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Preface

Numerous reports, including some from the National Research Council,
have examined the relationship of diet to cancer. It is generally accepted that
diet is a contributing factor to the onset or progression of some types of cancer
and that a prudent selection of foods, including fruits and vegetables, and
avoidance or decreased consumption of other foods might influence the risk to
an individual of contracting cancer. But can specific chemicals in our diet be
identified as causative agents (carcinogens) or protective agents
(anticarcinogens) for cancer? Some naturally occurring chemicals that are part
of our diet have been shown in animal models to cause cancer—and therefore
might also serve as potential cancer-causative agents in humans. Almost daily,
the news media report on the presence of one chemical or another that is
claimed to be carcinogenic. Many of these are naturally occurring chemicals.
The public is bombarded with reports that raise fear and apprehension.

To make a rational estimate of the risk associated with the diet one must
know the level of exposure as well as the carcinogenic potency of a suspected
chemical. That basic principle of toxicology is sometimes offset by the belief
(often associated with the Delany amendment) that the presence of a potentially
hazardous chemical at even minuscule concentrations is dangerous. In addition,
the credibility of such a conclusion often depends on the validity of the test used
to identify a specific chemical as a carcinogen. Many of
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the data used in this report are based on studies using the rodent bioassay,
where tests are carried out at high exposure levels. The ability to relate results
obtained using rodent bioassays to the risk for humans—who are exposed to
low levels of a chemical in a complex mixture, such as the diet—is a weakness
that puts into question how the results of such evaluations are applied.

This committee has labored diligently and long as it studied, debated,
reargued, and wrote the different facets of what some might consider a complex
problem that is unsolvable.

As we submit this report we recognize that some readers will look for the
identification of a single causative agent to remove from the diet. Others will
seek evidence of a panacea—a chemical that will shield them against the
causative agents of cancer. Both groups will be disappointed. As the report
indicates, we need to know much more than we know today before we can
speak with greater certainty about the role of chemicals in the diet as
contributors to the burden of cancer in the human population. Such information
will come only by continued research, new hypotheses, and a clearer
understanding of human biology.

The ability to complete a report of this complexity requires a dedicated
staff. We are indebted to efforts and technical expertise of J. David Sandler,
project director; Linda V. Leonard, senior project assistant; Carol A. Maczka,
program director; Gail Charnley and Richard Thomas (program directors during
the early stages of the project); and James J. Reisa, director of the Board on
Environmental Studies and Toxicology.

Many distinguished scientists met with the committee and shared their
ideas, findings, and interpretations, including: Richard Adamson (National
Cancer Institute), Bruce Ames (University of California), Victor Feron
(Toxicology and Nutrition Institute, the Netherlands), Adam Finkel (Resources
for the Future), Ronald Hart (National Center for Toxicological Research),
Donald Hughes (American Industrial Health Council), Richard Jackson
(California Department of Health Services), David
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PREFACE Xi

Longfellow (National Cancer Institute), Richard Merrill (University of
Virginia), Hugh McKinnon (Environmental Protection Agency), Gerard Mulder
(Center for Bio-Pharmaceutical Sciences, Sylvius Laboratories, the
Netherlands), David Rall, Robert Scheuplein (Food and Drug Administration),
Sidney Siegel (National Library of Medicine), and Lee Wattenberg (University
of Minnesota). Some of these individuals' affiliations have changed since they
provided input to the committee. Our sincere thanks to them for providing
guideposts that served to mark the path of progress as the committee deliberated
specific issues.

Each member of this committee deserves praise and congratulations for his
or her wisdom, dedication, perception, and friendship. Although many sessions
were exhausting, the high level of interest of each member made this exercise a
rewarding and productive experience. Thanks to each and everyone of you for
all your good work.
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EXECUTIVE SUMMARY 1

Executive Summary

From earliest times people have been aware that some plants are poisonous
and should be avoided as food. Other plants contain chemicals that have
medicinal, stimulatory, hallucinatory, or narcotic effects. The Romans were
among the first to enact laws that, over time, have been developed to protect the
public from food adulteration, contamination, false labeling, spoilage, and the
harmful effects of chemicals added to foods and beverages.

In the past 50 years, great strides have been made in understanding
nutrition and the role it plays in human health. This same period has seen vast
improvements in the safety and diversity of the diet in the United States, with
technological advances in preservation and shipment of foods, and the ability to
identify and reduce various food hazards. U.S. laws regulate the safety of the
food we eat and the water we drink. Federal agencies, such as the Food and
Drug Administration, Department of Agriculture, and Environmental Protection
Agency, as well as many state and local agencies, are charged with interpreting
and enforcing these laws. As a result, the food supply in the United States is
widely recognized as safe, economical, and of high quality, variety, and
abundance.

Despite these efforts, concerns remain that some dietary components may
contribute to the burden of cancer in humans. For example, the use of pesticides
continues to be watched closely, because of indirect exposures of the general
public through trace amounts in the food supply (as well as direct exposures of
agricultural workers). Yet, by controlling insect vectors, pesticides have
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profoundly decreased the spread of human diseases, and pesticide usage has
increased agricultural yields.

Plants have evolved chemicals that serve as defensive agents against
predators. These chemicals may be present in the diet in amounts exceeding the
residues of synthetic pesticides used to enhance agricultural productivity. Ames
et al. contend that the percentage of naturally occurring chemicals testing
positive for carcinogenicity in rodent bioassays does not differ significantly
from the percentage of synthetic chemicals testing positive, and that these
proportions are likely to hold for untested agents, leading to their conclusion
that the cancer risk from natural chemicals in the diet might be greater than that
from synthetics. There are, after all, many more naturally occurring chemicals
than synthetic. In fact, although the number of naturally occurring compounds
in the human diet is certainly far greater than synthetic compounds, the
implications concerning health risks—particularly impact on cancer in humans
—remain controversial. In addition, it should be noted that synthetic chemicals
are highly regulated while natural chemicals are not. This report addresses
several elements of this controversy, including the relevance of animal
bioassays (including those using the maximum tolerated dose) for identifying
human dietary carcinogens, the adequacy and availability of human exposure
data, and the complexity of the human diet.

Since the 1930s, scientists have recognized that the occurrence of certain
cancers may be related to substances in the diet or to patterns of food
consumption. They have also recognized that some chemical constituents of
food—either initially present in the food, formed during preparation (especially
cooking), or added for preservation or presentation—are capable of inducing
tumors in high-dose rodent tests. Many of the early studies on chemicals that
cause cancer were carried out to determine what levels of exposure to specific
chemicals, such as polycyclic aromatic hydrocarbons (PAHs) and certain food
colors, such as butter yellow (N,N-dimethyl-4-amino-azobenzene), resulted in
the formation of
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cancers in the liver and gastrointestinal tract of rodents. Later it was recognized
that a number of naturally occurring chemicals present in some foods, such as
mycotoxins (chemicals produced by fungi that often contaminate grains and
nuts) and plant alkaloids, could also cause cancer in experimental animals.
These findings have stimulated research to better understand the health
consequences of naturally occurring chemicals found in our diet.

Doll and Peto, in their 1981 review, concluded that 10% to 70% of human
cancer mortality in the U.S. is attributable to the diet, with the most likely figure
being about 35%. Epidemiologic studies linking the aforementioned
mycotoxins to human liver cancer provide convincing evidence that some
constituents of foods can cause cancer. Less firmly established, however, is the
contribution to human cancer of other naturally occurring chemicals present at
low levels in the food we eat. In addition, the diet is a source of calories derived
from fats, carbohydrates, and proteins. Calories and macronutrients (principally
fat and oxidation products of fatty acids) in excess of body needs serve as an
important risk factor that can contribute to the processes of tumor formation and
growth. The observations of Doll and Peto are based on statistical and
epidemiologic data which many regard as inconclusive. It is important to note
that diet also plays a role in protecting against cancer, since diets rich in fruits
and vegetables have been associated with reduced rates of cancer. Although
dietary factors are certainly involved in carcinogenesis, the percent of cancer
attributable to diet has remained uncertain.

THE CHARGE TO THE COMMITTEE

This report was prepared by the Committee on Comparative Toxicity of
Naturally Occurring Carcinogens, which was convened in 1993 by the National
Research Council upon the recommendation of its Board on Environmental
Studies and Toxicology. The
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committee was charged to "examine the occurrence, toxicologic data,
mechanisms of action, and potential role of natural carcinogens in the causation
of cancer (in humans), including relative risk comparisons with synthetic
carcinogens and a consideration of anticarcinogens." In addition, the committee
was charged to assess "the impact of these materials (natural carcinogens) on
initiation, promotion, and progression of tumors." Further, the committee was
charged to "focus on the toxicologic information available for natural
substances" and to "develop a strategy for selecting additional natural
substances for toxicological testing."

In this report, the "initiation, promotion, and progression" stages of
carcinogenesis were considered from a mechanistic point of view. However,
most of the available carcinogenicity data on the compounds that were reviewed
do not provide precise information on the specific stage or stages of the
multistage process of carcinogenesis at which these compounds act. Since the
terms initiator, promoter, and progressor are especially difficult to apply to
specific agents, particularly as they pertain to human carcinogenesis, the
committee chose primarily to discuss agents as being genotoxic or
nongenotoxic. The committee viewed its charge to address toxicologic issues as
limited to cancer.

For this report, the committee adopted the definition of a carcinogen
proposed by the International Agency for Research on Cancer (IARC). IARC
defines a carcinogen as any agent, the exposure to which increases the
incidence of malignant neoplasia. It is recognized that many factors can
influence the process of tumor formation and that the application of this
definition does not always identify the influence of high-dose levels of
chemicals used in rodent testing, nor does it identify the uncertainties in
extrapolating results from these rodent bioassays to much lower exposure/dose
in humans. In this report, the term "exposure" means the amount of a synthetic
or naturally occurring agent (including contaminants) ingested from the diet.

The number of naturally occurring chemicals present in the
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food supply—or generated during the processes of growing, harvesting, storage,
and preparation—is enormous, probably exceeding one million different
chemicals. Actions of these chemicals in the complex mixture of our diet may
be additive, synergistic, or inhibitory to one another. The observed level of a
specific naturally occurring chemical in a food may vary greatly, because, in
addition to actual variability, which often is great, such levels can be
determined by analysis of the intact plant, analysis of the processed food as
consumed, or determined as the form absorbed, distributed, and metabolized in
the body for presentation at a target molecule. Further, the concentrations of
such chemicals in plant and animal tissues used for food are highly variable,
depending on the specific variety of the crop studied, the season of year tested,
the geographic location and conditions of growth, the type of harvesting and
storage used, etc. Intestinal microflora should also be recognized as important
contributors to the availability of chemicals that might be carcinogens.

This report provides a perspective on the importance of chemicals in the
diet, in terms of the magnitude of potential cancer risk from naturally occurring
chemicals compared with that from synthetic chemical constituents. Also
addressed are the protective effects of some chemicals (anticarcinogens) in the
diet, which may reduce the risk associated with exposure to cancer-producing
agents.

CONCLUSIONS

Several broad perspectives emerged from the committee's deliberations.
First, the committee concluded that based upon existing exposure data, the great
majority of individual naturally occurring and synthetic chemicals in the diet
appears to be present at levels below which any significant adverse biologic
effect is likely, and so low that they are unlikely to pose an appreciable cancer
risk.
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Much human experience suggests that the potential effects of dietary
carcinogens are more likely to be realized when the specific foods in which they
occur form too large a part of the diet. The varied and balanced diet needed for
good nutrition also provides significant protection from natural toxicants.
Increasing dietary fruit and vegetable intake may actually protect against
cancer. The NRC report Diet and Health concluded that macronutrients and
excess calories are likely the greatest contributors to dietary cancer risk in the
United States.

Second, the committee concluded that natural components of the diet may
prove to be of greater concern than synthetic components with respect to cancer
risk, although additional evidence is required before definitive conclusions can
be drawn. Existing concentration and exposure data and current cancer risk
assessment methods are insufficient to definitively address the aggregate roles
of naturally occurring and/or synthetic dietary chemicals in human cancer
causation and prevention. Much of the information on the carcinogenic
potential of these substances derives from animal bioassays conducted at high
doses (up to the maximum tolerated dose, or MTD), which is difficult to
translate directly to humans because these tests do not mimic human exposure
conditions, i.e., we are exposed to an enormous complex of chemicals, many at
exceedingly low quantities, in our diet. Furthermore, the committee concluded
upon analyzing existing dietary exposure databases, that exposure data are
either inadequate due to analytical or collection deficiencies, or simply
nonexistent. In addition, through regulation, synthetic chemicals identified as
carcinogens have largely been removed from or prevented from entering the
human diet.

Third, the committee concluded that it is difficult to assess human cancer
risk from individual natural or synthetic compounds in our diet because the diet
is a complex mixture, and interactions between the components are largely
unknown.

The committee's major conclusions are presented in detail below. They
address the complexity and variability of the human
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diet, cancer risk from the diet, mechanisms and properties of synthetic vs.
naturally occurring carcinogens, the role of anticarcinogens, and models for
identifying dietary carcinogens and anticarcinogens.

Complexity of the Diet

* The human diet is a highly complex and variable mixture of naturally
occurring and synthetic chemicals. Of these, the naturally occurring far
exceed the synthetic in both number and quantity. The naturally
occurring chemicals include macronutrients (fat, carbohydrate, and
protein), micronutrients (vitamins and trace metals), and non-nutrient
constituents. Only a small number of specific carcinogens and
anticarcinogens in the human diet have been identified (e.g., aflatoxin).
However, it seems unlikely that important carcinogens are yet to be
identified. In part, this may reflect the limited number of studies
performed.

* Human epidemiologic data indicate that diet contributes to a significant
portion of cancer, but the precise components of diet responsible for
increased cancer risk are generally not well understood.

Carcinogenicity and Anticarcinogenicity

» Current epidemiologic evidence suggests the importance of protective
factors in the diet, such as those present in fruits and vegetables.

e Current evidence suggests that the contribution of excess
macronutrients and excess calories to cancer causation in the United
States outweighs that of individual food microchemicals, both natural
and synthetic. This is not necessarily the case in other parts of the world.

» Epidemiologic data indicate that alcoholic beverages consumed
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in excess are associated with increased risk for specific types of cancer.

* Given the greater abundance of naturally occurring substances in the
diet, the total exposure to naturally occurring carcinogens (in addition
to excess calories and fat) exceeds the exposure to synthetic
carcinogens. Regarding dietary exposure, the committee reviewed
data, including those generated by the Department of Agriculture and
the Department of Health and Human Services through the Nationwide
Food Consumption Surveys, the National Health and Nutrition
Examination Surveys, and other related data bases. However, data are
insufficient to determine whether the dictary cancer risks from
naturally occurring substances exceeds that for synthetic substances
(e.g., these databases do not include concentration data on many of the
potential carcinogenic constituents found in foods). Indeed, at the
present, quantitative statements cannot be made about cancer risks for
humans from specific dietary chemicals, either naturally occurring or
synthetic.

» Current regulatory practices have applied far greater stringency to the
regulation of synthetic chemicals in the diet than to naturally occurring
chemicals. The committee reviewed data and findings of IARC, the
National Toxicology Program (NTP), and in the general literature to
ascertain the status of carcinogenicity testing of naturally occurring
versus synthetic chemicals. Only a very small fraction of naturally
occurring chemicals has been tested for carcinogenicity. Naturally
occurring dietary chemicals known to be potent carcinogens in rodents
include agents derived through food preparation, such as certain
heterocyclic amines generated during cooking, and the nitrosamines
and other agents acquired during food preservation and storage, such
as aflatoxins and some other fungal toxins.

* The human diet also contains anticarcinogens that can reduce cancer
risk. For example, the committee evaluated relevant literature on
antioxidant micronutrients, including vitamins A, C,
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E, folic acid, and selenium, and their suggested contributions to cancer
prevention. Human diets that have a high content of fruits and
vegetables are associated with a reduced risk of cancer, but the specific
constituents responsible for this protective effect and their mechanisms
of action are not known with certainty. The vitamin and mineral
content of fruits and vegetables might be important factors in this
relationship. In addition, fruits and vegetables are dietary sources of
many non-nutritive constituents, such as isoflavonoids, isothiocyanates
and other sulfur-containing compounds, some of which have inhibited
the carcinogenic process in experimental animal studies. Foods high in
fiber content are associated with a decreased risk of colon cancer in
humans, but it is not yet clear that fiber per se is the component
responsible for this protective effect.

» Carcinogens and anticarcinogens present in the diet can interact in a
variety of ways that are not fully understood. This makes it difficult to
predict overall dietary risks based on an assessment of the risks from
individual components due to uncertainties associated with rodent-to-
human extrapolation and high-dose to low-dose extrapolation. It is
likely that there is also considerable interindividual variation in
susceptibility to specific chemicals or mixtures due to either inherited
or acquired factors.
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Synthetic Versus Naturally Occurring Carcinogens

e Overall, the basic mechanisms involved in the entire process of
carcinogenesis—from exposure of the organism to expression of
tumors—are qualitatively similar, if not identical, for synthetic and
naturally occurring carcinogens. The committee concluded that there is
no notable mechanistic difference(s) between synthetic and naturally
occurring carcinogens. To assess relative potency, the committee
compiled and analyzed data on over 200 carcinogens—65 of which
were naturally occurring. The data set included
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agents identified by IARC as having sufficient evidence of
carcinogenicity in humans or animals, or by the NTP as known or
reasonably anticipated to be human carcinogens. Based in part on this
limited sample, the committee concluded that there is no clear
difference between the potency of known naturally occurring and
synthetic carcinogens that may be present in the human diet. Of the
selected agents tested, both types of chemicals have similar
mechanisms of action, similar positivity rates in rodent bioassay tests
for carcinogenicity, and encompass similar ranges of carcinogenic
potencies. Consequently, both naturally occurring and synthetic
chemicals can be evaluated by the same epidemiologic or experimental
methods and procedures.

» Although there are differences between specific groups of synthetic
and naturally occurring chemicals with respect to properties such as
lipophilicity, degree of conjugation, resistance to metabolism, and
persistence in the body and environment, it is unlikely that information
on these properties alone will enable predictions to be made of the
degree of carcinogenicity of a naturally occurring or synthetic
chemical in the diet. Both categories of chemicals—naturally occurring
and synthetic—are large and diverse. Predictions based on chemical or
physical properties are problematic, due in part to the likely overlap of
values between the categories.
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Models for Identifying Carcinogens and Anticarcinogens

* The committee evaluated current methods for assessing carcinogenicity
and concluded that current strategies for identifying and evaluating
potential carcinogens and anticarcinogens are essentially the same. The
methods can be grouped into epidemiologic studies, in vivo
experimental animal models, and in vitro systems. The committee
recognized the value and limitations of
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each approach for identifying dietary carcinogens and anticarcinogens.

+ In its assessment of traditional epidemiologic approaches to identifying
dietary carcinogens and anticarcinogens, the committee concluded that
these can be beneficially expanded by incorporating into research
designs more biochemical, immunologic, and molecular assays that
use human tissues and biologic fluids. Furthermore, incorporating the
identification of biologic markers into these approaches may provide
early indicators of human carcinogenicity—long before the
development of tumors.

* The committee analyzed the applicability of rodent bioassays—
specifically the long-term bioassays conducted by the National
Toxicology Program—for identifying dietary carcinogens and
anticarcinogens. The committee concluded that, despite their
limitations, rodent models (involving high-dose exposures) have
served as useful screening tests for identifying chemicals as potential
human carcinogens and anticarcinogens. Concerns about the use of
data generated from these models for predicting the potential
carcinogenicity and anticarcinogenicity of chemicals in food arise from
the fact that they do not mimic human exposure conditions, i.e., we are
exposed to an enormous complex of chemicals, many at exceedingly
low quantities, in our diet.

RECOMMENDATIONS

Numerous and extensive gaps in the current knowledge base were apparent
as the committee endeavored to examine the risk of human cancer from
naturally occurring versus synthetic components of the diet. These gaps are so
large—and resources are so limited—that careful prioritization of further
research efforts is essential. The following recommendations emphasize the
need for expanded epidemiologic studies, more human exposure data, improved
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and enhanced testing methods, more detailed data on dietary components, and
further mechanistic studies, if these gaps are to be filled. These research
endeavors may prove inadequate, however, when the complexity and variability
of diets and food composition, as well as human behavior, are considered.

Epidemiologic Studies and Human Exposure

* cellular and molecular markers of exposure, susceptibility, and
preneoplastic effects (DNA damage, etc.) into epidemiologic studies.

While existing markers are useful, additional molecular markers of
exposure and susceptibility need to be developed, and their relevance
and predictivity to the carcinogenic process need to be evaluated.
These markers should then be incorporated into epidemiologic studies.
In particular, methods are needed to identify high- and low-risk
populations. Biologic markers for both genotoxic and nongenotoxic
agents need to be developed and validated.

* Additional data on the concentrations of naturally occurring and
synthetic chemicals in foods and human exposures to them are needed.

To determine exposures to specific dietary chemicals, it is
necessary to know the concentration of a specific chemical in
individual food commodities, as well as the patterns of consumption of
those food commodities. At present, the concentrations are known for
relatively few chemicals. In addition, more information is needed on
the factors that modify these concentrations.

Current methods for assessing food consumption based on personal
recall or food diaries have limitations; they may entail a substantial
degree of error and lack of reproducibility. Furthermore, the sample
sizes of existing food consumption surveys are limited, particularly
when subpopulations such as infants and children or the elderly are
considered. To minimize the resources needed to
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acquire these data, consideration should be given to building on other
large population-based studies, such as the Women's Health Initiative
Study currently supported by the National Institutes of Health.

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Testing

» Improved bioassay screening methods are needed to test for
carcinogens and anticarcinogens in our diet.

The rodent bioassay currently used in screening chemicals for
potential carcinogenicity or anticarcinogenicity has major problems
and uncertainties, especially in providing quantitative estimates of
dietary cancer risk to humans or the magnitude of protection by
anticarcinogens. These uncertainties relate to the variability of the
composition and caloric content of the human diet and the bioassay's
inability to mimic this range of variability. In addition, human
exposures to individual naturally occurring or synthetic chemicals are
far lower than experimental test conditions. (The committee
recognized that of the NTP bioassays netting positive results, only 6%
were from test levels exclusively at the maximum tolerated dose.)
Uncertainties also result from variation in responses among species.
The factors causing these and other uncertainties should be further
evaluated and minimized wherever possible. New methods are needed
for assessing complex mixtures such as those present in food. Because
some chemicals may produce or prevent cancer in animals by
mechanisms not relevant to humans, or do so only at high doses,
information on the mechanisms of action of chemical carcinogens and
anticarcinogens is crucial to improving the science of human risk
assessment.

o Further testing of naturally occurring chemicals in the food supply for
carcinogenic and anticarcinogenic potential should be conducted on a
prioritized basis.

At present, only a limited number of naturally occurring substances
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present in the human diet have been subjected to testing for
carcinogenic and anticarcinogenic potential. Selected additional
substances should be subjected to appropriate testing in order to
develop a more comprehensive database on which to base comparisons
of the potential cancer risks or protective effects of naturally occurring
and synthetic chemicals in the diet. Because resources for toxicological
testing are limited and because there is a vast number of naturally
occurring dietary chemicals, further testing of appropriately selected
naturally occurring food chemicals requires the establishment of
selection criteria. For potential carcinogens, priority should be
assigned to those suspected naturally occurring non-nutritive chemicals
that occur at relatively high concentrations in commonly consumed
foods, and/or those whose consumption is associated with diets or life
styles known to be deleterious. Research should be conducted only
when there is substantial evidence that an important problem exists and
when there is a reasonable expectation of a meaningful result. Unless a
suspected carcinogen or anticarcinogen occurs at high and measurable
levels in a diet, its risk to humans cannot be predicted using present
methods (experimental animal studies or human epidemiologic
investigations).

Additional criteria should be based on knowledge of known
carcinogens and anticarcinogens. For example, naturally occurring
chemicals could also be accorded a higher priority for testing if they 1)
fall in the same chemical class as known chemical carcinogens or
anticarcinogens; 2) contain chemical groups also found in known
chemical carcinogens or anticarcinogens; 3) are likely, based on
structural comparisons with known chemical carcinogens or
anticarcinogens, to form reactive intermediates, in vivo; 4) are known
to be mutagenic and/or to bind to DNA; 5) share biologic effects
similar to those of known nongenotoxic carcinogens; or 6) are likely,
based on structural comparisons with known chemicals, to be
unusually stable (i.e., long lasting) in vivo.

High priority for identifying potential anticarcinogens might be
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considered, in view of the fact that they do offer the possibility of new
approaches to cancer control and prevention.

* To help fill the data gaps on the cancer risk of dietary constituents,
improved  short-term  screening tests for carcinogenic and
anticarcinogenic activity should be developed, especially for detecting
nongenotoxic effects that are relevant to carcinogenesis.

Currently available short-term screening tests, usually employing
cell-culture systems, often provide useful information, but new
methods need to be developed and validated. Emphasis should be
placed on developing systems that use human genes, enzymes, cells, or
tissues. Because most present short-term tests detect DNA-reactive
compounds, new methods are needed for screening chemicals for
nongenotoxic end points, such as cell proliferation, hormonal effects,
receptor-mediated events and effects on cell-cell interactions, gene
expression, differentiation, and apoptosis (programmed cell death).
Great promise exists for the use of transgenic mice.
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Dietary Factors

» The risk of cancer from excess calories and fat should be further
delineated vis-a-vis naturally occurring and synthetic substances in the
diet.

There is considerable evidence that excessive calorie (energy)
intake (i.e., in excess of body needs and including fat) is associated
with increased cancer risk for several sites. In rodents, and especially
in humans, mammary cancer is associated both with excess calories
and with high proportion of calories as fat. The mechanisms
responsible for this effect have not been clearly identified. Possible
mechanisms that have been implicated include increased cell
proliferation, decreased cell death, changes in hormonal status, and
alterations in the activity of enzymes which metabolize endogenous
and environmental agents, and increased oxidative
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stress. Further studies are needed to elucidate the precise mechanisms
and to better define what is optimal or excess caloric intake. Dietary fat
has also been associated with increased risk of some forms of cancer,
but it is not clear if this is related to the high caloric contribution of fat,
to specific constituents in foods high in saturated fats (such as specific
fatty acids or other lipid oxidation products), or heterocyclic amines
produced in cooking. These relationships and the wunderlying
mechanisms need further study and clarification.

» The specific chemicals that provide the protective effects of vegetables
and fruits should be identified and their protective mechanisms
delineated.

The consumption of diets rich in fruits and vegetables is associated
with reduced incidence of several forms of human cancer. The specific
factors accounting for this relationship are not known with certainty
and require further investigation. A number of vitamins, minerals and
non-nutritive components of fruits and vegetables may contribute to
the protective properties of these foods. Further research is needed on
the independent and interactive effects of these compounds and on the
identification of additional protective components. At present, a sound
recommendation for cancer prevention is to increase fruit and
vegetable intake. Concerning specific plant derived chemicals, we do
not have adequate information to recommend supplementation beyond
the recommended daily requirements for particular vitamins or other
nutrients.

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FUTURE DIRECTIONS

New research approaches and enhanced resources are needed to address
the precise roles of both naturally occurring and synthetic dietary chemicals in
human cancer causation and prevention. Multidisciplinary efforts in food
chemistry, analytical chemistry,

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5150.html

Human Diet: A Comparison of Naturally Occurring and Synthetic Substances

EXECUTIVE SUMMARY 17

toxicology, nutrition, carcinogenesis, biochemistry, molecular biology, and
epidemiology are needed. Such understanding would improve our ability to
apply, with greater confidence, results of animal studies to the estimation of
human risk. Mechanistic understanding will also improve our ability to foresee
and interpret the effects of mixtures. As noted earlier, our diets are one of the
most complex mixtures to which we are exposed. As an example,
epidemiologic studies will become far more informative when they routinely
employ improved biologic markers for exposure, individual susceptibility, and
early cellular response. (The NRC addressed biologic markers in a recent series
of reports.) The use of human tissues in cell systems has been limited by the
obvious fact that they are not the entire organism and that there have been many
technical difficulties in maintaining them. Improved techniques from
biotechnology can permit us to employ human tissues and cell systems with
greater confidence in how the results will relate to responses in the living
person. Also, greater mechanistic knowledge will support and expand our
understanding of structure-activity relationships.

CLOSING REMARKS

At the present time, cancers are the second leading cause of mortality in
the United States, resulting in over 500,000 deaths per year. It is agreed that
smoking-related lung cancer is a major contributor to this statistic. However, it
appears that dietary factors play an important role in the causation of a major
fraction of these cancers. Current knowledge indicates that calories in excess of
dietary needs, and perhaps fat or certain components of fat, as well as
inadequate dietary fruits and vegetables, have the greatest impact. Most
naturally occurring minor dietary constituents occur at levels so low that any
biologic effect, positive or negative, is unlikely. Nevertheless, a significant
number of these chemicals
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have shown carcinogenic or anticarcinogenic activity in tests. Overall, they
have been so inadequately studied that their effect is uncertain. The synthetic
chemicals in our diet are far less numerous than the natural and have been more
thoroughly studied, monitored, and regulated. Their potential biologic effect is
lower.

The subject of this report is, therefore, of major relevance to public-health
protection and disease prevention. The assessment by this committee indicates
that our current knowledge of the specific naturally occurring chemicals (or
mixtures) that are involved in cancer causation or prevention, the mechanisms
by which they act, which types of cancer they affect, and the magnitude of these
affects, is inadequate. New research approaches at the fundamental and applied
levels are urgently required to address this important problem.

Coupled with the requirement for research efforts in these areas is the need
to better characterize the chemical composition of our diet and its variations in
the American population. Advances in analytic and survey techniques should
facilitate this endeavor.

Finally, as advances are made in identifying with certainty specific
naturally occurring dietary chemicals that either enhance or inhibit cancer risks
in humans, it will be possible to formulate rational dietary guidelines for the
American public. It may also be possible to use this information to modify the
composition of our food sources through breeding methods, genetic
engineering, and other advances in biotechnology, so as to optimize the quality
of the diet with respect to cancer prevention. Above all, a major effort will be
needed to educate the American public regarding appropriate life-style
modifications if we are to achieve these goals.
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1

Introduction

Each of us personalizes values of risk whenever we cross the street, fly in
an airplane, or learn of possible threats to our health and well-being. Risks
associated with the presence of possible cancer-causing agents in the air we
breathe, the water we drink, or the food we eat, evoke a large emotional
response—often demanding a full evaluation of the source and immediate
correction of the situation. The safety of air, water, and food is considered
beyond the average citizen's control; it is regulated, monitored, and evaluated
by laws and government agencies. However, a steady flow of articles and
reports describes the risks associated with exposure to chemicals that may be
present in many situations. These reports have saturated the capacity of most
people to differentiate the important from the trivial and to discriminate fact
from hypothesis.

In the past 50 or 60 years, our knowledge of nutrition and the role it plays
in human health has developed enormously. This same period has seen vast
improvements in the safety of the U.S. diet, with technological advances in
preservation and shipment of foods and with our ability to identify and reduce
risks from various food hazards.

The U.S. diet contains both naturally occurring and synthetic substances
that are known or suspected to affect cancer risk. Although many substances
present in the food supply have been shown to increase cancer risks under
certain conditions—usually not the conditions encountered in consuming food—
others may, in fact, decrease risk. The level of risk associated with a carcinogenic
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agent depends on both the potency of the agent and the level of exposure to it.
Carcinogenic potency can be estimated, fairly crudely, using clinical and
epidemiologic data on humans or toxicologic data derived from animal cancer
tests. Potency of chemical carcinogens varies over a wide range. Ames et al.
(1987) introduced a useful measure of carcinogenic potency known as the
human exposure/rodent potency (HERP) index. The HERP index reflects the
ratio of human exposure to carcinogenic potency determined in rodents; the
larger the value of the HERP, the closer the level of human exposure to the dose
estimated to cause a 50% excess cancer risk in animals (Gold et al. 1992). Over
the past decade, Ames and his colleagues have assembled a Carcinogenic
Potency Database (CPDB), which now contains information on the potency of
over 1,000 chemicals evaluated in animal cancer tests. However, neither
toxicokinetic nor mechanistic considerations are included in this assessment.

Exposure to carcinogenic agents present in the diet depends on both food
consumption patterns and the concentration of the particular agent in foods
consumed. Food-consumption data can be collected by the maintenance of food
diaries or by national surveys or questionnaires designed to gauge how often
specific foods are consumed or to identify by recall those foods recently
consumed. Concentrations of specific, known carcinogenic agents in the food
supply can be determined by analytic techniques, such as chemical analyses for
pesticide residues present in foods as consumed.

Using data from the CPDB, Ames et al. (1990a) compared the potency of
naturally occurring compounds with synthetic (chemical) agents found in food
that are capable of causing cancer in animals. They argue that the toxicology of
synthetic chemicals is similar to that of natural chemicals, which represent the
great majority of chemicals present in the human diet. Ames et al. (1990b) note
that plants have evolved bioactive compounds to protect themselves from fungi,
insects, and predators. Of 50 such natural "biocides" evaluated in animal cancer
tests, about half have demonstrated
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carcinogenic properties, a number similar to the proportion of synthetic
chemicals that test positive. Considering plant biocides as "natural pesticides,"
Ames concluded that the amount of such naturally occurring compounds in the
diet far exceeds that of residues of synthetic pesticides used to enhance
agricultural productivity.

Inferences about dietary cancer risks are complicated by the fact that the
human diet is a highly complex mixture containing a large number of chemical
substances that are mostly natural, but also some that are synthetic. Some
chemical substances and mixtures, such as pesticide residues, spices and
flavoring agents, and indirect food additives, are usually present only in very
low concentrations; other macroingredients such as saturated fats comprise a
large percentage of the total diet by weight. Dietary cancer risk assessment thus
requires study both of the risks associated with individual microcomponents and
macrocomponents of the diet and of the manner in which their effects may be
modified when consumed as part of the total diet. One's diet is the result of
individual choice and depends on many variables: ethnic custom, economic
availability, personal likes and dislikes, fads, etc.

Although risk assessors state that risk estimates are a statistical expression
of probability, the lay public often wants to know the meaning of such a risk to
the individual. For example, a risk estimate of 1 in 10,000 means that up to one
additional death (or case of cancer) from a designated cause, in a population of
10,000 people, may occur in the next 70 years. The controversial concept of de
minimis is generally recognized to represents one additional death (or case of
cancer) from a designated cause, in a city of one million people, expected in the
next 70 years. One approach used for translating risks into more personalized
terms is to rank them by developing a scale of comparative risks. Is the danger
of death from a shooting in Washington, DC, greater than the risk associated
with smoking a full pack of cigarettes per day for 40 years? Or is the cancer risk
from exposure to a chemical by eating a charbroiled
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steak greater than the risk of driving from Dallas to Chicago? Some feel that in
such a personalized ranking, the statistical probability of risk may be translated
into meaningful lay terms. However, individuals perceive risks in different
ways, and voluntary risks may be perceived differently from involuntary ones.

Estimates of dietary cancer risks are subject to uncertainty. Specifically,
uncertainty exists about the potency of carcinogenic substances, about food
consumption patterns, and about the concentration of carcinogenic—as well as
anticarcinogenic—constituents in foods. When inferences about human risks
are based on laboratory studies using animals, several reasons for uncertainty
exist: uncertainty about extrapolations from the high-dose levels used in the
laboratory to the lower levels of exposure typical of the human diet; about the
relative sensitivity of animals and humans to the effects of carcinogenic or
anticarcinogenic agents; about the relevance of the animals themselves as
suitable surrogates for humans; and the possibility of interindividual variations
in susceptibility related to age, body size, and specific inherited or acquired
factors. These uncertainties are nearly always addressed by using conservative
assumptions or procedures intended to err on the side of overstating the
probable risk. Thus, the result is often considered to be a plausible, but a
probable upper bound of human risk, accompanied by great uncertainty. In
evaluating dietary cancer risks, it is important that this uncertainty be
recognized and, if possible, characterized.

Epidemiologic studies suggest that a diet with excess fat and caloric intake
levels increases risk for some cancers. Studies with rodents have likewise
documented the role of excess calories in sensitivity to chemicals that cause
cancer. This is a highly important factor to consider in the United States where
—although most people recognize that there is a relationship between diet and
health and that a life style including a well-balanced, nutritionally adequate diet
can have a positive effect on the quality and duration of life—more than 3 in 10
adult Americans weigh at least 20% in excess of their ideal body weight
(Kuczmarski et al. 1994).
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Animals maintained on a calorie-restricted diet have shown significant
reduction in the rate of onset of tumor formation and adverse toxicity to
chemicals recognized to initiate cancer or cell death. The specific relevance to
humans of this caloric restriction is, as yet, undetermined. However, the
inclusion in the human diet of vegetables and fruits is associated with a
decreased risk of cancer. This association may be due to one or more of several
causes: the antioxidant or other biological effects of specific vitamins or
polyphenols; the protective effect of fiber; the inhibition of those enzymes
functioning in the enzymatic conversion of pro-carcinogenic chemicals to
carcinogens; the enhanced synthesis of enzymes (often the conjugating
enzymes) that combine with reactive metabolites to form inactive derivatives;
the stimulation of enzymes participating in the repair of modified DNA; or
other mechanisms yet to be discovered. Other dietary components induce the
synthesis of detoxifying enzymes, thereby reducing the formation of toxic
oxygen products, such as the superoxide anion, formed by redox reactions of
quinones.

This report focuses on the presence of naturally occurring chemicals that
might be carcinogenic ("naturally occurring carcinogens") in the diet of the
average U.S. citizen and compares the risk from these chemicals with synthetic
chemicals that may also be present in the food we eat. Although much of the
current concern about the risks of naturally occurring carcinogens is motivated
by concern about the potential effects of bioactive natural chemicals, the
committee addressed the broader comparison between naturally occurring
chemicals that may possess carcinogenic potential and other naturally occurring
dietary carcinogens, such as aflatoxin and other mycotoxins.

Naturally occurring agents suspected of carcinogenic activity are
frequently normal chemical constituents of foods, or they may be chemicals
formed during the processing, cooking, or storage of foods. They range from
those chemicals that function as part of the plant's normal physiology (e.g.,
plant hormones, such as auxins, gibberellins, cytokinins, ethylene, and abscisic
acid required
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for growth and development); or naturally occurring protective chemicals that
make up the defense system against diseases or predators (phytoalexins); or
color and aroma chemicals (anthocyanins and monoterpenes) that serve as
pollinator attractants, repellants, or feeding inhibitors to limit the predation of
herbivorous pests; to those chemicals that are formed as breakdown products of
naturally occurring chemicals during the preparation of a food (e.g., pyrolysis
products of amino acids generated during the charbroiling of meat and fish).

For the chemist, there is no distinction between a naturally occurring
chemical and its equivalent counterpart, a manmade (synthetic) chemical. One
significant operational difference, however, is that naturally occurring
chemicals in the food supply are not subject to the same government regulations
as manmade chemicals, a fact that raises questions about their safety and role as
a possible threat to the health and well-being of an individual.

In 1938, the U.S. Congress passed the Food, Drug, and Cosmetic Act,
which contained food-related provisions, such as tolerances for unavoidable
toxic substances, and prohibited the marketing of any food containing such
substances. In 1948, the Miller Pesticide Amendment was passed by Congress
to streamline procedures for setting safety limits for pesticide residues in raw
agricultural commodities. The Food Additive Amendment, which contains the
"Delaney Clause," was passed on September 6, 1958. That clause states that no
additive (either natural or manmade chemical) is to be permitted in any amount
if it has been shown to produce cancer in animal studies or in other appropriate
tests. This amendment also provides that an additive may be permitted at not
more than the amount necessary to produce the intended effect. The amendment
does not apply to all food ingredients, because it excludes substances classified
as "generally recognized as safe" (NRC 1984), as well as several other
categories of food components. The Color Additive Amendment, enacted in
1960, allowed the Food and Drug Administration (FDA) to regulate the
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conditions of safe use for color additives in foods, drugs, and cosmetics, and to
require manufacturers to perform tests to establish safety. The Food, Drug, and
Cosmetic Act and its various amendments are administered by the FDA. These
regulations affect approximately 60% of the food produced in the United States.
(The remaining 40% is under state regulations, which in many cases are tailored
after federal legislation [NRC 1989]). These highly compartmentalized laws are
concerned in part with what humans put into food, rather than with what occurs
naturally. In addition, at the time each part of the legislation was drafted, many
of the questions being asked today—particularly involving quantification—
were not (and could not be) envisioned, much less answered. Furthermore,
increasingly sensitive, sophisticated technologies have been developed that can
detect minuscule amounts of chemicals, unimaginable when these legislative
initiatives were enacted, and when "not detectable" meant "safe."

But what of the naturally occurring carcinogens? How many of them are
there? What is the burden of exposure for the average person? Is there a
difference in the ability of natural and synthetic chemicals to cause or prevent
cancer? The report presented here attempts to address these questions.

Plants are the major source of naturally occurring chemicals. Historically,
in addition to serving as a major food source, they have served as a source of
medicines, potions, amulets, poisons, and panaceas to alleviate pain and cure
illnesses, enhance physical and sexual performance, or terminate a rival. A vast
history of folk medicine exists based on the cumulative experience of
observations and trials through centuries. Even today there remains a constant
search for chemicals in plants (phytochemicals) that can serve as therapeutic
agents. The plant kingdom is a vast reservoir of chemical variety. It is estimated
that millions of chemicals are synthesized by plants as a result of the diversity
of products that biochemical processes have produced over millions of years.

Many chemicals present in the growing plant are modified during
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harvesting, storage, processing, and cooking, making the listing of all the
chemicals present in the diet a gargantuan task. Very few of them have been
tested to determine if they are carcinogens.

Do naturally occurring and synthetic chemicals, considered as general
classes, differ in their chemical and physical properties? Can the principles and
techniques used for the evaluation of the carcinogenic and toxic properties of
synthetic chemicals be used in the evaluation of naturally occurring chemicals?
As examples for comparing the characteristics of naturally occurring and
synthetic ~carcinogens, the committee wused peroxisome proliferators,
nitrosamines, hydrazines, phenolic antioxidants, methylenedioxyphenyl
(benzodioxole) compounds, sodium salts (e.g., saccharin and ascorbate),
aromatic amines, and naturally occurring versus synthetic a,,-globulin binding
compounds. Each of these was considered as a single chemical species (not
present as mixtures), evaluated using the rodent carcinogen bioassay system
currently employed to assess the cancer-causing properties of a chemical. The
committee considered whether the same principles governing toxicity and
carcinogenicity apply to a naturally occurring chemical and a manmade
chemical. Unexplored were questions evaluating the importance of so-called
"organic foods" and claims that they protect an individual by reducing the level
of exposure to a potentially deleterious synthetic chemical in the food supply.

STATEMENT OF TASK AND DELIBERATIONS OF THE
COMMITTEE

The Committee on Comparative Toxicity of Naturally Occurring
Carcinogens was convened in 1993 by the National Research Council of the
National Academy of Sciences on the recommendation of the Board on
Environmental Studies and Toxicology. The committee was charged to
"examine the occurrence, toxicologic data, mechanisms of action, and potential
role of natural carcinogens
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in the causation of cancer (in humans), including relative risk comparisons with
synthetic carcinogens and a consideration of anticarcinogens." In addition, the
committee was charged to "include the assessment of the impact of these
materials (natural carcinogens) on initiation, promotion, and progression of
tumors." It was also charged to "focus on the toxicologic information available
for natural substances" and to "develop a strategy for selecting additional
natural substances for toxicological testing."

The committee met frequently during its 2 years. A number of
distinguished individuals presented their views to the committee, and a public
forum was scheduled for the presentation of comments by interested individuals
and organizations.

The committee was burdened by the complexity of the issues involved and
the paucity of data available for analysis. Extensive discussion of key issues
resulted in consensus—based many times on the best professional judgment of
the committee members. Readers seeking rigorous scientific evidence on the
issues will need to review the many references included in the report.
Considerably more research will be required to identify the comparative risks
for cancer of naturally occurring chemicals ranked against manmade chemicals.
The committee has identified the directions for this research that it considers
most promising to resolve scientifically testable hypotheses. Factoring in the
elements of life style as contributors to any calculation of risk must be
considered as unresolved, except for the oft-repeated admonition to reduce
calories as a risk factor for cancer as well as heart disease.

It should be noted that although the committee was charged to assess the
impact of naturally occurring carcinogens on initiation, promotion, and
progression of tumors, it is difficult to define precisely these stages in most
animal model systems and especially in human carcinogenesis. It is particularly
difficult to classify chemicals or other agents as initiators, promoters, or
progressors. It was decided to use more contemporary and accurate
terminology. This report addresses the impact of agents in carcinogenesis in
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terms of DNA reactivity or DNA and chromosome damage (genotoxicity) and
DNA replication and possible other nongenotoxic effects. This subject is
covered in detail in Chapter 3 of the report. The committee also viewed its
charge to address toxicologic issues as limited to cancer.

DEFINITIONS

For the purpose of this report, the term diet refers to the foods and
beverages one consumes intentionally and customarily, not as a result of
accident or deprivation. The diet will vary depending on age, customs,
preferences, and availability of foods. It is not possible to describe a diet that
will be common for all humans, not even when restricted to the confines of a
single country, particularly not in such a country as the United States, with its
population of multiethnic origins. Most significant are differences in the diets of
infants and young people (NRC 1994). Diets often include at least low levels of
potentially hazardous substances associated with some common foods and
beverages. Estimates of exposure to these hazardous substances may be
determined from knowledge of the aggregate amount of food consumed—but
data permitting the further identification of food consumed by subgroups of the
population are largely lacking.

The term naturally occurring chemicals comprises those that are
constitutive, derived, acquired, pass-through, or added (see Table 1-1). In
addition to these naturally occurring chemicals, food often contains a number of
synthetic chemicals, although at a far lower level and in less variety. An
additive is any minor ingredient added to food to produce a specific effect.
Direct additives include natural and synthetic noncaloric sweeteners,
antioxidants, colorants, flavor ingredients, and preservatives. Indirect additives
are those chemicals present in the food because of their use in raw or packaging
materials but no longer effective in the food as sold
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Table 1-1 Definitions

Term Definition Examples
Constitutive naturally Substances synthesized Furano coumarins,
occurring substances by physiological and isoflavanoids, phytoalexins,

Derived naturally
occurring chemicals

Acquired naturally

occurring chemicals

Pass-through naturally
occurring chemicals

biochemical processes
present in food
organisms themselves
Substances formed as a
result of the breakdown
of constitutive chemical
during stress, storage,
processing, and
preparation of foods

Substances present by
infection or spoilage
caused by bacteria or
fungi or passively
acquired from the
environment
Materials present in
animal products
consumed by humans
that are derived from
food eaten by an animal

cutins, alkaloids

Polycyclic hydrocarbons,
pyrazines, and heterocyclic
amines that provide
characteristic flavor of
roasted and cooked foods—
coffee, chocolate, nuts,
meats, and browning
products that add color and
flavor to foods, such as toast
and tawny port wine
Aflatoxin B1 or botulism
toxin, as well as chemicals
such as the residues of
persistent pesticides no
longer used but remaining
in the soil

Any seafood toxins
sometimes present in
shellfish, toxol in snakeroot,
or aflatoxin, which can
appear in cows milk, or
arsenic (a carcinogenic,
toxic metal found naturally
in seawater and marine
microorganisms),
assimilated by shrimp from
consumed zooplankton
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S and consumed. Examples are pesticides, solvents, and chemicals derived
5 from packaging.
3 Term Definition Examples
Added naturally Constitutive or derived Sucrose, glucose, isolated
occurring chemicals naturally occurring soy protein used in infant
substances that are formulas, flavors extracted
isolated from raw or or distilled from spices,
traditionally processed numerous gums and
plant or animal sources starches (e.g., corn or
then added to the same tapioca starch) that,
or other foods because of specific

functional characteristics,
are used in other food

The definition of carcinogen proposed by IARC is used in this report: a
carcinogen denotes any agent, exposure to which is capable of increasing the
incidence of malignant neoplasia (IARC 1993). The term exposure is restricted
to mean the amount of a naturally occurring substance ingested orally in the
human diet. The substance may be a solid or liquid. The presence of a specific
chemical in a food may vary greatly for the reasons discussed in the report. Of
greater relevance to safety, however, is the amount of a chemical determined as
the form absorbed, distributed, and metabolized in the body for presentation at a
target organ.

A carcinogenic risk factor is a contributor to the process of tumor
formation and growth. For example, the diet is a source of calories (dietary
energy, now often expressed as joules) derived from fats, carbohydrates, and
proteins. Calories in excess of body needs can serve as an important contributor
to cancer (Kritchevsky 1995). Likewise, smoking or alcohol consumption may
serve as confounding life-style risk factors when considering the statistics
associated with the frequency of occurrence of neoplasia in relation to diet. The
committee recognized that the diet consists of a complex mixture of natural and
synthetic chemicals and
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that additive, synergistic, or inhibitory interactions may occur between
chemicals, influencing one or several steps in the multistage mechanisms
associated with the formation and development of cancers.

Toxicity is defined by the dose at which adverse effects are produced by
chemicals. Many chemicals, either natural or manmade, that induce cancer
require metabolic activation for conversion from a procarcinogen to a
carcinogen. For the purpose of this report, the terms procarcinogen and
carcinogen will be used interchangeably, except where identified.

Other terms used in this report include anticarcinogens known to inhibit
the formation of cancers or the growth of tumors. (Carcinogens and
anticarcinogens are not mutually exclusive, as discussed in detail in Chapter 2.)
More than 600 chemicals are claimed to be anticancer agents. These range from
natural chemical constituents present in garlic, broccoli, cabbage, and green tea,
to manmade antioxidants, such as butylated hydroxyanisole (BHA) and
derivatives of retinoic acid. Much about how anticarcinogens act remains to be
explained before they can be considered and employed as an effective part of
any anticancer strategy.
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STRUCTURE OF THE REPORT

The results of the committee's deliberations are found in the chapters that
follow. Chapter 2 provides an analysis and assessment of naturally occurring
chemicals that may be carcinogenic in the diet, as well as anticarcinogenic
chemicals. The chapter discusses exposure, the effects of processing and
contamination on the formation of carcinogens, and the effects of
macronutrients and micronutrients in carcinogenesis.

Chapter 3 presents an overview of direct and indirect synthetic food
additives that might be carcinogenic and provides comparisons with naturally
occurring chemicals.

Chapter 4 discusses methods for evaluating potential carcinogens
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and anticarcinogens, from studies in human populations to rodent bioassays and
various short-term tests, and provides criteria for selecting and testing of
carcinogens and anticarcinogens.

Chapter 5 addresses the following critical questions:
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* Does dietary exposure to naturally occurring carcinogens differ from
dietary exposure to synthetic carcinogens?

* Do the potencies of naturally occurring and synthetic carcinogens
differ (also addressed in Chapter 3)?

* Does cancer risk due to naturally occurring substances in the diet
exceed that due to synthetic substances?

* Do naturally occurring and synthetic substances cause cancer by
similar mechanisms (also addressed in Chapter 3)?

* Does diet contribute to an appreciable proportion of human cancer?

» Are there significant interactions between either synthetic or naturally
occurring carcinogens and anticarcinogens in the diet?

Chapter 6, the final chapter, provides the committee's conclusions and
recommendations for future directions.
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2

Naturally Occurring Carcinogens and
Anticarcinogens in the Diet

This chapter addresses two questions: (1) what is the current state of
knowledge regarding the presence and availability of carcinogens and
anticarcinogens in the human diet? and (2) how much do we know about the
dietary factors that modify carcinogenesis?

EXPOSURE TO NATURALLY OCCURRING CHEMICALS

Naturally occurring chemicals present in our food supply can be classified
into the following five categories: constitutive naturally occurring substances,
derived naturally occurring substances, acquired naturally occurring substances,
pass-through naturally occurring substances, and added naturally occurring
substances. These are defined in Chapter 1.

Environmental exposures to naturally occurring chemicals occur
principally from the food and water we consume (approximately 1-1.5 kg/day
of each) and from inspired air (approximately 18 kg/day). While air and water
frequently contain at least trace levels of contaminants of human origin, they
are seldom a source of naturally occurring substances that raise health concerns,
including those about cancer. Among the uncommon exceptions is arsenic.
Although it occurs at a few parts per billion (ppb) in most drinking waters, it
occurs at the part per million (ppm) level in spring, well, and surface waters in
arsenic-rich areas in the United States and in many other countries (Underwood
1973, NRC 1977). Food, however,
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is overwhelmingly our major source of exposure to naturally occurring
chemicals and is therefore the focus of this report.

THE COMPOSITION OF FOODS

Food, of course, is simply what we choose to eat, a choice heavily
influenced by availability and culture (Pyke 1968, Jenner 1973, Tannahill 1973,
NRC 1975). Although practical experience has taught us to avoid certain plants
or animals because eating them results in illness, that experience is limited,
largely anecdotal, and incomplete. We usually avoid acute toxicants—those
things that make us unpleasantly sick immediately. However, we rarely possess
sufficient knowledge about foods that contain naturally occurring toxicants that
could cause delayed or chronic effects, including cancer.

In contrast, there are many potentially useful foods we avoid or disregard
for reasons of unawareness, aesthetics, religion, culture, or cost. All human
diets that sustain life and normal activity must supply at least the minimum
quantity of the essential nutrients, including calories. Even given differences in
age, body weight, and activity level, the range of those requirements for
children and adults is fairly narrow—Iess than threefold. The range of variation
in the foods that supply those nutrients, however, is enormous. Contrast the
traditional Eskimo diet, high in animal fat and protein, with the vegetarian diet
of the Seventh-Day Adventist or Hindu. Many diets in developing countries are
low in animal protein simply because it is too expensive or unavailable. The use
of spices and seasonings is often a distinctive cultural mark (Rozin 1973). The
foods we choose to eat are merely a fraction of those we could eat. Furthermore,
many dietary patterns shift over time, as demonstrated by our current—but
recent—broad North American fondness for traditional Italian, Asian, and Latin
American foods.

The variety in our modern food supply is due largely to the many
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different species of plants we consume. There are estimated to be about 250,000
species of flowering plants, and at least 11,000 are used as foods, spices, or
flavoring agents (Tanaka 1976), including vegetables, fruits, and nuts. In some
cases, different parts of the same plant are used as food, such as celery stalks,
celery seeds, and celery essential oil (derived from the seed). The constituents
of each plant part, and hence the expected biological activities, may be entirely
different.

The Major Components

In biochemistry and nutrition, it is customary to think of food in terms of
its major components. Across the entire U.S. food supply (plant, animal, and
microbial), these component classes are, in descending order of concentration,
water, carbohydrate, fat, protein, the non-nutrients, and the micronutrients,
including minerals and vitamins. On average, carbohydrates supply 46% of our
calories, fats supply 42%, and proteins supply 12% (Whistler and Daniel 1985).
Of these component classes, proteins are the only primary gene products, i.e.,
the only class of components (other than DNA and the RNAs) produced directly
by the operation of the genetic code of the organism. Minerals are absorbed
from the environment, including the diet. All the other component classes are
secondary gene products, produced in each organism by the action of the
primary gene products, the proteins.

Carbohydrates consist of single or polymerized multiple units of simple
sugars, such as glucose or fructose. Glucose, by itself, occurs naturally in foods
only to a very limited extent; however, it is the most abundant sugar in the
world. Combined chemically with other simple sugars in disaccharides such as
sucrose and in starch, a polysaccharide composed solely of glucose, it
constitutes about three-fourths of total dietary carbohydrates (Whistler and
Daniel 1985). In the American diet, sucrose, fructose, and glucose supply
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more than half of carbohydrate calories and starch the remainder. The overall
structure of nearly all dietary carbohydrates is remarkably similar—simple
sugars in their ring (hemiacetal pyranose) form, linked together in chains. The
large differences in their digestibility and functional characteristics lie in the
length of these chains, the degree of branching, and in more subtle aspects of
structure.

Lipids are a broad group of naturally occurring compounds that typically
are freely soluble in organic solvents and nearly insoluble in water. The
glycerol esters of fatty acids (triacyl glycerols, also called triglycerides) form up
to 99% of the lipids of plant and animal origin and are customarily called fats,
or somewhat more precisely, fats and oils (Hawk 1965; Anonymous 1970,
1986; Nawar 1985; NRC 1989b). Fats is the more specific term for those that
are solid or semisolid at room temperature and are typically of animal origin,
e.g., lard and butter. Oils, such as soy, olive, and corn oils, are liquid at room
temperature and are usually of plant origin, although these distinctions have
exceptions, e.g., whale oil. Those lipids that are not triacyl glycerols are
quantitatively minor but of enormous physiological importance. They include
cholesterol, the phospholipids in cell membranes, prostaglandins, and a host of
other substances of structural and functional significance (Stryer 1975).
Although all triacyl glycerols share the same basic structure, the differences in
melting point, oxidative stability, nutritional qualities, and other important
characteristics depend on structural aspects, such as fatty acid chain length and
degree of unsaturation.

The basic structure of all proteins is that of a polypeptide—a polymer of -
aminocarboxylic acids linked by amide bonds. In terminology parallel to that
used for the carbohydrates, two amino acids form a dipeptide, and three form a
tripeptide. Peptides containing more than three, but fewer than ten amino acids,
are often called oligopeptides, and those with ten or more are polypeptides.
More than 400 different amino acids occur in nature (Harborne 1993), but only
20 are found in the major food proteins. Of these,
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nine are essential in human diets. As will be discussed later, proteins serve
several diverse and essential purposes in the organisms that produce them.
Although all are polypeptides, the number and sequence of the different amino
acids, the nature of the chain—linear, branched, or ring, the additional
functional groups (e.g., amino or carboxylic acid) on certain amino acids, and
the three-dimensional conformation of the entire molecule determine the
physiological role of each protein (Cheftel et al. 1985).

Alcohol, a nutrient only in the sense of a source of calories, is discussed in
the section on "Identifying Potential Human Dietary Carcinogens."
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The Minor Components

Minor components of food include the micronutrients (minerals and
vitamins), the enzymes that all organisms produce and use as essential catalysts
for their own life processes, and the DNA and RNAs that determine the nature
of all constituents. In addition, plants and animals, and therefore foods derived
from both, contain an almost unlimited variety of largely non-nutrient organic
compounds often termed natural products or secondary metabolites. In this
report, natural products or secondary metabolites are categorized as constitutive
naturally occurring chemicals. Although chemically quite distinct, these
chemicals are formed by modification of the same building blocks and
biosynthetic pathways that produce carbohydrates, fats, and proteins. Examples
of these chemicals are volatile oils, waxes, pigments, alkaloids, sterols,
flavonoids, toxins, and hormones. Most plants contain one or a few minor
constitutive naturally occurring chemicals of toxicologic or pharmacologic
interest. This report intentionally focuses on the minority of these chemicals
that are known or are suspected to cause, enhance, or inhibit cancer in humans.
However, because of inherent low toxicity or low concentration, the vast
majority of these naturally

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5150.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

iman Diet: A Comparison of Naturally Occurring and Synthetic Substances

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 40

occurring chemicals are known or can reasonably be presumed not to pose a
toxic threat.

Within the higher plants—excluding animals, fungi, and microorganisms—
the enormous complexity arises from variations on only a few major
biosynthetic pathways, all of which use as their starting materials compounds
derived from carbohydrates produced by photosynthesis. In addition to
photosynthesis, the principal pathways are

* The shikimic acid pathway, which produces compounds containing
benzene rings and related structures (including the three aromatic
amino acids—phenylalanine, tyrosine, and tryptophan and a host of
secondary metabolites derived from them—numerous quinones,
benzoic acid derivatives, lignin, and many other benzenoid compounds)

* The acetate (polyketide) pathway, which adds two carbon atoms at a
time and is responsible for fats, waxes, hydrocarbons, certain phenols,
and for portions of the structures of many minor constituents

* The isoprenoid pathway, which combines 5-carbon isoprene units
(derived from acetate) and is the source of terpenes (e.g., volatile
flavor compounds such as menthol and camphor), plant pigments (e.g.,
carotenes, including Vitamin A), sterols, and rubber

* Protein synthesis, which combines amino acids to produce the primary
gene products, proteins, including enzymes

Still further complexity is found in products such as alkaloids that arise
from combinations of these pathways.

Complexity and Variability

The identity of the specific constituents in the minor and major
components of food—the qualitative composition—is in large part
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determined genetically. Environmental factors also affect qualitative
composition and influence quantitative composition. Any particular crop is the
result of the interplay of genetics and environment. Thus the genetic promise
inherent in highly productive and disease-resistant new varieties of rice and
wheat—the "green revolution"—cannot be realized without more intensive and
better controlled cultural practices, including fertilization and irrigation. For
plants, the relevant environmental factors include
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 Latitude, which determines hours of daylight

* Climate (long-term temperature and rainfall trends)

* Weather (short-term temperature and rainfall)

+ Altitude, which affects temperature independently of latitude, climate,
and weather

» Agricultural practices, such as fertilization and irrigation

* Maturity at harvest

* Post-harvest processing

* Soil conditions (e.g., selenium content)

» Storage conditions

For foods of animal origin, the factors are diet, geographic origin, animal
husbandry practices, season of harvest or slaughter, and environmental
conditions prior to and at harvest or slaughter. All such factors have a major
influence on the chemical composition of foods consumed in the diet.

Because of genetic and environmental factors, variation in the quantitative
composition of individual foods is often great and can be dramatic. The usual
food composition tables provide a useful overall picture, but the average values
they contain give little indication of this variation.

Of the major components, water, carbohydrate, and protein vary the least
and are typically, though not always, within 20% of the average value. Fat
content varies somewhat more, from 50 to 200% of the average value, in foods
of both vegetable and animal origin.
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This greater variation in fat content reflects genetic and cultural practices,
ones that are now changing because of recent appreciation of the role nutrition
plays in chronic disease. Trace nutrients, constitutive naturally occurring
chemicals, and natural contaminants are subject to much wider variation in
foods derived from plants. Table 2-1 presents data representative of these
variations in the U.S. diet.

Some foods, e.g., paprika, demonstrate inherently great variability in
composition, reflecting variation in plant strain, climate, geographical source,
and post-harvest processing. Some constituents, e.g., vitamin C, are highly
variable in most of their dietary sources and for the same reasons. When these
factors combine, the variability can be extreme: note, for example, the ascorbic
acid content of paprika, for which the standard deviation (SD) is nearly equal to
the mean. Standard deviations that are large compared with the mean imply that
circumstances have combined and led to high production of that particular
constituent. In general, variation is greater, i.e., the SD is larger relative to the
mean, for
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» Plant foods rather than animal foods (animal foods are usually subject
to greater genetic control and less environmental influence with the
exception of fat content)

* Microconstituents (those present at less than 1%), as opposed to
macroconstitutents (those present at more than 1%)

» Plant foods that have a broad genetic base and are produced in many
areas (e.g., paprika), as opposed to those that have a narrower genetic
base and are produced in a few areas (e.g., California Valencia oranges).

Microconstituents such as selenium vary even more dramatically than
those shown in Table 2-1, because of the great variation in the selenium content
of soils.

Although the minor constituents account for only small percentages of
total composition by weight, they are by far the largest number
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of individual substances. For example, more than 200 constituents have so
far been isolated and identified in orange oil—a simple oil (Maarse and
Visscher 1989). Extensive information is available on single classes of such
constituents, e.g., alkaloids (Pelletier 1983-1992, Mattocks 1986), terpenoids
(Glasby 1982, Connolly and Hill 1991), and flavonoids (Harborne et al. 1975,
Harborne 1988). The number of identified constituents of unprocessed food
plants is at least 12,200; undoubtedly the actual number is far greater
(Farnsworth 1994).

Geography and environment cause a variability in the concentration of
these minor non-nutrient constituents, especially the essential oils and alkaloids,
at least as great as that of the micronutrients. Salvia officinalis (sage) grows
luxuriantly in many temperate areas of the world. Sage from the Dalmatian
coast has an oil content of about 2.5% and is the industry standard for defining
the characteristic flavor of the herb. However, sage grown in the mid-Atlantic
states of the United States has an oil content of about 1.0%, and the flavor
quality is variable and not as characteristic. We consume members of the red
pepper family (Capsicum annuum or C. frutescens) for their color and flavor, as
with paprika, or for color, flavor, and heat (piquancy), as with those used in
Tabasco™ sauce. That heat is caused by a family of constituents called
capsaicins. The capsaicin content of mild paprika ranges from 0.0002 to 0.0003
percent, that of jalapefio peppers is typically from 0.02 to 0.03 percent, and that
of cayenne pepper from 0.2 to 0.3 percent—a thousandfold variation (Hoffman
1994). Ideal environmental conditions for maximum value are often unique to
each species or variety and are found only in limited areas. Thus, the spice
industry historically is international.

Coevolution, the long-term mechanisms by which environment exerts its
effect on composition, is discussed in "The Functional Role of the Components
of Food" section. However, short- and long-term events can result in the
formation of secondary metabolites, even on plants of identical genetic
background. For example,
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in the wine industry, the highest concentrations and quality of flavor
constituents are often coupled with unfavorable growing conditions and low
yields. Even without understanding the interrelationship between environment
and biosynthetic mechanisms, it seems obvious that the minor secondary
metabolites created are the products of general stress on the plant. Such a
conclusion differs from but is consistent with the presumption that these
metabolites act as agents for combatting specific predators, pests, or pathogens.
Biotechnology techniques have been developed to supplement and extend
classical breeding methods, and we now have the opportunity to modify the
chemical concentrations in plants (see the section at the end of this chapter).

We complicate the variability of food by processing, especially by
cooking, the most widely used and probably the oldest form of processing. We
enjoy many foods in the raw state, but most foods must be processed, primarily
to delay or prevent spoilage and thus avoid the resultant waste and hazard.
Cooking, canning, aseptic packaging, pasteurizing, refrigeration and freezing,
dehydration, curing, smoking and salting, and the use of chemical preservatives,
fermentation and pickling, and irradiation all preserve food. Moreover, many
foods, such as soy beans, must be processed to render them digestible. Others,
such as cassava (manioc, Manihot esculenta), a major starch source in the
tropics, contain cyanogenic glycosides and must be rendered safe. Neurological
damage from chronic cyanide poisoning due to inadequate processing can still
be found in central Africa. Processing is also used to eliminate sometimes
unwanted constituents, such as caffeine from coffee or tea, or to introduce,
increase, or restore desirable constituents, such as iodine in salt, vitamins A and
D in milk, and niacin, iron, thiamine, and riboflavin in enriched flour. We
process still other foods to make them more acceptable or convenient. Thus, in
addition to genetic modification, processing provides a broad set of options for
modifying the concentration of constitutive or added naturally occurring
chemicals.
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Even the simplest processing of the simplest mixtures results in amazing
complexity. A single sugar such as glucose, in water solution at neutral or near-
neutral pH and at the temperatures used for cooking or sterilization, produces an
array of monomeric and dimeric anhydrides, fragments, and second- and third-
order reaction products (Davidek et al. 1990). All of these are derived naturally
occurring chemicals. Complex raw materials yield far more complex final
products. For example, because of its cultural, economic, and commercial
importance, coffee aroma has been studied extensively, and more than 1,000
components have been identified (Clarke and Macrae 1985). More might yet be
measured by more sophisticated analytical technology. It might not seem
desirable to include the consequences of traditional and widely used processing
in a definition of naturally occurring, but we must take them into account. We
may modify processing in the interest of acceptability, improved nutrition, or
safety, just as we have modified genetic composition and cultural practices, but
processing is not dispensable. It is inevitable and we must deal with the
consequences.

Compared with the huge number of naturally occurring chemicals in food,
those of synthetic origin are much fewer. The total number of chemicals—
natural and synthetic—added directly or indirectly to food is approximately
6,000, slightly more than half of which are indirect additives used as packaging
components or constituents (Hall 1992). The majority of indirect additives are
synthetic (see Chapter 3). Of approximately 3,000 intentionally added to food,
the great majority are constitutive naturally occurring chemicals. A few are used
in high volume. Examples are the major caloric sweeteners such as sucrose
(ordinary sugar) and glucose, isolated soy protein used in infant formulas,
flavors extracted or distilled from spices, and numerous gums and starches,
such as corn or tapioca starch, isolated from one food and used in other foods
because of their functional characteristics. Such separated and transferred
substances are naturally occurring but can create different patterns of dietary
exposure than would otherwise occur.
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Because of cost, many constitutive naturally occurring substances are
duplicated synthetically, then added to food. As is true of the naturally
occurring chemicals, most of the synthetic additives are at microgram or
nanogram levels or lower.
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Toxicants and Nontoxicants

It was Paracelsus who first observed that "Everything is poison. There is
nothing without poison. Only the dose makes a thing not a poison" (Paracelsus
1564). But to describe everything as poison avoids the practical and vital
distinctions we must make in dealing with naturally occurring substances, many
of which we consume with far less than conventional margins of safety.

Today, toxicity is defined as the adverse effects produced by chemicals.
The nature and extent of the toxic effect depends on the dose of the chemical.
For practical reasons, such as those encountered with naturally occurring
chemicals, this broad definition must often be reduced to an operational
statement. The International Food Biotechnology Council uses a fairly restricted
definition (i.e., operational guideline) for toxicant:

The toxic effects that the substance, i.e., the "toxicant," causes in humans,
domestic animals or experimental animals either are irreversible (e.g.,
carcinogenicity, teratogenicity, certain neurotoxicities) or occur with narrow
margins of safety, that is, at low multiples (approximately 25 or less) of
ordinary exposures (IFBC 1990b).

Using this definition, the report goes on to note that, less than one-tenth of
one percent of the total number of food constituents in our current food supply
are toxicants. As analytical chemists identify the hundreds of thousands of
constituents yet to be found at still lower concentrations, any toxicants to be
discovered will have to be potent indeed to be capable of exerting adverse
effects at such low concentrations. However, population growth will probably
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force the use of new or underused food sources, most of them plants (NRC
1975). In many cases, and especially in developing countries, the populations
will not have benefited from the experience that has produced our present
western diets. Even in the United States, several people die each year from the
toxic constituents in teas made of herbs gathered by amateurs. It is useful to
keep in mind that throughout history, plant materials have served as a source of
poisons and medicines, as well as food.

Naturally occurring toxicants occur in most plants, in many
microorganisms, and also in marine plants and animals. They are, however,
essentially absent from the major cereal grains and from farm animals. Clearly,
cereal grains have been selectively bred for at least 10,000 years—since the
Neolithic Age—and the significant toxicants, e.g., phytic acid, have been bred
out or reduced by processing. Naturally occurring contaminants such as
mycotoxins are, however, quite common. Domestic animals, under the care of
their owners, act as biological screens. Their illnesses have often alerted us to
the presence of naturally occurring toxicants. Herd managers are careful to
exclude known toxicants from feed and forage, although rare exceptions occur.
In some of these exceptions, the naturally occurring toxicant does not affect the
domestic animal but does affect the consumer of the animal product. Examples
of these pass-through toxicants are the several honey toxins (IFBC 1990c),
cicutoxin in water hemlock, and toxol in snakeroot which, when it appears in
cow's milk, is suspected of causing the "milk sickness" from which Abraham
Lincoln's mother died (Crosby 1969). Pass-through toxicants can be a major
concern in seafood, particularly in shellfish. The contamination caused by the
"red tide" is the most familiar example, but there are many others, several of
which have been identified only in the last few years (Dickey 1989, Hall 1989,
Iverson 1989). Much human experience with these toxicants suggests that their
potential effects are most likely to become real when the specific foods in
which they occur form too large a part of the diet, as in times of food shortages.
The varied and balanced
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diet needed for good nutrition also provides, through dilution, significant
protection from natural toxicants, as well as wider exposure to a range of
potential anticarcinogens.

Of the human dietary constituents in our western food supply that can
reasonably be called naturally occurring toxicants, only some are now regarded
as carcinogens. In this report, the committee has assembled a representative list
of chemicals for which there is at least some evidence of carcinogenicity in
animals. The list comprises the naturally occurring chemicals, closely related
groups of chemicals (such as the aflatoxins), and crude extracts or distillates,
such as that from calamus. The committee then selected five chemicals,
representative of various categories, for discussion in more detail. Very few
naturally occurring chemicals have been tested for their carcinogenic potential,
and still fewer have been tested by the standard methods used to determine
xenobiotics (see the section on "Dietary Plants and Cancer"). Additional data,
particularly if obtained in bioassays using the maximum tolerated dose (MTD),
could well increase this number substantially. However, use of the MTD has
inherent problems and limitations; these are discussed in chapters 4 and 5.

In addition to carcinogens that occur in the diet, some can be formed
endogenously in humans from naturally occurring chemicals that are not toxic
at levels found in the diet. N-nitroso compounds, including nitrosamines
(discussed more completely in this chapter under N-nitrosodimethylamine and
in Chapter 3), illustrate this class of potential human carcinogens. N-nitroso
compounds are suspected of being a causal factor in gastric and other cancers
(Mirvish 1983). They can be formed endogenously in the stomach by
nitrosation of secondary and tertiary amines and other nitrogen compounds that
occur naturally in the diet. This reaction also requires nitrite and an acidic
environment. Nitrite exposure results from the oxidation of NO produced as the
result of inflammatory responses or from reduction of dietary nitrate, the
primary source of which is green vegetables (usually about 90%) and drinking
water.
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The latter is a significant source only if the drinking water nitrate exceeds
the EPA limit of 50 mg/L (NRC 1981). Nitrate in vegetables is accompanied by
varying amounts of ascorbic acid and polyphenolics, which inhibit the
nitrosation reaction. Nitrosamines are also found to a small extent occurring
naturally in foods.

It is important to note that the putative naturally occurring carcinogens in
our food are not a separate, easily definable class of constituents. They depend
on the definitional criteria applied, on what is selected for testing, or on
accidental discovery. They are merely a small part of the complexity of food. A
critical purpose of this report is to provide a perspective on their importance, in
terms of both the range and the size of the threats they present compared with
similar threats from the synthetic constituents in our food supply.

The functional Role of the Components of Food

It is useful to review briefly the functional role of naturally occurring
constituents in the organisms from which we derive our food. The utility of the
major components of food is well known. Water is the solvent and vehicle in
which all the biochemical reactions of living organisms take place.
Carbohydrates are energy stores and, particularly as cellulose, structural
elements in plant foods. Proteins and their simpler relatives, peptides, appear as
enzymes, hormones, and structural components, such as muscle. Fats, oils, and
other constituents related to them serve primarily as energy stores but also have
important functional utility as cell membrane components. Minerals serve a
structural purpose, as in bones and teeth, but often play key metabolic roles as
well. Examples are the iron complexed in hemoglobin and in the cytochromes,
the magnesium in chlorophyll, the cobalt in vitamin B12, and the essential
minerals in the metalloproteins.

The role of the numerous, minor plant constituents in the organisms
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in which they are found is seldom obvious. However, their roles and the
enormous diversity of such natural products can be accounted for by the theory
of biochemical coevolution between plants and animals (Fraenkel 1959, Ehrlich
and Raven 1964, Feeny 1975, Visser and Minks 1982, Harborne 1993). Simply
described, this theory states that a natural product (or group of products),
presumably arising from some random mutation, may provide an advantage to
the plant by deterring feeding by phytophagous insects, discouraging
competitive plants, or by encouraging pollination (and reproduction). If that
advantage is significant, further mutations that enhance the plant may confer
further advantage and may survive. If the plant is thereby allowed to occupy a
new ecological niche, it will flourish there until some mutant form of insect
occurs that can feed on the previously protected plant. In this way, plants tend
to increase the diversity of plant-eating animals and vice versa.

Consistent with this concept of coevolution, the study of which is often
called chemical ecology, are constituents that have a protective role for the
plants or animals in which they occur. This is particularly true of the
constituents in the component classes called essential (or volatile) oils, the
alkaloids, the nonvolatile components of extracts, gums and oleoresins, and the
many animal venoms, toxicants, and repellents. Many of these act as pest or
predator repellents, pesticides, fungicides, and pathogen inhibitors (ApSimon
1989, Ames et al. 1990, Harborne 1993, Meinwald and Eisner 1995). Some,
found particularly in animals, are pheromones—substances released to
communicate alarm or sexual availability or to indicate a path to be traveled.
Those used as sexual attractants often are unique to the species and are a means
of maintaining species isolation. Some constituents appear to be general
attractants; others act as competition inhibitors and feeding deterrents. The
flowers of many plants that require birds or insects as pollinators use a sweet
and often aromatic nectar as an attractant. We find that same nectar attractive in
perfumes, as space odorants in
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and around our homes, and as a food in the much more concentrated form of
honey.

Flower nectars are one of the few examples in which the constituent is
used by both humans and the source organisms for a closely similar function.
More often, as in spices, plants use a constituent in one role, and humans
harvest the same constituent for use in another. Repellents present a different
situation. We insist that repellents be pleasant, or no worse than innocuous, to
us but noxious to the species to be repelled. Such insistence eliminates many
obviously effective repellents, skunk essence, for example.

Similarly, and more significantly, the plant antioxidants such as flavone
derivatives, isoflavones, catechins, coumarins, phenylpropanoids,
polyfunctional organic acids, phosphatides, tocopherols, ascorbic acid, and the
carotenes have clear roles in plants (including dietary plants). They act as
reducing compounds, as free radical chain interrupters, as quenchers or
inhibitors of the formation of singlet oxygen, and as inactivators of pro-oxidant
metals (Simic and Karel 1980, Hudson 1990). Although the plant and animal
milieux are quite different, the value to us of antioxidants from each is similar.

Lupines are known in the United States as both wild and cultivated
flowering plants. In South America, several species of lupine are used both for
domestic animal forage and for human food. Use as food requires careful
processing to reduce the levels of naturally occurring quinolizidines which,
without such processing, have caused illness and death in both humans and
domestic animals. Efforts to breed lupines with lower alkaloid contents have
met with success, but these "improved" lupines are susceptible to higher levels
of mycotoxin contamination.

"Potato poisoning" was a common occurrence in the 19th and early 20th
centuries when potatoes often formed a large part of the diet. Such poisoning
was caused by the variable presence of a glycoside, solanine. Even recently, a
cultivar of Idaho potatoes had to be taken off the market when it was found to
contain toxic levels of the neurotoxin solanine (IFBC 1990b).
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When a natural product first appears in a species, it is presumably the
result of a random mutational event; however, its perpetuation may at first be
for reasons more subtle than those discussed above. Harborne (1993) points out
that plants of the legume genus Astragalus have been able to adapt to high
selenium soils because they can sequester selenium analogs in nonprotein
amino acids, which are structurally different and therefore not incorporated into
protein synthesis. A large number of plants, e.g., the genus Prunus, detoxify
cyanide by sequestering it in the form of glycosides. Thus, while plants cannot
excrete, in the sense of animal physiology, they can sometimes set aside useless
or dangerous substances. In such cases, however, the detoxification products
also now serve the protective role discussed above. Holldobler (1995) cites
Morgan (1984) in reporting "that the species-specific trail pheromones from the
poison glands of myrmicine ants are generally the metabolic byproducts of
venom synthesis." Thus, natural products that may originally have been waste
products, byproducts, or detoxification products become simply new factors in
the process of coevolution. Any or all of these functions may be consistent with
the apparent positive correlation of the concentrations of the minor constituents
with environmental stress.

Some naturally occurring plant compounds are virtually ubiquitous.
Caffeic acid is a metabolic precursor of lignin, a structural polymer found in all
land plants. Caffeic acid is also a component of chlorogenic acid, a phenol
found widely distributed in fruits and vegetables. D-limonene is particularly
characteristic of the orange and other members of the citrus family, but it is also
found in more than 75 unrelated species, including allspice, tea, coffee, hops,
passion fruit, peppermint, saffron, and vanilla. Alpha- and beta-pinene are
major constituents of the oils from the genus Pinus but are also widespread
throughout the plant kingdom. The widely distributed anthocyanins, one of
several classes of flavonoid pigments, are responsible for the colors of flower
petals, ripening fruits, and autumn leaves. Other closely related groups of
constituents are found almost entirely in one family, as the glucosinolates
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in the genus Brassica (the cabbage family). Still other constituents are uniquely
identified with a single species, e.g., cicutoxin in water hemlock or tetrodotoxin
in puffer fish. Furthermore, the range of concentrations is as broad as the
distribution is diverse. Some instances demonstrate survival value, but others
suggest imprecise and slowly evolving systems.

Many plants and nearly all animals, including unicellular ones, have what
appears to be a "chemical sense," i.e., they move or grow preferentially in the
direction of increasing concentrations of attractive or nutrient substances; they
also move away from or do not grow in the direction of or thrive in the presence
of increasing concentrations of adverse substances. Thus there is a clear, if
general, explanation for the effectiveness and survival value of many
constituents. This phenomenon is most apparent in the case of nutrients or, at
the opposite extreme, acutely noxious or toxic constituents. It seems reasonable
to accept a role for genotoxic constituents if they have the capability of
lowering the survival value of subsequent generations of pests or predators.
What is far more difficult to imagine, however, is the survival value of a
constituent that is an animal or human carcinogen. The typically long induction
periods for chemical carcinogenesis could rarely if ever affect the
aggressiveness or reproductive effectiveness of a pest or predator. If correct,
this then leads to the conclusion that the carcinogenicity—of such concern to us
—is merely an incidental aspect of some constituents, functionally unrelated to
whatever role they may have in the physiology of the source organism.

This perspective seems further strengthened by the often substantial
differences in susceptibility to toxicants, including carcinogens, among different
animal species. This report considers elsewhere the difficulties in interspecies
comparisons and the problems of comparative risk assessment for carcinogens
from different sources and of different potencies. We simply conclude that, as
far as we know now, there is a clear survival value for the plant or animal
source in many of the naturally occurring toxicants found in food,
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but no clear rationale for distinctively carcinogenic constituents as promoters of
evolutionary fitness. Carcinogenicity appears to be an incidental aspect—one of
many forms of toxicity encountered in the naturally occurring constituents of
food.

Certainly, non-nutrient components of foods have the potential to be toxic
as well as beneficial, as is discussed below for selected nutrients. It is likely that
as purified sources of these chemicals become available, individuals may
consume excessive amounts and some people will reach toxic doses. the studies
demonstrating toxicity of chemicals that have potential beneficial properties,
including nutrients, were conducted using higher doses than those to which
people consuming normal diets would be exposed.
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Dietary Plants and Cancer

The ability of dietary plant extracts and constituents to induce malignant
neoplasms in rodents has not been extensively studied, for several reasons.
First, if humans have ingested these plants over the millennia without apparent
toxicity, there has been no clear-cut rationale for undertaking such studies.
Second, the cost of a two-species, two-sex carcinogenicity study, with the
subchronic, metabolic, and analytical work typically needed for proper study
design and interpretation, can exceed $2 million per chemical tested. This cost
is prohibitive without a compelling rationale for such an effort. Third,
traditional food plants are in the public domain. They have no owner or sponsor
with a proprietary interest that could justify assuming these high costs.

Moreover, a positive result obtained from testing a plant or crude extract
would leave unresolved the question of which constituent, or combination of
constituents, produced this result. As discussed earlier, plant composition is
complex and highly variable. Useful specifications are sometimes difficult and
often impossible, and without them, one cannot be sure what one has tested, or
that one
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can reproduce the results. Lastly, the great majority of these constitutive
naturally occurring chemicals are present at microgram or nanogram levels or
lower. Unless there are data suggesting that further study is indicated, there is a
high probability that nearly all these chemicals are present in the diet at levels
that pose no toxicological significance (see Chapter 5).

As a consequence of all this, except for chili peppers (Capsicum
frutescens, C. annuum), calamus (Acorus calamus), black pepper (Piper
nigrum), and bracken fern (Pteridium aquilinum), and some edible mushrooms
(Agaricus species), very few edible plants or their crude extracts have been
shown to be carcinogenic in laboratory animals. Certain plants used as herbal
remedies contain carcinogenic pyrrolizidine alkaloids (e.g., lasiocarpine), but
are not considered as foods and thus are not included in this discussion. In
contrast, animal tests provide some evidence of carcinogenicity for a large
number of individual plant constituents (see Appendix A). In many cases, these
results were obtained only at or near the MTD. In plants or their crude abstracts,
carcinogenic constituents typically are highly diluted by the noncarcinogenic
components of the plants and their crude extracts, thus making achievement of
an MTD impossible. Because of physical and nutritional limitations, one cannot
simply feed more of the plant or crude extract to compensate for the dilution,
and also because other constituents, although noncarcinogenic, will often be
sufficiently toxic to make the MTD unreachable. In addition, research in this
area has been hampered by limited availability of purified plant components
and by our limited knowledge about potential interactions between compounds
within plants and in humans. Furthermore, studies on toxicity have looked at the
effects of plant components in animal systems using the highest doses tolerated,
while studies looking for protective properties have generally used somewhat
lower doses and have often studied the impact of the agent on the toxicity of a
potent chemical or biological agent. These crude approaches certainly result in
data that are difficult to use for assessing the risk escalation
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or risk reduction resulting from human exposure to these chemicals.

Nevertheless, the literature shows that although the crude extracts of more
than 50 species of flowering plants have been tested orally for carcinogenic
activity in rodents, only 27 of them were dietary plants. Of these, positive
results were seen in only the four noted above. Based on the criteria set forth in
the next section, and on the apparent quality of the data, only three of the
dietary plants just mentioned might be considered to be carcinogenic. On the
other hand, dietary plants which have been reported to inhibit carcinogenesis
number approximately 28, and secondary metabolites from dietary plants
number approximately 55 out of 65 tested (Farnsworth 1994).

According to current knowledge, the limited number of biosynthetic
pathways in higher plants produces only a small number of constitutive
naturally occurring chemicals found to be carcinogenic in animals. None of
these is a potent carcinogen, comparable to the aflatoxins or the nitrosamines.
However, as we have noted, food also contains naturally occurring substances
that have been acquired and derived. Among these are some of the most potent
animal carcinogens that have been identified.

NATURALLY OCCURRING CARCINOGENS FORMED
DURING PROCESSING OR CONTAMINATION OF FOOD

Mycotoxins

The category of acquired naturally occurring substances includes those
known as mycotoxins, resulting from fungal growth on food either in the field
or during harvest and storage. Dietary contamination by one or more mycotoxin
is common in most parts of the
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world, and particularly in hot, humid climates, such as those of Southeast Asia
and sub-Saharan Africa (Wogan 1992). Exposure to mycotoxins is a chronic
concern worldwide, not only because domestic products from these areas may
be contaminated, but also because countries in colder climates import foods
from areas where mycotoxin contamination of dietary staples is more frequent
and severe (IARC 1993). The presence of one mycotoxin in food generally
implies cocontamination by others, because a single fungus can generate several
mycotoxins, and also because a food can be contaminated simultaneously by
several mycotoxin-producing fungi.

Of several toxigenic species of fungi that can contaminate diet and dietary
staples, contamination by two species of Aspergillus, namely A. flavus, and A.
parasiticus, both known to produce hepatocarcinogenic aflatoxins, appears
ubiquitous. 4. flavus produces aflatoxins B; and B,, whereas A. parasiticus
produces aflatoxins B;, B,, G; and G, (Pitt et al. 1993). While all four
aflatoxins are toxic and believed to be carcinogenic in animals, B; is the most
prevalent and the most potent. Grains, peanuts, tree nuts, and cottonseed meal
are among the foods on which aflatoxin-producing fungi commonly grow.
Meat, eggs, milk, and other edible products from animals that consume feed
contaminated by aflatoxins are additional sources of potential exposure. The
relative amounts of aflatoxin B; on crops such as corn or groundnuts (peanuts),
or other grains and cereal products, depends not only on the presence of the
toxigenic fungi 4. flavus and A. parasiticus , but also on pre and post-harvest
conditions (IARC 1993). Levels of aflatoxin in crops can also vary
geographically and over time, with the southeastern US frequently referred to as
an area where high levels can occur in corn. If a particular corn crop is stressed,
for example, by drought or insect attack, it is susceptible to 4. flavus growth
and hence aflatoxin contamination (U.S. Food and Drug Administration [FDA],
Compliance Program Guidance Manual 7106.10). Available data from various
parts of the world suggest that the median levels of aflatoxins in corn range
from <0.1 to 80 ng/kg, and
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that in groundnuts (peanuts) the median levels are always below 26 ng/kg
(IARC 1993). The dietary exposure resulting from consumption of aflatoxin-
contaminated diets, including milk and milk products from animals that have
eaten contaminated feed, ranges widely from about 2.7 (U.S.A.) to 2,027
(Southern Guangxi, China) ng/kg bw/day (IARC 1993).

In view of the ubiquity of Aspergillus in the environment and the
possibility that food staples may be contaminated at various stages of
production and processing, it is unlikely we can ever completely eliminate
exposure to aflatoxin. Regulations now in effect or proposed for many countries
generally impose a maximum limit of 50 pg/kg food of aflatoxin B or the total
of all aflatoxins, and many countries impose far lower limits, e.g., 20 ng/kg in
the United States. The carcinogenic properties of the aflatoxins have been
extensively investigated, and much of these data are reviewed in somewhat
greater detail later in this section.

Epidemiologic studies have provided convincing evidence that dietary
consumption of aflatoxins has an etiologic role in hepatocarcinogenesis, and the
studies indicate a synergy between chronic viral B (also C) hepatitis and
aflatoxin exposure (Ross et al. 1992, Qian et al. 1994). In addition, a synergistic
interaction between chronic alcohol consumption and aflatoxin exposure
appears to play a role in human hepatocarcinogenesis. This causative role of
aflatoxins in human hepatocarcinogenesis has recently been further supported
by evidence from molecular epidemiology (see section on aflatoxins). There
now can be no doubt that elevated exposure to aflatoxins, and especially to By,
is a major contributor to human liver cancer. Nonetheless, it should be noted
that aflatoxin appears to account for a fraction of liver cancer in the United
States because of low aflatoxin concentrations in most U.S. foods and low
prevalence of hepatitis B virus carrier status (HBsAg").

Of the other most widely distributed toxigenic fungi, Fusarium
moniliforme is a ubiquitous contaminant in corn, and it produces toxins such as
fumonisins B; and B, and fusarin C. Exposure to
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Fusarium toxins appears to play a role in the pathogenesis of esophageal cancer
in humans. There are limited data on the levels of these Fusarium toxins in
food; thus, it is not possible to estimate reliably the levels of exposure (IARC
1993).

Ochratoxin A, produced predominantly by Aspergillus ochraceus and
Penicillium verrucosum, occurs worldwide in many commodities from grains to
coffee beans, and it is implicated in urinary tumorigenesis in humans and
rodents. Furthermore, barley, wheat, and pork products all appear to be human
dietary sources of ochratoxin A (IARC 1993).

Although less well-studied, T, toxin from Fusarium and other species
(Rodericks and Pohland 1981, Watson 1985, Ueno 1987) and the toxins found
in Penicillium islandicum Sopp (Ueno 1987) have been reported to be
carcinogenic. Beyond these, a large number of toxicants from many species of
lower fungi have been reported to cause liver damage in test animals or to be
mutagenic in microbiological assays (IFBC 1990). At least some of these would
reasonably be expected to be carcinogenic in animals if adequately tested.

Unfortunately, mycotoxins are ubiquitous. They can and must be
minimized, but they cannot be eliminated entirely from our diet.

Pyrolytic Products

As indicated earlier, cooking is the oldest and most widely used method of
food processing. Cooking alters the chemical structure of the food to be
consumed by pyrolysis, rendering it safe from microbial growth. The chemistry
of pyrolysis is extremely complex. The pyrolysis products of graphite, 60-
carbon aromatic bucky balls, received much attention in the early 1990's;
however, the chemistry of this process is simple when compared to the real
world process of cooking food (Kroto et al. 1985). Nonetheless, the processes
are similar and the chemistry not very well understood. When foods
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(or more properly food juices) are subjected to high temperatures, the amino
acids, sugars, and other constituents are degraded and recombined to yield a
bewildering array of compounds responsible for the aromas and flavors of
cooked foods. Many of these compounds (e.g., the pyrazines) constitute the
desirable flavor components that we associate with cooking, yet many others,
particularly the more complex polycyclic heterocyclic amines, have been shown
to be carcinogenic.

In 1977, Sugimura and coworkers demonstrated that the charred part of a
grilled sardine was highly mutagenic in Salmonella typhimurium . After
isolation and characterization, the agents responsible were determined to be a
variety of polycyclic heterocyclic amines (PHAs). When further investigated, it
was shown that any amino acid, when pyrolyzed, would produce its own
characteristic set of pyrolysis products. Analysis of these products indicated that
as many as 25 mutagenic PHAs may be isolated (Nagao and Sugimura 1993,
Sugimura et al. 1994). For instance, tryptophan yields Trp-P-1 and Trp-P-2
(Tryptophan Pyrolysis 1 and 2, respectively) shown in Figure 2-1.

Pyrolysis of many other amino acids yields structurally similar compounds
(see Lys-P-1, Phe-P-1, 1Qx, in Figure 2-1). It is important to keep in mind that
these compounds are isolated from single amino acid reactions, and that the
mixture of amino acids and other metabolites produces still other, more
complex compounds, for instance 1Q, MelQ, and MelQx. These compounds are
among the most potent mutagens yet discovered.

The mutagenicity of these compounds correlates well with their
carcinogenicity. When Trp-P-1 is fed to mice at the dosage of 15 mg/kg/day
(0.53 mg/day per mouse) it induces hepatocellular tumors in 42% of the
animals. In well-charred beef, Trp-P-1 may be present at a concentration of 106
ng/gm beef. Thus, assuming the average rate of consumption of beef to be 188
gm/day, the average human exposure from this source is 285 ng/kg/day, or
19.95 pg for a 70 kg person (Prival 1985). Similarly, when Trp-P-2 was
administered
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for 112 weeks in the diet at 100 ppm to male and female rats, significant
increases in the incidences of neoplastic lesions were found in the liver, urinary
bladder, and mammary glands in males and in the mammary gland,
hematopoietic system, and clitoral gland of females (Takahashi et al. 1993).
While these doses are dependent on cooking conditions and their relevance is a
matter of dispute, it is clear that there are several orders of magnitude between
the human and rodent experimental doses.

The discovery, identification, analysis, and testing of the PHAs provide a
useful example of the progress that can be made, although with much cost in
time and effort, in dealing with a complex mixture. The problems involved in
dealing with mixtures receive further attention in Chapters 4 and 6.

Cooked sugar was also found to be mutagenic and to promote the growth
of colonic microadenomas in rats and mice (Corpet et al. 1990).

CURRENT STATE OF KNOWLEDGE OF HUMAN DIETARY
CARCINOGENS

Identifying Potential Human Dietary Carcinogens

Appendix B presents a list of substances evaluated by the International
Agency for Research on Cancer (IARC) and U.S. National Toxicology Program
(NTP) on the basis of epidemiologic and animal studies and found to pose some
specified degree of carcinogenic risk to humans. Those substances are the
primary focus of this report. In addition, Appendix A contains a list of other
substances that have been tested for carcinogenicity in animals and found to
have some positive evidence of it. Most of these are not included in
Appendix B. The list in Appendix A provides a more comprehensive summary
of the limited carcinogenicity testing done
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so far on naturally occurring chemicals in the food supply and indicates the
wide variability in the apparent quality and solidity of the results.

It is not feasible to discuss in-depth each of the substances in either
appendix. Instead, the discussion that follows provides some reasonably
detailed information on five representative naturally occurring chemicals.

Constitutive Naturally Occurring Carcinogens

Caffeic Acid

Caffeic acid is a constitutive naturally occurring chemical found in higher
plants. Of the five chemicals listed in Table 2-2, it is the most widely distributed
throughout the plant kingdom, occurring mainly as the three
monocaffeoylquinic acid esters, chlorogenic, cryptochlorogenic, and
neochlorogenic acid. The chlorogenic acids are apparently hydrolyzed in the
stomach to caffeic and quinic acid (Booth et al. 1957, Czok et al. 1974). Caffeic
acid also occurs esterified to other hydroxyacids such as malic and tartaric acid
and to glucose as a glucoside. It occurs infrequently as a free acid (Herrmann
1989).

The concentration of conjugates of caffeic acid in various fruits and
vegetables, expressed in terms of mg/kg fresh weight, has been summarized by
TARC (1993). Concentration data summarized by IARC and by Stich (1991) are
used in Chapter 5 for making estimates of caffeic acid exposure. Large
concentrations of caffeic acid conjugates can be found in apples and lettuce
(Herrmann 1989).

There is sufficient evidence in experimental animals for the
carcinogenicity of caffeic acid. Administered in the diet, it induced forestomach
squamous cell carcinomas in male mice and in male and female rats, and renal
tubular cell hyperplasia and adenomas in mice.
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The relevance to humans of the positive findings in animal studies is
uncertain for several reasons: no data are available on the carcinogenicity of
caffeic acid in humans; the dose of caffeic acid tested in experimental animals
was high; humans do not have a forestomach; and the renal lesions reported in
mice and rats were related to toxic lesions. In addition, studying the actions of
plant components in isolation can lead to incorrect assumptions about their
modes of action and ultimate effects, which represents a specific instance of the
general uncertainties about substance interactions. Caffeic acid, which exhibits
both carcinogenic and anticarcinogenic activity, appears to be a case in point. In
vitro studies indicate that caffeic acid may act either as a pro- or anti oxidant,
depending on the experimental conditions. In the presence of free transition
metals (e.g., manganese, copper, iron), reactive oxygen species capable of
damaging DNA may be formed (Inoue et al. 1992, Li and Trush 1994);
however, in their absence, caffeic acid blocks the formation of reactive oxygen
species, lipid peroxides, and nitrosamines (Toda et al. 1991; Zhou and Zheng
1991; Stich 1992; Laranjinha et al. 1992, 1994; Li et al. 1994; Nakayama 1994).
In vivo studies in which caffeic acid was administered orally in combination
with known carcinogens have also yielded seemingly contradictory results with
respect to the carcinogenic action of caffeic acid in epithelial tissues. Caffeic
acid increased forestomach tumors in rats pretreated with DMBA or MNNG
(Hirose et al. 1988, 1991, 1992). However, it inhibited squamous epithelial
carcinomas of the rat tongue (Tanaka et al. 1993) and mouse forestomach
tumors when administered with benzo[a]pyrene (Wattenberg et al. 1980). The
dose range at which caffeic acid has been observed to be protective (500-10,000
ppm) overlaps with the range at which enhancing effects have been seen
(5,000-20,000 ppm). A cursory look at the foods in which caffeic acid is present
reveals many that are high in fiber, vitamins A, E, C, beta carotene, and
numerous other protective compounds that might significantly affect the fate of
caffeic acid in the body.
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On the basis of studies in animals, IARC (1993) concludes that caffeic acid
is possibly carcinogenic to humans and has classified it as a Group 2B
carcinogen.

Urethane (Ethyl Carbamate)

Urethane is a derived naturally occurring chemical found in foods
produced or modified by fermentation, including alcoholic beverages, bread,
soy sauce, yogurt, and olives (IARC 1974). Urethane is also an artifact resulting
from treatment of beverages such as wine, beer, orange juice, and some soft
drinks with pyrocarbonate, a fungicide that breaks down in the beverage after
treatment (Schméhl 1977).

There is clear evidence for the carcinogenicity of urethane in experimental
animals (IARC 1987). Urethane has been shown to be carcinogenic in mice,
rats, and hamsters after administration by the oral route, producing lung tumors,
lymphomas, hepatomas, and melanomas (Berenblum and Haran-Ghera 1957,
Toth et al. 1961; Klein 1962, 1966; Della Porta et al. 1963; Adenis et al. 1968;
Toth and Boreisha 1969).

The relevance to humans of animal studies of urethane is not known. No
case reports or epidemiologic studies in humans of urethane are available,
although clearly alcoholic beverages are carcinogenic to humans. On the basis
of animal studies, IARC (1987) concludes that urethane is possibly
carcinogenic to humans and has classified it as a Group 2B carcinogen.

Acquired Naturally Occurring Carcinogens: Aflatoxin Bl

As discussed earlier, the aflatoxins are the most ubiquitous of the fungal
toxins, and aflatoxin B the most potent and most studied
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of all. In addition to being an acquired naturally occurring carcinogen, often
found on grains, nuts, and seed meals, it is also a pass-through naturally
occurring carcinogen, as it can be found in milk and other edible products from
animals that have consumed feed contaminated with aflatoxin.

The carcinogenic properties of aflatoxin B; have been extensively
investigated, and much information has been generated regarding their
metabolic activation and mechanisms of action (Wogan 1992). Aflatoxin B, has
been identified by IARC (1993) and NTP (1994) as a carcinogen. There is
sufficient evidence to indicate the carcinogenicity of aflatoxin in experimental
animals (IARC 1993). Administered in the diet, aflatoxin B, has been tested for
carcinogenicity in many animal species and found to produce tumors primarily
of the liver, colon, and kidneys. After oral administration, aflatoxin B; caused
hepatocellular and/or cholangiocellular liver tumors, including carcinomas, in
all species tested (including rats, hamsters, and monkeys) except mice (Wogan
and Newberne 1967, 1971; Butler et al. 1969; Epstein et al. 1969; Wogan 1969,
1974; Kalengayi et al. 1975; Nishizumi et al. 1977; Sieber et al. 1979; Zawirska
and Bednarz 1981; Moore et al. 1982; Bannasch et al. 1985; Soffritti and
McConnell 1988). In rats, renal cell tumors were also found but a low incidence
of tumors at other sites, including the colon (Wogan and Newberne 1967, Butler
et al. 1969, Epstein et al. 1969). In monkeys, liver angiosarcomas of the gall
bladder and pancreas developed, in addition to hepatocellular and
cholangiocellular carcinomas (Sieber et al. 1979). In rats and hamsters,
aflatoxin B; administered in the diet induced foci of altered hepatocytes, the
number and size of which was correlated with later development of
hepatocellular adenomas and carcinomas (Wogan and Newberne 1967, Wogan
et al. 1971, Kalengayi et al. 1975, Moore et al. 1982, Bannasch et al. 1985, Gil
et al. 1988, Soffritti and McConnell 1988).

There is also sufficient evidence to indicate the carcinogenicity of aflatoxin
B, in humans (IARC 1993). Epidemiologic studies
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(Autrup et al. 1987, Peers et al. 1987, Yeh et al. 1989) and several case-control
studies (Bulatao-Jayme et al. 1982, Cusumano 1991, Parkin et al. 1991,
Srivatanakul et al. 1991) have provided convincing evidence that dietary
consumption of aflatoxin B; plays an etiologic role in hepatocarcinogenesis.
Two correlation studies—one in Swaziland and one in China—indicate a
synergy between chronic viral B (also C) hepatitis and aflatoxin exposure
(Peers et al. 1987, Ross et al. 1992, Qian et al. 1993). In addition, a synergistic
interaction between chronic alcohol consumption and aflatoxin exposure also
appears to play a role in human hepatocarcinogenesis. Furthermore,
approximately 55% of the hepatocellular carcinomas from people exposed to
aflatoxins contain an AGG to AGT mutation at codon 249 of the p53 tumor
suppressor gene (Greenblatt et al. 1994), a mutation that is preferentially
induced in cultured human hepatocytes exposed to aflatoxin B;. This fact
supports the causative role of aflatoxins in human hepatocarcinogenesis. Less
than 4% of liver tumors found in people from developed countries, in which
exposure to aflatoxins is relatively low, contain this mutation (Aguilar et al.
1994). Thus, the conventional and molecular epidemiologic studies clearly
indicate that aflatoxins are carcinogenic to humans.

On the basis of studies in animals and data in humans, IARC (1993)
concludes that aflatoxin B is carcinogenic to humans and has classified it as a
Group 1 carcinogen.

Derived Naturally Occurring Carcinogens

PhIP (2-Amino-1-Methyl-6-Phenylimidazo[4,5-b]Pyridine)

In investigations of foods for the presence of multiple polycyclic
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heterocyclic amines (PHAs), Phlp is usually found to be the most abundant
(IARC 1993). PHAs have been isolated from a ordinary human diet cooked
simulating household conditions (Alink et al. 1988).

According to IARC (1993), there is sufficient evidence in experimental
animals for the carcinogenicity of 2-amino-1-methyl-6-phenylimidazo[4,5-b]
pyridine (PhIP). PhIP was tested for carcinogenicity in one experiment in mice
and two experiments in rats by oral administration in the diet. It increased the
incidence of lymphomas in mice of each sex (Esumi et al. 1989). In rats, it
produced adenocarcinomas of the small and large intestine in males and
mammary adenocarcinomas in females (Ito et al. 1991, Ochiai et al. 1991). The
relevance of these findings to human health is unknown. No data directly
relevant to an evaluation of the carcinogenicity to humans of PhIP were
available.

On the basis of these studies, IARC (1993) concludes that PhIP is possibly
carcinogenic to humans and has classified it as a Group 2B carcinogen.

N-Nitrosodimethylamine

N-nitrosodimethylamine is a derived naturally occurring carcinogen
present in a variety of foods, including cheese, soybean oil, canned fruit,
various meat products and cured meats, bacon, frankfurters, ham (cooked), fish
and fish products, apple brandy, other alcoholic beverages, and beer.
Concentrations in these foodstuffs have been measured to be between 0 and 85
ng/kg. Levels of N-nitrosodimethylamine in various foods from several
countries, including the United States, have been reported by IARC (1978).

N-nitrosodimethylamine has been identified by IARC (1978) and NTP
(1994) as an animal carcinogen. There is sufficient evidence to indicate the
carcinogenicity of N-nitrosodimethylamine in several experimental animal
species (IARC 1978). When administered
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orally, it induced liver hemangiosarcomas, hepatocellular carcinomas, and
kidney and lung tumors in mice (Takayama and Oota 1963, 1965; Terracini et
al. 1966; Toth et al. 1964; Clapp et al. 1968, 1971; Den Engelse et al. 1969,
1970; Clapp and Toya 1970; Otsuka and Kuwahara 1971; Shabad and
Savluchinskaya 1971; Zwicker et al. 1972). The chemical also induced kidney
and bile duct tumors in rats and hepatocellular carcinomas and bile duct tumors
in hamsters, rabbits, and guinea pigs when orally administered (Magee and
Barnes 1956, 1959, 1962; Schmihl and Preussmann 1959; Zak et al. 1960;
Tomatis et al. 1964; Terracini et al. 1967, 1969; Geil et al. 1968; Le Page and
Christiec 1969a, b; Riopelle and Jasmin 1969; Kowalewski and Todd 1971;
Hadjiolov and Markow 1973; Taylor et al. 1974; Shinohara et al. 1976). N-
nitrosodimethylamine is also carcinogenic when it is administered prenatally
and in single doses. In several of the studies, dose-response relationships were
established.

No case reports or epidemiologic studies are available to evaluate the
carcinogenicity of N-nitrosodimethylamine in humans. However, similarities in
its metabolism by human and rodent tissues have been demonstrated. Therefore,
TIARC (1978) concludes that N-nitrosodimethylamine "should be regarded for
practical purposes as if it were carcinogenic in humans" and has classified it as
a Group 2A carcinogen.

CURRENT STATE OF KNOWLEDGE OF HUMAN DIETARY
ANTICARCINOGENS

Considerable evidence suggests that the consumption of fruits and
vegetables is important in the prevention of human cancer (NRC 1989a, Birt
and Bresnick 1991, Block et al. 1992, Lelloff et al 1994). Fruits and vegetables
are associated with reduced rates of several forms of human cancer, including
stomach, lung, breast, and colon. These observations, in addition to other
beneficial
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properties of fruits and vegetables, have encouraged the development of public
health campaigns such as the "five-a-day" program designed to increase their
intake (NRC 1989a).

A few studies have been conducted in experimental animals on the ability
of specific dietary plants to prevent cancer (Birt and Bresnick 1991). Most
extensively studied have been members of the cruciferous, allium, and tea
families, which were effective in rodents preventing cancers at numerous sites,
including esophagus, colon, lung, breast, and skin. There is evidence that some
of the inhibition of cancer by fruits and vegetables is due to the essential
nutrient vitamins A, C, E, and selenium. There have also been extensive
investigations of the particular chemical compounds present in fruits and
vegetables, as shown in Appendix C. The results of these investigations suggest
that these minor constituents contribute significantly to cancer prevention.

Of particular interest are members of the flavonoid class (apigenin,
myricetin, quercetin, robinetin, and rutin), which are widely distributed in foods
and which inhibit a range of cancers, such as skin, colon, and lung. Conversely,
the most extensively studied flavonoid, quercetin, has also been reported to be a
carcinogen under other conditions of feeding (Appendix A). These opposing
effects on cancer are not unique to flavonoids. For example, caffeic acid,
chlorogenic acid, and cugenol have been observed both to increase and to
inhibit the formation of neoplasias. Observations of both positive and negative
effects on health have been made for numerous other compounds in foods, such
as lectins, phenolic compounds, saponins, and enzyme inhibitors (Thompson
1993). Similarly, synthetic dietary compounds such as butylated hydroxy-
anisole (BHA) have been found both to induce and to inhibit carcinogenesis in
animals (Ito et al. 1989). For example, forestomach cancer was induced by high
doses of a number of antioxidants, including BHA. However, these same
antioxidants given at low doses, with more potent carcinogens, were effective in
inhibiting cancer at a number of sites (Ito et al. 1989). Further studies are
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needed to define the conditions necessary to achieve inhibition of cancer, avoid
undesirable effects, and identify mechanisms of action.

A number of plant phenolics, such as genistein and indole-3 carbinol, have
received considerable attention in recent years because of their weak estrogenic
activity. Such compounds are called phytoestrogens , and it has been
hypothesized that these chemicals may block more potent estrogens by binding
to estrogen receptors that control gene expression. However, many of the
effects of these phenolic compounds do not appear to be related to this binding.
It was recently proposed by Safe that some of the potential toxic impact of
estrogenic industrial compounds may well be prevented by the large number of
phytoestrogens in the diet (Safe, in press).

It is important to note that the results in bioassay testing for
carcinogenicity and anticarcinogenicity will probably be skewed by the
methods currently used. These methods tend to identify anticarcinogenic
properties of chemicals more rapidly than carcinogenic properties, for the
following reasons: 1) anticarcinogenicity is typically assayed in the presence of,
or following treatment with, a potent carcinogen in a 15-50 week animal
bioassay, while to demonstrate potential carcinogenicity, tests require two years
with a larger number of animals, and 2) because of the tremendous difference in
cost for these two types of studies, it is likely that more chemicals will be
studied for their anticarcinogenic effects than for their carcinogenic effects.

There are, moreover, issues of relevance. Compounds are tested for
carcinogenicity at high doses to be as certain as possible of detecting weaker
effects that would occur rarely and possibly be missed in low-dose testing.
However, as noted in Chapter 4, high doses introduce problems of extrapolating
properly to low human exposures, even when no other factors render the high-
dose effects uninterpretable. High-dose exposure to a potent carcinogen, as
described above in animal testing for anticarcinogenic effects, is hardly the
typical human situation, and the interpretation of such
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high-dose exposures in anticarcinogenicity studies is open to the same
criticisms that apply to high-dose testing for carcinogenicity. It would be more
realistic to look for the effects of putative anticarcinogens on background tumor
rates or on rates in animals with genetic predisposition to certain cancers
parallel to human genetic patterns, or on animals fed ad libitum vs. calorie-
restricted diets. Biological markers, discussed in Chapter 6, may also prove to
be of value here.

Many of the compounds listed in Appendix C are reported to have
antioxidant properties. However, there are numerous other mechanisms
whereby these dietary components may modify carcinogenesis. These include
activating detoxification pathways or deactivating toxification pathways,
inhibiting cellular proliferation, affecting hormonal modulation, inhibiting
interaction of growth factors with their receptors, etc. Equally important, the
impact of any single compound on cancer development will almost certainly be
the sum of numerous effects of the chemical, rather than a single biological
effect. This complexity will inevitably make it difficult to determine
mechanisms of dietary prevention of cancer.

The compounds in Appendix C have been assessed individually in
experimental animals, or in cell or tissue culture studies. There is no current
evidence that these compounds are effective in cancer prevention in humans.
Diets rich in plants or in particular types of plants, however, have been
associated with reduced rates of some forms of human cancer.

It is important to note that about 70 constitutive naturally occurring
chemicals from dietary plants are reported to possess both mutagenic and
antimutagenic and, in some cases antioxidant properties. Most of these fall
under the following classes: flavonoids, phenolic acids, phenylpropanoids,
coumarins, depsides, cyclitols, isothiocyanates, catechins, simple phenols,
monoterpenes, sesquiterpenes, amino acids, and anthraquinones (Farnsworth
1994).
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EFFECT OF DIETARY MACRONUTRIENTS ON
CARCINOGENESIS

In this and the following section, we discuss the effects of dietary nutrients
(macro- and micro-) separately from non-nutrients, because the data available
on these two categories are considerably different. In general, nutrients have
been extensively studied and attempts have been made to identify optimal
ranges of intakes. Studies on the modulation of cancer by nutrients compare low
dietary intakes with optimal and high intakes. Few studies assess nutrient-free
diets in cancer modulation because of the known adverse health consequences
of consuming deficient diets. In contrast, diets that contain non-nutrient
additives have been compared with diets that are free of these agents. Since
these components, by definition, are not known to be required, their impact on
cancer development has been studied by an approach more typical of toxicology
than of nutrition.

Dietary macronutrients include carbohydrates, protein, fats, and alcohol
(NRC 1989a). With the exception of alcohol, each class consists of a number of
substances that are structurally related.

The dietary substances that ordinarily constitute these classes of
macronutrients are generally not carcinogenic. However, carcinogens may be
generated when foods containing these substances are cooked excessively, as
described in the section on pyrolytic compounds (see previous section on
pyrolytic mutagens) (Lijinsky and Ross 1967, Sugimura 1985, Felton et al.
1986). Furthermore, macronutrients may influence the development of cancer
by acting as enhancers or, in some cases, inhibitors of carcinogenesis. This
section is intended to summarize some of the more important, generally
accepted findings concerning the effects of dietary macronutrients on cancer
development. This subject was previously reviewed by the Committee on Diet
and Health (NRC 1989a).
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Calories

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Reducing calorie intake results in a reduction in cancer. This phenomenon,
known as the caloric effect, appears to be the major effect of dietary
macronutrients on carcinogenesis in experimental animals.

The caloric effect, discovered early in this century, is one of the most well-
documented and generally effective anticarcinogens known for rodents (Pariza
and Boutwell 1987). As an example, conducted an experiment in which a group
of 50 female BDA mice were fed a mixture of dog chow meal and skimmed
milk powder. Supplementation with 1 gm of corn starch in addition to the 2 gm
basic feed given to controls increased the spontaneous breast cancer incidence
from 0% to 38%. Similar studies conducted in rats reported approximately 20%
reduction of lifetime malignant tumor incidence, and many of the tumors
observed in the animals whose diets were restricted appeared only when most of
the rats fed ad libitum had died. The cancer potency value calculated for the rat
study fell between the values derived from the mouse study. These observations
suggest that rats and mice might react in a similar manner to excess food and
that generalizations to humans may be possible. Haseman and Rao (1992)
demonstrated an association in rats between body weight and leukemia,
pituitary, and mammary tumors. In male mice an association was also
demonstrated between body weight and liver and lung tumors. Hart and
Turturro  (1994) observed reduced tumor incidences at these sites in
calorierestricted animals. These results are consistent with the finding that
excess calorie intake by rodents is associated with higher tumor rates for some
tissue sites.

There is considerable epidemiologic evidence that the balance between
calorie intake and energy expenditure influences the risk of cancer in humans as
well (Kritchevsky 1993, Willett 1994). Nevertheless, independent associations
between macronutrients and selected cancers have been found in many
epidemiologic studies
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after controlling for caloric intake (Van't Veer et al. 1990, Willett et al. 1990,
Giovannucci et al. 1993b). It appears that the biochemical mechanism of the
caloric effect involves changes in hormonal balance (Pariza and Boutwell 1987,
Kritchevsky 1993). Specifically, the effect may be mediated by elevated
secretion of adrenal hormones such as glucocorticoid hormone and/or
dehydroepiandrosterone (Schwartz and Pashko 1994). A considerable body of
evidence suggests that glucocorticoids inhibit inflammation, a concomitant of
many cytotoxic-regenerative processes associated with enhanced tumorigenesis
in some tissues. It is also known that caloric restriction can affect metabolic
processes, including enzymes involved in carcinogen activation and inactivation
(ILST 1995). Reduced caloric intake also reduces the rate of cell proliferation or
increases the rate of apoptosis (programmed cell death) (Lok et al, 1988, 1990;
Grasl-Kraupp et al. 1994; ILSI 1995). Effects on cell proliferation appear to be
a particularly significant means of modulating carcinogenesis, including effects
on spontaneous tumors in rodents. The effect on apoptosis is particularly
prominent in preneoplastic lesions such as hyperplastic nodules in the rat liver
(Grasl-Kraupp et al. 1994). A major consequence of inhibiting apoptosis is to
increase the number of cells available for replication, in contrast to increasing
the rate of proliferation. The resulting effect of either is an increase in the
number of DNA replications.

The caloric effect is recognized as markedly influencing the quantitative
assessment of carcinogenic potency of chemicals tested by the rodent bioassay
(ILST 1995). Animals fed ad libitum appear to be more responsive when tested
in the standard rodent bioassay. In this way, calories play a central role in our
evaluation of chemicals and the extrapolation of potency data from rodent
studies to humans.

Carbohydrates

The effects of carbohydrates on carcinogenesis have been studied
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primarily in relation to their contribution to dietary energy. Recent studies have
compared the impact of carbohydrate energy on carcinogenesis with that of fat
energy on carcinogenesis (see below).

A more extensively studied macronutrient that is often categorized with
carbohydrate is fiber, which is not a single substance but rather a collection of
many different carbohydrate-containing materials (NRC 1989a). These include
cellulose, hemicellulose, pectin, and lignin. Fiber is not degraded by
mammalian digestive enzymes but may be partially metabolized by colonic
microflora. Some fibers are water-soluble, others insoluble.

The consumption of fiber-rich foods, including those high in pentoses, is
associated with decreased colon cancer risk. However, this relationship may be
due, at least in part, to other (nonfiber) components of fruits, vegetables, and
grains (NRC 1989a). There is some evidence that dietary fiber may reduce the
risk of adenomatous polyps of the colon, which are generally considered to be
precursor lesions for colon cancer (Neugut et al. 1993). However, the data from
animal studies are not consistent: some studies indicate protection whereas
others indicate no effect or even enhanced cancer risk. In general, wheat bran
exhibits the most consistent inhibiting effect (NRC 1989a). Recent studies
suggest that some of the cancer-prevention effects of dietary fiber may be
related to the lignan precursors and other phytoestrogens in whole grain foods
rich in fiber (Thompson 1994).

Fat

Previous NRC committees (1982 and 1989) have concluded from
epidemiologic studies that of all the dietary factors, fat exhibited the most
consistent cancer-enhancing effect. However, a clear consensus on the strength
of the relationship between dietary fat per se and cancer risk in humans remains
elusive (Pariza and Boutwell 1987, Kritchevsky 1993, Willett 1994). For
example, although many case-control studies have found positive associations
between
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breast cancer and dietary fat intake, most cohort studies have failed to
reproduce this finding (NRC 1989a, Willett 1994). Studies of colon cancer and
the consumption of fat (including saturated fat) have been more consistent.
However, the fat association is at least in part attributable to a strong association
with red meat (Giovannucci et al. 1994). Such an association could reflect other
carcinogenic constituents in these foods, such as the heterocyclic amines
produced during cooking at high temperatures. A similar situation occurs in
prostate cancer, which has been associated with high intake of saturated fats,
but also with the high consumption of red meats (Kolonel et al. 1988,
Giovannucci et al. 1993b, Le Marchand et al. 1994).

In contrast to the results of epidemiologic investigations, animal studies
have produced a much more consistent pattern, because the diets of
experimental animals can be readily controlled. Recent experimental studies
have suggested that dietary fat and energy may interact in some manner to
modify cancer. For example, high dietary fat enhanced mammary
carcinogenesis in rats only when diets were freely fed (Welsch et al. 1990).
Furthermore, when energy from fat and from carbohydrate were compared for
their impact on carcinogenesis, calories from fat appeared to be somewhat more
effective in enhancing carcinogenesis than calories from carbohydrates (Zhu et
al. 1991, Birt et al. 1993). Thus, while at least some of the impact of fat on
cancer appears due to its high caloric density, it also appears that certain
properties of fat may enhance cancer, independent of energy.

Dietary fat has been extensively studied experimentally as a modulator in
animal models of the multistage process of carcinogenesis. The data are
strongest for an impact of dietary fat on events involved in cell proliferation and
gene expression (NRC 1982).

Rancid fat contains peroxides and aldehyde mutagens that could initiate
and/or promote carcinogenesis, but this possibility has not been extensively
studied (Ames 1983). It has also been proposed that fatty acid oxidation may be
involved in tumor promotion within
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the colon (Ames 1983, Carroll 1985, Welsch 1987). Lane et al. (1985) reported
that mammary tissue from mice fed diets high in corn oil had less
malonaldehyde (a product of lipid peroxidation) than mice fed diets low in corn
oil, even though the mice fed the high corn oil diet developed more mammary
tumors after 7,12-dimethylbenzathracene was administered. Hence, while in
situ lipid peroxidation may be important in enhancing the development of some
forms of cancer (e.g., colon cancer), it does not appear to be involved in
carcinogenesis at other sites (e.g., breast).

Linoleic Acid

Linoleic acid is the only fatty acid that has been shown unequivocally to
enhance carcinogenesis in animal studies. The effect depends on levels of
dietary linoleic acid and exhibits a linear dose-response when the concentration
is between 1% and 5%. Above 5%, the effect plateaus (Ip et al. 1985). At
extremely high levels (>16%) of linoleic acid in the diet, there is a reduction in
cell proliferation in the mammary gland. The implications for carcinogenesis in
the mammary gland should be explored (Lok et al. 1988, 1990, 1992). Much of
the reported effect on experimental carcinogenesis of "fat type" appears to be
due to the linoleic acid effect.

Conjugated Linoleic Acid (CLA)

As linoleic acid is the only fatty acid shown unequivocally to enhance
carcinogenesis, conjugated linoleic acid (CLA) is the only fatty acid shown
unequivocally to inhibit carcinogenesis in experimental animals (Ha et al. 1987,
1990; Ip et al. 1991, 1994). In contrast, the data indicating that omega-3 fatty
acids may inhibit carcinogenesis are ambiguous (Pariza 1988), although these
fatty acids appear to play a role in reducing the risk of heart disease in
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human populations (NRC 1989a). The major dietary sources of CLA are foods
derived from ruminant animals, for example dairy products and beef (Chin et al.
1992).

CLA is effective as an anticarcinogen when present in the diet of
experimental animals at levels as low as 0.05% to 0.1% (Ip et al. 1994). It
appears to act via signal transduction pathways and effects on prostaglandin
metabolism. In this regard, it has recently been shown that CLA is a growth
factor for rats, possibly because it also modulates the catabolic effects resulting
from immune stimulation (Chin et al. 1994). There are similarities in the effects
of CLA and the effects of omega-3 fatty acids on mammals and birds; in
general, CLA appears to be more potent (Miller et al. 1994).

Bile Acids and Free Fatty Acids

Bile acids and free fatty acids are generated during normal digestion. They
are toxic for cells of the colonic mucosa and may potentiate the development of
colon cancer. It has been proposed that calcium may inhibit the effect by
complexing with bile acids and free fatty acids (Scalmati et al. 1992).
Epidemiologic data on the relationship of fecal bile acids and neutral steroids to
the risk of colon cancer are inconsistent (Kolonel and Le Marchand 1986).

Protein

The major effect of dietary protein on carcinogenesis appears to be caloric
(Clinton et al. 1992), although under conditions where protein is growth-
limiting, fewer tumors develop (Topping and Visek 1976). Excessive dietary
protein increases colonic ammonia levels; ammonia in turn may enhance the
development of chemically induced colonic tumors (Clinton et al. 1988).
However, few epidemiologic studies have implicated dietary protein in cancer
risk
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(NRC 1989a). Some studies show associations of colon and breast cancers with
dietary protein, particularly animal protein (Lubin et al. 1986, Potter and
McMichael 1986). This association could indirectly reflect high correlations
between the intake of protein and fat or protein and red meat in the study
populations.

Alcohol

Unlike other dietary macronutrients, alcohol refers to a single substance,
ethyl alcohol. However, in epidemiologic investigations, it is generally not
possible to isolate the effects of ethanol from those of the many congeners in
alcoholic beverages. Excessive alcohol consumption has been linked to
increased cancer risk at several sites in humans, particularly when combined
with certain other factors including tobacco use, infection with Hepatitis B
virus, and poor dietary habits (NRC 1989a). Animal experiments indicate that
ethyl alcohol enhances cancer risk when administered in the diet or applied
topically in conjunction with another carcinogenic agent. In humans, alcohol
ingestion appears to increase the risk of cancer in susceptible individuals, but it
does not appear to be a genotoxic carcinogen (Seitz and Simanowski 1988). A
variety of mechanisms have been proposed to explain the enhancement of
carcinogenesis by alcohol, including effects on cell membranes, DNA structure,
and carcinogen metabolism.

EFFECT OF DIETARY MICRONUTRIENTS ON
CARCINOGENESIS

As noted earlier, considerable epidemiologic and experimental evidence
suggests that a number of micronutrients, including vitamins A, C, E, and
selenium, contribute to cancer prevention. Conversely, diets deficient in these
micronutrients have been associated
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with an increased risk of cancer. These micronutrients are antioxidants and
evidence suggests that some of their anticancer effects may be through
inhibition of oxidation; however, they may act through other mechanisms.

This section provides an overview of the micronutrients that have been
most extensively studied in cancer cause and prevention. Much of the evidence
that these micronutrients are important in cancer prevention comes from the
association of fruits and vegetables with cancer prevention. It should be noted
that supplemental nutrients have not been observed to be as effective as a diet
rich in fruits and vegetables (NRC 1989a). It should be further noted that direct
evidence for a specific effect of fruits and vegetables, based on intervention
studies in humans, has not yet been reported. It is possible that diets rich in
fruits and vegetables are associated with reduced cancer rates because of the
lower fat and calorie intake associated with such diets. However, studies
involving experimental animals, in which fat and energy intake are controlled,
suggest that fruits and vegetables have inhibitory properties (Birt and Bresnick
1991). Furthermore, several epidemiologic studies have reported an inverse
relationship between the intake of fruits and/or vegetables and specific cancers;
the relationship was shown to be independent of fat or energy intake (Macquart-
Moulin et al. 1986, Slattery et al. 1988, Hunter et al. 1993, Pohan et al. 1993,
Omenn 1995).

Vitamin A

The naturally occurring forms of vitamin A (retinol, retinal, retinoic acid
and its carotenoid precursors) have been extensively studied in animals and
humans for their efficacy in cancer prevention. The strength of the inverse
relationship between intakes of vitamin A (especially its precursors, the
carotenoids) and reduced cancer at several sites led to the development of
synthetic analogues
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of vitamin A which have been extensively studied in animals and recently used
in breast cancer patients.

The most convincing evidence that vitamin A and its precursors, the
carotenoids, prevent human cancer comes from prospective and retrospective
epidemiologic studies associating low intakes of fruits and vegetables with
elevated risk of cancer (Ziegler 1991). The data are particularly convincing with
respect to lung cancer; however, studies also suggest that vegetable and fruit
intake may reduce the risk of cancers at other sites (e.g., the oral cavity,
pharynx, larynx, esophagus, colon, rectum, bladder, and cervix) (Ziegler 1991).
Investigations suggest that [i-carotene is the most effective carotenoid in cancer
prevention. However, one study implicates other components of fruits and
vegetables in cancer prevention (Le Marchand et al. 1989). In this study of the
relationship between the intake of fruits and vegetables and lung cancer risk in
humans, results indicated a negative dose-dependent relationship between
dietary [5 -carotene and lung cancer risk, but no clear association for retinol,
vitamin C, folic acid, iron, dietary fiber, or fruits. However, all vegetables
showed a stronger inverse relationship with lung cancer risk than did [5 -
carotene, suggesting that other constituents of vegetables, such as lutein,
lycopene, and indoles, may have anticancer activity (Le Marchand et al. 1989).

The mechanism(s) of vitamin A inhibition of cancer have been extensively
debated. Whatever the mechanism, it appears that the carotenoid precursors of
vitamin A are responsible for at least some of its anticancer effects (Bendich
and Olson 1989). Hypothesized mechanisms whereby carotenoids may inhibit
cancer are diverse and include (1) inhibition of mutagenesis and protection
against photo-damage, (2) enhancement of immune system responses, (3)
reduction of nuclear damage by carcinogenic agents, (4) protection against
neoplastic events in cells, and (5) the quenching of highly reactive singlet
oxygen (Bendich and Olson 1989, Krinsky 1991). With respect to these
mechanisms, [ -carotene has been shown to protect against the mutagenic
effects of 8-methoxypsoralen (xanthotoxin)
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and ultraviolet-A light in the presence of oxygen but not under anoxic
conditions (Krinsky 1991). [i-carotene and other carotenoids have also been
shown to enhance immune system responses in cells and animals (Bendich and
Olson 1989, Krinsky 1991). For example, addition of [i -carotene or
canthaxanthin to peripheral blood mononuclear cells results in an increase in
cells with natural killer markers and with interleukin-2 receptors (Krinsky
1991). A study of the transformation of fibroblasts exposed to 3-
methylcholanthrene or to x-rays found that [5-carotene protected against nuclear
damage at physiologic concentrations (Bendich and Olson 1989). Studies have
also shown that vitamin A binds to nuclear receptors that are members of the
steroid hormone receptor superfamily (Evans 1988).

In addition, experimental studies with vitamin A-deficient animals indicate
an enhancement of lung cancer by 3-methylcholanthrene and of liver and colon
cancer by aflatoxin B;. While vitamin A may protect against the development
of colon cancer, the presence of vitamin A deficiency inhibited N-methyl-N'-
nitro-N-nitrosoguanidine induced colon cancer in animals (Birt 1986). The
hypothesis that vitamin A protects against a number of human cancers is based
on the similarities observed between morphological changes in vitamin A-
deficient tissues and in premalignant lesions. Furthermore, vitamin A has been
identified as a mammalian morphogen (Evans 1988).

The development of synthetic analogues of vitamin A was driven by the
need for agents possessing its cancer-preventive properties, but without its
inherent toxicity. A number of analogues have been developed that are effective
in cell culture systems and laboratory animals (Moon 1989). Some of these
compounds appear to involve interaction with the nuclear vitamin A receptors
to modify gene transcription. Other mechanisms of action may involve
induction of apoptosis or induction of growth factors that play a role in
regulation of cell proliferation (Roberts and Sporn 1992). Preliminary evidence
in human trials suggests that 13-cis-retinoic acid may
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prove useful against oral cancer (Borden et al. 1993). However, the toxicity of
vitamin A and its analogues still remains a barrier to extensive use.

Ongoing clinical trials with [3-carotene in the prevention of several forms
of human cancer, including lung, oral cavity, and breast cancer, should help to
determine whether the association between fruit and vegetable intake and
reduced rates of cancer is due in part to the presence of [i-carotene. In one
recent report, neither [3-carotene nor -tocopherol supplements were effective in
preventing lung cancer in Finnish men who were heavy smokers (Heinonen and
Albanes 1994). These data may mean that [i-carotene and -tocopherol are not
the active agents in fruits and vegetables that reduce cancer, or they may
indicate that these smokers had a level of damage that could not be corrected by
these supplements. Further research will be needed to determine the
contribution, if any, of other carotenoids in cancer prevention. It is clear that
dietary supplementation with vitamin A for cancer prevention is unlikely at this
point because of its inherent toxicity. However, improving our understanding of
its mechanism as a morphogen and the role it plays in the induction of
differentiation may help us to develop a more effective analogues of vitamin A
for future cancer prevention research.
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Vitamin C (Ascorbic Acid)

Higginson (1966) reported an inverse association between consumption of
foods rich in ascorbic acid and the appearance of certain cancers. Since then, a
comprehensive review of epidemiologic studies has assessed the role of
ascorbic acid in cancer and provided convincing evidence that ascorbic acid, an
important component of fruits and vegetables, prevents cancer at a number of
sites (Block 1991). An examination of the relationship between gastric cancer
and ascorbic acid provides some of the strongest evidence for its
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anticancer effects (Mirvish 1983, Block 1991); ascorbic acid status is
particularly important in the prevention of gastric cancer in populations with
chronic gastric infection (Correa 1994). Cancers of the esophagus, larynx, oral
cavity, pancreas, rectum, breast, and cervix are lower in people who consume
diets rich in fruits and vegetables (Block 1991). There is also some evidence
that inhibition of lung cancer may be related to the ascorbic acid content of
these foods (Block 1991). Ascorbic acid was shown to be reduced in smokers,
independent of dietary intake. The recommended daily dietary allowance for
Vitamin C is 60 mg for adult men and women, while the daily requirement of
ascorbic acid is estimated to be 200 mg for smokers (Schectman 1993).

It is believed that ascorbic acid exerts much of its anticarcinogenic effect
by inhibiting the formation of N-nitroso compounds in the stomach (Mirvish
1983, Tannenbaum et al. 1991). By reducing nitrite to nitric oxide, ascorbic acid
prevents the reaction between nitrite and amines. A reaction between nitrite and
amines would result in the formation of nitroso-compounds (Tannenbaum et al.
1991). In addition, it has been demonstrated that sodium ascorbate (22.7 g/kg)
and morpholine administered in the diet, along with sodium nitrite in the
drinking water, inhibited the formation of N-nitrosomorpholene and liver cancer
(Mirvish 1983). The inhibitory role of ascorbic acid in chemically induced
carcinogenesis has also been studied in experimental animals at other sites (e.g.,
skin, trachea, lung, mammary gland, colon, kidney, and urinary bladder) (Birt
1986). Cancers of the skin and colon were reported to be enhanced and
inhibited, cancer of the urinary bladder was enhanced, while cancers of the
other organs were inhibited. Several mechanisms have been proposed to explain
the ability of ascorbic acid to prevent chemically induced carcinogenesis.
Mechanisms include its effects as an antioxidant, its role in enhancing cellular
immunity, and its role in inhibiting the activation of chemical carcinogens.
However, the role of ascorbic acid in chemically induced cancer prevention
remains unclear (Block 1991).
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Vitamin E (Tocopherols)

Vitamin E consists of a number of related tocopherols. In contrast to the
studies of vitamins A and C, epidemiologic studies provide less consistent
support for a role of vitamin E in cancer prevention. (Diplock 1991, Stdhelin et
al. 1991, Garland et al. 1993). The inconsistencies reported in the literature may
relate to the poor stability of tocopherol in stored samples. Prospective studies
require collection of a large number of samples, and often it is impossible to
analyze all the samples at once (Diplock 1991). The 12-year follow-up in the
Basel prospective study provided little evidence for an association between
vitamin E and cancer at any site (Stdhelin et al. 1991). Another prospective
study reported that the serum concentration of vitamin E in cancer patients was
lower than in controls when the patients were diagnosed within one year of the
date of blood collection (Wald et al. 1987). However, these investigators
suggested that the low levels of serum vitamin E were a consequence rather
than a cause of cancer.

Experimental carcinogenesis studies have provided evidence that vitamin
E plays a role in cancer prevention (Birt 1986). Topical administration of
vitamin E resulted in inhibition of carcinogenesis when the skin was initially
treated with 7-12-dimethylbenz(a)anthracene (DMBA) followed by 12-0-
tetradecanoylphorbol-13-acetate. Dietary administration of vitamin E resulted in
inhibiting skin cancer induced by dibenzopyrene. In addition, DMBA-produced
cancers of the hamster cheek pouch, mouse forestomach, and rat mammary
gland were inhibited by oral treatment (gavage or dietary) with vitamin E (Birt
1986). However, consistent effects of vitamin E were not observed in colon
carcinogenesis (Birt 1986).

Vitamin E, like ascorbic acid, inhibits nitrosation of amines. Vitamin E,
however, is effective in the lipid compartments of cells, while vitamin C acts in
aqueous environments (Newberne and Locaiskar 1990). Studies of its ability to
quench the superoxide anion indicate that vitamin E, like vitamin A, may
contribute to
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protection of biological systems from singlet oxygen (Di Mascio et al. 1991).
Interestingly, -tocopherol, generally the most abundant tocopherol in the
plasma, is also the most effective form of vitamin E in quenching singlet
oxygen (Di Mascio et al. 1991). In addition, considerable evidence suggests that
vitamin E may inhibit free radicals formed by mitochondria (Ames et al. 1993).

Folic Acid

Folic acid is found abundantly in vegetables and fruits. Because the
consumption of such foods has been associated with reduced cancer rates, and
because adequate dietary folic acid is required for the regulation of normal gene
expression (1994), folic acid has been implicated in cancer prevention.
Considerable research has been conducted on the role of methyl deficiency
(usually including deficiencies of folic acid, vitamin B-12, choline, and
methionine), DNA methylation, and the induction of liver cancer in rodents
(Dizik et al. 1991, Cravo et al. 1992). However, it was not clear if the methyl-
deficient conditions induced in animals were applicable to human diets,
although the prevalence of inadequate folate intakes has been documented
(NRC 1989a). A case-control study of colon and rectum cancer was conducted
in 1975-1986 (Freudenheim et al. 1991). Cancer patients (428 colon and 372
rectal cancer patients) were matched with controls, and all were interviewed
about dietary practices. When data were adjusted for energy intake, odds ratios
for rectal cancer patients with the highest folate intakes compared with those
with the lowest intakes were 0.3 and 0.5 for men and women, respectively
(Freudenheim et al. 1991). Risk of colon cancer was not associated with dietary
folate intake. Furthermore, the difference in odds ratio was greatest for men
with the highest alcohol intake, suggesting a possible interaction (Freudenheim
et al. 1991). Although earlier studies suggested that folate might protect against
cervical cancer, recent case-control studies uncovered no such relationship
(Ziegler et al. 1990).
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The relation between intake of folic acid, methionine and alcohol, and
colon cancer was further investigated because hypomethylated DNA was
observed in patients with colorectal carcinomas and because folic acid plays a
role in DNA methylation (Giovannucci et al. 1993a). This investigation
followed women in the Nurses' Health Study and men in the Health
Professionals Follow-up Study after a 1-year dietary assessment. Adenomatous
polyps were observed in 564 women and in 331 men. Dietary folate was
inversely associated with risk of adenoma in women and men, while alcohol
intake above 30 gm/day was positively associated with adenoma risk. Dietary
methionine was inversely associated with risk of an adenoma one cm or larger
(Giovannucci et al. 1993a). These results support the importance of methyl
group availability in the prevention of colorectal cancer.

A recent study demonstrates that methyl-deficient diets (deficient in
choline, methionine, and folic acid) in rats fed semipurified diets could result in
imbalances in deoxynucleotide pools, which are known to produce mutagenic
events (James et al. 1992). In addition, hypomethylation of cytosine, cytosine,
guanine, guanine (CCGG, a sequence of nucleotides in DNA) sites have been
demonstrated in animals with severe methyl deficiency (diets lacking choline,
methionine, folic acid, and vitamin B-12). It is known that CCGG sites in
genes, such as c-myc, c-fos and c-Ha-ras, are involved in cellular proliferation
and cancer (Christman et al. 1993). Furthermore, folate deficiency has been
associated with increases in chromosomal breaks (Ames et al. 1995). These
observations support the role of folic acid in cancer prevention.

Vitamin D and Calcium

The role of dietary vitamin D and calcium in cancer prevention was first
suggested because of the observation that people in increasingly northern
latitudes had higher colon cancer mortality rates (Garland and Garland 1980).
Such an association could be
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due to the impact of ultraviolet light on the synthesis of vitamin D in the skin,
and subsequently, on the absorption of dietary calcium. This suggestion was
pursued in a 19-year prospective study in Chicago, Illinois, which demonstrated
a 50% reduction in colon cancer in men who had a daily intake of 3.75 pg
vitamin D and a 75% reduction in men who had a daily intake of > 1200 mg
calcium (Garland et al. 1991). Evaluation of the levels of circulating 25-
hydroxy vitamin D revealed higher values in controls (67-102 nmol/L) (Garland
et al. 1991). A prospective study on women in lowa further supports the
hypothesis that vitamin D and/or calcium protect against colon cancer (Bostick
et al. 1993).

An extensive series of experiments was conducted in rodents (Newmark
and Lipkin 1992) to assess a diet that mimicked four of the suggested dietary
risk factors for colon cancer: high fat and phosphate, and low calcium and
vitamin D. Feeding this stress diet for 12 weeks resulted in hyperproliferation of
cells in the sigmoid colon. Subsequent experiments demonstrated that
increasing the level of dietary calcium could return colonic proliferation to
normal values. Studies in human subjects at increased risk for colon cancer
similarly found a reduction in hyperproliferation of the colonic epithelium when
diets were supplemented with calcium (Newmark and Lipkin 1992). Studies of
rats treated with 1,2-dimethylhydrazine (DMH) and fed graded levels of
calcium and vitamin D showed that both nutrients reduced DMH-induced colon
cancer and altered colonic cell kinetics (Beaty et al. 1993). Comparable studies
on mammary carcinogenesis induced by 7,12-dimethylbenz(a)-anthracene
(DMBA) suggested that high levels of dietary calcium and vitamin D protect
against mammary carcinogenesis, while high levels of dietary phosphate
increase susceptibility (Carroll et al. 1991).

Prostate cancer risk was recently reported to be inversely associated with
exposure to ultraviolet light and it was hypothesized that this was another
cancer related to vitamin D intake (Hanchette and Schwartz 1992). This
hypothesis is supported by the presence of
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vitamin receptors in the prostate gland (Berger et al. 1988) and by the evidence
supporting a role for vitamin D in the regulation of differentiation and gene
expression (Minghetti and Norman 1988).
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Selenium

The impact of dietary selenium on carcinogenesis has been the subject of
considerable controversy. Early observations of selenium toxicity in animals
indicated that excessive amounts were associated with the development of
neoplastic alterations in the liver. However, under controlled experimental
conditions selenium was a potent inhibitor of liver carcinogenesis, an
observation that has been extended to a number of experimental models (El-
Bayoumy 1991). Over the past 30 years, numerous investigations have probed
the role of selenium in cancer epidemiology and in experimental carcinogenesis
(El-Bayoumy 1991). There appears to be a particularly narrow range between
the intake of dietary selenium that risks deficiency and those levels at which
toxicity can occur.

The first investigation of the relationship between selenium and human
cancer assessed the connection between forage selenium and cancer mortality
(Clark et al. 1991). A strong inverse relationship between regional forage
selenium and cancer mortality was observed. This association was re-examined
recently, and cancers of the lung, breast, rectum, bladder, esophagus, and
corpus uteri were shown to be elevated in areas with low forage selenium. The
association between plasma selenium and esophageal cancer was examined in
blacks living in rural areas of southern Africa (Jaskiewicz et al. 1988). Blacks
living in areas of high esophageal cancer incidence had lower whole blood
selenium levels (58-71 ng/ml) than blacks living in areas of low esophageal
cancer incidence (114-177 ng/ml) (Jaskiewicz et al. 1988). In addition, the
mean level of blood selenium was lower in patients with premalignant or
malignant esophageal cytologic changes than in subjects without such lesions.
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A prospective cohort study on lung cancer risk and selenium status
(measured by toenail selenium) reported a 50% reduction in relative risk for the
cancer among individuals with the highest toenail selenium levels (Van den
Brandt et al. 1993). Interestingly, the protective effect of selenium against lung
cancer was strongest in the individuals with lower intakes of vitamin C or [5 -
carotene (Van den Brandt 1993). Interactions between selenium and other
nutrients have also been observed in studies with animals (Birt 1986). Breast
cancer risk was not found to be related to plasma selenium in a prospective
study on Guernsey Island (Denmark) (Overvad et al. 1991), although numerous
experimental studies in animals have shown that selenium treatment inhibits
breast cancer (El-Bayoumy 1991). The association between urinary bladder
cancer and serum selenium, a-tocopherol, lycopene, [i-carotene, and retinol was
reported in a 12-year follow-up of a prospective study in Washington County,
Maryland (Helzlsouer et al. 1989). The results indicated the controls had lower
plasma selenium concentrations (Helzlsouer et al. 1989).

Extensive investigations have been conducted on the impact of dietary
selenium on carcinogenesis in laboratory animals (El-Bayoumy 1991).
Induction of preneoplastic lesions in the liver and of liver carcinogenesis by a
number of carcinogens was inhibited by selenium administration by dietary,
gavage, intraperitoneal or subcutaneous route (El-Bayoumy 1991). Skin
carcinogenesis was generally inhibited by topical and dietary selenium
administration (El-Bayoumy 1991), but at high doses of selenium, or high doses
of carcinogen, selenium was found to enhance skin carcinogenesis (Birt et al.
1989). Colon carcinogenesis was consistently inhibited in animals administered
dietary selenium, but inconsistent effects were observed in the pancreas (El-
Bayoumy 1991). Selenium was generally observed to be effective at inhibiting
carcinogenesis at doses of 0.2 to 5 ppm in the diet. However, the association
between cancer and selenium deficiency in animals has not been clearly
demonstrated (EI-Bayoumy 1991). Recent investigations are
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exploring novel seleno- compounds with increased efficacy in cancer
prevention (El-Bayoumy 1991).

Numerous mechanisms have been explored to explain the modulation of
carcinogenesis by selenium (Medina 1986, El-Bayoumy 1991). The best
characterized function of selenium in mammalian cells is as a component of the
seleno- enzyme, glutathione peroxidase. This enzyme is localized in the cytosol
and mitochondrial matrix, and it eliminates organic peroxides from the cell
(Medina 1986). However, available evidence suggests that the prevention of
carcinogenesis by selenium is not related to its function in glutathione
peroxidase (Medina 1986). Other seleno- proteins have been identified, but their
impact on carcinogenesis is not defined (Medina 1986). There is some evidence
that selenium may alter the metabolism of carcinogens or the interaction of
chemical carcinogens with DNA, but there is considerable controversy in the
literature (Medina 1986). Additional mechanistic studies suggest that selenium
may alter cell proliferation and/or immunologic responses (Medina 1986, El-
Bayoumy 1991). Further research is needed to understand the mechanisms
whereby selenium prevents cancer.

Iron

Considerable controversy has surrounded the role of iron in carcinogenesis
(Weinberg 1992), largely because of the policy of fortifying food with iron to
prevent anemia. Recent reports have provided some evidence for the impact of
iron status on the development of cancer. Results from a prospective study of
41,000 men and women in Finland indicated an elevated risk of colorectal and
lung cancer for individuals with transferrin saturation in excess of 60% (Knekt
et al. 1994). In contrast, the risk of stomach cancer was inversely related to
serum iron and transferrin saturation in those cases occurring during the first 5
years of follow-up (Knekt et al. 1994). Studies conducted in South African
populations with
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excessive iron intake and high levels of serum iron did not provide evidence of
an elevated risk of cancer (Higginson and Oettle 1960). Further investigations
are needed to understand the effect, if any, of iron on the development of cancer.

ENGINEERING AN OPTIMAL DIET

For thousands of years mankind has manipulated the quality of food to
obtain improved flavor, color, odor, productivity, and safety. The work of
Gregor Mendel in the last century provided the scientific basis for the discipline
of plant breeding used so successfully in this century to improve our food
plants. Animal breeders also have selected for superior characteristics in species
used as food by man.

Conventional plant breeding is based on the cross breeding of different
plants possessing desirable characteristics. Initially, the crossing involved
individuals of the same species, but today sexually incompatible species of the
same family often can successfully be crossed. In both cases, native DNA of
one individual is mixed with the DNA of the second and stably preserved and
expressed, producing offspring, some of which will have the characteristics of
both parents.

These impressive achievements are now being supplemented and enhanced
by numerous techniques described under the general term of biotechnology.
Biotechnology can be applied to plants and animals, but plants are enjoying
greater attention because of their extensive use as food, their less-complex
genetics, and the lack of some of the ethical issues animal biotechnology
sometimes raises. Plant genetic engineering is a form of biotechnology in which
DNA of defined chemical composition bearing specific genetic information is
introduced into the genome of a plant to express a new protein or alter the level
of an endogenous gene. In this sense, genetically engineered (transgenic) plants
are less randomly changed genetically.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5150.html

Human Diet: A Comparison of Naturally Occurring and Synthetic Substances

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 101

than varieties produced by crossing because the genome of the engineered plant
will have been modified by one or at most two or three genes. In traditional
plant breeding, many unknown genes are introduced by crossing. The resulting
great variability among the offspring requires extensive and time-consuming
screening. The full consequences can be known only by detailed physical,
chemical, and physiological analysis of the offspring, which is seldom
performed. For a more complete discussion of traditional and newer methods of
genetic modification, see [IFBC (1990a).

The past decade has seen the production of transgenic plants of many crop
species (Gasser and Fraley 1989, 1992). Much of the early effort was toward
improved agronomic traits such as resistance to herbicides or increased yield.
More recently, food plants are being studied to obtain improved quality in
storage and transport (tomatoes), tolerance to cold and freezing (strawberries),
nutritional improvement (lipids, sugars, amino acids, and proteins), and
improved processing properties (Comai 1993). Today, knowledge of plant
genetic engineering is sufficiently advanced that any character that is controlled
by one or only a few genes probably can be transferred to a food plant.
Therefore, the application of plant genetic engineering to the task of removing
known carcinogens or increasing the amounts of known anticarcinogens in
foods should be expected.

In theory, the removal of a deleterious substance or the increase of a
desirable compound could occur in several ways. Thus, the deletion of a
carcinogen from a plant food source could occur by using antisense DNA
technology to inactivate the gene coding for the enzyme catalyzing the rate-
limiting step in biosynthesis of the carcinogenic compound. Alternatively, the
amount of a carcinogen might be decreased using gene enhancement to increase
the activity of an endogenous enzyme known to convert the carcinogen to the
next compound in the normal metabolism of the carcinogen. Introduction of a
gene for an enzyme known to detoxify the carcinogen (e.g., a cytochrome P450)
would accomplish the same purpose.
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The reciprocal approach could be used for increasing the amounts of a
desirable anticarcinogen. Thus, the enzyme catalyzing the rate-limiting step in
biosynthesis of the anticarcinogen would need to be enhanced, while an enzyme
catalyzing the further metabolism of the anticarcinogen should be diminished.

Certain mycotoxins (aflatoxins, fumonisins, and ochratoxins) are produced
by fungal infection of plant and animal foods by species of Aspergillus,
Fusarium, Penicillium, and Alternaria (CAST 1989, IFBC 1990a). In these
cases, it is the infective organism rather than the plant that produces the
carcinogen. Because genetic engineering of ubiquitous, phytopathogenic fungi
is a daunting, if not impossible task, a secondary approach should be
considered. A food plant serving as host provides a source of macro- and
micronutrients (sugars, amino acids, vitamins, and growth factors) that are
required by the fungus. If the concentrations of nutrients within the host plant
can be lowered, the fungus would not be able to grow. Alternatively, plants
possess genes that confer resistance to fungi; if those genes can be identified
and enhanced, the fungi would be unable to infect the plant and produce the
mycotoxin.

All of the genetic engineering described above is dependent on knowledge
of the biochemical processes involved in the biosynthesis of the carcinogens,
anticarcinogens, and growth factors. That is, the enzymes responsible for a key
step in biosynthesis or the first step in catabolism of the compounds of interest
need to be available for isolation of the appropriate genes. Regrettably, there is
little detailed information on the typically multistep biosynthesis of many of the
known carcinogens and anticarcinogens. To decrease the carcinogen directly,
another approach might be used. In one recent example, the concentration of a
toxic glucosinolate (mustard oil glucoside) was greatly diminished in a
commercially significant canola plant, not by inactivating the last step in its
biosynthesis, but by diverting the first compound (precursor) in the biosynthetic
pathway leading to the glucosinolate. Tryptophan is known to be converted to
indole glucosinolates by a sequence of six or seven
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reactions, only some of which are known precisely. In other plants, tryptophan
can be decarboxylated by the enzyme tryptophan decarboxylase to form
tryptamine. When the gene for tryptophan decarboxylase was isolated from the
medicinal plant Cantharus roseus and introduced into Brassica napus, the
transformed plants were greatly reduced in their content of indole
glucosinolates (Chavadej et al. 1994).

It is only a matter of time until a wide variety of bioengineered foods will
be available for public consumption. Concerns regarding the safety of
genetically engineered food plants have been extensively discussed (Comai
1993, IFBC 1990a, WHO 1991, Kessler et al. 1992, OECD 1992), and most
scientists agree that the transformation process introduces no inherently new
categories of hazard and that existing procedures for testing and screening,
properly employed, are adequate to ensure the safety of the products. The
policies regulating genetically engineered foods have also been summarized by
Harlander (1993). The basic regulatory principles are found in a statement by
the FDA (1992), which indicates that no regulation other than those applied to
foods obtained by classical plant breeding are necessary.

The first genetically engineered food to be marketed is the Flavr/Savr™
tomato developed by Calgene, Inc. Its safety has been extensively examined
and documented for examination by the FDA (Redenbaugh et al. 1992). As with
most other new technologies, public acceptance of this first bioengineered food
will doubtless depend on whether the purchaser sees a benefit from the product
of the new technology.

SUMMARY AND CONCLUSIONS

The human diet is enormously complex; it consists of variable mixtures of
dietary components. Animal studies indicate that certain dietary components
may be carcinogenic, while others may
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have anticarcinogenic effects. Indeed, in some instances a single constituent
might be carcinogenic and anticarcinogenic under different circumstances.

Nutrients present in the diet contribute to the prevention of cancer.
Considerable evidence in human and animal systems suggests that diets rich in
a number of vitamins and minerals protect against cancer at a wide variety of
sites. Such diets tend to contain an abundance of fruits and vegetables and are
also associated with reduced rates of other chronic diseases. Ongoing cancer
prevention trials will help to identify the importance of specific nutrients or
other constituents and, in some cases, interactions between nutrients. However,
until we have this information, it is of the utmost importance to continue
recommending that the public consume diets rich in fruits and vegetables but
low in fat and calories. The consumption of vitamins and minerals in a
moderate, varied, and balanced diet—not as dietary supplements—continues to
be one of our best strategies for cancer prevention in people.
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3

Synthetic Carcinogens in the Diet

This chapter addresses two principal questions. First, do naturally
occurring and synthetic chemicals, considered as general classes, differ in their
chemical and physical properties, e.g., extent of halogenation, lipophilicity,
environmental or biological half-life? Second, can the principles and techniques
used to evaluate synthetic chemicals as potential carcinogens be used to
evaluate naturally occurring chemicals? It should be emphasized that the
purpose of this chapter is comparative. It discusses general principles and does
not review in detail the wealth of material available on the universe of synthetic
chemicals. Instead, it examines how synthetic chemicals have been addressed
by the toxicological and regulatory communities, and considers whether
naturally occurring chemicals, as a group, may differ in their potential
hazardous properties, as a group, from synthetic chemicals.

The public, the scientific community, and, consequently, the regulatory
agencies have been concerned with synthetic chemicals for some time.
Although food additives are regulated, many synthetic additives, both
intentional and incidental, can be found in the diet. Some of the incidental ones,
such as cyclamate, are at the center of current controversies regarding their
possible carcinogenicity. In the past, the public has been exposed to other
synthetic additives before they were regulated and/or removed from the diet.

It is axiomatic that a specific chemical, whether it is of natural or synthetic
origin, is the same in its physical, chemical, and toxicological properties.
However, it is uncertain whether naturally occurring chemicals, as a class, differ
in some important way from
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chemicals of synthetic origin. Do they, for example, persist in the environment
in the same way? Thus, knowledge of synthetic chemicals may be invaluable in
assessing the potential carcinogenicity of naturally occurring chemicals.

A characteristic of synthetic chemicals often deemed desirable for
commercial purposes is chemical stability. This is often achieved by
halogenation, particularly chlorination, although other techniques are also
available, such as the replacement of ester bonds by ether linkages. Chemical
stability usually gives rise to persistence in the environment, to
bioaccumulation, and to recalcitrance to metabolism. For example, highly
chlorinated chemicals such as PCBs, PBBs, and the pesticides DDT and mirex
have been shown to be persistent and hazardous. In addition, TCDD, a
byproduct of combustion and other processes, is a stable, environmentally
persistent chemical that bioaccumulates and causes severe acute and chronic
effects in animals.

Naturally occurring chemicals, unlike synthetics, have not been
intentionally altered to achieve chemical stability. A number of halogenated
compounds are natural products; however, their degree of chlorination and,
therefore, their resistance to metabolism, is generally not as great as that of
synthetic chemicals. In addition, naturally occurring chemicals usually exist as a
single stereoisomer; synthetics, on the other hand, are frequently a mixture of
two or more stereoisomers. Further, naturally occurring chemicals are more
likely to appear in the diet as conjugates than are synthetic chemicals. Such
conjugates include glucuronides, glucosides, methylated compounds,
glutathione conjugates, and others. Many of these conjugates will be
hydrolyzed, either in the gastrointestinal tract or in mammalian tissues, and the
resulting hydrolysis products may be toxic if indeed the chemical in question is
toxic. Furthermore, it should be noted that the toxicokinetics following the
ingestion of a conjugate may influence the rate of delivery of the toxic moiety
to the active site.
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SYNTHETIC FOOD ADDITIVES
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Tables 3-1 and 3-2 list examples of direct and indirect synthetic food
additives, respectively. Direct (intentional) additives include antioxidants,
colorants, flavor ingredients, artificial sweeteners, solvents, and humectants.
Indirect additives include pesticides, solvents, and packaging-derived
chemicals. Table 3-3 lists sources of nonintentional food additives, some
natural, some synthetic, that may have toxicologic significance. Depending
upon circumstances of processing or packaging, the same chemical can be a
direct, indirect, or nonintentional food additive.

Direct, or intentional, food additives are chemicals or compounds, natural
or synthetic, added deliberately to make some change in the food product, e.g.,
to add color, to preserve, or to provide a nutritional supplement (see Table 3-1).

Indirect additives are chemicals or compounds present but not added
deliberately to change a product. Pesticides can be classified based on their use.
Table 3-2 lists examples of indirect synthetic food additives, including
pesticides, according to their use category. Representative chemical classes are
presented. Over the past several decades, pesticides from many of these
categories have been banned or otherwise regulated because of a concern for
their carcinogenic potential or other risk to human health or the environment.

Table 3-2 also provides examples of chemicals derived from packaging
materials, including vinyl chloride (a known human carcinogen), acrylonitrile (a
known animal and suspected human carcinogen), as well as dyes used for
printing. Recent attention has focused on several phthalate esters used as
plasticizers since these compounds are known peroxisome proliferators in
rodents.

Table 3-3 lists sources of nonintentional food additives with possible
toxicological significance. These chemicals may enter foods indirectly in trace
amounts during production, processing, packaging, and storage from a wide
variety of sources, both natural and synthetic.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5150.html

iman Diet: A Comparison of Naturally Occurring and Synthetic Substances

SYNTHETIC CARCINOGENS IN THE DIET 130

Table 3-1 Selected Direct Food Additives

Appearance modifiers Glazes, waxes, polishes. Clouding and crystallization
agents and inhibitors (e.g., methyl glucoside-coconut
oil ester, oxystearin), colors and coloring adjuncts
(e.g., FD & C Yellow No. 5 (tartrazine, a pyrazolone
dye)), FD & C Yellow No. 6 (Sunset Yellow, a
monoazophenyl naphthalene dye)), and surface
finishing agents (e.g., oxidized polyethylene and
polyvinyl-pyrrolidone)

Curing and pickling agents ~ Sodium nitrite, salt, sodium tripolyphosphate, and
ascorbic acid

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Nutrient replacements Microemulsified protein (natural) and sucrose
polyesters
Nutrient supplements All essential nutrients (e.g., vitamin A and other

vitamins, iron and other minerals, amino acids, and
essential fatty acids)

pH control agents Acids (e.g., acetic, tartaric, and hydrochloric), bases
(e.g., sodium bicarbonate and sodium hydroxide), and
buffering agents (e.g., sodium citrate)

Processing aids Fermentation and malting aids (e.g., gibberellic acid
and potassium bromate), formulation aids (e.g., starch
as a binder), freezing agents (e.g., liquid nitrogen and
carbon dioxide), lubricants and release agents (e.g.,
mineral oil), and washing, peeling, and vegetable-
cleaning agents (e.g., sodium hydroxide and sodium n-
alkyl benzene sulfonate)
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Product stability and safety aids Antioxidants (e.g., BHA), preservatives
and antimicrobials (e.g., sodium benzoate
and potassium sorbate), sequestrants (e.g.,
EDTA and sodium metaphosphate),
synergists (e.g., citric acid), oxidizing and
reducing agents (e.g., hydrogen peroxide),
and inert gases (e.g., nitrogen and
combustion gas)

Solvents, vehicles, bulking agents, Solvents (e.g., alcohol and propylene

dispensing aids glycol), bulking agents (e.g.,
microcrystalline cellulose), and dispensing
aids (e.g., nitrogen)

Sweeteners Nutritive (e.g., sucrose and glucose
(natural)) and reduced calorie (e.g.,
saccharin, cyclamate, acetsulfam, and
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aspartame)
Taste and flavor modifiers (except Flavoring ingredients (e.g., vanillin),
sweeteners, salt, and pH control flavoring adjuncts (e.g., triethyl citrate
agents) (solvent and fixative)), flavor enhancers

(e.g., msg (natural) and ethyl maltol)

Texture and consistency control agents ~ Anticaking agents (e.g., calcium stearate
and silica aerogel), dough conditioners
and strengtheners (e.g., potassium bromate
and acetone peroxide), drying agents (e.g.,
anhydrous dextrose), emulsifiers (e.g.,
mono- and diglycerides and polysorbates),
firming agents (e.g., calcium salts), flour-
treating agents (e.g., benzoyl peroxide),
humectants (e.g., sorbitol), leavening
agents (e.g., sodium carbonate and sodium
acid phosphate), masticatory substances
(e.g., paraffin and
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Texture and consistency control agents glycerol esters of wood rosin), stabilizers

(continued) and thickeners (e.g., modified food
starches), surface-active agents (e.g.,
sodium lauryl sulfate and dimethyl
polysiloxane), and texturizers (e.g.,
glycerine and modified food starch)

Sources: Adapted from Hall 1979, Hodgson and Levi 1987, U.S. GPO 1991.
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OCCURRENCE AND EXPOSURE

This section discusses chemical additives found in drinking water and the
diet, foodstuffs containing the most important additives, and concentrations of
additives in representative foodstuffs and drinking water. The large amount of
exposure data on synthetic chemicals in the diet precludes detailed enumeration.
For the great majority of constitutive chemicals so far identified (see
Chapter 2), virtually no data exist on the extent of human exposure. However,
among these are approximately 2,000 constitutive chemicals with recognized
commercial value, including nutrients, some colors, and many flavoring
ingredients, which are either isolated from natural sources or duplicated by
synthesis for intentional addition to foods. For these substances there are
extensive data on exposure, both from natural and intentional addition (NRC
1973, 1975, 1976, 1978, 1979, 1984, 1989; Stofberg and Kirschman 1985;
Stofberg 1987).

Drinking Water

Whether consumed directly or used in food processing and preparation,
drinking water is a source of potential exposure to a large
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£ Table 3-2 Selected Indirect Synthetic Food Additives and Additives Used in
5 Packaginga
- Use Category Chemical Class or Broad Category
Pesticides
Acaricides Organosulfur compounds, formamidines, dinitrophenols,
and organochlorines (DDT analogs)
Algicides Organotins
Fungicides Dicarboximides, chlorinated aromatics, dithiocarbamates,
and mercurials
Herbicides Amides, acetamides, bipyridyls, carbamates,

thiocarbamates, phenoxy compounds, dinitrophenols,
dinitroanilines, substituted ureas, and triazines

Insecticides Chlorinated hydrocarbons, chlorinated alicyclics,
cyclodienes, chlorinated terpenes, organophosphates,
carbamates, thiocyanates, dinitrophenols, fluoroacetates,
botanicals (nicotinoids, rotenoids, and pyrethroids),
juvenile hormone analogs, growth regulators, inorganics
(arsenicals and fluorides), and microbials

Insecticide synergists ~ Methylenedioxyphenyls, and dicarboximides

Molluscicides Chlorinated hydrocarbons
Nematocides Halogenated alkanes
Rodenticides Anticoagulants, botanicals (alkaloids and glycosides),

fluorides, inorganics, and thioureas
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£ Packaging
B Adhesives and pressure-sensitive A wide variety of solvents, resins,

N adhesives polymers, glues, preservatives, and

miscellaneous additives
Adjuvants (emulsifiers, antistatic A wide variety of chemical classes

agents, lubricants, plasticizers,

colorants, filtering aids, etc.)

Antioxidants and stabilizers Substituted phenols, triazenes, organotin
stabilizers, other free-radical acceptors,
inorganic compounds, and adjuvants

Coatings (for metals, plastics, A wide variety of polymers, copolymers,

paperboard, etc. resins, rosins, drying oils, glycerides,
fatty acids, catalysts, colorants, solvents,
and adjuncts

Components of paper and paperboard A wide variety of polymers, copolymers,
catalysts, olefins, esters, inorganic
compounds, chelating agents, defoaming
agents, preservatives, solvents, and

adjuncts
Substances used as basic components Polymers, copolymers, resins, fibers,
of articles in contact with food lubricants, colors, and adjuvants

(containers, utensils, films, membranes)
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Substances used to control the growth of Hydrogen peroxide and other
microorganisms peroxides, iodine and chlorine

compounds, quaternary ammonium
compounds, sulfonated detergents,
other surface-active agents, and
solvents

Prior-sanctioned substances®

GRAS substances (substances generally

recognized as safe for use in or on foods)®

Sources: Adapted from Hodgson and Levi 1987, U.S. GPO 1991.

2 The indirect additive regulations, in general, make no distinction between natural and
synthetic ingredients, except that at several points a regulation expressly authorizes the
synthetic equivalents of certain naturally occurring substances, such as fatty acids. Furthermore,
the distinction between natural and synthetic is often not clear for these substances. The
majority are doubtless synthetic.

b Nearly all of the regulations covering indirect additives (components and constituents) used in
packaging, also permit, as a class, and unless otherwise restricted, all "prior sanctioned"
substances, i.e., those authorized by FDA or USDA for use in food prior to 1958. Those known
by the agency to be prior sanctioned are listed in CFR 21, Part 181.

¢ Packaging regulations also consistently permit, unless otherwise restricted, any GRAS
substances used in or on food. There is no one listing of GRAS substances. The two major lists
are those published by the FDA (CFR 21, Parts 182, 184, and 186, and lists published by the
Flavor and Extract Manufacturers' Association (Smith, R.L., and R.A. Ford, 1993). Beyond the
published lists, however, the law permits private, unpublished determination of GRAS status,
subject to challenge by the FDA. The number of such private GRAS substances is presumably
not large but is unknown. Most GRAS substances would not be suitable for use in packaging.
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number of synthetic chemicals. However, it is difficult to quantify the
number of chemicals or the amounts to which a particular individual might be
exposed via drinking water. The U.S. Environmental Protection Agency has
published two surveys with information for assessing potential exposure,
though one must observe the caveats provided by the agency (EPA 1992).
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Table 3-3 Sources of Nonintentional Food Additives of Possible Toxicological

Significance
During Production
1. Antibiotics and other agents used for prevention
and control of disease
2. Growth-promoting substances
3. Microorganisms of toxicologic significance
4. Parasitic organisms
5. Pesticide residues (insecticides, fungicides,
herbicides, etc.)
6. Toxic metals and metallic compounds
7. Radioactive compounds
During Processing
1. Microorganisms and their toxic metabolites
2. Processing residues and miscellaneous foreign
objects
3. Radionuclides
During Packaging and Storage
1. Labeling and stamping materials
2. Microorganisms and their toxic metabolites
3. Migrants from packaging materials
4. Toxic chemicals from external sources

One of these sources of information is a database established by the EPA
in response to the Safe Drinking Water Amendments of 1986, which mandated
that community water systems and nontransient,
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noncommunity water systems be monitored for 34 to 51 volatile organic
compounds, identified as "unregulated contaminants." The database was
designed to assist the agency in estimating the occurrence of these compounds
and their seasonal variations. A summary report presenting results as of July 31,
1992, had data from 43 states on systems using ground and surface water
sources for drinking water (EPA 1992a). The trihalomethanes (chloroform,
bromodichloromethane, dibromochloromethane, and bromoform), which are
formed as the result of the chlorination process, were reported as being present
most frequently. All other unregulated contaminants occurred in less than 5% of
the water samples. Of the 32 states that reported positive data on specific
chemicals, over half found that the trihalomethanes, ethylbenzene, toluene,
tetrachloroethylene (perchloroethylene), xylene (all isomers combined), cis/
trans-1,2-dichloropropene, 1,1-dichloroethane, dichloromethane, and
fluorotrichloromethane occurred at least once. However, the agency cautions
that no national inferences can be made from these data nor can the actual
concentrations to which any individual is exposed be calculated using these data.
The second source of information for assessing potential exposure to
synthetic chemicals is the National Survey of Pesticides in Drinking Water
Wells, the results and interpretation of which were reported in two phases (EPA
1990, 1992b). The data represent measurements on a statistically representative
sample of wells. In the study 1,349 samples from community water system
wells and rural domestic water wells were analyzed for the presence of 101
pesticides, 25 pesticide degradation products, and nitrate. The samples were
collected between 1988 and 1990. Phase I involved the national estimates of
frequency and concentrations of the pesticides, while Phase II, entitled Another
Look: National Survey of Pesticides in Drinking Water Wells, Phase II Report
(EPA 1992b), was concerned with the presence of the pesticides and
correlations with local factors such as patterns of use and ground water
vulnerability. It should be noted that the survey was restricted to drinking
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water from wells and did not study drinking water from ground and surface
water sources.

In the survey the number of wells found to contain any particular pesticide
was low. Of the 127 analytes, only 17 were detected and only 13 of these
exceeded the minimum reporting limits (MRL) established by the primary
laboratories involved in the study. In extrapolating to the approximately 38,300
community water systems employing about 94,600 wells and 10.5 million rural
domestic wells, EPA estimated that about 10.4% of the community wells and
4.2% of the rural domestic wells contained at least one pesticide at a level
above the MRL. None of the community water system wells were predicted to
have levels above the Health Advisory Limit (HAL) or the Maximum
Contaminant Level (MCL). For the rural wells, 0.2% were expected to exceed
the HAL and 0.6% the MCL. The most common findings were acid metabolites
of dimethyl tetrachloroterephthlate (DCPA) and atrazine. All DCPA metabolite
detections were at a small fraction (0.2% or less) of the HAL. The median
atrazine levels were also low. Five pesticides (alachlor, atrazine,
dibromochloropropane, ethylene dibromide, and " -hexachlorohexane [lindane])
were detected in a small number of samples at levels above their MCLs. In
contrast, over half the community water system wells and rural domestic wells
exceeded the MRL for nitrate, with 1.2% of the community wells and 2.4% of
the rural domestic wells exceeding the MCL. It is estimated that community
wells serve about 3 million people and rural wells serve about 1.5 million
people. EPA cautions that the data represent a one-time snapshot of the wells,
and the results would be expected to vary with season and location.

In considering each of these surveys, it should be emphasized that they
examine only a select group of chemicals, i.e., select volatile organic
compounds or pesticides.
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Foods

In comparing the possible carcinogenic risks associated with dietary
exposure to natural and to synthetic chemicals, it is important that the
consumption of both types be put into perspective. Scheuplein (1990) divided
food chemicals into seven categories, and reported estimates of the amounts
ingested per day in a typical U.S. diet (see Table 5-7). Traditional foods (e.g.,
grains, fruits, vegetables, and meat) comprise the bulk of the diet. Items such as
sugar and salt are the most frequently used direct food additives; these are
GRAS (generally recognized as safe) items. Used in much smaller amounts are
other direct additives (e.g., artificial sweeteners, colors, and preservatives),
spices and flavors (e.g., mustard, pepper, cinnamon, poppy seed, and vanilla).
Indirect food additives, such as those chemicals that migrate into food from
pesticides and packaging materials, represent over 2,000 other chemicals, many
of which may be present in food below the level of detection.

Pesticides have been of more concern to the public and to regulatory
agencies than any other indirect food additives. Pesticides in food are generally
derived from agricultural residues that remain on foodstuffs but may also be
derived from chemicals used in storage facilities or from water used in food
preparation. Several previous NRC studies have considered the effect of
pesticides in the diet, including: Diet, Nutrition and Cancer (1982); Diet,
Nutrition and Cancer, Directions for Research (1983); and Pesticides in the
Diets of Infants and Children (1993). These studies should be consulted for an
in-depth analysis.

It is clear from these and other reports that pesticide residues are common,
but below allowable tolerances, on many foodstuffs in the U.S. diet. Federal
agencies concerned with residues in food include the EPA, USDA (Food Safety
and Inspection Service and Agricultural Marketing Service), and the FDA. Most
of the data about residues is generated by FDA in connection with enforcement
of
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tolerance levels. However, there is no single, comprehensive, reliable source of
information on pesticide residues in foods. This is due in part to analytical and
sampling problems. For example, sampling for compliance emphasizes
suspected high samples. Also, the effect of post-harvest processing is seldom
adequately investigated. In addition to data from federal agencies, data
generated by states are subject to the same uncertainties.

An FDA survey covering the period from 1988 to 1989 (FDA 1994)
studied the frequency of occurrence of 46 pesticides (primarily insecticides,
with a very small number of herbicides and fungicides). This survey found that
occurrence varied from 0.1% (dichlorvos, ethoprop, carbophenothion) to 24.3%
(for daminozide) and 28.5% (for benomyl). It should be noted that chemicals
were eliminated from the survey if the sample size was too small to be
representative (less than 100 samples, compared with more than 45,000 for the
most sampled chemical, chlopyrifos).

Hazard assessment and epidemiologic studies of pesticides show that
many, if not all, have the potential to produce toxicity in humans, particularly in
studies of occupational or accidental high- dose exposures. In addition to cancer
(Blair et al. 1985, 1993; Blair and Zahm 1990, 1991; Brown et al. 1990), toxic
effects may include neurological ones (Deapen and Henderson 1986, Ecobichon
et al. 1990, Tanner and Langston 1990, Rosenstock et al. 1991) and
reproductive ones (Gordon and Shy 1981, Schwartz and Logerfo 1988). Despite
this potential, accurate estimations of risk from pesticides in the diet are subject
to many uncertainties. Epidemiologic studies, almost without exception, involve
occupational exposure and are complicated by multiple, sequential exposures as
well as routes of exposure other than dietary. The use of tolerance levels in risk
estimates is a further complication, since these levels are seldom approached,
and even less often exceeded. Extrapolation from rodent assays is also
problematic in part because the levels of pesticides in foods are frequently at or
below the level of detection. Nevertheless, results from epidemiologic studies of
farm
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families and farm workers occupationally exposed to pesticides suggest that the
risk of cancer and other illnesses such as Parkinson's disease (Tanner and
Langston 1990) should be further studied.

MECHANISMS OF CARCINOGENESIS

Although detailed molecular mechanisms of carcinogenesis are not known,
several factors involved in the process have been determined (Cohen and
Ellwein 1990, 1991; Stanbridge 1990; Bishop 1991; Weinstein et al. 1995). It
has become increasingly clear that cancer arises as a result of genetic
alterations, either inherited or resulting from the mutation of somatic cells. It is
also apparent that more than one genetic error is required for the expression of
the malignant phenotype. For genetic errors to become permanent, cell
replication is required. The defect must occur in a stem cell (variably defined,
but basically a pluripotential cell) population. On the basis of these premises, it
is apparent that the likelihood of cancer development in a given cell population
can be increased by directly damaging DNA during cell replication or by
increasing the number of replication cycles taking place in the cells. Cell births
can be increased by direct mutagenesis or by regeneration following
cytotoxicity; cell deaths can be increased by inhibiting apoptosis or by altering
gene expression and differentiation. Agents that enhance cell DNA damage or
cell replication in appropriate cell populations will increase the cancer risk,
whereas agents that decrease cell DNA damage or cell proliferation should
decrease the risk.

Chemicals can generally be divided into those that directly affect DNA
(genotoxic) and those that do not (nongenotoxic), although the genotoxicity of
some chemicals remains poorly defined (Williams and Weisburger 1986,
Tennant et al. 1987, Rosenkrantz and Klopman 1990). Some chemicals can
exert both types of activities, and some chemicals may lead to indirect damage
to DNA via, for example, the formation of oxygen radicals.
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Genotoxic chemicals, either directly or after metabolic activation, form
DNA adducts, some of which lead to mutations (Williams and Weisburger
1986, Tennant et al. 1987, Reitz et al. 1988, Harris 1990, Rosenkrantz and
Klopman 1990). A spectrum of mutation patterns in specific genes has been
ascertained for some carcinogens, such as aflatoxin (Harris 1993). Several
methods have been developed for assessing exposure of individuals to
chemicals based on their formation of specific DNA adducts (Choy 1993,
Weinstein et al. 1995). These methods, which include 32P-postlabeling,
immunochemical assays, and mass spectroscopy, have led to the quantitation of
potency in animals and in humans. In addition, surrogate markers have also
been used to estimate exposures of individuals to various chemicals. Examples
of these markers include adduct formation with various proteins, particularly
hemoglobin and to a lesser extent albumin. When enzymes involved in the
metabolic activation and inactivation of these chemicals are modified, the
compounds show considerable variability in their potential for mutagenicity and
carcinogenicity. This variability has been specifically defined in only limited
cases and is a major area for continued investigation (Sipes and Gandolfi 1986).

Nongenotoxic chemicals may affect the carcinogenic process by modifying
the number of cell divisions per unit time, but other mechanisms may also play
a role. This modification can be accomplished by any of several mechanisms,
including direct mitogenesis, cytotoxicity followed by regenerative hyperplasia,
inhibiting apoptosis, inhibiting differentiation, or a combination of these
processes (Cohen and Ellwein 1990, 1991, 1992). The DNA errors arising
during cell replication can occur secondarily to a variety of possible
endogenous mechanisms, including oxidative damage, depurination and
depyrimidination, deamination, formation of exocyclic adducts (possibly
secondary to oxidative damage or lipid peroxidation), defects in DNA repair,
indirect chromosomal aberrations, and other mechanisms yet to be defined.
Nongenotoxic chemicals can be more broadly divided into those that interact
with specific receptors
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on cells, such as hormones, dioxin, and phorbol esters, and those that interact
with cells through nonreceptor-mediated processes, such as phenobarbital,
sodium saccharin, or d-limonene (Cohen and Ellwein 1990). Many of the
nongenotoxic chemicals, especially those acting through specific receptors, alter
signal transduction and gene expression. Chemicals that alter gene expression
tend to be tissue-specific and frequently species-specific. Chemicals can clearly
have more than one of the effects described above.

Because multiple genetic errors are required before malignancy will
develop, several multistage models of carcinogenesis have been developed. The
first of these models was the initiation-promotion model of Berenblum and
Shubik (1947), which was later modified to include the stage of progression
(Boutwell 1964). On the basis of this model, the effects of a chemical have been
classified in terms of initiation, promotion, or progression. However, when they
are completely evaluated, chemicals usually exhibit more than one of these
effects, and even single doses of potent carcinogens, such as aflatoxin B; or
diethylnitrosamine, can induce cancer in rodent models. Although the terms
initiation, promotion, and progression continue to be used in the field of
carcinogenesis, it is difficult to define these stages in many model systems, in
studies involving chemical mixtures, or in human carcinogenesis. Nevertheless,
numerous authors use the term initiation to mean genotoxicity and promotion to
mean nongenotoxic events.

Other multistage models of carcinogenesis have been presented. Armitage
and Doll (1954) postulated a sequence of multiple genetic events occurring over
time, with the incidence increasing proportionally to an exponent of time, the
exponent being defined by one less than the number of stages in the
carcinogenic process. Although this model was derived from epidemiologic
studies and fits well with most human cancer types, it does not fit the age-
specific mortality data for some cancers, such as childhood cancers, Hodgkin's
disease, and breast cancer.

To account for these latter anomalies, models involving not only
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