire predomi-
nate while the national health founders.
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  3 Calcium Intake and the Prevention
of Chronic Disease
From Osteoporosis to Premenstrual Syndrome

Robert P. Heaney

1. INTRODUCTION

Calcium is the principal cation of bone. The human body at birth contains
25–30 g calcium (6.25–7.5 mol), and at maturity, 1000–1500 g (25–37.5 mol).
All of this postnatal increase must come in by way of the diet. It is not surprising,
therefore, that deficiency of bony tissue was linked to a low calcium intake
approx 100 yr ago when the major bone diseases were being sorted out. Appre-
ciation of the importance of calcium for bone health has waxed and waned over
the ensuing century; nevertheless, the connection between calcium and bone is
intuitive and reasonable. Moreover, evidence establishing the importance of an
adequate calcium intake for skeletal health has now accumulated to the point that
is incontrovertible.

In the past 25 yr, other studies were reported showing an association between
calcium intake and certain nonskeletal disorders, first hypertension and colon
cancer, and more recently preeclampsia, renolithiasis, obesity, premenstrual
syndrome (PMS), and polycystic ovary syndrome (PCO). This diversity of effects
was initially puzzling, it not being clear how these seemingly unrelated disorders
could have a common dietary basis. Gradually, however, some understanding of
the underlying mechanisms has emerged. The explanation ultimately goes back
to paleolithic times, i.e., to the conditions that prevailed during hominid evolu-
tion, to the physiological adaptations that evolved (or failed to evolve) in response
to those conditions, and to ecologic changes that have occurred since the agricul-
tural revolution, roughly 10,000 yr ago.

This background is described, both physiological and ecological, and then the
mechanisms by which low calcium intake produces these diverse effects are
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reviewed, as well as the evidence with respect to those chronic diseases for which
there is today a reasonably solid evidential base. Finally, these observations are
integrated and conclusions for calcium nutritional policy derived.

2. PHYSIOLOGICAL BACKGROUND

It is widely recognized that the calcium ion plays an essential role as an
intracellular second messenger and that it mediates processes as diverse as muscle
contraction, interneuronal synaptic signal transmission, glandular secretion, cell
division, and blood clotting. These biochemical functions of calcium are exceed-
ingly well protected, first by a combination of intracellular calcium stores and an
immense extracellular nutrient reserve (the skeleton), and second by an elaborate
endocrine control system (the parathyroid hormone–vitamin D axis and calcito-
nin) that maintains blood calcium concentration. As a consequence of these
protections, a low calcium intake virtually never compromises, or even threat-
ens, the essential biochemical functions of the mineral. Instead, chronic low
calcium intakes result in (1) depletion of the reserve; (2) a continuous homeo-
static adaptive response in the attempt to compensate for low intake; and (3)
diminution of the physical chemical effects associated with high calcium levels
in the intestinal lumen. It is in connection with these secondary phenomena that
calcium nutritional deficiency manifestations arise.

2.1. Regulation of Extracellular Fluid Calcium Concentration

A central feature of the calcium economy of all mammals is the tight control of
calcium in extracellular fluid (ECF). This comes about by adjusting both the renal
calcium threshold and the flows of calcium into and out of the ECF.
These processes, in turn, are regulated by parathyroid hormone (PTH),
1,25-dihydroxyvitamin D [1,25(OH)2D], and calcitonin. PTH acts to correct a fall
in calcium concentration by a complex set of interacting effects. These actions
include, in the probable order of the appearance of their effects, (1) decreased renal
tubular reabsorption of blood inorganic phosphate, (2) increased resorptive effi-
ciency of osteoclasts already working on bone surfaces, (3) increased renal
1- -hydroxylation of circulating 25(OH)vitamin D to produce the chemically
most active form of vitamin D, (4) increased renal tubular reabsorption of calcium,
and (5) activation of new bone remodeling loci. These effects interact and reinforce
one another in important ways. For example, the reduced ECF phosphate caused
by the immediate fall in tubular reabsorption of phosphate is itself a potent stimulus
to the synthesis of 1,25(OH)2D, and it also increases the resorptive efficiency of
osteoclasts already in place and working in bone, and thereby augments their
release of calcium from the bony reserves. The 1,25(OH)2D directly increases
intestinal absorption of both calcium ingested in food or supplement form and the
endogenous calcium contained in the digestive secretions; it also is necessary for
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the full expression of PTH effects in bone, particularly the maturation of cells in
the myelomonocytic line that produce new osteoclasts.

Although a great deal more complicated in detail, these actions amount to
three effects: reduced losses through the kidneys, improved utilization of dietary
calcium, and withdrawal of calcium from the bony reserves. The aggregate effect
of all three is to prevent or reverse a fall in ECF [Ca2+] and, at a whole body level,
to conserve calcium in the face of an environmental shortage. However, the first
of these takes priority, i.e., the maintenance of ECF [Ca2+] occurs at the expense
of the skeletal reserve.

A key feature of the triple end organ response to the calcium-conserving
action of PTH is the balance between the three responses, and particularly the
relative sensitivity of the internal (bone) and the external (gut, kidney) effector
organs. In blacks, for example, the bony effects are relatively resistant to PTH
(1–3). In order to maintain ECF [Ca2+], Blacks must secrete more PTH and
1,25(OH)2D, which produce a correspondingly greater absorptive response at
the gut and a greater calcium-conserving response at the kidney. This explains
why, despite lower mean calcium intakes, blacks nevertheless develop and
maintain skeletons approx10% more dense than Caucasians or Asians. A simi-
lar, although smaller, difference exists between pre- and postmenopausal
women. In the presence of estrogen, bone is slightly more resistant to PTH (4),
which explains why the calcium requirement for skeletal maintenance rises
after menopause.

2.2. Inputs, Outputs, and the Requirement

On the input side, gross intestinal absorption in adults, at prevailing intakes,
averages about 30%; and because substantial quantities of calcium enter the
digestive tract with gastrointestinal secretions, net absorption is generally only
10–15% (5,6). These calcium movements are depicted schematically in Fig. 1,
which illustrates the relationship of gross and net absorption for an intake of
800 mg (20 mmol) and approx 32% absorption efficiency.

On the output side, many dietary components interfere with renal calcium
conservation, notably sodium (7), net acid production (8,9), and sulfur-con-
taining amino acids (10). These agencies create a floor below which urinary
calcium cannot be reduced, despite the effect of PTH on increasing renal tubu-
lar calcium reabsorption. Finally, resting dermal losses (i.e., without sweating)
are in the range of 1.5 mmol (60 mg)/d (11), and copious sweating can cause
losses 5–l0× larger (12).

The net result of all these excretory forces is that total obligatory calcium
losses in sedentary adults on typical diets are generally in the range of 4–6 mmol
(160–240 mg)/d. To stay in balance, i.e., to maintain skeletal integrity, adults
must absorb at least this much calcium from ingested food. At typical absorptive
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efficiencies, net absorption of 160–240 mg requires a total intake of at least
1000–1500 mg/d (25–37.5 mmol/d).

Because absorptive extraction is low, even low calcium diets might seem to
be adequate, since, in theory, much more calcium could be absorbed. Awareness
of this potential may explain why nutritional scientists had been slow to accept
the lifelong importance of a high calcium intake for contemporary humans. If the
calcium was in the diet and the body was not fully accessing it, then—it was
argued—the body did not really need it.

That conclusion proved to be wrong, as was definitively shown on publication
of several randomized, controlled trials (e.g., refs. 13–15) that demonstrated that
the body would indeed use extra calcium and improve calcium balance if the
mineral were provided by a high enough intake. Failure to retain calcium at low
intakes reflected not absence of need but the fact that human absorption and
conservation efficiencies for calcium are simply not up to the challenge of a low
intake, particularly when the bony reserves are so accessible. As noted in the
following section, there was no evolutionary need for hominids to develop the
type of absorptive and excretory conservation that today’s diets demand, when
then-available foods provided a surplus of calcium. In brief: although our diets
are modern, our physiologies are paleolithic.

Fig. 1. Schematic illustration of the fluxes of calcium into and out of the intestine for a
hypothetical intake of 800 mg (20 mmol) and an absorption efficiency of approx 32%.
Calcium entering the gut from endogenous sources is continuous along the GI tract, but
is depicted here in two components, one proximal to most of the absorbing surface and
one distal, the values for which are based on measurements in adult humans. (Copyright
Robert P. Heaney, 1999. Reproduced with permission.)
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3. PALEOLITHIC CONDITIONS

Calcium is the fifth most abundant element in the environment in which life
evolved, and was present in high concentrations in the foods consumed by evolv-
ing hominids and hunter–gatherer humans (7). During the evolution of human
physiology, calcium intake would have averaged approx 0.8 mmol (32 mg)/kg
body weight/d. When adequate food was available, the gut would have served
as a nearly continuous source of calcium. Despite low absorption efficiency,
such a diet provided sufficient calcium to offset obligatory losses (see previous
section), and to adjust to day-to-day variability in intake and excretion. The
mechanisms for dealing with a fall in ECF [Ca2+], described earlier, would
have been called into play only infrequently, i.e., at times of food shortage or
for long intervals between meals. Thus, PTH secretion is basically an emer-
gency measure. Intermittent utilization of the reserve would not have resulted
in lasting effects under primitive conditions. In fact, the diet was so calcium
dense that human physiology has been optimized to prevent calcium intoxica-
tion, rather than to deal with chronic shortages. This is the reason intestinal
calcium absorption efficiency is low, renal conservation is weak, and dermal
losses are completely unregulated. (Contrast this behavior with that of sodium,
a scarce mineral in the primitive environment: sodium is absorbed at nearly
100% efficiency and, in trained individuals, both urinary and sweat losses can
be reduced nearly to zero.)

By contrast, under contemporary conditions, adult diets often contain less
than 0.2 mmol (8 mg) Ca/kg body weight/d. The reason for the fall in the calcium
content of the human diet from paleolithic to historic times is that cereal grains
and legumes, which constitute more than half the total food intake of agriculture-
based populations, are typically poor sources of calcium. Neither food group was
prominent in preagricultural diets. Hence, the shift from a hunter-gatherer to an
agricultural base for the feeding of humans produced a marked decline in calcium
density of the food supply.

The much lower calcium intake of contemporary diets requires that adaptive
mechanisms be invoked frequently, and in some individuals, constantly. The
ability to adapt to low intake or high loss varies, and depends upon genetics, life
stage, and environmental factors. As already noted, blacks adapt with high effi-
ciency. Similarly, most young individuals can increase absorptive efficiency
sufficiently to permit building a skeleton during growth. However, even in the
young, adaptation is often not fully optimal, i.e., bone mass probably does not
reach its full genetic potential on prevailing calcium intakes. Moreover, this
ability to get by on low intakes declines with age. Various policymaking bodies
have recently recognized this decline by recommending higher calcium intakes
for the elderly (16,17). But beyond simply recognizing a special need in the
elderly, there is a sense in which the requirement in the elderly uncovers the true
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requirement for all ages, that is, it reveals the intake that protects the skeleton
without requiring constant adaptation. It is the spectrum of responses to this
constant adaptation that constitutes the basis for the role of low calcium intakes
in nonskeletal disorders.

4. MECHANISMS OF CALCIUM DEFICIENCY DISEASE

In regulating ECF [Ca2+], and specifically in adapting to low calcium intake,
effects occur not just for bone health but for nonskeletal systems such as blood
pressure and body fat regulation. Adaptation, although obviously a necessary
capacity, may nevertheless exert undesirable effects when constantly invoked.
In addition to sustaining ECF [Ca2+] by withdrawing calcium from the reserve,
PTH elicits responses in extraskeletal tissues that may be inappropriate. Medical
science is familiar with this phenomenon in the case of stress—with its high
adrenergic hormone levels and high secretion of adrenal glucocorticoids. Less
well understood, but gradually becoming clearer, are the counterpart effects
following from constant high secretion of PTH with its cascade of mechanisms.
First is an increase in the parathyroid cell mass itself (18). Associated with this
phenomenon is an age-specific increase in incidence of hyperparathyroidism
among postmenopausal women (19). Whether the two phenomena are causally
related is not settled, but it is true for other organ systems that constant stimula-
tion promotes neoplasia, and it would be surprising if this relationship were not
true for the parathyroid glands as well.

All of the disorders currently linked to calcium relate either to decrease in the
size of the calcium reserve, to decrease in residual calcium in the intestinal
contents as they reach the lower bowel, or to nonskeletal responses to the hor-
mones mediating adaptation to low calcium intake. The principal disorders linked
to low calcium intake are classified on this mechanistic basis in Table 1.

Osteoporosis is the disorder that results when the size of the calcium reserve (the
skeleton) is depleted for nutritional reasons. (As described briefly below, osteoporo-
sis has other causes as well.) The hormonal responses regulating ECF [Ca2+] suc-
ceed in maintaining that critical value, but they do so by depleting the nutrient
reserve (bone mass). The risk of both colon cancer and kidney stones rises as the
calcium content of the diet residue falls, both for the same basic reason: failure to
complex potentially harmful chemicals in the food residue. The best available
explanation for the remaining disorders lies in the fact that, in addition to its
classical effects regulating ECF [Ca2+], PTH and/or 1,25(OH)2D elevate cytosolic
calcium ion concentrations in many tissues, thereby altering their basal level of
functional activity. Hyperparathyroidism, listed as a consequence of the adaptive
mechanism, is placed in parentheses because the evidence linking this disorder to
low calcium intake is less clear than for the other disorders.
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The first two mechanisms are straightforward, related directly to reduction in
calcium mass—either the total body mass difference between calcium absorp-
tion and calcium excretion or to the mass of calcium in the intestine left over
from the diet. Both are inescapable aspects of low intake. The mechanisms for
the other disorders are more subtle and are set forth schematically in Fig. 2. In
addition to the effect of PTH on cytosolic calcium concentration, expression of
these disorders almost certainly requires other defects. The constant high blood
PTH level and the consequent high blood 1,25(OH)2D level stress the system
beyond the reserve capacity of sensitive individuals. In this sense, such response
to chronically high PTH levels is analogous to the hemolytic anemia that devel-
ops, for example, on exposure to certain drugs or to fava beans in individuals with
glucose-6-phosphate dehydrogenase deficiency. In the absence of a stressor
agent, little or no clinical evidence of anemia is present. Presumably, the disor-
ders that follow on a hypersensitivity to PTH and/or 1,25(OH)2D manifest them-
selves in individuals who lack sufficient redundancy in the cell control
mechanisms to compensate for the unsignalled elevation in cytosolic calcium ion
concentration.

At the same time, it must also be emphasized that all of the disorders in all three
categories are, in their own right, multifactorial. For example, there are many
ways to have a reduced skeletal mass in addition to inadequate nutrient intake,
and there are many ways to have elevated blood pressure in addition to high
endogenous PTH levels. Thus, low calcium intake is only one factor in the
genesis of these disorders, and if one could optimize calcium intake in the entire
population, it is certain that none of the diseases concerned would be totally
eradicated. Nevertheless, altering calcium intake will reduce the total disease
burden for all of these disorders. Furthermore, doing so is a cost-effective inter-
vention within society’s grasp, and one that therefore demands attention.

Table 1
Classification of Disorders Related to Low Calcium Intake

As a result of

Decreased Ca nutrient Decreased food residue Adaptive mechanisms
reserve Ca in chyme maintaining ECF [Ca2+]

Osteoporosis Colon cancer Hypertension
Renolithiasis Preeclampsia

Premenstrual syndrome
Obesity
Polycystic Ovary Syndrome
(Hyperparathyroidism)
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5. CALCIUM DEFICIENCY DISORDERS
5.1. Reduction in the Size of the Nutrient Reserve

As noted earlier, bone is the body’s calcium reserve, and mechanisms designed
to protect ECF [Ca2+] tear down bone to scavenge its calcium when excretory and
dermal losses exceed absorbed dietary intake. In providing the calcium needed
to maintain critical body fluid concentrations, the reserve is functioning pre-
cisely as it should. But sooner or later there has to be payback, or the reserve
becomes depleted, with an inescapable weakening of skeletal structures. During
growth, on any but the most severely restricted of intakes, some bony accumu-
lation does occur, but the result is usually failure to achieve the full genetic
potential for bone mass. Later in life, the result is failure to maintain the mass
achieved. As also noted earlier, both osteoporotic fractures and low bone mass
have many causes other than low calcium intake. Nevertheless, under prevailing
conditions in the industrialized nations at high latitudes, the effect size for cal-
cium is large. Calcium supplemented trials, even of short duration, have resulted
in 30+% reductions in fractures in the elderly (13,15).

Fig. 2. Schematic depiction of the consequences of low levels of ingested and/or absorbed
calcium. The primary hormonal response (i.e., increased PTH secretion) initiates not
only the well described calcium-conserving responses that are a part of the negative
feedback loop regulating ECF [Ca2+], but also elevates cytosolic [Ca2+] in certain tissues,
thereby falsely signaling responses in cells that are not a part of the calcium homeostatic
control loop. (Copyright Robert P. Heaney, 1999. Reproduced with permission.)
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In addition to the effect size’s being large, the evidence for calcium’s role is
itself very strong. There have been roughly 50 published reports of investigator-
controlled increases in calcium intake with skeletal endpoints, most of them
randomized controlled trials and most of them published since 1990 (20). All but
two demonstrated either greater bone mass gain during growth, reduced bone
loss with age, and/or reduced osteoporotic fractures. The sole exceptions among
these studies were a supplementation trial in men in which the calcium intake of
the control group was itself already high (nearly 1200 mg/d) (21), and a study
confined to early postmenopausal women in whom bone loss is known to be
predominantly due to estrogen deficiency (22).

Complementing this primary evidence are roughly 80 observational studies
testing the association of calcium intake with bone mass, bone loss, or fracture
(20). It has been shown elsewhere (23) that such observational studies are inher-
ently weak, not only for the generally recognized reason that uncontrolled or
unrecognized factors may produce or obscure associations between the variables
of interest, but because the principal variable in this case, lifetime calcium intake,
cannot be directly measured and must be estimated by dietary recall methods.
The errors of such estimates are immense and have been abundantly documented
(24,25). Their effect is to bias all such investigations toward the null. Neverthe-
less, more than three-fourths of these observational studies reported a significant
calcium benefit. Given the insensitivity of the method, the fact that most of these
reports are positive emphasizes the strength of the association; at the same time,
it provides reassurance that the effects achievable in the artificial context of a
clinical trial can be observed in real world settings as well.

Calcium is a unique nutrient in several respects. It is the only nutrient for
which the reserve has required an important function in its own right. We use the
reserve for structural support, i.e., we literally walk on our calcium nutrient
reserve. Calcium is unique also in that our bodies cannot store a surplus, unlike,
for example, energy or the fat-soluble vitamins. Calcium is stored not as such but
as bone tissue, and regulation of bone mass is cell mediated, with the responsible
bone cellular apparatus controlled through a feedback loop regulated by
mechanical forces. In brief, given an adequate calcium intake, we have only as
much bone as we need for the loads we currently sustain.

These features are the basis for the designation of calcium as a threshold
nutrient with respect to skeletal status, a term that means that calcium retention
rises as intake rises, up to some threshold value that provides optimal bone
strength; then, above that level, increased calcium intake produces no further
retention and is simply excreted. This threshold intake is the lowest intake at
which retention is maximal, i.e., it is the minimum daily requirement (MDR) for
skeletal health. The MDR varies with age, and is currently estimated to be about
20–25 mmol (800–1000 mg)/d during childhood, 30–40 mmol (1200–1600 mg)/d
during adolescence, approx 25 mmol (1000 mg)/d during the mature adult
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years, and 35–40 mmol (1400–1600 mg)/d in the elderly (16,17,26). As previ-
ously noted, the rise in the requirement in old age reflects a corresponding
decline in ability to adapt, i.e., to respond to low intakes with improved absorp-
tion and retention.

At the same time, as already noted, osteoporosis is a distinctly multifactorial
disorder, both in the sense that many factors contribute to bone loss and fracture
risk, and also in the sense that yet other factors influence the body’s handling of
calcium. Of most importance in the latter respect are dietary factors such as
caffeine, which reduces calcium absorption very slightly, and protein and sodium,
both of which increase urinary calcium loss. The urinary effects are the larger,
but for all three nutrients, the impact on the calcium economy disappears at high
calcium intakes (40 mmol/d or above). As already noted, such intakes, although
high by today’s standards, are typical of the paleolithic intake.

The behavior of the calcium homeostatic system in response to a challenge
such as sodium- or protein-induced hypercalciuria illustrates beautifully how
the fine tuning of the calcium economy presumes a high intake. A provoked
increase in urinary calcium loss, if not offset, leads to a fall in ECF [Ca2+],
which evokes an increase in PTH and in 1,25(OH)2D levels. These hormones
act on bone as well as on the gut, and it is the combined response of both
effector organs that offsets the drop in ECF [Ca2+]. However, the balance
between the bone and dietary components of this response depends entirely on
the calcium content of the diet. For example, the increase in 1,25 OH)2D evoked
by a 1 mmol/d additional loss of calcium leads to an increase in absorption
efficiency of 1.5–2.0 absorption percentage points. At an intake of 50 mmol/d,
that absorptive increase is entirely adequate to compensate for the additional
urinary loss. On the other hand, at intakes such as those at the bottom quartile
in NHANES-III (National Health and Nutrition Examination Survey), the
absorptive increase offsets less than one-eighth of the urinary calcium loss.
The rest must come from bone.

Of the factors that influence bone more directly (rather than by way of the
calcium economy), one can list smoking, alcohol abuse, hormonal status,
body weight, and exercise. Smoking and alcohol abuse exert slow, cumula-
tive effects by uncertain mechanisms that result in reduced bone mass and
increased fracture risk. Low estrogen status and hyperthyroidism produce
similar net effects, although probably by very different mechanisms. Bone
mass rises directly with body weight, again by uncertain mechanisms. Exer-
cise, particularly impact loading, is osteotrophic and is important both for
building optimal bone mass during growth and for maintaining it during
maturity and senescence.

In a sense, bone health is like a three-legged stool; one leg is nutrition, another
is hormones, and the third is lifestyle. All three legs must be strong if the stool
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(or the skeleton) is to support us. Strengthening of one leg will not compensate
for weakness of another.

5.2. Reduction of Residual Calcium in the Chyme
An inevitable consequence of reduced calcium intake is a reduction of calcium

in the food residue delivered to the ileum, cecum, and colon. This is both because
less calcium is ingested and because fractional absorption rises as intake drops. The
quantitative features of the relationship between diet and fecal calcium are illus-
trated in Fig. 3, which is based on over 500 calcium balance studies performed by
the author in middle-aged women. With the primitive diet, net calcium absorption
would have been approx 10%, and fecal calcium would thus have been nearly as
high as dietary intake. The upshot of low intakes is that there is less calcium
available to form complexes with other food residue substances that may be harm-
ful in some individuals. The two conditions for which this effect is best established
are colon cancer and renolithiasis. The potentially harmful chyme substances are
free fatty acids and bile acids for colon cancer, and oxalic acid for renolithiasis.

There is no good chemical theory for a mixture as complex as the chyme at any
location through the gastrointestinal tract, let alone in its distal segments. Nev-
ertheless, a few observations concerning the quantities of reactants required to
complex possibly noxious substances in the chyme may be useful.

Fat absorption is highly efficient; nevertheless from 1–5% of ingested fat
normally escapes absorption in the small bowel and is delivered to the cecum as
free fatty acids. For a typical North American diet with 35% of calories from fat,
that translates to 3–15 mmol of unabsorbed fatty acid, plus a smaller quantity of
unreabsorbed bile acid. If there were no other ligands for the calcium in the
chyme, this quantity of fatty acid would require, for its full neutralization, the
presence in the mixture of 1.5–15 mmol (60–600 mg) of calcium [depending on
the mixture of Ca(FA)+ and Ca(FA)2]. As the relationship in Fig. 3 shows, it
would require a diet containing up to 680 mg calcium to achieve that level. This
is slightly above the median for U.S. women.

But fatty acids are not the only ligand competing for calcium. Phosphate,
oxalate, phytate, and various organic acids produced by bacterial fermentation
of colonic contents are also present in varying abundance. Unabsorbed phos-
phate from a typical diet alone amounts to 10–15 mmol, and would be expected
to bind with an equivalent quantity of calcium (forming CaHPO4). Thus, it can
be estimated that chyme calcium levels of more than 30 mmol/d are required to
neutralize the potentially noxious products of digestion left in the food residue.
As the relationship of Fig. 3 indicates, that level in the chyme requires an intake
of at least 34 mmol (1360 mg) Ca/d. This value should be taken as a lower
estimate, as the efficiency of ligand binding and the respective binding constants
in a medium such as chyme are unknown.
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5.2.1. COLON CANCER

As just described, unabsorbed dietary calcium forms complexes with unabsorbed
fatty acids and bile acids that would otherwise serve as mucosal irritants (and hence
cancer promoters). Such complexation effectively renders these irritants harmless,
thereby breaking one of the chains of potential colon cancer development.

Early epidemiological studies noted a strong inverse relationship between
calcium intake and colon cancer risk, with several studies indicating that the
risk was minimal at intakes in the range of 45 mmol (1800 mg)/d or higher
(27–29). As with observational studies in most disorders, the evidence impli-
cating calcium intake is mixed, and even when positive, the results could not
by themselves be used to establish a causal connection. However, animal car-
cinogenesis studies followed the observational data, showing that unabsorbed
fatty acids and bile acids serve as cancer promoters in systems using potent
carcinogens, and that a high calcium intake complexed (and hence effectively
neutralized) both types of promoter. More importantly, calcium reduced the
numbers of cancers that developed (30,31). Similarly, studies in humans with
a familial cancer tendency showed lower levels of cellular atypia and reduced
mitotic indices in those whose calcium intakes were high (32,33). At least two
randomized trials of calcium supplementation have been recently reported.
Neither used actual cancer as the endpoint, but in one, adenoma recurrence was
significantly reduced in calcium-supplemented individuals (34), and in the
other, various indices of mucosal hyperplasia were significantly reduced (35).

Fig. 3. The regression line (and its equation) for fecal calcium on calcium intake from
over 500 balance studies in healthy middle-aged women. (Copyright Robert P. Heaney,
1999. Reproduced with permission.)
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Thus, although the bulk of the evidence points to protection, final proof is still
not available. This may be because sample size requirements for a cancer
endpoint are large, and no controlled trials to date have involved the requisite
number of subject-years of observation.

In summary, the epidemiological data, the animal models, the chemistry of the
chyme, and the still limited clinical trials are all concordant, pointing to a pro-
tective effect of high calcium intakes for colon cancer risk.

5.2.2. RENOLITHIASIS

Renal stones develop primarily in individuals who, for whatever reason, lack
a solution stabilizer in their urine. In such individuals, solute concentration,
calcium loads, and oxalate load are some of the risk factors for oxalate stone
formation (the most common variety in North America today). Normally, 75–85%
of the renal oxalate burden comes from endogenous (i.e., metabolic) sources, and
the remainder is dietary in origin, coming mainly from vegetable sources and
from bacterial fermentation of food residues in the distal bowel. Chyme calcium
complexes this oxalate in the intestine before it can be absorbed, thereby reduc-
ing the renal oxalate burden. Renal oxalate load is a more powerful risk factor for
stone formation than is the renal calcium load, which explains the seemingly
paradoxical effect of calcium intake on calcium stone risk. It should be noted that
this is not a new observation. Therapeutic nutritionists have long used very high
calcium intakes (up to several grams per day) to treat patients with short bowel
syndromes who develop the syndrome of intestinal hyperoxalosis, the principal
manifestation of which is severe renal calcinosis and renolithiasis. There have,
to date, been no clinical trials of calcium supplementation in stone formers, but
two prospective studies have reported an inverse relationship between stone
incidence and calcium intake (36,37).

5.3. Hypersensitivity to the Adaptive Response
to Low Calcium Intake

As already noted, cytosolic [Ca2+] functions as a ubiquitous second messen-
ger-mediating cell response to a wide variety of specific control signals. High
basal levels presumably trigger inappropriate (i.e., unsignaled) cell responses or,
equivalently, lower the response threshold for appropriate stimuli. This effect of
PTH is found, for example, in arteriolar smooth muscle, in platelets, and in fat
tissue. The first is associated with increased vascular tone, and the last with
enhanced lipogenesis. Presumably, the pathogenesis of the premenstrual and
polycystic ovary syndromes have an analogous basis.

5.3.1. HYPERTENSIVE DISORDERS

The relationship of the hypertensive disorders to low calcium intake is also
discussed in Chapter 4 by Weinberger. Here, we need only mention that, although
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data from observational studies are mixed, the controlled trials have almost
always shown a blood pressure lowering effect of calcium supplementation, and
meta-analyses of calcium intervention trials in essential hypertension, preec-
lampsia, and pregnancy-induced hypertension have unfailingly found a lowering
of risk in individuals given augmented calcium intake (38–41) even when the
data have been assembled so as to minimize the calcium effect size (41,42). At
a population level, the effect of high calcium intake is probably small (a blood
pressure lowering on the order of 2–5 mm Hg), probably because hypertension
is a heterogeneous disorder, with only a fraction of cases exhibiting sensitivity
to PTH, and with the calcium effect necessarily confined to only these patients.
More recently, the Dietary Approaches to Stop Hypertension (DASH) study
exhibited a much larger effect, using food sources of calcium, combined with a
high fruit and vegetable diet (43). The full DASH diet effect (which is probably
more than the sum of its parts) was estimated to be capable of producing a 27%
reduction in stroke and a 15% reduction in coronary artery disease at a population
level—the largest effect reported to date. The impressive size of the effect found
in this study has been attributed not solely to the calcium content of the diet, but
to the higher potassium intake as well, and to the shift to an alkaline ash diet—
or both.

It seems likely that the relative resistance of the skeletal remodeling apparatus
to PTH in blacks, coupled with their typically low calcium intakes, is a part of
the explanation for the high prevalence of hypertensive disease in this racial
group. As already noted, blacks exhibit high serum levels of PTH and
1,25(OH)2D, both of which, of course, decrease when calcium intake is increased.
It may also be that the larger overall response to the high calcium diet in DASH
(relative to other calcium supplementation trials) was due precisely to the high
proportion of African-Americans in the DASH study cohort (62%).

In addition to the results of calcium intervention trials, there are several cor-
ollary lines of evidence implicating dysregulation of the calcium economy in the
genesis of the hypertensive disorders. McCarron and associates have shown both
a renal calcium leak (44) and lower bone mineral density in hypertensives (45),
and Brickman and colleagues (46) have shown higher circulating PTH and
1,25(OH)2D levels and higher platelet cytosolic [Ca2+] in hypertensives. Such
observational studies do not establish the causal direction in the association, but
low bone mineral density and high PTH levels are inescapable reflections of
negative calcium balance, whether due to inadequate intake or excessive loss.
Hence the human data are highly consistent at several levels. Also, it is interest-
ing to note that the salt-sensitive rat models of hypertension require low calcium
diets (with consequent elevation of PTH secretion and of 1,25(OH)2D levels) for
their expression and, for any given calcium intake level, the spontaneously hyper-
tensive rat (SHR) exhibits lower serum [Ca2+] and higher PTH than normoten-
sive animals (47,48).
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Unfortunately, widespread acceptance of the role of calcium in the hyperten-
sive disorders has been impeded by the anti-salt advocates (49), as if sodium
sensitivity and calcium dependency could not each be involved in different sub-
sets of the population.

5.3.2. PREMENSTRUAL SYNDROME

Longstanding primary hyperparathyroidism has been classically associated
with mood responses, sometimes characterized as “difficult to deal with” and
“cussedness.” Thys-Jacobs and coworkers, reflecting on the symptom complex
known as premenstrual syndrome (PMS), noted a similarity to certain of the
symptoms of hyperparathyroidism and hypothesized that there might be a con-
nection between PMS and the PTH-calcium economy. In a small, randomized
crossover trial, they showed significant reduction of PMS symptoms on daily
supplementation with 1000 mg calcium (50). Because of the inherently subjec-
tive character of PMS symptoms, a multicenter trial was organized so as to
circumvent potential objections of nonreproducibility (51). This trial, treating
466 women at 12 US medical centers, showed conclusively that supplementation
with 30 mmol (1200 mg) calcium reduced PMS symptom severity by as much
as 50% or more.

A small number of other studies have yielded concordant collateral data. Thus,
Lee and Kanis (52) showed that women with established vertebral osteoporosis
were more likely to have had severe PMS during their reproductive years than
age-matched control subjects. This association between the two conditions is
unsurprising, as low calcium intake may be a predisposing factor for each. Simi-
larly, Thys-Jacobs and coworkers (53) have shown lower values for bone mass
at the spine and hip in menstruating women with PMS than in controls, as well
as significantly higher PTH values at the time of the luteinizing hormone peak
in women with PMS (54).

As with the hypertensive disorders, there is consistency across all the lines of
evidence. Nevertheless, how the pieces of the puzzle fit together remains unclear.
Even whether PTH is the trigger is uncertain. However, reduced PTH production
is one of the most rapidly occurring changes produced by increasing calcium
intake, and elevated PTH can be considered a plausible candidate for the patho-
genesis of PMS until proved otherwise. Still, since not every woman with low
calcium intake and/or a high PTH gets PMS, and since relief of symptoms with
calcium is often not complete, there must be other contributing factors. However,
this is true of this entire group of disorders associated with the adaptive response
to a low calcium intake.

5.3.3. OBESITY

The linkage of obesity to low calcium intake has only recently become apparent.
At least four sets of clinical observations have shown that children and adolescents
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with high milk intakes weigh less and have less body fat than nonmilk drinkers
(e.g., 55,56). Moreover, Zemel and associates (57) have shown, using the
NHANES-III database, that risk of obesity exhibits a highly significant stepwise,
inverse correlation with dietary calcium intake. In other work, the same authors
(57) have demonstrated that low calcium intake increases cytosolic [Ca2+] in the
adipocyte (whether through increased PTH or 1,25(OH)2D is unclear). The result
of this cell biologic effect is to switch adipose cell metabolism from lipolysis to
lipogenesis. This change means a higher average fat content per fat cell in the
presence of high PTH levels and provides a plausible mechanism to explain the
clinical and epidemiological observations. In transgenic mice expressing the ago-
uti gene, low calcium diets provoke obesity, whereas high calcium diets suppress
the obesity and elevate core body temperature. Rather than an untoward response
(as with blood pressure), this effect may well reflect a primitive adaptation to food
shortage. With the primitive diet naturally rich in calcium, low levels of absorbed
calcium would signal low food intake and possibly, therefore, impending starva-
tion. Under such circumstances, a shift from fat breakdown to fat synthesis and a
reduction in thermogenesis would help conserve critical energy reserves.

It is still unclear how large the effect may be at a population level. Nor are there
randomized clinical trial data showing the extent to which high calcium intakes will
reduce weight gain or augment weight loss. So the ultimate significance of the
observations cited remains uncertain. At very least, this linkage may simply be a
fortuitous instance illustrating how PTH can affect the function of cells and tissues
not usually considered a part of the calcium homeostatic regulatory system.

5.3.4. POLYCYSTIC OVARY SYNDROME

Also still at an early stage of understanding is the relationship of calcium intake
to polycystic ovary syndrome (PCO). PCO is one of the most common causes of
infertility today and is generally considered to be a condition of abnormal oocyte
differentiation of uncertain etiology. The calcium–PTH–vitamin D axis has not
previously been evaluated in PCO. Recently, Thys-Jacobs and colleagues (58)
reported a series of 13 patients with PCO who had high serum PTH levels and very
low serum 25(OH)D. Although this represented a new finding, interesting in its
own right, what is more impressive is the fact that treatment with calcium and
vitamin D reversed not only the abnormal indices of the calcium economy, but
produced a remission in the syndrome, with two of the patients becoming pregnant.

There are, as yet, no randomized trials of calcium in this disorder, and so the
results, however provocative, must be considered tentative. Nor is there yet an
experimental basis to explain the effect. The various meiotic and mitotic divi-
sions through which the oocyte goes during its maturation are known to be
triggered by rises in cytosolic [Ca2+], so there is at least a plausible area in which
to look for an effect of high circulating levels of PTH. But whether such an effect
can explain the findings in this syndrome is still only speculative. Nevertheless,
the dramatic effect on the disease process produced by lowering serum PTH and
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raising serum 25(OH)D implicates these substances in the pathogenesis of the
disorder (and with them, of course, calcium intake), even if the details of the
mechanism must, for now, remain unclear.

6. INTEGRATION

The primitive diet, the one to which human physiology has adapted over the
millennia of evolution, was calcium dense, with a calcium content of 70–80
mg/100 kcal (0.42–0.48 mmol/kJ). At energy expenditure levels that prevailed
until the very recent advent of private automobiles and other labor-saving devices,
such a diet would have provided individuals of contemporary body size with total
calcium intakes in the range of 50–75 mmol (2000–3000 mg)/d. Additionally,
evolution provided mechanisms to tide us over transient periods of dietary calcium
deficiency. Modern diets, based on the calcium-poor foods that served as the basis
of the agricultural revolution, provide total calcium intakes far short of those to
which our physiologies are adapted. For this reason, the same modern diets cause
us to call into constant play the compensatory mechanisms that, under primitive
conditions, allowed us to function during what would usually have been transient
periods of food shortage. Except for some decline in the size of the calcium reserve,
a substantial fraction of contemporary humans appears to be able to do this per-
fectly well, without sustaining any apparently untoward consequences. But many
cannot cope so well. For some, the decreased calcium reserve translates to increased
bony fragility. Still others, better able to protect their skeletons, develop hyperten-
sion. Others, with a potential for colon carcinogenesis, increase that risk by virtue
of absence of a natural protective factor in the food residue from their diets.

For the various reasons reviewed in this chapter, skeletal maintenance must
be judged as a necessary, but insufficient, functional endpoint for calcium nutri-
tion. Instead, policymakers need to calculate in terms of total health, recognizing
that different racial, ethnic, age, and gender groups may have different sensi-
tivities to, or abilities to adjust to, low calcium intakes. As already noted, the
skeletal endpoint may not be the right functional indicator of calcium nutritional
status in African-Americans, who are manifestly able to amass and maintain
strong bones on low calcium intakes. In them, the hypertensive disorders would
seem to provide a more relevant indicator, but current data do not allow very
precise estimation of the intake needed to minimize the calcium deficiency com-
ponent of these nonskeletal disorders.

As noted earlier, the rise in the calcium requirement for skeletal health in the
elderly reflects mainly a decline in ability to adapt to a low intake. In that sense,
the skeletal requirement in the elderly may reflect the true requirement at all ages,
i.e., the intakes for which no compensatory adaptive response is required.
McKane and associates (18) showed substantial involution of the parathyroid
glands in healthy elderly women given 60 mmol (2400 mg) calcium for 3 yr. This
seemingly high intake did not suppress PTH to subnormal levels; instead, the
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usually high PTH levels of the elderly were reduced to healthy young adult
normal levels. The same study also showed restoration of bone remodeling activ-
ity to young adult normal levels. PTH and bone remodeling rise with age, not
because these components of the calcium economy fail to adapt, but because the
external end organs of the control loop—calcium absorption and renal calcium
retention—become less and less responsive with age.

Available data suggest that a calcium intake in the range of 37.5 mmol
(1500 mg)/d to 60 mmol (2400 mg)/d may be optimal for all body systems.
Lest such an intake be thought “heroic” or “pharmacologic,” it is useful to
recall that diets with such calcium contents exhibit a calcium nutrient density
less than, or in the range of, those of our hominid ancestors, and substantially
below those of diets we feed our laboratory animals, including chimpanzees
and other primates.
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 4 Sodium and Other Dietary Factors
in Hypertension

Myron H. Weinberger

1. INTRODUCTION

The most recent report of the Sixth Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure (JNC VI) (1) has
recommended a trial of lifestyle intervention as initial therapy in individuals with
high-normal (130–139 mm Hg systolic/85–89 diastolic) or stage I (140–159/90–99)
blood pressure levels without end-organ disease, concomitant cardiovascular
disease or diabetes mellitus. This chapter examines the evidence in support of
dietary alterations and their effect on blood pressure. The constituents that are
considered include calories (body weight), salt (sodium chloride), potassium,
calcium, and combinations of these minerals, other dietary components and
alcohol. Rather than attempting an encyclopedic review of the studies of all these
dietary elements, this chapter succintly summarizes what is currently known
about the factors outlined in Table 1.

2. BODY WEIGHT

Body weight has long been linked to blood pressure levels. More recent find-
ings indicate that the distribution of body fat may be a more important determi-
nant of blood pressure elevation and the risk for cardiovascular disease. An
increase in visceral abdominal fat (the central or “apple” form) in contrast to the
lower body adiposity pattern (the “pear” shape) is linked not only to blood
pressure elevation but also to insulin resistance, dyslipidemia and an increased
risk for cardiovascular events. These associations have been based largely on
epidemiological evidence. However, there are now several intervention trials in
which it has been demonstrated that weight loss, often as little as 5 kg rather than
a reduction to “ideal” body weight, is associated with a decrease in blood pres-
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sure and an improvement in insulin sensitivity. Studies on both humans and
experimental animals suggest that the sympathetic nervous system is involved in
the pathophysiology of the weight–blood pressure-insulin resistance relation-
ship, but therapeutic interventions based on these findings are not yet available
to confirm this connection.

Another mediator of the body weight-blood pressure relationship appears to
be the kidney. In experimental animals, obesity has been associated with alter-
ations in renal blood flow and glomerular filtration rate or intraglomerular pres-
sure. In humans, urinary microalbumin excretion was increased among obese
subjects, supporting an abnormality in renal function in humans as well. More-
over, microalbuminuria has been linked to an increased risk of cardiovascular
events in hypertensive individuals.

3. SALT (SODIUM CHLORIDE)

The relationship between dietary salt consumption and elevated blood pres-
sure is well known (2). The prevalence of hypertension and its consequences is
linearly related to dietary salt intake in societies throughout the world. Hyperten-
sion and its sequelae are virtually absent in societies in which habitual salt intake
is <50–100 mmol/d. However, there are other differences between these groups
and those that habitually consume larger amounts of salt. The “low-salt” societ-
ies tend to be isolated, genetically homogeneous, physically fit, and consume
increased amounts of potassium and calcium in the form of fresh fruits and
vegetables. Increased salt intake is associated with societal “acculturation.”
This implies a crowded and sedentary lifestyle as well as many other behavioral
factors that may affect blood pressure and cardiovascular risk. In addition, the
age-related increase in blood pressure is observed only in societies in which salt
intake is high. Many of the elderly individuals in low-salt cultures have blood
pressure levels that are no higher than those of young adults.

Despite this convincing evidence, controversy still exists concerning the
importance of salt in human blood pressure in general, in hypertension, and as
a treatment modality. Without considering the various reasons for this contro-

Table 1
Review of Nutrition Related Factors that Are Known to Influence Blood Pressure

Factors that increase blood pressure Factors that decrease blood pressure

Increased sodium intake Increased potassium intake
(Especially for salt-sensitive subjects)

Increased body weight Increased fruit and vegetable intake
Increased alcohol intake Increased calcium intake

(Especially for salt-sensitive subjects)
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versy, suffice it to say that the magnitude of the effect of salt intake on blood
pressure is diluted by the fact that there is substantial heterogeneity in the blood
pressure responses of humans to alterations in salt intake (2). Numerous studies
have demonstrated that salt-sensitive and salt-resistant individuals can be iden-
tified within both the hypertensive and normotensive populations (3). Salt-sen-
sitive subjects will demonstrate a decrease in blood pressure with dietary sodium
reduction, usually to the level of 100 mmol/d (2.4 g/d). The human need for
sodium is about 10 mmol/d (230 mg/d). Thus, the threshold for blood pressure
responsiveness to a reduction in salt intake is many times higher than the physi-
ological requirements. It is often difficult to differentiate between salt-sensitive
and salt-resistant subjects without sophisticated research techniques. However,
a trial of modest dietary salt restriction or diuretic administration should identify
those most likely to benefit from this dietary intervention. Moreover, there have
been no adverse reports when a modest reduction in salt intake such as 80–100
mmol/d have been followed.

Certain population groups have been reported to be more likely to be salt
sensitive than others (2). Hypertensive individuals are more salt sensitive than
those with normal blood pressure. Among hypertensive subjects, salt sensitivity
of blood pressure is more frequent among African-Americans (75%) than Cau-
casians (50%)(3) and increases with increasing age (4). The latter finding is also
observed in the normotensive population, with the finding that significant salt
sensitivity of blood pressure is not seen until the age decade of 60 yr or more.
Individuals with reduced renin responses to sodium and volume depletion, the
so-called low-renin subjects, are more likely to be salt sensitive than those with
brisk renin responses (5).

In addition to a possible permissive effect of sluggish renin responses to salt
sensitivity, a variety of substances have been reported to be involved in the
pathophysiology of salt sensitivity of blood pressure. An extensive scientific
critique of the many studies that have been conducted in this area is beyond the
scope of this chapter; however, note that the sympathetic nervous system,
endothelin, insulin sensitivity, atrial natriuretic factor, alterations in renal hemo-
dynamics, and leptin have all been implicated in the pathophysiology of salt,
sensitivity. It remains to be determined which of these many factors are primary
events and which are simply compensatory responses or epiphenomena.

It has been shown that salt sensitivity requires the administration of sodium
as the chloride salt and that other forms of sodium do not have the same pressor
effect. However, this is a moot point because over 95% of the sodium found in
foods is in the chloride form. Moreover, most of the salt found in food is added
in the preparation, processing, and preservation of food and only 15% is added
as the discretionary form (as table salt). Thus, it is important for the food preparer
as well as the patient to become familiar with identifying the salt content of foods
at the grocery store and restaurant as well as in cooking.
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Another important recent finding related to salt and blood pressure is the
observation that long-term follow-up of salt-sensitive normotensive subjects
over a period of 10 yr or more demonstrated an eightfold greater rate of blood
pressure increase compared with those who were initially salt-resistant (4). This
finding supports the epidemiological observations relating the age-associated
rise in blood pressure to increased salt intake.

4. POTASSIUM
As mentioned earlier, in societies in which there is a low prevalence of hyper-

tension and its complications as well as little age-related increase in blood pres-
sure, people tend to consume increased amounts of potassium (and calcium, as
discussed in the next section) and follow a reduced salt diet. Fewer studies have
examined the relationship between potassium and blood pressure than those
involving sodium. However, the findings regarding potassium tend to be consis-
tent. In general, the effect of potassium is smaller than that of sodium based on
interventional trials (6). Again, heterogeneity in responsiveness of blood pressure
to alterations in potassium intake or balance has been demonstrated. Among
potassium-replete normotensive subjects, typically those consuming 60 mmol/d of
potassium or more, little effect on blood pressure can be demonstrated with addi-
tional potassium administration. However, in hypertensive populations, particu-
larly those comprising substantial numbers of individuals in whom dietary
potassium intake is traditionally deficient (the elderly, African-Americans) or those
in whom diuretic-induced potassium loss occurs, potassium supplementation has
been shown to lower blood pressure. It has also been observed that potassium is
more likely to lower blood pressure in hypertensive individuals consuming a high-
salt intake, further suggesting a link between sodium and potassium intake in their
effects on blood pressure.

The amount of potassium intake required for optimal reduction in blood pres-
sure in those who are sensitive to this mineral is not clear. Most studies indicate
that dietary potassium deficiency begins at levels of intake 50 mmol/d and is
clearly observed at intakes of 30 mmol/d or less. Dietary sources of potassium
are largely fresh fruits and vegetables. In environments where these are scarce,
e.g., because of cold climate or high cost, potassium deficiency is more likely.
Among a group of normotensive nurses in whom dietary intakes of potassium,
calcium, and magnesium were deficient, only potassium supplementation
reduced blood pressure (7). Recent studies using diets involving multiple min-
eral manipulations, such as the Dietary Approaches to Stop Hypertension
(DASH) Trial (8) are discussed in the Combination Diets section.

5. CALCIUM
Epidemiological surveys have suggested a relationship between reduced

dietary calcium intake and hypertension. Several studies have demonstrated a
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small and inconsistent effect of calcium supplementation to lower blood pres-
sure. Again, this appears to be largely owing to the heterogeneity in human
responses to calcium supplementation. Subgroup analyses of some of the larger
studies suggest that those in whom dietary calcium intake is often reduced
(African-Americans, the elderly) are more likely to demonstrate a reduction in
blood pressure with calcium supplementation than other groups in whom intake
is higher. Since both subgroups are traditionally salt sensitive, we conducted a
study of calcium supplementation in a group of normal and hypertensive subjects
who had been previously categorized with respect to salt sensitivity of blood
pressure (9). We found no significant effect of calcium supplementation on blood
pressure for the entire group. However, when the subjects were separated on the
basis of salt-sensitivity status, we found a significant decrease in blood pressure
when the salt-sensitive subjects received calcium supplements and a significant
increase in blood pressure when calcium was given to the salt-resistant subjects.
These findings suggested a reciprocal relationship between the effects of calcium
and sodium on blood pressure that was confirmed by the results of the DASH
Trial (see Combination Diets Section).

6. OTHER DIETARY CONSTITUENTS

There is, at present, no convincing evidence to link alterations in magnesium
intake with blood pressure, and thus the JNC VI report did not advocate an
increase in this mineral for the purpose of lowering blood pressure (1). Caffeine
may raise blood pressure acutely in caffeine-naïve individuals but does not appear
to be a factor in the chronic elevation of blood pressure. Moreover, there is no
evidence that withdrawal of caffeine in habitual consumers produces a decrease
in blood presssure. While some studies have suggested a beneficial effect of large
amounts of omega-3 fatty acids in reducing blood pressure, intolerance of these
doses makes this an impractical approach for most individuals.

7. COMBINATION DIETS

A variety of studies have examined the effect of combined dietary approaches
on blood pressure as nonpharmacological treatment of hypertension or for the
prevention of hypertension in those at increased risk (high-normal blood pres-
sure). These combined studies have been fraught with problems resulting from
recidivism, inadequate achievement of dietary goals, or relatively short duration.
In general, it can be stated that weight loss appears to be the most effective single
intervention as long as the weight loss can be maintained. There does not appear
to be an additive benefit when potassium supplementation is combined with
modest dietary salt restriction beyond that seen with salt restriction alone. How-
ever, in the DASH trial, when a specific diet incorporating modest salt restric-
tion with an increase in fresh fruits and vegetables and low-fat dairy products
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(presumably increasing potassium, calcium, and magnesium intake) was fol-
lowed, a significant reduction in blood pressure was observed over the 8-wk
study period (8). This benefit appeared to be greatest among African-Americans
and those with higher initial blood pressure levels (10). Another study examining
multiple dietary changes was a subgroup of the Nurses Health Study II (7), which
compared the effects of supplemental potassium, calcium, magnesium, or all
three minerals to placebo in normotensive nurses in whom dietary deficiencies
of these minerals were documented. As previously mentioned, potassium supple-
mentation alone, but not combination supplementation, lowered blood pressure.

8. ALCOHOL

Alcohol consumption has been shown to have a biphasic effect on blood
pressure. Small amounts of alcohol appear to lower blood pressure, presumably
secondary to a vasodilator effect, but as alcohol consumption increases, blood
pressure rises. The dose-response characteristics vary from individual to indi-
vidual and may be based on factors such as body surface area, gender, and race.
The racial differences may be explicable, in part, by virtue of genetic differences
in alcohol metabolism. The mechanism for the alcohol-induced increase in blood
pressure appears to be related to activation of, or increased responsiveness to, the
sympathetic nervous system. This is manifested by an increase in cardiac output
when more than one ounce of alcohol is consumed. Thus, a prudent recommen-
dation to hypertensive subjects is to limit their daily alcohol consumption to no
more than 2 oz (60 mL) of 100-proof spirits (or 2.5 oz of 80-proof whiskey), 24 oz
(720 mL) of beer or 10 oz (300 mL) of wine. For those hypertensive individuals
in whom habitual alcohol consumption exceeds these levels, a reduction in intake
may lower blood pressure or make it easier to control.

9. SUMMARY

A variety of dietary and lifestyle factors can influence blood pressure, these
factors are reviewed in Table 1. The ideal recommendation for individuals who
are hypertensive or are at increased risk for its development are to maintain a
body weight as close to ideal as possible; to consume a diet modest in salt content
and enriched with fresh fruits, vegetables, and low-fat dairy products, and to
consume no more than the recommended optimal amounts of alcohol.
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1. INTRODUCTION

“Cancer” is actually many diseases, with an etiology that comprises genetic
and environmental factors, including controllable lifestyle components such as
diet. The multistep process of carcinogenesis, the numerous points at which
diet-related factors can influence those steps, and the possible interactions
among contributing factors, clearly highlight the complexity of cancer etiol-
ogy, as depicted in Fig. 1 (1). Our current understanding of diet and cancer is
based on a large body of solid research evidence from in vitro, animal, epide-
miologic, and clinical studies. Overall, this evidence provides strong support
for a diet–cancer relationship, suggesting that vegetables and fruits, dietary
fiber, certain micronutrients, and physical activity appear to be protective
against cancer, whereas fat, excessive calories, and alcohol seem to increase
cancer risk (1–3). A recent expert panel suggested that a diet high in vegetables
and fruits ranked as the best recommendation for breast cancer prevention,
along with avoidance of alcohol (1).

Based on the existence of strong research evidence, dietary guidance that can
promote and encourage diet-related behaviors for reducing cancer risk has been
formulated by various organizations (1), including the National Cancer Institute
(NCI), and is continually being refined as our knowledge of the diet–cancer
relationship grows. The NCI dietary guidelines, consistent with those of other
organizations, are shown in Table 1. Modification of dietary behaviors and nutri-
tional habits based on current guidelines is a proactive and practical approach to
cancer prevention that also is beneficial to overall good health and that can
readily be integrated into our daily lives. Evidence supporting the dietary guide-
lines is reviewed briefly in this chapter.
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Fig. 1. Diet and the cancer process. Source: ref. 1.
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2. DIETARY FAT

Epidemiologic data, including data from migrant studies, generally suggest a
direct relationship between total fat intake or consumption of animal fat or red
meat and increased cancer risk at several sites, including the postmenopausal
breast, the colon/rectum, and the prostate (1–3). Migrant studies support an
increased risk for breast cancer as eating patterns shift from a low-fat, high-fiber
diet to a high-fat, low-fiber “Western” diet. In one study, Asian-American women
born in the West had a breast cancer risk 1.6 times higher than Asian-American
women born in the East (4). Case-control and cohort studies, however, have not
found a significant association between fat intake and breast cancer incidence.
One meta-analysis of case-control studies found a relative risk (RR) of 1.21 for
breast cancer, based on fat intake (5). Two separate meta-analyses of cohort
studies reported RRs of 1.01 (5) and 1.05 (6) for the effect of dietary fat on breast
cancer risk. Given that dietary fat is closely correlated with other lifestyle fac-
tors—including caloric intake, weight gain, obesity, and physical activity—and
that dietary assessment methodologies can introduce significant error, inconclu-
sive epidemiologic data for a dietary fat-breast cancer link is not surprising (7).

International correlation studies demonstrate strong, positive associations
between colorectal cancer incidence and consumption of red meat and animal fats
(2,3,8). Data from case-control and cohort studies generally support the associa-
tions with red meat, but data for fat intake are less consistent (9). Cohort data from
men in the Health Professionals Follow-Up Study found no significant association
of colon cancer with any type of fat, but showed a significantly increased risk
associated with red meat intake (10). The Adventist Health Study identified both
red meat and white meat as important risk factors for colon cancer (11).

A comprehensive review of dietary fat and prostate cancer concluded that
evidence exists for a dietary fat-prostate cancer association, but data are incon-

Table 1
The National Cancer Institute Dietary Guidelines

• Reduce fat intake to less than or equal to 30% of calories.

• Increase fiber intake to 20–30 g/d, with an upper limit of 35 g.

• Include a variety of vegetables and fruits in the daily diet.

• Avoid obesity.

• Consume alcoholic beverages in moderation, if at all.

• Minimize consumption of salt-cured, salt-pickled, or smoked foods.
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clusive and not specific regarding types of fat (12). In the Health Professionals
Follow-Up Study, data indicated that prostate cancer risk increased with con-
sumption of red meat (RR = 2.64), but not with fat from poultry, dairy products,
or fish (13). One study of the role of diet in the development of prostate cancer
in blacks, whites, and Asian-Americans in the United States and Canada reported
an overall significant, direct relationship with saturated fat, with the highest risks
reported for Asian-Americans (14).

Overall, research findings suggest that the link between fat and cancer risk
may be a result of the type of fat consumed rather than or in addition to total fat
intake. The cancer-related effects of n-6 polyunsaturated fatty acids (PUFAs)
(e.g., linoleic acid) vs those of n-3 PUFAs (e.g., -linolenic acid, eicosapentanoic
acid [EPA], and docosahexanoic acid [DHA]) are of particular interest. Gener-
ally, n-6 PUFAs, found in common seed oils, appear to enhance the promotional
phase of carcinogenesis in preclinical models for breast, colon, and prostate
cancers, whereas n-3 PUFAs—particularly the longer chain n-3 PUFAs such as
EPA and DHA, found in fish oil—seem to exert inhibitory effects on cancer
(15–17). Overall, data from epidemiologic and clinical studies support a possible
protective effect of consumption of fish and n-3 PUFAs on breast and colorectal
cancer (18). International comparisons indicate that diets high in n-6 PUFAs are
associated with increased breast cancer risk (8), whereas consumption of oleic
acid, a monounsaturated fatty acid, and n-3 PUFAs do not increase and may
reduce breast cancer risk (8,19). Consumption of olive oil, high in oleic acid,
appears to reduce risk of breast cancer in some studies, but not in others (19). In
a European multicenter breast cancer study, the ratio of long-chain, n-3 PUFAs
in adipose tissue to total n-6 PUFAs showed an inverse relationship with breast
cancer risk, indicating that the balance between n-3 PUFAs and n-6 PUFAs may
be important (20). These findings are in agreement with ecological mortality data
for breast cancer for 24 European countries that show an inverse correlation with
fish and fish oil consumption, when expressed as a proportion of animal fat (15).
For colorectal cancer, evidence from international correlation and case-control
studies do not support an association with vegetable fat (1–3,10). As for breast
cancer, epidemiologic data do suggest a protective effect of the consumption of
fish or fish oil, expressed as a proportion of animal fat, on colorectal cancer risk
(15). For prostate cancer, one review of epidemiologic and experimental evi-
dence suggested that n-3 PUFAs may retard prostate cancer progression (17).
Findings from a large cohort study, however, suggested that -linolenic acid, an
n-3 PUFA, increased cancer risk (RR = 3.43), in contrast with saturated fat
(RR = 0.95), monounsaturated fat (RR = 1.58), and linoleic acid, an n-6 PUFA
(RR = 0.64) (13). It should be noted that although -linolenic acid is a metabolic
precursor of EPA, which has been associated with reduced prostate cancer risk,
its conversion to EPA in humans is limited (17). The importance of PUFAs with
respect to cancer risk also is discussed in Chapter 13 by de Deckere.
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3. PHYSICAL ACTIVITY AND BODY SIZE

Epidemiologic studies have investigated the roles of physical activity (energy
expenditure), weight, body size (i.e., body mass index [BMI]), and weight gain
in relation to cancer risk. The strongest associations have been found with breast
and colon cancer (1,21). Evidence that rapid growth during adolescence and
greater adult height increase the risk of breast cancer is convincing (1). Paradoxi-
cally, obesity after menopause is associated with increased risk of postmeno-
pausal breast cancer, whereas obesity prior to menopause appears to protect
against premenopausal breast cancer (22). Gaining weight after age 18 and being
overweight during the premenopausal years, however, appear to increase a
woman’s risk for breast cancer after the onset of menopause (22,23). Weight loss
both prior to and after menopause is associated with reduced risk (22). Studies
suggest that moderate physical activity can markedly reduce breast cancer risk
(21,24). Sustained physical activity leading to loss of weight and body fat helps
reduce circulating levels of estrogen and progesterone, and possibly breast can-
cer risk. All women should be encouraged to exercise regularly and avoid weight
gain. For colorectal cancer, leanness and regular physical activity have been
consistently associated with reduced risk in both men and women (21,24–26).
Data from the Nurses’ Health Study indicated that a BMI greater than 29 kg/m2

increased risk for colon cancer (RR = 1.45), compared with women with a BMI
less than 21 kg/m2 (25). Current data do not support a relationship between high
BMI in adult men and prostate cancer (1,24). However, data from nearly 48,000
men (ages 40–75 yr) in the Health Professionals Follow-Up Study reported that
obesity during childhood had a strong inverse association with prostate cancer
in adulthood (27). Some data indicate that lean body mass and high percent
muscle mass in adult men may increase the risk of prostate cancer, possibly as
a result of elevated levels of circulating androgens (28).

4. VEGETABLES, FRUITS, AND WHOLE GRAINS

Epidemiologic data are overwhelmingly supportive of the protective effects
of vegetables, fruits, and whole grains on cancer risk. A comprehensive review
summarizing the results from 217 case-control and cohort studies found con-
vincing evidence for inverse associations with cancers of the lung, stomach,
colon/rectum, esophagus, mouth, and pharynx; a probable protective effect for
cancers of the breast, larynx, pancreas, and bladder; and a possible protective
effect for cancers of the cervix, ovary, endometrium, prostate, thyroid, liver, and
kidney (1). Raw vegetables were protective in 87% of the studies. Vegetables
from the Allium family (e.g., onion, garlic), carrots, green vegetables, crucifer-
ous vegetables (e.g., broccoli, cauliflower), and tomatoes were protective in
approx 70–80% of the studies. Total fruits and citrus fruits were protective in
about 65% of the studies. The majority of case-control studies indicate that high
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vs low consumption of vegetables and fruits reduces cancer risk by approxi-
mately half (29). For instance, the relative risk of stomach cancer decreases by
about 60% as vegetable intake increases from 100 g/d to 350 g/d and by about
50% as fruit intake increases from 50 g/d to 300 g/d (1). A meta-analysis of 40
case-control studies on whole-grain intake and cancer indicated that increased
consumption is associated with decreased risk for various cancers, particularly
those of the colon/rectum (pooled OR = 0.79) and stomach (pooled OR = 0.57)
(30). Numerous constituents found in vegetables, fruits, and whole-grains—
including dietary fiber, micronutrients, and nonnutritive phytochemicals—might
contribute to these cancer-protective effects.

4.1. Dietary Fiber
Epidemiologic evidence suggests that colorectal and breast cancer risk, and

possibly risk of cancers of the esophagus, mouth, pharynx, stomach, prostate,
endometrium, and ovary, may be decreased by increasing intakes of dietary
fiber and fiber-rich foods (1,3,31). Based on 25 yr of follow-up data from men
in the Seven Countries Study, an increase in fiber intake of 10 g/d was associ-
ated with a 33% lower colorectal cancer mortality risk (32). In contrast with the
majority of earlier literature, however, 16 yr of follow-up data from the Nurses’
Health Study showed no association between dietary fiber intake and colorectal
cancer risk in women (33). Overall, study results linking total dietary fiber and
cancer are somewhat inconsistent. Dietary fiber from different sources vary in
composition, and it is unlikely that all will be equally protective against cancer
(1,3). Wheat bran, a rich source of dietary fiber, appears to have protective
effects against a range of cancers, especially those of the colon and breast (34),
and cereal fiber is consistently protective against colorectal cancer (35). A
major confounding factor in examining the association between cancer risk
and high-fiber diets is the possible effect on risk caused by micronutrients and
phytochemicals in high-fiber foods. The assessment of a cancer-protective
effect for dietary fiber can be further complicated by correlations among dietary
fiber, dietary fat, and caloric intakes (i.e., high-fiber diets may be relatively low
in fat and calories).

4.2. Micronutrients
Reviews of epidemiologic studies that correlated either high intakes of

-carotene-rich vegetables and fruits or high blood concentrations of -carotene
with cancer risk have consistently reported strong support for a significant pro-
tective effect of dietary -carotene on lung cancer (1,36–39). One review noted
that associations of -carotene with reduced cancer risk were most consistent for
lung and stomach cancers and that esophageal cancer showed limited but prom-
ising risk reduction with respect to dietary -carotene (38). Reported results for
the effects of -carotene were equivocal for prostate cancer (40) and indicated
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a possible protective effect of -carotene for breast cancer (41). For colon cancer,
data suggested only a modest risk reduction overall (38). Some studies reported
significantly reduced risk of colorectal adenomas at high -carotene intakes (42).

The epidemiologic data that linked high intakes of foods containing -carotene
and high blood levels of -carotene to reduced risk of lung cancer provided strong
support for testing the effect of -carotene supplements on lung cancer risk in
clinical interventions, as was done in high-risk populations in the Alpha-Toco-
pherol, Beta-Carotene Cancer Prevention (ATBC) Study (43) and the Beta-Caro-
tene and Retinol Efficacy Trial (CARET) (44). Unexpectedly, results from these
large-scale trials showed adverse treatment effects in terms of increased lung can-
cer incidence. In the Physicians’ Health Study (PHS), however, a general popula-
tion trial in US physicians that evaluated the effect of aspirin and -carotene
supplementation on the primary prevention of cardiovascular disease and cancer,
data showed no significant evidence of either benefit or harm from -carotene (45).
It should be noted that, in addition to -carotene, vegetables and fruits contain
numerous other naturally occurring potential anticarcinogens that may exert their
cancer-inhibitory effects through diverse mechanisms. In fact, -carotene may
simply be a marker for the actual protective substances in vegetables and fruits.
Results from trials such as the ATBC Study, CARET, and PHS illustrate that
definitive clinical evidence of both safety and efficacy is required for individual
vegetable and fruit constituents before dietary guidelines more specific than those
promoting greater consumption of vegetables and fruits can be formulated.

Few epidemiologic studies have investigated the association of cancer risk
with diets high in vitamin E ( -tocopherol). One review concluded that vitamin
E possibly decreases risk for lung and cervical cancers, that evidence is insuffi-
cient for colon/rectum cancers, and that no relationship exists between vitamin
E and breast or stomach cancers (1). In the ATBC Study, 34% fewer cases of
prostate cancer and 16% fewer cases of colorectal cancer were diagnosed among
male cigarette smokers who received daily vitamin E supplements (43). Although
these results suggest a protective effect of vitamin E, prostate and colon cancers
were not primary study endpoints; studies targeted at these cancers are needed
before conclusions can be reached.

Epidemiologic evidence for a protective effect of diets high in vitamin C-con-
taining vegetables and fruits indicates that vitamin C probably decreases risk for
stomach cancer, and possibly decreases risk for cancers of the mouth, pharynx,
esophagus, lung, pancreas, and cervix (1). One review of more than 50 case-
control and cohort studies that investigated intakes of vegetables and fruits,
vitamin C, and vitamin E reported that indices of vitamin C computed from
vegetable and fruit intakes were associated with lower risk of gastrointestinal and
respiratory tract cancers (46).

International correlation studies suggest an inverse association between sele-
nium status and cancer mortality (47). Data from most case-control and cohort
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studies show a possible protective relationship for lung cancer (1,37) but have not
been convincing for other cancer sites, including breast, colon/rectum, and stom-
ach (9,41,48). One study reported a reduced risk of advanced prostate cancer
(OR = 0.35) at the highest quintile of selenium levels in toenails (49). A clinical
intervention trial to determine whether selenium supplementation protects against
development of basal or squamous carcinomas of the skin in patients with a history
of such carcinomas showed no beneficial effect of selenium (50). Secondary end-
point analyses, however, showed significant reductions in total cancer mortality
(RR = 0.5), total cancer incidence (RR = 0.63), and incidences of lung (RR = 0.54),
colorectal (RR = 0.42), and prostate (RR = 0.37) cancers for patients who received
selenium supplements. These clinical findings support the cancer-protective effect
of selenium, but must be confirmed in independent intervention trials.

Other micronutrients found in vegetables, fruits, and whole grains—including
calcium (green leafy vegetables) and folate (green vegetables, cruciferous veg-
etables, oranges, whole grains, wheat bran, legumes, and seeds)—have been
associated with cancer-protective effects for colorectal cancer. Numerous epide-
miologic studies have suggested a weak association between calcium intake and
decreased risk of colorectal cancer, but results are inconsistent overall (1,9,51).
Folate and methionine, an essential amino acid, also have been linked to reduced
risk of colorectal cancers and colorectal adenomas in some, but not all, epidemio-
logic studies (1,51,52). More evidence is needed before conclusions can be drawn
regarding the influence of dietary calcium and folate on cancer risk.

4.3. Phytochemicals
Vegetables, fruits, and whole grains contain various phytochemicals that have

been studied for their association with cancer risk (53,54). A short list of
phytochemicals and some of their sources include thioethers (garlic, onions,
leeks), terpenes (citrus fruits), plant phenols (grapes, strawberries, apples),
polyphenols (green tea), indoles and isothiocyanates (cruciferous vegetables),
and phytoestrogens (soy, soy products) (53,54). A comprehensive review of the
phytochemical-cancer relationship is beyond the scope of this discussion; thus,
only selected examples are presented.

Common green, yellow/red, and yellow/orange vegetables and fruits contain
more than 40 carotenoids, in addition to -carotene, that can be absorbed and
metabolized by humans, including lutein, zeaxanthin, cryptoxanthin, lycopene,

-carotene, astaxanthin, and canthaxanthin (55). A comprehensive monograph
summarizing the current state-of-knowledge on the cancer-preventive effects of
carotenoids—a class of compounds that exhibits strong antioxidant activity in
vitro—concluded that clear evidence of cancer-protective effects is not available
for any of the carotenoids (56). In one population-based study, white male ciga-
rette smokers in the lowest quartile of -carotene intake had more than twice the
risk of lung cancer as those in the highest quartile (57). The corresponding risks
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associated with intakes of -carotene and lutein/zeaxanthin increased only about
60%, suggesting that -carotene is not the dominant protective factor in veg-
etables and fruits for lung cancer. Findings from an investigation of serum caro-
tenoid levels in Japanese-American men indicated that -carotene (RR = 0.19),

-carotene (RR = 0.10), -cryptoxanthin (RR = 0.25), and total carotenoids
(RR = 0.22) all significantly reduce the risk of aerodigestive tract cancers (58).
A review of 72 studies of tomatoes, tomato-based products, lycopene, and cancer
found that evidence of a protective effect was strongest for cancers of the pros-
tate, lung, and stomach; data also suggested reduced risk for cancers of the
pancreas, colon and rectum, esophagus, oral cavity, breast, and cervix (59). One
recent study reported that the risk for total prostate cancers decreased with
increasing quintile of plasma lycopene (OR = 0.75); a stronger inverse associa-
tion was found for aggressive cancers (OR = 0.56) (60).

Epidemiologic data from studies that investigated the effects of black (oxi-
dized) or green (unoxidized) tea consumption on cancer risk suggest that green
tea consumption may reduce overall cancer mortality (61). Data appear to be
most consistent for a protective effect of green tea on stomach cancer and do not
clearly support a cancer-protective effect of black tea (1). One case-control study
in Shanghai reported an inverse association for green tea consumption (highest
tertile vs lowest tertile) and cancer risk for colon (men, RR = 0.82; women,
RR = 0.67), rectum (men, RR = 0.72; women, RR = 0.57), and pancreas (men,
RR = 0.63; women, RR = 0.53) (62). Most animal studies examining the possible
effect of tea on cancer incidence have focused on extracts of either black or green
tea and on green tea polyphenols (GTP), particularly the catechins—the major
catechin in green tea is (–)-epigallocatechin-3-gallate (EGCG) (61,63). Cat-
echins also are present in black tea, but in lesser amounts; black tea contains high
amounts of theaflavins, not present in green tea (61). A recent study demon-
strated that drinking green tea is an effective way to increase human salivary tea
catechin levels; holding the tea in the mouth for a few minutes before swallowing
resulted in even higher salivary tea catechin levels (64). The authors suggested
that the benefits of drinking tea slowly or using a tea mouthwash or lozenge might
be tested in clinical trials for the prevention of oral and esophageal cancer.

5. ALCOHOL

Epidemiologic data support a direct association of alcohol intake with cancers
of the oral cavity, pharynx, esophagus, and larynx, where alcohol acts syner-
gistically with smoking to increase risk. Increased risks for liver, breast,
colon/rectum, and lung cancers also have been linked to alcohol intake (1,65). A
dose-response relationship is observed in most studies (1). For example, in life-
long nonsmokers, risk for esophageal cancer increased with daily consumption
of four to eight drinks (RR = 2.7) and eight or more drinks (RR = 5.4), compared
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with consumption of fewer than four drinks (RR = 1.0) (66). Reports indicate that
alcohol consumption and tobacco use have a multiplicative effect on aero-
digestive cancers (1). Smoking combined with alcohol consumption increased
the risk of oral cancer in Japanese men to three times that of smoking only
(OR = 6.2 vs OR = 2.2) (67). A meta-analysis of six prospective studies that
included a total of more than 322,000 women evaluated for up to 11 yr indicated
that breast cancer risk increases linearly with total alcohol intake, regardless of
whether the beverage is beer, wine, or liquor, and that daily alcohol intake equivalent
to about 0.75–1 drink is associated with a 9% increase in breast cancer risk (68).
Findings from 16 yr of followup in the Nurses’ Health Study suggest that the risk
of breast cancer associated with alcohol consumption may be reduced by adequate
folate intake (69). Epidemiologic data linking alcohol and colorectal cancer have
not been consistent (1,9). One review found that 12 of 20 studies reported posi-
tive associations between alcohol consumption and colon cancer, and 12 of 19
studies reported positive associations for rectal cancer (9). In a more recent assess-
ment of case-control and cohort studies, data suggested as much as a 1.5–2-fold
increase in risk in colorectal cancer for those consuming 30–50 g of alcohol per
day, compared with nondrinkers (1). The effects of alcohol on colorectal cancer
risk may depend, in part, on methionine and folate intake. In a large cohort study,
men in the highest quintiles of methionine and folate intakes who consumed more
than 20 g alcohol daily were not at increased risk for colon cancer (RR = 0.79,
RR = 1.03, respectively) (70).

6. PRODUCTS OF FOOD PREPARATION AND PRESERVATION

Certain food preparation and preservation methods have been linked to
increased risk for some cancers. Epidemiologic data suggest that frequent con-
sumption of grilled and barbecued meat and/or fish may increase risk for both
colorectal and stomach cancers; diets high in cured meats may increase colorectal
cancer risk; and regular intake of meat and/or fish preserved by smoking may
increase stomach cancer risk (1). Dietary carcinogens introduced through food
preparation and preservation include heterocyclic aromatic amines (HAAs) and
polycyclic aromatic hydrocarbons (PAHs), formed during high-temperature
cooking of meats, poultry, and fish; and N-nitroso compounds (NOCs), formed
in salted and pickled foods cured with nitrate or nitrite (71–74).

A number of HAAs have been determined to be possible carcinogens in
humans (71,72). Cooking methods such as panfrying, broiling, grilling, and
barbequing, which result in high food surface temperatures, are most likely to
produce HAAs, in contrast with stewing, steaming, poaching, and microwaving
(71,75). The estimated carcinogenic risk to humans from dietary HAAs is diffi-
cult to calculate because of uncertainties in the relative carcinogenicity of spe-
cific HAAs, exposures, and interindividual differences in susceptibility (71). In
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view of the possible role of HAAs in human carcinogenesis, minimizing expo-
sures to HAAs by prudent selection of lower-temperature cooking techniques for
meat and by avoiding overcooking may be advisable.

PAHs, formed when fat drips onto hot coals as meats are cooked over an open
flame, rise with the smoke and are deposited onto the meat. Benzo(a)pyrene, the
most carcinogenic PAH, has been reported at levels up to 50 µg/kg in charcoal-
broiled steaks and ground beef, five times greater than levels in some less fatty
pork cuts and chicken (74). As with HAAs, it is difficult to arrive at a reliable
estimate of the contribution of dietary PAHs to cancer risk (74,76). However, it
is prudent to reduce exposures to PAHs by modifying food preparation tech-
niques. Oven cooking, cooking with a heat source above the meat, separation of
meat from smoke during cooking, and microwaving all result in food containing
minimal amounts of PAHs (74).

Smoked, salted, and pickled meats and fish, as well as salted or pickled veg-
etables, are dietary sources of NOCs. NOCs also can be formed endogenously at
various sites, such as the oral cavity and the stomach, from nitrites and amines
present in the diet (73). Epidemiologic studies have demonstrated a direct cor-
relation between exposure to nitrosamines and cancers of the stomach, esopha-
gus, nasopharynx, urinary bladder, liver, and brain (72,73,77). Formation of
endogenous NOCs may be inhibited by naturally occurring food constituents and
foods—for example, ascorbic acid, tocopherols, phenolic compounds, tea,
orange peel, and certain fruit and vegetable juices (78,79). This inhibition may
contribute to the generally protective effect of vegetables and fruits on cancer
risk that is consistently observed in epidemiologic studies (1,29,31).

7. FUTURE DIRECTIONS

Clearly, impressive progress has been made by the scientific and healthcare
communities in establishing the existence of a diet–cancer relationship. This
very complex area of research, however, is just beginning to identify and
develop approaches to address the broad scope of questions that need to be
answered if further significant advances important to cancer prevention are
to be achieved. Many gaps in knowledge exist about the fundamental mecha-
nisms of action for dietary patterns and dietary constituents in cancer devel-
opment, particularly in the context of gene/nutrient interactions. For example,
we need a greater understanding of the variations in genetic susceptibility
among individuals resulting from polymorphisms in specific genes (e.g.,
CYP1A1, CPY1A2, CYP2D6, GSTM1, and NAT2) that cause differences in
metabolic or detoxification activities (80). The presence of such polymor-
phisms in populations targeted in epidemiologic studies may affect certain
individuals’ responses to dietary constituents and confound study results to
some degree, depending on the polymorphisms’ prevalence and distribution.
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More complete clinical-metabolic information is needed about the pharma-
cokinetics of dietary constituents. Information about their absorption, reten-
tion, and excretion could facilitate the development of validated biomarkers
of dietary intake, which would help to provide more objective measures of
intake than the dietary assessment tools currently used in most epidemiologic
studies and thus improve measurement accuracy. Developing approaches to
separate the interactive effects of diet-related factors—such as those result-
ing from the complex composition of vegetables and fruits, as well as the
close relationship of fat, caloric intake, physical activity, and BMI—is criti-
cally important to diet and cancer research, to minimize confounding and aid
in interpretation of study results. Also, carefully designed clinical trials to
test diet and cancer hypotheses based on epidemiologic and laboratory evi-
dence are essential. For example, the Polyp Prevention Trial tested the effec-
tiveness of a low-fat, high-fiber, high-vegetable and -fruit dietary pattern to
prevent recurrence of colorectal adenomatous polyps; no effect on polyp inci-
dence was observed (81). The research areas highlighted here are only a few
of the numerous issues that need to be addressed to help ensure the continu-
ation of significant progress that may ultimately make it possible to provide
clear, specific dietary guidance for cancer prevention for all individuals.
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 6 Health Benefits of Soy Isoflavones

Ted Wilson and Patricia A. Murphy

1. INTRODUCTION

Asian populations have a relatively low rate of breast cancer and heart disease
when compared to persons in the United States and Europe consuming a Western diet
(1). These populations tend to differ with respect to lifestyle and genetic makeup, but
most importantly, they differ with respect to dietary composition. The traditional
Western diet tends to differ from its Asian counterpart that contains reduced amounts
of red meat and saturated fats, but higher quantities of soy. When the diet of Japanese
persons is converted to a Western diet, the low breast cancer and cardiovascular
disease (CVD) rates climb to those of Western countries. Furthermore, the observa-
tion of worsening cardiovascular health in the Japanese population has been sug-
gested to be a result of a slow conversion to a Western diet (2).

Soy foods are a rich source of dietary protein. Soy consumption in Western
countries is increasing due to the relatively high quality of its protein content and
the low cost. As a result, soy–protein isolates have become major components of
foods such as infant formula and other second-generation foods (3). Soy-based
foods are rich in a class of compounds called isoflavones (see Fig. 1). Isoflavones
have chemical structures that are similar to the hormone estrogen, hence they are
commonly called phytoestrogens. Phytoestrogens can bind to estrogen receptors
in the body, although with low affinity, and have biological activities in the body
that often times mimic that of estrogen (4). Paradoxically, phytoestrogens can
also exert a weak antiestrogenic effect as well (5). The three most common
phytoestrogens in soy products are daidzein, genistein, and glycitein. In addition
to their phytoesterogenic activities, daidzein and genistein are also known to
have powerful in vivo antioxidant effects that may be physiologically important
(6). Ultimately, the content of daidzein, genistein, and glycitein present in a food
appears to determine the extent of health protection received by consumers of a
traditional Asian diet.
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This chapter discusses how the consumption of soy isoflavones appears to
result in health benefits for cancer, heart disease, menopausal hot flushes, and
osteoporosis. The physiological mechanisms for these soy biological activities
is briefly addressed, although the mechanisms are not definitively understood.
This chapter also reviews how differences in mechanistic effects can be a result
of differences in the nutritional content of isoflavones in food products. Finally,
the chapter suggests a conservative estimate of the amount of soy needed in the
diet and a description of when soy is most useful for providing these health
promotional activities.

2. WHAT ARE THE BIOLOGICALLY ACTIVE CONTENTS
OF SOY?

Only soybeans, alfalfa sprouts, clover sprouts, and garbanzo beans (or
chickpeas) of leguminous plant foods contain large amounts of a class of com-

Fig. 1. Polyphenolic structures of estradiol, genistein, daidzein, glycitein, and equol.
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pounds called isoflavones. The three most important soy isoflavones, with
respect to content and biological activity, are genistein, daidzein, and glycitein
(see Fig. 1). Isoflavones have a phenyl-ring structure with a series of attached
hydroxyl groups that give them their unique biological activities (8). A close
structural similarity exists between the structure of the isoflavones and estra-
diol (Fig. 1). A potentially important isoflavone metabolite is equol (Fig. 1).
Equol is unique because it has a higher estrogenic activity than its precursor,
daidzein. It is also unique because only 35% of individuals in the United States
have the intestinal flora responsible for its production (9). The nutritional
importance of equol formation and excretion remains to be more completely
understood. The genistein metabolite, p-ethylphenol, appears to have no activ-
ity. Metabolites of glycitein have not as yet been identified. All three soy
isoflavones are glucoronidated in the intestinal cells prior to entering the
bloodstream (10).

Isoflavones in raw soy-food products are typically found conjugated to a
glycosidic group. The glucose can be as a 6''-O-acetylglucose or a 6''-O-malonyl-
glucose with the malonyl form the predominant one in raw soybeans. This struc-
tural property is called a -glycosidic linkage or more commonly a glycone
structure. When consumed by humans, glycones are not absorbed from the intes-
tinal tract (11). Cleavage of the sugar moiety by the gut flora creates a compound
referred to as an aglycone, resulting in a substantial increase in absorption from
the gastrointestinal tract and improved bioavailabilty of consumed soy
isoflavones (11).

When isoflavone glycosides are converted to their aglycone forms, the
isoflavones are known to be readily absorbed from the intestinal tract; however,
until recently, little was known about their bioavailability and pharmacokinetics.
King and Bursill (11) studied the plasma and urinary kinetics of isoflavones
following consumption of a single soy-flour meal. They determined that peak
urinary isoflavones were achieved 6–12 h following meal consumption, with
peak plasma concentrations of 3.1 µM and 4.1 µM for daidzein and genistein,
respectively. Mean urinary recovery was 62 and 22% for daidzein and genistein,
respectively. The halftime of elimination for daidzein and genistein was 4.7 and
5.7 h, respectively. Xu and colleagues reported a similar halftime for daidzein
and genestein (12) Zhang and colleagues (10) recently reported that glycitein
was more bioavailable than daidzein. Isoflavones undergo degradation by gut
microflora, as considerable intersubject variations in fecal isoflavone excretion
have been observed (13,14).

The magnitude of the microfloral degradation of the gut isoflavones directly
impacts the plasma and urinary level of isoflavones. Human subjects with high
rates of isoflavone degradation have low levels in plasma and in fecal and urinary
isoflavone excretion. In contrast, subjects with low rates of isoflavone degradation
have high levels in plasma and in fecal and urinary isoflavone excretion (13).
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3. EFFECTS OF SOY ON CARDIOVASCULAR DISEASE
Asian populations with high soy intakes have CVD rates that are characteris-

tically lower than their counterparts consuming a Western diet (15). When com-
pared to Americans, 40–69-yr-old Japanese have CVD death rates that are six-
and eightfold lower for males and females, respectively. It has been suggested
that the difference is due to the presence of soy products in the Japanese diet. Soy
isoflavones have been proposed to affect several CVD risk factors, exerting their
primary effect by improving the plasma lipid profile and the antioxidant capacity
of low-density lipoprotein (LDL) particles.

3.1. Effects of Soy on the Lipid Profile

Soy protein and soy isoflavones appear to exert powerful effects on the plasma
lipid profile. Soy products are naturally cholesterol free, and their consumption
appears to result in a lowering of plasma triglyceride, total- and LDL cholesterol
concentrations. A meta-analysis (16)on data from 38 studies of human soy–protein
consumption where the average intake was 47 g/d soy–protein determined that,
when compared to animal protein consumption, soy protein consumption caused
(on average) decreases of 10.5% for triglycerides, 9.3% for total cholesterol, and
12.9% for LDL cholesterol. These reductions were observed to be more pro-
nounced in consumers with preexisting hypercholesterolemia.

Raw soy and soy–protein fractions both appear to exert a lipid lowering effect.
However, soy products that have been stripped of their isoflavone content tend
to be less effective in lowering plasma lipids (17). Furthermore, it has been
suggested that the effects associated with soy protein are due to isoflavones that
remain associated with soy–protein fractions (18). It has been estimated that
soy–protein diets must contain 1.5 mg isoflavone/g soy protein to provide the
cholesterol-lowering effects in humans (19).

A theory to explain the lipid-lowering properties of soy was put forward by
Forsythe and colleagues (20), who postulated that it occurs because soy con-
sumption increases thyroxine levels. It is known that hypothyroidemia is associ-
ated with a reduction in hepatic LDL receptors and hypercholesterolemia from
poor removal of circulating LDL cholesterol. Clinically, the condition is reversible
when thyroxine is administered. It is possible that soy isoflavones stimulate the
production of thyroid-stimulating hormone, resulting in increased thyroxine
levels and increased hepatic LDL receptors. Because apolipoprotein B-100 (apo
B-100) has a thyroxine-binding site, it is also possible that thyroxine may affect
the affinity of LDL for receptor-mediated uptake (21). Although direct thyrox-
ine/soy interactions have not been investigated in humans, pigs maintained on a
high-soy diet for 14 wk showed a marked hypocholesterolemia that was associ-
ated with significant elevations of plasma thyroxine and thyroid-stimulating
hormone (20).
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3.2. Effects of Soy on LDL Oxidation
Oxidative damage to LDL particles leads to lipid peroxidation and damage to

the apolipoprotein B-100 protein of LDL. This event causes oxidized LDL to be
recognized by the scavenger receptors localized within the arterial wall (22).
LDL uptake via scavenger receptors is unregulated and is known to cause rapid
accumulation of LDL cholesterol, promoting plaque formation. Animal and
human studies have determined that dietary antioxidants, such as -tocopherol,
can prevent plaque formation and possibly lead to plaque regression. Soy
isoflavones have a hydroxylated diphenolic structure that confers an antioxidant
activity relative to the prevention of LDL oxidation (6).

The ability of soy isoflavonoids to improve the antioxidant capacity of apo
B-100–containing particles has been recently confirmed by two studies. Rats
consuming soy protein isolates for 3 wk develop a VLDL (very-low-density
lipoprotein) /LDL fraction that becomes significantly more resistant to oxidative
damage, although the antioxidant improvement in the low-genistein group was
only slightly less than that observed in the high-genistein group (23). A more
recent study of humans consuming soy diets confirmed these observations.
Human volunteers were fed soy bars enriched with genistein (12 mg) and diadzein
(7 mg) three times daily (6). LDL from soy consumers showed a dramatic
increase in resistance to cupric ion-mediated oxidation following 2 wk of soy
consumption. This oxidative resistance was not associated with isoflavonoids
bound to the LDL particles themselves. The observed protective effect was tran-
sient, however, and 12 d following discontinuation of the soy diet, LDL oxidative
susceptibility had returned to baseline.

4. SOY EFFECTS ON CANCER
4.1. Breast Cancer

The incidence of breast cancer in Western countries is much greater than in
Asian populations where soy intake is relatively high. When Asians convert their
diet to that of Western countries, the cancer risk returns to near that of Western
countries, although it remains slightly lower (24). Phytoestrogen consumption has
been suggested to be the agent responsible for providing soy-linked breast cancer
protection. Genistein and daidzein, and possibly their metabolites, have been sug-
gested to affect breast cancer by suppressing tumor initiation and proliferation (4).
Furthermore, recent studies indicate that genistein may also inhibit angiogenesis,
thus preventing vascularization in cancerous tissues and thereby limiting tumor
growth (25). Large-scale randomized clinical trials to determine if soy consump-
tion reduces the risk of breast cancer development have not been performed.

The exact mechanism for the soy-dependent anti-breast cancer effect
observed in the epidemiological studies remains to be conclusively determined.
Isoflavones, such as genistein, can bind to the estrogen receptor, but binding
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affinity is only 0.001 that of estrogen (4). However, given that plasma isoflavones
reach levels that are in the micromolar range, whereas plasma estrogens are
typically in the nanomolar range, these weak estrogenic effects may still be
important. Additionally, the plasma isoflavones are present as glucoronides,
which appear to have one-tenth the esterogenic receptor binding affinity of
isoflavone aglycones (10). Paradoxically, isoflavones are also known to inhibit
estrogen from binding to its true receptors; this has been termed an antiestrogenic
effect (5). Determination of a chronic effect is also confusing because soy
isoflavones have not been found to exert significant effects on circulating hor-
mone levels (26).

Breast cancer risk tends to be higher in women with shorter menstrual cycles
(27); significantly, women consuming soy (60 g/d; 45 mg isoflavones/d) have
follicular phases that are 2.5 d longer (28). During the follicular cycle, the mitotic
index is about four times greater than during the rest of the cycle. This high rate of
cell division occurs when tumor initiation is thought to be most likely to occur. By
reducing the number of days spent in the high-risk phase, and maximizing the
number of days spent in the low-risk portion of the cycle, soy is thought to lower
breast cancer risk. However, most studies in this area have been conducted for less
than two menstrual cycles, and therefore, the long-term effect is difficult to predict.

4.2. Other Types of Cancer
In addition to its primary effects on breast cancer, soy-containing diets may

also have a protective role with respect to other types of cancer. In a case-control
study in Hawaii, consumers of a diet rich in soy had significantly fewer cases of
endometrial cancer (29). In the rat model, consumption of soybeans and soy flour
has been found to reduce the early stages of colon cancer, an effect that may be
similar to that observed with respect to human colorectal cancer (30).

Soy diets also appear to beneficially affect prostate cancer development. The
disease is far less common in Japan than in the United States (31). When soy-
consuming mice are injected with prostate cancer cells, the degree of apoptosis
stimulation and inhibition of tumor angiogensis is positively correlated to the
level of soy in the diet (30). However, because dietary fat is a known cancer risk
factor, and because soy diets are lower in fat content, it has also been suggested
that the protective effect may simply be due to a reduction in the fat content of
soy consumers (33).

5. EFFECT OF SOY CONSUMPTION ON OSTEOPOROSIS

Osteoporosis is a disease of the elderly where bone density and calcium content
is progressively decreased due to osteoclast overactivity, leading to an increase in
the pelvic fracture rate especially in postmenopausal women. Epidemiological
studies have observed that, when compared with Western populations, bone den-
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sity is greater and hip fractures less frequent in Asian populations consuming large
amounts of soy in the form of tofu, miso, and tempeh. This is despite the generally
low levels of milk consumption in Asian populations. Promotion of increased bone
density can be achieved with hormone replacement therapy, but increased risks of
breast cancer has been an important factor leading investigators to pursue alterna-
tives to estradiol. Raloxifene is a pharmacoligical alternative that shares significant
structural similarities to soy isoflavones (34); it inhibits osteoclast activity and
bone resorption, promoting increased bone density.

Randomized human trials of soy effects on osteoporosis have also been per-
formed, although outcomes are less definitive. A recent study fed postmeno-
pausal women low and high isoflavone soy protein diets and looked at changes
in bone density (35). After 6 mo, the bone density of the lumbar spine was
significantly increased in women consuming the high isoflavone diet. However,
a recent Dutch study found no correlation between urinary isoflavone consump-
tion and the rate of bone resorption (36). This negative result may also simply
reflect a lack of isoflavone consumption in the entire participant population.
Given the ease of soy administration and its low cost, if a given amount of soy
in the diet could be found to consistently provide protection from osteoporosis
in the elderly, health and quality of life could be significantly improved.

Human studies of soy effects on osteoporosis are complicated due to the slow
nature of changes in bone density. Rats make useful models for evaluating life-
time effects of soy consumption on osteoporosis. Ovarectomized (lacking
endogenous esterogen production) rats fed a 22% soy protein diet were found to
have a level of bone loss suppression equivalent to that of estrogen supplemented
rats (37). Furthermore, in ovarectomized rats fed a regular isoflavone-rich soy or
an isoflavone-depleted soy diet, antiosteoporotic effects were only associated
with consumption of the isoflavone-rich diet. These observed effects are possi-
bly due to soy-dependent suppression of osteoclasts (38).

6. MENOPAUSE AND HOT FLUSH SYMPTOMS

Approximately 85% of North American women will experience symptoms of
postmenopausal hot flushes. Hot flushes among climacteric women are debili-
tating symptoms that are typically treated with hormone replacement therapies.
Approximately 85% of women with hot flushes experience some relief with
estrogen replacement therapy (39); however, this comes at the cost of increased
risk for uterine and breast cancer. In contrast to women in the United States, hot
flush symptoms are observed only in 25% of climacteric women in Japan (40).
It has been suggested that soy protein consumption by Japanese women is
responsible for this protective effect.

The effect of soy supplementation on hot flushes in menopausal women was
recently evaluated (41). Participants received 60 g/d soy. After 12 wk, soy recipi-
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ents had significantly fewer hot flushes (reduced by 43%) than did the control
group where a 31% reduction was observed. This modest improvement was not
associated with changes in plasma hormone levels. In contrast, Murkies and
colleagues (42) administered 45 g/d of soy. After 12 wk, significant increases in
urinary isoflavone excretion were observed in the soy-supplemented group; sig-
nificant differences in hot flush symptoms were not observed, however.

Clinical trials examining the efficacy of soy as a treatment for hot flushes have
not been conclusive. Given the strength of the existing epidemiological data,
future studies will certainly want to clarify the relationship between soy intake
and hot flush symptoms. Perhaps the protective effect of soy requires a longer
duration to be observed, or perhaps the processing techniques used in the produc-
tion of the soy protein products used in these studies modified their content of
protective compounds.

7. FOOD PROCESSING AND SOY CONTENT

The isoflavone content of foods is largely derived from soybeans although
alfalfa and clover sprouts, chickpeas (garbanzo beans) can also provide a source
of isoflavones. Recently, an electronic database became available for isoflavone
contents of soy foods and soy ingredients and can be accessed at http://
www.nal.usda.gov/fnic. Table 1 presents ranges of isoflavone content reported
in the database.

Soy oil removed during the defatting process is popular for cooking. It is a
common misconception that soy oil is also isoflavone rich. The isoflavone con-
tent of most oils is zero because the hydroxyl groups of genistein and diadzein
give these isoflavonoids very low lipid solubilities (43). In spite of their lack
of isoflavone contents, soy oils may still be beneficial for health because
of their cholesterol-free status and their relatively high content of mono- and
polyunsaturated fats. A more detailed description of how polyunsaturated fats
affect plasma lipid profiles and coronary heart disease risk is found in Chapter
9 by Clarke and Frost, and Chapter 13 by de Deckere.

The isoflavone content of soybeans is quite variable and is a complicating
factor with regards to study replication and dietary recommendations (43,44).
The isoflavone content of a single Clark cultivar grown in the same location in
Illinois on two consecutive years varied by 30%. The isoflavone content of a
single cultivar grown in different regions of Illinois during the same year can vary
by as much as threefold. Similar variations are also known to occur with respect
to cultivars grown in Iowa (45).

Soy-containing foods can be divided into the following categories: ingre-
dients, second-generation food products, and beverages/supplements/flours
(46). Each soy product type is associated with a unique processing history
and isoflavone content. The isoflavone content of foods available in Hawaii
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Table 1
Range of Isoflavone Content of Representative Soy Foods (mg/100 g wet weight)

Total

% Ma Deinb Gein Glein Total

Soybeans 8 9.88–91.30 20.67–134.10 4.80–16.70 36.20–220.90
Soy isolate 5 7.70–68.89 27.17–105.10 5.40–26.40 46.50–199.25
Soy concentrate

Ethanol washed
6 0.79–21.09 1.29–10.73 1.57 2.08–31.82

Water washed
3 16.68–91.05 40.29–75.95 4.27–6.05 61.23–167.00

Texturized soy protein
5 1.65–123.25 2.75–144.02 15.60–28.28 4.40–295.55

Soy germ 8 855.2 288.3 769.60 1913.10
Kinako (toasted soy flour)

5 87.65–119.20 70.74–126.90 14.40–18.40 131.70–260.50
Soymilk 89 1.14–9.84 1.12–11.28 0.36–0.86 1.26–21.13
Tofu Ac 83 7.35–9.10 11.10–13.80 1.70–2.20 20.15–25.10
Tofu Ld 86 8.55–13.71 12.85–18.31 2.40–2.40 23.80–32.02
Misod 53 7.10–36.64 11.70–52.39 2.30–3.80 22.70–89.20
Tempehe 61 4.67–27.30 1.11–39.77 0.90–3.20 6.88–62.50
Nattof 59 16.02–31.46 21.52–45.53 6.89–13.01 46.40–86.99
Edamame 68 6.62–12.20 5.94–14.40 1.29–4.29 16.49–26.60
Chicken analogg

Raw 74 3.45 7.90 0.85 12.20
Soy hot dog
Raw 59 1.00–3.40 2.05–8.20 0.30–3.40 3.35–15.00
Soy burgerh

Raw 63 2.95 5.28 1.07 9.30
Soy/beef burgeri

Raw 63 0.20–0.55 0.35–1.10 0.00–0.10 0.55–1.75
aMoisture.
bDein = daidzein; Gein = genistein; Glein = glycitein; Total = moles of isoflavone ×molecular

weight of isoflavone.
cTofu A = Azumaya, extrafirm, composite; L = Mori-Nu, firm, silken, 6-city composite.
dMiso = shiro (white), 6 bag composite from supplier.
eTempeh, raw, 5-city composite, White Wave.
fSumibi natto.
gChicken = Worthington Foods FriChik, 5-city, 2-can/city composite.
hHarvest burger.
iSchool lunch USDA commodity patty, 6-patty composite.
Taken from the USDA–Iowa State University Isoflavone Database.



84 Wilson and Murphy

and Singapore was recently evaluated by Franke and colleagues (47). Murphy
and colleagues (48) reported the isoflavone levels in retail and institutional
soy-food samples nationally based on retail sales volume. Soy ingredients,
such as soy flour, isolate, and textured vegetable (or soy) protein (TVP)
typically have the highest protein content. Soy flour is probably the richest
source of isoflavones, with an average dry weight value of 2570 mg/kg. In
contrast, soy concentrate, used in many soy analog products, may have no
isoflavones because of the ethanol-washing step in its production that
removes isoflavones. Soy nuts, produced by roasting or frying soybeans
typically have the highest isoflavone content, as the water has been removed
from the intact soybean. Traditional soy food products include foods like
tofu, tempeh, and miso.

Traditional soy foods tend to have the highest total isoflavone concentra-
tions of all soy food products, with firm unfermented tofu isoflavone content
ranging from 297–355 mg/kg. Second-generation tofu products include soy
burgers and cheeses; these products have an extremely variable isoflavone
content, with soy burgers at 51 mg/kg and from 9–301 mg/kg for cheeses. The
isoflavone content of soy protein-enriched drink products have the greatest
degree of variability. Soy milk had 35 mg/kg and a soy chocolate shake
(Light and Fit) had over 1000 mg/kg. Low- and no-fat soymilks and tofus are
produced by adding additional soy protein to dilute out the fat content or by
skimming the soymilk, in a process similar to that used for cow’s milk pro-
cessing. When soy protein is added during production, the type of soy added
greatly alters the isoflavone content of the product. The isoflavone content
of the soy protein can vary from almost zero to reasonable amounts, if soy
isolate is used. The consumer has no way to estimate isoflavones in the low-
and no-fat products unless the manufacturer makes a claim on the package.
Direct food comparisons for these products are further complicated because
of their variable water content.

8. CONCLUSIONS
Asian populations have for generations consumed soy as the primary dietary

source of protein. Epidemiological studies have determined that, relative to con-
sumers of the traditional Western diet, soy consumers in Asia are well protected
from coronary heart disease (CHD), breast cancer, prostate cancer, osteoporosis,
and hot flush symptoms. As the dietary habits of Asians change to favor the
Western diet, the disease protection that these people once enjoyed is beginning
to erode. The traditional Asian diet is lower in cholesterol, saturated fat, and total
fat, all of which are associated with promotion of CHD and cancer (for further
reviews, see Chapter 9 by Clarke and Frost, and Chapter 5 by Clifford and
McDonald). However, there is increasing evidence that only part of the health
benefit of soy is because of reductions in fat and cholesterol intake.
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Soy contains a group of compounds called isoflavones. Epidemiological,
animal, and human studies are confirming that isoflavones in soy are responsible
for a large part of the protective effects observed in Asian populations. Figure 2
reviews the proposed diseases affected by soy consumption and potential mecha-
nisms. When soy products are depleted of their isoflavone content, they tend to
become less effctive or ineffective with respect to cancer and CHD risk factor
reduction. When soy isoflavones are studied in animals or humans under in vitro
or controlled dietary conditions, protective effects are generally observed with
respect to CHD, cancer, osteoporotic, and menopausal symptoms.

Determination of the amount of consumed dietary soy needed to provide these
benefits is clouded by the fact that the content of isoflavones in soybeans is highly
variable, as is the total content of soy in the foods that are typically eaten in
Western countries. The estimate of 48 g soy protein/d of Anderson and associates
(16) provides a good starting point with respect to the prevention of cardiovas-
cular disease, assuming that the isoflavone content of the soy protein remains
intact. This represents a quantity of soy isoflavones that could be obtained in one
100 g serving of tofu or 25 mg of isoflavones. Recently, the FDA has approved a
health claim for soy protein and cardiovascular disease prevention at 25 g soy
protein per day in 6 g per serving. The isoflavones associated with this level of
human consumption would come close to the range of values associated with
protection with respect to cancer, osteoporosis, and hot flush symptoms. As we
learn more about the relative individual contributions of isoflavones for protec-
tion from these diseases, we will undoubtedly be able to fine tune these dietary
recommendations.
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 7 Antioxidants in Health and Disease

Norman J. Temple and Artur Machner

1. INTRODUCTION

In recent years, two lines of investigation have converged to some extent. A
large body of convincing evidence demonstrates that fruits and vegetables are
strongly protective against various types of cancer. At the same time, growing
evidence reveals an association between the intake of antioxidants, oxidative
stress, and various disease states.

There has been a tendency to see antioxidants and fruits and vegetables as
merely two sides of the same coin. Although antioxidants undoubtedly provide
a partial explanation for the health-giving properties of fruits and vegetables,
they are far from the whole story. It is crucially important to bear in mind one of
the fundamental rules of epidemiology: association does not mean causation.
This was well expressed by Sies (1), who noted that the decline in the stork
population of Germany parallels the declining birth rate.

2. BIOCHEMISTRY OF OXIDATIVE STRESS

Sleep, slimness, and sunshine are all fine in the right amount, but they illus-
trate that you can have too much of a good thing. The same may be said of oxygen:
some is good but too much is bad.

Oxidative stress is a condition in which either reactive oxygen species (ROS)
or reactive nitrogen species (RNS), or both, overwhelm the body’s antioxidant
defense mechanisms and start damaging vital cellular components (2,3). This
state is reached either by excessive exposure to ROS or RNS, or by inadequate
antioxidant defenses.

ROS include free radicals such as superoxide, hydroxyl, peroxyl, alkoxyl,
hydroperoxyl, as well as certain highly reactive nonradicals such as hydrogen
peroxide, hypochlorous acid, ozone, and singlet oxygen. RNS include some
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radicals such as nitric oxide and nitrogen dioxide, in addition to such nonradicals
as nitrous acid, dinitrogen tetroxide, peroxynitrite, and the nitronium cation.

As noted, several of the most prominent ROS and RNS are free radicals. They
are highly reactive and unstable species that contain one or more unpaired elec-
trons in their atomic orbits. Free radicals can be generated in the body by numer-
ous mechanisms including leakage of electrons from biological membranes; by
activated phagocytes such as neutrophils, macrophages, and monocytes; by reac-
tions with polyunsaturated fats; and by reduction of tissue oxygen by transition
metals such as copper and iron. In addition, there are various exogenous sources
of free radicals including radiation, air pollution, and smoking.

ROS and RNS cause damage to proteins, lipids, and DNA. Antioxidants pro-
tect against this damage using four main mechanisms: the sequestration of tran-
sition metal ions into complexes, scavenging or quenching free radicals and other
ROS and RNS, breaking chain reactions by free radicals, and repairing molecules
damaged by free radicals.

Several proteins are known to bind and potentially stabilize transition metals,
thereby protecting against oxidative damage. Albumin is the major protein in
plasma where it chelates copper and iron. It may also possess some direct free
radical scavenging ability. Transferrin is the main iron transport protein in
the blood but also carries zinc. Ceruloplasmin chelates copper for transport
in the blood. Ferritin and hemoseridin, present in bone marrow, liver, and other
organs, are intracellular storage proteins for iron, making it unavailable for cata-
lyzing free radical reactions.

Uric acid is a nitrogenous waste product as an end product of purine metabo-
lism and is ubiquitous in body fluids. It is also very important as a free radical
scavenger. According to one estimate, uric acid and albumin are the two major
antioxidants in human plasma, contributing 24 and 33%, respectively, of the total
antioxidant activity (4).

Reduced glutathione (GSH) is a water-soluble tripeptide that is mainly present
inside cells. High levels are found in the lower respiratory tract. This is of particular
importance, as air may contain ROS and RNS such as ozone and nitrogen dioxide.
GSH is also responsible for providing antioxidant protection to red blood cells.

GSH has numerous other antioxidant properties. It can react directly with
ROS and RNS by virtue of its thiol group (–SH). GSH can break the disulfide
bridges formed inside and between proteins by the action of oxidants. In its
antioxidant action GSH forms an intermolecular disulfide nonradical end prod-
uct, glutathione disulfide (GSSG). This can either be exported from the cell or
transformed back to GSH by the combined action of GSH reducatase and
NADPH. GSH also acts as an antioxidant indirectly by regenerating ascorbate
(vitamin C) from dehydroascorbate, and -tocopherol (vitamin E) from a
tocopheroxyl radical. This property is very important in maintaining tissue levels
of these antioxidant vitamins.
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Several enzymes have an important antioxidant function. Glutathione peroxi-
dase breaks down hydrogen peroxide, using GSH and selenium as cofactors. Cata-
lase also breaks down hydrogen peroxide, producing water and oxygen. Superoxide
dismutase (SOD) converts superoxide into hydrogen peroxide and oxygen.Equally
important to the presence of these antioxidant enzymes are the minerals that
serve as cofactors, e.g., zinc, copper, and selenium.

Ascorbate has numerous antioxidant properties. It is able to directly scavenge
several free radicals. It acts as a chain-breaking antioxidant in lipid peroxidation.
Ascorbate is believed to regenerate vitamin E from its tocopheroxyl radical form,
but this requires confirmation. It inhibits nitrosamine carcinogenesis by the
direct reduction of that compound, an action that may be important in protection
against gastric cancer.

Vitamin E is, in actuality, a group of eight related substances that exhibit the
activity of -tocopherol. Their richest dietary source is seed oils. The vitamin is
fat soluble and is located in lipids, the lipid portion of membranes, and lipopro-
teins. It is highly efficient at protecting polyunsaturated fats in these cellular
components from lipid peroxidation by terminating chain reactions and by scav-
enging ROS. In the process, vitamin E is converted to a tocopheroxyl radical, but
can be regenerated by ascorbic acid, by GSH, and by coenzyme Q. Coenzyme Q
(ubiquinone) can be obtained from food but can also be synthesized by humans.

Twenty years ago, -carotene was seen merely as a precursor of retinol (vita-
min A). Over 600 related compounds (carotenoids) have been identified,
although only 10% can be converted to retinol. It is now known that carotenoids
have the capacity to efficiently quench several free radicals, singlet oxygen in
particular. They are obtained from a wide range of fruits and vegetables and their
antioxidant capacity varies with their structure.

Many phenolic compounds from vegetables and fruits have been suggested to
act as antioxidants. One important group is the flavonoids, which are widely
distributed in many foods; rich sources are black tea, red wine, cranberry juice,
broccoli, onions, and apples. Flavonoids are often associated with pigmentation
in plants, although in the case of quercetin in the onion no pigmentation occurs.
Two synthetic phenols, BHA (butylated hydroxyanisole) and BHT (butylated
hydroxyphenol), have been widely used as food preservatives. They act by
preventing lipid peroxidation.

3. OXIDATIVE STRESS AND DISEASE
Many studies have been carried out in which the degree of oxidative stress was

determined in different states of body dysfunction. The degree of oxidative stress
has been reported based on a variety of measures: low levels of enzymes, which
have an antioxidant function; low levels of antioxidant substances (e.g., vitamin
E, urate), and raised levels of substances produced as a result of oxidative stress
(e.g., damaged DNA, malondialdehyde, F2-isoprostanes).
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DNA is susceptible to damage by ROS and RNS. This produces various
chemical modifications of its bases; examples of this are methylation, deami-
nation, and oxidation. However, cells also possess DNA repair systems. Per-
haps the most well-known example of an oxidation product apparently leading
to disease is that of oxidized low-density lipoprotein (LDL). This oxidative
change to LDL is seen as a step on the road to atherosclerosis (see Chapter 8
by Woodside and Young) (5).

There are many other pathological conditions associated with oxidative stress,
including an impaired immune system and increased risk of infectious disease
(6); cancer (7); diabetes (both non-insulin-dependent and insulin-dependent dia-
betes) (8,9); autoimmune conditions including rheumatoid arthritis (10) and
ankylosing spondylitis (8); various respiratory diseases (11); eye disease, includ-
ing cataracts (12) and retinal damage leading to age-related macular degenera-
tion (13); Alzheimer’s disease (14); and schizophrenia (15).

Hollywood likes to present a black and white view of the world. “Terrorists”
fit neatly into that ludicrously simple world view as the epitome of evil, to be
destroyed by the superhero. Free radicals seem to have a similar image at the
cellular level: disease is reduced to a conflict between free radicals and antioxi-
dants. What we consider now is the extent to which this viewpoint accords with
the evidence.

4. FRUIT, VEGETABLES, ANTIOXIDANTS, AND DISEASE

4.1. Cancer

Impressive evidence has emerged in recent years demonstrating the potent pro-
tective action of fruit and vegetable consumption against a host of diseases. The
most convincing evidence concerns cancer. Well over 200 studies have shown an
inverse relationship between the intake of these foods and the risk of most types of
cancer (16). The overall risk reduction for cancer is about 40–50% (i.e., based on
comparison between those with the highest and lowest intakes) (17).

Another line of investigation has been to assess the relationship between
consumption of micronutrients and cancer risk (see Chapter 5 by Clifford and
McDonald). Numerous studies have shown an inverse relationship between
intake of vitamin C and risk of several cancers, especially oral cavity, esophagus,
and stomach and, to a lesser extent, colon and lung (18,19). The most well-known
association is that for -carotene. There is a strong inverse association between
both dietary intake and blood level on one hand, and the risk of several cancers,
especially lung and stomach, on the other (20). Further support for the preventive
action of -carotene has come from intervention studies, which have demon-
strated that supplemental doses of the nutrient prevent precancerous changes of
the oral cavity (21,22) and cause partial regression of precancerous changes of
the stomach (23).
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The close association between -carotene intake and cancer risk was the
inspiration for three intervention studies, which aimed to prevent cancer by
giving supplements. The results from these trials, however, produced not an iota
of evidence that -carotene supplements prevent cancer (24–28). These negative
results led to a great deal of debate that is far from over. As a result, attention has
shifted to other substances in fruits and vegetables that may account for the
cancer-preventive properties of these foods. Carotenoids are still considered
prime candidates. In particular, lycopene, the red substance in tomatoes, is
attracting much interest because of its pronounced negative association with
various cancers, particularly those of the prostate, lung, and stomach (29).

We must not lose sight of the fact that as yet there is no hard evidence that
antioxidants are truly involved in the fruit, vegetable, and cancer story. We must
again remind ourselves that “association does not prove causation.” There are
many other substances beside antioxidants that may be the common denominator
between fruits, vegetables, and the prevention of cancer. Here are some examples.

The cruciferous vegetables—broccoli, cabbage, cauliflower, and brussels
sprouts—contain a group of phytochemicals whose sex appeal has been eclipsed
by -carotene (30). These substances induce the synthesis of detoxifying
enzymes, which may help eliminate carcinogens.

A vitamin that has recently emerged as a possible anticarcinogen is folate (31).
Fruits and vegetables are an important source. Recently, Zhang and colleagues
(32) published results from the Nurses’ Health Study that showed a strong inverse
association between folate intake and risk of breast cancer. However, this was
only seen among nurses consuming alcohol. In another report from the Nurses’
Health Study Giovannucci and colleagues (33) reported that long-term use of
folate-containing supplements was associated with a reduced risk of colon can-
cer. They referred to other correlation studies that have also highlighted the
possible protective action of folate against cancer and adenomas of the colon.

Which of the substances discussed here is the most plausible candidate that
explains why fruits and vegetables prevent cancer? If this was a multiple-choice
exam, the smart answer would be “all the above.”

The epidemiological evidence is mostly inconclusive for a protective role for
vitamin E in cancer, though it does appear to be negatively associated with
colorectal adenomas (24). In one intervention study, 50 mg/d of vitamin E appar-
ently reduced the incidence of prostate and colorectal cancer by 36 and 16%,
respectively (34). In another study, 400 mg/d caused partial regression of precan-
cerous changes of the stomach (23). (Note: These doses are far above the usual
daily intake; the US RDA is 8–10 mg/d.)

Selenium is another nutrient that functions as a cofactor in several antioxidant
systems and merits discussion. Evidence from international correlation studies
and from animal experiments strongly supports the view that this mineral has an
anticancer action (24). Data from the Health Professionals Follow-Up Study
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indicate that selenium is protective against prostate cancer (35). One controlled
intervention study has been carried out and reported that when a supplement of
200µg/d was given, total cancer mortality fell by half (36). Clearly, this exciting
finding requires confirmation. As noted earlier selenium is a cofactor for the
enzyme GSH peroxidase, thereby giving it an antioxidant action. However, it is
not known if this is relevant to its anticancer properties.

4.2. Coronary Heart Disease

It has been estimated that increased consumption of fruits and vegetables
could potentially reduce levels of coronary heart disease (CHD) by 15% (37).
The presumption is that much of this benefit is because antioxidants provided
by fruits and vegetables enhance the resistance of LDL to oxidative change (see
Chapter 8 by Woodside and Young). However, as with cancer, we must be very
cautious before concluding that the credit does indeed belong to antioxidants.
Certainly, a negative association has been reported between intake of both
vitamin C and carotenoids and the risk of CHD (5). A negative association has
also been described between intake of carotenoids with vitamin A activity and
carotid artery plaques (38). But, as with cancer, these associations might easily
reflect confounding by associated substances present in fruits and vegetables.
Indeed, the intervention trials that aimed—and failed—to prevent cancer using
supplements of -carotene also showed no beneficial effect with regard to
CHD (26–28).

The credit for the relatively low level of CHD in France has often been
bestowed on red wine. However, there is a hole in this assumption: evidence from
case-control and prospective studies indicates that red wine has no greater pro-
tective association with CHD than any other type of alcoholic beverage (39).

Other nutrients contained in fruits and vegetables might play a more important
role in explaining why fruits and vegetables help prevent CHD. Evidence, which
was reviewed in Chapter 8 by Woodside and Young, suggests that folate may
protect against CHD by lowering the blood level of homocysteine. Similarly,
Chapter 4 by Weinberger discussed the blood pressure lowering effect of both
potassium and of fruits and vegetables. Law and Morris (37) recently argued
that folate and potassium fully explain the relationship between fruit, vegetables,
and CHD.

Results from various epidemiological investigations suggest that vitamin E
may be protective against CHD (see Chapter 8 by Woodside and Young). In
particular, in two prospective studies, total vitamin E intake (diet plus supple-
ments) was inversely associated with risk of CHD (40,41). Moreover, vitamin E
is protective against atherosclerosis in experimental animals (5). On the other
hand, intervention trials using supplements of vitamin E have failed to provide
clear evidence of protection (37; see Chapter 8 by Woodside and Young).
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4.3. Antioxidants and Other Diseases

Evidence from case-control and prospective studies suggests that vitamin C
protects against cataracts (12), asthma (11), and loss of pulmonary function (42).
But we cannot conclude from such evidence that we are looking at cause-and-effect
relationships. It is at least as likely that these are merely more examples of con-
founding, and that the true protective factors are substances closely associated in
the diet with vitamin C. In the case of vitamin C and asthma, however, there is some
evidence from intervention studies that vitamin C itself is protective (11).

Studies in diabetics have indicated a beneficial action of supplemental vitamin
E based on lowered levels of triglyceride and glycosylated hemoglobin (an index
of blood glucose) (43). In addition, supplemental vitamin E reportedly improves
immune function (6).

4.4. How Important Are Antioxidants?
Everyone knows that if we stop breathing, the effects are seriously unpleasant. But

it would be wrong to conclude that we should therefore breathe deeply. So it is with
oxidative stress. Because oxidative stress is associated with various disease states, we
cannot necessarily conclude that consuming more antioxidants will make us healthier.
Indeed, ascorbate and various other flavonoids also have prooxidant activity, espe-
cially at high concentrations and in the presence of iron or copper. This emphasizes
that it is simplistic to say that antioxidants always act for the good.

Everything is a matter of balance. Over millions of years of evolution, animals
have developed systems that maintain a delicate balance between the need for
oxygen and the harm done by oxidative stress. When we shift the balance in favor
of oxidative stress by breathing polluted air, smoking, taking excess iron, or
being deficient in antioxidant nutrients, we certainly do harm. But it does not
automatically follow that more antioxidants mean less oxidative stress and better
health. As a rule, when we shift the balance in a natural system by meddling, the
result is usually both unpredictable and unwelcome. This probably explains why
large supplements of -carotene appear to do more harm than good: they some-
how upset the natural balance. If the health of nonsmoking individuals who eat
a well-balanced diet could be improved simply by quenching oxidative stress
with antioxidants, this would beg the following question: Why did evolution not
do a better job of protecting humans by increasing the tissue concentration of
antioxidants?

If oxidative stress played a major role in disease, then we should expect clear
evidence that supplements of antioxidants prevent disease. But this is simply not
the case. The failure of supplements of -carotene to prevent cancer and CHD
was discussed earlier. Three randomized trials have been conducted in which
elderly subjects received vitamin C (50–200 mg/d) or placebo for periods of
6 mo–2 yr (44). The overall relative risk showed an increase in mortality of 8%
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(not significant). On the positive side, supplemental doses of -carotene and
vitamin C each reportedly improve immune functioning (6) and help prevent
oxidative damage of DNA (45,46).

Evidence that was discussed previously suggests that relatively high doses of
vitamin E, in the range 50–500 mg/d (i.e., many times more than can be obtained
from the diet), may reduce the risk of cancer, CHD, and other diseases. However,
we must stress the lack of clear evidence that vitamin E will prevent any disease.

Combining the evidence from studies of -carotene and vitamins C and E,
these antioxidants have very limited potency in disease prevention. The obvious
inference from this is that if augmenting the body’s antioxidant defenses does
little to prevent disease, then conversely, oxidative stress plays only a minor role
in disease causation. Halliwell (2,3) also cautioned against jumping to the con-
clusion that oxidative stress has a causal role in disease. He pointed out that
oxidative stress might often be a consequence of tissue injury rather than a cause
of it. However, as discussed earlier, we have convincing evidence that oxidative
stress is associated with various diseases. It seems unlikely that we can have so
much smoke without at least a small fire. The interrelationships between nutri-
ents, oxidative stress, and disease described in this chapter can probably best be
explained as the sum of the following:

1. First, oxidative stress does have a certain role in disease. Our environment
contributes an excessive burden of oxidative stress (e.g., cigarette smoke and
pollution). Simultaneously, large numbers of people have a suboptimal intake
of antioxidants. As a result of the combined effect of these two problems, there
is very commonly an imbalance between oxidative stress and tissue level of
antioxidants. This may be part of the reason why fruits and vegetables help
prevent cancer and other diseases.

2. A diet rich in fruits and vegetables provides an increased intake of particular
nutrients that are often consumed in suboptimal amounts and that help prevent
disease by mechanisms unrelated to oxidative stress. For instance, folate and
potassium are especially important in connection with CHD and hypertension.

3. Phytochemicals, obtained from a wide variety of foods, play an important, though
poorly understood, role in health protection. They have diverse properties,
including acting as antioxidants. For instance, in Chapter 6, Wilson and Murphy
described soy isoflavones and how their estrogenic action may help prevent
cancer and CHD. Flavonoids are a related family of phytochemicals that have
been credited with disease-preventing properties. It has been speculated that
flavonoids may protect against CHD, but the supporting evidence is far from
clear (47). As discussed earlier, cruciferous vegetables (broccoli, cabbage, cau-
liflower, and brussels sprouts) contain phytochemicals that have been credited
with anticarcinogenic properties. The phytochemicals are almost certainly an
important reason why fruits and vegetables (and the antioxidants they contain)
manifest such a strong protective association with disease, especially with cancer.
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In 1927, Heisenberg, a great physicist, formulated his uncertainty principle as
follows: “The more precisely we determine the position, the more imprecise is
the determination of velocity in this instant.” Perhaps we should formulate an
analogous uncertainty principle with regard to the problem of how fruits and
vegetables prevent disease: “The more precisely we study specific nutrients and
phytochemicals, the more imprecisely can we determine their role in disease.”

5. FUTURE INTERVENTION TRIALS
Much medical research can be characterized as “reductionism,” the strategy

of attempting to explain the whole in terms of the sum of the parts. In some cases,
as with the relationship between folate and neural tube defects, this approach has
been successful. In the great majority of cases, however, the complete picture
remains elusive. So it is likely to prove with the relationship between fruit,
vegetables, and health: there are simply too many factors that may plausibly be
involved. Epidemiological studies can only take us so far because a diet rich in
fruits and vegetables is also rich in hundreds of substances that these foods
contain, therefore making it extremely difficult to identify the protective sub-
stances. Intervention trials that test individual substances are also limited in their
usefulness, as it is not feasible to separately test all promising substances.

The foregoing arguments dictate that the most appropriate strategy for future
intervention trials is supplementation with mixtures of fruits and vegetables (MFV)
(48). Let us start with cancer. A person planning an intervention trial using just
one or two substances has the daunting task of selecting the most promising
agents. But, as stressed above, we really do not know what substances deserve
the credit for the anticarcinogenic potency of fruits and vegetables. Indeed, the
true protective agent might not yet have been discovered. Even if we were to
carry out dozens of long-term intervention trials using pure substances, we may
still miss the real answer, as protection may very well come not from a “magic
bullet,” but from a “team” of substances, each of which is needed for optimal
effectiveness. Such trials could therefore end up being no more successful than
those using -carotene. However, using MFV ensures that all active ingredients
are present, whether they are merely one or two substances or a hundred.

There are additional reasons why it makes sense to use MFV. As discussed
earlier fruits and vegetables also help prevent CHD and remedy hypertension.
The most likely substances responsible for this, folate and potassium, are almost
certainly different than those responsible for the anticarcinogenic effect. There-
fore, the use of MFV is the one sure way to prevent both cancer and CHD while
also treating hypertension. The case becomes even stronger when we consider
other conditions related to oxidative stress. Cataracts have a negative association
with vitamin C intake but, in reality, we have little hard evidence as to the true
protective substances. MFV should also prove an effective prophylactic agent
for this condition.
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6. WHERE ARE WE AT?
A person navigating through the world of antioxidants might feel somewhat

like Christopher Columbus: when he left, he did not know where he was going,
when he got there, he did not know where he was, and when he got back he did
not know where he had been.

Ideally, we would like to formulate a supplement that provides a safe, cheap, and
effective means to prevent degenerative diseases and to help preserve bodily func-
tions into old age. Clearly, we are still a long way from that goal. What we do have
is an excellent substitute: fruits and vegetables. Although we have overwhelming
evidence for advising a generous intake of these foods, the evidence is scanty and
contentious that supplements of the antioxidant nutrients and phytochemicals pro-
vided by these foods (such as vitamin C and the carotenoids) will prevent disease.

The same may be said of whole grains. Evidence from may case-control
studies on cancer (49,50) and a prospective study on CHD (51) indicates that a
generous intake of whole grains reduces the risk of both diseases by about
one-third. However, we are still far from being able to formulate a supplement
that will duplicate these benefits.

This is not to deny that there are some promising leads. As discussed earlier,
we have suggestive evidence that lycopene, selenium, and (in high doses) vita-
min E may all have a protective action against disease, especially cancer. It would
be premature, however, to conclude that supplements of these should be recom-
mended. One obvious danger is that supplements may give a false sense of
security and detract from a healthy diet.
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from Coronary Heart Disease
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1. INTRODUCTION

This chapter discusses evidence linking antioxidant nutrients with the inhibi-
tion of low-density lipoprotein (LDL) oxidation. The possibility that increasing
antioxidant intake could protect against coronary heart disease (CHD) is
reviewed. The chapter also provides information regarding what ideal antioxi-
dant intakes should be.

Hypercholesterolemia is universally accepted as a major risk factor for athero-
sclerosis. However, at any given concentration of plasma cholesterol, there is
still great variability in the occurrence of cardiovascular events. One of the major
breakthroughs in atherogenesis research has been the realization that oxidative
modification of LDL may be a critically important step in the development of the
atherosclerotic plaque. The formation of foam cells from monocyte-derived
macrophages in early atherosclerotic lesions is not caused by native LDL but
only following modification of LDL by various chemical reactions such as oxi-
dation (1; see Fig. 1).

The cholesterol-laden foam cell is a characteristic feature of the atheroscle-
rotic lesion. The rapid uptake of oxidatively modified LDL occurs through scav-
enger receptors, which are not down regulated by cholesterol accumulation (2).
Recognition of LDL by the scavenger receptor depends on alteration of key
lysine residues of apolipoprotein B, which can be brought about by aldehydes
produced during the spontaneous decomposition of lipid hydroperoxides (3).

Some reports have suggested the presence of oxidatively modified LDL in
plasma (4), but most oxidation is believed to occur in the arterial wall. There, LDL
may be in a microenvironment where the antioxidants, which normally prevent
lipid peroxidation, can become depleted. All the cells of the vessel wall—endo-
thelial cells, smooth muscle cells, macrophages, and lymphocytes—can
modify LDL in vitro (5–7). LDL oxidation is believed to be caused by highly
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reactive free radicals but the nature and source of these have yet to be fully defined.
Several mechanisms are likely to be involved, including transition metal ion-
mediated generation of hydroxyl radicals (8),  production of reactive oxygen
species by enzymes such as myeloperoxidase and lipoxygenase, and direct modi-
fication by reactive nitrogen species (9).

Oxidized LDL may also be atherogenic by mechanisms other than its rapid
uptake into macrophages via the scavenger receptor. Oxidized forms of LDL are
chemotactic for circulating macrophages and smooth muscle cells  and facilitate
monocyte adhesion to the endothelium and entry into the subendothelial space
(11). Oxidized LDL is also cytotoxic toward arterial endothelial cells and inhibits
the release of nitric oxide and the resulting endothelium-dependent vasodilation
(13). There is therefore a potential role for oxidized LDL in altering vasomotor
responses, perhaps contributing to vasospasm in diseased vessels. In addition,
oxidized LDL is immunogenic; autoantibodies against various epitopes of oxi-
dized LDL have been found in human serum, and immunoglobulin (IgG) specific

Fig. 1. Mechanisms by which oxidation of LDL may contribute to atherogenesis. Oxi-
dized LDL is chemotactic for circulating monocytes (I), which are phenotypically modi-
fied and become macrophages. Oxidized LDL is recognized by the scavenger receptor
on the macrophage and becomes internalized rapidly. As more lipid is ingested by the
macrophage, a foam cell is formed (II). This eventually bursts and a fatty streak, the first
phase of an atherosclerotic lesion, results. Oxidized LDL inhibits the motility of resident
macrophages and therefore their ability to leave the intima (III). Oxidized LDL is cyto-
toxic to endothelial cells, leading directly to endothelial cell damage (IV). Oxidation can
occur via the effects of reactive oxygen species or due to the oxidation of the cell’s own
lipids. Adapted from Steinberg et al. (1989). (123)
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for epitopes of oxidized LDL can be found in lesions (14,15). Oxidized LDL may
be able to induce arterial wall cells to produce chemotactic factors, adhesion
molecules, cytokine, and growth factors that have an important role in the devel-
opment of the plaque (16).

Evidence for LDL oxidation in vivo is now well established. In immunocyto-
chemical studies, antibodies against oxidized LDL stain atherosclerotic lesions
but not normal arterial tissue (17). LDL extracted from animal and human lesions
has been shown to be oxidized and is rapidly taken up by macrophage scavenger
receptors (18). In young myocardial infarction (MI) survivors, an association has
been demonstrated between increased susceptibility of LDL to oxidation and the
degree of coronary atherosclerosis (19), while the presence of ceroid, a product
of lipid peroxidation, has been shown in advanced atherosclerotic plaques (20).
A recent study, however, has suggested that atherosclerotic plaques contain very
little oxidized LDL compared to the amounts of activated complement and
enzymatically altered LDL (21,22), an observation that requires further study.

2. DIETARY ANTIOXIDANTS AND LDL OXIDATION

The role of dietary factors in protecting against the change from native to oxi-
dized LDL has received considerable attention. The antioxidant vitamins are
derived from fresh fruits and vegetables, and from vegetable oil and polyunsatu-
rated margarine to which vitamin E is usually added as an antioxidant; they cannot
be synthesized from simple precursors. Thus, dietary intake, absorption, metabo-
lism, and storage determine concentrations of vitamins in plasma and body tissues.
An overview of epidemiological research suggests that individuals with the highest
intake of antioxidant vitamins, whether through diet or supplements, tend to expe-
rience 20–40% lower risks of CHD than those with the lowest intake or blood levels
(23). Vitamin E is the major lipid-soluble antioxidant present in LDL, preventing
the formation of lipid hydroperoxides from polyunsaturated fatty acids. Vitamin
C can scavenge free radicals in the aqueous phase and may also regenerate vitamin
E (24). -Carotene, a vitamin A precursor, does not have a confirmed antioxidant
mechanism (25), although it and other carotenoids are contained within LDL (26).
There is some evidence that carotenoids may protect LDL against oxidation more
efficiently at low pO2 levels, which could have relevance to the levels of protection
provided in the arterial wall in vivo.

When LDL is exposed to oxidative stress in vitro, lipid peroxidation can only
proceed after the sequential loss of its antioxidants in the order ubiquinol-10,

-tocopherol, -tocopherol, lycopene, and -carotene (27–29). Accordingly,
LDL supplemented with vitamin E in vitro (27,30) or in vivo (31) is much harder
to oxidize in vitro. Similarly, the -tocopherol content of the LDL has been
shown to be the most important determinant of susceptibility to oxidation in an
in vitro model (32).
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In addition to antioxidant content of LDL, several other factors can influence the
susceptibility to oxidation. Polyunsaturated fatty acids appear to be the most vul-
nerable moiety following the application of oxidative stress. The fatty acid com-
position of the diet is, therefore, an important factor determining the susceptibility
of LDL to oxidation, with monounsaturated fatty acids protecting LDL against
oxidation (33). Small dense LDL particles are also easier to oxidize than more
buoyant particles (34). The binding of LDL particles to proteoglycans, glycation,
and the presence of preformed lipid peroxides are also important factors (35).

3. INTERVENTION STUDIES IN ANIMALS

Studies of antioxidant supplementation in laboratory animals have provided
evidence of the importance of oxidized LDL in vivo. Many such studies have
been performed, and they generally provide support for the antioxidant hypoth-
esis. For example, in a study in atherosclerotic rabbits, uptake of LDL into foam
cells was approx 4 times greater for oxidized LDL than for native LDL. Adding
of vitamin E to the system resulted in a 30–55% decrease in accumulated radio-
labeled LDL in plaques and foam cells (36,37). The effects of a diet high in
saturated fat with and without fruits and vegetables and antioxidant vitamins (C,
E, and -carotene) on oxidative stress and development of atherosclerosis has
also been evaluated in rabbits. Blood lipid peroxide levels decreased signifi-
cantly in rabbits supplemented with fruits and vegetables or antioxidant vita-
mins. In contrast, blood lipid peroxide levels increased significantly in the
unsupplemented groups and precipitated coronary thrombosis (38).

4. INTERVENTION STUDIES IN HUMANS
WITH BIOCHEMICAL ENDPOINTS

A number of studies have evaluated the effects of vitamin E on copper-cata-
lyzed LDL oxidation in healthy volunteers. In one study, men supplemented with
268, 537, or 805 mg vitamin E per day for 8 wk showed a decreased susceptibility
of LDL to oxidation. There was no significant effect of daily supplementation
with 40 or 134 mg (39). In a study of the effects of low-dose vitamin E supple-
mentation (100 mg/d for 1 wk, then 200 mg/d for 3 wk), there was a significant
increase in lag time before the onset of LDL oxidation and a significant decrease
in the propagation rate (40). Princen and associates (41) have evaluated the
minimal supplementary dose of vitamin E necessary to protect LDL against
oxidation in vitro in healthy young adults. Resistance of LDL to oxidation
increased in a dose-dependent manner with resistance time differing signifi-
cantly from baseline even after ingestion of only 17 mg/d of vitamin E. However,
the progression of lipid peroxidation in LDL was only reduced after intake of 268
and 536 mg/d. In a study of 200 mg -tocopherol supplementation over a 2-mo
period in smoking men, lag time was increased in LDL + VLDL after both copper
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induction and hemin/hydrogen peroxide induction. Plasma -tocopherol, VLDL
+ LDL -tocopherol, and LDL total antioxidant capacity were all increased in the
intervention group (42). Vitamin E supplementation appears to promote a clear
reduction in the susceptibility of LDL to oxidation. The case for -carotene and
vitamin C, however, is less clear cut.

The effect of high-dose vitamin C supplementation (1000 mg/d) on LDL
oxidation was evaluated in a study of 19 smokers. The vitamin C-supplemented
group had a significant reduction in the susceptibility of LDL to oxidation after
4 wk (43). Two months of vitamin C supplementation with freshly squeezed
orange juice (estimated 500 mg/d) also produced a significant increase in lag
time in 36 healthy males consuming a diet high in saturated fatty acids (44).
Jialal and associates (45) found that supplementation with -carotene (1–2  µmol)
inhibited the oxidative modification of LDL in healthy subjects. By contrast, Lin
and  colleagues (46) reported that a natural-food diet containing 0.93 µmol

-carotene per day was insufficient to alter either plasma or LDL -carotene or
carbonyl groups in LDL. A higher dose of 6.2 µmol -carotene per day did
increase both plasma and LDL -carotene and reduce LDL carbonyl production.

When the effectiveness of -carotene, vitamin C, and vitamin E supplements
were compared by Reaven and associates (31), susceptibility of LDL to oxidation
did not change during -carotene supplementation (60 mg/d) but decreased
30–40% with the addition of a vitamin E supplement (1600 mg/d). Addition of
vitamin C supplementation (2 g/d) did not further reduce the susceptibility to
oxidation. In another study, a combined supplement— -carotene (30 mg/d), vita-
min C (1 g/d), and vitamin E (530 mg/d)—was given to men for 3 mo. It produced
a twofold prolongation of the lag phase of LDL oxidation and a 40% reduction in
the oxidation rate (47). The effects of combined antioxidant supplementation were
not significantly different from the effects of vitamin E supplementation alone.
Finally, we have recently shown that a combination of low-dose antioxidant
vitamins (150 mg ascorbic acid, 67 mg -tocopherol, 9 mg -carotene daily) over
a period of 8 wk significantly prolonged the lag time to oxidation (48).

The effects of antioxidant supplementation on LDL oxidation may depend on
smoking status. In a group of smokers and nonsmokers, resistance of LDL to
oxidation increased significantly and the rate of LDL oxidation decreased signifi-
cantly after vitamin E supplementation (671 mg/d for 7 d). There was some indi-
cation of a small increase in the resistance of LDL to oxidation in smokers after
supplementation with -carotene (20 mg/d for 2 wk, then 40 mg/d for 12 wk) (49).

In summary, therefore, experimental evidence suggests that antioxidant vita-
mins can reduce the susceptibility of LDL to oxidation in vitro. Vitamin E would
appear to be the most effective antioxidant; both -carotene and vitamin C have
produced extensions in lag time to oxidation only in a minority of studies,
although it remains possible that they may have a beneficial effect in individuals
with poor baseline status.
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5. EPIDEMIOLOGICAL STUDIES LINKING ANTIOXIDANTS
AND LDL OXIDATION

5.1. Vitamin E
Two large longitudinal studies in the United States examined the association

between vitamin E intake and risk of CHD (50,51). In a group of 39,910 male
health professionals, those who took vitamin E supplements in doses of at least
100 IU per day for over 2 yr had a 37% lower relative risk of CHD compared to
men who did not take vitamin E supplements, after adjustment for age, coronary
risk factors, and intake of vitamin C and -carotene. In the Nurses’ Health Study
of 87,245 female nurses, women who took vitamin E supplements for more than
2 yr had a 41% lower relative risk of major coronary disease. This effect persisted
after adjustment for age, smoking, obesity, exercise, blood pressure, plasma
cholesterol, and use of postmenopausal estrogen replacement, aspirin, vitamin
C, and -carotene (51).

It must be noted that this effect was limited to vitamin E supplement use. High
vitamin E intakes from dietary sources were not associated with a significant
decrease in risk, although even the highest dietary vitamin E intakes were far
lower than intakes among supplement users (51).

Support from case-control studies based on biological samples is sparse,
although Gey and coworkers (52) found that plasma levels of vitamin E in
men aged 40–49 yr correlated strongly and inversely with the age-specific mor-
tality from CHD in 16 European regions. A population case-control study also
evaluated the relation between undiagnosed angina pectoris and plasma antioxi-
dant levels in men aged 35–54 yr. Plasma levels of vitamin C, vitamin E, and
carotene manifested a significant inverse correlation with undiagnosed angina.
The inverse association between vitamin E levels and angina remained signifi-
cant after adjustment for smoking habits, age, blood pressure, relative weight,
and blood lipid levels (53). However, these results have been offset by several
negative studies. There was no association between plasma vitamin E and preva-
lence of CHD in a cross-sectional survey of 1132 Finnish men (54). Similarly,
most nested case-control studies found no relationship between plasma vitamin
E levels and subsequent coronary mortality (55,56) or risk of MI (57,58). The
reason for these disparate results is unknown, but may include changes in diet
following disease diagnosis, poor classification of controls, and lack of variation
in plasma levels within populations not using supplements.

5.2. Vitamin C
The evidence linking the water-soluble vitamin C with cardiovascular disease

is less strong than that for vitamin E. In the Physicians’ Follow-Up Study, a high
intake of vitamin C was not associated with a lower risk of CHD in men (50),
whereas in women from the Nurses Health Survey, an initial effect was attenu-
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ated after adjustment for multivitamin use (59). Only one prospective study,
which involved 11,348 adults, demonstrated an inverse relationship between
vitamin C intake and cardiovascular mortality (60). This effect was due largely
to the use of vitamin C in supplements and may have been a reflection of other
antioxidant vitamins in multivitamin preparations. A link between intake and
carotid artery wall thickness has also been suggested (61). Plasma levels were not
correlated with coronary mortality rates among four European populations (62),
or with prevalent coronary disease in Finland (54). In the Basle Prospective
Study, low levels of vitamin C alone did not increase the risk of CHD, although
the risk of disease at low levels of both vitamin C and -carotene was greater than
that for -carotene alone (63). However, a prospective population study of 1605
healthy men aged 42–60 in Finland has recently shown that men who had vitamin
C deficiency had a relative risk of MI of 2.5 after adjusting for the main risk
factors for MI (64).

5.3. -Carotene
There is some indication that increased dietary intake of -carotene is asso-

ciated with reduced risk of CHD although again the evidence is less convincing
than that for vitamin E. In the prospective Nurses Health Survey, consumption
of vitamin A and -carotene in food and supplements weakly predicted the
incidence of CHD (65); Gaziano and Hennekens reported a 22% risk reduction
for women in the highest quintile of -carotene compared with those in the lowest
(66). No adjustment was made for the potentially confounding effect of other
antioxidant vitamins in multivitamin preparations. However, a small prospective
study on 1271 elderly people also demonstrated an inverse relationship between

-carotene intake in fruit, and vegetables and subsequent cardiovascular death
(67). Similar findings have been shown for serum carotenoid level and CHD risk
(68), and carotenoid intake and carotid artery plaque thickness (61). Several
studies indicate that dietary and circulating levels of -carotene affect smokers
more than nonsmokers (50,58,69). In the Health Professionals Follow-Up Study,
high -carotene intake was associated with reduced CHD risk in current smokers
and exsmokers (70% risk reduction) but not never-smokers, after adjustment for
cardiovascular risk factors and vitamin C and E intake (50). It was suggested that
a high dietary intake of -carotene is especially important in smokers who have
both an increased demand for antioxidants (to combat smoking-induced free
radicals) and a correspondingly lower circulating level for a given dietary intake
(70). However, -carotene supplements in smokers may have harmful effects as
discussed in the next section.

5.4.  Intervention Studies in Humans with Clinical Endpoints
Observational studies, of course, only infer a cause-and-effect relationship.

Even in the most well-designed observational studies, the amount of uncon-
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trolled and uncontrollable confounding could easily be as large as the small to
moderate reductions in risk that are most plausible (71). Individuals who select
higher intakes of antioxidants may also adopt other dietary or nondietary lifestyle
characteristics that account for the apparent benefits of antioxidants seen in
observational studies. Prospective studies with a clinical endpoint are required,
and only randomized trials of sufficient sample size, dose, and duration of treat-
ment and follow-up can provide reliable data. The limitations of intervention
trials are that they can often only be interpreted for the particular study popula-
tion, and for the antioxidant dose provided during the trial. Numerous interven-
tion studies designed to test the hypothesis that increased antioxidant intake will
protect against atherosclerosis are currently in progress. In general, these studies
are using supplements of antioxidant vitamins or other antioxidants, and results
so far have not been encouraging.

The Alpha-Tocopherol, Beta-Carotene Cancer Prevention Trial (ATBC),
conducted among 29,133 male heavy smokers in Finland, found no reduction
in CHD morbidity or mortality during 5–8 yr of treatment with vitamin E (50
mg/d) or -carotene (20 mg/d). Those assigned vitamin E had no significant
decrease in CHD deaths, but a 50% excess of deaths from cerebral hemorrhage,
whereas those assigned to -carotene experienced an 11% increase in CHD
deaths (72). In a further analysis, a subgroup of the original subjects with a
previous MI were considered (73). The endpoint of this substudy was the first
major coronary event after randomization. The proportion of major coronary
events was not decreased with either -tocopherol or -carotene supplements.
In fact, -carotene conferred an excess of fatal CHD (75% increase in risk).
There was a beneficial effect of vitamin E on nonfatal MI with a risk reduction
of 38%.

The CARET (Beta-Carotene and Retinol Efficacy Trial), designed to test the
effects of a combined supplement of 30 mg -carotene and 25,000 IU retinol
daily among 18,314 cigarette smokers and individuals with occupational asbes-
tos exposure, was ended early when researchers detected an elevated risk of death
from lung cancer in those receiving -carotene (74) and, again, no beneficial
effect on cardiovascular disease (CVD) was found. For CVD mortality, there was
a nonsignificant 26% increase in the treated group (p = 0.06).

The Physicians Health Study followed more than 22,000 US male doctors
treated with 50 mg -carotene or placebo every other day for an average of 12 yr
(75). The trial appears to have been conducted meticulously and its results would
seem to seriously question any beneficial effect with such supplementation on
CVD in well-nourished populations. There were no significant effects on indi-
vidual outcomes, or on a combined endpoint of nonfatal MI, nonfatal stroke, and
cardiovascular death, for which the relative risk was 1.0. There was also no
evidence of harm (or benefit) among the 11% of participants who were current
smokers at baseline.
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Greenberg and associates (76) studied the effect of -carotene supplementa-
tion (50 mg/d) in 1720 male and female subjects for a median period of 4.3 yr with
a median follow-up of 8.2 yr. Subjects whose plasma levels of -carotene were
in the highest quartile at the beginning of the study had the lowest risk of death
from all causes compared with those in the lowest quartile. Supplementation,
however, had no effect on either all-cause or cardiovascular mortality.

Thus for -carotene supplementation, it would appear that there are no overall
benefits among individuals with a good nutritional status who are at low or
average risk of developing CHD. The situation may be different, however, for
those with a previous history of such disease.

5.5. Intervention Studies in Humans—Secondary Prevention

Hodis and coworkers (77) have shown a reduction in CHD progression (as
measured angiographically) in men given 100 IU vitamin E daily, although no
benefit was found for vitamin C. Singh and colleagues (78) found that a combi-
nation of vitamins A, C, E, and -carotene administered within a few hours after
acute MI and continued for 28 d led to significantly fewer cardiac events and a
lower prevalence of angina pectoris in the supplemented group. The Cambridge
Heart Antioxidant Study (CHAOS), a trial of vitamin E supplementation on 2002
patients with angiographic evidence of coronary disease, was carried out with a
mean treatment duration of 1.4 yr. This short-term supplementation with -toco-
pherol (268 or 537 mg/d) reduced CHD morbidity in patients (77% decreased
risk of subsequent nonfatal MI). No benefit was found, however, in terms of
cardiovascular mortality, with a nonsignificant excess among vitamin E-allocated
participants (79). The recently published GISSI-P trial investigated the indepen-
dent and combined effects of n-3 PUFA and vitamin E on morbidity and mortality
after MI (80). Although n-3 PUFA reduced the primary combined endpoint of
death, nonfatal MI, and stroke, vitamin E had no benefit. When each supplement
was compared with no treatment in a four-way analysis, however, there was a
nonsignificant reduction of 11% in events by vitamin E (the study was designed
so that only a reduction of 20% in events would be statistically significant).

5.6. Summary and Evaluation of Human Intervention Studies

Thus, for vitamin E in Western populations, the only available trial data in
primary prevention are from the ATBC trial (72), which shows a negative effect.
In secondary prevention, the accumulating trial data for vitamin E are more
encouraging, particularly in terms of nonfatal endpoints (73,79,80), but far from
conclusive in demonstrating net benefits. Each of these studies is open to specific
criticism—the CHAOS study was too small to measure mortality, hemodynamic
data were limited to only 706 of the 2002 patients, the amount of vitamin E was
changed during the trial, and the patients were only followed up for 17 mo on
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average. Subjects in the ATBC study received a relatively low dose (50 mg) of
vitamin E; there are doubts about the length of treatment; and it is uncertain
whether the potential vitamin E-mediated protective effect could have any impact
in such high-risk subjects (middle-aged heavy smokers). This last uncertainty
also applies to the CARET study where those treated were already at elevated risk
for lung cancer due to exposure to asbestos or cigarette smoking (81–84); there-
fore, preclinical cancerous change may already have been present.

How should we interpret the discordance between data from cohort studies
and the results so far available from clinical trials?  In general, it may be that the
duration of clinical trials is too short to show a benefit, and that antioxidant intake
over many years is required to prevent atherosclerosis. Thought needs to be given
to trial design; with dose, duration of treatment and follow-up period, initial
antioxidant levels and dietary intake, and extent and distribution of existing
atherosclerosis being taken into consideration. Animal models have nearly
always tested the effects of antioxidants on the early atherosclerotic lesions.
Whether or not antioxidants have inhibitory effects on the later stages remains
to be seen. In addition, the complex mixture of antioxidant micronutrients found
in a diet high in fruit and vegetables may be more effective than large doses of
one or a small number of antioxidant vitamins. It could be that several of these
compounds work together but have no effect individually, or that other dietary
components (e.g., trace elements) may be effectors of carotenoid action.

The significant results linking antioxidant intake with CHD risk observed in
cohort studies may be due to confounding by other lifestyle behaviors. Slattery
and associates (85) examined dietary antioxidants and plasma lipids in the Coro-
nary Artery Risk Development in Young Adults (CARDIA) study and found that
a higher intake of antioxidants was associated with other lifestyle factors such as
physical activity and not smoking. Plasma concentrations of antioxidants are
linked with social class, being higher in more affluent groups (86). Although these
variables can be individually controlled for in analyses, it may be that a complex
lifelong behavior pattern needs to be studied before conclusions regarding antioxi-
dants and CHD can be made. For example, passive smoking has recently been
shown to have an atherogenic effect on LDL (87), yet exposure to smoke is a
difficult lifestyle variable to control for in cohort analyses and is rarely measured.

5.7.  Further Clinical Trials of Antioxidant Supplementation
There are several clinical trials of antioxidant supplementation underway at

present that are designed to clarify the effects of antioxidant supplementation on
CVD. In each of these trials, doses of vitamin E greater than 200 mg/d are being
used, which should be sufficient to increase serum levels at least two- to three-
fold. The Women’s Health Study is a primary prevention trial investigating the
effects of vitamin E, -carotene, and aspirin on CVD and cancer in 40,000
women aged 50 yr and over (88). In France, the Supplementation Vitamins,



Dietary Antioxidants and CHD 111

Minerals and Antioxidant (SU.VI.MAX) Trial is testing a combination of anti-
oxidant vitamins including vitamin E, vitamin C, and -carotene in 15,000
healthy men and women (89). The Heart Protection Study in Oxford is investi-
gating the effects of vitamin E, vitamin C, and -carotene in 18,000 subjects with
above average risk of MI (90), and a secondary prevention trial using the same
three vitamins in 8000 women has been established in the United States
(Women’s Antioxidant Cardiovascular Disease Trial, WACDR) (91). The Heart
Outcomes Protection Study is also assessing vitamin E in 9000 persons with
previous MI, stroke, or peripheral vascular disease and diabetic patients (92).

6. WHOLE FOODS AND LDL OXIDATION

Although intervention trials are important in evaluating possible beneficial
effects of antioxidants against development or progression of CHD, they have
limitations and should be considered as only one component in the totality of
available research evidence. It may be that a lifetime of intake is required to show
a protective effect, or that a mixture of natural antioxidants found in fruits and
vegetables provide the necessary protective mixture. A number of studies of
people who eat a diet rich in fruit and vegetables, and therefore rich in antioxidant
nutrients, have tried to test the hypothesis that fruits and vegetables lower the risk
of CHD (93–96). In general, observational studies of vegetarians and those with
diets rich in fruits and vegetables support the hypothesis that such a diet might
lower the risk of CHD. Vegetarians generally have high intakes of cereals, nuts,
vegetable oils, vegetables, and fruit. However, vegetarians differ from the rest of
the population in a number of important ways: they tend to smoke less, have a
lower BMI and alcohol intake, and come predominantly from higher social
classes, all of which are known to confer a health advantage.

Few studies have looked at the effects of whole foods on biochemical end-
points. A recent study asked subjects with normal lipid concentrations who ate
three or fewer servings of fruit and vegetables daily to consume eight servings
per day (97). Plasma concentrations of vitamin C, retinol, -tocopherol, - and

-carotene, lipids, and lipoproteins were assessed before and after an 8-wk inter-
vention period. The plasma vitamin C, -carotene, and -carotene concentra-
tions increased, whereas concentrations of retinol, -tocopherol, lipids and
lipoproteins remained unchanged, despite some increase in dietary vitamin E and
a small reduction in saturated fat intake. An interesting addition to the results
would have been the inclusion of data on the susceptibility of LDL to oxidation.
The authors concluded that more specific dietary advice to modify fat intake may
be necessary to reduce the risk of CVD.

By contrast, Singh and colleagues (98) found over a 12-wk period that fruit
and vegetable administration to subjects at high risk of CHD lowered total and
LDL cholesterol and triglyceride levels, and increased HDL-cholesterol. Another
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study by Wise and coworkers (99) using dehydrated fruit and vegetable extracts
over a period of 28 d in 15 healthy adults aged 18–53 yr produced increases of
50–2000-fold in plasma carotenoid and tocopherol levels. During the same
intervention period, plasma lipid peroxides decreased fourfold, with much of this
lowering taking place during the first week (99).

Other antioxidant micronutrients may be important in increasing the resis-
tance of LDL to oxidation. Flavonoids are plant-derived compounds that inhibit
in vitro copper-catalyzed LDL oxidation (100–103). The inhibition of oxidation of
human LDL by consumption of red wine or tea has been attributed to the presence
of antioxidants such as flavonoids and other polyphenols in red wine and cat-
echin in tea (104). Isoflavonoids such as genistein also reportedly increase LDL
resistance to oxidation (105,106), although this has not been confirmed (107),
whereas aged garlic extract has recently been shown to have antioxidant prop-
erties (108). Ubiquinol-10 is another effective lipid-soluble antioxidant that
inhibits LDL oxidation due to aqueous or lipid-phase peroxyl radicals (109). The
effect of antioxidant supplementation may be sex-specific with 17 -estradiol at
physiological levels increasing the resistance of LDL to oxidation in some stud-
ies (110). Further studies, especially in humans, are required to validate the role
of these antioxidants in inhibiting LDL oxidation.

7. OTHER ANTI-ATHEROGENIC EFFECTS OF ANTIOXIDANTS
The difficulty in linking inhibition of LDL oxidation with inhibition of athero-

sclerosis may stem from the dynamic nature of CHD (111). CHD involves not
only the development of an atherosclerotic plaque, but also plaque rupture, vaso-
constriction, and local thrombosis, resulting in partial or total arterial obstruc-
tion. Some antioxidants may limit the clinical expression of atherosclerosis by
stabilizing the plaque rather than by affecting its size (111). Scavenger receptor
activity has been shown to be downregulated in macrophages after incubation
with -tocopherol (112). Several other mechanisms can contribute to the vascu-
lar effects of -tocopherol: it has been shown to reduce monocyte adhesion and
transmigration into the intima (11), it can inhibit the proliferation of smooth
muscle cells (113), and it prevents the cytotoxic effects of oxidized LDL by
reducing endothelial cell damage (114, 115).

Oxidized LDL also impairs the release of nitric oxide from normal arteries,
which usually prevents inappropriate adhesion of leukocytes and platelets, and
vasospasm (116). Thus, the presence of oxidized LDL might contribute to the
platelet adhesion and vasospasm that are involved in the pathogenesis of acute
coronary syndromes. LDL derived from patients treated with Probucol (a syn-
thetic antioxidant) and oxidized in vitro does not impair the action of nitric oxide
to the same degree as LDL derived from normal subjects (116). Antioxidant
protection of LDL by Probucol and improved endothelial function has also been
found in patients treated for hypercholesterolemia (117).
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These alternative vascular effects of antioxidants and decreased LDL oxida-
tion may explain the positive findings for antioxidants in the prevention of sec-
ondary CHD or the clinical expression of established CHD, rather than in primary
prevention or the initial development of atherosclerotic lesions (111).

8. LEVELS OF ANTIOXIDANT INTAKE FROM FOOD SOURCES

In the absence of conclusive evidence linking antioxidant intake with a
reduced risk of CHD, dietary recommendations are difficult. Vitamin C and

-carotene are available from fruits and vegetables, and vitamin E from veg-
etable oils. Results from southern European countries consuming the classical
Mediterranean diet show that high plasma levels of these antioxidants can be
achieved. This diet is characterized by a preference for fresh products and fre-
quent consumption of fruits, vegetables, legumes, and oils with a high vitamin E
content. In contrast, major parts of populations in the United States or in northern
parts of Europe do not consume optimal amounts of antioxidant nutrients. The
availability of lower-priced convenience foods in the United States acts against
the consumption of freshly prepared foods. Thus, only 40% of Americans con-
sume five servings of fruit and vegetables daily (118), as recommended by the
US national food guide, the Food Guide Pyramid. Only a quarter consumed fruits
or vegetables rich in vitamin C or the carotenoids, and on any given day 54% ate
no fruit at all (119). A recent reanalysis of the  Second National Health and
Nutrition Examination Survey (NHANES II) data showed that vitamin supple-
ments are the major contributors of the principal antioxidant micronutrients in
the US diet (28% of vitamin C and 46% of vitamin E) (120).

Estimates of the requirement for micronutrients are based on the minimum
quantity necessary to prevent a deficiency. The translation of minimum require-
ment to a dietary recommendation for population groups necessitates that allow-
ance be made for a number of variables, including (1) periods of low intake, (2)
increased utilization, (3) individual variability, and (4) bioavailability. In the
United States, the Recommended Daily Allowances (RDAs) incorporate “mar-
gins of safety” intended to be sufficiently generous to encompass the variability
in the minimum requirement among people, and bioavailability from different
food sources.

To date, recommendations on micronutrient intake have therefore been pri-
marily intended to prevent clinically overt deficiencies such as scurvy. If, how-
ever, observational and experimental evidence continues to show that the
prevention of slow multistage processes such as CVD and cancer might require
a higher intake of some essential antioxidants, then a recommended intake should
be devised referring to amounts considered sufficient for the avoidance of these
disease states. Gey (121) suggests that the present recommendations will require
either an upgrading or an additional term, e.g., a recommended optimum intake
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(ROI) that will vary with gender and age, with special requirements for smokers,
pregnancy, and the elderly. The ROI could be defined as sufficient (culture-
and/or region-specific) intake to achieve blood levels associated with the ob-
served minimum relative risk of disease (121). For example, Carr and Frei (122)
have suggested a doubling of the current RDA for vitamin C for optimum reduc-
tion in chronic disease risk. A ROI would simply quantify specific dietary con-
stituents of conceivably crucial importance within the still desirable “five
servings of fruit and vegetables daily.”

9. CONCLUSION

There is strong evidence to support a link between antioxidant intake and a
protective effect on the susceptibility of LDL to oxidation, but the relevance of
this to CHD, and the possibility of other important bioactive micronutrients and
phytochemicals in vegetables and fruit, require further research.
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 9 Dietary Fat, Blood Lipids,
and Coronary Heart Disease Risk

Robert Clarke and Chris Frost

1. INTRODUCTION

Cardiovascular diseases account for about half of all deaths in middle age and
a substantial proportion of deaths in old age (1). Elevated blood cholesterol,
elevated blood pressure, cigarette smoking, and lack of exercise explain most of
these premature deaths. Recent clinical trials that demonstrated that lowering
blood total cholesterol is associated with highly significant reductions in coro-
nary heart disease (CHD), stroke, and all-cause mortality (2–4), have prompted
a renewed interest in dietary strategies for CHD prevention. Several decades of
epidemiological research have established that the amount and type of dietary fat
consumed by populations is related to their blood total cholesterol levels and
mortality rates from CHD (5). On the basis of this evidence, expert groups have
advocated that intake of total fat by the general population should be restricted
to 30% of calories, saturated fat restricted to 10% of calories, and dietary choles-
terol to less than 300 mg/d (6). Individuals at high risk of coronary disease should
restrict saturated fat intake to less than 7% of calories and dietary cholesterol to
less than 200 mg/d.

The relevance of these dietary guidelines has been questioned, partly because
of the difficulty of achieving compliance with such advice (7,8), but also because
of the uncertainty about what should be used to replace saturated fat (9). In the
absence of appropriately designed large-scale clinical trials assessing the indepen-
dent effects of decreasing saturated fat and increasing polyunsaturates or
monounsaturates, the debate has centered around the relative importance of re-
stricting total fat intake compared with maintaining total fat while replacing satu-
rated fat with unsaturates. Some of the uncertainty has arisen due to apparently
conflicting results from “metabolic ward studies” (in which controlled diets are
administered for some weeks to volunteers). These have assessed the effects of
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dietary exchanges on blood total cholesterol levels, and more importantly on low-
density lipoprotein cholesterol (LDL) and high-density lipoprotein cholesterol
(HDL) levels. However, many of these individual metabolic ward studies have
been too small to provide reliable information when looked at in isolation.
When results of different studies were compared, there was uncertainty about
whether the effects of dietary fats on blood total cholesterol levels varied in
different age groups or whether the effects of dietary fats on HDL cholesterol
levels may have been underestimated if the duration of the experimental diets
was too short. Many of these issues have been clarified by a meta-analysis of
all the available metabolic ward studies, which provided estimates of the effect
of dietary intake of fatty acids and dietary cholesterol on blood cholesterol
levels and cholesterol fractions (10).

This chapter assesses the evidence using the data from a previous meta-analy-
sis of the metabolic ward studies in order to (1) provide reliable estimates for the
relative effects on blood total cholesterol, LDL cholesterol, and HDL cholesterol
levels; (2) examine differences in the effects of intake of dietary lipids on total
cholesterol levels when administered in different age groups; (3) assess the effects
of dietary lipids on HDL cholesterol levels when the experimental diets were
consumed for varying durations; and (4) review some possible exchanges in food
intake required to achieve the magnitude of dietary change observed in the meta-
bolic ward studies.

2. META-ANALYSIS OF METABOLIC WARD STUDIES

Published reports of dietary intervention studies conducted under controlled
conditions that ensured compliance (metabolic ward studies) with diets admin-
istered for at least 2 wk were systematically sought by a MEDLINE search,
scanning reference lists, and hand-searching nutrition journals. Details of the
studies included in the meta-analysis were provided in the earlier report (10). We
excluded studies if the subjects were selected for some disorder (such as diabetes
or dyslipidemia), or if the dietary changes were deliberately confounded by other
interventions (such as weight reduction or exercise), or if there were no data
available about dietary fatty acids or dietary cholesterol. The search strategy did
not require data on the availability of changes in body weight. Among the 81
eligible reports identified, we excluded one long-term multicenter study for poor
compliance with the experimental diet. Solid food diets were assessed in 72 of
these reports among 129 groups of subjects following 395 experimental diets.
Details of the major individual saturated fatty acids in 134 experimental diets,
and blood concentrations of HDL and LDL cholesterol were available for 226.
Liquid formula diets, assessed in 32 experimental diets in eight reports, were
excluded from the main analyses because the effects of such diets may differ
from those of solid food diets due to physical make-up.
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From each publication, we sought information about mean age and weight, the
experimental diets (intake of dietary cholesterol, percentage of calories as satu-
rated, polyunsaturated, and monounsaturated fat), and blood cholesterol concen-
tration (total, LDL, and HDL) in plasma or serum at the end of the experiment
(10). Fatty acids were classified by carbon chain lengths (with C18, for example,
indicating 18 carbons) and by the number of carbon–carbon double bonds (such
as C18:1). Saturated fatty acids have no such double bonds, monounsaturated
fatty acids have one, and polyunsaturated fatty acids have two or more. Double
bonds are cis if the two hydrogen atoms at each end are on the same side of the
double bond and trans if they are on opposite sides.

We used “multilevel” regression analyses (MLN Software, London Univer-
sity Education Institute) that included age, weight, and dietary intake of nutri-
ents, as well as one term per study to ensure that people in any one study were
compared directly only with each other. Such analyses appropriately allowed
for different sources of variability when combining results: (1) within-group
between-experiments, (2) within-study between-matched-groups, (3) within-
study between-unmatched-groups, and (4) between studies. A full account of
the statistical methods used in the analysis has been described elsewhere (11).

3. RESULTS

3.1. Univariate and Multivariate Analyses for Total Cholesterol

Figure 1 plots the mean dietary saturated fat for each experimental diet
against the mean blood total cholesterol concentration at its end in one panel,
with a similar display for polyunsaturated fat and monounsaturated fat. Higher
intakes of saturated fat are associated with higher blood cholesterol levels and
the strength of this association can be summarized by univariate regression
equations calculated by a multilevel analysis that takes appropriate account of
the variability between and within studies and the variability between and
within groups in the same study (see Table 1). Increasing the intake of dietary
polyunsaturates is associated with decreasing blood total cholesterol levels
whereas changing monounsaturates has no significant effect on mean total
cholesterol levels. Univariate analyses might be misleading because isocaloric
increases in one type of fat in many of the experiments were accompanied by
decreases in other dietary fats or in dietary cholesterol. Multivariate analyses
were therefore also performed that assessed isocaloric replacement of complex
carbohydrates by particular lipids after simultaneous adjustment for the other
lipids and dietary cholesterol (and less importantly, for age and initial body
weight). Thus, for example, in multivariate analyses effects of saturated fat
actually means the effects of replacing carbohydrate isocalorically by satu-
rated fat. The effect of total fat was adjusted for dietary cholesterol (and age and
weight) only. Multivariate analyses, with simultaneous adjustment for the other
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dietary factors, produced smaller regression coefficients than did the univariate
analyses (see Table 1).

The effects of saturated fat, polyunsaturated fat, and monounstaurated fat on
blood total cholesterol levels were compared in individuals of different age
groups (see Fig. 2). The top section of Fig. 2 displays the multivariate regression
coefficients that describe the apparent effects of saturated fat on blood choles-
terol levels after controlling for intake of all other dietary factors, age, and weight.
The middle and lower sections of Fig. 2 describe similar analyses of the apparent
effects of polyunsaturated fat and of monounsaturated fat on blood total choles-

Fig. 1. (opposite page) Blood total cholesterol vs dietary intake of saturated fat, polyun-
saturated fat, and monounsaturated fat in 395 experimental diets. For each metabolic
ward experiment on a group of individuals, a black square indicates the mean values of
the dietary saturated fat and of the blood cholesterol at the end of the experimental diet,
with no account taken of which experiments were parts of the same study.

Table 1
Comparative Effects of Dietary Fats on Blood Total Cholesterol, LDL Cholesterol,

 and HDL Cholesterol Levelsa

Univariate Multivariate analysis
analysis for

Dietary fat total cholesterol Total cholesterol LDL HDL

Saturated fat 0.067 0.052b 0.036b 0.013b

(% of total calories) (0.003) (0.003) (0.005) (0.002)

Polyunsaturated fat –0.063 –0.026b –0.022b 0.005b

(% of total calories) (0.004) (0.004) (0.005) (0.002)

Monounsaturated fat 0.005 0.005b –0.008b 0.006b

(% of total calories) (0.006) (0.003) (0.005) (0.002)

Dietary cholesterol 0.0013 0.0007b 0.0005b 0.0001b

(mg/d) (0.0002) (0.0001) (0.0001) (0.0001)

Total fat 0.027 0.020b 0.012b 0.010b

(% of total calories) (0.005) (0.005) (0.006) (0.002)
aRegression coefficients (SE) for effects of dietary fats on blood total cholesterol (from 395

solid food experiments) and LDL and HDL concentrations (from 227 solid food experiments).
bChange in blood cholesterol per unit change in dietary factor, adjusted for age, weight, all other

lipids, and dietary cholesterol.
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Fig. 2. Comparative effects of intake of saturated, polyunsaturated, and monounsaturated
fatty acids on total blood cholesterol levels. Data from 395 experimental diets have been
classified by the mean age of the study participants. Multivariate regression coefficients
(and their standard errors) from the multilevel regression analyses are given for each
group of studies and for the total of all solid food studies. These are plotted as black
squares, with 95% confidence intervals (CI) denoted by horizontal lines. The areas of the
black squares are proportional to the amount of statistical information contributed by
each group of experiments. The multivariate regression coefficients for all 395 experi-
mental diets involving solid food diets after adjustment for other fats, age, and weight are
represented here as vertical dotted lines.
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terol in each age group. These data show no convincing evidence of any trends
with age.

3.2. Multivariate Analyses for LDL and HDL Cholesterol
A subset of 227 of the solid food experiments also reported blood LDL and

HDL cholesterol levels. Multivariate analyses indicated that isocaloric increases
in saturated fat intake are associated with increases in LDL cholesterol and
smaller increases in HDL cholesterol, as are increases in dietary cholesterol (see
Table 1). Conversely, increases in polyunsaturated fat intake significantly
decreases LDL cholesterol and increases HDL cholesterol, whereas monoun-
saturated fat has no significant effect on LDL cholesterol but does increase HDL
cholesterol concentration.

3.3. Effect of Realistic Dietary Changes

The potential importance of differences in intake of individual dietary factors can
be illustrated by relating the multivariate regression coefficients to representative
nutrient intake data for adult males from the Dietary and Nutritional Survey of British
Adults (see Table 2) (12). The multivariate analyses indicate that isocaloric replace-
ment of saturated fats equivalent to 10% of dietary calories by complex carbohy-
drates would typically be associated with a reduction in blood total cholesterol of
0.52 mmol/L (standard error [SE] = 0.03) (see Table 2). Conversely, isocaloric
replacement by polyunsaturated fat of carbohydrates equivalent to 5% of dietary
calories would be expected to reduce blood cholesterol by a further 0.13 mmol/L
(SE = 0.02), whereas a similar changes in monounsaturated fat would not be expected
to have any material effect on blood cholesterol. A reduction of 200 mg/d in dietary
cholesterol would be associated with a further reduction in blood cholesterol of
0.13 mmol/L (SE = 0.02). Together, the estimated effect of these isocaloric dietary
changes would reduce blood total cholesterol by 0.76 mmol/L (SE = 0.03, 99%
confidence interval [CI] = 0.67 to 0.85), consisting of a reduction in LDL cholesterol
of 0.62 (0.04) mmol/L and in HDL cholesterol of 0.10 (0.02) mmol/L (see Table 2).
Isocaloric replacement of saturated fat by unsaturated fats produced about three times
the reduction in blood cholesterol produced by replacement of total fat by complex
carbohydrates. Similar associations of blood cholesterol with the intake of saturated
fat were observed in men and women, in those with a total caloric intake of over or
under 2800 cal/d, in those weighing over or under 70 kg, and in experiments with
dietary cholesterol over or under 300 mg/d (data not shown). The effects of these
dietary changes on HDL cholesterol levels are achieved rapidly and are consistently
observed in dietary experiments of varying duration (see Fig. 3).

3.4. Individual Saturated Fatty Acids

Altogether, 134 of the solid food experiments provided information on dietary
intake of major individual saturated fatty acids: laurate (C12:0), myristate
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Table 2
Mean Daily Intake of Dietary Fats in the Meta-Analysis of Metabolic Ward Experiments Compared with Average UK Adults

and Estimated Changes in Blood Lipids for Specified Differences in Intake of Fats

Mean (SE) change in blood cholesterol
Mean daily intake concentration (mmol/L)

Experimental British Total
Dietary fat diets diet Dietary change cholesterol LDL HDL

Saturated fat 14.3 16.5 Replacement of saturated fat by –0.52 (0.03) –0.36 (0.05) –0.13 (0.02)
(% of total calories) complex carbohydrate (10% of calories)

Polyunsaturated fat 7.1 6.2 Replacement of complex carbohydrate –0.13 (0.02) –0.11 (0.03) 0.03 (0.01)
(% of total calories) by polyunsaturated fat (5% of calories)

Monounsaturated fat 12.8 12.4 Replacement of complex carbohydrate 0.02 (0.03) –0.04 (0.02) 0.03 (0.01)
(% of total calories) by monounsaturated fat (5% of calories)

Dietary cholesterol 361 390 Reduction in dietary cholesterol by –0.13 (0.02) –0.10 (0.02) –0.02 (0.01)
(mg/d) 200 mg/d

All of the above Sum of the above changes –0.76 (0.03) –0.62 (0.04) –0.10 (0.02)

Total fat 35.0 40.4 Replacement of total fat by complex –0.20 (0.05) –0.12 (0.06) –0.10 (0.02)
(% of total calories) carbohydrate (10% of calories)
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Fig. 3. Comparative effects of dietary saturated, polyunsaturated, and monounsaturated
fats on blood HDL cholesterol in 227 experimental diets. Studies were classified by the
mean duration of treatment. Multivariate regression coefficients (and their standard errors)
from the multilevel regression analyses are given for each group of studies and for the total
of all solid food studies. These are plotted as black squares, with 95% confidence intervals
(CI) denoted by horizontal lines. The areas of the black squares are proportional to the
amount of statistical information contributed by each group of experiments. The multivari-
ate regression coefficients for all 227 experimental diets involving solid food diets after
adjustment for other fats, age, and weight are represented here as vertical dotted lines.
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(C14:0), palmitate (C16:0), and stearate (C18:0). Intake of the first three were
positively related with blood cholesterol, such that a halving of the intake of each
with replacement by complex carbohydrates would be expected to reduce blood
cholesterol by 0.32 (SE = 0.04) mmol/L (see Table 3). The effect of reducing
stearic acid (C18:0), however (which accounts for about 25% of all dietary
saturated fat) was not statistically significant.

Forty of the solid food experiments provided information on the dietary
intake of trans monounsaturated fat (mainly trans C18:1; elaidate). Multivariate
regression coefficients for blood total cholesterol concentration (adjusted for
other dietary fats, cholesterol intake, age, and weight) were 0.038 (SE = 0.010),
which is similar to 0.047 (SE = 0.008) for saturated fat in the same analyses.
Trans fatty acids, however, account for only about 2% of calories in the average
UK diet (12), so replacing half of the intake of trans fatty acids isocalorically by
complex carbohydrates would typically be associated with a reduction in total
blood cholesterol of only about 0.04 (SE = 0.01) mmol/L.

4. DISCUSSION

This review highlights the quantitative importance of saturated fat, both in
terms of its effect on blood cholesterol concentration and of the amount con-
sumed by the general population. There is real need for more work to simplify

Table 3
Estimated Changes in Blood Total Cholesterol (from 134 Solid Food Experiments)

Associated with Halving the Intake of Individual Saturated Fatty Acids Adjusted
for Other Lipids, Age, and Weight

Saturated fatty Mean % of calories Multivariate regression Mean (SE) change in
acid in these experiments coefficient (SE) total cholesterol (mmol/L)a

Lauric acid 3.7 0.045 (0.008) –0.08 (0.01)
(C12:0)

Myristic acid 1.9 0.071 (0.011) –0.07 (0.01)
(C14:0)

Palmitic acid 6.9 0.053 (0.009) –0.18 (0.03)
(C16:0)

(C12:0-C16:0) 12.5 0.052 (0.007) –0.32 (0.04)

Stearic acid 3.6 0.015 (0.011) –0.03 (0.02)
(C18:0)

aChange from replacing half the intake of particular fatty acid by complex carbohydrate.
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and communicate dietary advice for health professionals and the general public.
For example, Table 4 illustrates a series of possible dietary exchanges in the
average consumption of food required to reduce the intake of saturated fatty acids
and of saturated fatty acids and trans fatty acids by about 10% of calories using
data from the Nutritional Survey of British Adults (12). In the absence of full
information on food labels, it may be more appropriate to target particular foods
that are the chief sources of saturated fat and replace these with foods that are low
in saturates. Most of the beneficial effects could be achieved by replacing one
type of food by another in each of four food groups: (1) replacing butter and
margarine by low-fat spreads, (2) replacing full-fat milk by low-fat milk, (3)
replacing cheddar-type cheese by cottage cheese, and (4) replacing average cuts
of meat and meat products by lean cuts of meat.

Overall, because of both the strength of the relationship with blood cholesterol
and the large amounts present in the Western diet, the factor of greatest relevance
was the intake of saturated fats. Among the saturates, those of C12:0, C14:0, or
C16:0 chain length are of particular importance, but even if any differences
between different saturates are ignored, the average importance of saturated fat
intake remains quite substantial. These results indicate that isocaloric replace-
ment of about 60% of the UK dietary intake of saturates by complex carbohy-
drates would reduce blood cholesterol by about 0.5 mmol/L. Intake of
polyunsaturates is also important—in the opposite direction—as that of satu-
rated fat, with effects that are about half as strong. Intake of monounsaturated fat
has no significant effect on total cholesterol or LDL cholesterol despite raising
HDL cholesterol to the same degree as polyunsaturates. The combined effect
of a change in the type, but not in the amount, of dietary fat that involves a
10% reduction in total calories from saturated fat, a 5% increase in total calo-
ries from monounsaturates, and a 5% increase in total calories from polyun-
saturates, together with a 200 mg reduction in dietary cholesterol, would be about
a 0.8 mmol/L reduction in blood cholesterol (with 99% CI 0.7 to 0.9 mmol/L).
The reduction in total blood cholesterol produced by these changes in diet
chiefly involves a reduction in LDL cholesterol with only a small reduction in
HDL cholesterol.

Thus, under isocaloric metabolic ward conditions, replacement of a certain
amount of saturated fats by unsaturated fats is likely to lead to a much greater
reduction in total blood cholesterol compared with replacement of the equivalent
proportion of total fat by complex carbohydrates. Moreover, compliance with
advice to replace saturated fat by unsaturated fat (with little reduction in total fat),
may be easier to achieve than with advice to replace saturated fat by complex
carbohydrate. The magnitude of the reduction in total blood cholesterol levels
associated with these relatively modest dietary changes is greater than is some-
times appreciated. The weaker results that have been suggested by dietary studies
among free-living individuals may reflect the effects of measurement error and
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Possible Exchanges in the Average Consumption of Food Required to Reduce the Intake of Saturated Fatty Acids
and of Saturated Fatty Acids and Trans Fatty Acids Combined by About 10% of Calories in Total

% Calories saving
% Calories saving from loss of intake

Reduction in intake from loss of intake of saturated and
Dietary exchange of saturated fat (g/d) of saturated fat trans fatty acids

Butter and soft margarine by low-fat spreads 3.5 1.5 1.7
Full-fat milk by semiskimmed milk 2.5 1.1 1.1
Cheddar type cheese by cottage cheese 2.9 1.3 1.4
Cream by yogurt 0.6 0.3 0.3
Egg and egg dishes reduced by half 0.6 0.3 0.3

Average cuts of meat and meat products by lean cutsa 5.3 2.3 2.6
Poultry and poultry products by poultry without skin 0.3 0.2 0.2
Coated or fried fish by grilled or poached fish 0.4 0.2 0.2

French fries and roast potatoes by baked potatoes 0.9 0.4 0.4
Savory snacks (chips) by fruit 0.5 0.2 0.2

Puddings and ice cream by yogurt 1.2 0.5 0.6
Cake, cookies, and confectionery intake reduced 3.1 1.4 1.7

by half and replaced by fruit

Total 21.8 9.7 10.7
aCalculations for meat refer here to average portions of ham, bacon, beef, pork, lamb, and veal.
Data obtained from the Dietary and Nutritional Survey of British Adults (12).
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poor compliance with dietary advice in nonmetabolic ward studies. This review
took account of the different sources of variability in an appropriately weighted
manner in comparing the effects of various diets on blood cholesterol levels. The
discrepant results of smaller reviews (and, still more so, of individual trials)
reinforce the need for periodically updated systematic reviews of all the available
evidence.

Saturated fatty acids with different chain lengths may have quite different
effects on blood cholesterol. Stearic acid (C18:0) appears to have little or no effect,
and virtually all the cholesterol-raising effects of saturated fatty acids seems to be
explained by changes in consumption of the C12:0, C14:0, and C16:0 fatty acids.
The standard errors for the separately estimated effects of different saturated fatty
acids were large, however, and further direct comparisons are still needed.

Trans isomers of naturally occurring cis-unsaturated fatty acids are produced
when liquid vegetable oils are chemically hydrogenated to produce hardened fat
products. The evidence on the effects of cis and trans fatty acids is limited, but
this review suggests that the trans fatty acids studied may raise total cholesterol
and LDL cholesterol by about as much as saturated fatty acids do. Despite an
equivalent strength of relationship between these types of dietary fat and blood
cholesterol, the average intake of trans fatty acids in the British diet is so small
(12) that their overall importance is much less than that of saturated fat (but where
individuals consume considerably higher amounts of trans fatty acids would be
of greater relevance). This review does not produce useful comparisons between
one type of trans fatty acid and another, and nor can it test the effects of trans fatty
acids on HDL cholesterol. Additional research carried out after the completion
of this meta-analysis has shown that intake of trans fatty acids in populations
significantly decreases the level of HDL cholesterol (13).

More research is also needed on developing acceptable and effective options
for people who want to change their diets to reduce their blood cholesterol and,
hence, their cardiac risk. These findings are of some immediate relevance to
countries such as the UK, however, where both males and females get 15–17%
of dietary calories from saturated fat (chiefly in dairy produce, meat, cooking
oils and spreads, egg products, and confectionery) and where the average intake
of dietary cholesterol is 280–390 mg/d (chiefly in meat and eggs). Table 2
suggests that changes in dietary intake of fats and cholesterol that many people
could find quite practicable would produce about a 0.8 mmol/L reduction in
blood cholesterol (equivalent to 10–15% reduction) with large beneficial ef-
fects on LDL cholesterol and only small adverse effects HDL cholesterol (14).
The effects on vascular disease of a prolonged difference of 0.8 mmol/L in
blood cholesterol, with four-fifths of this reduction being in LDL cholesterol
concentration, depends on the relative importance at different ages of the ben-
efits of LDL cholesterol and the hazards of decreasing HDL cholesterol, which
requires further study.
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1. INTRODUCTION

Current theories regarding the role of diet in human obesity have evolved
around the macronutrient composition of diet and its effect on weight mainte-
nance. Obesity is the result of long-term positive energy balance caused by intake
exceeding expenditure. Fat, protein, and carbohydrate contribute to the total
energy intake. Of these, dietary fat is the one most strongly implicated in the
development of obesity. In this chapter, we review the role of dietary macronu-
trient composition, particularly dietary fat content, in the regulation of food
intake and body weight. Understanding this role is necessary for answering two
important questions: (1) Is the reduction in energy intake through a decrease in
fat intake effective in reducing the very high prevalence of obesity in industri-
alized countries where diet is usually high in fat? (2) Can obesity be prevented
in the populations where diet is traditionally low in fat by stopping the progres-
sion toward a high-fat diet?

Some researchers argue that fat intake is not associated with body weight
independently of total energy intake, and that simply reducing fat intake is not
the best solution to prevent or reverse obesity (1,2). Although the focus on fat
intake may have been overemphasized at the expense of total energy intake, it is
important to place the role of dietary fat in its proper context. Weight mainte-
nance is determined by energy balance, and fat intake must be seen through its
effects on total energy intake. For example, it is well known that the high-fat diet
is also highly palatable, and this often leads to passive overconsumption of
energy. Moreover, high-fat diets are less satiating and the thermic effect of
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dietary fat is low. In contrast, a diet rich in complex carbohydrates or protein
induces greater satiety and tends to be associated with lower total energy intake.
Because the amount as well as composition of food consumed may influence
energy intake and hence body weight, the control of energy intake through
manipulation of diet composition may be an effective approach to prevent weight
gain and obesity.

In this chapter, we first discuss the role of dietary fat in obesity. Current
evidence from experimental, clinical, and epidemiologic studies is presented.
We then discuss the role of low-fat diets in preventing obesity, and the potential
of dietary manipulation as a strategy for obesity treatment. Although the focus
of our discussion is on dietary fat, the role of carbohydrate and protein in human
obesity is also examined.

2. INCREASING DIETARY FAT ACCELERATES
THE DEVELOPMENT OF OBESITY

The human body has the ability to adjust the mix of metabolic fuels it oxidizes
so that carbohydrate and protein metabolism is tightly regulated and the body can
achieve carbohydrate and protein balance quickly. However, the body has a poor
regulatory mechanism for fat utilization and has an almost unlimited ability to
store it. There are several ways in which fat intake and the consumption of
high-fat diets contribute to the development of obesity. We begin with evidence
from animal experiments, clinical studies, and controlled trials and then we
discuss results from population studies.

2.1. Animal Experiments
As a rule, experimental animals eating low-fat diets do not become obese. The

major exceptions are animals with genetic forms of obesity or neuroendocrine
disorders, and animals treated with drugs or certain peptides. Although experimen-
tal obesity induced by a low-fat diet is the exception, development of obesity in
animals eating high-fat diets is the expected outcome (3,4). Whether the animals
are susceptible or resistant to obesity when eating high-fat diets has a strong genetic
component. Some strains of mice and rats are exquisitely susceptible to developing
obesity when eating high-fat diets or high-fat/high-carbohydrate diets. Other strains
of mice (SWR) and rats (S5B/Pl) are resistant to developing obesity when fed
similar diets. The observation that genetic susceptibility predisposes one to the
development of obesity when exposed to a high-fat diet is also seen in humans.

2.2. Clinical Studies
It is the slow but continual overconsumption of energy relative to daily needs

that leads to obesity. As noted above, an increase in dietary fat content increases
the tendency to overconsume. When fat intake increases, the body reacts in one
of two ways to maintain energy balance. First, the extra fat in the diet can be
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oxidized by the body. Alternatively, the increased dietary fat can be sensed by
the body in such a way that subsequent intake of foods is reduced and the energy
balance is maintained.

2.2.1. FAT OXIDATION ON A HIGH-FAT DIET

The possibility that a high-fat diet may stimulate fat oxidation and increase
metabolism of excess dietary fat has been tested in several studies. However,
results show that when fat is added to a meal, there is no corresponding increase
in fat oxidation (5,6). This is in contrast with studies that show that adding carbo-
hydrate to the diet is paralleled by an increase in carbohydrate oxidation. Because
fat intake does not stimulate fat oxidation, maintenance of energy balance when
consuming a high-fat diet can be achieved only by a reduction in fat intake.

2.2.2. OVERFEEDING STUDIES

The metabolic effect of the transition from a low-fat to a high-fat diet or vice
versa in individuals housed in a respiratory chamber has been studied by several
investigators (7,8). Overfeeding results in glycogen stores being rapidly filled
and, next, to the extent that there is excess dietary protein, the protein stores are
also filled. Beyond this point, overfeeding results in metabolism of the available
carbohydrate with any excess being converted to fat. Careful overfeeding and
underfeeding can also shift energy expenditure: when the body weight of obese
volunteers increases after overeating, the energy expenditure increases; when
the body weight decreases below baseline weight, energy expenditure decreases
(9). In most studies, subjects were in positive energy balance because respiratory
chambers restricted their energy expenditure, and thus it was difficult to match
energy intake and energy expenditure.

Because obesity may modify the metabolic response to the diet, postobese
individuals usually regain weight and are therefore good candidates for studying
what forces drive weight upward. Specifically, it appears that postobese subjects
are unable to metabolize excess dietary fat and have a smaller rise in energy
expenditure when fed a high-fat meal than never-obese control subjects (10). A
defect in the ability to oxidize fat by formerly obese individuals and by obese
individuals overfed fat while in a respiratory chamber suggests that consistent
consumption of a diet high in fat, rather than in carbohydrate, results in the
gradual accumulation of fat until the body has reached a new plateau of weight
maintenance (11).

2.2.3. PASSIVE OVERCONSUMPTION OF FAT

Unlike protein and carbohydrate, fat stimulates excess energy intake through
its oral sensory effects and lack of satiating power (12). Periodic exposure to a
high-fat meal, particularly when hungry, may be sufficient to lead to overcon-
sumption of energy that is not compensated (13). Several approaches have been
used to examine the effect of macronutrients on satiety and on subsequent food
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intake. One question that needs to be answered is whether the degree of reduction
in food intake after ingestion of high-fat meals is similar to that after ingestion
of meals high in carbohydrate or protein. There is limited understanding of the
compensatory mechanisms that link diet composition with total energy intake or
energy balance. Overfeeding studies that compare high-fat and high-carbo-
hydrate diets indicate that metabolic adaptations to changes in fat in the diet are
slow while adjustment to carbohydrate is immediate (5,8,10,14,15). However, it
appears that the ability to reduce food intake appropriately to compensate for
food eaten earlier is impaired when the food choices are high in fat (16,17) and
when they are high in both sugar and fat (18,19). These findings point to one
reason why sweet, high-fat foods are problematic for obesity: people tend to
overconsume them rather than compensate for them.

2.3. Epidemiologic Studies

Ecologic studies are the most basic type of epidemiologic investigation that
is useful for raising hypotheses. They do not demonstrate causal relationships,
but they do provide an interesting overview of diet and body weight relationships
in different populations. Figure 1 shows the results relating the proportion of

Fig. 1. The relationship between the percentage of the population that is overweight and
the porportion of energy intake from fat. Reproduced with permission from © Am J Clin
Nutr, American Society for Clinical Nutrition (34).
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energy from fat provided by national food balance data to the prevalence of
overweight (body mass index [BMI] > 25) in adults using nationally represen-
tative surveys from 20 countries. A regression weighted by the population of
each country shows a large, significant, positive association between dietary fat
consumption and the proportion of the population who are overweight (P < 0.001,
adjusted R2 = 0.78). These results support the potential role of reducing dietary
fat intake as a means of preventing increases in the level of obesity in low- and
middle-income countries.

Migration studies have a special place in epidemiology and have been most
important in implicating several lifestyle components in the etiology of various
chronic diseases. Reanalysis of the famous Ni-Hon-San migration study of Japan
examined the role of diet in the etiology of obesity (20); 8006 Japanese men
living in Honolulu were compared with 2183 men living in Hiroshima and
Nagasaki. The mean energy intake in men aged 45–64 yr was only slightly
greater in Honolulu; however, the percentage of energy from fat was two times
greater in Honolulu than in Japan. The mean BMI and subscapular skinfold
thicknesses were both greater in the men living in Honolulu. In addition, more
of the men living in Honolulu were obese with a BMI > 27.8 (a measure of obesity
previously used by the National Center for Health Statistics).

Additional support is provided by the Leeds Fat Study (19). When the fre-
quency distribution of BMI in individuals who consumed a high-fat diet (>45%
of energy) was plotted, the tail was skewed to the right compared with those who
ate a diet with less fat (<35% of energy). With a BMI cutoff of 30 to define
obesity, there were 19 times as many obese consumers of high-fat diets than of
low-fat diets. However, there were still large numbers of individuals eating the
high-fat diet whose BMI was normal, suggesting that there are important under-
lying physiologic factors, probably with a genetic basis, that influence whether
a high-fat diet causes an increase in BMI.

Another ecologic approach is to conduct time-trend analyses of the relation-
ship between individuals who are obese and their preceding diet. A study of
377,200 Danish military recruits from the years 1943–1974 related the percent-
age of energy from fat to obesity (defined as a BMI > 31). There was a marked
parallel between the increase in the percentage of energy from fat and the sub-
sequent increase in obesity (21). A similar set of studies was conducted among
Pima Indians in the United States (22) where parallel changes in the proportion
of energy from fat and the prevalence of obesity were found. Of course, many
other factors may have changed along with diet. For example, the decline in
physical activity probably also contributed to the increase in obesity.

Data from a survey that was conducted in China (the China Health and Nutri-
tion Survey) again shows that increases in dietary fat intake lead to increases in
body fatness (23,24). This survey collected detailed dietary, anthropometric, and
physical activity data. The results are presented in Table 1. Note that the effect
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of potential confounders of the diet-BMI relationship (e.g., age, sex, physical
activity, and smoking in adults) was taken into account. To test the hypothesis that
energy from fat has an independent effect on body fatness, the effect of change in
absolute amount of energy from fat was examined while controlling for the effect
of change in energy from nonfat sources (i.e., protein and carbohydrate). In a sep-
arate regression model, the effect of change in the percentage of energy from fat
was examined while controlling for the effect of total energy intake. In both cases,
a significant independent effect of fat intake on BMI was found. For example, a
100-kcal increase in fat intake was associated with an increase in BMI of about 0.05
and 0.01 unit in adolescents and adults, respectively. In contrast, a 100-kcal increase
in protein and carbohydrate intake combined was associated with an increase of
only 0.01 and 0.0007 BMI unit in adolescents and adults, respectively. Similar
results were seen when fat intake was expressed as the percentage of energy intake.
These findings suggest that energy from fat has a greater effect on BMI than energy
from nonfat sources or total energy intake. Moreover, they are consistent with the
hypothesis that increasing amounts of dietary fat put a significant fraction of the
population, who have a genetic susceptibility, at risk of obesity (3,4,21,25,26).

3. CAN A REDUCTION IN DIETARY FAT PREVENT
OR REVERSE OBESITY?

3.1. Animal Experiments
Two major findings from animal experiments are noteworthy: first, a high-fat

diet induces an increase in the number of fat cells or adipocytes; and second,

Table 1
Analysis in Dietary Modification as a Predictor of Change in BMI

Using the China Health and Nutrition Surveya

Adolescentsb Adultsc

10–18 yr old 20–45 yr old
(n = 742) (n = 6667)

Predictors Coefficient ± SE Coefficient ± SE
Change in energy from fat 0.0005 ± 0.0003d 0.0001 ± 0.00005d

Change in energy from nonfat 0.0001 ± 0.0001 0.000007 ± 0.00003
Change in percent energy from fat 0.01 ± 0.008e 0.003 ± 0.002e

Change in total energy 0.0002 ± 0.0001e 0.00002 ± 0.00002
a1991 and 1993 survey used for adolescents and 1991, 1992, and 1993 used for adults.
bAdjusted for age, gender, and residence.
cAdjusted for age, gender, residence, smoking, and physical activity.
dp < 0.05.
ep < 0.10.
SE = standard error.



Influence of Diet on Obesity 141

replacing a high-fat with a low-fat diet may, but not always, reverse obesity.
Lemonnier (27) was the first to show that feeding mice a high-fat diet will
increase the number of adipocytes, with the intraabdominal perirenal depot show-
ing the greatest response. Subsequently, this has been shown in mice and rats by
other researchers (28,29). Switching from a high-fat to a low-fat diet might be
expected to reverse fat-induced obesity, unless the number of adipocytes
increases. In this case, weight reduction may be incomplete. When the mice were
switched from a high-fat to a low-fat diet, the number of adipocytes did not
dencrease. Thus, when the fat cells returned to normal size, the animals were still
obese (30). Rolls and associates (31) showed that rats fed a high-fat diet did not
return to their baseline weight when switched to a lower-fat diet. In animals
switched to a low-fat diet after having been fed a high-fat diet for a short period
(4 mo), they reduced their weight to levels similar to that of control animals not
eating the high-fat diet (30). However, the animals fed high-fat diet for a longer
period (7 mo) failed to reduce their weight to control values. Others also reported
that body weight did not return to the level of control animals maintained on a
low-fat diet throughout the study (32,33). The extent to which genetic factors are
involved in the size or number of fat cells and in this reversal has not yet been
determined, but they are likely to play an important role. These data suggest that
increased dietary fat may be particularly important in inducing obesity, whereas
a reduction in dietary fat has less of an effect on weight loss.

3.2. Effect of Fat Reduction on Weight Loss in Nonobese Subjects
We have reviewed several clinical trials that involved manipulation of diet

composition, mostly through the reduction in dietary fat (34). Although weight
reduction was not the primary objective of these studies, the subjects who were
placed on a low-fat diet nonetheless lost weight (35–54). Typically, greater
weight loss was seen in the short-term studies (<6 mo) compared to studies that
lasted longer. As observed earlier, the magnitude of weight loss depends on the
initial body weight, and patient compliance is the crucial factor in the success of
treatment (55). Weight loss maintenance generally declines with long-term
interventions (40,41). This may be partially attributed to the fact that weight
reduction or weight maintenance was not specifically encouraged in these stud-
ies. In any case, decreasing total fat in the diet without intentionally restricting
food intake resulted in lower total energy intake in nonobese individuals, and
approx 12% of the initial reduction in energy intake was not compensated for by
those on low-fat ad libitum regimens.

3.3. Effect of Fat Reduction on Weight Loss in Overweight Subjects
Several intervention trials have examined the effect of a low-fat diet with or

without energy restriction in overweight subjects (48,51,53,56–69). The rate of
weight loss was generally greater when the low-fat diet was accompanied by
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reduction in energy intake. These studies show that apart from energy restriction,
a low-fat diet is effective in inducing weight loss in overweight subjects, with an
observed mean weight loss of about 1.8 kg/mo. Although the rate of weight loss
on an ad libitum, low-fat, high-carbohydrate diet may not be as rapid as that
induced by energy restriction (calorie counting), that diet has been found to
provide greater satiety and, subsequently, the compensation for the decrease
in energy content is not complete (i.e., energy intake remains decreased)
(31,55,64,65). Even in studies where the goal is to maintain a constant energy
intake, the total energy intake is often reduced unintentionally when a low-fat
diet is consumed (57). In interventions in obese subjects, about 23% of the initial
reduction in total energy intake is not compensated for.

Despite the fact that compliance tends to decrease over time, a low-fat, high-
carbohydrate diet is still one of the most effective tools in weight maintenance
(46,55). Consumption of reduced-fat products leads to a lower energy consump-
tion, suggesting that a low-fat diet may make it easier to maintain a long-term
energy deficit and hence slow down the rate of weight gain or weight regain (70).
In at least one study, the ad libitum low-fat, high-carbohydrate diet was shown
to be more effective than calorie counting in maintaining weight loss over 1 yr
(55). This may be due to the fact that simple energy restriction is often associated
with extremely poor compliance (65).

3.4. Effect of Isocaloric Diets on Weight Loss in Obese Subjects
The influence of diet composition on body weight may also be studied by

using diets with the same energy content but differing in macronutrient compo-
sition, i.e., isocaloric diets. Animal experiments have shown that a low-fat diet
is more effective than an isocaloric high-fat diet for inducing weight loss. This
has been attributed to the low thermic effect of fat and the high energy cost of
converting carbohydrate or protein into body fat. However, the same result has
not been clearly shown in humans. In three studies that involved isocaloric diets
in obese individuals, there was no significant difference in weight loss induced
by low-fat diets and high-fat diets, although all subjects lost weight (62,71,72).
Note that in these studies, the subjects were in negative energy balance, and
energy deficit was the primary factor responsible for weight loss independent of
fat intake. Moreover, these studies may have been confounded by several factors
such as physical activity and smoking.

Overall, there is substantial evidence that the macronutrient composition of
the diet is an important factor that influences body weight, and that among the
macronutrients, dietary fat plays a major role in the development of obesity. At
the same time, there is a growing interest in the role of energy density of the diet
as it directly contributes to the total energy intake.

Reduction of body weight can be achieved by limiting the total energy intake
as well as total fat intake. Although this strategy is only modestly effective in the
population, a reduction of a few kilograms in body weight will cause a significant



Influence of Diet on Obesity 143

decrease in the prevalence of obesity and its associated risks (12). We summarize
the effect of the reduction of fat intake on body weight in Fig. 2. The data depict
the relation between the percentage reduction in energy from fat and the resultant
weight change. The predicted weight loss for the entire set of studies of dietary
fat reduction and body weight is provided. The main explanatory variable was
the change in percentage of energy from fat. Isoenergetic studies were not
included. The difference in size of these clinical trials was accounted for. The
covariates in the regression model included proportion of men to women, mean
initial weight, and mean age of the subjects. The final regression indicated that
those with a higher initial weight lost more weight, as was expected. The most
important result is shown by the slope of the regression line, which indicates that
each additional percentage point reduction in dietary fat produced a weight loss
of 0.99 g/d (p = 0.10) for all studies. For obese individuals, the reduction in
weight was considerably greater at 3.22 g/d (p = 0.08). Although these results are
borderline significant, they indicate a biologically important relation between
the percentage reduction in dietary fat and weight loss. Among the obese a 10%
decrease in percent energy from fat (e.g., from 36–26%) translates to a weight
loss of 32 g/d. A later very careful meta-analysis of the effect of changes in
dietary fat on weight loss found comparable results (Astrup et al., personal
communication).

Fig. 2. The effect of a reduction in the percent of energy from fat on grams of weight loss
per day.
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4. EMERGING ROLE OF ENERGY DENSITY
IN WEIGHT REDUCTION

4.1. Fat Substitutes
Fat substitutes such as sucrose polyester (e.g., Olestra) have been used to

facilitate research on the degree to which covert changes in energy density alter
total energy intake and macronutrient selection. Short-term studies of the substi-
tution of indigestible fat substitutes for fat in the diet show two patterns of
adaptation. When 20 or 30 g of Olestra was substituted for fat in a single breakfast
meal, there was energy compensation over the next 24–36 h in healthy, young
men (73,74). When fat intake was lowered from 40–30% of energy by substitut-
ing Olestra for fat in the noon or evening meal, there was no energy compensation
over the next 24 h (75). However, when substitution with Olestra lowered the fat
intake from 30% to nearly 20% of energy over three meals, healthy subjects felt
less satisfied at the end of the substitution and compensated for nearly 75% of the
energy deficit over the next day (76).

In longer-term experiments lasting 2 wk or 3 mo, the substitution of Olestra for
about one-third of the fat in all meals for a diet containing 40% of energy from fat
reduced energy consumption by about 15% for the same weight of food. In each
experiment, there was only partial compensation for energy, suggesting that when
the energy density of the diet was altered, the subjects continued to eat the same
mass of food even though it provided less metabolizable energy. Weight loss in the
2 wk experiment was 1.5 kg and in the 3 mo experiment was nearly 5 kg, which was
significantly greater than the amount of weight lost in the control group (77–79).

4.2. Carbohydrate and Water: Role in Reducing Energy Density
The role of complex carbohydrate in weight loss and weight maintenance is

well recognized. This may be attributed to the low energy density of high-carbo-
hydrate diets and to the ability of carbohydrate to rapidly induce satiety. Several
studies have shown that complex carbohydrate is more satiating than dietary fat
(75,80). For example, the isocaloric substitution of fat by carbohydrate results in
increased fullness and less desire to eat (12). Conversely, obese subjects overeat
when receiving high-fat foods but not when receiving high-carbohydrate foods
(75). Intervention trials have shown that replacing fat with complex carbohy-
drate induces significant weight loss under ad libitum conditions (64,67,81). Ad
libitum low-fat, high-carbohydrate diets appear to be particularly effective in
maintaining weight loss induced by other means (e.g., drug therapy and calorie
counting). In one study, this diet was shown to be more effective than calorie
counting in maintaining long-term weight loss of 1 yr or more (55). The mecha-
nism by which a low-fat/high-carbohydrate diet prevents weight regain is not
known, but probably involves both reduction in energy intake and increase in
energy expenditure (82,83).
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There also appears to be a strong role for energy-dilute foods in the prevention
and treatment of obesity. Energy density is determined by the water and fat
content of foods, of which water accounts for the majority (84). People tend to
consume a constant weight or volume of food under ad lib conditions; therefore
replacing foods that are high in fat and energy density but lower in weight with
those high in water or dietary fiber should lead to lower energy intakes (84).
Studies have shown the amount of food consumed more so than its energy con-
tent account for short-term satiety and the incomplete compensation for lost
calories (85). The ability of a low-energy-dense diet to control energy intake is
seen in a study of 18 normal weight healthy women who were each fed three test
meals for 2 d (86). The meals did not differ in macronutrient composition, pleas-
antness, or elicited hunger level. The energy density of the main entree was
manipulated through substitution with high water containing foods, but without
changing the macronutrient content of the diet. The energy density of the meals
did not affect the weight of the food consumed, but significantly more energy was
consumed with the diet of higher energy density.

5. CONCLUSIONS

The role of diet composition, particularly dietary fat intake, in the development
and control of obesity is complex but becoming better understood. It is difficult for
animals and humans to become obese if they consume a low-fat diet. There is strong
evidence that the increase in fat intake is associated with an increase in body
weight. A high-fat diet produces obesity by increasing the total energy intake and
encouraging passive overconsumption. This is especially true when the diet con-
tains a large amount of sweet, high-fat foods. Reduction of fat intake is one of the
most practical ways to prevent weight gain, and when coupled with regular exer-
cise, induces a sustainable weight loss. Reduction of fat intake may be accom-
plished by replacing dietary fat with complex carbohydrate, fruits, and vegetables.
Reduction in fat intake alone should not be expected to entirely reverse the devel-
opment of obesity. Instead, this should be seen as a means to reduce the energy
density of the diet and hence the total energy intake. A low-fat diet can be satiating
if it contains plenty of complex carbohydrate. This is important because the satiety
and palatability of a diet strongly influences its long-term effectiveness and compli-
ance. Note that an increase in consumption of reduced-fat but energy-dense products
will not lower the total energy intake and might, in some circumstances, actually
mislead individuals into consuming more energy than they would have otherwise.

Epidemiologic evidence shows that excessive fat intake is associated with
obesity in the population, especially among population segments with a genetic
predisposition to obesity. Populations where diets are traditionally low in fat do
not experience rapid increases in obesity. However, when fat intakes increase,
the likelihood of obesity also increases in these populations. The increasing
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prevalence of obesity in many developing countries can be explained in part
by the increase in availability of high-fat foods and the adoption of the
so-called affluent or Western-style diet. In these countries, limiting further
increases in fat intake may be an effective strategy to prevent obesity. In the
industrialized countries where fat intake is relatively high, reductions in both
fat intake as well as total energy intake may be warranted. In all populations,
genetic predisposition has a strong influence on the effect of high-fat diet and
subsequent development of obesity. It is likely that some populations or
population subgroups are more susceptible to the effect of high-fat diet than
others. Therefore, reduction of fat intake may be only modestly effective in
preventing or reversing obesity in some individuals. For such individuals the
low-fat diet alone may not be effective in inducing weight loss, but neverthe-
less will be associated with other health benefits such as an improved bio-
chemical profile and reduced cardiovascular risk. We conclude that, at the
present time, a diet low in fat and rich in complex carbohydrate, with an
energy content that is equal to or less than the energy need, along with an
increase in physical activity, appears to be the most prudent recommendation
to control obesity in the population.
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11 Homocysteine, Diet,
and Cardiovascular Disease

Jayne V. Woodside and Ian S. Young

1. INTRODUCTION

This chapter reviews how diet affects the occurrence and severity of
hyperhomocysteinemia and coronary heart disease (CHD). The chapter will also
provide an update on clinical studies and review the relative importance of this
issue for nutritional considerations in health care.

Homocysteine is a sulfur-containing amino acid that is an intermediary prod-
uct in methionine metabolism (1). In 1969, based on studies of postmortem find-
ings in patients with very high homocysteine levels due to rare genetic defects,
McCully proposed that homocysteine may promote the development of vascular
lesions (2). More recent investigations have focused on the possibility that mod-
erate elevations may also be associated with increased risk of vascular disease
(3). To date, more than 80 clinical and epidemiological studies, including pro-
spective studies, have shown that an elevated total homocysteine level is a com-
mon cardiovascular risk factor in the general population (4). This has been shown
to be the case for coronary artery disease (CAD), cerebrovascular disease, and
peripheral vascular disease.

2. METABOLISM OF HOMOCYSTEINE

Intracellular homocysteine can be (1) remethylated to methionine—the trans-
methylation pathway, (2) converted to cystathionine—the transsulfuration path-
way, or (3) exported from the cells (see Fig. 1). Pathway 1 is catalyzed by the
enzyme methionine synthase, which requires cobalamin (vitamin B12) as a cofactor
and folate (in the form methyltetrahydrofolate) as cosubstrate. The remethylation
pathway is favored during relative methionine deficiency, and this recycling and
conservation of homocysteine ensures adequate methionine maintenance.

During pathway 2, the vitamin B6-dependent enzyme cystathionine -syn-
thase catalyzes the irreversible condensation of homocysteine with serine to
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Fig. 1. Methionine cycle: metabolic cycle of homocysteine metabolism. THF = tetra-
hydrofolate; DMG = dimethylglycine; SAH = S-adenosyl homocysteine; SAM =
S-adenosyl methionine; NADP+ = nicotinamide adenine dinucleotide phosphate (oxi-
dized form); NADPH = nicotinamide adenine dinucleotide phosphate (reduced form).

form cystathionine, which is then broken down to cysteine and -ketobutyrate.
In the presence of excess methionine, the transsulfuration pathway is favored by
the upregulation of cystathionine -synthase and downregulation of the
remethylation pathway.

Release of homocysteine into the extracellular medium represents the third
route of homocysteine removal from the cell. Such export is enhanced when pro-
duction of homocysteine is increased, and reduced when production is inhibited.
Thus, the amount of homocysteine in the extracellular media, such as plasma and
urine, reflects the balance between intracellular production and utilization (1,5).

2.1. Redox Status of Homocysteine
Homocysteine in plasma exists in different forms, including the major pro-

tein-bound fraction (approx 65%), free oxidized fraction (approx 30%), and
reduced homocysteine, which is present in only trace amounts (1.5–4%). Because
homocysteine in blood is rapidly oxidized, and is associated with plasma pro-
teins, assessment of its redox status and protein binding requires immediate
derivatization of the reduced homocysteine and separation of the free and bound
forms (6). It is thought that the redox status of homocysteine may differ between
patient groups and be linked with its atherogenic effects (7). Reduced homocys-
teine acts as a pro-oxidant in vitro and may be the atherogenic agent. In patients
with early-onset peripheral vascular disease, levels of reduced, oxidized, and
protein-bound homocysteine are reportedly elevated (7), whereas in patients
with hyperhomocysteinamia because of cobalamin deficiency (8), and in patients
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infected with human immunodeficiency virus (9), reduced homocysteine con-
centrations are markedly above normal.

3. MEASUREMENT OF HOMOCYSTEINE
The sum of all homocysteine species in plasma (free plus protein bound) is

referred to as total homocysteine (tHcy or homocyst(e)ine). As a marked redis-
tribution between free and bound homocysteine takes place after preparation of
plasma, this gives an accurate measurement without the need for exceptionally
cautious sample handling and storage (10). The day-to-day variation in fasting
tHcy among healthy individuals is small (coefficient of variation 7%), so that a
single measurement is viable (11).

The range for total tHcy differs somewhat from one laboratory to another
(12,13), but values between 5 and 15 µmol/L are usually considered normal. The
variability may be because of different methodologies, differences in sample
processing, or the selection of subjects who are under the influence of various
factors that affect concentration of homocysteine (5). Because of these differ-
ences, a reference range is difficult to define, as are cut-off points for mild and
moderate hyperhomocysteinemia (14).

3.1. Food Consumption and Homocysteine
The effect of food consumption on tHcy concentrations is complex. In recent

studies, tHcy has been shown to be positively associated with both coffee
consumption and dietary protein intake (15,16), although a direct link between
methionine content of the diet and tHcy levels has not yet been proven. The
routine use of fasting (12 h fast) samples removes this difficulty.

4. CAUSES OF HYPERHOMOCYSTEINEMIA

A number of enzymes, essential cofactors, and the availability of the impor-
tant cosubstrate methyltetrahydrofolate regulate plasma homocysteine concen-
trations. Predictably, therefore, the causes of hyperhomocysteinemia are
multifactorial.

4.1. Environmental Factors
4.1.1. AGE AND GENDER

Plasma tHcy increases with age in both genders, for reasons that have not been
elucidated (17–20). Decreases in cofactor levels (20,21) or coexisting renal
impairment often seen in older patients may be responsible, and age-dependent
reductions in cystathionine -synthase activity may also play a part (22). In
general, men have higher plasma levels than women (20,23). After menopause,
fasting tHcy seems to increase (24,25) although this has not been confirmed (20),
and hormone replacement therapy can lower elevated tHcy levels in postmeno-
pausal women (26). Although gender differences may be explained by the effect
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of sex hormones on homocysteine metabolism, they may be related to higher
creatinine values (27) or the greater muscle mass of men than women (20). Homo-
cysteine is decreased by up to 50% during pregnancy, returning to normal 2–4 d
postpartum (28). The authors suggest several reasons for this decrease, including
the hemodilution known to occur in pregnancy, or an increased demand for methi-
onine by the fetus, leading to increased remethylation of homocysteine (28).

4.1.2. ETHNIC GROUP

Despite a high prevalence of CHD risk factors such as hypertension, obesity, and
smoking, CHD incidence rate is much lower among westernized black Afri-
cans compared with the white population (29). A group of 27 black men,
aged 18–25 yr, had tHcy 46% lower than similarly aged white men (29). By
contrast, in a study examining tHcy and B-vitamin levels in American black pre-
menopausal women, who have higher rates of CAD than white women, black
women had higher tHcy and lower folate concentrations, largely because of lifestyle
factors (30). Another study examined homocysteine and CAD in the Hong Kong
Chinese population (31). Although the prevalence of hyperhomocysteinemia was
similar to that in white subjects, elevated tHcy was not an independent risk factor,
being associated with smoking. Serum vitamin B12 did not differ between patients
and control subjects. The observation of higher serum folate in those with elevated
tHcy does not seem compatible with what is known about tHcy metabolism.

4.1.3. COEXISTENT DISEASE

Elevated homocysteine levels are found in a number of disease states. Impaired
renal function is associated with hyperhomocysteinemia (32–34). There is a
positive correlation between fasting plasma tHcy and serum creatinine (20,35),
although the mechanism is unclear. Markedly elevated homocysteine levels have
also been seen in acute lymphoblastic leukemia (36), various carcinomas (includ-
ing breast, ovary and, pancreas [37–41]), severe psoriasis (18), and diabetes
mellitus (42–44).

5. HYPERHOMOCYSTEINEMIA
AND CORONARY HEART DISEASE

Numerous studies have indicated that mild hyperhomocysteinemia is an inde-
pendent risk factor for CHD. In the Physicians’ Health Study (45), a total of
14,916 US male physicians, aged 40–84 yr, were followed up for 6 yr. Men with
homocysteine levels above the 95th percentile (based on control distribution)
had a threefold increased risk of myocardial infarction compared with those
within the bottom 90%. The findings were also statistically compatible with a
graded risk increase across the distribution, a suggestion made by Perry and
coworkers (46) in a prospective study of stroke in middle-aged British men.
Similar findings have been reported for myocardial infarction (47–49), carotid
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artery thickening (50), and angiographically defined coronary artery stenosis
(51). In addition, Selhub and associates (52) demonstrated a gradual increase in
the prevalence of carotid artery stenosis with increasing levels of homocysteine.

A meta-analysis by Boushey and colleagues (53) showed an increase in risk
of CAD of about 70% for each 5 µmol/L rise in fasting homocysteine. They
concluded that a total of 10% of CAD risk appeared to be attributable to homo-
cysteine. Two recent studies have confirmed the relevance of homocysteine as
a risk factor for vascular disease. The first was a multicenter, case-control study
where the risk of atherosclerotic vascular disease (cardiac, cerebral, and periph-
eral) was examined, as well as the association of plasma tHcy with conventional
risk factors (54). The subjects comprised 750 cases and 800 controls, both male
and female, below 60 yr of age. The relative risk (RR) for vascular disease in the
top fifth of the fasting tHcy distribution, when compared with the bottom four-
fifths, was 2.2 (95% confidence interval [CI] 1.6–2.9), and a dose-response effect
was noted. This level of risk is similar to that observed for hypercholesterolemia
and smoking (54). The second study examined the prognostic value of homocys-
teine in patients with established CAD (55). A total of 587 patients with
angiographically confirmed CAD were followed-up for a median period of 4.6 yr.
Homocysteine levels were strongly associated with levels of folate and vitamin
B12, history of myocardial infarction, the left ventricular ejection fraction, and
serum creatinine. A strong, graded relationship was found between plasma tHcy
and overall mortality. After 4 yr, 3.8% of patients with tHcy below 9 µmol/L had
died compared with 24.7% of those with tHcy greater than 15 µmol/L. The
association was not altered significantly when adjusted for other, possibly con-
founding, factors such as age, sex, serum creatinine, left ventricular ejection
fraction, and history of myocardial infarction (55).

However, not all studies examining the effect of homocysteine levels on the
incidence of cardiovascular disease (CVD) have shown a positive association,
highlighting the need for further investigation. An updated analysis of the Phy-
sicians’ Health Study data yielded a relative risk for elevated tHcy of only 1.3
(95% CI 0.5–3.1) (56). An analysis of the Multiple Risk Factor Intervention Trial
(MRFIT) cohort showed no effect of tHcy after adjustment for other variables
(RR = 0.94; 95% CI 0.56–1.56) (57). An analysis of tHcy and CHD in the
Caerphilly cohort showed tHcy to be only weakly predictive of CHD events (58).
Finally, the ARIC study showed no association between the incidence of CHD
and tHcy, although there was a possibility that vitamin B6 offered independent
protection (59), a finding also suggested by others (60,61).

6. MECHANISMS BY WHICH HOMOCYSTEINE MAY LEAD
TO VASCULAR DISEASE

Several mechanisms may be involved in the genesis of vascular disease
by homocysteine, including effects on connective tissue, smooth-muscle cells,
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platelets, endothelial cells, blood lipids, coagulation factors, and nitric oxide
(62)—summarized in Table 1. The relative importance of each of these mecha-
nisms is not fully understood (62–65).

Homocysteine is toxic to endothelial cells in vitro, and in vivo. Hyperhomo-
cysteinemia is associated with impaired endothelium-dependent vasodilation and
impaired endogenous tissue-type plasminogen activator activity (63–66). Homo-
cysteine promotes increased platelet aggregation as a consequence of increased
synthesis of thromboxane A2 and decreased synthesis of prostaglandin (63–66).
Hyperhomocysteinemia is associated with abnormalities of the clotting cascade
(63–66). Homocysteine promotes the binding of lipoprotein (a) to fibrin (67) and
the growth of smooth muscle cells (68,69), and tHcy levels correlate with levels of
fibrinogen, an independent risk factor for CVD (70).

It must be noted, however, that many of these effects are not specific to
homocysteine; a variety of free thiol-group amino acids, particularly cysteine,
show similar tendencies (63). Much of the research into mechanisms has been
carried out at millimolar concentrations of homocysteine, which are 100–1000-
fold higher than those observed in vivo. In addition, the complex redox reac-
tions involving the various homocysteine forms and their relation to other
thiols in vivo are difficult to represent accurately in vitro where a single homo-
cysteine species is used. The complexities of elucidating an atherogenic mecha-

Table 1
Possible Vascular Damaging Mechanisms of Homocysteine

Endothelial cell injury
Impaired nitric oxide production
Overproduction of reactive oxygen species
Increased von Willebrand factor and thrombomodulin
Increased tissue factor production
Decreased antithrombin III production
Increased smooth muscle cell production
Increased monocyte adhesion to the vessel wall

Coagulation pathways
Impaired platelet survival time
Increased production of thromboxane A2 by platelets and decreased

production of prostacyclin
Increased activation of factors V, X, and XII
Inhibition of antithrombin III and factor C production
Increased fibrinogen levels
Enhanced binding of lipoprotein (a) to fibrin

Oxidative stress
Overproduction of reactive oxygen species
Decreased plasma antioxidant activities
Increased lipid peroxidation
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nism are illustrated by the fact that oxidative modification of LDL by tHcy has
been demonstrated in vitro (71,72) and in animal models (73), but has not been
observed in hyperhomocysteinemic patients (74–77). Similarly, supplementa-
tion with B-group vitamins, postulated to reduce tHcy and thus inhibit lipid
peroxidation, had no effect on the susceptibility of LDL to oxidation(78).
Homocysteine’s effect on endothelial dysfunction, however, has been confirmed
in a clinical setting (79,80). The blocking of the effects of hyperhomocysteinemia
on endothelial dysfunction by pretreatment with antioxidant vitamins still sug-
gests the involvement of an oxidative mechanism (81). Similarly, in a cross-
sectional study, plasma tHcy was associated strongly (r = 0.40, p < 0.001) with
plasma F-2-isoprostane levels, a marker for in vivo lipid peroxidation (82). The
observation by Glueck and associates (83) of a higher risk of myocardial infarc-
tion in hyperlipidemic patients with hyperhomocysteinemia and low HDL also
suggests the possibility of an interaction between these risk factors.

7. EFFECT OF VITAMIN SUPPLEMENTATION
AND DIET ON HOMOCYSTEINE

Cross-sectional and experimental evidence suggests that mild hyperhomo-
cysteinemia may be related to subclinical deficiencies of folate, vitamin B6, and
vitamin B12—all cofactors or cosubstrates in homocysteine metabolism
(84–93). In a study of vitamin and tHcy levels in an elderly population, Selhub
and coauthors (21) found a strong inverse correlation between tHcy and
plasma folate, and weaker inverse correlations between tHcy and both cobal-
amin and vitamin B6 (pyridoxal-5-phosphate). The authors concluded that
elevated tHcy levels could, in great part, be due to poor vitamin status, and these
results have been confirmed in many other studies.

Many studies have assessed the effects of vitamin supplementation on
plasma tHcy. Levels in folate-deficient patients can be reduced by oral folate
supplementation (94). In one study, the elevated tHcy in patients with renal
failure decreased after only 2 wk of folate therapy (95). Maximal effects may
be seen after 4 (95) to 6 (96) wk of therapy. The lowest effective dose for folate
supplementation has not yet been determined. Doses of 5 mg or 10 mg (97)
alone or 1 mg in conjunction with vitamins B12 and B6 may be effective (96).
Ubbink and colleagues (96) confirmed by intervention that a daily supplement
of folate (1 mg), B6 (10 mg) and B12 (0.4 mg) could normalize elevated tHcy
(>16.3 µmol/L, n = 44) within 6 wk. Ubbink and colleagues (98) then looked at
the effect of supplementation with the individual vitamins in 100 men, aged
between 20 and 73 yr, with tHcy greater than 16.3 µmol/L, over 6 wk. Folate
supplementation (0.65 mg/d) reduced plasma tHcy by 42% whereas a daily
vitamin B12 supplement (0.4 mg/d) lowered it by 15%. The vitamin B6 supple-
ment (10 mg/d) had no significant effect. The combination of the three vitamins
reduced circulating tHcy by 50% that was not significantly different from the
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reduction achieved by folate supplementation alone. Brattstrom and coworkers
(99) noted significantly lower tHcy in middle-aged and elderly subjects taking
multivitamins containing doses of folic acid ranging from only 200–400 µg.
Homocysteine values increase if vitamin therapy is discontinued (95,100).

Ward and colleagues (101) carried out an uncontrolled study examining the
effect of low-dose folate supplementation in healthy male subjects. Folate supple-
ments were administered daily at doses increasing from 100 µg for 6 wk to
200 µg for 6 wk and then up to 400 µg for 14 wk. A dose of 200 µg/d appeared
to be the optimum tHcy-lowering dose as there was no apparent benefit of
increasing the dose to 400 µg/d. The subjects had reported a mean dietary folate
intake of 281 ± 60 µg/d. Their total folate intake, with the additional 200 µg
supplement, therefore corresponds well with the observation by Selhub and
colleagues (21) that total intakes over 400 µg/d are associated with desirable
tHcy in a healthy elderly US population. When the analysis in the former study
was carried out by tertiles of baseline tHcy, the lowest tertile group showed no
increase in red-cell folate over the 6-mo supplementation period, suggesting that
their baseline folate status was optimal to begin with. Ward and associates (101)
suggests that, although there does not appear to be a threshold in the relationship
between elevated tHcy and CVD risk, there may be a threshold of plasma tHcy
in terms of ability to respond to folate.

A further randomized placebo-controlled study in healthy women aged 18–40 yr
confirmed that both 250 µg and 500 µg folate/d for 4 wk decreased tHcy.
Eight weeks after the end of folate supplementation, tHcy had not returned to
baseline (100).

A meta-analysis of 12 studies using B-group vitamins to lower tHcy has
recently been carried out (102). The magnitude of tHcy reduction was related to
the pretreatment tHcy and folate levels. Folate reduced tHcy by 25% (95% CI
23–28%), and the effects were similar at daily doses ranging from 0.5–5 mg.
Vitamin B12 yielded a further tHcy reduction of 5–6%, but vitamin B6 had no
significant effect. None of these trials, assessed the effect on tHcy after methion-
ine loading, however, which is determined by the transsulfuration pathway
where vitamin B6 is a cofactor.

The effectiveness of vitamins B12 and B6 in homocysteine-lowering therapies
needs further study. Allen and associates (103) have shown that folate supplemen-
tation will not correct hyperhomocysteinemia that is primarily the result of vitamin
B12 deficiency, whereas Robinson and colleagues (104) found that vitamin B6 was
inversely related to risk of CVD independently of homocysteine, although this may
be due to its ability to modulate the homocysteine peak after the oral methionine
load test. Administration of vitamin B6 alone does not lower fasting tHcy (97,98).
Dose-optimizing studies for these vitamins are also required.

Woodside and colleagues (105) have tested the hypothesis that simultaneous
administration of antioxidant vitamins may potentiate the effect of B-group vita-



Homocysteine, Diet, and CVD 159

mins on elevated tHcy. An interaction between antioxidants and folate is con-
ceivable because the latter is susceptible to inactivation by free-radical mediated
oxidation, which can be prevented both in vitro and in vivo by vitamin C
(106,107). Although B-group vitamins lowered tHcy by roughly 30%, the addi-
tion of antioxidant vitamins to the supplement had no effect on this (105).

It is clear from the foregoing evidence above that B-group vitamin supplemen-
tation effectively lowers plasma homocysteine. The question therefore arises
whether a dietary change in B-vitamin intake or food fortification can achieve
similar results. To date, the lowest effective tHcy-lowering supplement was
200 µg folate daily (101). Selhub and coworkers (21) found that a total folate
intake of 400 µg/d was necessary to prevent elevation of tHcy, and dietary intake
approximating this value was only attained by 30–40% of participants in the
Framingham study. Boushey and coworkers (53) suggested that if the US popu-
lation were to eat two to three more servings of fruit and vegetables per day, this
would lead to a reduction of 4% in CVD deaths per year in the United States
through tHcy reduction. Food fortification at 350 µg of folate/100 g of grain
products would lead to a reduction in CVD deaths of 8%.

Cuskelly and associates (108) looked at the effects of increasing dietary folate
on red-cell folate, with a view to preventing neural tube defects. Red-cell folate
concentration increased significantly over 3 mo in patients taking folate supple-
ments or food fortified with folate (both given so as to increase consumption by
400µg/d). There was no increase in those given food naturally rich in folate (again
to provide an estimated increase in intake of 400 µg/d) or in those offered dietary
advice only. The likely explanation lies in the higher bioavailability of folate
supplements compared to food folates. Further investigation is needed using larger
numbers of subjects to assess the relative effectiveness of a high-folate diet, food
fortification with folate, and folate supplementation on homocysteine.

In 1996, the Food and Drug Administration issued a regulation requiring all
enriched grain products to be fortified with folate (140 µg/100 g, providing approx-
imately an additional 70–120 µg folate/d). The main aim of this public health action
was to reduce the risk of neural tube defects in newborns. A survey of folate and
tHcy in the Framingham Offspring Study cohort before and after fortification
showed an increase in folate and decrease in tHcy, and also a reduction in the
prevalence of low folate and elevated tHcy, respectively. In this middle-aged and
elderly population, fortification has significantly improved folate status and may
therefore contribute to reduced CVD prevalence (109). This is in contrast to the
findings of Malinow and colleagues (110) who, in a crossover trial in 75 subjects,
tested the effects of fortified breakfast cereal on plasma tHcy and folate. These
researchers found that cereal providing approximately the intake resulting from the
FDA enrichment policy only decreased tHcy by 3.7%, a difference that was not
statistically significant. Jacques and coworkers (109) suggested that several fea-
tures of this study may have limited its applicability to the general population. The
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length of the treatment was only 5 wk, which may have not been sufficient time to
achieve a new steady-state concentration, while the study was performed in CAD
patients who may require higher folate intake to lower tHcy.

8. CLINICAL TRIALS

There is a wealth of epidemiological evidence linking homocysteine with the
development of vascular disease, including large prospective cohort studies with
confirmation by meta-analysis, and clear evidence that B-group vitamins effec-
tively lower homocysteine. There is presently no clinical trial evidence to show
that lowering homocysteine by nutritional or pharmacological intervention will
prevent cardiovascular events, however. Such evidence is clearly crucial in pro-
viding final confirmation of the homocysteine hypothesis, and a number of large
clinical trials will report in the next few years (see Table 2).

9. CONCLUSION

In conclusion, there is strong support for tHcy as an independent risk factor
for atherosclerosis. Dose-finding studies are required to elucidate the optimum
combination of vitamins that will lower tHcy in the general population, whereas

Table 2
Ongoing Vitamin Supplementation Studies to Lower Homocysteine

and Prevent Cardiovascular Disease

CHD prevention Number of subjects

NORVIT (Norwegian study of homocysteine lowering with
B Vitamins in myocardial infarction; University of Tromso, Norway) 3000

PACIFIC (Prevention with a Combined Inhibitor and Folate in
Coronary heart disease; University of Sydney, Australia) 10,000

SEARCH (Study of the Effectiveness of Additional Reductions
in Cholesterol and Homocysteine; University of Oxford, England) 12,000

WACS (Women’s Antioxidant and Cardiovascular disease Study;
Harvard Medical School, USA) 8000

CHAOS-2 (Cambridge Heart Antioxidant Study; University of
Cambridge, England) 4000

BERGEN (Bergen Vitamin Study; University of Bergen, Norway) 2000

Stroke prevention

VISP (Vitamin Intervention for Stroke Prevention;
Wake Forest University, USA) 3600

HOPE-2 (Health Outcome and Prevention Evaluation
number 2; Canada) 5000
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further work must be carried out on tHcy’s atherogenic mechanism. Intervention
studies with clinical endpoints are also required to assess the effect of strategies
designed to lower plasma homocysteine, and initial studies suggesting a role for
tHcy in other diseases must also be developed.
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12 Medical Nutrition Therapy
for Diabetes
What Are the Unanswered Questions?

Marion J. Franz

I. INTRODUCTION

There has been a steady increase in prevalence of diabetes over the past 40
years. In 1998, approx 5.9% of the US population, 15.7 million Americans, were
reported to have diabetes (1). Of that total, 10.3 million people have been diag-
nosed, and another 5.4 million people have diabetes but are not aware of it. This
is in contrast to 1958, when it was reported that approx 1.5 million Americans had
diabetes. Diabetes is most prevalent in the middle-aged and elderly population,
affecting approx 18.4% of people age 65 or older. Ethnic populations that have
a two- to fivefold increased risk of diabetes include Native-Americans, His-
panic-Americans (Latino or Mexican origin), African-Americans, Asian-Ameri-
cans, and Pacific Islanders, and Alaska natives (1).

Medical costs are three times more for persons with diabetes. The medical
cost for the person with diabetes is reported to be $10,071/yr, compared to $2669/yr
for the person without diabetes. Furthermore, two-thirds of these costs are borne by
the elderly (2). Delaying the onset or slowing the progression of diabetes has
tremendous potential to reduce medical costs.

2. CLASSIFICATION OF DIABETES MELLITUS
The classification of diabetes is now based on its etiology. With the previous

classification system  it was often assumed that if an individual required insulin for
glycemic control, they had insulin-dependent or type 1 diabetes and if they did not
require insulin, they had non-insulin-dependent or type 2 diabetes. Genetic factors
play a role in both types of diabetes, but are more prominent in the development
of type 2 diabetes where the concordance among identical twins is close to 100%.
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In type 1 diabetes, by contrast, the concordance among identical twins is only
30–50% (3). Normal fasting plasma glucose values are listed in Table 1 (4).

2.1. Type 1 Diabetes Mellitus

Type 1 diabetes, previously referred to as insulin-dependent diabetes mel-
litus or IDDM, accounts for approx 5–10% of all known cases in the United
States. Individuals are usually lean at diagnosis and are dependent on exog-
enous insulin to prevent ketoacidosis and death. It may occur at any age, even
in the eighth and ninth decade, however, approx 75% of cases develop before
30 yr of age (3). Genetic predisposition to an immunologic destruction of the
islet cells results in an insulin deficiency. Antibodies associated with the risk
of developing type 1 diabetes include: autoantibodies to islet cell antigens
(ICA), insulin autoantibodies (IAA) (which occur in persons who have never
received insulin therapy), and autoantibodies to glutamic acid decarboxylase
(GAD) (a protein on the surface of the beta cell). GAD autoantibodies appear
to provoke an attack by the T-cells (killer T-lymphocytes), which may be what
destroys the beta cells (4).

Table 1
Diagnostic Criteria for Diabetesa

75 g Oral glucose
Fasting plasma tolerance test Casual

Stage of glycemia glucose (FPG) (OGTT) at 2 h plasma glucose

Normal <6.1 mmol/L <7.8 mmol/dL
(<110 mg/dL) (<140 mg/dL)

Impaired fasting >6.1 and <7.0 mmol/L
glucose (IFG) (>110 and <126 mg/dL)

Impaired glucose >7.8 and <11.1 mmol/L
tolerance (IGT) (>140 and <200 mg/dL)

Diabetes >7.0 mmol/L >11.1 mmol/L >11.1 mmol/L
(>126 mg/dL) (>200 mg/dL) (>200 mg/dL)

plus symptoms
(polyuria,
polydipsia,
and unexplained
weight loss)

aAlthough there are three methods by which diabetes can be diagnosed, the FPG test is preferred.
One of the three tests should be used on a different day to confirm diagnosis. Previously, a FPG
7.8 mmol/L (>140 mg/dL) had been used to make the diagnosis of diabetes. At this time, HbA1c,
a measure of average blood glucose levels during the past 6–8 wk, is not recommended for diagnosis.

From ref. 4.
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2.2. Type 2 Diabetes Mellitus
Type 2 diabetes, previously referred to as non-insulin-dependent diabetes

mellitus or NIDDM, accounts for 90–95% of all known cases of diabetes.
Although approx 50% of men and 70% of women are obese at the time of diag-
nosis, type 2 diabetes can also occur in nonobese individuals, especially in the
elderly (3). Initially, insulin resistance (decreased cell sensitivity or responsive-
ness to insulin) may be the primary cause, but as the disease progresses, insulin
deficiency becomes more of a factor.

Type 2 diabetes is associated with defects in both insulin secretion and insulin
action. Endogenous insulin may be normal, depressed, or elevated. However,
insulin levels are inadequate to overcome coexisting insulin resistance. Insulin
is released by the pancreas in two phases, and persons with type 2 diabetes lose
the initial sharp acute release of insulin (first phase insulin release). As a result,
insulin levels may be normal, but the effectiveness of insulin is decreased.
Resistance to insulin may result from either a postreceptor or a cellular receptor
defect in peripheral tissues and occurs early in the disease process. At the cellular
level, there is a decrease in glucose uptake and utilization, which is reflected by
an increase in postprandial glucose levels.

There may also be an increase in hepatic glucose production, especially in the
early morning. Hepatic release of glucose is the primary determinant of fasting
glucose levels. Fasting hyperglycemia appears to occur somewhat later in the
progression of diabetes.

Initially, type 2 diabetes may be well controlled by medical nutrition therapy
alone, but as the disease progresses from insulin resistance to insulin deficiency,
medications are needed in addition to medical nutrition therapy. Oral medica-
tions may be prescribed as monotherapy or in combination, however, after approx
10 yr, 40–50% of the individuals with type 2 diabetes will require exogenous
insulin for adequate glycemic control and to prevent complications of diabetes
(3). Diagnostic criteria for diabetes are listed in Table 1 (4).

2.3. Other Classifications
2.3.1. GESTATIONAL DIABETES MELLITUS

Gestational diabetes mellitus (GDM) is defined as any degree of glucose intol-
erance with onset or first recognition during pregnancy. It occurs in about 4% of
pregnancies, resulting in approx 135,000 cases annually (5). It is usually diagnosed
during the second or third trimester, at which point insulin-antagonist hormones
increase and insulin resistance occurs. In the majority of cases, blood glucose levels
return to normal when the pregnancy is over. The major concerns for the fetus are
macrosomia  (>4 kg [9 lb] at term or >90th percentile in weight for gestational age),
hypoglycemia at birth, and increased incidence of obesity. Women who have had
GDM are at increased risk for later development of type 2 diabetes.
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2.3.2. IMPAIRED GLUCOSE HOMEOSTASIS

Impaired glucose homeostasis is a newly described stage and includes
impaired fasting glucose (IFG) and impaired glucose tolerance (IGT). IFG is
defined as a fasting plasma glucose (FPG) between 6.1 and 7.0 mmol/L (110 and
126 mg/dL). Approximately 7% of the population (13.4 million persons) is
estimated to have IFG. IGT is defined as an oral glucose tolerance test value
between 7.8 and 11.1 mmol/L (140 and 200 mg/dL). Both IFG and IGT are risk
factors for future diabetes and cardiovascular disease (4).

2.4. Screening Recommendations for Diabetes

Early detection and treatment has the potential to reduce the burden of diabe-
tes. The American Diabetes Association suggests testing for diabetes at age 45
yr and, if normal, repeat at 3-yr intervals. There is little likelihood of developing
any of the complications of diabetes within a 3-yr interval of a negative test.
Testing should be considered at a younger age, or be done more frequently, in
individuals who are obese (>120% desirable body weight or a body mass index
[BMI] >30 kg/m2, have a first-degree relative with diabetes, are members of a
high-risk ethnic population,  have delivered a baby weighing >4 kg (9 lb) or
have been diagnosed with GDM, have a high-density lipoprotein-cholesterol
<0.9 mmol/L (<35 mg/dL) and/or a triglyceride level >2.0 mmol/L (>250 mg/
dL), or on previous testing had IGT or IFG (4). Early treatment strategies include
medical nutrition therapy (MNT) and an increase in physical activity.

3. IMPORTANCE OF METABOLIC CONTROL

3.1. Type 1 Diabetes

The Diabetes Control and Complications Trial (DCCT) demonstrated beyond
doubt a clear link between glycemic control and the development of complications
in type 1 diabetes and that any improvement in glycemic control reduces the chances
of developing complications (6). The DCCT, sponsored by the National Institutes
of Health, was a long-term, prospective, randomized, controlled multicenter trial
that studied approx 1400 young persons (age 13–39) with type 1 diabetes treated
with intensive insulin therapy (multiple injections of insulin or use of insulin infu-
sion pumps guided by blood glucose monitoring), nutrition therapy, and frequent
interventions with the health-care team.  The conventional group received insulin
therapy (one or two insulin injections per day), self-monitoring of urine or blood
glucose, and nutrition education as requested by the participants. Average HbA1c,
a test that reflects the previous 6–8 wk of glycemic control, for the intensively
treated group was 7.2% and for the conventional treated group 9.1% (normal
4–5.8%). The intensive therapy group experienced a 50–75% reduction in the risk
of developing progression of retinopathy, neuropathy, and nephropathy.
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Side effects of intensive therapy included weight gain and hypoglycemia. Indi-
viduals in the intensive therapy group experienced on average a gain of approx
4.5 kg (10 lb) during the first year of the trial (7). Weight gain was related to (1)
fewer calories being lost as glycosuria, (2) euglycemia promoting rehydration,
which can add 0.9–2.3 kg (2–5 lb) of weight, and (3) need for frequent treatment,
as well as overtreatment, of hypoglycemia. Therefore, it is essential that patients
have a general concept of total calories needed as well as carbohydrate choices.
Intensive therapy was accompanied by a threefold increase in severe hypoglyce-
mia of which approx 50% occurred overnight (8). Individuals also did better if they
consistently ate a bedtime snack to prevent overnight hypoglycemia (9).

3.2. Type 2 Diabetes
The United Kingdom Prospective Diabetes Study (UKPDS) demonstrated

that elevated blood glucose levels cause long-term complications in type 2 dia-
betes, just as in type 1 diabetes (10,11). The UKPDS recruited 5102 newly
diagnosed individuals with type 2 diabetes in 23 centers within the UK between
1977 and 1991. A significant reduction in microvascular complications was
achieved with intensive therapy that lowered HbA1c to an average of 7.0% over
10 yr compared to 7.9% in the conventional therapy group. Cardiovascular out-
comes were also consistently associated with hyperglycemia. Aggressive treat-
ment of even mild-to-moderate hypertension had a similar benefit to glycemic
control in reducing diabetic complications (12,13).

The UKPDS also demonstrated the progressive nature of type 2 diabetes and
the need to provide follow-up and aggressive treatment (10). Both treatment
groups received intensive diet intervention at the start of the study. The trend
toward loss of glycemic control was extended over the 10-yr follow-up in both
groups and confirmed that type 2 diabetes worsens over time. The ability to
prevent or at least slow this rise may be facilitated by newer glucose-lowering
drugs that were not available to the UKPDS.

4. GLUCOSE, LIPID, AND BLOOD PRESSURE GOALS
Persons with diabetes need to know their target blood glucose, lipid, and blood

pressure goals. Self-monitoring of blood glucose (SMBG) is used on a day-to-
day basis to fine tune treatment regimens because it reflects day-to-day glycemia.
Glycohemoglobin can be assayed by several methods and is expressed as a per-
centage of hemoglobin that has glucose attached. HbA1 is an evaluation of a
combination of all fractions of the hemoglobin molecule. HbA1c is a measure-
ment of the glycation of the “c” fraction and the values are lower because only
one fraction is measured.

Other parameters besides glucose that must be regularly monitored are lipids
and blood pressure. See Tables 2 and 3 for glucose and lipid indicators (14,15).
The blood pressure goal for adults is <130/85 mm Hg. If lifestyle modifica-
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Table 2
Indicators of Glycemic Control

Indicator Normal Goal Action suggested

Premeal or fasting <6.1 mmol/L <5.0–8.3 mmol/L <5.0 or >7.2 mmol/L
plasma glucose (<110 mg/dL) (90–130 mg/dL) (<90 or >150 mg/dL)

Postprandial <7.8 mmol/dL <8.9 mmol/L >10 mmol/L
plasma glucosea (<140 mg/dL) (<160 mg/dL) (>180 mg/dL)

Bedtime <6.7 mmol/L 6.1–8.3 mmol/L <6.1 or >10.0 mmol/L
plasma glucose (<120 mg/dL) (110–150 mg/dL) (<110 or >180 mg/dL)

HbA1cb <6% <7% >8%

aNot in the American Diabetes Association’s Standards of Care, but values listed are generally
accepted.

bHbA1c is referenced to a nondiabetic range of 4.0 to 6.0%.
From ref. 14.

Table 3
Coronary Heart Disease Risk by Lipoprotein Levels for Adults

Risk Cholesterol LDL-Cholesterola HDL-Cholesterolb Triglycerides

High >240 mg/dL >130 mg/dL <35 mg/dL >400 mg/dL
(>6.2 mmol/L) (>3.3 mmol/L) (<0.9 mmol/L) (>4.5 mmol/L)

Borderline 200–239 mg/dL 100–129 mg/dL 35–45 mg/dL 200–399 mg/dL
(5.2–6.2 mmol/L) (2.6–3.3 mmol/L) (0.9–1.2 mmol/L) (2.3–4.5 mmol/L)

Low <200 mg/dL <100 mg/dL >45 mg/dL <200 mg/dL
(<5.2 mmol/L) (<2.6 mmol/L) (>1.2 mmol/L) (<2.3 mmol/L)

aMedical nutrition therapy is initiated in adults when LDL-cholesterol is >100 mg/dL with
a LDL goal <100 mg/dL. Drug therapy should be initiated when LDL-cholesterol level is
>130 mg/dL, and with coronary heart disease, peripheral vascular disease, or cardiovascular
disease, drug therapy should be initiated when LDL-cholesterol level is >100 mg/dL. In both cases,
the LDL goals are <100 mg/dL.

bFor women, the HDL-cholesterol value should be increased by 10 mg/dL.
From ref. 15.

tions—moderate weight loss, exercise, reduction of dietary sodium, and limited
ingestion of alcohol—do not achieve these goals, medications should be added
in a stepwise fashion until blood pressure goals are met (14).
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Urine testing, however, remains the only practical way to detect ketones.
Testing for ketonuria should be done regularly during illness and when blood
glucose levels are consistently >13 mmol/L (240 mg/dL). The presence of urine
ketones, along with elevated blood glucose levels, requires immediate insulin
adjustments. Persons with type 2 diabetes rarely have ketosis.

5. MEDICATIONS

5.1. Oral Medications for Type 2 Diabetes

Many individuals will do well initially with MNT alone; however, as the dis-
ease progresses, oral medications alone or in combination will be needed along
with nutrition therapy. There are now six classes of pharmacological agents
approved for use in the United States for treatment of diabetes: sulfonylureas,
meglitinide, biguanide, -glucosidase inhibitors, and thiazolidinediones. Each
class has a different site and mechanism of action; therefore, for optimal control
they can be used as monotherapy or in combination.

5.2. Insulins

Persons with type 1 diabetes are dependent on insulin by injection for sur-
vival. However, after approx 10 yr, 40–60% of individuals with type 2 diabetes
will also require insulin to achieve adequate metabolic control (3). Today, with
the many options available for insulin regimens, if an individual’s usual eating
patterns are known, insulin regimens can be integrated into lifestyle. Therefore,
it is essential that lifestyle information be shared with the professional planning
the insulin regimen. Table 4 lists the types of insulin, onset, and approximate
duration of action.

Table 4
Insulin Therapy

Type of insulin Onset of action Monitor effect at:

Premeal Insulins (Bolus)
Lispro/Aspart 5–15 min 2 h
Regular 30–60 min 4 h (next meal)

Background Insulins (Basal)
NPH/Lente 2–4 h 8–10 h
Ultralente 3–5 h 10–12 h
Glargine (24 h insulin) 30 min
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6. MEDICAL NUTRITION THERAPY: WHAT DO WE KNOW
AND WHAT ARE THE UNANSWERED QUESTIONS?

Based on outcome research, it is evident that MNT is integral to and essential
for successful diabetes management (16,17). However, there is also recognition
that nutrition therapy is challenging for persons with diabetes and for profession-
als (18,19). In the past, research attempted to find the “ideal diet” that would
apply to all persons with diabetes. This was usually assumed to be some ideal
percentage of macronutrients—carbohydrate, protein, and fat. The emphasis
today is on determining the goals of  MNT for diabetes and the nutrition-related
strategies shown to achieve these goals (20–22). Just as there is no longer one
insulin regimen that applies to all persons who require insulin therapy, there is
also no one nutrition prescription that applies to all persons with diabetes.

6.1. Goals and Strategies for Medical Nutrition Therapy for Diabetes

The primary goal of nutrition self-management in persons with diabetes is to
assist with maintenance of near-normal glucose levels to prevent both acute and
long-term complications. This is done by balancing food with insulin, either
endogenous or exogenous, and physical activity. There is a two- to fourfold
increase in the prevalence of macrovascular diseases in persons with diabetes
(15). Therefore, it is also important for persons with diabetes to achieve optimal
lipid levels and MNT plays an essential role in achieving these goals.

Another goal is to provide adequate calories for maintanance of a reasonable
body weight. A reasonable body weight is defined as that level of weight
acknowledged by both patient and professionals as achievable and maintainable
both short term and long term. For children and adolescents with diabetes, it is
essential that calories be prescribed to provide for normal growth and develop-
ment. The meal plan is not a restriction of calories, but is intended to ensure a
reasonably consistent food intake and nutritional balanced diet. Insulin regimens
are then designed to cover the amount of food children and adolescents are
hungry for. During pregnancy and lactation women generally require an increase
in calories. Monitoring blood glucose levels, urine ketones, appetite, and weight
gain allows for the making of appropriate calorie adjustments.

Improving health though optimal nutrition is another goal. The First Step
in Diabetes Meal Planning, which includes the Food Guide Pyramid, outlines
and illustrates nutrition guidelines and nutrient needs for all healthy Americans
and can be used for persons with diabetes and their family members (23). Food
and meal planning flexibility for individuals with diabetes requires individual-
ization and nutrition education.

6.1.1. NUTRITION-RELATED STRATEGIES FOR INSULIN USERS

By determining usual food and exercise habits, insulin regimens can be inte-
grated into an individual’s lifestyle habits. Two types of insulin therapy were
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defined during the DCCT: conventional and intensive. Conventional therapy
usually consists of injections of regular (or rapid-acting) and NPH given before
breakfast and the evening meal. If fasting blood glucose values are not adequately
controlled with this regimen, the next step is to move the pre-evening meal NPH
to bedtime. The meal plan is based on the food and nutrition assessment. Consis-
tency in food intake and timing is critical, then  blood glucose monitoring results
can be used to determine basic insulin doses. Based on blood glucose patterns,
insulin doses and/or insulin regimens can then be further adjusted.

Intensive therapy provides increased flexibility in the timing and consistency
of meals, amount of carbohydrate eaten at meals, and timing of physical activity.
Intensive therapy consists of three or more insulin injections per day or insulin
pump therapy. Generally, NPH or ultralente insulin is used as background (basal)
insulin and rapid-acting or regular insulin is used premeal (bolus). The differ-
ences in onset, duration of action, and peak times make it possible to tailor
therapy to individual needs. By knowing how much carbohydrate is eaten at
meals, a carbohydrate-to-insulin ratio can be determined (see Section 7.3.).
Adjustments can then be made in the premeal insulin dose to accommodate
changes from the usual carbohydrate intake and to compensate for premeal blood
glucose values that are not in the target goal range (24).

After a mixed meal, the blood glucose rise is essentially determined by the
amount of carbohydrate in the meal and insulin requirements should be propor-
tional to the carbohydrate content of the meal. Patients are taught to count the
carbohydrate content (or choices) of their meals and to adjust insulin doses accord-
ingly. Compared with the traditional meal plan based on food exchanges, carbohy-
drate counting is more precise, easier to teach, more flexible, and can facilitate
better glycemic control. Rabasa-Lhoret and associates (25) validated this concept.
They studied the effects of high- (55%) and low- (40%) carbohydrate diets on
insulin requirements treated intensively with ultralente as background insulin and
regular insulin as premeal insulin adjusted to the carbohydrate content of the meal.
When premeal insulin was prescribed in units of premeal insulin per 10 g of car-
bohydrate, the postmeal glycemic control remained constant over a range of car-
bohydrate ingested. Furthermore, the premeal insulin dose was not affected by the
glycemic index, fiber, fat, and caloric content of the meal.

6.1.2. NUTRITION-RELATED STRATEGIES FOR TYPE 2 DIABETES

Traditional dietary advice for people with type 2 diabetes focused on avoiding
sugar and losing weight. MNT now focuses on lifestyle strategies that can contrib-
ute to improvements in metabolic control. Although there are a number of lifestyle
changes that have been shown to improve glycemic control, there is no clear answer
regarding which of these should be the first priority. The strategy is to individualize
therapy and set goals based on what the person with diabetes chooses to focus on
(26). The field trial of nutrition practice guidelines for type 2 diabetes showed
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evidence of the effectiveness of lifestyle changes by 6 wk–3 mo. At this point, it
can be determined if lifestyle changes alone will maintain metabolic control or if
changes in medication(s) will also be needed (16).

Caloric restriction is an independent factor for improved glycemic control.
Several research studies indicate that glycemic control improves within 24 h of
caloric restriction and before any weight loss occurs (27,28). Energy restriction
results in changes in macronutrient intake, especially a reduced carbohydrate
intake. This appears to deplete liver glycogen stores and as a result fasting blood
glucose levels improve (29).

Moderate weight loss results in later improvements in glycemia and insulin sen-
sitivity and is related to reduction in abdominal fat, which also improves lipid profiles
(30). Metabolic changes responsible for improved glycemic control have been dem-
onstrated with moderate weight losses of 4.5–9.1 kg (10–20 lb) (31,32). Watts and
colleagues (32) reported, however, that if blood glucose levels are not less than
10 mmol/L (180 mg/dL) after a weight loss of 4.5 kg (10 lb), additional weight loss
is not likely to be helpful. Because of a slowed first phase insulin release, spacing
meals and distributing food intake throughout the day may also be beneficial (33,34).

Carbohydrate is the macronutrient with the greatest impact on blood glucose
levels. Individuals with type 2 diabetes need to be provided with the basic guide-
lines for the amount of carbohydrate to eat at meals and snacks, e.g., 60 g (four
carbohydrate choices) per meal plus or minus 15 g (one carbohydrate choice), and
15–30 g of carbohydrate (one to two carbohydrate choices) at snacks. Testing
blood glucose postprandially provides tangible information to assist the person
to take a more active role in evaluating food choices and understanding the
carbohydrate load tolerable for them at a particular meal.

The benefits of physical activity are well documented (35). It enhances blood
glucose uptake by muscle during or shortly after activity and improves insulin
sensitivity. It is recommended that individuals adopt a lifetime activity model, an
approach developed by the Centers for Disease Control and the American Col-
lege of Sports Medicine, which states that all Americans need to accumulate
30 min daily of moderate intensity physical activity (36).

6.2. Macronutrients and Metabolic Control
The American Diabetes Association for many years has been stressing the

need for individualized nutrition prescriptions and therapy (20,21). What we do
know is that glycemic control is possible with varying percentages of macronu-
trients (25,37). There is no one nutrition prescription or so-called “ADA diet”
that can be recommended for all persons with diabetes. Instead, the macronutri-
ent distribution is based on individual preferences and treatment goals.

Multiple factors influence the postmeal glycemic response with the amount
of glucose absorbed being the key determinant. However, persons with diabetes
need to be reminded of the other variables which affect blood glucose and that
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food is not always the reason for variance. Also affecting glycemic response is
the premeal glucose level, gastric emptying rate, intestinal motility, and other
factors that affect glucose removal from the circulation such as insulin resistance.
For example, gastric emptying is known to be enhanced with hypoglycemia and
inhibited with hyperglycemia (38,39).

6.2.1. CARBOHYDRATE: WHAT IS KNOWN

Carbohydrate is the nutrient that determines the amount of glucose absorbed
from a meal and is the primary determinant of the blood glucose response. The
increase in blood glucose depends on the rate and completeness of digestion of
starch. Because starch is composed of glucose molecules, starchy foods raise
blood glucose concentration more than sugars found in sucrose, fruit, or milk.
Fructose and galactose (half of the sucrose and lactose molecule, respectively)
have a minimal effect on blood glucose levels as they both appear to be stored
in the liver as glycogen and, therefore, do not enter directly into the general
circulation (40). Although sugars in general have a lower glycemic response
than starches, and individual starches do have differing glycemic responses,
clinically the total amount of carbohydrate ingested will be more important
than the type of carbohydrate (20).

6.2.1.1. SUCROSE

Numerous research studies have reported that traditional dogma restricting
sugars in the diet of persons with diabetes cannot be justified based on scientific
evidence (41–44). The belief that sucrose must be restricted is based on the
assumption that sucrose is more rapidly digested and absorbed than starches
and, thereby, aggravates hyperglycemia. However, at least 12–15 studies, in
which sucrose was substituted for other carbohydrates, found no adverse effect
of sucrose or foods containing sucrose on glycemia compared to foods contain-
ing starch. Therefore, sucrose and sucrose-containing foods can be substituted
for other carbohydrates in the meal plan. The primary concern with sugar-
containing foods is that often they contain significant amounts of total carbohy-
drate, fat, and calories and should be eaten within the context of a healthful diet.

6.2.1.2. FIBER

Although important for the prevention of other disease processes, dietary fiber
has a minimal effect on glycemia (45). Large amounts of guar gum and other
viscous nonstarch polysaccharides have been shown to reduce the postprandial
glucose response (46); however, when eaten in amounts that are likely to be
tolerable to most patients, fiber appears to be of minor importance in postmeal
glucose control (47). Fiber-rich foods (whole grains, vegetables, and fruits) are,
however, good sources of important micronutrients, such as vitamin B6, folate,
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-carotene, and phytochemicals, and in combination with a low-fat diet may
have beneficial effects on plasma cholestrol levels.

6.2.1.3. NONNUTRITIVE SWEETENERS

The advantage of nonnutritive sweeteners over nutritive sweeteners for per-
sons with diabetes is that they have the potential to help control total carbohy-
drate intake. There are currently four nonnutritive sweeteners available:
aspartame, acesulfame K, saccharin, and sucralose. They were all rigorously
tested  and the safety data scrutinized by the Food and Drug Administration
(FDA) before being approved and marketed for human use (20,48). The FDA
determines an acceptable daily intake (ADI) for products it approves, which is
defined as a safe amount for daily consumption over a lifetime. The ADI
includes a 100-fold safety factor and greatly exceeds average consumption
levels. For example, aspartame consumption (14-d average) in persons with
diabetes is 2–4 mg/kg/d, well below  the ADI of 50 mg/kg/d (49). Table 5 lists
the ADI for nonnutritive sweeteners, the amount found in soft drinks and
sweeteners, and the amounts needed to reach the ADI (48). All FDA-approved
nonnutritive sweeteners can be used by individuals with diabetes, including
pregnant women (because saccharin can cross the placenta, other sweeteners
are better choices) (20).

6.2.2. CARBOHYDRATE: WHAT ARE THE UNANSWERED QUESTIONS?
6.2.2.1. GLYCEMIC INDEX

The role of the glycemic index in food and meal planning for diabetes contin-
ues to be debated (50,51). Although the glycemic index is useful as an indicator
of the general order of glucose responses to food, its accuracy has been ques-
tioned and its overall utility remains undetermined (40). It remains to be shown

Table 5
Nonnutritive Sweeteners, Acceptable Daily Intake (ADI),

and Amounts in Soda and Sweeteners

1 Pkg
ADI (mg/kg 12-Oz can sweetener

Sweetener body weight) soda (mg) # Can = ADIa (mg) # Pkg = ADIa

Acesulfame K 15  40b 25b 50 18
Aspartame 50 200 15 35 86
Saccharin 5 140 2 40 7.5
Sucralose 5 70 4.5 5 60

aFor a 60 kg (132 lb) person.
bFountain drinks may have different amounts as they may contain a sweetener blend.
Adapted from ref. 48.
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that using the glycemic index over the long term improves not only postprandial
blood glucose values (expressed as percentages), but also glycosylated hemoglo-
bin values. Percentage change is misleading and actual significant changes in
blood glucose and HbA1c values need to be demonstrated. For now, it is sug-
gested that individuals determine their own glycemic index based on self-moni-
toring of blood glucose. Furthermore, the glycemic differences of unprocessed
versus processed foods have not been well defined.

Would the glycemic index of foods be helpful for women with gestational
diabetes? Breakfast postprandial glucose levels are often a problem for these
women. Therefore, selecting carbohydrates with a low glycemic index may be
helpful.

6.2.2.2. RESISTANT STARCH

Starch may be categorized as readily digestible, slowly digestible, or resistant
starch. For example, 94% of the starch in Rice Krispies is readily digested,
whereas in beans and legumes 27–60% of it is resistant starch. Although bars
containing resistant starch are widely advertised as preventing hypoglycemia in
persons with type 1 diabetes, they have not been well studied.

6.2.3. PROTEIN: WHAT IS KNOWN

For the general public the average intake of protein is between 10% and 20%
of calories and there is no evidence suggesting that persons with diabetes require
more or less protein than this, or that a high-protein diet contributes to the devel-
opment of nephropathy (52). Therefore, it is recommended that prior to the onset
of renal disease, protein intake for the person with diabetes be similar to the
protein intake of the general public (20). However, with the onset of nephropathy
(macroalbuminuria), protein restriction is beneficial (53,54). It is recommended
that protein intake be reduced to 10% of calories or 0.8 g/kg of body weight (20).
An unresolved issue is the type of protein to restrict. Preliminary studies suggest
that only animal proteins and not plant  proteins may need to be restricted with
nephropathy (55,56).

Protein, as well as carbohydrate and fat, requires insulin for metabolism, and
the effect on blood glucose level is dependent on insulin availability. Without
adequate insulin, gluconeogenesis occurs rapidly and protein can contribute to
the resultant elevation in glycemia. However, with adequate insulin, protein
appears to have minimal, if any, effect on blood glucose levels, despite the fact,
that in theory, 50–60% of protein ingested can be deaminated and converted to
glucose (57).

6.2.3.1. TYPE 2 DIABETES

Studies by Nuttall and associates (58) reveal that blood glucose concentra-
tions do not increase in subjects with type 2 diabetes following the ingestion of
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50 g protein.  However, the insulin response to 50 g protein and 50 g glucose is
similar, and the insulin response to 50 g protein and 50 g glucose combined is
approx double the individual response. The peak blood glucose response to 50 g
protein and 50 g glucose combined is similar to that from 50 g glucose alone, but
the glucose response from 2 to 5 h may be slightly lower with protein added. This
may be because of the increased insulin response to glucose and protein when
combined. It is of interest to note that the insulin response to protein is greater
in persons with type 2 diabetes than in persons without diabetes (57).

6.2.3.2. TYPE 1 DIABETES

Although not well studied, if blood glucose is well controlled, protein
appears to have a minimal effect on blood glucose level. Peters and Davidson
(59) fed euglycemic subjects with type 1 diabetes a control lunch with and
without an extra 200 calories (50 g) from protein or fat. The postprandial
glucose response (2–5 h) to the meal with the added protein was slightly higher,
but at 5 h the glucose response was similar for all three meals. The peak glucose
response was similar for the control and added protein meals but delayed for
the fat added meal.

Gray and coworkers (60) compared the ability of carbohydrate or carbohy-
drate plus protein to treat and to prevent subsequent hypoglycemia in patients
with type 1 diabetes whose blood glucose levels were lowered to 2.8 mmol/L
(50 mg/dL). Treatment responses were similar and subjects became hypogly-
cemic again at identical rates. The investigators concluded that adding protein
to the treatment of hypoglycemia only added unnecessary and often unwanted
calories.

6.2.4. PROTEIN: UNANSWERED QUESTIONS

What percentage of protein is metabolized to glucose and why doesn’t protein
affect blood glucose levels? A 50–60% conversion figure was theorized in 1915
by Janney from a calculation based on the amount of nitrogen excreted in the
urine following a beef protein meal (57). However, since that time it has been
observed that the amount of glucose that is produced from protein may be con-
siderably less. The small amount of glucose released into the circulation appears
to be matched by an equal increase in glucose utilization provided that adequate
insulin is available. Another theory suggests that if 50–60% of ingested protein
is converted to glucose, it is being stored as liver or muscle glycogen and, there-
fore, has no immediate effect on glycemia.

As noted, protein stimulates insulin release in mild type 2 diabetes. However,
it has been suggested that elevated levels of circulating endogenous insulin,
which are often found in individuals with type 2 diabetes and insulin resistance,
are atherogenic. Is it, therefore, beneficial that protein stimulates insulin concen-
tration because of the potential to improve postprandial blood glucose levels? Or
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conversely, is protein detrimental because of the concern related to atherogen-
esis?  What are the benefits or detriments of high-protein diets? At various times
in history population subgroups have reportedly consumed high-protein diets of
35, 45, or even 80% calories out of necessity (57). However, anecdotal reports
suggest that high-protein diets are not well tolerated for any long period of time.
Limited data are available regarding the long-term effect or benefit of high-
protein diets for diabetes.

What are the differences between plant and animal protein in renal disease?
When compared to animal protein, plant-based proteins appear to have different
renal effects which are comparable to those seen by reducing total protein intake
(61). There is no evidence of any detrimental effects of plant-based protein in
renal disease to date, but the mechanism of the beneficial effects of plant-based
diets is unclear.

6.2.5. FAT: WHAT IS KNOWN

The amount of dietary fat in the nutrition prescription is based on the nutrition
assessment and treatment goals. Persons who are at a healthy weight and have
normal lipid levels are encouraged to follow the guidelines recommended for all
Americans, that is, to limit fat to 30% of calories and saturated fat to 10% of
calories. For those who need to lose weight, the emphasis is placed on reducing
total fat amounts. If cholesterol or LDL-cholesterol levels are elevated, the
National Cholesterol Education Program Step II diet should be implemented
(20). If triglyceride levels are elevated, improved blood glucose control, moder-
ate weight loss, exercise, eliminating excess alcohol, and a more moderate fat
and carbohydrate diet can be tried. Added fats should, however, be monounsat-
urated and not saturated fats. Another option for persons in these situations is a
low-fat, low-calorie diet (62).

6.2.5.1. SATURATED FATS

Saturated fats are known to increase risk for cardiovascular disease. Reduced
intake of saturated fat has the potential to lower LDL-cholesterol levels by
15–25 mg/dL (0.39–0.65 mmol/L). Replacing dietary saturated fat with either
carbohydrate or monounsaturated fat has been found to improve lipid levels in
patients with diabetes (62–65). Dietary cholesterol should be less than 300 mg/d
(20). These restrictions have been found to have a beneficial effect on lipid levels
and insulin sensitivity in those with diabetes.

6.2.5.2. TOTAL FAT

In type 2 diabetes, it remains advisable to limit total fat intake to prevent
weight gain that may adversely affect lipids and glycemic control. Fat replacers
may help decrease fat and calorie intake if eaten in the same portion as regular
foods (66,67).
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6.2.6. FAT: UNANSWERED QUESTIONS

Preliminary evidence from several studies indicates that total fat intake may
contribute to insulin resistance (68,69) and inhibit glucose uptake (70). How-
ever, is it total fat intake or does the type of dietary fat make a difference? Two
epidemiological studies of individuals with type 2 diabetes found higher reported
intake of total dietary fat (not the type of fat) was related to increased LDL-
cholesterol levels. Higher intake of carbohydrate was related to increased trig-
lyceride levels only in individuals with previously  undiagnosed diabetes or
among individuals who gained weight during the previous year (71).

Which is more harmful: saturated fat or trans fatty acids? Both types of fat
have been shown to increase serum total cholesterol and LDL-cholesterol. Trans
fatty acids may also lower HDL-cholesterol levels (see Chapter 9 by Clarke and
Frost). However, none of these studies have been conducted in persons with
diabetes. Should monounsaturated or polyunsaturated fats be substituted for
saturated and trans fatty acids? Several small studies comparing monoun-
saturated to polyunsaturated fat have not provided conclusive evidence regard-
ing the superiority of one over the other (72).

What is the influence of carbohydrate vs monounsaturated fats and/or calories
on prevention and/or treatment for hypertriglyceridemia? When calories are kept
at a level to prevent weight loss, high-carbohydrate diets compared to a high
monounsaturated fat diet have been shown to elevate triglyceride levels (63).
However, a low-calorie, low-fat diet (high carbohydrate) has been shown to have
no detrimental effects on lipids (62). Furthermore, it is suggested that the triglyc-
erides formed from a high-carbohydrate diet are the large, foamy types that are
not as atherogenic as are the small dense endogenous VLDL particles (72).

Are omega-3 fatty acids of value in  controlling lipids in persons with diabe-
tes? Epidemiological studies show that individuals who consume diets rich in
omega-3 fatty acids have lower rates of cardiovascular disease (see Chapter 13
by de Deckere). However, several studies have reported that supplements of
these fats increase LDL-cholesterol levels (73). Nutrition advice to increase fish
consumption versus the more saturated fat protein sources remains valid. If use
of fish oil supplements is considered as a therapy for hypertriglyceridemia, LDL-
cholesterol should be monitored closely.

6.2.7. ALCOHOL: WHAT IS KNOWN

Alcohol is not metabolized to glucose and does not require insulin for metabo-
lism. It is oxidized in the liver by alcohol dehydrogenase to acetaldehyde and
acetate, and used as an energy source. Other consequences of alcohol oxidation
include impaired gluconeogenesis and potentially an increased production of
triglycerides (74).

With usual food intake, blood glucose and insulin levels are not affected by
moderate amounts of alcohol. Koivisto and coworkers (75) carried out a study
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in persons taking their usual insulin doses or in persons with type 2 diabetes.
They reported no effect on glucose and insulin responses during the 15 h  follow-
ing consumption of alcoholic beverages with the usual evening meal. However,
in persons receiving insulin and in the fasting state, hypoglycemia can occur at
blood alcohol levels that do not exceed mild intoxication (74).

The same precautions that apply to the consumption of alcohol by the general
population apply to persons with diabetes. Daily intake of no more than one drink
for women and two drinks for men is recommended. Twelve ounces (355 mL) of
beer, 5 oz (148 mL) of wine, or 1 1/2 oz (44 mL) distilled spirits are considered
to be one alcoholic beverage. If desired, alcoholic beverages should be consumed
with and in addition to the regular meal plan. Because of the possibility of alco-
hol-induced hypoglycemia, it is advisable that no food be omitted. Persons with
inadequate glucose control, elevated triglycerides, neuropathy, or pancreatitis,
and pregnant women should avoid consumption of alcohol (20).

6.2.8. ALCOHOL: UNANSWERED QUESTIONS

An overall beneficial effect of alcohol consumption in decreasing risk of death
due to coronary heart disease has been reported in people with type 2 diabetes
(76). Moderate amounts of alcohol have also been reported to decrease insulin
resistance. Light-to-moderate drinkers (10–30 g/d) are reported to be relatively
more insulin sensitive and to have lower plasma insulin levels than do nondrink-
ers (77). The mechanism by which this occurs remains to be determined. Further-
more, it remains to be determined if long-term moderate consumption of alcohol
can prevent or delay the onset of type 2 diabetes by decreasing insulin resistance,
and, if so, how. Also unanswered is the question as to the types of alcoholic
beverages and their effect on insulin resistance and coronary heart disease, i.e.,
is there a difference if the alcoholic beverage is wine, beer, or distilled spirits?

6.2.9. MICRONUTRIENTS: WHAT IS KNOWN

Micronutrients play an integral role in carbohydrate and glucose metabolism, as
well as in insulin release and sensitivity. Therefore, it is understandable that the
public hears recommendations for micronutrients and diabetes far beyond what
existing research has proven to be of benefit. Well-controlled studies examining the
role of micronutrients and carbohydrate intolerance are usually not done in humans,
and, therefore, animal studies are often extrapolated to humans. There are chal-
lenges to obtaining reliable data in humans: (1) trace mineral and water soluble
vitamin losses in the urine are increased with uncontrolled hyperglycemia and
glycosuria, (2) the degree of the response to supplementation may be dependent on
the level of glucose intolerance, and (3) it is often unknown what amount of the
micronutrient being studied has been eaten in the diet. To further confuse the role
of micronutrients and diabetes, serum or tissue content of certain elements—cop-
per, manganese, iron, and selenium—are reported to be higher in people with
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diabetes than in nondiabetic control subjects. On the other hand, serum ascor-
bic acid, the B vitamin group, and vitamin D are reported to be in lower in
individuals with diabetes, whereas vitamins A and E are reported to be normal
or increased (78).

Supplementation recommendations for persons with diabetes are the same as
for the general population. Deficiency should be diagnosed by clinical and labo-
ratory data. Those at greatest risk for deficiency include the following: older
adults, low-calorie dieters, persons with poor diabetes metabolic control, criti-
cally ill patients, pregnant or lactating women, vegans, and those with renal
disease (79).

6.2.9.1. SODIUM

Hypertension is twice as common in persons with diabetes, whereas those with
type 2 diabetes are reported to be more sodium sensitive than the average non-
diabetic person (80,81). For persons with diabetes, guidelines for sodium are
similar to those for the general population: less than 3000 mg/d and for those with
mild to moderate hypertension, less than 2400 mg/d (20).

6.2.9.2. MAGNESIUM

Individuals with diabetes who may be at high risk for magnesium deficiency
include the elderly and those with chronic hyperglycemia. Those at risk should
have their status assessed and receive supplementation with oral magnesium
chloride if a deficiency is identified (82).

6.2.9.3. CALCIUM

Persons with diabetes, especially type 1 diabetes, have been identified as
being at greater risk for decreased bone density (83). The specific causes of low
bone mineral density are unknown. Supplementation with elemental calcium
is appropriate for many adults, especially women, regardless of whether or not
diabetes is present (see Chapter 3 by Heaney). The National Institute of Health
Osteoporosis Consensus Conference recommends a total daily intake of 1000
mg for women on hormone replacement therapy and 1500 mg for women not
on this therapy (84). Prevention of long bone fractures is a proactive treatment
for maintaining physical activity (and vice versa).

6.2.9.4. VITAMIN E

Individuals with diabetes may have higher requirements for antioxidants than
the general population. For those with cardiovascular disease, the benefits of
taking up to 400 IU of vitamin E per day probably outweigh the risks, although
this remains to be proven (78). Paolisso and associates (85) reported that subjects
with type 2 diabetes given a vitamin E supplement of 900 mg/d showed lower
plasma glucose, HbA1c, and lipids compared to a control group. However, it is
unclear whether sufficient levels of vitamin E can be given to affect oxidized
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LDL-cholesterol and reduce their atherogenic potential, without negative long-
term effects on the liver and kidney. Although observational epidemiological
studies have shown a correlation between dietary or supplemental consumption of
vitamins and clinical outcomes, the large scale, placebo-controlled interventional
studies have failed to show a beneficial outcome. Of particular interest is The Heart
Outcomes Prevention Evaluation (HOPE) trial that included 9541 subjects, of
whom 38% had diabetes (86). In this trial, supplementation of vitamin E (400 IU/d)
for 4.5 yr did not result in any significant beneficial outcomes.

6.2.10. MICRONUTRIENTS: UNANSWERED QUESTIONS

Are there any micronutrients that are beneficial for people with diabetes? The
reader is referred to references 78 and 79 for a review of the current literature. Of
particular interest is the role of micronutrients, such as folic acid, and their effect
on cardiovascular disease risk reduction. In another chapter, Woodside and
Young discuss whether folate lowers homocysteine levels and reduces risk for
coronary heart and vessel disease. The relevance of this to persons with diabetes
is not known (87).

Does vitamin C have particular efficacy for persons with diabetes? Tissue
stores are known to be depleted by chronic hyperglycemia. Vitamin C may
inhibit protein glycosylation by competing with glucose for binding to proteins
(88). Supplementation with 500 mg/d has been shown to have no effect on blood
glucose levels, and larger doses have the potential to interfere with blood glucose
monitoring results and/or increase plasma glucose (89).

Is there a role for chromium supplementation? Chromium is well distributed
in the food supply and no methods are currently available to identify individuals
who may be chromium deficient. Chromium picolinate appears to be the chro-
mium supplement that is best absorbed because it incorporates picolinic acid, a
natural mineral transporter produced in the liver and kidney. Anderson and
associates (90) reported that in subjects fed chromium-deficient diets, supple-
mentation with 200 mg/d was beneficial to individuals with impaired glucose
tolerance but had no effect on blood glucose levels in those with diabetes. Ander-
son and associates (91) studied subjects with type 2 diabetes in China divided into
three groups: supplementation with 200 µg or 1000 µg/d of chromium picolinate
or placebo. Supplementation reduced HbA1c, fasting and 2-h glucose concentra-
tion, whereas total cholesterol also decreased in the group receiving the 1000 µg
supplement. However, before recommending chromium supplementation in the
United States, well-controlled studies in people with diabetes with known intake
of chromium are needed.

Can nicotinamide prevent or delay the onset of type 1 diabetes? In animal
studies, nicotinamide has been shown to offer protection to pancreatic beta cells
against a variety of toxic or immune-mediated insults. A trial, called the Euro-
pean–Canadian Nicotinamide Diabetes Intervention Trial (ENDIT) is testing the
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hypothesis that the rate of type 1 diabetes can be substantially reduced with the
use of pharmacological doses of nicotinamide (92).

7. APPLYING NUTRITION SCIENCE TO CLINICAL PRACTICE

It is clear that there can be no one nutrition prescription that applies to every-
one with diabetes. The nutrition prescription for patients with diabetes should not
be based on a predetermined calorie level with set percentages for carbohydrate,
protein, and fat. Instead, it should focus on the goals of therapy and known
strategies to achieve these goals. Furthermore, it must be based on an assessment
of what the individual with diabetes is willing and able to implement.

Applying nutrition recommendations requires professionals with a high level
of clinical skills and knowledge, not only about medical nutrition therapy, but
who also know how to integrate nutrition therapy into the overall management
of diabetes. As a result, the role of dietitians has changed:

· From the traditional role of limiting food choices to teaching flexibility in
food choices and problem solving to achieve metabolic control;

· From restricting macronutrients to emphasizing to persons with diabetes rela-
tionships between food intake and glucose, lipid, and blood pressure outcomes;

· From teaching specific nutrition recommendations to teaching behavior-
change skills so persons with diabetes can achieve their own nutritional goals;

· From working independently to being team members;
· From only assessment and implementation to implementing a system that

promotes evaluation and actions related to the outcomes of nutrition therapy.

The nutrition prescription and meal/food plan is a modification of usual
food intake, individualized to meet treatment goals. Appropriate educational
materials are selected that meet the client’s needs. Traditionally, all persons with
diabetes were taught the use of exchange lists for meal planning. Although the
exchange lists are still of value in assisting the dietitian in assessing caloric and
macronutrient percentages of usual and modified food intake, many clients will
do better with a more simplified method of meal planning based on the Food
Guide Pyramid (23) or with carbohydrate counting (93,94).

Measurement and documentation of outcomes is essential. This requires a
system of planned follow-up and ongoing education and support. If expected
outcomes are not being met by lifestyle changes, there will be a need for changes
in medications. As the disease progresses, rarely can individuals be controlled by
nutrition therapy alone. Today, the management of diabetes often requires
lifestyle modifications along with medications

7.1. Carbohydrate Counting

Carbohydrate counting is a useful system of food and meal planning for all
people with diabetes. Instead of grouping foods into six lists as in the exchange
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system, it groups foods into only three food groups: carbohydrate, meat and meat
substitutes, and fat. The carbohydrate list is composed of starches, fruits, milk,
and sweets, and one serving is the amount of food that supplies 15 g of carbohy-
drate. Table 6 lists some examples of a carbohydrate serving. Carbohydrate
counting does not mean that meat and fat portions can be ignored. Individuals
with diabetes must also know the approximate number of meat and fat servings
they should select for meals and snacks.  Weight control is important, as is  the
maintenance of a healthy balance of food choices.

Learning how to use the Nutrient Facts on food labels is useful to individuals
with diabetes. First, they should take note of the serving size and the total amount
(grams) of carbohydrate in that serving size. They should ignore the grams of
sugar as they are included in the total grams of carbohydrate. If there are more
than 5 g of fiber in a serving, the grams of fiber can be subtracted from the total
grams of carbohydrate (95).

Women with type 2 diabetes often do well with three to four carbohydrate
servings per meal and one to two between meals. Men with type 2 diabetes may
need four to five carbohydrate servings per meal and one to two between meals.
Food records along with blood glucose monitoring data can then be used to
evaluate if treatment goals are being met or if there is a need for additional
lifestyle and/or medication changes.

7.2. Carbohydrate-To-Insulin Ratios
Carbohydrate-to-insulin ratios are used to determine the premeal short or

rapid-acting insulin doses. Individuals must be consistent in their carbohydrate
intake and the premeal insulin is adjusted to cover that amount of carbohydrate.
The grams of carbohydrate per meal are divided by the premeal insulin dose to

Table 6
Carbohydrate Choices or Servingsa

Starch Milk
1 slice bread 1 cup skim/low-fat milk
1/2 cup cooked pasta 3/4 cup fruited yogurt sweetened
3/4 cup dry cereal with nonnutritive sweetener
4–6 crackers
1/3 cup cooked rice

Fruit Desserts/Other
1 small piece 2 small cookies
1/2 cup fruit juice 1 tablespoon jam, honey, syrup

1/2 cup ice cream, frozen yogurt
aOne serving contains 15 g of carbohydrate.
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determine how many units of insulin are needed to cover the grams of carbohy-
drate. For example, if an individual usually eats 75 g of carbohydrate for dinner
and takes 5 units of rapid acting insulin premeal, the carbohydrate-to-insulin
ratio is 15:1. Individuals can then adjust their premeal insulin based on the
amount of meal carbohydrate they plan to eat (96).

8. SUMMARY

In the past, nutrition recommendations for diabetes were rigid and allowed for
little flexibility. However, there is no longer one set of guidelines that apply to
all persons with diabetes. By individualizing treatment and focusing on meta-
bolic outcomes, healthcare professionals can facilitate lifestyle changes needed
to achieve the patient’s metabolic and behavioral goals. Clinical nutrition recom-
mendations are based on the answers research has provided. However, many
questions still remain and, hopefully, research will continue to answer these
questions.
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13 Health Aspects of Fish
and n-3 Polyunsaturated Fatty Acids
from Plant and Marine Origin

Emile A. M. de Deckere

1. INTRODUCTION

Ischemic or coronary heart disease (CHD) is the main cause of deaths in the
United States (32% of total deaths in 1994) and other Western countries where it
is associated with a high (saturated) fat intake. However, Greenland Eskimos
(Inuit) on their traditional diet, which is rich in fat (40% of calories) and cholesterol,
did not have such a high incidence of CHD and also much less atherosclerosis (1,2).
This has been ascribed to the high amount of very long chain n-3 polyunsaturated
fatty acids (VLC n-3 PUFA; approx 14 g/d) in their diet derived from fish and
marine mammals (3). The VLC n-3 PUFA comprise mainly eicosapentaenoic acid
(EPA, C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3) (see Fig. 1).
Recently, less atherosclerosis and CHD have also been found in native Alaskans
whose diet is also rich in marine fish and mammals (4). In addition, certain types
of cancer, such as breast cancer, were found to be rare in Eskimos and Alaskan
natives (5), which has also been ascribed to VLC n-3 PUFA.

The aforementioned findings have led to an avalanche of studies and discus-
sions on health aspects of VLC n-3 PUFA and, because humans can synthesize
these fatty acids from -linolenic acid (C18:3 n-3), this has also been the case for

-linolenic acid. This chapter is based on a broad discussion by various experts
on health aspects of fish and the n-3 PUFA from plant ( -linolenic acid) and
marine origin (VLC n-3 PUFA) (6).

2. INTAKE OF n-3 PUFA

Daily average intake of -linolenic acid in population groups in industrialized
countries ranges from 1.0–2.2 g (7–9). In a considerable part of these popula-
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tions, intake is less than 1 g per day which might be too low (6,9). The main
dietary sources are products containing unhardened or partially hardened soy-
bean and rapeseed (canola) oil. -Linolenic acid is also present in chloroplasts of
green leafy vegetables, but because chloroplasts are difficult to digest, the
bioavailabilitiy of -linolenic acid from this source is poor.

Estimates of the average intake of VLC n-3 PUFA in US population groups
ranged from 117 to 177 mg/d (7,10). In an  epidemiological study by Ascherio
and associates (11), the median intake ranged from 70 mg/d for the lowest intake
group to 580 mg/d for the highest. Fatty fish (mackerel, salmon, herring, trout,
tuna), in which the fat is stored in the muscles,  is the main source of VLC n-3
PUFA. White fish (cod, pollock, hake, haddock), in which the fat is stored in the
liver, contains much less VLC n-3 PUFA. The VLC n-3 PUFA in fish are mainly
derived from phytoplankton, microalgae, and bacteria. Lean beef and poultry
(due to the use of feed containing fish meal) are also sources of VLC n-3 PUFA.

In addition to n-3 PUFA, our diet also contains n-6 PUFA; mainly linoleic acid
(C18:2 n-6) from which arachidonic acid is synthesized (C20:4 n-6) (see Fig. 1).
The dietary ratio of n-6 PUFA over n-3 PUFA is often used in discussions on the

Fig. 1. n-6 and n-3 polyunsaturated fatty acids. n-6 and n-3 denote the first double bond
from the methyl end (–CH3) of the molecule. Humans can only insert double bonds into
unsaturated fatty acid molecules between the last double bond counting from the methyl
end and the carboxyl group, resulting in n-6 and n-3 families of fatty acids.
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adequacy of the intake of n-3 PUFA because a ratio between 5 and 10 is recom-
mended. However, the ratio in the diet in industrialized countries (and also in
mother’s milk) lies between 6.3 and 13 (7,8), which is, in fact, not very different
from the recommended ratio. The use of this ratio is arguably not very helpful
because the fatty acids involved  (linoleic acid, -linolenic acid, VLC n-3 PUFA)
have different physiological effects and the effects of VLC n-3 PUFA (which can
also be formed in the body from -linolenic acid, see section 3) cannot be fully
reproduced by -linolenic acid, even in high doses (12).

-Linolenic acid, like linoleic acid, is an essential fatty acid which means that
the body cannot synthesize it. The minimal requirement is 0.2–0.3% of energy
intake. Symptoms of -linolenic acid deficiency are learning difficulties and
impaired visual acuity. However, diseases resulting from -linolenic acid defi-
ciency have only be detected in patients on long-term gastric-tube feeding (13).

3. METABOLISM OF n-3 PUFA
Dietary -linolenic acid is converted into VLC n-3 PUFA (e.g., in brain,

liver, testes) which are incorporated into phospholipids of cell membranes, in
particular in brain and retina. In rats it has been found that when the dietary
level of -linolenic acid is between zero and  0.3% of calories, DHA rises
sharply in liver total fatty acids whereas above  0.3% of calories of -linolenic
acid, DHA hardly increases further. This will probably be similar in humans
and may be the reason that dietary supplementation with -linolenic acid
(10 g/d or more) hardly affects the DHA levels (14), suggesting that the (aver-
age) habitual intake of -linolenic acid is sufficient for the body requirement
of DHA. EPA is an intermediate in the synthesis of DHA. The amount of EPA
in cell membrane phospholipids is very low and the efficacy of -linolenic acid
in raising EPA in lipids is low. For every 10 g of dietary -linolenic acid in the
diet, 0.5 to 1 g EPA has been found to be incorporated into plasma and cell
membrane phospholipids (15,16).

Enhanced dietary EPA and DHA consumption can increase the incorporation
of these fatty acids into phospholipids. The effect on DHA levels is small, but the
effect on EPA levels can be substantial. Then, EPA partly replaces arachidonic
acid in the cell membrane phospholipids. This can lead to physiological effects,
because eicosanoids are formed from arachidonic acid which has important physi-
ological functions. Eicosanoids can also be formed from EPA, but these are gen-
erally less active. In addition, both EPA and DHA can inhibit eicosanoid synthesis.

4. CORONARY HEART DISEASE

4.1. Findings on Fish Consumption and -Linolenic Acid

Epidemiological studies have shown that one serving of fish weekly may
decrease the risk of fatal CHD by approx 40% relative to no fish (11,17–19).Higher
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intakes do not provide greater protection. The prospective studies had a com-
parable methodology; they compared either fish with no fish, or low doses of
VLC n-3 PUFA with no VLC n-3 PUFA, and give a consistent picture. Recently,
the inverse relationship between fish consumption and mortality from CHD
was confirmed in an ecological study of 36 countries (20) and in a meta-
analysis of  prospective cohort studies (21). However, in the latter study the
inverse relationship was only found for high-risk groups and not for low-risk
groups.

No inverse association between fish intake and fatal CHD has been found
in a number of other epidemiological studies. This was probably due to the
fact that the lowest intake groups were already consuming a protective amount
of fish (22,23). These studies do not contradict the hypothesis of the benefi-
cial effects of one serving of fish per week. They do strengthen the conclu-
sion that larger amounts of fish are not associated with increased benefits
however.

Much of the fish consumed in the epidemiological studies was probably lean
white fish. Combining data on the consumption of fish and the effects on CHD-
risk parameters with insights on mechanisms make it plausible, but not certain,
that the VLC n-3 PUFA were the fish components responsible for the decrease
in the risk of fatal CHD (10,24). The reduction in risk, however, might be greater
with fish than with VLC n-3 PUFA supplements.

The reduction in mortality by fish (fatty fish) and VLC n-3 PUFA has been
confirmed in two clinical trials in patients who had myocardial infarction (25,26).
In the study on fish (25), two weekly portions of fatty fish decreased all-cause
mortality by 29% and in the study on VLC n-3 PUFA supplement (26) 1 g daily
decreased cardiovascular death by 17%.

Epidemiological studies (7,9,27) and one clinical trial (28) suggest that
intake of -linolenic acid-rich food can decrease the risk of myocardial infarc-
tion and death. In the clinical trial with patients who had a first myocardial
infarction, a “Mediterranean-type” of diet with more fish and vegetables, in
which an -linolenic acid-rich margarine replaced butter, was compared with
the habitual diet. The margarine increased the intake of -linolenic acid
from 0.7 g/d to 1.8 g/d.  Conversion of -linolenic acid into EPA might play
a role in the protection against CHD. This conversion, however, is low (see
Section 3).

A relative deficiency of n-3 PUFA may be present in a large proportion of
the population and might be a factor in CHD. In the Health Professional Fol-
low-up Study (27) and the Nurses’ Health Study (9) lower relative risks of fatal
CHD were only found at the highest daily intakes of -linolenic acid (1.5 and
1.12–1.36 g/d, respectively).  Daily intake of -linolenic acid in the lower
intake groups was less than 1 g, which is below the recommended intake value
(1–2 g/d).
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4.2. Experimental Findings on VLC n-3 PUFA and -Linolenic Acid

4.2.1. BLOOD LIPIDS

A high plasma triglyceride level is now recognized as an independent risk factor
for CHD (29). Dietary -linolenic acid does not affect blood triglycerides, even at
high intakes, and it lowers LDL cholesterol probably only when it replaces sat-
urated fatty acids. However, plasma triglycerides can be decreased by VLC n-3
PUFA, which is the most characteristic effect of these fatty acids. VLC n-3 PUFA
in doses of up to 7 g/d (average 3–4 g/d) lower fasting plasma triglycerides (mainly
VLDL triglycerides) by approx 25%; somewhat more in normal subjects than in
hypertriglyceridemic subjects (12). There is evidence of a dose-response relation.
The postprandial plasma triglyceride level is also lowered by VLC n-3 PUFA (30).
DHA and EPA may be equally effective in lowering triglyceride levels (31).

After consuming VLC n-3 PUFA, LDL cholesterol increases by 4% in healthy
subjects and by 7% in hypertriglyceridemic patients. HDL cholesterol increases
by 3% in healthy people, but not in hypertriglyceridemic patients (12). There are
no indications for a modulating effect of linoleic acid on the effects of VLC n-3
PUFA on blood lipids.

4.2.2. BLOOD PRESSURE

Intake of VLC n-3 PUFA can moderately reduce blood pressure in hyperten-
sive subjects, but less commonly in normotensive subjects. A minimum daily
amount of 3 g may be needed for a significant reduction (32,33). Typically, 5–6 g
n-3 PUFA daily reduces systolic and diastolic blood pressure by 3.4 and 2.0 mm
Hg, respectively, which can be expected to reduce risk for both stroke and CHD.
However, this represents about 300 g of fatty fish or about 1500 g of white fish
daily, which is a large amount to consume. Not surprisingly, therefore, no rela-
tion in epidemiological studies could be detected between fish intake and blood
pressure. The limited data on -linolenic acid show variable effects (34,35).

4.2.3. THROMBOSIS/HEMOSTASIS

Because direct effects on arterial thrombosis cannot be measured, surrogate
endpoints have to be used to estimate effects on thrombotic risk. In endothelial
cells (in vitro studies), VLC n-3 PUFA reduced the levels of mRNA coding for
adhesion molecules and increased prostacyclin synthesis, whereas effects on
nitric oxide release were inconsistent. Data on effects of VLC n-3 PUFA and

-linolenic acid on coagulation and fibrinolysis are incomplete and inconsistent.
VLC n-3 PUFA, but not -linolenic acid, have been suggested to reduce the level
of circulating platelet aggregates, although this has not been conclusively dem-
onstrated. In vegetarians an additional amount of -linolenic acid did not affect
thrombotic risk factors (36). In summary, there are insufficient data on the extent
to which the anti-CHD effects of VLC n-3 PUFA and -linolenic acid are medi-
ated by changes in hemostasis (37).
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The relationship between fish and VLC n-3 PUFA intake and stroke inci-
dence and mortality is also inconsistent. A reason might be that there are two
types of stroke, thrombotic and hemorrhagic types, which are affected by VLC
n-3 PUFA differently.

4.2.4. ARRHYTHMIA

Sudden cardiac death is a major cause of death in industrialized countries.
Mortality statistics from the United States indicate that up to 80% of sudden cardiac
deaths are due to ventricular fibrillation, which is the most common arrhythmia
(38). Studies in cell cultures and animal models, observational evidence, and human
trials all show that fatty acids can be involved in fatal arrhythmia (38,39). In animal
models, -linolenic acid, EPA, DHA, and other PUFA reduced the susceptibility
to ventricular fibrillation and in cardiac myocytes they had antiarrhythmic activity
(38,40). Epidemiological and clinical studies also suggest antiarrhythmic effects
(e.g., decrease in heart rate variability and ventricular ectopic beats) from the
consumption of fish and VLC n-3 PUFA (10,24). These effects may well contrib-
ute to lower death rates in patients at high risk of cardiac arrhythmias.

4.2.5. VASCULAR EFFECTS

A clinical trial suggests that VLC n-3 PUFA may mitigate coronary atheroscle-
rosis (41), but there is no solid evidence for a reduction in restenosis after coronary
angioplasty. In addition to atherosclerosis, arterial spasm or vasoconstriction may
also impair blood flow. VLC n-3 PUFA may affect vascular tone of blood vessels
by decreasing the release of the vasoconstrictor compound thromboxane, whereas
the release of vasodilators such as prostacyclin and nitric oxide, is not affected or
may be increased. Higher arterial elasticity has been found in people who consume
fish frequently, in comparison with nonfish eaters (42), and by an -linolenic acid-
rich diet (35). An increase in arterial elasticity might decrease the workload of the
heart, contributing in this way to a reduced risk of CHD.

5. CANCER

Animal studies show that high doses of VLC n-3 PUFA inhibit the develop-
ment of chemically induced breast and colorectal cancers in the promotion phase,
but probably not in the initiation phase. Human data suggest that an increase in
the consumption of fish and VLC n-3 PUFA may lead to lower breast and
colorectal cancer risks (43). A recent epidemiological study suggests an interac-
tion between animal fat and fish, from which might be hypothesized that VLC
n-3 PUFA protect against the effect of animal fat on risk of colorectal cancer (44).
In trials with patients prone to development of colorectal adenomas, VLC n-3
PUFA have been found to “normalize” hyperproliferation of mucosal crypt cells
(45). The effects of dietary VLC n-3 PUFA on cancer are described more fully
in Chapter 5 by Clifford and McDonald.
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Data on -linolenic acid and cancer in humans are scarce (7), and the results
of  animal studies are conflicting. In some epidemiological studies, increased
intake of -linolenic acid was associated with increased prostate cancer inci-
dence (46). Other studies do not suggest an effect of -linolenic acid intake on
cancer mortality (47).

6. NEURAL DEVELOPMENT

Both VLC n-3 and n-6 PUFA are necessary for proper neural development.
Infants, as well as preterm infants, can synthesize VLC n-3 and n-6 PUFA from

-linolenic and linoleic acid, respectively (48–50). An important controversial
issue that remains is the adequacy of -linolenic acid in infant formulas as a
precursor for DHA and the need of DHA in formulas for optimal development,
in particular for preterm infants (51). Plasma and red blood cell levels of DHA
are positively affected by dietary DHA. Although DHA levels in brain autopsy
tissue from babies fed formulas have been found to be lower than in breast-fed
babies, it is not clear whether supplementation of formulas with VLC n-3 PUFA
has beneficial effects on brain development, in particular with respect to learning
ability and memory (52).

DHA is a main component of the retina and a shortage of DHA might affect
visual development. However, there are too many uncertainties in the studies
with infants for a solid conclusion on the use of VLC n-3 PUFA in infant formu-
las, in particular for term infants (53). In preterm infants, formulas enriched with
DHA were found to improve visual acuity (a validated measure of visual function
development) in the first half of the first year (54,55). This effect might be
transient (54). Nevertheless, in some countries all preterm formulas are supple-
mented with DHA (and arachidonic acid).

The question of whether the addition of DHA alone or in combination with
arachidonic acid to (term) infant formulas confers a physiological benefit to the
infant has not yet been clarified. A major reason is the low number of infants in
the studies (56), but results of larger studies will be available soon. The same
holds true for supplementation with -linolenic acid at realistic doses to pregnant
or lactating mothers in relation to the health of the newborn (57). It is also
uncertain to what extent the ratio of linoleic acid to -linolenic acid and/or the
absolute amounts of  linoleic acid and -linolenic acid in the mothers’ diet are of
relevance to the health status of the fetus and breast-fed infant.

7. IMMUNE FUNCTION AND INFLAMMATION

VLC n-3 PUFA have been found to exert beneficial effects in rheumatoid
arthritis, renal immunological disorders, and inflammatory bowel disease. In
rheumatoid arthritis, VLC n-3 PUFA moderately, but reproducibly, decrease
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pain and morning stiffness and can reduce the need for concomitant medication
(58). Apparently, VLC n-3 PUFA have an analgesic effect and are therefore of
value in other diseases with chronic pain. In renal immunological disorders,
beneficial effects have been reported in immunoglobulin A nephropathy and
renal transplantation (59). Here, the therapeutic use of VLC n-3 PUFA can lead
to a slowing in the loss of renal function. In inflammatory bowel disease, clinical
and histological improvements and reduction in concurrent medication have
been reported (60) and VLC n-3 PUFA might be used as an adjuvant to drug
therapy in ulcerative colitis (61).

There is no solid evidence that VLC n-3 PUFA are effective in asthma and only
weak evidence in psoriasis. There are no epidemiological data for fish consump-
tion effects on  rheumatoid arthritis; there is only one study on -linolenic acid and
rheumatoid arthritis, which indicates that it is ineffective. Because of the effects of
n-3 PUFA on immune and inflammation mediators, an increased intake of EPA
might lead to a suppression of immune and inflammation responses, and conse-
quently, to a decrease in host resistance to infections. However, no adverse effects
of VLC n-3 PUFA on infection in humans have been reported.

8. POSSIBLE ADVERSE EFFECTS OF n-3 PUFA
8.1. Lipid Oxidation

Oxidized LDL has been implicated in atherosclerosis and is discussed in
Chapter 8 by Woodside and Young. Oxidizability of LDL is measured in vitro,
but this parameter might not reliably reflect oxidation sensitivity of LDL in vivo.
Inconsistent results have been published with respect to the effect of -linolenic
and VLC n-3 PUFA on this parameter. However, since consumption of n-3
PUFA can be associated with a higher susceptibility to in vitro oxidizability of
LDL, this should be accompanied by adequate amounts of antioxidants such as

-tocopherol (62). The established beneficial effects of n-3 PUFA on other risk
factors for CHD likely outweigh any increased risk from oxidative changes.
While Greenland Eskimos and Alaskan natives with a habitual high consumption
of VLC n-3 PUFA had a low incidence of atherosclerosis (63), the oxidizability
of their LDL has not been investigated.

8.2. Bleeding Time

High doses of VLC n-3 PUFA (as in the original Eskimo diet) seem to modestly
prolong skin bleeding time and may also increase the tendency for nosebleeding.
However, daily intake of  3 g or less of EPA + DHA does not appreciably increase
bleeding time. Moreover, no clinically significant bleeding has been found in
clinical trials with more than 3 g EPA + DHA daily (64). Recently, menhaden oil
containing 25% VLC n-3 PUFA is generally recognized as safe (GRAS) as a direct
human food ingredient if less than 3 g EPA + DHA daily is consumed (65).
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8.3. Diabetes
Some studies suggest unfavorable effects of VLC n-3 PUFA in diabetics (66).

However, the effects of VLC n-3 PUFA on CHD risk factors in non-insulin-
dependent diabetics are not much different from those in nondiabetics (67).
Moderate doses of VLC n-3 PUFA and fish consumption can be beneficial in
diabetes by decreasing plasma triglycerides, but the use of large doses of VLC
n-3 PUFA should not be encouraged. The Food and Drug Administration (65)
have concluded that consumption of 3 g EPA + DHA daily by diabetics is safe
with respect to glycemic control. Further dietary recommendations for the treat-
ment of diabetes are discussed in Chapter 12 by Franz.

9. CONCLUSIONS

There is sufficient evidence to support the view that VLC n-3 PUFA can be
beneficial for health, especially for those at high risk for CHD. It is generally
advised to eat fish at least once a week. Fatty fish is preferable because of its high
content of VLC n-3 PUFA. People who do not eat fish could consider taking VLC
n-3 PUFA supplements, e.g., 200 mg EPA + DHA daily, which is equivalent to
10–40 g of fatty fish per day. Pregnant women and neonates may require, in addi-
tion to linoleic acid and -linolenic acid, some intake of VLC n-3 PUFA to cover
the needs for optimal growth and development. The recommended daily intake of

-linolenic acid is 1–2 g. Separate recommendations for VLC n-3 PUFA and
-linolenic acid (in addition to that for linoleic acid) are needed due to their

dissimilar physiological effects. The n-6/n-3 PUFA ratio should not be used.
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1. INTRODUCTION

The primary factors that affect exercise performance capacity include an
individual’s genetic endowment, the quality of training, and the effectiveness of
coaching (see Fig. 1). Beyond these factors, nutrition plays a critical role in optimiz-
ing performance capacity. In order for an athlete to perform well, their training and
diet must be optimal. If an athlete does not train enough or has an inadequate diet, their
performance may be decreased (1). On the other hand, if an athlete trains too much
without a sufficient diet, they may be susceptible to become overtrained (see Fig. 2).

Because optimizing training and dietary practices are critical to peak perfor-
mance, athletes have searched for various ways to improve exercise performance
capacity through the use of ergogenic aids. An ergogenic aid is any training
technique, mechanical device, nutritional practice, pharmacological method, or
psychological technique that can improve exercise performance capacity or
enhance training adaptations (2). This includes aids that improve the preparation
to performance, the efficiency of physiological and psychological responses to
exercise, and/or recovery from exercise. Research has demonstrated that various
ergogenic aids can help an athlete optimize performance capacity. This chapter
overviews the role that nutrition has on enhancing exercise and sport perfor-
mance, describes nutritional guidelines that athletes should employ to optimize
training adaptations, and evaluates the ergogenic value of various nutrients that
have been proposed to improve exercise capacity.

2. ENERGY DEMANDS FOR ACTIVE INDIVIDUALS

The first nutritional principle to optimize performance of athletes is to make
sure that they consume enough calories to offset energy demands so as to
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Fig. 1. Factors affecting peak performance.

Fig. 2. Training stimulus.
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maintain energy balance. Daily caloric intake for untrained individuals typi-
cally ranges between 1900–3000 kcal/d (i.e., 27–43 kcal/kg/d for a 70 kg
person) (2–5). Obviously, exercise training increases energy expenditure. The
longer and more intense an athlete exercises, the greater the energy expendi-
ture. Energy expenditure estimates for athletes have ranged from 3500 kcal/d
(50 kcal/kg/d) for individuals training 30–60 min/d up to 12,000 kcal/d (i.e.,
170 kcal/kg/d) for cyclists competing in the Tour de France bicycle race
(cycling 4–6 h/d) (3,4). For most high school and college athletes training
2–2.5 h/d, energy expenditure estimates range between 60–80 kcal/kg/d (4).
However, athletes often do not consume enough calories to offset energy
demands (3). This may result in a chronic deficit in energy intake and has been
implicated as one potential causative factor in overtraining (3,6). Athletes
particularly susceptible to maintaining negative energy intakes during training
include runners, cyclists, swimmers, triathletes, gymnasts, skaters, dancers,
wrestlers, and boxers (1–3). Additionally, female athletes have been reported
to have a high incidence of eating disorders. Consequently, the sports medicine
professional should ensure that athletes are well fed and consume enough
calories to offset the increased energy demands of training.

3. GENERAL MACRONUTRIENT GUIDELINES FOR ATHLETES

The second principle in supporting the nutritional needs of athletes is to ensure
that athletes consume the proper amounts of carbohydrate, fat, and protein in their
diet. Table 1 summarizes macronutrient guidelines for athletes. The following
discussion provides additional insight on how to structure the diet of athletes in
order to optimize performance.

3.1. Carbohydrate
Carbohydrate serves as the primary fuel for high intensity intermittent or

prolonged exercise. Carbohydrate is stored in the muscle (about 15 g/kg) and
liver (about 80–100 g) (6). Intense exercise depletes muscle and liver glycogen
stores. The stores are replenished from dietary carbohydrate. Unfortunately,
when significant amounts of carbohydrate are depleted, it may be difficult to
fully replenish carbohydrate levels within one day. Consequently, when athletes
train once or twice per day over a period of days, carbohydrate levels may
gradually decline leading to fatigue, poor performance, and/or overtraining (3,6).

Research has indicated that athletes should ingest between 8–10 g/kg/d of
carbohydrate during intense periods of training in order to help maintain car-
bohydrate stores (3,6). In order to do so, it is recommended that athletes eat
frequently (e.g., 4–6 meals/d) and ingest high-calorie carbohydrate foods
and/or concentrated carbohydrate drinks. Preferably, the majority of dietary
carbohydrate should come from complex carbohydrates with a low to moderate
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Table 1
Dietary Macronutrient Guidelines for Athletes

Nutrient Proposed ergogenic value Summary of research findings

Carbohydrate Primary fuel used for anaerobic
and high intensity aerobic
exercise. Increasing dietary
availability proposed to
increase glycogen content
and increase exercise
capacity.

Athletes engaged in heavy
training need to consume a diet
high in carbohydrate (55–65%
of caloric intake). Ingesting
8–10 g/kg/d of carbohydrate
during heavy training has been
suggested as one strategy to
reduce the incidence of
overtraining (1,2,3,6).

Protein Increasing dietary availability
of protein has been
suggested to be a means of
maintaining nitrogen balance
and enhancing gains in
muscle mass.

Protein balance studies indicate that
athletes involved in heavy
training need to ingest
1.3–1.7 g/kg/d of protein in
order to maintain nitrogen
balance (about 1.5 times the
RDA for protein). Although
most athletes consume enough
protein in their diet, some
athletes are susceptible to
protein malnutrition (dancers,
gymnasts, runners, swimmers,
etc.). Studies indicate that
supplementing the diet with
protein above that necessary to
maintain protein balance does
not increase strength or muscle
mass (7,8).

Fat Primary fuel for moderate- to
low-intensity exercise. Some
have proposed that
increasing fat and/or
derivatives of fat may
enhance endurance exercise
performance. Others suggest
that increasing fat content in
the diet may help moderate
insulin levels leading to a
better degree helping to
promote fat loss.

It is generally recommended that
athletes consume less than
1 g/kg/d of fat in their diet (@
<30% of calories) (3). Studies
indicate that individuals who
successfully maintain weight
loss consume less than 40 g/d
of fat (9). Studies generally do
not indicate the fat/fat
derivative supplements
enhance exercise performance.
However, supplements that
increase fat use during
exercise may enhance time to
exhaustion.
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glycemic index (e.g., grains, starches, fruit, etc.). Although this sounds rela-
tively simple, intense training often suppresses appetite and/or alters hunger
patterns (3). Some athletes do not like to exercise within several hours after
eating because of sensations of fullness and/or a predisposition to cause gas-
trointestinal distress. Furthermore, travel and training schedules may limit
food availability and/or the access to the types of food athletes are accustomed
to eating. This means that care should be taken to coordinate mealtimes with
training and make sure athletes have sufficient availability to nutrient-dense
foods throughout the day for snacking between meals (e.g., drinks, fruit, car-
bohydrate/protein bars, etc.).

Research has also demonstrated that the timing and composition of meals
consumed may play a role in maintaining carbohydrate stores during training (7).
In this regard, it takes about 4 h for carbohydrate to be digested and begin to
be stored as muscle and liver glycogen. Consequently, pre-exercise meals should
be consumed about 4–6 h before exercise. This means that if an athlete trains in
the afternoon, breakfast is the most important meal to top off muscle and liver
glycogen levels. Research has also indicated that ingesting a light carbohydrate
and protein snack 30–60 min prior to exercise (e.g., 50 g of carbohydrate and
5–10 g of protein) serves to increase carbohydrate availability toward the end of
an intense exercise bout (7). This also serves to increase availability of amino
acids and decrease exercise-induced catabolism of protein (7).

When exercise lasts more than 1 h, athletes should ingest glucose/electrolyte
solution (GES) sports drinks in order to maintain blood glucose levels and help
prevent dehydration. Following intense exercise, athletes should consume carbo-
hydrate and protein (e.g., 1 g/kg of carbohydrate and 0.5 g/kg of protein) within
30 min after exercise, as well as consume a high carbohydrate meal within 2 h
following exercise. This nutritional strategy has been found to accelerate glyco-
gen resynthesis, as well as promote a more anabolic hormonal profile that may
hasten recovery. Finally, for 2–3 d prior to competition, athletes should taper
training by 30–50% and consume 200–300 g/d of extra carbohydrate in their diet.
This carbohydrate-loading technique has been shown to supersaturate carbohy-
drate stores prior to competition and improve endurance exercise capacity. Thus,
the type of meal and timing of eating are important factors in maintaining carbo-
hydrate availability during training.

3.2. Protein
Historically, there has been considerable debate regarding protein needs of

athletes (7). Initially, it was recommended that athletes do not need to ingest
more than the RDA for protein (i.e., 0.8–1.0 g/kg/d for children, adolescents, and
adults). However, research over the last decade has indicated that athletes
engaged in intense training need to ingest about one and a half to two times the
RDA of protein (1.3–1.7 g/kg/d) in order to maintain protein balance. If an
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insufficient amount of protein is obtained from the diet, an athlete will maintain a
negative nitrogen balance which can increase protein catabolism and slow recov-
ery. Over time, this may lead to muscle wasting and training intolerance (1,3,7).

Although most athletes ingest this amount of protein in their normal diet, there
are some athletes who are susceptible to protein malnutrition due to greater
protein degradation, weight restrictions, and/or an inability to ingest enough
calories to offset energy expenditure (e.g., runners, cyclists, swimmers, triath-
letes, gymnasts, dancers, skaters, wrestlers, boxers, etc.). Therefore, care should
be taken to ensure that these types of athletes consume a sufficient amount of
protein in order to maintain nitrogen balance (e.g., 1.5 g/kg/d). Research has also
indicated that ingesting more protein than necessary to maintain nitrogen balance
does not promote greater gains in strength or muscle mass (7,8).

3.3. Fat
The dietary fat intake recommendations for athletes are similar to those for

non-athletes in order to promote health. Generally, it is recommended that ath-
letes consume less than 30% of their daily caloric intake as fat. For athletes
attempting to decrease body fat, it is also recommended that they consume
0.5–1 g/kg/d of fat. This is because weight loss studies indicate that people who
are most successful in losing weight and maintaining the weight loss are those
who ingest less than 40 g/d of fat in their diet (9). Strategies to help athletes
manage dietary fat intake include teaching them which foods contain fat so that
they can make better food choices and learn to how to count fat grams.

4. PROPOSED NUTRITIONAL ERGOGENIC AIDS

Nutritional ergogenic aids are the most common type of ergogenic aids used by
athletes. They include alterations in the composition of the diet, timing of eating,
and/or supplementation of various macro- and micronutrients that may enhance
performance. Nutritional strategies that improve the preparation for exercise, the
efficiency of exercise, performance capacity, and/or enhance the recovery from
exercise may be viewed as ergogenic. Consequently, the final nutritional strategy
for enhancing training and/or performance capacity in athletes is the appropriate
use of effective and safe nutritional ergogenic aids. Although research has dem-
onstrated that some nutritional strategies and nutrients may affect exercise train-
ing and/or performance capacity, the majority of nutritional ergogenic aids
marketed to athletes do not affect performance. The following section reviews
macro- and micronutrients that have been proposed to improve exercise capacity.

4.1. Carbohydrate and Carbohydrate By-Products
As stated previously, dietary carbohydrate availability can significantly affect

muscle and liver carbohydrate stores and performance capacity. For this reason,
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in addition to the dietary guidelines described, a significant amount of research
has been conducted to determine ways to optimize carbohydrate availability
during exercise and/or spare muscle glycogen use during exercise. Generally,
increasing availability of any form of carbohydrate has the potential to improve
exercise capacity by serving as an exogenous fuel source. Table 2 describes the
proposed ergogenic value and summary of research findings for several forms of
carbohydrate and carbohydrate by-products that have been proposed to enhance
exercise performance. Of the products reviewed, glucose electrolyte solution
(GES) sport drinks possess the greatest potential to improve exercise capacity.
Although some clinical and/or exercise benefits have been reported from dihy-
droxyacetone phosphate (DHAP), fructose 1,6-diphosphate (FDP), polylactate,
pyruvate, and ribose supplementation, it is our view that additional research is
necessary to determine the efficacy of these nutrients before they are recom-
mended for athletes.

4.2. Lipids and Lipid By-Products
Because fat can serve as a primary fuel source during low to moderate inten-

sity exercise and most people have a considerable amount of fat stored as poten-
tial energy, researchers have also investigated the effects of lipids and lipid
byproducts on exercise capacity and training. The basic rationale is that if fat
oxidation can be increased during exercise, then carbohydrate stores can be
spared, and exercise capacity can be improved. Additionally, if a greater amount
of fat can be burned during exercise, this may help in weight management. Table
3 presents the proposed ergogenic value and summary of research findings for
selected lipids and lipid by-products that have been proposed to affect exercise
performance. Of the nutrients presented, glycerol supplementation used as a
means to hyperhydrate athletes susceptible to dehydration appears to possess the
most ergogenic potential. Although research to date is promising, more studies
are needed in humans to determine whether conjugated linoleic acids (CLA)
supplementation affects body composition during training and/or may possess a
health benefit. Based on current data, there appears to be a limited ergogenic
value of L-carnitine and medium-chain triglyceride (MCT) supplementation.
Finally, although there may be some health benefits from diets high in omega 3-
fatty acids, there is no evidence that omega 3-fatty acid supplementation with
these lipids affects exercise performance.

4.3. Protein and Amino Acids
Amino acids are the foundation of protein in the body and are essential for the

synthesis of tissue, specific proteins, hormones, enzymes, and neurotransmitters
(7). Amino acids are also involved in the synthesis of energy through gluconeogen-
esis and regulation of numerous metabolic pathways. Consequently, it has been
suggested that athletes may require additional protein in their diet in order to
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Glucose/electrolyte
solution (GES)
sport drinks

Ingesting sport drinks during exercise (e.g.,
6–8 oz of 6–8% carbohydrate solution every
5–15 min) during prolonged exercise has been
proposed to help maintain blood glucose
availability to the muscle and extend time to
exhaustion in moderately intense exercise
bouts (i.e., 70% of VO2 max) lasting 3–4 h.

Fructose
1,6-Diphosphate
(FDP)

FDP serves as an intermediate step in glycolysis
after the energy requiring steps of converting
glucose to glucose-6-phosphate. Theorized to
increase blood ATP and 2,3-diphosphoglycerate
levels, enhance dissociation of oxygen from
hemoglobin, and serve as an efficient source
of carbohydrate to enhance exercise capacity.

Studies indicate that FDP supplementation (0.25
g/kg) can serve as an effective fuel source
during exercise (11). Some studies indicate
that exercise capacity may be improved in
patient’s with peripheral vascular disease.
However, recent studies in healthy subjects
indicate that FDP supplementation has no
advantage of over other forms of carbohydrate.

Dihydroxyacetone
phosphate (DHAP)

Supplementation with DHAP has been suggested
to enhance glycolytic and oxidative
metabolism. Additionally, DHAP and
pyruvate suplementation have been suggested
to promote fat loss and extend endurance
exercise capacity by serving as a fuel during
exercise.

Table 2
Proposed Nutritional Ergogenic Aids

for Athletes—Carbohydrate and Carbohydrate By-Products

Nutrient Proposed ergogenic value Summary of research findings

Numerous studies indicate that ingesting GES
drinks during exercise maintains blood glucose
levels, helps promote fluid retention, and
decreases dehydration (12). Recommended for
exercise bouts lasting more than 60 min,
particularly if exercising in hot/humid
environments. Ingesting high concentrated
drinks (>15%) may slow gastric emptying.

Few well-controlled studies have evaluated the
ergogenic value of DHAP. Some studies
reported that DHAP supplementation
(16–75 g/d) improved maximal VO2 and
promoted fat loss in obese individuals on
hypocaloric diets (10). However, more
research is needed before definitive
conclusions can be made.
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Polylactate (PL) PL is a semisoluble amino acid/lactate salt that
has been theorized to be easily converted to
pyruvate for entrance into the tricarboxylic
acid cycle (TCA) and thereby enhance
carbohydrate availability during endurance
exercise.

Few studies have evaluated the ergogenic value of
PL. One study reported that in comparison to a
placebo and maltodextrin, PL supplementation
during exercise (7% GES solution) promoted
higher pH and bicarbonate levels with no
differences in performance (13). Conversely,
another study reported that addition of PL to a
glucose polymer drink did not affect
physiological responses to exercise or
performance (14).

Pyruvate Supplementation of pyruvate with DHAP has
been suggested to promote fat loss and extend
endurance exercise capacity by serving as a
fuel during exercise.

Studies indicate that calcium pyruvate (6–25
g/d) with or without DHAP (16–75 g/d)
supplementation promoted significantly more
fat loss in obese individuals on hypocaloric
diets (15,16). However, there is little data to
support that the dosages currently marketed to
promote fat loss (0.5–2/d) affects body
composition or exercise responses.Ribose

Ribose is a naturally occurring five-carbon sugar
(pentose) that is primarily found in the body
as constituents of riboflavin (vitamin B2),
nucleic acids, nucleotides, and nucleosides.
Supplementation has been theorized to
increase ATP availability and recovery.

Some medical studies indicate that ribose
supplementation (10–60 g/d) can increase ATP
availability in certain patient populations, blunt
ischemia threshold in heart patients, and
enhance predictive value of thallium exercise
tests (17–19). Whether ribose supplementation
affects exercise capacity in trained athletes is
unknown.
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Table 3
Proposed Nutritional Ergogenic Aids—Lipids and Lipid By-Products

Nutrient Proposed ergogenic value Summary of research findings

Conjugated linoleic
acids (CLA)

CLA are essential fatty acids found primarily in fat
from whole dairy products. Animal studies
indicate that adding CLA to dietary feed
decreases body fat, increases bone mass, has
anticarcinogenic properties, enhances immunity,
and inhibits athlerosclerotic progression.
Consequently, CLA supplementation in humans
has been suggested to help manage body
composition, delay loss of bone, and provide
health benefits.

Animal studies provide a strong theoretical
rationale as to the potential ergogenic and health
benefit of CLA supplementation (20). However,
few clinical trials have been conducted. Of the
studies available, CLA supplementation does
not appear to promote fat loss in humans (21).
However, there is some evidence that CLA may
affect bone mass and immune status (22).
Additional research is necessary in humans.

Glycerol Glycerol has been reported to promote fluid
retention by decreasing urine formation.
Glycerol added to water may be beneficial to
hyperhydrate athletes prior to exercise in an
effort to prevent dehydration during exercise.

Studies indicate that glycerol feedings (1 g/kg with
water) can promote fluid retention (23,24). This
should help athletes susceptible to dehydration
perform better during exercise in the heat.
However, the ergogenic effect of glycerol
hyperhydration is unclear.

L-Carnitine Carnitine serves as a transporter of fatty acids from
the cytosol into the mitochondria and helps
modulate the metabolism of coenzymeA (CoA).
Studies indicate that fatty acid oxidation is
regulated in part by the ability to shuttle fatty
acids into the mitochondria for entrance into the
TCA cycle. Consequently, L-carnitine
supplementation has been theorized as a means of
enhancing fat oxidation and sparing muscle
glycogen during exercise as well as promoting
fat loss.

Numerous studies have evaluated the potential
ergogenic value of L-carnitine supplementation
in patient and athletic populations. Although
some well-controlled studies indicate that
L-carnitine supplementation (0.5–2 g/d) may
increase fat oxidation and improve
cardiovascular efficiency during exercise, most
studies indicate that L-carnitine does not affect
energy metabolism, exercise capacity, or body
composition (25).
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Medium-chain
triglycerides

Medium-chain triglycerides (MTC) diffused
directly into the mitochondria for entrance into
beta-oxidation. Theoretically, MCT feedings
should serve as an efficient fuel source for
exercise possibly serving to enhance endurance
capacity.

Most studies indicate that MCT supplementation
does not affect low to moderate-intensity
endurance exercise (26). However, recent
research suggests that MCT supplementation
with carbohydrate may spare muscle
glyogen utilization and increase time to
exhaustion during intense cycling time trial
performance (27).

Omega-3 fatty acids Omega 3FA have been reported to serve as
antioxidants, enhance immunity, and to decrease
risk of cardiovascular disease. Some have
suggested that omega 3FA supplementation in
athletes would decrease muscle damage and
help maintain immune function.

Several studies have evaluated the potential
ergogenic value of omega 3FA supplementation.
Although there is evidence that omega 3FA
supplementation (1–3 g/d) may affect lipid
oxidation and immune responses, most studies
indicate no ergogenic benefit on aerobic or
anaerobic power (28).
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Table 4
Proposed Nutritional Ergogenic Aids—Protein and Amino Acids

Nutrient Proposed ergogenic value Summary of research findings

Arginine, ornithine,
lysine

Clinical studies indicate that supplementation of these
amino acids may stimulate growth hormone release
serving to preserve muscle mass during bed rest.
Additionally, some studies indicate that arginine
supplementation improves immune status.
Consequently, some have suggested that
supplementation of these amino acids during training
may increase muscle mass and strength gains.

Recent studies indicate that supplementation with
arginine, ornithine, or lysine (10–25 g/d), either
separately or in combination, does not enhance the
effect of exercise stimulation on either hGH or
various measures of muscular strength or power in
experienced weightlifters (7,8).

Aspartate, asparagine These amino acids serve as precursors to oxaloacetate in
the TCA cycle. Supplementation has been theorized
to spare muscle glycogen use and enhance endurance
performance capacity.

Some well-controlled studies support the ergogenic value
of aspartate and arginine supplementation on sparring
muscle glycogen use and improving exercise capacity.
However, other studies have reported limited effects.
Additional research is necessary (7,8,29).

Branched-chain
amino acids (leucine,
isoleucine, valine)

A number of studies have reported that BCAA
supplementation can affect physiological and
psychological responses to exercise. However, it is
unclear the degree to which these potentially
beneficial effects may affect performance. Initial
research is promising but more studies are needed,
particularly during training (7,30).

Creatine

Exercise-induced decreases in BCAA levels has been
suggested to contribute to central fatigue as well as
muscle catabolism. Supplementation of BCAA with
sports drinks may increase BCAA availability and
decrease the ratio of free tryptophan/BCAA.
Theoretically, this may minimize serotonin
production in the brain and delay central fatigue.

The availability of phosphocreatine (PC) stores in the
muscle significantly affects the amount of energy
generated during brief periods of high intensity
exercise. Creatine supplementation has been
hypothesized to increase muscle creatine content,
help maintain ATP levels during exercise, and
accelerate the rate of resynthesis of ATP during and
following high intensity, short duration exercises.

The majority of research studies indicate that short-term
creatine supplementation (20 g/d for 5 d)
significantly increases muscle creatine and PC
content, enhances energy availability during
exercise, and improves high intensity, repetitive
exercise performance (31). Long-term creatine
supplementation has been reported to improve
strength and muscle mass gains during training (31).
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Glutamine Glutamine has been reported to affect protein synthesis
possibly by increasing cell volume and osmotic
pressure. Glutamine availability also directly affects
lymphocytic function. Collectively, glutamine
supplementation may promote muscle growth and
prevent immunosuppression during training.

Exercise decreases serum glutamine levels. This reduction
has been suggested to contribute to exercise-induced
immunosuppression. Glutamine supplementation has
been reported to increase serum levels and there is
some evidence that glutamine supplementation can
improve postexercise immune profiles. However,
although there is strong scientific rationale, no long-
term studies have evaluated the effects of glutamine
supplementation on training adaptations or body
composition (7).

Beta-hydroxy-beta-
methylbutyrate
(HMB)

Leucine and metabolites of leucine such as
-ketoisocaproate (KIC) have been reported to inhibit

protein degradation. The anticatabolic effects have
been suggested to be regulated by the leucine
metabolite -HMB. Adding -HMB to dietary feed
improved carcass quality in sows and steers. It has
been hypothesized that supplementing the diet with
leucine and/or -HMB may inhibit protein
degradation during resistance-training.

Leucine infusion has been reported to decrease protein
degradation in humans suggesting that leucine may
serve as a regulator of protein metabolism (32).
Supplementing the diet with 1.5–3 g/d of calcium

-HMB has been reported to enhance training
induced changes in FFM and strength in untrained
subjects initiating training. The effects of calcium

-HMB supplementation during resistance-training
in well trained athletes are less clear (33). Greater
benefits appear to occur during heavy training.

Tryptophan Blood levels of the amino acid tryptophan increase
during prolonged exercise as fatty acids are mobilized
for fat oxidation. Increases in brain concentrations of
tryptophan have been reported to contribute to fatigue
as well as increase endogenous opioid production.
Tryptophan supplementation has been theorized to
help athletes tolerate pain and enhance endurance
exercise capacity.

Most studies indicate that increases in tryptophan in the
blood and brain contributes to central fatigue (30).
Although an initial study suggested that
L-tryptophan supplementation improved endurance
exercise performance while exercising at 80% of
maximal exercise capacity (34), other studies
indicated that L-tryptophan had no effect or
promoted an ergolytic effect on performance (35).
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enhance muscle and tissue growth, the synthesis of hormones and enzymes nec-
essary for energy metabolism, or serve as a potential energy substrate during
exercise.

Table 4 (pp. 218 and 219) describes the potential ergogenic value of amino
acids that have been purported to affect exercise capacity and/or promote train-
ing adaptations. Of the amino acids reviewed, creatine appears to be one of most
effective and safe nutritional supplements to enhance anaerobic exercise capac-
ity, strength, and gains in muscle mass during training (27). Studies have indi-
cated that aspartate, branched-chain amino acids (leucine, isoleucine, and valine),
glutamine, and -hydroxy -methylbutyrate (HMB) may affect exercise capac-
ity, enhance recovery, and/or promote greater training adaptations. However, not
all studies report ergogenic value and additional research is needed. Although
there may be some clinical applications, there appears to be little ergogenic value
of arginine, ornithine, lysine, and tryptophan supplementation for athletes.

4.4. Vitamins
Vitamins are essential organic compounds that serve to regulate metabolic

processes, energy synthesis, neurological processes, and prevent destruction of
cells. There are two types of vitamins: fat soluble and water soluble. The fat-
soluble vitamins include vitamins A, D, E, and K. The body stores fat-soluble
vitamins and therefore excessive intake may result in toxicity. B vitamins and
vitamin C are water soluble. Excessive intake of these is eliminated in the urine.

Table 5 describes recommended daily allowance (RDA), proposed ergogenic
benefit, and summary of research findings for fat and water soluble vitamins.
Although research has demonstrated that specific vitamin supplements may
pose some health benefit (e.g., vitamin E, niacin, folate, vitamin C, etc.), few
have been reported to directly provide ergogenic value for athletes. However,
some vitamins may help athletes tolerate training to a better degree by reducing
oxidative damage (vitamins E and C) and/or help to maintain a healthy immune
system during heavy training (vitamin C). Theoretically, this may help athletes
tolerate heavy training leading to improved performance. The remaining vita-
mins reviewed appear to have little ergogenic value for athletes who consume a
normal, nutrient-dense diet. Since analyses of athlete’s diets have found defi-
ciencies in caloric and vitamin intake, some sport nutritionists recommend that
athletes consume a low-dose one-a-day multivitamin and/or a vitamin-enriched
postworkout carbohydrate/protein supplement during periods of heavy training.

4.5. Minerals
Minerals are essential inorganic elements necessary for a host of metabolic

processes. Minerals serve as structure for tissue, important components of
enzymes and hormones, and regulators of metabolic and neural control. Some
minerals have been found to be deficient in athletes or become deficient in
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(continued)

Table 5
Proposed Nutritional Ergogenic Aids – Vitamins

Nutrient Proposed ergogenic value Summary of research findings

Vitamin A Constituent of rhodopsin (visual
pigment) and is involved in
night vision. Some suggest
that vitamin A
supplementation may
improve sport vision.

No studies have shown that
vitamin A supplementation
improves exercise
performance (36).

Thiamin (B1) Part of the coenzyme (thiamin
pyrophosphate), which is
needed to convert pyruvate
to acetyl CoA for entrance
into the Krebs cycle.
Supplementation is theorized
to improve anaerobic
threshold and CO2 transport.
Deficiencies may decrease
efficiency of energy systems.

Riboflavin (B2) Constituent of flavin nucleotide
coenzymes involved in
energy metabolism.
Theorized to enhance energy
availability during oxidative
metabolism.

Niacin (B3)

Dietary availability of thiamin
does not appear to affect
exercise capacity when
athletes have a normal
intake (38–40).

Dietary availability of
riboflavin does not appear to
affect exercise capacity
when athletes have a normal
intake (39,40).

Constituent of coenzymes
involved in energy
metabolism. Theorized to
blunt increases in fatty acids
during exercise, reduce
cholesterol, enhance
thermoregulation, and
improve energy availability
during oxidative
metabolism.

Studies indicate that niacin
supplementation can help
decrease blood lipid levels in
patients with elevated
cholesterol. Niacin
supplementation during
exercise has been reported to
decrease exercise capacity by
blunting the mobilization of
fatty acids (41).

Pyridoxine (B6) Pyridoxine has been marketed
as a supplement that will
improve muscle mass,
strength and aerobic power
in the lactic acid and oxygen
systems. It also may have a
calming effect that has been
linked to an improved mental
strength.

In well-nourished athletes,
pyridoxine failed to improve
aerobic capacity, or lactic
acid accumulation (39,40).
However, when combined
with vitamins B1 and B12 it
may increase serotonin
levels and be beneficial in
sports like pistol shooting
and archery.

221
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Cyanocobalamin
(B12)

Cyanocobalamin is a coenzyme
involved in the production of
DNA and serotonin. DNA is
important in protein and red
blood cell synthesis.
Theoretically it would
increase muscle mass, the
oxygen-carrying capacity of
blood and decrease anxiety.

In well-nourished athletes, no
ergogenic effect has been
reported. However, when
combined with vitamins B1
and B6, cyanocobalamin has
been shown to improve
performance in pistol
shooting. This may be due
to increased levels of
serotonin, a neurotransmitter
in the brain, which may
reduce anxiety (42).

Folacin Folic acid functions as a
coenzyme in the formation of
DNA and red blood cells. An
increase in red blood cells
could improve oxygen
delivery to the muscles
during exercise.

In well-nourished and folate
deficient athletes, folic acid
did not improve exercise
performance (42).

Pantothenic
acids

Pantothenic acid acts as a
coenzyme for acetyl
coenzyme A (acetyl CoA).
This may benefit aerobic or
oxygen energy systems.

Research has reported no
improvements in aerobic
performance with acetyl CoA
supplementation. However,
one study reported a decrease
in lactic acid accumulation,
without an improvement in
performance (36).

-Carotene Serves as an antioxidant.
Theorized to help minimize
exercise-induced lipid
perioxidation and muscle
damage.

Research indicates that
-carotene supplementation

with or without other
antioxidants can help
decrease exercise-induced
perioxidation. Over time, this
may help athletes tolerate
training. However,
it is unclear whether
antioxidant supplementation
affects exercise
performance (43).

Table 5 (continued)
Proposed Nutritional Ergogenic Aids – Vitamins

Nutrient Proposed ergogenic value Summary of research findings
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Vitamin E As an antioxidant, vitamin E
could help prevent the
formation of free radicals
during intense exercise and
prevent the destruction of red
blood cells, improving or
maintaining oxygen delivery
to the muscles during
exercise. Some evidence
suggests that it may reduce
risk to heart disease or
decrease incidence of
recurring heart attack.

Current research has reported
no ergogenic effect at sea
level. However, at high
altitudes, vitamin E may
improve exercise
performance (36,37).
Additional research is
necessary to determine
whether long-term
supplementation may help
athletes tolerate training to a
better degree.

Vitamin K Important in blood clotting.
There is also some evidence
that vitamin K may affect
bone metabolism in post-
menopausal women.

Vitamin K supplementation
(10 mg/d) in elite female
athletes has been reported to
increase calcium-binding
capacity of osteocalcin and
promoted a 15–20%
increase in bone formation
markers and a 20–25%
decrease in bone resorption
markers suggesting an
improved balance between
bone formation and
resorption (38).

Vitamin C Vitamin C is used in a number
of different metabolic
processes in the body. It is
involved in the synthesis of
epinephrine, iron absorption,
and is an antioxidant.
Theoretically, it could
benefit exercise performance
by improving metabolism
during exercise. There is also
evidence that vitamin C may
enhance immunity.

In well-nourished athletes,
vitamin C supplementation
does not appear to improve
physical performance.
However, there is some
evidence that vitamin C
supplementation following
intense exercise may
decrease the incidence of
upper respiratory tract
infections (44).

Table 5 (continued)
Proposed Nutritional Ergogenic Aids – Vitamins

Nutrient Proposed ergogenic value Summary of research findings
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Boron has been marketed to
athletes as a dietary
supplement that may promote
muscle growth during
resistance training. The
rationale was primarily based
on an initial report that boron
supplementation (3 mg/d)
significantly increased

-estradiol and testosterone
levels in post-menopausal
women consuming a diet low
in boron.

Studies which have
investigated the effects
of 7 wk of boron
supplementation (2.5 mg/d)
during resistance training on
testosterone levels, body
composition, and strength
have reported no ergogenic
value. There is no evidence
at this time that boron
supplementation during
resistance training promotes
muscle growth.

Calcium Involved in bone and tooth
formation, blood clotting, and
nerve transmission. Diet
should contain sufficient
amounts especially in
growing children/adolescents,
female athletes, and post-
menopausal women.
Vitamin D needed to assist
absorption.

Calcium supplementation may
be beneficial in populations
susceptible to osteoperosis.
Calcium supplementation
provides no ergogenic effect
on exercise performance.

Chromium Chromium, commonly sold as
chromium picolinate has
been marketed with claims
that the supplement will
increase lean body mass and
decrease body fat levels.

Animal research indicates that
chromium supplementation
increases lean body mass
and reduces body fat. Early
research on humans reported
similar results. However,
more recent, well-controlled
studies reported that
chromium supplementation
does not improve lean body
mass or reduce body fat.

Iron Iron supplements are used to
increase aerobic performance
in sports that use the oxygen
system. Iron is a component
of hemoglobin in the red
blood cell, which is a carrier
of oxygen.

Iron supplements do not appear
to improve aerobic
performance, unless there is
iron-deficiency anemia.

Boron

Table 6
Proposed Nutritional Ergogenic Aids – Minerals

Nutrient Proposed ergogenic value Summary of research findings
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Vanadium

Selenium Selenium has been marketed as
a supplement to increase
aerobic exercise
performance. Working
closely with vitamin E and
glutathione peroxidase (an
antioxidant), selenium may
destroy destructive free
radical production of lipids
during aerobic exercise.

Although selenium may reduce
lipid peroxidation during
aerobic exercise,
improvements in aerobic
capacity have not been
demonstrated.

Vanadium may be involved in
reactions in the body that
produce insulin-like effects
on protein and glucose
metabolism. Owing to the
anabolic nature of insulin,
this has brought attention to
vanadium as a supplement to
increase muscle mass,
enhance strength and power.

Limited research has shown
that noninsulin-dependent
diabetics may improve their
glucose control, however
there is no scientific proof
that vanadyl sulfate has any
effect on muscle mass,
strength or power.

Phosphate Phosphate has been studied for
its ability to improve all
three energy systems,
primarily the oxygen system
or aerobic capacity.

Recent well-controlled research
studies reported that
phosphate supplementation
(4 g/d for 3 d) improved the
oxygen energy system in
endurance tasks. More
research is needed to
determine the mechanism
for improvement.

Magnesium Activates enzymes involved in
protein synthesis. Involved in
ATP reactions. Serum levels
decrease with exercise. Some
suggest that magnesium
supplementation may improve
energy metabolism/ATP
availability.

Well-controlled research
indicates that magnesium
supplementation does not
effect endurance exercise
performance in athletes.

Table 6 (continued)
Proposed Nutritional Ergogenic Aids – Minerals

Nutrient Proposed ergogenic value Summary of research findings
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response to training and/or prolonged exercise. When mineral status is inad-
equate, exercise capacity may be reduced. Dietary supplementation of minerals
in deficient athletes has generally been found to improve exercise capacity.
Additionally, supplementation of specific minerals in nondeficient athletes has
also been reported to affect exercise capacity.

Table 6 (pp. 224 and 225) describes minerals that have been purported to affect
exercise capacity in athletes. Of the minerals reviewed, several appear to possess
health and/or ergogenic value for athletes under certain conditions. For example,
calcium supplementation in athletes susceptible to premature osteoporosis may
help maintain bone mass. Iron supplementation in athletes prone to iron defi-
ciency and/or anemia has been reported to improve exercise capacity. Sodium
phosphate loading has been reported to increase maximal oxygen uptake, anaero-
bic threshold, and improve endurance exercise capacity by 8–10%. Increasing
dietary availability of salt (sodium chloride) during the initial days of exercise
training in the heat has been reported to help maintain fluid balance and prevent
dehydration. Finally, zinc supplementation during training has been reported to
decrease exercise-induced changes in immune function. Consequently, some-
what in contrast to vitamins, there appear to be several minerals that may enhance
exercise capacity and/or training adaptations for athletes under certain condi-
tions. However, although ergogenic value has been purported for the remaining
minerals, there is little evidence that boron, chromium, magnesium, or vanadium
affect exercise capacity or training adaptations in healthy individuals eating a
normal diet.

4.6. Water
The most important nutritional ergogenic aid for athletes is water. Exercise

performance can be significantly impaired when 2% or more of body weight is
lost through sweat. For example, when a 70-kg athlete loses more than 1.4 kg of
body weight during exercise (2%), performance capacity is often significantly
decreased. Further, weight loss of more than 4% of body weight during exercise
may lead to heat illness, heat exhaustion, heat stroke, and possibly death. For this
reason, it is critical that athletes consume a sufficient amount of water and/or GES
sports drinks during exercise.

The normal sweat rate of athletes ranges from 0.5–2.0 L/h depending on
temperature, humidity, exercise intensity, and their sweat response to exercise.
Therefore to maintain fluid balance and prevent dehydration, athletes need to
consume 0.5–2 L/h of fluid in order to offset weight loss. This requires frequent
ingestion of 6–8 oz of cold water or a GES sports drink every 5–15 min during
exercise. Athletes should not depend on thirst to prompt them to drink because
people do not typically get thirsty until they have lost a significant amount of
fluid through sweat. Additionally, athletes should weigh themselves prior to
and following exercise training to ensure that they maintain proper hydration.
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Table 7
Proposed Nutritional Ergogenic Aids – Others

Nutrient Proposed ergogenic value Summary of research findings

Alcohol Alcohol has been studied for its use as a psychological stress
reducer in precision sports such as riflery, archery and dart
throwing. It also has been investigated as an energy source.

Some limited research does support an ergogenic effect in precision
sports like riflery when about one drink of alcohol is consumed
(a blood alcohol of 0.02), 30–60 min prior to competition.
However, its use is illegal in these sports and not recommended.
Using alcohol in other high anxiety sports such as figure skating,
fencing, and gymnastics may result in sanctions and is unethical.

Alkaline salts (bicarbonate) Sodium bicarbonate has been researched for its effect on
improving power in sports that are of a short duration and use
the lactic acid energy system.

An average dose of about 300 mg/kg of body weight taken 1–2 h
before exercise has delayed fatigue. However, many athletes
report gastrointestinal distress, nausea, bloating, and stomach
cramps.

Caffeine Caffeine has been studied for its ability to stimulate power in the
energy systems and mental strength. Caffeine stimulates the
central nervous system, increasing arousal. It also stimulates the
release of epinephrine which may improve cardiovascular
function. Lastly, it may increase free fatty acid use during
aerobic exercise and facilitate calcium release from the
sarcoplasmic reticulum for stronger muscle contractions in
anaerobic events.

Many research studies have concluded that caffeine may improve
performance in many of the energy systems. However, doses
greater that about 5 cups of coffee may exceed legal limits.

Choline Choline has been studied for its ability to improve oxygen
utilization in aerobic events by maintaining or improving
acetylcholine levels for enhanced function of the neuro-
muscular system.

The research has reported conclusively that choline
supplementations increase blood choline levels, however, and
improvement in performance remains equivocal and therefore
more research is needed. Daily doses average 1.5–2.0 g.

Coenzyme Q10 Coenzyme Q10 is found in the mitochondria and is involved in
oxygen transport and ATP production. It is also an antioxidant
that may help destroy free radicals during intense aerobic
exercise.

Coenzyme Q10 has been found to improve heart function, aerobic
capacity and exercise performance in patients with heart disease,
but not in healthy athletes.

Ephedrine, ephedra
(Ma Huang)

Ephedrine is a sympathomimetic that may enhance muscle
contractility, improve blood flow out of the heart, open
bronchial airways and increase blood sugar. It could improve
both aerobic and anaerobic types of exercise.

Current research does not seem to support any improvement in
exercise capacity. Side effects such as nervousness, headaches,
stomach upset, irregular heart beats and seizures may result.

Inosine Ergogenic claims for inosine range from, improving ATP
production, increasing aerobic capacity, reducing lactic acid and
improving the use of blood sugar during exercise.

Most studies investigating inosine have been well controlled and
designed. The results concluded that inosine had no egrogenic
value and may even impair performance.
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Bee pollen The multiple nutrients in bee pollen have been
promoted for their ability as a good energy
source for recovery following intense training.

Well-controlled research studies have reported no
ergogenic effect on any of the three energy
systems, (i.e., ATP-PC, lactic acid, and oxygen
systems) (69).

Echinacea An herb that is purported to enhance immune
function and decrease the severity, duration,
and incidence of colds and infections.
Proposed to help athletes decrease the risk of
upper respiratory tract infections during heavy
training.

Medical studies generally support the premise that
echinacea may reduce the incidence, severity,
and duration of colds and infections. No studies
have evaluated whether using echinacea during
heavy training would decrease colds and
infections (70,71).

Gamma oryzanol
(ferulic acid)

Phytosterols theorized to enhance anabolic
hormonal responses to training.

Research data are limited. One study reported that 9
wk of supplementation (0.5 g/d) did not affect
strength, body composition, or anabolic
hormones (72,73).

Ginkgo biloba (GB) A plant extract purported to enhance memory
and improve mental concentration and
performance. Theorized to help athletes
mental alertness and concentration during
competition.

Supplementation of GB has been shown to improve
symptoms associated with cognitive deficits in
patient populations. There is also some evidence
that exercise capacity was improved in
peripheral vascular diseased patients
administered 120 mg/d for 24 wk (74,75). No
studies have evaluated whether GB affects
performance capacity in healthy athletes.

Ginseng By activating the hypothalamic-pituitary-adrenal
cortex axis, ginseng may improve the three
energy systems, namely ATP-PC, lactic acid and
oxygen systems. Improved nitrogen balance and
increased stamina also have been proposed.

Well-controlled research does not support any
ergogenic effect for ginseng (76).

Table 8
Proposed Nutritional Ergogenic Aids – Plant Extracts

Nutrient Proposed ergogenic value Summary of research findings
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Octacosanol A long-chain alcohol purported to lower blood
lipids and serve as a fuel substrate to enhance
exercise performance.

Octacosanol has been reported to lower blood lipid
profiles. However, no studies support the
purported ergogenic value in athletes (77).

Smilax officianalis
(SO)

A compound that contains steroidal saponins
purported to enhance immunity as well as
provide an androgenic effect on muscle
growth.

Some data supports the potential immune
enhancing effects of SO (78). There are no data
to support the claimed androgenic effect (79).

St. Johns Wort (SJW) Herbal product purported to serve as a naturally
occurring alternative to antidepressants. SJW
has been marketed to athletes as a supplement
to promote a calming/relaxation effect.

No studies have been conducted to evaluate the
potential ergogenic value of SJW
supplementation in athletes (80).

Wheat germ oil
(WGO)

WGO contains linoleic fatty acids, vitamin E,
and octacosanol. Consequently, WGO has
been theorized to improve endurance, stamina
and vigor, specifically enhanced glycogen
metabolism and increased oxygen  uptake.

A review of approx 35 studies does not support the
use of wheat germ oil as an ergogenic aid (81).

Yohimbine (yohimbe) Yohimbe has been studied for its ability to
increase testosterone levels and improve
muscle mass and strength. It also may lead to
increased levels of norepinephrine a stimulate
used for weight loss.

Well-controlled research studies have failed to
report increases in muscle mass, testosterone
levels or reductions in body fat when ingesting
15–20 mg/d (82).
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Every 1 kg of weight lost during exercise is equivalent to 1 L of fluid (about
five cups) the athlete should have consumed during exercise. Athletes should
train themselves to tolerate drinking greater amounts of water during training
and make sure that they consume more fluid in hotter/humid environments.
Preventing dehydration during exercise is one of the most effective ways to
maintain exercise capacity. Finally, inappropriate and excessive weight loss
techniques (e.g., cutting weight in saunas, wearing rubber suits, severe dieting,
vomiting, using diuretics, and so on) are extremely dangerous and should be
prohibited.

4.6. Other Nutritional Ergogenic Aids
Tables 7 (p. 227) and 8 (pp. 228 and 229) present other nutrition-related com-

pounds that have been purported to possess ergogenic value for athletes. Of the
nutrients described, sodium bicarbonate, caffeine, and echinacea appear to have
the greatest potential to affect exercise performance and/or training adaptations.
Sodium bicarbonate loading (0.3 g/kg of baking soda) prior to exercise has been
consistently reported to enhance high-intensity exercise lasting 1–3 min in dura-
tion (e.g., a 400–800-m run). Although some athletes may experience gastrointes-
tinal distress, bicarbonate loading appears to be a highly effective ergogenic aid for
athletes as long as they can tolerate the supplementation protocol.

Caffeine is a naturally occurring stimulant found in many foods consumed
in the normal diet (e.g., coffee, tea, chocolate). Caffeine ingestion (6–9 mg/kg)
prior to exercise has been reported to increase fat oxidation, spare muscle
glycogen use, and enhance endurance exercise performance. The ergogenic
effects of caffeine appear to be more pronounced in nonhabitual caffeine users
and habitual users who abstain from consuming caffeine for about a week prior
to competition. Although some athletic governing bodies have banned exces-
sive intake of caffeine as an ergogenic aid, studies show that even when taken
within the limits allowed by athletic governing bodies, caffeine may provide
ergogenic benefit. One word of caution, however, is that caffeine serves
as a mild diuretic. Therefore, caffeine intake prior to exercise may hasten
dehydration.

Echinacea is an herb that has been reported to enhance immune function and
decrease the severity, duration, and incidence of colds and upper respiratory tract
infections. Because intense training may compromise immune function in ath-
letes, some have suggested that echinacea supplementation during heavy training
may decrease the incidence of colds and infections. Although there are data to
support its immunoenhancing effects, we are aware of no studies that have deter-
mined whether use of echinacea specifically in athletes would help maintain
immune function during intense training. Herbal effects are further discussed in
Chapter 15 by Craig. Likewise, little data support the potential ergogenic value
of alcohol, choline, coenzyme Q10, ephedrine/ma huang, inosine, bee pollen,
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gamma oryzanol, ginkgo biloba, ginseng, octacosanol, smilax officinalis, St.
John’s Wort, wheat germ oil, or yohimbine.

5. SUMMARY

Dietary and nutritional practices of athletes can significantly affect exercise
performance capacity. In order to optimize performance, athletes should (1) eat
enough calories to offset energy expenditure (typically 60–80 kcal/kg/d); (2) con-
sume the proper amount of carbohydrate (8–10 g/kg/d), protein (1.5 g/kg/d) and fat
(0.5–1 g/kg/d); (3) ingest meals and snacks at appropriate time intervals prior to,
during, and/or following exercise in order to provide energy as well as to promote
recovery following exercise; and (4) only consider using nutritional supplements
that have been found to be an effective and safe means for improving performance
capacity. For strength and power athletes, research has indicated that creatine and
sodium bicarbonate supplementation possess the greatest ergogenic value. For
endurance athletes, research suggests that carbohydrate loading, GES sports drinks,
sodium phosphate loading, and caffeine are among the most advantageous ergo-
genic aids. In addition, several other nutrients have been reported to affect exercise
metabolism, improve exercise performance, enhance recovery, and/or help main-
tain health status under specific conditions (e.g., glycerol, branced-chain amino
acids, glutamine, homatropine methylbromide, vitamin E, vitamin C, iron, zinc,
and echinacea). However, additional research is needed to determine the potential
ergogenic value of these nutrients in various athletic populations.
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15 Health Promoting Herbs as Useful
Adjuncts to Prevent Chronic Diseases

Winston J. Craig

1. INTRODUCTION

Plants have played a significant role in maintaining the health and improving
the quality of human life for thousands of years. The majority of the earth’s
inhabitants rely on traditional medicine for their primary health-care needs, and
a major part of this therapy involves the use of plants, plant extracts, or their active
principles. For centuries, American Indians have utilized a number of native
herbs for medicinal purposes. During the past decade, many more Americans
have turned to herbal remedies for the treatment of a variety of medical conditions
including coughs and colds, insomnia, digestive problems, headache, premen-
strual syndrome, prostate problems, anxiety, and depression. The increasing use
of herbs in the United States has been fueled by the high cost of drugs, the fear
of side effects experienced with conventional drugs, and the desire to take more
personal responsibility for one’s health in a way that is perceived as more natural.

Some of the more popular herbs in use today include echinacea, ginkgo, garlic,
ginseng, goldenseal, saw palmetto, St. John’s Wort, chamomile, cranberry, aloe
vera, kava, valerian, milk thistle, and feverfew. Recently, research has validated
the usefulness of echinacea for stimulating the immune function; saw palmetto
berries and stinging nettle for the treatment of benign prostate hypertrophy;  hops,
passionflower, and valerian for the treatment of insomnia; St. John’s Wort for
anxiety and depression; chamomile for its anti-inflammatory effects; cranberry
for urinary tract infections; aloe vera for healing burns and wounds; kava for
anxiety disorders; milk thistle to protect and restore liver function; and feverfew
for the relief of migraine headaches (1).
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2. UNIQUE HERBAL FLAVORS AND USES

Herbs and spices can be defined as fragrant, aromatic, or pungent edible plant
substances (bark, buds, bulbs, flowers, leaves, fruit, seeds, rhizomes, and roots)
that contribute flavor to food and beverages. Herbal teas have become very
popular as an alternative to caffeinated beverages. Dried herbs usually smell and
taste somewhat differently from their fresh counterparts.  The drying process
usually causes a loss or change in the volatile oil of the plant material.  Hence,
the nonvolatile components become concentrated, resulting in the domination of
bitter elements. Furthermore, the flavor of most dried herbs diminish with time.

Culinary herbs and spices have been used since antiquity to flavor and preserve
food. The ability of herbs and spices to delay food spoilage is due in large part
to their rich content of antioxidants. The unique flavors associated with different
herbs are provided by the aromatic ingredients of their essential oils and oleores-
ins (mixtures of terpenes such as thymol, menthol, carvone, cineole, etc.), whereas
their pungency is due to their alkaloids (such as piperine in black pepper and
capsaicin in red pepper). In addition, some herbs  such as saffron, paprika, and
turmeric are used to add color to food.

With the current emphasis on eating more healthful diets that are low in fat
and salt, people are turning to various herbs and spices to flavor their food. This
trend is in line with the recommendations of various government health agencies
and professional health organizations. The culinary herbal seasonings that can be
safely used to enhance the flavor of vegetables, soups, stews, and pasta dishes
include basil, caraway, cilantro, coriander, cumin, dill, fennel, ginger, marjoram,
oregano, parsley, pepper, rosemary, sage, and thyme. Sometimes these herbs are
blended together, as in Italian seasoning, to produce a richer, more pleasing
aroma and flavor to the food.

During the past two centuries, immigrants to the United States brought with
them their own culture and ethnic dishes resulting in the highlighting of new
flavors. The present popularity of Italian, Mexican, Indian, and other ethnic
dishes has resulted in an increased use of herbal seasonings. For example, oregano
is essential in the preparation of Italian and Spanish food and is commonly used
to flavor pizza. Chili pepper is commonly used in many Italian, Mexican, and
Indian dishes. Italians use sweet basil for flavoring beans and many of their
tomato dishes. Thyme has a prominent place in French cuisine, and rosemary is
a common ingredient in Italian and French dishes. For centuries, garlic has been
used in Mediterranean, Indian, and Oriental dishes. Many Americans are now
using garlic in a variety of dips, vegetable dishes, soups, and some baked goods.
Similarly, onions or dehydrated onion can be used to enhance the flavor of most
vegetables, salads, soups, gravies, and many entrees.

A number of the culinary herbs contain physiologically active compounds that
make them useful in treating  certain disorders, or generally to promote health.
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In this fashion, the herb can  provide a typical druglike action. For example,
fennel and various mints have been successfully used to treat coughs and colds;
ginger is effective as an antiemetic for preventing nausea and vomiting associ-
ated with motion sickness as well as for morning sickness; licorice root can help
heal stomach and duodenal ulcers; and peppermint is used in the treatment of
irritable bowel syndrome (1,2). These physiological effects of herbs are parallel
to those observed with some conventional medicines, but without the undesirable
side effects.

Many commonly consumed plant foods, such as broccoli, carrots, citrus,
grapes, soy, and tomatoes, contain physiologically active phytochemicals or
phytonutrients that promote health and protect against chronic diseases (3,4).
This has given rise to the term “functional foods” to designate those foods that
provide health benefits beyond basic nutrition (5). However, the distinction
between a basic nutrient and a phytochemical is increasingly blurred. This situ-
ation is highlighted when substances such as soluble fiber and linolenic acid
provide a variety of health-promoting properties (see Table 1), in addition to their
traditional roles in normal digestion and metabolism. This has led some people
to look on food not only as a source of nutrients but also as medicine.

3. HERBS FOR CARDIOVASCULAR PROBLEMS

A plant-based diet, rich in whole grains, fruits, vegetables, and legumes, mod-
est in nuts, and low in saturated fat, along with a regular aerobic exercise program,
is recommended for anyone with an elevated risk of cardiovascular disease. In
addition, there are herbs that appear to provide help for persons with hyperlipi-
demia, an abnormal tendency to form blood clots, impaired blood flow, or other
cardiovascular problems.

Garlic (Allium sativum L.) has been used therapeutically for many centuries.
The compound producing much of the activity of garlic is allicin, which is released
when intact cells of a clove are cut or crushed.  Allicin inhibits the growth of a
wide variety of bacteria, molds, yeasts (including Candida), and viruses. The
regular use of garlic can also be useful in lowering the risk of heart attacks and
strokes, as it lowers both total and low-density lipoprotein (LDL) cholesterol
levels and triglyceride levels, without affecting high-density lipoprotein (HDL)
cholesterol levels (6,7). On average, consuming one-half to one clove of garlic
per day for 3–6 mo reduces hypercholesterolemia by about 10% of its initial value
(7). Garlic also increases fibrinolytic activity and inhibits platelet aggregation
due in part to the presence of ajoenes, allyl methyl trisulfide, vinyldithins, and
other sulfur compounds produced from the breakdown of allicin (6,8,9). Differ-
ent forms of garlic exhibit various levels of activity. The odor-modified garlic
extract (Kyolic) has been found to be just as effective as fresh garlic for lowering
blood cholesterol levels (10) . The use of enteric-coated garlic pills, which dis-
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Herb with desired
function

Garlic
Psyllium
Flaxseed
Fenugreek
Gugulipid
Lemon grass oil

Green tea
Black tea
Licorice root
Grape seed
Pine bark

Garlic

Onions
Flaxseed
Ginger
Asian ginseng
Hawthorn
Evening primrose oil

Ginkgo biloba
Hawthorn
Horse chestnut
Red clover

Bitter melon
Fenugreek
Gurmar
Flaxseed
Psyllium
Asian ginseng
Cinnamon

Echinacea
Garlic
Cat’s claw
Licorice root
Astragalus
Black currant seed

Active
phytochemicals

Disulfides
Soluble fiber
Soluble fiber, phytosterols
Soluble fiber, saponins
Guggulsterones
Terpenoids

Catechins
Theaflavins
Glabridin
Proanthocyanidins
Pycnogenols

Ajoenes, vinyldithiins, diallyl
trisulfide

Alpha-sulfinyl disulfides
Linolenic acid
Diterpene dialdehydes

Proanthocyanidins
Linolenic acid

Flavonoids, terpenoids
Flavonoids
Escin
Isoflavones

Steroids, polypeptide
Soluble fiber

Soluble fiber
Soluble fiber

Isobutylamides, flavonoids

Flavonoids, terpenoids
Glycyrrhizin, chalcones
Saponins

function

Lowers total and
LDL cholesterol

Inhibits LDL oxidation

Inhibits blood clots

Improves circulation or
vascular function/
arterial compliance

Improves glycemic
control or insulin
utilization

Enhances immune
function

Table 1
Commonly Used Health-Promoting Herbs,
Their Functions and Phytochemical Content

Physiological
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Table 1 (continued)

Physiological
function

Herb with desired
function

Active
phytochemicals

Garlic

Onions, chives, leeks
Labiatae herbs (mint

family)

Umbelliferous herbs
    (carrot family)
Licorice root
Green tea
Flax
Ginger

Turmeric
Asian ginseng

Sulfides, disulfides, and
trisulfides

Disulfides and trisulfides,
Terpenoids, flavonoids, ursolic

acid

Coumarins, phthalides,
terpenoids, polyacetylenes

Glycyrrhizin, chalcones
Catechins
Lignans
Curcuminoids, gingerols,

diarylheptanoids
Curcuminoids
Ginsenosides

solve in the intestinal tract, are another way to cut down on odor problems while
still enjoying the benefits of garlic. However, a steam-distilled garlic oil prepa-
ration was recently found to be inactive when fed for 3 mo to hypercholester-
olemic patients (11). The results of a meta-analysis suggest that garlic may also
be useful for patients with mild hypertension (12).

Onions (Allium cepa L.) contain many compounds that are identical or similar
to those found in garlic. However, garlic is considered more potent because it
contains about three times the level of sulfur compounds found in onions. Onions
are considered anticlotting agents because they possess substances with fibrin-
olytic activity and can suppress platelet aggregation (6,8,13). A whole family of
sulfinyl disulfides isolated from onions have been shown to strongly inhibit
platelet aggregation (13). However, onion consumption has not been linked to
modifications of the plasma lipid profile.

Diets rich in soluble fiber are also known to influence the lipid profile. Psyllium
(Plantago psyllium), the major component of Metamucil, is a rich source of soluble
fiber in the diet and hypercholesterolemic patients have experienced decreases in
total and LDL cholesterol levels of about 10–15 mg/dL (0.26–0.4 mmol/L), respec-
tively (14). In a meta-analysis of 12 studies hypercholesterolemic adults expe-
rienced decreases in total cholesterol and LDL cholesterol levels of 0.31 and 0.35
mmol/L (5% and 9%), respectively, without changes in HDL cholesterol levels
after consumption of a psyllium-enriched cereal for an average of 42 d (15). The
regular use of ground flaxseed  (Linum usitatissimum) can also lower both total
cholesterol and LDL cholesterol levels about 10% as well as producing a substan-

Cancer chemopreventive
activity
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tial decrease in platelet aggregation, without altering HDL cholesterol and triglyc-
eride levels (16,17). Flax has a very low saturated fat content, and a high content
of polyunsaturated fat and phytosterols, in addition to its soluble fiber content.

Other herbal products have also been shown to exert effects on cardiovascular
risk factors. Blood cholesterol levels may be reduced by fenugreek (Trigonella
foenum-graecum) (18), gugulipid (19), the oils of lemon grass (Cymbopogon
citratus) (20), and evening primrose (Oenothera biennis) (21), and by the terpe-
noids found in Labiatae (mint family) and Umbellifereae (parsley family) herbs
(22). Asian ginseng (Panax ginseng) is reported to inhibit platelet aggregation
and increase blood clotting times (23). Many herbs also contain a variety of
antioxidant phenolic compounds such as caffeic acid, ferulic acid, and ellagic
acid which can inhibit atherosclerosis (24).

Flavonoids are plant pigments responsible for the colors of flowers, fruits, and
some leaves (25). Flavonoids have extensive biological properties that promote
human health and help reduce the risk of disease. Suggested activities include the
extension of the activity of vitamin C, acting as antioxidants, protection of LDL
cholesterol from oxidation, inhibition of platelet aggregation, as well as anti-
inflammatory and antitumor activity (26,27). In the Zutphen study, it was shown
that flavonoid intake from fruit, vegetables, and herbs was inversely associated
with heart disease mortality, and incidence of heart attack and stroke over a 5-yr
and 15-yr period, respectively. Those in the highest tertile of flavonoid intake had
a 68% lower risk of mortality from heart disease (after adjustment for potential
confounders) compared with those in the lowest tertile of flavonoid intake (28).
Similarly, those in the highest quartile of flavonoid intake had a 73% lower risk
of stroke compared with those in the lowest quartile of flavonoid consumption
(29). In a prospective study of postmenopausal women in Iowa, total flavonoid
intake was associated with a 38% decreased risk of coronary heart disease (CHD)
mortality (for the highest pentile of flavonoid intake vs the lowest) but no asso-
ciation was observed between flavonoid intake and stroke mortality (30). Among
the commonly consumed herbs, there are a number that contain substantial levels
of flavonoids. These include chamomile, dandelion, ginkgo, green and black
tea, hawthorn, licorice, passionflower, milk thistle, onions, rosemary, sage, and
thyme (25).

Anthocyanins are the water-soluble pigments responsible for the red, pink,
mauve, purple, blue, and violet color of most flowers and fruits. They are useful
for the treatment of vascular disorders and symptoms associated with capillary
and venous fragility (25). Grape seeds (Vitis vinifera L.) are a good source of
proanthocyanidins, polyphenolics that provide protection against LDL oxidation
and show good promise for the treatment of vascular disorders such as inadequate
circulation (25,31). Similar compounds are found in the bark of the French
maritime pine, Pinus maritima, and are marketed as pycnogenol. An extract of
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horse chestnut seeds contains escin, a triterpene glycoside, that is also useful for
chronic venous insufficiency (32).

Ginkgo biloba and hawthorn appear to exert their cardiovascular effects by
acting as vasodilators. Ginkgo biloba leaf extract appears to be somewhat effec-
tive, especially in geriatric patients, against conditions such as memory loss,
dizziness, depression, confusion, and other ailments.  These conditions often
respond to the vasodilation and improved cerebral blood flow induced by the
Ginkgo extract which contains flavone glycosides and diterpenoids (ginkgolides)
(1,33,34). The leaves, fruits, and flowers of hawthorn (Crataegus spp.) can
improve blood flow and have been suggested to improve the pumping capacity
of the heart. Hawthorn probably causes dilation of the smooth muscles of the
coronary vessels, thereby increasing blood flow and reducing the tendency for
angina, (1), Proanthocyanidins, the active principles in the flower heads of haw-
thorn  (Crataegus oxyacantha), can inhibit platelet aggregation (35).

LDL oxidation is believed to play a key role in atherosclerosis (see Chapter
8 by Woodside and Young). Plants contain a variety of antioxidants that can offer
defense against LDL oxidation. LDL cholesterol isolated from 10 normolipidemic
subjects, who consumed licorice root extract for 2 wk, was more resistant to
oxidation than LDL isolated before the licorice was consumed. When a licorice
extract (free of glycyrrhizinic acid) or glabridin, a flavonoid found in licorice,
was fed to apo-E–deficient mice, they also experienced a reduced susceptibility
of their LDL cholesterol to oxidation and a reduction in the extent of atheroscle-
rotic lesions compared with the control mice (36). The use of licorice had no
effect on either the total or LDL cholesterol levels, and blood coagulation was
unaffected. Because glabridin was found to be less active than the whole licorice
extract, it is thought that licorice contains a number of other antioxidants, includ-
ing licochalcones and other polyphenols.

LDL oxidation is also inhibited by tea flavonoids—the catechins from green
tea or the theaflavins (catechin dimers) from black tea (37). Of the catechins,
epigallocatechin gallate appears to provide the most protection, whereas the
theaflavins exert stronger inhibitory effects than the catechins. Several epide-
miological studies have suggested that drinking either green or black tea may
lower blood cholesterol and blood pressure levels and provide a degree of pro-
tection against cardiovascular disease. The protective effect of tea may result
from the ability of the catechins and similar compounds to reduce intestinal
cholesterol absorption, as well as to lower blood coagulability and inhibit prolif-
eration of human aortic smooth muscle cells (38).

4. BLOOD SUGAR MODIFICATION

Diabetes is a disease characterized by elevated blood sugar levels. A more
general discussion is provided in Chapter 12 by Franz. The unregulated blood
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sugar may result from either a lack of insulin or a reduction in its effectiveness.
Careful dietary habits and regular exercise are essential components in the
management of type II diabetes (non-insulin-dependent diabetes mellitus). In addi-
tion, there are a few herbs that may be therapeutically useful. These herbs may
lower blood glucose levels or improve the body’s ability to release and use insulin.

Bitter melon or balsam pear (Momordica charantia) is a green, cucumber-
shaped tropical fruit with a bitter taste and gourdlike bumps that is eaten unripe
like a vegetable. It is used traditionally throughout India, Sri Lanka, Africa, and
the West Indies as a diabetic remedy and is available in the United States in Asian
food stores. Clinical trials have established that the use of the bitter melon extract
can effectively lower blood sugar levels and improve glucose tolerance in per-
sons with type II diabetes (39). Bitter melon contains a mixture of steroidal
glycosides that have a potent hypoglycemic effect and a polypeptide that mimics
insulin activity (40).

The consumption of fenugreek seeds (Trigonella foenum-graecum) can also
lower blood sugar levels in diabetics. Research in India found that glucose toler-
ance improved, urinary glucose excretion decreased 70%, and insulin responses
were reduced in diabetics after defatted fenugreek was used for 10 d (18). Total
serum cholesterol, LDL cholesterol, and triglyceride levels, but not HDL choles-
terol, all significantly decreased by about 20% when fenugreek was added to the
diet. These changes in blood lipids are advantageous for a diabetic who has hyper-
lipidemia. Fenugreek, which belongs to the legume family, contains a high level of
viscous gum (soluble fiber). A daily use of 25–100 mg of fenugreek seeds could
serve as an effective supportive therapy in the management of diabetes.

Gurmar (Gymnema sylvestre), a native plant of the forests of India, has been
effectively used in the management of diabetes mellitus (types I and II). The
leaves of this climbing vine contain certain components that block the sensa-
tion of sweetness when applied to the tongue. An extract of the leaves of
Gymnema reduces insulin requirements (or oral hypoglycemic drug dosage),
improves fasting blood glucose levels, and improves blood glucose control by
enhancing the action of insulin and possibly by rejuvenating the dysfunctional
beta cells of the pancreas (41,42). It may also produce lower levels of blood
cholesterol and triglycerides. These effects are seen in diabetics only, and not
in healthy volunteers.

Flaxseed, ginseng, psyllium, cinnamon, and other herbs may also provide
benefits to diabetics. Because flaxseed (Linum usitatissimum) is very rich in
soluble fiber it is also a candidate for the management of abnormal glucose
levels. Subjects consuming bread containing 25% flax seed meal showed an
almost 30% improvement in a glucose tolerance test compared with those who
ate plain bread (17). For centuries, ginseng has been used to treat diabetes by
practitioners of traditional Chinese medicine. In a double-blind, placebo-con-
trolled study, patients with type II diabetes who took 200 mg of ginseng daily
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for 8 wk experienced improved fasting blood glucose levels and improved
glycated hemoglobin levels (43). Men with type II diabetes who took 5 g of
psyllium (Plantago psyllium) twice a day for 8 wk experienced an 11% drop
in daily blood glucose levels in addition to a 13 % drop in LDL cholesterol
levels (44). An extract from cinnamon has been found to potentiate insulin
activity (45). It has been suggested that compounds in cinnamon may find use
in adult-onset diabetes. Preliminary studies have reported antihyperglycemic
activity or improved glucose tolerance from a number of other herbs including
garlic, onions, bay leaves, cloves, coriander, cumin, cloves, juniper berries,
prickly pear cactus, turmeric, and ivy gourd leaves (46,47). Further research is
needed to validate these findings and discover if there is any clinical signifi-
cance to the hypoglycemic effects of these herbs.

5. HELP FOR THE IMMUNE SYSTEM
Echinacea, licorice, cat’s claw, and garlic are some of the herbal products that

may help enhance the immune system (1,25). In the early 1900s, Echinacea
(purple coneflower) was the major plant-based antimicrobial medicine in use.
With the development of sulfa drugs, the use of Echinacea rapidly declined.
Echinacea is known to promote the activity of lymphocytes, increase phagocy-
tosis, and induce interferon production (1). Echinacea appears to be useful
in moderating the symptoms of the common cold, flu, and sore throat. However,
not all studies have shown that Echinacea extracts significantly decrease the
incidence, duration, or severity of colds and respiratory infections (48). The
immuno-enhancing activity of Echinacea is believed to be provided by certain
polysaccharides and isobutylamides (25).

Glycyrrhizin, a sweet tasting triterpenoid saponin in licorice root (Glycyrrhiza
glabra L.), and its aglycone (glycyrrhetinic acid) have been reported to augment
interferon activity and natural killer cell activity (49). The chalcones in licorice
also possess antiviral activity against the human immunodeficiency virus
(HIV), and glycyrrhizin possesses noticeable anti-inflammatory and antiallergic
properties (50).

For over 2000 yr, the Peruvian Indians have used for medicinal purposes two
species of cat’s claw, Uncaria guianesis and U. tomentosa. Today, preparations
of the bark from the root and stalk of these plants are attracting much attention
in the West because of their immunostimulant properties and their potential to help
fight AIDS and leukemia (51,52). Extracts of cat’s claw are reported to stimulate
T-cells, macrophages, and other components of the immune system. Extracts are
also reported to have antimutagenic and anti-inflammatory properties (51,52).
Recently, blackcurrant seed oil, an oil rich in linolenic acid, has a moderate immune-
enhancing effect because of its effect on prostaglandin metabolism (53).

Garlic preparations have also been reported to stimulate the immune system of
patients with AIDS (54). Garlic can increase the number of helper cells and killer cell
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activity as well as improving AIDS-related conditions such as diarrhea and fungal
and viral infections (55). Validation of the immunostimulant activities of garlic may
be of particular importance for the treatment of AIDS in developing countries, where
a lack of hard currency may limit access to Western drugs and medicine.

6. HERBS WITH CANCER CHEMOPREVENTIVE ACTIVITY

A number of commonly used herbs have been identified as possessing cancer-
protective properties. These include members of the Allium sp. (garlic, onions,
chives, leeks), members of the mint family (basil, mints, oregano, rosemary,
sage, sweet savory, thyme), turmeric, ginger, licorice root, green tea, flax, and
members of the Umbelliferae (carrot) family, such as anise, caraway, celery,
chervil, cilantro, coriander, cumin, dill, fennel, and parsley (56).

Unique cancer chemoprotective phytochemicals have been identified in all of
these herbs. In addition, many herbs contain a variety of phytosterols, terpenoids,
flavonoids, saponins, and carotenoids, which also have cancer chemoprotective
activity (57). These beneficial substances act as antioxidants, immune system
stimulants, inhibit the formation of DNA adducts from carcinogens, inhibit hor-
monal actions and metabolic pathways  associated with the development of
cancer, or induce protective phase I or II detoxification enzymes such as glu-
tathione-S-transferase (57–62).

Examples of phytochemicals that stimulate glutathione-S-transferase activity
include the phthalides in the umbelliferous herbs, the sulfides in garlic and onions,
curcumin in turmeric and ginger, and terpenoids such as limonene, geraniol,
cineole, alpha-pinene, and carvone found in commonly used culinary herbs
(57,58,61). Rosemary and sage contain the antioxidant diterpenoids (rosmanol,
carnosol, rosmarinic acid, carnosic acid, epirosmanol, and isorosmanol) and
ursolic acid, a triterpenoid with antitumor activity (59).

Garlic (Allium sativum) has been shown to reduce the development of bladder,
skin, stomach, and colon cancer (10,63).  In a review of case-control and cohort
studies of all types of cancer, 27 out of 34 studies revealed an inverse association
between cancer and the consumption of allium vegetables (64). A prospective
study in Iowa revealed that risk of colon cancer was 32% less in those in the
highest quartile of garlic consumption compared with those in the lowest quartile
(65). Garlic can inhibit the formation of nitrosamines, which are potent carcino-
gens, and also  inhibit the formation of DNA adducts (66). The rich content of
sulfides, disulfides and trisulfides in garlic also helps to explain its cancer
chemopreventive properties. In China, those in the highest quartile of intake of
garlic, onions, and other allium herbs have a risk of stomach cancer that is 40%
less than those in the lowest quartile (67). Case-control studies in Greece have
also shown a high consumption of garlic, onion, and other allium herbs to be
protective against stomach cancer (57). Finally, a Dutch study revealed that
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cancer in the noncardia section of the stomach for those consuming the highest
level of onions (at least half an onion a day) was about 50% lower than that in
persons consuming no onions (68).

Flaxseed, turmeric, and ginger have all been suggested to prevent cancer
proliferation. Flaxseed (Linum usitatissimum) contains a rich supply of lignans.
Metabolites of these lignans act as phytoestrogens by binding to estrogen recep-
tors and inhibiting the growth of estrogen-stimulated breast cancer (69). Tur-
meric (Curcuma longa) contains phenolic compounds that inhibit cancer
development as well as having antimutagenic activity. Turmeric has been shown
to suppress the development of stomach, breast, lung and skin tumors (70). Its
activity is largely a result of its content of the antioxidant curcumin. Ginger also
contains curcumin in addition to a dozen powerful antioxidant phenolic com-
pounds, known as gingerols and diarylheptanoids (60).

Carotenoid pigments are also effective antioxidants that quench free radicals,
provide protection against oxidative damage to cells, and stimulate immune
function. Persons with high levels of serum carotenoids typically have a reduced
risk of cancer (71). Carotenoids are the pigments found in rose hips, paprika, and
the green, leafy herbs. However, studies using -carotene supplements have not
provided the expected health benefits, and in some cases have produced adverse
effects such as an increased risk of lung cancer and overall mortality in smokers
(72,73). These findings suggest that although the consumption of carotenoid-
rich fruits and vegetables promote health, caution should be exercised in the use
of -carotene supplements.

Polyphenolics in green tea (Camellia sinensis) are known to possess antimu-
tagenic and  anticancer activity. Some evidence suggests a protective effect of tea
against cancer of the stomach and colon (37). Tumor incidence and average
tumor yield in rats with chemically induced colon carcinogenesis was signifi-
cantly reduced when the rats received (-)-epigallocatechin gallate, a major
polyphenolic constituent of green tea (74). Extracts of both black and green tea
have significantly inhibited leukemia and liver tumor cells (75). Extracts of
gotu kolu (Centella asiatica) were recently shown to be very effective in killing
cultured tumor cells. Centella appears to have selective toxicity against tumor
cells, as it lacked toxicity towards human lymphocytes. In follow-up studies,
Centella extract more than doubled the life span of mice with tumors, and showed
a remarkable lack of toxicity even at high doses (76). Centella is also therapeutic
for the treatment of ulcers, wounds, and eczema.

Recent Korean studies suggest that ginseng (Panax ginseng) may also lower
the risk of cancer in humans (77). Ginseng extract and powder has been found
to be more effective than fresh sliced ginseng, the juice, or a ginseng tea, in
reducing the risk of cancer (78). In a case-control study, the incidence of human
cancer was seen to steadily decrease with duration of ginseng use and total
lifetime use of ginseng. Those who had taken ginseng for 1 yr had 36% less risk
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of cancer than nonusers, whereas those who used ginseng for 5 yr or more had
69% less risk (79). Ginseng seems to be most protective against cancer of the
ovaries, larynx, pancreas, esophagus, and stomach but less effective against
breast, cervical, bladder, and thyroid cancer. The protective properties of gin-
seng root are believed to be partly due to its content of ginsenosides, a family
of triterpene saponins (25).

7. CONCERNS WITH HERBAL USAGE

Health practitioners, when taking clinical histories, often fail to ask patients,
about their use of herbal products. In addition, patients may not volunteer this
information because they do not realize its importance. Furthermore, patients may
not wish to frustrate the health practitioner by telling them they are self-medicating
with botanical materials or herbal supplements. Because herbs can often enhance
or negate the effect of a conventional drug, it is important for physicians to know
which herbs their patients take, how much, and how often. There are a number of
possible drug–herb interactions to be considered (80). For example, nonsteroidal
anti-inflammatory drugs may negate the usefulness of feverfew in the treatment of
migraine headaches; ginkgo, garlic, ginger, and ginseng should not be used con-
comitantly with warfarin, as they may alter bleeding time; immunostimulants such
as Echinacea should not be given with immunosuppressants such as corticoster-
oids; evening primrose oil should not be used with an anticonvulsant, as it may
lower the seizure threshold; excessive sedation may result when kava and barbitu-
rates are used together; and licorice may offset the effect of spironolactone.

Another problem with the use of herbs or herbal extracts is the fact that the
contents of many are not standardized so that the dose of a particular active
ingredient is unknown (1). The phytochemical content of an herb can vary from
plant to plant based on where the herb was grown, the light conditions, and the
maturity of the plant when harvested. The level of phytochemicals can vary
greatly even between cultivars of the same species. Furthermore, different parts
of an herb usually contain different amounts of the active ingredient (26,81).
Methods of preparation of the herbal extract also influence the activity of the final
product for the consumer. The level of ginsenosides has been found to vary as
much as 60-fold among 10 common brands of ginseng on the market (82).
Occasionally, there are also some reports of adulteration of herbal products. For
example, Echinacea is sometimes adulterated with the inactive root of wild
quinine, Parthenium integrifolium, for reasons of cost.

8. CONCLUSION

A variety of commonly used herbs containing different phytochemicals have
the potential for use  in the treatment of chronic diseases. Some of these herbs provide
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assistance in the treatment of hypercholesterolemia, some provide protection against
cancer, some help with blood sugar control, and others are known to stimulate the
immune system. Furthermore, a diet in which culinary herbs are generously used to
flavor the food will provide a variety of active phytochemicals that promote health
and protect against chronic diseases. Herbs have been described as both a friend of
physicians and the praise of cooks (83).Although the discriminate use of some herbal
products is safe and some therapeutic benefits may be derived from their proper
usage, the indiscriminate or excessive use of herbs can be unsafe (1).
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16 Fetal Nutrition and Cardiovascular
Disease in Adult Life

David J. P. Barker and Keith M. Godfrey

1. THE CORONARY HEART DISEASE EPIDEMIC

At the start of the twentieth century, the incidence of coronary heart disease
(CHD) rose steeply; it rapidly became the most common cause of death in Western
countries. Its incidence is now rising in other parts of the world to which Western
influences are extending, such as India, China, Eastern Europe, and Russia. As
such rapid increases in incidence over a relatively short time cannot be the result
of changes in gene frequency, attention has been directed at the environment,
particularly the lifestyles of men and women in industrialized countries.

Given that the other major heart disorder in adult life, chronic rheumatic heart
disease, was already known to be caused by events in childhood, it may seem
surprising that adults rather than children were the early focus of research into
CHD. Perhaps discovery of the powerful effects of cigarette smoking on lung
cancer directed attention in this way. Whatever the reason, 40 yr of research into
adult lifestyle have met with limited success in explaining the origins of CHD:
obesity and cigarette smoking have been implicated, and evidence on dietary fat
has accumulated to the point where a public health policy of reduced intake is
prudent, although unproven: preliminary evidence points to a role for psychoso-
cial stress. Much, however, remains unexplained.

Unfortunately, formulation of public health policies to prevent CHD, policies
based on the best available advice, has simultaneously created a scientific ortho-
doxy. This states that the disease results from the ‘unhealthy’ lifestyles of west-
ernized adults together with a contribution from genetic inheritance. Such a view
of CHD, however, leaves its changing incidence and geography largely unex-
plained, and offers little insight into why, within westernized communities, one
person develops the disease but another does not. The effectiveness of preven-
tative measures based on this view of the disease is being questioned.
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In many Western countries the steep rise of CHD has been followed by a fall;
in the United States this has been of the order of 45% over 25 yr (1). No parallel
changes in adult lifestyle seem to explain it. In Britain, there were large changes
in lifestyle during World War II, especially in diet. Government food policy led
to major and widespread changes in diet, so that fat and sugar consumption fell
sharply and fiber consumption rose. Death rates from CHD in middle-aged men
and women, however, continued to rise throughout the war and the period of
postwar rationing (2).

The geography of CHD in Britain is paradoxical. Rates are twice as high in the
poorer areas of the country, and in lower-income groups. The steep rise of the
disease in Britain and other Western countries was associated with rising prosper-
ity, so why should its rates be lowest in the most prosperous places, such as London
and the home counties, and in the highest-income groups?  Biochemical and physi-
ological measurements in adult life, including serum cholesterol and blood pres-
sure, have been shown to be linked to CHD (3). Yet, even when combined with
these biological risk factors, adult lifestyle has limited ability to predict CHD (4).
Rose (5) has pointed out that, for a man falling into the lowest risk groups for
cigarette smoking, serum cholesterol concentration, blood pressure, and preex-
isting symptoms of CHD, the most common cause of death is still CHD.

It is, perhaps, surprising that it was geographical studies of death rates among
babies in Britain during the early 1900s that gave the early clue that explanations
for these paradoxes may come from events in utero (6). The usual certified cause
of death in newborn babies at that time was low birthweight. Death rates in the
newborn differed considerably between one part of the country and another,
being highest in some of the northern industrial towns and the poorer rural areas
in the north and west. This geographical pattern in death rates was shown to
closely resemble today’s large variations in death rates from CHD, variations
that form one aspect of the continuing North/South divide in health in Britain.
One possible conclusion suggested by this observation was that low rates of
growth before birth are in some way linked to the development of CHD in adult
life. The suggestions that events in childhood influence the pathogenesis of CHD
was not new. A focus on intrauterine life, however, offered a new point of
departure for research.

2. LOW BIRTHWEIGHT AND CHD
The early epidemiological studies that pointed to the possible importance of

programing in CHD were based on the simple strategy of examining men and
women in middle and late life whose body measurements at birth were recorded.
Among nearly 16,000 men and women born in Hertfordshire, UK, during
1911–1930, death rates from CHD fell twofold between those at the lower and
upper ends of the birthweight distribution (see Table 1) (7). A study in Sheffield,
where detailed obstetric records are available from the early years of the last
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century, showed that it is people who were small at birth because they failed to
grow, rather than being born prematurely, who are at increased risk of the disease
(8). In both the Hertfordshire and Sheffield studies, low birthweight was also
associated with an increased risk of stroke (9). The association between low
birthweight and CHD has been confirmed in studies in Uppsala, Sweden (10),
Helsinki, Finland (11), Caerphilly, Wales, (12) and the United States, where
among 80,000 women in the Nurses Study, there was a similar twofold fall in the
relative risk of nonfatal CHD across the range of birthweight (13). An association
between low birthweight and prevalent CHD has also been shown in South India
(14). Among men and women aged 45 yr and over the prevalences of the disease
fell from 15% in those who weighed 5.5 lb (2.5 kg) or less at birth to 4% in those
who weighed 7 lb (3.2 kg) or more.

In studies exploring these associations, the trends in CHD with birthweight
were found to be paralleled by similar trends in two of its major risk factors—
hypertension and non-insulin-dependent diabetes mellitus (15,16). Table 2 illus-
trates the size of these trends, the prevalence of non-insulin dependent diabetes
and impaired glucose tolerance falling threefold between men who weighed 5.5
lb at birth and those who weighed 9.5 lb. This association has been confirmed in
men and women in studies in the UK (17), three in the United States (18–20) and
one in Sweden (21). Thirty-eight studies on populations totaling one quarter of
a million people confirm that low birthweight is associated with raised blood
pressure through childhood and into adult life (22,23).

One response to such findings has been to argue that people who were exposed
to an adverse environment in utero and failed to grow continue to be exposed to
an adverse environment in childhood and adult life. It is this later adverse envi-
ronment, the argument goes, that produces the effects attributed to programing
in utero. This argument has been addressed in recent publications and there is
little evidence to support it (21). Instead, associations between birthweight and
later disease are found in each social group, and are independent of influences
such as smoking and obesity in adult life. Findings in children also help to resolve

Table 1
Death Rates from CHD Among 15,726 Men and Women According to Birthweight

Birthweight Standardized
lb (kg) mortality ratio No. of deaths

5.5  (2.50) 100 57
–6.5  (2.95) 81 137
–7.5  (3.41) 80 298
–8.5  (3.86) 74 289
–9.5  (4.31) 55 103
–9.5  (4.31) 65  57
All 74 941
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these difficulties. Studies in several countries have shown that children who were
small at birth have raised blood pressure and evidence of impaired ability to
respond to an oral glucose challenge (17). These findings are further evidence
that the associations in adults do not reflect unknown confounding variables
linked to lifestyle. Because many of the studies were done in countries where
child mortality is low, they also argue against suggestions that associations with
birth size reflect bias due to differential survival or migration (19). Adult lifestyle
does, however, add to intrauterine effects. The highest prevalences of non-insu-
lin-dependent diabetes and impaired glucose tolerance, for example, are seen in
people who were small at birth but obese as adults (15,21). Around the world, the
communities with high prevalences of diabetes generally conform to this pattern,
they include Ethiopian Jews air-lifted to Israel, and Indian people who migrated
to the UK, among whom fetal growth was generally poor but obesity common in
adult life (24).

3. FETAL NUTRITION
In common with other living creatures, human beings are “plastic” in their

early life, and are shaped by the environment. Although the growth of a fetus is
influenced by its genes, studies in humans and animals suggest that it is usually
limited by the environment, in particular the nutrients and oxygen it receives
from the mother (25,26). There are many possible evolutionary advantages in the
body remaining plastic during development, rather than having its development
driven only by genetic instructions acquired at conception (27). A recent study
of babies born after ovum donation illustrates how birth size is essentially con-
trolled by the mother’s body and the nutritional environment it affords (28). The
birthweights of the babies were strongly related to the weight of the recipient
mother, heavier mothers having larger babies. Birthweights were, however,
unrelated to the weights of the women who donated the eggs.

Table 2
Prevalence of Non-Insulin Dependent Diabetes

and Impaired Glucose Tolerance in Men Aged 59–70 yr

Odds ratio adjusted
Birthweight % With impaired glucose for BMI (95%
lb (kg) No. of men tolerance or diabetes confidence interval)

5.5  (2.50) 20 40 6.6 (1.5–28)
–6.5  (2.95) 47 34 4.8 (1.3–17)
–7.5  (3.41) 104 31 4.6 (1.4–16)
–8.5  (3.86) 117 22 2.6  (0.8–8.9)
–9.5  (4.31) 54 13 1.4   (0.3–5.6)
>9.5  (4.31) 28 14 1.0
All 370 25
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4. FETAL ADAPTATIONS TO UNDERNUTRITION
Studies in animals show that the fetus may respond to undernutrition in a

number of ways (16). It can redistribute its cardiac output to protect key organs,
the brain in particular (29); it can alter its metabolism, for example, by switching
from glucose to amino-acid oxidation; and it can change the production of, or
tissue sensitivity to, hormones regulating growth, in which insulin has a central
role (30). Slowing of growth is also adaptive because it reduces the requirements
for the substrate. Unlike physiological adaptations in adult life, adaptations dur-
ing development tend to have lasting effects on the structure and function of the
body. Experiments show that even minor modifications to the diets of pregnant
animals may be followed by life long changes in the offspring in ways that can
be related to human disease, for example, raised blood pressure and altered
glucose metabolism (31,32). A wide range of organs and systems can be perma-
nently changed or “programmed” by experimental manipulation of the intrauter-
ine environment. This suggests that programing may reflect a general principle
in developmental biology (33). Men and women who were in utero at the time
of the Dutch famine were only around 200 g lighter at birth than those in utero
before or after the famine. Nevertheless, they have reduced glucose tolerance and
evidence of insulin resistance (34). A conclusion from this is that fetuses can
adapt to undernutrition and continue to grow, although at the price of an increased
risk of disease in postreproductive life.

Birthweight serves as a marker of fetal nutrition and growth, but it is an
imperfect one. The same birthweight may be the outcome of many different paths
of growth (35). Where more detailed measurements of body size at birth are
available, they may give insights into adaptations that the fetus has made. Babies
that are thin (as defined by a low ponderal index, birthweight/length3) though
within the normal range of birthweight, tend to be insulin resistant as children and
adults and are therefore liable to develop non-insulin-dependent diabetes (36).
This has been confirmed in studies in Sweden (21). It suggests that the thin baby
responded to undernutrition through endocrine and metabolic changes. Babies
that are short in relation to their head circumference, and have a reduced abdomi-
nal circumference, tend to have persisting abnormalities of vascular structure,
including reduced elasticity, and of liver function, including elevated serum
low-density lipoprotein (LDL) cholesterol and plasma fibrinogen concentrations
(37–39). They have increased death rates from CHD (40). Replication of these
observations has been limited, however, because few data sets include abdominal
circumference at birth. Babies that have small abdominal circumference in
relation to their head circumference may result from “brain-sparing” circulatory
adaptations by which cardiac output is diverted to the brain at the expense of the
trunk. These adaptations increase the load on the heart, and there is preliminary
evidence suggesting that persisting left ventricular hypertrophy, a known risk
factor for CHD, may be a consequence of this (41).
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Two other patterns of body proportions at birth have been linked with adult
disease. Studies in South India have shown that babies who are short and fat tend to
become insulin deficient and have high rates of non-insulin-dependent diabetes (42).
This is consistent with findings in the Pima Indians and with the U-shaped association
between abdominal circumference at birth and death from CHD (19,40). Babies that
are short and fat are thought to be the result of maternal hyperglycemia. Babies whose
placentas are disproportionately large in relation to their own size tend to have raised
blood pressure and increased death rates for CHD (9,43). Although such associations
have been replicated, they are not consistently found. Animal studies offer a possible
explanation for this. In sheep the placenta enlarges in response to moderate undernu-
trition in midpregnancy. This is thought to be an adaptive response to extract more
nutrients from the mother. It is not, however, a consistent response but occurs only
in ewes that were well-nourished before pregnancy (44).

5. MATERNAL INFLUENCES ON FETAL GROWTH
Size at birth reflects the product of the fetus’s trajectory of growth, set at an early

stage in development, and the maternoplacental capacity to supply sufficient nu-
trients to maintain that trajectory. It has been thought that in Western populations
regulatory mechanisms in the maternal and placental systems act to ensure that
human fetal growth and development is little influenced by normal variations in
maternal nutrient intake, and that there is a simple relationship between a woman’s
body composition and the growth of her fetus. Recent experimental studies in
animals and our own observations in humans challenge these concepts (45). These
studies suggest that a mother’s own fetal growth and her dietary intakes and body
composition can exert major effects on the balance between the fetal demand for
nutrients and the maternoplacental capacity to meet that demand. Failure of the
maternoplacental supply line to satisfy fetal nutrient requirements results in a range
of fetal adaptations and developmental changes. Although these may be beneficial
for short-term survival, they may lead to permanent alterations in the body’s struc-
ture and metabolism, and thereby to cardiovascular and metabolic disease in adult
life (45). Figure 1 shows a conceptual framework illustrating this hypothesis.

Quite apart from any long-term effects on health in adult life, specific issues
that have not been adequately addressed in previous studies of maternal nutrition
include (1) effects on the trajectory of fetal growth, (2) intergenerational effects,
(3) paradoxical effects on placental growth, and (4) effects on fetal proportions
and specific tissues. The effects of the mother’s body composition and dietary
balance also need to be addressed and are discussed next.

5.1. The Fetal Growth Trajectory
A rapid trajectory of growth increases the fetus’s demand for nutrients. This

reflects effects on both maintenance requirements, which are greater in fetuses
that have achieved a larger size as a result of a faster growth trajectory, and on
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Fig. 1. A framework of possible mechanisms linking fetal undernutrition and coronary
heart disease.
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requirements for future growth. In absolute terms, the fetal demand for nutrients
is small until late in pregnancy. Experimental studies of pregnant ewes have
shown that, though a fast growth trajectory is generally associated with larger
fetal size and improved neonatal survival, it does render the fetus more vulner-
able to a reduced maternoplacental supply of nutrients in late gestation. Thus,
maternal undernutrition during the last trimester adversely affected the develop-
ment of rapidly growing fetuses with high requirements while having little effect
on those growing more slowly (46). Rapidly growing fetuses were found to make
a series of adaptations in order to survive, including fetal wasting and placental
oxidation of fetal amino acids to maintain lactate output to the fetus (46).

The trajectory of fetal growth is thought to be set at an early stage in develop-
ment. Experiments in animals have shown that periconceptional alterations in
maternal diet and plasma progesterone concentrations can alter gene expression
in the pre-implantation embryo to change the fetal growth trajectory (47,48).
Environmental effects have been demonstrated on both embryonic growth rates
and on cell allocation in the preimplantation embryo. Maternal progesterone
treatment can, for example, permanently alter the trajectory of fetal growth by
changing the allocation of cells between the inner cell mass that develops into the
fetus and the outer trophectoderm that becomes the placenta (47,48). The trajec-
tory of fetal growth is thought to increase with improvements in periconceptional
nutrition, and is faster in male fetuses (49). One possibility is that the greater
vulnerability of such fetuses on a fast growth trajectory could contribute to the
rise in CHD with Westernization and the higher death rates in men.

5.2. Intergenerational Effects
Experimental studies in animals have shown that undernutrition over many

generations can have cumulative effects on reproductive performance. Thus, feed-
ing rats a protein deficient diet over 12 generations resulted in progressively greater
fetal growth retardation over the generations; following refeeding with a normal
diet it then took three generations to normalize growth and development (50).

Strong evidence for major intergenerational effects in humans has come from stud-
ies showing that a woman’s birthweight influences the birthweight of her offspring
(51,52). We have, moreover, found that whereas low birthweight mothers tend to have
thin infants with a low ponderal index (birthweight/birth length3), the father’s
birthweight is unrelated to ponderal index at birth (see Fig. 2); crown–heel length at
birth is, however, more strongly related to the father’s birthweight than to the mother’s
(53). The effect of maternal birthweight on thinness at birth is consistent with the
hypothesis that the maternoplacental supply line may be unable to satisfy fetal nutrient
demand in low-birthweight mothers. Potential mechanisms underlying this effect in-
clude alterations in the uterine or systemic vasculature, programed changes in maternal
metabolic status, and impaired placentation. The strong effect of paternal birthweight
on crown–heel length may reflect paternal imprinting of genes important for skeletal
growth, such as those regulating the concentrations of insulin-like growth factors (54).
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5.3. Placental Size and Transfer Capabilities
Although the size of the placenta gives only an indirect measure of its capacity to

transfer nutrients to the fetus, it is nonetheless strongly associated with fetal size at
birth. Experiments in sheep have shown that maternal nutrition in early pregnancy
can exert major effects on the growth of the placenta, and thereby alter fetal
development (55,56). The effects produced depend on the nutritional status of the
ewe in the periconceptional period. In ewes poorly nourished around the time of
conception, high nutrient intakes in early pregnancy increase the size of the placenta.
Conversely, in ewes well nourished around conception, high intakes in early
pregnancy result in small placental size (55). Although this suppression appears
paradoxical, in sheep farming it is common practice for ewes to be put on rich pasture
prior to mating and then on poor pasture for a period in early pregnancy (57).

As part of a study designed to evaluate whether the normal variations in maternal
diet found in Western communities could influence fetal growth and development,
we have found evidence of a similar suppressive effect of high dietary intakes in
early pregnancy on placental growth (58). Thus, among 538 women who delivered
at term, those with high dietary intakes in early pregnancy, especially of carbohy-
drate, had smaller placentas, particularly if combined with low intakes of dairy
protein in late pregnancy (see Table 3) (58). These effects were independent of the
mother’s body size, social class, and smoking, and resulted in alterations in the ratio
of placental weight to birthweight (placental ratio).

Effects on placental growth may be of long-term importance as a follow-up
study of men born early in the 20th century in Sheffield found a U-shaped relation

Fig. 2. Ponderal index at birth of 492 term babies according to the birthweight of their
mothers and fathers.
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between the placental ratio and later CHD (9). Although babies with a dispropor-
tionately small placenta may suffer as a consequence of an impaired placental
supply capacity, those with a disproportionately large placenta may experience
fetal catabolism and wasting to supply amino acids for placental consumption
(16,59). Consequent fetal adaptations may underlie the increased adult CHD
death rates in those with both low and high placental ratios.

5.4. Effects on Specific Fetal Tissues

Experimental studies in animals have shown that dietary manipulations dur-
ing early development can have tissue-specific effects, resulting in alterations in
an animal’s proportions. For example, in pigs fed differing diets in the first year
of life, those fed a protein-deficient diet had a disproportionately large head, ears,
and genitalia compared with those fed an energy-deficient diet (25). Recent
experiments in guinea pigs have shown that maternal undernutrition in preg-
nancy resulted in offspring that not only had altered body proportions at birth, but
also showed profound elevation of serum cholesterol concentrations when fed a
high-cholesterol diet in the postweaning period (60).

In humans, few studies have examined the possibility of maternal nutrition
during pregnancy having tissue-specific effects on the fetus, leading to greater
alterations in neonatal proportions than in birthweight. Any such effects may be
of importance as adult CHD and non-insulin-dependent diabetes are more
strongly associated with altered birth proportions than with birthweight (11,21).
We have found that women with low dairy protein intakes in late pregnancy tend
to have babies that are thinner at birth (53);  maternal dairy protein intakes were
not however related to birthweight (58).

Table 3
Mean Placental Weight(g) Adjusted for Baby’s Sex and Duration

of Gestation According to Mother’s Daily Intakes of Carbohydrates
in Early Pregnancy and Dairy Protein in Late Pregnancya

Dairy protein intake
Carbohydrate intake in early pregnancy (g/d)

in late pregnancy (g/d) <265 –340 >340 All

<18.5 539 (72) 507 (49) 494 (54) 516 (175)

–26.5 556 (73) 546 (63) 509 (48) 540 (184)

>26.5 582 (36) 533 (60) 536 (83) 544 (179)

All 554 (181) 531 (172) 517 (185) 534 (538)
 aFigures in parentheses are numbers of subjects.
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6. PRIMARY PREVENTION OF CHD
The thesis which is developing from these findings is that the primary

prevention of CHD depends on (1) prevention of imbalances in fetal growth,
and between pre- and postnatal growth, and (2) prevention of imbalances in
nutrient supply to the fetus. We suggest that the epidemics of CHD that regu-
larly accompany the transition from chronic malnutrition to adequate nutrition
are the result of these imbalances.

6.1. Imbalances in Growth
As already described, babies that are thin or short in relation to their head cir-

cumference, or short and fat, or have disproportionately large placentas, are at
increased risk of cardiovascular disease (CVD) or non-insulin-dependent diabe-
tes. As yet, we do not understand the maternal antecedents of these patterns of
imbalanced fetal growth, though we have some insights. A recent study in Fin-
land illustrates the consequences of imbalance between pre- and postnatal growth.
Table 4 is taken from a study of 3641 men born in Helsinki. The highest death
rates from CHD were among men who were thin at birth but whose weight had
“caught-up” by the age of 7 yr so that they had an above-average body mass index
(BMI) thereafer (61). Catch-up growth could be associated with adverse out-
comes in adult life through altered body composition. Babies who are thin at birth
have a lower muscle mass (62). It is possible that if they develop a high body mass
in childhood, they have a disproportionately high fat mass. Another possibility
is that accelerated postnatal weight gain is intrinsically damaging. In rats, the
combination of prenatal undernutrition and retarded fetal growth and good postna-
tal nutrition with accelerated growth leads to striking reductions in life span (63).
Why catch-up growth is detrimental is not known, but one speculation is that fetal
growth restriction leads to reduced cell numbers and subsequent catch-up growth
is achieved by overgrowth of a limited cell mass (64). A third possible link
between catch-up growth and later disease is that it reflects persisting changes in
hormonal secretion, including insulin, insulin-like growth factor-1, and growth
hormone, which are established in utero in response to undernutrition, and influ-
ence both childhood growth and later disease (16).

Whatever underlies the association between death from CHD and accelerated
weight gain in early childhood it illustrates an imbalance between pre- and post-
natal growth. The effects of adult obesity provide a further illustration. Obesity
has a greater effect on impaired glucose tolerance in people who had low
birthweight (15,21). Similarly, the Dutch famine had its greatest effect on glu-
cose tolerance in men and women who were overweight as adults (34).

6.2. Imbalances in Nutrient Supply to the Fetus
Indications that the balance of macronutrients in the mother’s diet can have

important short- and long-term effects on the offspring has come from a series
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of experimental studies in pregnant rats. These have found that maternal diets
with a low ratio of protein to carbohydrate and fat alter fetal and placental growth
and result in lifelong elevation of blood pressure in the offspring (31). A follow-
up study of 40-yr-old men and women in Aberdeen, UK, suggested that alter-
ations in the maternal macronutrient balance during pregnancy could have similar
adverse effects on the offspring (65); the relations with maternal diet were,
however, complex and studies to replicate them are in progress. Among women
with low intakes of animal protein, a higher carbohydrate intake was associated
with a higher adult blood pressure in the offspring; among those with high
animal protein intakes, a lower carbohydrate intake was associated with higher
blood pressure. These increases in blood pressure were associated with
decreased placental size (65). Support for the thesis that alterations in fetal and
placental development may result from a low ratio of animal protein to carbo-
hydrate comes from observational studies of maternal nutrition in pregnancy
(58). Support for adverse effects of a high ratio of animal protein to carbohy-
drate comes from a review of 16 trials of protein supplementation showing that
supplements with a high protein density were consistently associated with
lower birthweight (66).

Evidence that maternal body composition has important effects on the off-
spring has come from studies showing that extremes of maternal body compo-
sition in pregnancy are associated with adverse long-term outcomes in the
offspring. Follow-up of a group of Jamaican children showed that those whose
mothers had thin skinfold thicknesses in pregnancy and a low pregnancy weight
gain had higher blood pressure at the age of 11 yr (67). A subsequent study of
11-yr-old children in Birmingham, UK, found similar associations (68). Studies
in India have found that a low maternal weight in pregnancy is associated with
an increased risk of CHD in the offspring in adult life (14). Among men and
women exposed to the Dutch famine in utero those whose mothers had low

Table 4
Hazard Ratios for Death from CHD According to Ponderal Index at Birth

and Body Mass Index at Age 11 yr, Adjusted for Length of Gestationa

      Body mass index (kg/m2) at age 11 yr

Ponderal index (kg/m3) at birth 15.5 –16.5 –17.5 >17.5

= 25 2.7  (21) 3.3  (26) 3.7  (19) 5.3 (14)

–27 1.5  (14) 3.2  (40) 4.0  (35) 2.7 (14)

–29 2.2  (17) 1.6  (18) 1.8  (19) 3.2 (21)

> 29 1.0  (4) 1.7  (11) 1.5  (12) 1.9 (12)
aFigures in parentheses are numbers of deaths. BMI cutpoints are approximately quartiles.
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weight in pregnancy had the most impaired glucose tolerance (34). At the other
extreme of maternal body fatness, evidence for long-term effects of maternal
obesity has come from follow-up of a group of men born in Finland early in the
20th century (11). Markedly raised CHD rates were found in men whose moth-
ers had a high body mass index in pregnancy (see Table 5). This effect was
independent of an association between thinness at birth and increased rates of
adult CHD. Modeling the data to derive contour lines of similar CHD death
rates indicated that increasing maternal BMI had little effect on the offspring’s
death rates in tall women, but strong effects in short women (11,45). One inter-
pretation of these findings is that greater maternal body fatness may increase fetal
growth and hence the fetal demand for nutrients; short women may not be able
to meet this increased demand as a result of a constrained nutrient supply capacity
determined during their own intrauterine development (11).

Studies in South India and among the Pima Indians in Arizona suggest that
non-insulin dependent diabetes may originate through maternal obesity and con-
sequent hyperglycemia, which results in babies that are short and fat at birth
(19,42). As adults, they tend to be insulin deficient. An interpretation of this is
that high circulating glucose concentrations impair development of the pancre-
atic beta cells in utero, as has been shown experimentally in animals.

7. FUTURE RESEARCH
The complexities of fetal growth and development are such that currently

available data form only a limited basis for changing dietary recommendations
to pregnant women. Previous studies of maternal nutrition have adopted too
simplistic an approach to assessing the true impact of nutrition on fetal develop-
ment. They have failed to address the possibility of long-term effects on the
health of the offspring in adult life

In order to reduce chronic disease in later life, we now need to understand how
the human fetus is nourished, and how undernutrition programs its metabolism.

Table 5
Standardized Mortality Ratios for CHD in Finnish Men According
to Ponderal Index at Birth and Mother’s BMI in Late Pregnancya

                                  BMI of mother (kg/m2) of baby (kg/m3)

Ponderal index  24 –26 –28 –30 > 30 All

–25 56 (6) 134 (20) 158 (17) 131 (7) 171 (7) 124 (57)
–27 88 (12) 87 (21) 123 (26) 104 (11) 131 (11) 104 (81)
–29 46 (5) 76 (17) 55 (13) 98 (12) 116 (16) 76 (63)
>29 38 (2) 61 (7) 45 (7) 68 (6) 72 (9) 58 (31)
All 62 (25) 89 (65) 89 (63) 97 (36) 111 (43) 89 (232)

aFigures in parentheses are numbers of deaths.
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Fetal development is, of course, governed by complex, nonlinear systems. Com-
ponents of these systems interact, and the systems will have generic properties
that do not depend on the details of their components (69). We cannot, therefore,
solve our problems by reductionist science alone. We need to combine it with
further clinical and epidemiological research.
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17 Impact of Nutritional Epidemiology

Barrie M. Margetts

1. INTRODUCTION

Nutritional epidemiology is concerned with exploring the relationship between
nutrition and health in human populations (1). It has developed out of an epide-
miological approach, classically defined as the study of the distribution and
determinants of health-related conditions or events in defined populations, and
the application of this study to the control of health problems (2). Distribution
refers to analysis of time, place, and classes of persons affected; determinants are
all the physiological, biological, social, cultural, and behavioral factors that
influence health. Why nutritional epidemiology? Nutritional epidemiology is the
only method in nutritional sciences that provides direct information on nutrition
and health in human populations consuming usual amounts of foods and nutri-
ents. Whenever information on diet or nutrition is being collected and related to
a health problem, there are important methodological issues that need to be
considered to minimize the likelihood of obtaining biased, and therefore, unhelp-
ful, information. The underlying objective of all nutritional epidemiological
research should be to improve health. Poor quality information does not help
achieve this objective.

The impact of nutritional epidemiology is to provide an insight into the nutri-
tional factors that may cause, and prevent, nutrition-related health problems;
used properly, it should guide metabolic research that can explore causal mecha-
nisms in more depth. Metabolic studies can highlight the clues that can be further
assessed in epidemiological studies to explore whether the proposed mechanism
may have some relevance in human health. Much metabolic research is under-
taken on the justification of the impact the research will have on human health,
but often with little consideration as to how the work fits in with epidemiological
research. For example, the effects of specific carcinogens or phytochemicals in
the potential food supply are studied in animal models in vivo in doses that are
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not relevant to human exposure, or based on assumptions about bioavailability
in humans that are not tested or justified. Researchers across the breadth of
nutrition have a responsibility to work together to provide information in a
coherent manner that can be used to inform those responsible for making deci-
sions about what we should or should not eat or about the risk/harm of foods we
are exposed to. Nutritional epidemiology helps provide an evidence-based
approach to the solution of important public health problems.

This chapter provides some guidance as to how to design and interpret nutri-
tional epidemiological studies; to help the non-specialist in nutritional epidemi-
ology to make sense of work in this area. It seems almost a rule of nature that
“experts” in a field develop language and jargon to describe their field of work
in such a way as to exclude others. It is hoped that this chapter can shed some light
on the big issues in nutritional epidemiology in a clear and helpful manner, and
encourage you to read further (3,4).

2. EXPOSURE, OUTCOME, AND OTHER VARIABLES

Before starting any nutritional epidemiological study, it is essential to be clear
about what you want to measure and how accurately you need to measure these
factors. The research should begin with a sound review of the relevant literature
that identifies the key factors, and likely strength of associations, being investi-
gated. Without this information, it will not be possible to design a sound study.
A clear research question (hypothesis) will identify the relevant measures of
exposure, outcome, and also other factors or variables that may influence the
relationship between exposure and outcome.

2.1. Exposure

Exposure is a generic term to describe factors (variables or measures) to which
a person or group of people come into contact with and that may be relevant to
their health (5). This could include food and the constituents of foods (nutrients
and nonnutrients), smoking, alcohol, air pollution, noise, dietary advice, or health
promotion via advertisements or the social environment; in other words, any
factor that has an impact on a person or group may be defined as an exposure.

2.2. Outcome
Outcome is another generic term used to describe factors (variables/ mea-

sures) that are being studied in relation to the effects of an exposure; often these
outcome measures are disease states, but they may also be anthropometric or
physiological measures. Depending on the study, these outcome measures may
be expressed as continuous or discrete variables. Often an outcome with a con-
tinuous distribution will be divided into categories and a measure of effect as-
sessed across these categories. For example, blood pressure may be analyzed as
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a continuous outcome measure or subjects may be categorized into those with or
without hypertension on the basis of whether they fall above or below an agreed
cutoff point. Even for nominally discrete outcome measures, such as disease
state, it should be recognized that there is not a clear distinction between presence
and absence of disease, that diseases progress and at some point in that progres-
sion, the disease may become diagnosed.

2.3. Other Variables: Confounding and Effect Modification
A major issue to consider in interpreting epidemiological research is the possi-

bility that variables other than the exposure of interest have influenced the true
relationship between exposure and outcome. These other variables need to be
measured so that their effects on the exposure–outcome relationship can be prop-
erly investigated. It is common practice to adjust the relationship between exposure
and outcome for these other variables using regression, or some other, statistical
approach. However, this approach may mislead. If a variable that has been adjusted
for is in the causal pathway then the adjusted estimate of the effect of the exposure
on the outcome will be weakened. If the relationship between exposure and out-
come differs at different levels of the other variable, an adjusted effect will mask
important biological interaction. It is, therefore, important to consider the way in
which the other variables that are being adjusted for may relate to the exposure, the
outcome and the relationship between exposure and outcome.

Confounders are associated with both exposure and outcome and distort the
relationship under investigation. For a variable to be a confounder:

1. It must be associated with, but not causally dependent on the exposure of interest;
2. It must be a risk factor for outcome, independent of its association with the

exposure of interest;
3. The foregoing must apply within the population under study.

A confounder cannot lie in the causal pathway.

Effect modifiers are variables where the effect of the exposure on the outcome
operates differently at different levels of the other variable. Such an effect is
referred to as an interaction. An effect modifier will lie in the causal pathway that
relates the exposure of interest to the outcome.

It is never possible to eliminate the effects of all potential confounders (this is
referred to as residual confounding), and it is therefore important to measure
known or suspected confounders so that they can be considered in the analysis.
Where variables are known to be confounders, the investigator can control for
them either in the design (by randomization, restriction (e.g., exclude smokers),
or matching) or in the analysis (by stratification and/or multiple regression),
provided sufficient valid information is available on the confounding factor. It
will not be possible to control the confounder if it has not been measured, or has
been measured poorly.
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It is not always easy to disentangle the effects of other variables. Always check
before statistically adjusting as to whether the other variables are likely to be
confounders or effect modifiers. It is optimal to do this before the study starts,
so that the study can be designed accordingly, but if this is not possible, it can be
done in the analysis. The best approach is to undertake a series of analyses
stratified by the variable of interest. Confounding can be adjusted for in an
analysis; when there is effect modification, the results for each stratum of the
variable should be presented separately and the variable should not be adjusted
for. The need for undertaking stratum specific analyses should be considered in
the way the study is designed to ensure that there are sufficient subjects in each
stratum of analysis. If the sample size is too small, stratum specific estimates of
effect may have wide confidence intervals that may suggest no statistically sig-
nificant effect when in fact there is one.

Diet is a most complex exposure to measure where there may be both
confounding and effect modification between aspects of diet, and between
sociodemographic factors, and other biological variables such as body mass.
One of the major challenges over the next few years will be to understand the
effects of dietary patterns where higher consumption of “protective” factors
may simply reflect lower consumption of “harmful” factors. For example, in
Europe and North America, people who eat more fruits and vegetables tend
to eat less meat and animal fat. Is the apparent protective effect of fruit and
vegetable intake due to increased intake of substances in these foods, or the
lower consumption of other harmful substances in meat and animal fats? How
to deal with this? If the exposure of interest is fruit intake, the researchers
should stratify subjects by level of meat consumption and assess whether the
relationship between fruit and cancer differs at different levels of meat intake.
If it does, this would suggest an interaction between meat and fruit, and
stratum specific, rather than meat adjusted results should be presented. If the
effect of fruit does not interact with the effect of meat, but meat consumers
have a higher risk of cancer independently of fruit and they also eat less fruit,
then meat will be a confounder and should be adjusted for in the analysis.
Gender is often considered to be a confounder, because intake differs by
gender, and disease rates are usually higher in men. However, gender may be
an effect modifier in some circumstances, for example, where there may be
some hormone-related effect with gender acting as a proxy for an underlying
etiological difference.

3. MEASUREMENT OF NUTRITIONAL EXPOSURE,
OUTCOME, AND OTHER VARIABLES

Whenever information is obtained from any source about exposure, outcome,
or other variables of interest, it is important to consider whether the information
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that is collected measures what is required with an appropriate level of accuracy.
In this chapter, the emphasis is placed on measures of nutritional exposure, but
it is essential to have some indication of the validity of the measures of outcome
(e.g., accuracy and completeness in an unbiased sample) and potential confound-
ers and effect modifiers. There is no one right way to make any of these measures,
the method used must be appropriate for the study being undertaken. It is impor-
tant to be able to check the assumptions that the measures used are valid (consider
also whether the measures are able to differentiate between subjects above and
below cutoff points—sensitivity and specificity) before the study begins because
it may not be possible to adjust for measurement error appropriately in the analysis.

3.1. Nutritional Exposure
Nutritional exposure may cover individual foods or dietary patterns as well as

the substances added to foods. It may include:

1. The components found in foods (either nutrients or nonnutrients, such as
phytochemicals)

2. Substances added to food during the growing, manufacture, and processing of
the food (additives, preservatives, pesticides)

3. Chemical alterations that occur during cooking
4. Markers of the dietary intake measured in body tissues or in bodily excretions

In some situations, nutritional exposure is inferred from anthropometric mea-
surements or clinical signs of deficiency. Depending on which of the above
measures is the intended exposure, different approaches will be required, and
different assumptions need to be made (and checked) about the validity and
quality of the measures used to approximate the exposure.

The exposure needs to be measured with sufficient accuracy to enable the
primary question of the research to be answered with reasonable confidence.

4. METHODS USED TO MEASURE DIET
The selection of an appropriate method to measure exposure and the correct

use of that method must be considered before the study proper begins. Other texts
have covered the different approaches that can be used to measure diet (6,7).

Broadly the appropriate methods may be described in terms of:
• The sample:
• Individual

• Group
• Population

• Time frame
• Current or past intake
• Usual intake

• Critical period (biologically relevant )
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• Unit of interest:
• Food
• Food patterns
• Nutrients
• Nonnutrients (as currently defined)

• Unit of expression:
• Absolute or relative intake (grams of fat or percent energy from fat)
• Cumulative exposure over time (e.g., total lifetime calcium intake)
• The average exposure over time (e.g., amount of fat per day)
• Peak exposure at a critical time (e.g., folate intake in first trimester of

pregnancy)
• Level of accuracy required: study specific based on question being addressed

5. VALIDATION

As mentioned earlier, whenever any information is being collected it is impor-
tant to asses whether it is fit for purpose, i.e., whether the measure used is valid.
A measure is valid if it measures what it purports to measure. This implies that
there is a true measure of the variable against which the new or alternative
measure (test) is compared. In most situations it is not possible to have an abso-
lute measure of the true exposure, and the new or test measure of exposure is
usually compared with another measure that is considered from previous re-
search to be more accurate (the reference measure) than the new measure. A
study that compares these measures is a validation study, but should be referred
to as a study of the relative validity (sometimes called concurrent validity) of the
test compared with the reference measure.

If a test measure is compared with a reference measure, it is assumed that the
reporting errors in the test measure are not related to the errors in the reference
measure. If they are, then the measure of agreement used to express the relation-
ship between test and reference measure will be invalid (usually an overestimate
of the true agreement). It is becoming more common to include a third measure,
usually a biological measure, in to a study of the validity of a test measure (8).
The rationale for this is that the errors associated with measuring a biological
sample are likely to be independent from the errors of a measure derived from
information supplied by a subject (e.g., the test measure may be a food-frequency
questionnaire and the reference measure may be a 4–7-d weighted record.). An
important assumption is that the biological measure is a relevant marker of the
true exposure and is sensitive to changes in intake across the range of exposure
in the population under study.

The correct way to express the results from a validation study depend on how
the measures are going to be used in the main study. If absolute intakes are
required, then the validation must assess how well the test measure assesses
absolute intake. If the purpose is to rank subjects and assess change in risk across
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levels of exposure (say fourths or fifths), then the validation study must assess
the degree of misclassification likely between fourths or fifths of the distribution.
Simply expressing the association between a test and reference measure using a
correlation coefficient may be misleading, and unhelpful. Ideally, the required
level of accuracy of the test measure should be established before the study
begins. The measure of validity can then be used in the design, analysis, and
interpretation of the main study. Where the measure of validity is assessed dur-
ing, rather than before, the main study careful thought needs to be given as to how
the results will be analyzed and used in the interpretation of the main study.

5.1. Adjustment for Measurement Error
It is not sufficient to state that the measure was validated; the impact of the

lack of perfect agreement between the test measure and the true measure (as
judged by comparison with a reference measure) must be considered in the analy-
sis and interpretation of the main study. There are now statistical techniques
available to adjust for this lack of perfect agreement, and is usually described as
adjusting for measurement error (4). Before believing these adjusted results, it
is important to judge whether assumptions used in these adjustment models are
robust and appropriate for the data being analyzed. Most adjustment approaches
assume that the errors are random; in practice this is rarely likely to be the case.

Current guidance would suggest that both adjusted and unadjusted results should
be presented to allow the reader to see the impact that adjustment has on the results.

6. UNDER- AND OVERREPORTING

Much has been written about underreporting; some might conclude that it is
not possible to assess dietary intake based on self-reported measures because
people lie about how much they eat. This may be true where absolute levels of
exposure are required, but may not be the case where relative measures (ranking,
categorizing) are required. It is not really helpful to make blanket statements
about the usefulness of any methods. A more subtle approach is required that
takes into account the requirements for the appropriate use of the measure being
used. Of particular concern is when people with certain characteristics under or
over report their intake differently from the whole sample. For example, over-
weight subjects underreporting their intake differently from those of average
weight, or women with breast cancer over estimating their fat intake compared
to women without breast cancer. If it is assumed the error is random, and there-
fore the estimate of effect is attenuated (reduced), when in fact the errors are
nonrandom and differential, then the measure of effect can either be attenuated
or exaggerated, leading to the wrong interpretation of the meaning of the results.

It is therefore necessary to assess the likely size and effect of under- or over-
reporting in the study. This can be done by comparing measured intakes with true
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intakes or proxy measures. Most work has been done on energy intake, using
measures of energy expenditure as a check. If energy intake is less than measured
energy expenditure, then it may be concluded that energy intake is underreported
if subjects are not losing weight or in an unstable metabolic condition. Black and
colleagues (9) have shown that underreporting can occur across the whole range
of intakes, and that it may be misleading to use an arbitrary cutoff to define
underreporting. For epidemiological purposes, energy expenditure can be esti-
mated using a regression equation that only requires information on the age,
gender, and weight of the subject (10). This simple measure of basal metabolic
rate (BMR) relates well to measured energy expenditure and can be used to
compare energy expenditure with a measure of dietary intake. If the estimated
energy intake is less than the BMR (or a bit more to allow for some level of
activity—often 1.2 × BMR, see ref. 9 for more details), it suggests that the
estimated energy intake is unrealistically low.

There are several ways that this measure of underreporting should be used in
the analysis and interpretation of the study. It is often assumed that all subjects
below an agreed level of the energy/BMR (E/BMR) ratio should simply be
excluded from the study. However, before doing this, and thereby losing consid-
erable statistical power, it is worth exploring whether the underreporting has led
to a biased estimate of effect (altered the relationship between the measured
exposure estimate and outcome). Ideally, the relationship between exposure
and outcome should be explored separately in people with E/BMR ratios above
and below the agreed cutoff. If the relationship found within each stratum of E/BMR
is different, then there is a suggestion of bias and the results from the two strata
should not be combined because the estimated measure of effect would be incor-
rect. If, however, the relationship is similar in each stratum, it may suggest that
there is no bias and that the estimate of effect would not be distorted by leaving
all the subjects in the analysis. It is also worth checking whether the E/BMR ratio
is different in different levels of other potentially confounding factors such as
age, gender, and body mass index (BMI). If overweight people underestimate
their intake more than average-weight people, and if BMI is associated with
the exposure–outcome relationship, then it will be important to take account
of the differential underreporting of energy intake in overweight subjects.

Intakes of other nutrients or foods may also be under- or overreported. The
direction of effect may depend on a host of factors related to the perception of
subjects and the methods used. It is often assumed that vegetable and fruit con-
sumption is overestimated and that fat intake is underestimated. However, the
analysis of recalled fat intake in women with breast cancer, when compared to
actual intake 10 yr before, suggested that women overestimated their past intake
(4). The reason put forward was that women who had breast cancer and “knew
fat caused breast cancer” overestimated their true past exposure. Apart from a
reasonably accurate biological marker of energy expenditure and perhaps pro-
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tein intake (multiple 24 h urinary nitrogen excretion), there are few measures of
true dietary exposure that can be used to check the accuracy of reported intakes.

7. REPRODUCIBILITY

Reproducibility assesses the repeatability of a measure while taking account
of the circumstances in which the measures were taken. The repeatability is often
referred to as precision or reliability and assesses the consistency with which a
method measures exposure. Differences between repeat measures may be due
either to:

1. True subject variation for that measure
2. The effect of observer (measurement) error
3. Changes in the circumstances of the application of the method
4. Differences in other characteristics of the subjects

It is difficult to distinguish between the true subject variation; observer effects,
and changes in the circumstances under which the repeat measure is obtained. This
may be particularly true in repeat measures of diet where learning effects may over
estimate the agreement between repeat measures. Although theoretically straight-
forward, assessing the reproducibility of a measure is difficult.

8. ENERGY ADJUSTMENT

The concept of energy density and the optimal approach to expressing the levels
of intakes, particularly of macronutrients (protein, fat, and carbohydrate), has been
debated for many years. The prevailing view suggests that the relevant measure of
exposure for macronutrients is the intake relative to energy intake, rather than a
simple measure of absolute intake. One reason for expressing macronutrient intake
relative to energy intake is that it makes it easier to compare intakes across different
levels of energy intake, for example, men and women and different ages. In judging
whether it is appropriate to adjust for energy intake, it is important to consider
whether it is logical from a biological or mechanistic perspective. Data should be
analyzed with and without adjusting for energy to assess the impact that adjusting
may have on the interpretation of results. It may be that for some situations the
absolute level of intake is a more relevant measure of exposure.

Energy adjustment is most useful when the following conditions hold true
(after Flegal, 11):

• The exposure of interest is not the absolute amount of the nutrient but the
amount relative to energy.

• Energy over- or underreporting is proportionally the same for all foods, so
that the correct proportion of the nutrient to energy intake is reported.

If these conditions do not apply, energy adjustment may be misleading.
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9. BIOLOGICAL SAMPLES
Samples may be taken from a wide range of body tissues and fluids and are poten-

tially useful markers or indicators of exposure and outcome. The use of biological
markers of dietary intake is attractive because they appear to be more objective mea-
surements of exposure than measures of intake derived by questioning the subjects
themselves. This assumption should always be tested before using biological markers
to infer dietary intake. A particular issue to consider is that most markers do not provide
a measure of absolute intake, only the relative ranking of intakes. Although the technical
errors of measurement of markers may be smaller, the marker may not be a relevant
measure of the dietary exposure of interest. For a biological marker to be a useful
indicator of exposure, it must be sensitively and specifically related to dietary intake
across the range of intakes in the population under study. Ideally, as the level of dietary
exposure increases or decreases, so to should the level of the biological marker. That
is, there should be a time-related relationship between the marker and the dietary intake
of interest. This may be the case, for example, between urinary nitrogen excretion and
dietary protein intake, but for most other readily available markers this is not the case.
Most markers used at present are concentrations in blood, which may not accurately
reflect the intake over the time frame required. There are a complex series of steps
involved in the absorption, transport, and distribution of a nutrient found in food and
subsequently measured as a biological sample. The circulating level may be dependent
on a range of other potentially rate-limiting factors. It may be, therefore, that there is
only a weak relationship between dietary intake and a marker because the level mea-
sured in blood, for example, is dependent on a transport protein or other coenzymes.
Kaaks and others (12) have discussed these issues further, as have other texts (3,4).

Although the potential benefits of biomarkers are attractive, they should not
be used uncritically. The following should be considered:

• Most markers can generally only be used as indicators of the relative ranking
of individual dietary intakes in a group and do not generally provide a mea-
sure that is relevant to the absolute dietary intake.

• Most markers are measured as a concentration that may not reflect the amount
of the substance available at the site of biological function; blood levels may
be regulated by the body and may not truly reflect the availability of the
substance; removal or addition of a substance to the measure used in the blood
may be limited by the availability of other related limiting substances (e.g.,
retinol binding protein).

• Correlations between true intake levels and markers tend not be any better than
between true intake and more traditional dietary methods (such as recalls and
questionnaires). This may be partly explained by the relatively fast turnover
rates in many markers and large intraindividual variation in true intake.

• The level of a marker, such as plasma -carotene may only be partly deter-
mined by the dietary intake of carotene. The marker may be a proxy or
indicator of a dietary pattern.

• The level of the marker may be affected by other factors, such as smoking, or drugs.
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10. TYPES OF EPIDEMIOLOGICAL STUDIES

Broadly, epidemiological studies can be divided into experimental and obser-
vational investigations (see Table 1). The main study designs are briefly summa-
rized; other texts provide more detail (3). For all studies where data are collected
from individuals, some a priori information is required about how common the
exposure and outcome are likely to be in the study population, and what effect the
exposure is expected to have on outcome. Without this information, it will not be
possible to ascertain how many subjects to include in a study, or how accurately
exposure must be able to be measured. This assumes that in all studies before
beginning the study, a thorough literature should be conducted to help in the
design of the study.

10.1. Ecological Studies

In ecological studies of the association between nutrition and health, popula-
tion or group indices of dietary intake or nutritional status (exposure) are related
to population or group indices of health status (outcome). The unit of analysis is
not an individual but a group defined by time (e.g., calendar year, birth cohort),
geography (e.g., country, province, or city), or sociodemographic characteristics
(e.g., ethnicity, religion, or socioeconomic status). For example, national dietary
fat intake for each country in Europe (from FAO food balance sheet data) can be
plotted against rates of heart disease for each country. Within a country, national
trends for consumption of foods may be plotted against trends for morbidity or
mortality. Ecological studies are helpful when within group (country or region)
variation in exposure is small compared with between group variation. It is often
difficult in ecological studies to control for other potentially confounding factors
and to explore interactions. When comparing national levels of exposure and
outcome it is important to consider the relevant time frame for comparison; there
is likely to be some lag time between exposure and its effect on outcome.

Ecological studies are ideal for exploring newly proposed hypotheses; this
serves as a basis for developing more detailed individual level studies in the
future. Ecological studies are weak in terms of drawing causal inferences about
the effects of factors operating at an individual level. In some situations, indi-
vidual level data are not available, and an ecological approach is all that is
available. Ecological studies may be very useful for monitoring national trends
in health indicators and the wider social, cultural, economic, and environmental
factors that influence health that cannot be measured at an individual level.

10.2. Cross-Sectional Studies

Cross-sectional studies (sometimes described as prevalence surveys) measure
both exposure and outcome in the present and at the same point in time in indi-
viduals. Generally, cross-sectional studies sample from the population in such a
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way as to reflect the population characteristics for both exposure and outcome
and thus can be used to describe the prevalence of nutrition problems in a com-
munity. If information on population characteristics (e.g., age, gender, income,
education) are also collected, they can assess the influence these factors may
have on the exposure-outcome relationship. When repeated in the same popula-
tion, a cross-sectional survey can be used for surveillance and monitoring.

The sampling frame, number of subjects (sample size and power), response
rate, and potential information bias may all influence the validity of the preva-
lence estimates derived. If a particular sector of the sample is excluded (e.g.,
malnourished children too sick to participate), the prevalence estimate and
reported associations may be misleading. The optimal sample size should be
calculated before the study starts to ensure that enough subjects are included.
Sample size is determined by the prevalence of the measures of interest, differ-
ences expected in the estimates of prevalence between groups in the study, the
accuracy of the measures, and the required level of statistical power. Failure to
detect statistically significant differences between groups may be a function of
sample size. If exposure and outcome measures are rare in a general population
sample, a very large sample size will be required to estimate the prevalence of
these measures with any accuracy.

In a cross-sectional study, the measure of interest is often expressed at a group
level such as the average intake or proportion above a cutoff. As long as the
distribution of the population can be correctly described to ensure that the mea-
sure of central tendency (such as the average) is correct, assuming a sufficiently
large sample and that the errors of reporting exposure are random (rather than
systematic in some way that may lead to bias), it does not matter if each individual’s
actual intake is not measured exactly. This means that a 24-h recall could be used,
which does not estimate within-person variation. The researcher cannot describe
individual intakes using this approach, and the identification of individuals at risk
(of being too high or low) cannot be made; what can be said is that a certain
proportion of the population may be above or below a cutoff.

Table 1
Summary of Study Designs Used in Nutritional Epidemiological Research

Study group

Study design Populations Individuals

Experimental Community trials Clinical trials (therapeutic or
or community secondary or tertiary prevention)
intervention studies Field trials (primary prevention)

Field intervention studies
Observational Ecological studies Cross-sectional (prevalence) studies

Case-control (referent) studies
Cohort (longitudinal) studies
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The main disadvantage of cross-sectional studies is that it is not possible to
disentangle cause from effect because the exposure is not measured before the
onset of the outcome. It may be that, for example, the outcome or illness may have
altered the dietary patterns, rather than the other way around (e.g., someone starts
drinking milk after they get an ulcer to relieve symptoms). Although cross-
sectional studies can take into account other potentially confounding factors,
causal inferences cannot be drawn from such studies, primarily because the
temporal sequence cannot be established.

10.3. Case-Control Studies

In case-control studies (or sometimes termed case-referent studies), patients
with a disease (cases) are compared with controls who do not have the disease.
Ideally, a population is defined (e.g., the catchment area of a hospital or the
walking distance for mothers to bring malnourished children to a clinic) from
which all cases of interest are identified over a specified period of time. This
population must be sufficiently large to generate a statistically viable number of
cases. Controls are then drawn at random from the same population from which
the cases are drawn. All noncases could be recruited for comparison, but it is more
statistically efficient to take a sample of the population. Controls are often selected
at random and matched on certain characteristics that are known to influence
outcome, but that of themselves are of no direct interest in the study (e.g., age and
gender). Case-control designs are efficient where the outcome (e.g., ovarian or
liver cancer) is rare (in an absolute sense) and all available cases can be recruited
from the population of interest.

It is important to consider how commonly the exposure of interest (e.g., low
meat intake or fat intake) occurs in the population; what determines the required
sample size for the whole study is the number in the level of exposure at which
it is believed risk of disease (or being a case) will be higher. For example, if the
hypothesis was that being a vegetarian was protective against colon cancer, and
the number of vegetarians required was, say 200, then the total number of subjects
required would not be 400 cases and 400 controls, but 200 times the prevalence
of vegetarianism (in the UK about 5%; thus need 20 × 200 cases and controls or
4000 cases and 4000 controls). If everybody has the same dietary intake, the study
cannot help assess the role of variations in diet on disease outcome. The exposure
must be able to be measured in the same way in cases and controls to avoid bias.

The dietary exposure of interest is usually some time in the past nearer to the time
when diet may have been “causing” the disease to develop. A major potential
weakness in case-control studies is differential recall bias between cases and con-
trols, where cases recall past exposure either more or less accurately than controls.
Case-control studies do not need to have absolutely accurate measures of exposure,
but they must correctly rank the level of exposure in the same way in cases and
controls. It is also possible that the disease process may affect the recall of past diet.
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10.4. Cohort Studies
Cohort studies (sometimes called prospective studies) measure exposure in

the present and outcome is assessed at some point in the future. Unlike cross-
sectional surveys, a cohort study can be used to draw causal inferences about
the effect of the exposure on outcome, as the exposure is measured before the
outcome is known, and therefore not influenced by knowledge of the outcome
status. The sample for a cohort study is not always selected to represent the
distribution within the whole population. The sample may be weighted to
maximize heterogeneity of exposure, or it might be selected to minimize loss
to follow-up; both of these factors may be considered to be of more importance
than the representativeness of the sample. For both cohort and experimental
studies, the primary concern is to select a sample that is not going to be lost in
the follow-up period. For example, a number of large cohort studies follow-up
health professionals who have to be registered to maintain their practice, and
so can be traced through these registers.

Cohort designs can be an efficient way of sampling rare exposures from the
population; the benefit here is that it is possible to maximize the range of dietary
exposure that can be studied. For example, vegetarians with very different dietary
habits from the general population can be recruited and compared with a sample
of omnivores to explore the effects of the dietary differences on health outcomes.
If one was to take a random sample of the population, only about 5% are vegetar-
ians, and so the sample would need to be very large to recruit sufficient vegetar-
ians to have a statistically viable sample. It is important to consider how many
people are required to be followed over what length of time to have sufficient
disease endpoints to calculate an estimate of the risk of disease in the vegetarian
group compared with the omnivore group.

In a cohort study, the exposure measure is often divided into thirds or fourths
of the distribution and the change of risk assessed across these categories (logistic
regression). The requirement for the measure of exposure in this type of analysis
is that the measured intakes of subjects can accurately rank the true intake of the
population (i.e., so that people with a high and low intake can be differentiated).
The selection of the cutoff points used to define groups may critically affect the
estimate of risk obtained. Some authors prefer to use a regression approach where
instead of grouping data, each individual observation contributes to the regres-
sion equation (multiple regression); what is then described is the change in out-
come per unit change in exposure. Both approaches, logistic and multiple
regression, allow for the adjustment of the effects of other factors.

Cohort studies are often very large and may take many years to be conducted,
and are usually expensive. As in other study designs, confounding factors need
to be considered, as does the accuracy of the measures of exposure used. Mea-
surement error and misclassification may lead to nonstatistically significant
associations that may not reflect the true underlying associations.
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10.5. Experimental Studies

Experimental studies are the most robust test of a causal hypothesis. An
experiment is the only study design where the exposure “treatment” is actually
manipulated by the researcher and the effect that manipulation has on outcome
can be assessed. The most important aspect of experimental studies is that
allocation to different treatment groups is random and not influenced either by
the observer or the participant. In other respects, apart from random allocation
of treatment, experimental studies may be considered to be similar to cohort
studies. Experimental studies sometimes select representative samples of the
whole population (community interventions), or sometimes samples of people
from selected outcome groups (clinical trials). The primary issues to consider
in designing an experiment are: what is the required length of follow-up to
ensure that the treatment, if it is going to effect outcome, has time to alter
metabolic processes necessary to affect outcome; how to check compliance
with treatment regime; how to minimize observer and participant effects; and
is the sample size adequate to measure the hypothesized effect with reasonable
statistical confidence.

11. DEVELOPING CULTURALLY SENSITIVE AND SPECIFIC
MEASURES OF EXPOSURE

Considerable effort has been expended in identifying optimal approaches to
measuring dietary exposure in North American and European populations who
are literate and numerate. Most approaches that have been developed assume
a certain degree of literacy and numeracy. Extrapolating methods from one
social group to another within a country is likely to lead to problems; these are
magnified many times when extrapolating from one country and culture to
another. The following list summarizes a number of key points to consider
when developing methods, particularly where the researcher may not be famil-
iar with the local situation. Wherever the research is conducted the best possible
approach should be used, and where some compromise must be made, the
effects this has on the validity of the study should be considered before the
study begins. A poorly conducted study will not help address major public
health problems because it will not answer the key questions. Lack of resources,
although it is a real constraint for research and development in many parts of
the world, should not be used as an excuse for poorly thought-through research.
Priority must be given to addressing issues that are of major public health
concern. It is also patronizing to suggest that a cheaper, secondhand approach
is good enough in poorer countries, in many ways the opposite could be argued.
Greatest effort and attention to detail should be directed to places of greatest
need and potential impact. An important part of research should be to develop
the human resources and skills base in each country in which the work is done.
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General issues:
• If things can go wrong they probably will, so assume this as a starting point

and avoid making assumptions based on your previous experience.
• When undertaking fieldwork consider the local infrastructure required to do

the work.
• Consider the effect your presence will have on local coworkers’ responsibilities

and consider their needs, just as you would expect to be treated yourselves.
Consider what local colleagues will get out of the work you are doing.

• If you use equipment in remote areas, consider what might happen if it goes
wrong (and halfway through your study!). Always consider robust simple
accurate methods and have a backup strategy.

• Decide what you really need to know and what level of support you require
to gather that level of information (i.e., can individuals do what you want, do
you have to use observational techniques or other approaches not dependent
upon numeracy or literacy).

• Check whether your proposed fieldworkers are acceptable to the local com-
munity (in some communities women do not like strangers either watching
them cook, or touching their food, but may be quite happy for a locally known
person to do this).

• How do you get informed consent from subjects; if the community elders
approve, is this adequate?

Specific dietary issues:
• Start the process by talking to the target group (focus group discussion) to

identify how they describe foods and their preparation (and names used); this
will help clarify whether your concepts are similar to those of the target
group.

• Some foods may be taboo at certain times in certain groups of people; check
this before you start; check fasting or festival days—in many cultures these
occur very often and should be considered as part of a normal or usual diet
(i.e., they should not always simply be excluded).

• Do not make assumptions about what appears to be a simple diet; consider
the role of rarely eaten but rich sources of nutrients (or foods gathered in the
field while working, as well as those cooked at home).

• Consider using complimentary methods such as 24-h recalls and FFQs
together in cross-sectional or cohort studies; this combination of approaches
may allow an estimate of gram weights of foods as well as an estimate of the
frequency of consumption of rarely eaten foods that may be rich in nutrients.

• Assess whether you need to use an observational approach or whether you
can rely on self-reported intakes (consider literacy, but also social desirabil-
ity bias leading to dietary change).

• Where families eat from a communal pot, observational techniques may be
required (if the research requires individual level assessment).

• Pretest and pilot different approaches before you start proper; it is likely your
preconceived ideas are not appropriate.
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• If you want amounts of foods consider all options; portion size estimation and
assumptions may not be valid (e.g., in our study in India within-household
variation in roti a local type of unleavened bread, size was very small from
day to day, but between-household roti size was great; our approach was to
weigh a series of rotis in each family before the study and use that as the
portion size for that family).

• Where a staple is the main source of energy (or a single food item is the main
source of a vitamin or mineral) estimating the correct portion size may be
more important for that staple or food item, than where there is a wider variety
of foods contributing to the nutrient of interest.

• Consider potential seasonal variation and other sources of foods not imme-
diately obvious (such as food sent by friends or relatives in a city).

• Do you need to consider income elasticity and social issues when planning
interventions to change dietary patterns? Consider income that may be sent
from abroad and other family responsibilities.

• How to check the validity of the measures obtained?
Physical activity:
• Check concepts of distance and time before asking simple questions about

length of time engaged in different activities; proxy measures may be required,
and the validity of these measures will need to be checked.

12. SUMMARY OF KEY POINTS TO CONSIDER IN DESIGNING
A NUTRITIONAL EPIDEMIOLOGICAL STUDY

Key points are summarized that may help the reader in either designing or
critically reading a report of original research in nutritional epidemiology. The
following information has been modified after Sempos et al. (13).

• The goal is to assess how dietary exposure relates to health risk; different
epidemiological approaches can be used, with strengths and weaknesses that
need to be considered.

• The relationship between dietary exposure and health risk is complex; the
link between what is eaten, absorbed, and incorporated into cell function,
and the effect this has on biological processes that may affect “health” (i.e.,
the host’s ability to maintain optimal function at the cellular, organ and
whole body level), the effect may be modulated by other factors that need
to be considered at the same time.

• Before using a method, it is essential to check whether it provides a measure
that is appropriately accurate; this assumes that a validation study is under-
taken before the proper study begins; the development of the method needs
to take into account the social and cultural context in which it will be used.

• Covariates (dietary and other factors), related to the exposure of interest, need
to be measured with minimal and known error (same issues as applied to
measurement error and impact for exposure of interest).

• Check that the nutrient database used is complete for the foods and nutrients
you are interested in.
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• The method used to assess exposure must reflect the above complexity.
• Exposure can be measured using traditional dietary survey methodology, but

may also include measures of nutritional status (biochemical, anthropomet-
ric, clinical); biomarkers of intake; biological intermediaries, concentrations
of which are influenced by diet.

• All dietary survey methods have flaws; for what ever purpose the dietary data
are collected, the measure derived from the method will have some error and
will not be a perfect measure of the true required exposure.

• Measures derived from biological samples are likely to have less technical
error (no underreporting or information bias) than dietary measures and where
it is possible to establish a dose-response relationship with dietary exposure
may be the preferred method from which to derive the measure of exposure;
it is important to consider whether the biological measure is related to the
relevant exposure of interest (in terms of time frame and dose); concentra-
tions in blood may not indicate the true functional dynamic state of the avail-
ability of the measure being made.

• Prospective studies must be able to capture changes in dietary patterns
over time with sufficient accuracy to determine whether that change is
related to the change in outcome; this is related to sample size and the
variability of the measure used, and assumes nondifferential errors in
reporting exposure.

• It is always good practice to check for differential reporting errors in subjects
in the study; this can be done by age, gender, BMI, or energy expenditure.

• Statistical modeling cannot adjust for or eliminate the effects of bias; nor can
it eliminate the effects of the complex biological interaction between differ-
ent aspects of diet (and in some cases it should not be used where dietary
patterns interact as discussed in Section 8).

• It may not be appropriate to use the estimates of the errors of dietary measures
derived from validation studies to “adjust or correct” the measure of expo-
sure–outcome relationship. The assumption about the direction, specificity
and effects of the error need to be carefully considered, before assuming that
the effect of the error is to lead to attenuation of effect; it is possible that
differential error may lead to an exaggeration of effect.

• Evaluation of causal relationships generally requires the integration of informa-
tion from the basic, clinical, and population sciences including epidemiology.

• Causal inferences should be drawn with caution and only after considering
the possible effects of chance, bias, and confounding, and the effects of study
design (particularly in observational studies) and measurement error on the
size and direction of measures of effect reported.
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18 Use of Biotechnology to Improve
Food Production and Quality

Donald C. Beitz

1. INTRODUCTION

This chapter describes the use of biotechnology by the food industry to increase
the efficiency of production and the quality of foods for use by humans. Selected
examples are presented in which new technologies of food production by plants
and animals are being used because of economic advantages to producers and
because of nutritional benefits to human consumers. Some benefits of biotech-
nology can be summarized as follows (1):

1. Plant production
a. Higher yielding varieties and more nutritious foods and feeds
b. Improved resistance to diseases, pests, and adverse conditions
c. Decreased need for fertilizers and other chemical treatments

2. Animal production
a. Improved efficiency of converting feeds into useful animal products
b. Greater control of diseases
c. Improved composition of foods derived from animals

The remainder of the chapter amplifies of the benefits of using biotechnology
to produce animal feed and human food by plants and animals.

2. USING BIOTECHNOLOGY
TO IMPROVE FOOD PRODUCTION BY PLANTS

During the past 50 yr, tremendous success has been achieved in food
production by plants through development of production systems and vari-
eties of crops. Major improvements in varieties have been made by tradi-
tional breeding practices of identifying and selecting strains of crops that
exhibit specific valuable traits such as yield, standability, composition, and
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resistance to pests and adverse conditions (2). Biotechnological producers
are catalyzing another revolution by allowing specific crops to be identified,
selected, and even created that have desired traits. Generally speaking, new
crop varieties are created by development of cell cultures of the plant under
study, inserting new genes into the plant cells, and promoting the differentia-
tion of plant cells in culture into plantlets that eventually are grown into
mature plants.

2.1. Extent of Use of Genetically Modified Crops
Agricultural biotechnology companies such as Monsanto, Dupont,

Novartis, and Dow Chemical have invested billions of dollars in development
of genetically engineered crops. Monsanto, in 1996, introduced the first
genetically modified crop to farmers. This crop, Roundup Ready soybeans,
was accepted readily; about 50% of the soybeans grown in the United States
in 1999 were Roundup Ready soybeans (3). In the same year, about a third
of the corn grown in the United States was insect-resistant (Bt) corn. Other
countries readily have used the “new” varieties; for example, 60% of Canada’s
canola crop in 1999 and about 50% of Argentina’s soybeans were genetically
engineered.

During 1999, consumer concerns resulted in a backlash against genetically
modified crops and foods derived from those crops (4). Scientific, moral,
ethical, and emotional objections to and support for biotechnology are being
expressed openly and vigorously as regulatory agencies, governments, and
consumer groups debate the health, environmental, and commercial risks and
benefits of technology.

2.2. Modifying Plants to Improve Nutrition
The health and well-being of humans are entirely dependent on foods derived

directly from plants or indirectly when plants are consumed by food animals.
Carbohydrates, lipids, and proteins make up the bulk of plants and supply energy
for human life. Organic and inorganic micronutrients provide essential roles in
life processes. Essential dietary micronutrients include 17 minerals and 13 vita-
mins (5). Nonessential compounds include a variety of unique organic
phytochemicals that are linked to promotion of good health. Modification of the
content of macronutrients, micronutrients, and phytochemicals in plant foods is
an urgent need worldwide, but especially in developing countries where people
exist on a few staple foods that are deficient in essential nutrients (5). Deficiencies
of vitamin A, iron, and iodine are especially common. Even in developed coun-
tries, where food is abundant and caloric intake is often excessive, deficiencies
of micronutrients such as iron are prevalent because of poor eating habits. Hence,
genetic modification of nutrient content of plants can have significant impact on
nutritional status and human health.
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In contrast to the situation with essential nutrients, primary evidence for health-
promoting roles of phytochemicals are more difficult to prove and comes from
epidemiological studies. In fact, exact identity of many active phytochemicals
still needs to be determined. Selected phytochemicals that are considered candi-
dates for genetic modification of plants are (5):

1. Carotenoids such as lycopene in tomatoes and lutein in kale and spinach,
2. Glucosinolates such as glucoraphanin in broccoli and broccoli sprouts,
3. Phytoestrogens such as genistein and diadzein in soybeans, tofu, and other soy

products, and
4. Phenolics such as resveratrol in red wine and red grapes.

Traditional breeding programs of plants have emphasized increased yields of
foods; little emphasis, however, has been placed on micronutrient content. Varia-
tion in micronutrient content is known to exist and can be used by breeders to
improve plants foods.

Today, tools of biotechnology allow manipulation of plant food composition.
Genes for synthesis of carotenoids, biotin, thiamin, and vitamin E and for iron
uptake have become available for transfer between different plants. Genes for
other nutrients and phytochemicals are being isolated and studied as tools to
improve human nutrition.

2.3. Modification of Some Nonstaple Crops

Research is underway to improve resistance of potatoes to several viral, fun-
gal, and bacterial diseases. Cassava that is resistant to the African cassava mosaic
virus has been developed. Palm plants are being engineered to produce improved
oils (e.g., more oleic acid) and possibly even biodegradable plastics. Bananas are
being engineered for improved viral resistance and edible vaccines (e.g.,
Escherichia coli diarrhea).

2.4. Other Engineered Traits of Economic Importance

Along with diseases, drought, and pests, plant growth is retarded by excesses
of specific metals in soils. Recently, scientists have identified metal-resistant
genes in plants and other organisms (6). Now, the potential exists for making
food-producing plants more tolerant to excess aluminum, mercury, copper, or
cadmium in soil by introducing genes for phytochelatins that sequester the
metal complexes in cells. This technology could improve the acreage of tillable
land available for food production. Such modified plants may have greater use
as cost-effective agents of environmental remediation. To perform such
remediation, the plants could be harvested and incinerated to clean polluted
soils. Soil cleaned of pollutants then might become available for the production
of consumable foods.
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2.5. Improved Lipid Composition of Selected Plants

Vegetable oils comprise as much as 25% of the average caloric intake of
humans (2). Biotechnology has made it possible to tailor the composition of
plant-derived lipids with respect to food functionality and human dietary needs.
Plant breeders have taken advantage of the natural diversity in fatty acids that
exist among plant varieties and closely related species to develop plants that
produce unique oils. For example, low linolenic acid and high linoleic/low palm-
itic acid soy oils have been made commercially available by traditional breeding.

Directed genetic modifications of plant lipids depends on availability of
genes of interest. Fatty acyl desaturase genes are available for synthesis of both

- and -linolenate. A 5-desaturase for synthesis of eicosapentaenate recently
has become available (7). Genes for several thioesterases for production of
medium-chain fatty acids are now available. Moreover, genes for fatty acid
elongases for synthesis of eicosamonoenoate (20:1) and docosamonoenoate
(22:1) from oleate are available. Thus, several genes to control chain length and
degree of unsaturation are available for use in causing plants to produce unique
and novel oils.

Because plant oils may form potentially toxic oxidized products when exposed
to oxidative stress, increasing monounsaturated fatty acids at the expense of
polyunsaturated fatty acids may be desired for improved heat stability and shelf
life. By using antisense technology (oleate desaturase), oleic acid-rich (>80%)
canola oil has been produced. Similar antisense technology has been used to
produce soy oil with greater than 80% oleate and about 11% saturated fatty acids
and to decrease linolenate in soy oil from 8% to 2% (7). Investigators continue
to study ways to change fatty acid composition of oils (e.g., increased stearate
content) to decrease formation of trans fatty acids during hydrogenation. This
research is of clinical significance for decreasing the intake of the atherogenic
trans fatty acids by humans.

Another application is the increased synthesis of the very-long-chain fatty
acids with 20 and 22 carbons by plants (7). These acids are important constituents
of animal cell membranes, and the 20-carbon acids serve as precursors for the
biologically active eicosanoids such as prostaglandins, leukotrienes, and throm-
boxanes. Intake of these very-long-chain fatty acids, especially crucial for new-
born infants, is beneficial for cardiovascular disease, renal function, and retinal
and brain development.

Investigations are being made to engineer plant oils to increase their content
of -tocopherol, the most active form of vitamin E. Most promise seems related
to causing plants to upregulate the biosynthetic pathway for vitamin E synthesis
(5). This achievement may be especially important because many studies show
that supranatural amounts of vitamin E are beneficial, and because these amounts
cannot be attained by consumption of conventional foods.
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2.6. Golden Rice with Improved Nutrient Content

Billions of people in developing countries depend on rice as a food staple.
Many of the same people suffer from vitamin A and iron deficiencies. Hence, the
motivation to genetically modify rice was generated. To this end, Swiss scientists
undertook research to introduce into rice the genetic capability of synthesizing

-carotene and of increased iron content (8). Because about 400 million people
in the world suffer vitamin A deficiencies, and up to 3.7 billion people, particu-
larly women, are iron deficient, development of this type of modified rice is of
major humanitarian importance. Rice plants synthesize no -carotene but do
synthesize geranylgeranyl pyrophosphate, which can be converted to -carotene
with four additional enzymes. The Swiss researchers used daffodil and the bac-
terium Erwinia uredovora as the source of the four required genes and the plant-
infecting microbe Agrobacterium tumefaciens to transfer the four genes into rice
cells in culture. The result was rice plants that produce golden rice rich in

-carotene (8). About 300 g of this modified rice will meet the daily needs for
vitamin A for an adult human.

The same scientists studied development of iron-enriched rice (8). This devel-
opment required introduction of three genes. Normally, iron in rice is unavailable
for absorption because of phytate. One gene introduced was for a heat-stable
phytase, which improves iron availability. Introduction of the ferritin gene into
rice doubled the iron content (8). The gene for a third protein, metallothionein-
like protein, improves the absorption of iron from the human digestive tract.
Consumption of modified rice with these three genes has great potential to
decrease iron malnutrition throughout the world. Hybrid rice that contains both
significant -carotene and improved iron content has been developed. It is antici-
pated that this golden rice can be in commercial use in a few years.

3. USE OF BIOTECHNOLOGY TO IMPROVE FOOD
PRODUCTION BY ANIMALS

For thousands of years, people have attempted to improve animal genetics
through selection of animals with desired or superior phenotypes. Success
depends on identifying traits and transmissibility of traits to offspring. Improve-
ments are limited by naturally occurring variations and mutations within the
species of interest. With the advent of recombinant DNA technology, a variety
of new technologies became available that allowed the acceleration and refine-
ment of genetic manipulation of animals.

Insertion of modified human gene constructs into livestock can be used to
create “designer production animals” that are capable of enhancement of indig-
enous genes potentially can improve disease resistance and productivity of target
animals. Furthermore, producing useful proteins, tissues, and organs for pharma-
ceutical and biomedical use is another future use of genetically modified ani-
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mals. In general, scientists hope to produce animals that are larger, leaner, grow
faster and more efficiently, produce more healthful foods, and are more resistant
to diseases. These improvements may be made by development of transgenic
animals, where a transgene (functional sequence of DNA) is integrated into the
host genome. More recently, cloning of animals through the transfer of a nucleus,
as opposed to single gene transfer, into enucleated oocytes capable of differen-
tiating into an intact animal in surrogate mothers has opened new opportunities.
Thus, generation of a large number of identical animals from a single donor with
a superior genotype is possible. The following examples illustrate the breadth of
applications of animal transgenesis for improved food and even pharmaceutical
production (1,9,10):

1. Meat animals, including fish, with increased copy numbers of genes for soma-
totropin or insulin-like growth factor for improved growth efficiency,

2. Food-producing animals with greater resistance to viral and bacterial diseases
for improved productivity,

3. Lactating cattle with specific genes that increase efficiency of milk production,
4. Lactating animals with capability of secreting novel proteins into milk such as

human albumin, 1-antitrypsin, -glucosidase, antibodies, antithrombin III,
collagen, factor IX, fibrinogen, hemoglobin, lactoferrin, protein C, tissue plas-
minogen activator, and cystic fibrosis transmembrane conductance regulator
(CTFR), and

5. Genetic modification of animals for use in human organ replacement.

3.1. Modification of Digestive Tract Microorganisms to Improve
Efficiency of Food Production by Animals

An important application of biotechnology to animal agriculture is the genetic
modification of microbes that inhabit the rumen and cecum of food animals. For
example, development of a modified microbe population that could be main-
tained in the rumen and/or cecum and that increased lignin degradation in fibrous
feeds would improve digestibility of dietary fibers (11). Degradation of lignin in
fibrous feeds would, in most cases, improve the degradation of cellulose and thus
increase the quantity of useful products absorbed from a given quantity of con-
sumed feed. Another application is the modification of the rumen microbial
population so that a greater amount of microbial protein is synthesized from a
given amount of dietary proteins. As a result, less of the feed protein would be
degraded and excreted as urea in the urine. Genetic modifications for improve-
ment of cellulose digestion and protein utilization by microbes merit great
research emphasis because feed represents a major cost of food production by
animals and because there is sufficient margin for improvement in digestibility
of dietary fibers and proteins.

Recombinant phytase represents another unique application of biotechnol-
ogy to animal agriculture. Depending on diet composition, a significant fraction
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of phosphate especially in the cereal component of the diet is linked covalently
to inositol. This phosphate is unavailable to the nonruminant animal and thus
is excreted into the feces. Incorporation of recombinant phytase into the diet
results in the hydrolysis of phosphate from the inositol; this released phosphate
then is available for absorption. The phytase has two pH optima; one is similar
to the pH of the stomach, and the other is similar to that of the small intestine. Use
of phytase has proven practical in regions of the world where the amount of fecal
phosphate spread on farm fields as manure is limited by regulations based on
environmental concerns.

3.2. Production of Low-Lactose Milk
To assist lactose-intolerant humans with consumption of dairy foods, lactose-

free dairy products can be made by treatment of milk with -galactosidase (lac-
tase). The capability of expressing a lactose-hydrolyzing enzyme in the mammary
gland of mice has been developed (12). These transgenic female mice secreted
lactase into milk that contained 50–85% less lactose and no changes in fat and
protein concentrations. Thus, a milk with more desirable composition for lactose-
intolerant humans can be developed through animal transgenesis.

3.3. Gene Farming with Cloned Animals
Sheep, cows, mice, and goats have been cloned by somatic cell nuclear

transfer (13–15). In the latest development, nuclei from quiescent fetal cells of
goats were transferred into enucleated oocytes and the manipulated embryos
were implanted into surrogate mothers (16). The fetal cells were derived from
a goat that had been mated to a transgenic male containing a human antithrom-
bin transgene. One of the cloned offspring that began lactating produced milk
with 3.7–5.8 g/L of antithrombin in her milk, which was similar to that of her
female ancestors. Thus, cloned animals still synthesized a foreign protein at the
expected level. This technology indicates a potential method to produce a herd
of lactating animals from one transgenic animal for production of a useful
pharmaceutical compound.

3.4. Use of Recombinant Somatotropin
for Production of Dairy Foods

In 1937, scientists documented that injections of crude extracts of pituitary
glands stimulated milk production by dairy cows. This initial discovery led to a
classic study at Cornell University in which dairy cows produced about 40%
more milk during a 188-d period when injected daily with purified bovine soma-
totropin (17). Numerous follow-up studies at many research institutions demon-
strated efficacy and safety of the technology to increase milk production with
natural or recombinantly derived bovine somatotropin. The following list sum-
marizes many of the findings of these studies (18–20):
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1. Milk production is increased,
2. Feed intake increases to compensate for increased milk production,
3. Amount of milk produced per unit of feed consumed increases,
4. Milk composition is not changed, and
5. Milk quality is not changed.

Milk produced by cows treated with recombinant bovine somatotropin was
considered safe because (21):
1. The hormone is a protein and is degraded during normal digestive processes,
2. The hormone is species specific and thus is inactive in humans,
3. Milk from treated cows contains normal concentrations of the hormone,
4. The hormone is inactivated by the commonly used pasteurization process, and
5. All animal-derived foods contain small amounts of natural somatotropin.

Monsanto Co. of St. Louis, MO, received Food and Drug Administration (FDA)
approval in 1995 for commercialization of their product called Posilac, which is an
injectable and slow release preparation of recombinant bovine somatotropin. In
1999, approximately a third of the dairy cows in the United States were treated with
Posilac to improve profitability (18). In a recent study of use of recombinant
somatotropin in the northeastern United States, scientists concluded that this tech-
nology improves lactation yield and persistency and consistently over the 4-yr
postapproval period with no effects on cow stayability and herd life (18).

3.5. Use of Recombinant Somatotropin for Meat Production
In 1934, scientists noted that injections of pituitary gland extracts into rats

stimulated growth and produced carcasses with more protein and less deposited
fat. Hence, administration of exogenous somatotropin to meat-producing ani-
mals seemed to merit additional study. Subsequently, researchers demonstrated
that injections of bovine somatotropin into growing beef cattle improved growth
rate and slightly increased the lean-to-fat ratio of carcasses. Such improvements,
however, have not yet proved economical, and thus commercial adoption of this
technology has not occurred.

Similarly, injections of porcine somatotropin into young growing pigs caused
marked increases in the lean-to-fat ratio of pig carcasses (22). Efficiency of
growth improved as well. Color of lean pork was slightly paler because of the
treatment; firmness, juiciness, and flavor were not changed, but tenderness tended
to be slightly decreased. Especially important for fat-conscious consumers,
marbling or fat content of the pork was decreased markedly. To date, however,
economics and injection protocol have not justified commercialization of admin-
istration of recombinant porcine somatotropin to growing pigs, even though the
pork from treated pigs seems more desirable for human health.

Administration of recombinant somatotropin does not show promise in poul-
try meat production because no significant improvements in growth efficiency
or carcass composition were observed.
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4. SAFETY OF GENETICALLY MODIFIED FOODS

The concept of substantial equivalence has been used for approval of geneti-
cally modified foods by the FDA. In other words, if a genetically modified food
can be characterized as substantially equivalent to its “natural” antecedent, it can
be assumed to pose no new health risks to consumers and hence to be acceptable
for commercial use. The concept of substantial equivalence was introduced in
1993 by the Organization for Economic Cooperation and Development and was
endorsed by the Food and Agricultural Organization and the World Health
Organization in 1996 (23). Use of this concept was made for approval of
glyphosate-tolerant soybeans. These genetically modified soybeans, although
clearly different because of the newly acquired biochemical trait, are not different
from their nonmodified counterparts in terms of amounts of protein, carbohy-
drates, vitamins and minerals, amino acids, fatty acids, fiber, ash, isoflavones,
and lecithins. Thus, the modified soybeans were deemed substantially equivalent
and acceptable. More recent debate has questioned the use and definition of this
concept and encouraged the use of more biochemical and toxicological testing
before commercial use is allowed. Of principal concern is the presence of foreign
proteins in the modified foods that cause human allergies.

5. SUMMARY

Application of techniques of biotechnology have permitted the development of
transgenic bacteria, plants, and animals that have a wide variety of new capacities.
For example, new plant varieties have been developed that produce grains with more
desirable composition for consumption by humans and animals and that are highly
resistant to infectious diseases, insects, and adverse environmental conditions. Addi-
tionally, bacteria and yeast can be altered genetically to produce vaccines, dietary
constituents, biologically active compounds such as insulin and somatotropin, and
a variety of other protein products that are used directly by humans or are used in food
production by animals. The only limits to what a microbe can be used to produce
seems to be whether the corresponding specific gene can be isolated. Moreover,
transgenic animals show promise of increased efficiency of production of foods and
fiber and perhaps even of pharmaceutical compounds by the mammary gland of
lactating transgenic animals. Scientific discoveries before modern biotechnology
became available led to improved agricultural productivity and improved food com-
position. The use of biotechnology, however, has accelerated the rate of those
improvements and will continue to do so in the future.
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1. INTRODUCTION

The Internet is the fastest growing communication medium in history. It has
the potential to profoundly impact our commercial, personal, and professional
lives. The health arena is no exception, and in this chapter, we examine some of
the current and potential applications of the Internet in the world of nutrition.

2. WHAT IS THE INTERNET?

The Internet is a network that connects computers. There is nothing remark-
able in this—most organizations with more than a handful of computers have a
network. What makes the Internet unique are two things:

1.  Size: Nobody knows for sure exactly how many computers are permanently
connected to the Internet nor how many people have access to the Internet
through those computers. Current industry estimates are that the total number of
Internet users as of the end of 1999 is around 260 million worldwide, and that
this number is doubling every 24 mo (1a). Although the Internet has spread to
cover many countries, access is still very much lopsided toward the developed
world, with 80% of users being based in just 15 countries. In the United States,
which is one of the world’s most Internet-connected countries, it is estimated
that over 40% of the population now have Internet access (2).

2. Decentralized organization: Because of its origins as a communication medium
for institutions engaged in military research, the Internet was deliberately
organized to be free of central administration as much as possible (by diffus-
ing control, it is more protected from deliberate attack or malfunction).
Thus, there is no central controlling body to set standards of content or
acceptable use.
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3. IMPLICATIONS OF THE INTERNET

Stemming directly from these two characteristics, the Internet provides in the
broadest sense a brand new medium with three striking features: (1) distance-
independent communication, (2) universal availability of information, and (3)
immediate interactivity.

3.1. Distance-Independent Communication

The Internet is the first communications medium in history where the cost and
ease of use is essentially independent of distance.

It is now possible for a person to send an e-mail (electronic mail) to another
person almost instantaneously without any regard for (or indeed knowledge of)
where or at what distance the person lives. Thus, for example, if I have read an
interesting research paper in which the author’s e-mail address is given (increas-
ingly the case), I can contact the author with a question or comment and not
unreasonably expect to hear back from him/her the next day.

E-mail also differs from the telephone/fax in two other ways. First, it does
not matter whether the other person is at home or not (one can pick up one’s
e-mail from any Internet-connected computer anywhere in the world). This has
helped to considerably speed up communication exchanges between itinerant
academics!

E-mail technology is such that it is a simple matter to send the same message
to large numbers of people at once. This has engendered a new form of commu-
nication called a mailing list (sometimes known as a discussion list) in which
large numbers of people can discuss topics of mutual interest by sharing e-mails
amongst the whole group. A closely related resource is the newsgroup in which
messages are posted on a common “bulletin board,” which must be specifically
sought out when one wishes to read the messages.

3.2. “Universal” Availability of Information

Although “universal” in this context means “universal amongst those with
Internet access,” the ability of the Internet to make information available instan-
taneously across the globe is quite unparalleled in history.

The Internet has always allowed documents to be shared between computers
on its network, and if I chose to update the content of my document, the new
content will be instantly available to any reader who chooses to download it,
wherever they may live.

But it is the development of web sites with their multimedia and interactive
capacity which has moved the Internet to becoming a part of everyday life in
countries with high levels of Internet use.

A web site is a collection of web pages or documents, each of which is written
in a standard language (html and its more recent developments such as vrml),



Nutrition on the Internet 301

which allow rich multimedia and interactive capabilities, such as animated graph-
ics, sound, and interactive input and responses, etc. Hyperlinking is a feature by
which clicking on a highlighted word or image automatically takes the viewer to
another section of the text, or another resource altogether. In this way, it is
possible to weave an almost endless web of interconnected material from many
different sites. Furthermore, the presentation of this rich environment takes place
on the user’s screen (and computer speakers in the case of audio files!) largely
independent of what type of computer they have (e.g., PC, Macintosh, Unix).

A web site may contain anything from transcripts of the latest decisions of the
US Supreme Court, to downloadable tracks from a hot band’s new rock video and
album, to an individual’s philosophical musings.

Although nobody knows how many web sites and pages are on the
Internet, it is believed to be at least several hundred million and growing at
a rapid rate.

Writing a web site is now a relatively trivial technical exercise. As a result, the
web has effectively democratized the flow of information. Anyone can put what-
ever they wish on the web. In essence, it is a gigantic library, with little or any
organization. Even so, by using an appropriate search engine it is possible to read
about almost anything. The only problem being, as mentioned before, is that
there is nobody to vouch for the accuracy of the material. Just three relatively
trivial uses for such an instantly editable, universally viewable library will suf-
fice to illustrate the potential of the web. The author is a fan of the great English
game of cricket. No matter where he travels, he is now able to tune into instant
score updates complete with live commentary and video highlights of an impor-
tant game as it takes place (3). Before setting out on his travels, he can obtain a
complete weather report for any possible location of interest (4), as well as a
check on that day’s exchange rate between any two currencies (5).

3.3. Immediate Interactivity

The Internet’s true potential for interactivity is really only beginning to un-
fold. Two obvious examples: online share trading and interactive auction sites
where a bidder and a seller may interact in real time from anywhere in the world.

4. NUTRITION APPLICATIONS

There are nutrition applications paralleling all of the foregoing features of the
Internet. Broadly these can be divided into resources for health professionals and
resources for the lay public.

This chapter focuses mainly on the former. At the same time, it is important
to note that one of the more interesting aspects of the Internet is its democrati-
zation of information, which allows lay users to have much the same access to
health professional resources as do health professionals.
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4.1. E-Mail-Based Nutrition Applications

4.1.1. PRIVATE COMMUNICATION

Many biomedical journals now publish the e-mail address of the lead or
contact author of their articles, thus facilitating private communication
between readers and authors. This includes such prominent journals as the
British Medical Journal (6). Unfortunately, this practice is not particularly
common among nutrition journals as yet. For example, the American Journal
of Clinical Nutrition (7) used to publish author e-mail addresses, but currently
does not do so.

4.1.2. MAILING LISTS AND NEWSGROUPS

There are a considerable number of nutrition-related mailing lists and
newsgroups, allowing discussion among small to large numbers of like-minded
individuals. These include lay or patient mailing lists for people suffering from
or interested in such nutrition issues as weight problems (8), eating disorders,
diabetes, vegetarianism, and so forth. Topics of discussion can vary from patient
support to the latest news on treatment, to alternative therapies, to philosophical
debates. The easiest way to find such resources is through a web site dedicated
to cataloging mailing lists (9).

Mailing lists for nutrition professionals are also in plentiful supply. There is
a certain level of turnover with new lists starting up, whereas other lists die a
natural death through lack of interest; Table 1 highlights some of the most impor-
tant and enduring of these.

4.1.3. NEWSLETTERS

There are some useful, free, one-way nutrition e-mail communications that
mirror the traditional function of the printed newsletter. For the nonprofes-
sional reader, Nutrition News Focus is a daily newsletter providing lay inter-
pretation on current nutrition news as provided by a well-known US-based
professor of nutrition (10). For the nutrition or other health professional, the
Arbor Clinical Nutrition Update is the Internet’s most widely read nutrition
communication. It contains weekly summaries of the latest clinical nutrition
research, together with information on the best nutrition resources available on
the Internet. Readership at the end of 1999 totaled more than 15,000 health
professionals based in 150 countries (11).

4.2. Web-Based Nutrition Applications
There are an enormous number of web sites concerned with nutrition. Entering

“nutrition” as the search term into the general search engine Alta Vista (12)
returns over 1.3 million listings (using the term “food” adds another 8.5 million!).
It is impossible to say how many of these web sites are commercial (although it is
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clear from casual inspection that many are), how many represent the private
musings of nonprofessional individuals, how many are targeted at a noncommer-
cial lay audience, and how many are intended for nutrition professionals.

In the following sections, we examine some of the more useful categories of
nutrition web sites from the health professional perspective. They can conve-
niently be broken down into portal sites, guides and search engines, institutional
home pages, nutrition science (including research), dietetics, healthy diet, clini-
cal nutrition, and food and food science (see Table 2).

4.2.1. PORTAL SITE, GUIDES, AND SEARCH ENGINES

One of the greatest problems in approaching the Internet is knowing where to
find things. For this reason, some of the most popular web sites are those that tell
the user what is available and present in such an organized manner that the
desired information source can be found quickly. Such sites may operate as
directories, search engines, or both. They are often the first port of call en route
to finding the resource one actually wants, and are therefore often referred to as
portal sites. Provided they are updated regularly, portal sites can be an invaluable
resource for the novice and experienced user alike. Because of the rapidly chang-
ing nature of the subject, no printed publication will ever replace portal sites in
providing current information on what is available on the Internet. The reader is
advised to consult such portal sites for current and more detailed information to
accompany the content of this chapter.

The Arbor Nutrition Guide (11) is the largest portal site specifically focused
on resources for health professionals. It has over 3000 listings and covers the
broad range of categories referred to before. It includes descriptions of the web
sites listed and a search engine, and is updated regularly.

Perhaps the best of all the portal sites aimed at the lay public is the Nutrition
Navigator site (13). Produced by staff from the nutrition department at Tufts Univer-
sity, it has fewer listings than the Arbor site but provides an independent rating score
for each of them, based on measures including how often the listings are updated. It
also has a search engine, and has found widespread acceptance as a portal site.

Other portal sites have a more food and food science approach. For the lay
audience, this includes the Martindale “Virtual” Nutrition Center (14), whereas
for nutrition professionals there are two useful web sites from Australia and the
US National Agricultural Library (15,16).

4.2.2. INSTITUTIONAL HOME PAGES

A home page refers to a web site focused on providing information about its
owner. A large number of institutions relevant to nutrition professionals now
have home pages on the Internet. This includes government organizations, uni-
versities, NGOs, book publishers, and many commercial bodies.

The usefulness of these institutional home pages varies enormously. In some
cases, they have little more than descriptions of what the organization does and
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Table 1
Some Mailing Lists for Nutrition Professionalsa

Mailing Purpose/ Subscribers Digest Level of
 list Contact address subscriber base Started Web page (@ 12/99) available  activityb

NGONUT Owner-ngonut Those who work in 1997 www.univ-lille1.fr/pfeda 525 No Moderate
@abdn.ac.uk nutrition programs

in developing countries

FNSPEC Eversb@purdue.edu Extension, nutrition 1993 hermes.ecn.purdue.edu/ 800 No Heavy
professionals providing Links/fnspec_mg
information to the public

NUTNET Majordomo Australian nutritionists 1995 www.daa.net/cgi- 460 No Heavy
@dietitians.net bin/lwgate/NUTNET-

LIST%40dietitians.NET/
archives/

PHNUTR-L Larsson@u. Public health nutrition edu: 1996 gopher://lists.u.washington. 600 Yes Heavy
washington.edu 70/11/public/phnutr-l

NUTR-MED Nutrmed@ Medical and nutrition 1996 — 250 Yes Moderate
ozemail.com.au professionals interested

in primary care nutrition

NUTSCI Owner- Canadian food/ 1997 www.hc-sc.gc.ca/food-aliment/ 425 No Light
nutsci@hc-sc.gc.ca nutrition regulatory issues

MEALTALK Owner-mealtalk USDA School Meals Initiative www.nal.usda.gov:8001/ 900+ Yes Heavy
@nal.usda.gov for Healthy Children Discussion/index.html
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FOODSAFE Croberts Professionals interested www.nal.usda.gov/fnic/ 1200+ Yes —
@nal.usda.gov in food safety issues cgi-bin/mealtalk.pl

PEDI-RD Susan-carlson Neonatal and www.uihc.uiowa.edu/ — —
@uiowa.edu pediatric nutrition pubinfo/pedi-rd.htm

FEEDING- Eanderson@ Information related to 1996 — 80 — —
CHILDREN uidaho.edu FeedingChildren

DIET-EPI Gblock@uclink2. Nutritional 1996  — 220 — —
berkeley.edu epidemiology research

ASPENE www.clinnutr.org/list Nutrition and metabolic 1999 www.clinnutr.org/ Yes Heavy
serv/aspenet.html support listserv/aspenet.html

aDash means information or feature not available.
bLight = < 1 messages/d; Moderate = 1–4 messages/d; Heavy = > 4 messages/d.



306
H

elm
an

Table 2
Some Starting Points for Web Browsing

Category Site Web address Comments

Portals, guides Arbor Nutrition Guide arborcom.com For health professionals
Tufts Nutrition Navigator navigator.tufts.edu For lay public

Home pages USDA www.usda.gov Professional and lay resources
Food and Nutrition Information Center www.nalusda.gov:80/fnic Professional and lay resources
Health Canada www.hc-sc.gc.ca/main/hppb/nutrition/ Especially food for lay resources
ILSIrofessional and lay resources www.ilsi.org Food safety and general nutrition

Nutrition science Am J Clin Nutr www.ajcn.org Nutrition specific
British Medical Journal www.bmj.com General but with nutrition

“collection”

Dietetics American Dietetics Association www.eatright.org Professional and lay resources
Dietitians of Canada www.dietitians.ca Professional and lay resources
Dietetics Online www.dietetics.com/ Dietetic professional issues

Clinical nutrition ASPEN www.clinnutr.org Nutrition support
Family physician nutrition articles arborcom.com/frame/clinical.htm Various topics
HINS www.hins.org Pediatric

Food science USDA food composition tables www.nal.usda.gov Individual food values
/fnic/cgi-bin/nutsearch.pl

Drive Thru Diet www.bgsm.edu/nutrition/FFMainF.htm Fast food chain foods
You Are What You Eat library.advanced.org/11163 Dietary intake analysis

/gather/cgi-bin/wookie.cgi/?id=5CMO
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the names of personnel. In other cases, they carry information of more general
nutrition interest, which can range from Extension (educational) newsletters to
the actual content of courses as well as reports and lay education resources.

A few of the more interesting such institutional web sites with rich nutrition
content include US Department of Agriculture (USDA) (17), Health Canada
(18), United Nations Committee on Nutrition (19), International Life Sciences
Institute (ILSI) (20), and US National Academy of Science (21).

There are several web sites that provide reasonably comprehensive lists of the
home pages of university nutrition and food science departments, both internation-
ally (22) and within North America. These inform the user of those universities that
have accredited nutrition science graduate or dietetic training programs (23, 24).

4.2.3. NUTRITION SCIENCE (INCLUDING RESEARCH)

The Internet has significantly enhanced access for those who wish to keep up
with the latest in nutrition knowledge, including published research. Improve-
ments have come about in both the ability to access this kind of information much
more quickly after it is published, and the ability to filter and sort the vast amount
of such information for what is relevant to the individual.

In this respect, nutrition science has benefited from developments in biomedi-
cal science generally. Various journal abstract services are now available on-line,
many without charge. These include Cancerlit, a collection from the National
Cancer Institute, and Medline, the journal abstract service of the National Library
of Medicine, which provides references and abstracts from 4300 biomedical
journals (25). A wide variety of third-party providers has made Medline access
freely available to Internet users in many guises, and it is possible to tailor the
service to specific needs.

For example, Infotrieve (26) allows the user to register a specific Medline
search and receive weekly e-mail updates of all new Medline entries matching
that search. Pubmed (27), which is the National Library of Medicine’s own
Internet Medline service, allows full Boolean queries of the complete range of
Medline fields and can produce very large results going back many years. A
simplified version from the same source is Grateful Med (28), which also incor-
porates pre-Medline for rapid access to literature not yet incorporated into the
main Medline index. Biomednet (29) has a literature search service that provides
“intelligent Medline,” combining the results of a normal Medline search with
other resources some of which have been evaluated by independent assessors.
“On-searching” is provided, which is the ability to search for articles similar to
a selected article (based on MESH headings) or for articles by the same author.
In some cases, these sites allow the user to order full-text articles, as well as
viewing the abstracts, but this is normally a commercially charged add-on feature.

At the same time, individual journals have been making use of the Internet
to expand the reach and scope of the printed journals. One of the best examples
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of this is the British Medical Journal with its eBMJ web site (6). As each new
issue of the journal is posted to eBMJ, at the same time if not a little before the
printed version is available, on-line visitors have immediate access to the latest
content. A number of articles are available to all visitors in full text, whereas most
of the rest appears in abstract form with full text for subscribers. References cited
within an eBMJ article are linked to the relevant original abstract within Medline.
Many biomedical journals now allow e-mailed letters to the editor, but in eBMJ
you can read all the letters pertaining to a particular topic and participate in a
forum on the topic. The site also has a Customised @lerts feature, which sends
emailed tables of contents on request for each new issue. This feature can be
further customized by selecting from one or more of the 100 plus clinical catego-
ries into which journal content has been arranged. A search engine allows ready
access to archived material, which is also grouped within “clinical collections”
corresponding to the same clinical categories as the e-mail alerts. As Nutrition
is one of those collections (30), it is a simple matter to track nutrition-related
content on what is one of the world’s leading medical journals.

Although the British Medical Journal is perhaps the best implementation of
an electronic biomedical journal site, a substantial number of nutrition journals
have provided on-line sites that provide some combination of these features.
More than 50 nutrition and 30 food science journals currently offer at least free
on-line tables of contents. A comprehensive list of these is maintained on the
Arbor Nutrition Guide (31).

The American Journal of Clinical Nutrition web site (7) is a well-imple-
mented example, providing abstracts of the current issues with archives back to
1996, as well as a search engine and e-mail table of contents. The Journal of
Nutrition (32) offers an interesting twist to e-mail updates, offering alerts when-
ever another journal article cites the paper in question.

Exciting as these developments are, they are only the beginning. A recent
trend is the prepublishing of research articles on the Internet prior to accep-
tance by the printed journal. This not only cuts down enormously on the time
lag between submission of a paper and its availability to the health profes-
sional community, but it also allows the democratization of the peer review
process.

The Medical Journal of Australia (33) was the first major medical journal to
experiment with this concept, allowing any qualified viewer to submit peer review
comments on articles that have been accepted in principle. The comments and the
authors’ responses to those comments are all publicly posted. In this way, it is
hoped that the peer review process will become a more open and transparent one.
Two web sites initiated toward the end of 1999, Clinical Medicine NetPrints (34)
and Biomedcentral (35), offer anyone who wishes the ability to put up a paper,
whether or not it has been accepted by any particular journal. Both have excellent
academic credentials, one being sponsored by the British Medical Journal and
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Stanford University Libraries. Like eBMJ, it allows browsing by medical spe-
cialty, of which nutrition is one area.

The ultimate conclusion of Internet publishing may be journals that exist only
on the Internet. However, although there are a scattering of such e-journals
already, current trends suggest that Internet publishing is going to enhance rather
than take over from the traditional hard copy journals.

From the lay perspective, there are many ways to keep up with recent devel-
opments in nutrition science in a less formal way. Commercial news agencies
such as Reuters (36) and CNN (37) have health news web sites, both of which
allow the user to specify a food and nutrition focus. For health professionals,
several of the web sites established specifically for physicians run regular nutri-
tion articles and case reviews, for example Doctors Guide (38).

4.2.4. DIETETICS, HEALTHY DIET

There are a very large number of web sites containing information on healthy
diet, dietary guidelines, recommended dietary intakes, and the like (39). The
Food and Nutrition Information Center of the US Department of Agriculture has
one of the better collections on its web site (40), including, for example, both the
text and graphics of the US dietary guidelines, along with the report of the
committee that produced them (41), and the Recommended Dietary Allowances
as produced by the National Academy of Sciences.

For lay information sheets, a good starting point is the American Dietetic
Association web site, which has a large range of “Nutrition Fact Sheets” (42). The
International Food Information Council has a good collection of lay information,
with material on food safety and on the general healthy diet (43).

Dietitians have not been slow to take advantage of the Internet, both to pro-
mote their services commercially and to communicate among themselves. The
American Dietetic Association web site (44) has a good deal of material about the
dietetic profession, position statements, and a database of dietitians, which can
be searched by location and specialty interest. Dietitians of Canada also has a
well thought-out web site (45) with professional and lay resources. It is host to
the home page of the International Committee of Dietetic Associations (46),
within which can be found a list of dietitians’ associations around the world.
Surprisingly few have web sites as of the date of writing.

Dietitians have also organized informal groupings to communicate via the
Internet. Dietetics Online is the web site of “a worldwide networking orga-
nization of nutrition and dietetic professionals” (47). First developed to pro-
vide information on and archives from a long-standing dietitians’ bulletin
board on the proprietary America Online service, it has grown to include
recipes, marketplace information on dietetic-related products, job informa-
tion, and a reference point for state dietetic associations and several dietitian
special interest groups.
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There are numerous sites belonging to individual dietitians, which gener-
ally feature some lay nutrition information along with advertisements for the
owner’s dietetic services. Cyberdiet (48) is a particularly good example of a
web site originally set up by an individual dietitian, which has now become
part of a larger Internet health network. Ask the Dietitian (49) is another of
the best dietitian-authored web sites, with a particularly good Q&A section
for the lay visitor.

4.2.5. CLINICAL NUTRITION

There are many Internet resources of relevance to clinical nutritionists, but
they are scattered amongst many web sites, including university medical school
curricula and course notes, medical CME sites, and organizational home pages.
Once again, a good portal site can help to locate what the user is seeking (50).

The American Society for Parenteral and Enteral Nutrition web site is one of
the better examples, providing news, clinical updates, and lay information on
nutrition support (51). The Arbor Nutrition Guide has a series of articles tailored
for family physicians (50).

Nutrition elements of specific diseases are often best covered by medical
organizations concerned with those diseases. For example, useful nutrition
resources are available at the American Diabetes Association (52), American
Heart Association (53), National Heart, Lung, and Blood Institute (54), Interna-
tional Association of Physicians in AIDS Care (55), and Canadian Pediatric
Society (56). The American Association of Clinical Endocrinologists web site
(57) has quite a bit of nutrition material related to osteoporosis and growth
disorders, whereas the Heinz Institute of Nutritional Sciences (HINS) web site
(58) has health professional material on pediatrics.

4.2.6. FOOD AND FOOD SCIENCE

The interactive nature of the Internet is particularly suited to accessing food
tables and other forms of nutrition software. The USDA Nutrient Database food
composition data can be accessed through a simple search engine (59), in which
users can specify food and food quantity in several ways. Cyberdiet offers food
label food composition data (60); it is particularly suited to lay users. This site
will also calculate a person’s recommended dietary intake based on age, gender,
anthropometric measures, and activity level (61).

More specialized food composition sites include: Drive Thru Diet (62) from
Wake Forest University, which provides nutritional information on foods from
the seven largest fast-food chains in the United States, and You Are What You Eat
(63), an imaginative site originally designed by nutrition students offering nutri-
ent and food label information, food counter and planner, and the ability to report
intake data in relation to an individualized nutrient profile.

Other types of interactive nutrition calculators are available on-line, particularly
for calculating body mass index (64), energy requirements (65), compliance with
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dietary pyramid recommendations (66), and intake of various specific nutrients
such as calcium (67). For a complete list, see the Arbor Nutrition Guide (68).

The food industry is well covered by web sites: generic, industry-wide, and
those dealing with individual companies. The range and number of such sites is,
however, larger than can be accommodated in this chapter; this is even more the
case in relation to sites devoted to food and cooking. Once again, reference to a
good nutrition portal site is recommended.

5. WHAT DOES IT MEAN?

What does all this mean to the nutrition professional and what of the future? The
Internet has already boosted the accessibility of nutrition information and fostered
communication between nutrition professionals to a degree that few would have
anticipated even four or five years ago. The nutritionist who wants to keep up with
the latest developments in their field has unprecedented opportunity to do so.

Knowledge has also been democratized—our patients and clients are increas-
ingly likely to come to us with information they looked up on the Internet. Essen-
tially, anyone with an inquiring mind and the determination to do so can now access
the same information base as any health professional. To a large extent this is a good
thing, but it is also important to remember that there is no quality control on the
Internet. We will have to help our patients to learn to distinguish reliable science-
based information from the unreliable non-science-based.

Quite how the Internet will develop over the next five years is hard to tell. It
is likely that there will be a major growth in the degree of multimedia richness
and interactivity in nutrition sites—both are relatively primitive in most current
nutrition sites (compared to what is commonly seen in web sites dedicated to
youth culture and media, for example).

We are likely to see an increasing number of interactive web-based nutrition
courses available, both reputable and less reputable. Major web sites devoted to the
ever-popular topic of weight loss are already in development, and we will soon feel
their influence. Indeed, the Internet will ensure that the spread of the “latest diet“—
whether related to weight loss or some other fad—will be faster than ever before.
Those who give professional nutrition advice will therefore need to find ways of
keeping up with these fads so as to wisely advise their patients and clients.

Whatever the direction will be, one thing is certain. With billions of dollars of
investment funds pouring into it, and a potential market of hundreds of millions
of people, this medium, which has developed so fast in such a short time, has only
just begun to unfold its wings.

DISCLAIMER

1. The author is editor of one of the Internet nutrition resources mentioned in this
chapter (1).
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2. The Internet is subject to rapid change. Although every effort has been made to
ensure the information in this chapter is correct prior to publication (as of Sep-
tember 2000), it may no longer be so at the time of reading. Check one of the
portal sites listed in this chapter for the most current information.
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1. THE BASIS OF NUTRITION KNOWLEDGE

As nutrition books go, this one is distinctly unusual in that it was written in one
millenium and published in another. Perhaps, therefore, this is an excellent junc-
ture to reflect on a century of tremendous advance and peer forward to a century
of improved nutrition and health opportunities.

Much can be gained by looking back and learning from the past as to what
types of nutrition investigations have been most fruitful. In our opinion, three
types of study stand out: epidemiology, animal studies, and human intervention
trials. Epidemiology includes both population comparisons as well as studies on
individuals (prospective, case-control, and cross-sectional). Animal studies, and
here we mean testing whether an aspect of diet or lifestyle directly affects risk of
disease, are most often used to test hypotheses generated by epidemiology.
Intervention trials typically follow from the two previous types of study and are
rightly referred to as the “gold standard.”

It cannot be stressed too strongly that conclusions, whether tentative or (more
or less) definitive, must reflect the totality of the evidence. We can define a triad
of evidence where ideally a conclusion is supported by evidence from all three
types of study. Table 1 illustrates examples of these three types of study and their
relationship to specific diseases.

It is important to bear in mind the value and limitations of epidemiology.
This is well illustrated by the controversy in recent years concerning the effi-
cacy of -carotene as a preventive agent against cancer. The foundation of this
hypothesis was epidemiological evidence, namely the negative association
between nutrient intake and the risk of various types of cancer (1). However,
intervention trials failed to demonstrate any reduction in cancer risk after
supplementation with -carotene (2). In actuality, what the epidemiological
evidence showed was association, not causation. A better interpretation of the
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evidence is that fruit and vegetables prevent cancer and that any substance
commonly present in these foods will also manifest such an association (3,4). The
apparently spurious association between -carotene and cancer is a common prob-
lem in epidemiology.

2. STUDIES OF DISEASE MECHANISMS

Although the foregoing types of study have contributed the bulk of our prac-
tical knowledge, most resources, in fact, do not go to that type of research. The
lions’ share goes instead to studies of disease mechanisms (5–7). This unbal-
anced distribution of resources has delayed vital discoveries in the area of how
nutrition can prevent disease.

Different types of research can be divided into two groups: “simple research,”
which includes the three types outlined previously; and “complex research,” which
includes most studies on disease mechanisms. Complex research most often leads
not to light at the end of the tunnel but to more tunnel where the light should be. The
words “simple” and “complex” refer to the degree of complexity in translating
observations into practical knowledge that can be applied to problems of human
health. We can illustrate this principle with the following examples.

There has been much debate in the last few years regarding the role of salt in
hypertension and the efficacy of a low-salt diet as a treatment for the condition.
This was reviewed in Chapter 4 by Weinberger. The critical evidence that has
helped resolve this question is direct studies of the relationship between salt
intake and blood pressure, both those done epidemiologically and those done by
intervention studies. By contrast, the great number of studies of disease mecha-
nisms, such as those attempting to comprehend the interaction between salt,
hormone levels, and kidney function, have contributed little to the debate.

Table 1
Triad of Evidence for Diet-Disease Relationships

Animal Intervention Overall
Relationship Epidemiological studies studies evidence

Sodium-blood pressure XX XX XX XX
Saturated fat-

hypercholesterolemia XX XX XXX XXX
-carotene-cancer XX X O X

Fat-breast cancer X XX — X
Selenium-cancer XX XXX XX XX
Fat-obesity XX XXX XX XX

Single X indicates weak evidence; XX indicates fairly strong evidence; XXX indicates
convincing evidence. An O indicates evidence against. A dash indicates absence of evidence
(either for or against). Evidence refers to whether a causal association exists, not to the strength of
the association.
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Returning to the question of -carotene and the prevention of cancer, it is
difficult to find any evidence of where research into disease mechanisms, such
as studies of carcinogen metabolism and of oncogenes, have illuminated the
problem and thereby paved the way for effective changes in nutrition habits. The
same may be said of the relationship between selenium and cancer risk. Although
complex research has told us little of value, international correlation studies,
animal experiments, and an intervention study have indicated that the nutrient is
a potent anticarcinogen (2,8).

Another example that illustrates how simple research has given information
of superior value is provided by studies of n-3 fats. Evidence from epidemiologi-
cal and intervention studies indicate that these lipids may protect against com-
mon heart disease (CHD) (Chapter 13 by de Deckere). By contrast, the extensive
body of evidence from complex research that attempts to elucidate how these
lipids affect metabolism, although expensive, has done little to answer the ques-
tion as to whether an increased intake of n-3 fats prevents CHD.

The central aim of research into disease mechanisms is to understand the detailed
functioning of the body. This is sometimes disparagingly referred to as “reduction-
ism” as it assumes that the whole is no more than the sum of the parts. But it may
well be that nutrients and phytochemicals often induce their health-protecting
effects by extremely complex interactions. For this reason, it is likely that studying
substance-disease interactions one at the time may fail to show the whole picture.
Perhaps instead of asking: “Do supplements of -carotene prevent cancer and how
do they work?” we should be asking: “Do vegetables prevent cancer?”

3. THE GREAT LEAP FORWARD
In nutrition and the medical sciences, as much as anywhere else in science, we

occasionally see a great leap forward when an investigator with especially well
developed powers of insight grapples with a problem and sees things that were
under everyone’s nose but were otherwise out of sight.

An excellent example of such a person is the late Denis Burkitt, who one of us
(NT) had the great fortune to know and collaborate with (9). Burkitt carried out an
epidemiological study in Africa into the geographical distribution of a type of
cancer common in children. This cancer is now known as Burkitt’s lymphoma.
Although the cancer was there for anyone to see, it was Burkitt who put one and one
together. Quite remarkably, he did this using the resources available in Africa in the
1950s on a grant worth under $1000 in today’s money. This work led to the iden-
tification of the Epstein-Barr virus. In collaboration with Hugh Trowell and others,
Burkitt later went on to establish the vital importance to health of dietary fiber and,
hand in hand with this, developed the concept of Western disease (10). Again, this
was done using little more than great perceptive powers and a shoestring budget.

Is the age of the great leap forward behind us? We doubt that very much. Buried
in the next section, perhaps, are the seeds of one or two great leaps forward.
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4. CHALLENGES AHEAD

Rather than making any bold predictions it may be useful to give the following
quote:

So much precise research has been done in the laboratory and so many precise
surveys have been made that we know all we need to know about the food
requirements of the people….The position is perfectly clear-cut [with respect
to Britain].

These prophetic words were penned by Drummond and Wilbraham in The
Englishman’s Food, which was published in 1939. Jack Drummond was a major
nutrition authority in the 1920s and 1930s and coined the term “vitamin.” It
would be foolhardy to believe that we can be any more accurate today in our
predictions.

In this closing section of the book, we highlight 11 problem areas that we feel
constitute some of the key challenges in nutrition science in the coming years and
decades.

4.1. Nutrients and Disease Prevention
As discussed earlier, consumption of fruits and vegetables has a strong pro-

tective association with various types of cancer. We still do not know which
substances in these foods are responsible for the anticarcinogenic action.
Although most attention has hitherto been directed to -carotene, other sub-
stances likely play more important roles, especially phytochemicals (see Chapter
5 by Clifford and McDonald). One class of possibly anticarcinogenic phyto-
chemicals is soy isoflavones. The phytoestrogenic action of these substances and
how they may be protective against breast cancer (and CHD) is explored in
Chapter 6 by Wilson and Murphy. Similarities between these phytoestrogens and
pharmacological estrogen agonists continue to blur the differences between foods
and drugs. With a better understanding of the anticarcinogenic potential of such
substances as phytochemicals, folate, and selenium, it should be possible to
produce a supplement that provides an effective, safe, and cheap way to prevent
a great many cases of cancer.

Vitamin C has a negative association with various conditions, including cata-
racts (11), asthma (12), and loss of pulmonary function (13). As in the case of

-carotene and cancer, it is critically important to bear in mind that what these
data really reveal is not that vitamin C protects against these conditions, but
rather that ascorbate-rich fruit and vegetables do. As with cancer, therefore, once
the responsible substances have been identified, we can better understand how
to enrich our dietary intake, perhaps using supplements, so as to prevent these
conditions.

A nutrient that merits further investigation is vitamin E. There is evidence that
it may have some prophylactic effectiveness against cancer and CHD (3). These
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benefits are generally seen only at intakes several times higher than the RDA.
These levels cannot be achieved through food consumption alone. This suggests
that vitamin E is acting as a nutraceutical rather than as a vitamin. We have
growing evidence that optimal dietary intake (especially vitamin E) may enhance
immune function and thereby reduce the burden of infectious disease (14). Clari-
fication of these relationships may be of enormous value, especially to the elderly
and malnourished and to populations at high risk of infectious disease.

4.2. Optimal Intake of Nutrients
Information that has emerged in recent years challenges our concepts of nutrient

requirements. Although the details are still hazy, it is becoming increasingly clear
that many substances have disease-preventing actions in ways that do not fit into
the classic model of nutrient/deficiency disease. In some cases, these substances
are nutrients, notably vitamin E and selenium, but are apparently most effective at
intakes far above what is required for preventing deficiency diseases. In other
cases, the phytochemicals, there is no requirement, as the substances are not nutri-
ents in the classic sense; possible examples of this are particular carotenoids and
flavonoids. Chapter 4 by Weinberger and Chapter 3 by Heaney indicate that this
concept applies to potassium and calcium by virtue of their hypotensive action.

In a previous work, one of us (NT) argued that it is short sighted to define
recommended nutrient intakes narrowly in terms of preventing deficiency dis-
eases (15). For various nutrients, we can more accurately speak of three levels
of intake. A low intake is clearly deficient by any definition and will produce
clinical symptoms or, at least, subclinical deficiency. A somewhat higher intake
will prevent deficiency symptoms but will not fully protect health; it is best
described as a suboptimal intake. A yet greater intake is required for maximal
health preservation: an optimal intake. In the case of the phytochemicals, of
course, we cannot talk of deficiency, although there does appear to be an optimal
intake. Taking vitamin E as an example, a daily intake of under 5 mg is deficient,
10 mg (the US RDA) is suboptimal, whereas an optimal intake (assuming the
previously cited evidence is correct) is between 50 and 500 mg.

The reason for these different levels of requirement stems from the relation-
ship between the nutrient or phytochemical and the cause of the disease. With
classic deficiency diseases, such as scurvy, the disease is solely due to lack of the
nutrient. As a result, one or more specific biochemical pathways fail to operate
normally. But with diseases prevented by relatively high doses of nutrients and
phytochemicals, the true cause is a factor, such as tobacco, which the protective
substances can counter to some extent. However, they typically do this in ways
where the required dose is much higher than that pertaining to the prevention of
a deficiency disease.

Just as the discovery of the relationship between nutrients and deficiency
diseases necessitated the establishment of the concept of recommended nutrient
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requirement, so the foregoing arguments suggest the necessity of a new concept
based on optimal intake. In this regard, it matters little whether the substance in
question is a nutrient or not. Gey’s proposed term, recommended optimum intake,
closely corresponds to the aforementioned concept (16).

4.3.  Nutrition and Aging
Many features associated with aging—for instance, atherosclerosis, impaired

immune function, declining respiratory function, decreasing lens opacity (lead-
ing to cataract), and increasing blood pressure—are all associated with diet, and
therefore preventable to a greater or lesser extent. Recent evidence suggests that
age-related cognitive decline and memory loss may also come into this category
(17). Indeed, optimal nutrition may be acting not so much by a different mecha-
nism in each of these conditions but by a common pathway. Oxidative stress is
the mechanism that first springs to mind, but the supporting evidence is far from
overwhelming (3; see Chapter 7 by Temple and Machner).

4.4.  Diet and Fetal Programming
This has been a contentious issue for decades (see Chapter 16 by Barker and

Godfrey). Determining its importance with respect to the development of obe-
sity, CHD, diabetes, cancer, and other diseases in adults remains a challenge.
More work is clearly needed to clarify the ideal fetal and infant diet for the
prevention of these diseases in adulthood.

4.5.  Diet and CHD
The relationship between diet and CHD cannot help but appear as a confusing

picture. There are several areas of potential importance which require further
investigation before we can formulate an overall strategy for the prevention of
this ongoing pandemic. These areas include homocysteine (see Chapter 8 by
Woodside and Young), high doses of vitamin E (discussed previously), n-3 fatty
acids (see Chapter 13 by de Deckere), and determining the maximum safe intake
of saturated fat and trans fatty acids (see Chapter 9 by Clarke and Frost).

4.6.  Diet and Obesity

The chapter by Richards and colleagues authoritatively reviews our present
position with regard to obesity. Four centuries ago, William Shakespeare wrote:
“They are as sick that surfeit with too much as they that starve with nothing”
(Merchant of Venice). Despite decades of intensive research, effective dietary
therapy for the condition remains as out of reach as it was two-thirds of a century
ago when Somerset Maugham wrote what is arguably the finest picture painted of
the pain and frustration of weight loss in his story The Three Fat Women of Antibes.
Here, in more ways than one, “An ounce of prevention is worth a pound of cure.”
The area of prevention and treatment of obesity will hopefully see ongoing progress.
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4.7.  The Ideal Diet

Central to any discussion on the subjects of CHD is the debate regarding the
ideal level of fat, saturated fat, and dietary fiber. This also has major implications
in regard to obesity, diabetes, and colon cancer. It has often been suggested that
the ideal diet is one based largely on low-fat plant foods with little or no meat.
Research may well prove that this is the best means to incorporate into the diet
the optimal quantities of fruit, vegetables, and perhaps soy foods. We should also
keep our minds open to the possibility that there is no ideal diet for a population,
but rather unique nutritional needs of the individual.

4.8. Future Nutritional Contributions from Two Opposites:
Herbal Medicine and Bioengineering

As discussed in Chapter 15 by Craig, traditional medicine continues to
predominate in less developed regions of the world.  In the next millenium, we
can expect to see continued developments in these low-technology supplements
and this will lead to promotion of health in the developed regions of the world.
Our scientific understanding of herbal medicine and nutraceuticals remains in its
infancy; clearly some provide reproducible health benefits and others are use-
less. Their nutritional significance remains hazy at present. Herbals that can be
incorporated into our diet and do prevent diseases will become important given
their generally low cost.

Nutritional impacts of high-technology changes have been taking place since
the days of Norman Borlaug and his “Green Revolution.”  The impact of biotech-
nology was discussed in Chapter 18 by Beitz. Genetically modified crops and
livestock have become fairly common in the United States, although they are as yet
poorly accepted elsewhere.  The risks and benefits of the use of these technologies
to increase yields comes with risks that are still poorly understood and risks that
may yet to be appreciated. Until there is a much better understanding of the nutri-
tional benefits/risks, the use of this technology is likely to remain controversial.

4.9. Dietary Assessment
An ongoing problem in nutritional epidemiology is the quality of dietary

assessment (see Chapter 17 by Margetts). So many of the controversies in the
area of nutrition and disease emanate from inaccuracies in measuring people’s
dietary intake. Well-known examples include sodium/blood pressure, energy
intake/obesity, and fat intake/breast cancer.

4.10. Nutrition, Health Promotion, and Government Policy
All the foregoing research is worth little if people cannot be persuaded to

actually follow dietary advice. One approach is that discussed in Chapter 1
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by Jacobson, i.e., how a private organization can be highly effective at promoting
healthier diets. Chapter 2 by Temple and Nestle discusses a crucial area for
investigation, i.e., the limitations of health promotion interventions and why
government policy may prove to be a more effective vehicle of change. Clearly,
this whole area offers great challenges and cries out for radical new ideas.

4.11. The Internet and Nutrition Information
We are now entering the information age. Given the widespread access to

Internet web sites, as discussed in Chapter 19 by Helman, our access to nutrition
information will undoubtedly grow rapidly. In the 21st century, the long time
gaps between data collection, writing, publishing, and the reading of articles
will undoubtedly shrink. Answers in an instant will be the norm in the future.

FINAL NOTE

To paraphrase Churchill, advances in the field of nutrition science in recent
years represent not the beginning of the end but, perhaps, the end of the begin-
ning. In the opinion of the editors, we are ready to move from the hors d’oeuvres
to the main course.
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