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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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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.

Ronald W. Estabrook
Chairman
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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

EXECUTIVE SUMMARY 1
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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

EXECUTIVE SUMMARY 2
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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

EXECUTIVE SUMMARY 3
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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.

•   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 dietary 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.

Synthetic Versus Naturally Occurring Carcinogens

•   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.

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.

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.

•   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.

Dietary Factors

•   The risk of cancer from excess calories and fat should be further
delineated vis-à-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

EXECUTIVE SUMMARY 15

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

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 underlying
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.

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,
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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 used peroxisome proliferators,
nitrosamines, hydrazines, phenolic antioxidants, methylenedioxyphenyl
(benzodioxole) compounds, sodium salts (e.g., saccharin and ascorbate),
aromatic amines, and naturally occurring versus synthetic α2u-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
occurring substances

Substances synthesized
by physiological and
biochemical processes
present in food
organisms themselves

Furano coumarins,
isoflavanoids, phytoalexins,
cutins, alkaloids

Derived naturally
occurring chemicals

Substances formed as a
result of the breakdown
of constitutive chemical
during stress, storage,
processing, and
preparation of foods

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

Acquired naturally
occurring chemicals

Substances present by
infection or spoilage
caused by bacteria or
fungi or passively
acquired from the
environment

Aflatoxin B1 or botulism
toxin, as well as chemicals
such as the residues of
persistent pesticides no
longer used but remaining
in the soil

Pass-through naturally
occurring chemicals

Materials present in
animal products
consumed by humans
that are derived from
food eaten by an animal

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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and consumed. Examples are pesticides, solvents, and chemicals derived
from packaging.
Term Definition Examples
Added naturally
occurring chemicals

Constitutive or derived
naturally occurring
substances that are
isolated from raw or
traditionally processed
plant or animal sources
then added to the same
or other foods

Sucrose, glucose, isolated
soy protein used in infant
formulas, flavors extracted
or distilled from spices,
numerous gums and
starches (e.g., corn or
tapioca starch) that,
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

INTRODUCTION 30

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

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.

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:

•   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—less 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."

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
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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

•   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

•   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 jalapeño 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 (Davídek 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.

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. Hölldobler (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.

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

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 57

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

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

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 59

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

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. A. flavus produces aflatoxins B1 and B2, whereas A. parasiticus
produces aflatoxins B1, B2, G1 and G2 (Pitt et al. 1993). While all four
aflatoxins are toxic and believed to be carcinogenic in animals, B1 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 B1 on crops such as corn or groundnuts (peanuts),
or other grains and cereal products, depends not only on the presence of the
toxigenic fungi A. 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 A. 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 µg/kg food of aflatoxin B1 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 B1,
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 B1 and B2 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, T2 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, IQx, 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 IQ, MeIQ, and MeIQx. 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 µg 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
IARC (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 (Schmähl 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 B1

As discussed earlier, the aflatoxins are the most ubiquitous of the fungal
toxins, and aflatoxin B1 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 B1 have been extensively
investigated, and much information has been generated regarding their
metabolic activation and mechanisms of action (Wogan 1992). Aflatoxin B1 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 B1 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 B1 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 B1 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
B1 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 B1 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 B1. 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 B1 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), PhIp 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; Schmähl and Preussmann 1959; Zak et al. 1960;
Tomatis et al. 1964; Terracini et al. 1967, 1969; Geil et al. 1968; Le Page and
Christie 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,
IARC (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 eugenol 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

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
(ILSI 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
(ILSI 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

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 86

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

(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 -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  -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 -
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). -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  -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 -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 B1. 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 -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 -carotene. In one
recent report, neither -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 -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.

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, Stähelin 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 (Stähelin 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 µg
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 Iowa 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

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 96

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

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).

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  -
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, -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 (El-Bayoumy 1991). Recent investigations are

NATURALLY OCCURRING CARCINOGENS AND ANTICARCINOGENS IN THE DIET 98

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

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.
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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

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.
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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

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,
dispensing aids

Solvents (e.g., alcohol and propylene
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
aspartame)

Taste and flavor modifiers (except
sweeteners, salt, and pH control
agents)

Flavoring ingredients (e.g., vanillin),
flavoring adjuncts (e.g., triethyl citrate
(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
(continued)

glycerol esters of wood rosin), stabilizers
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.

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
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
Adhesives and pressure-sensitive
adhesives

A wide variety of solvents, resins,
polymers, glues, preservatives, and
miscellaneous additives

Adjuvants (emulsifiers, antistatic
agents, lubricants, plasticizers,
colorants, filtering aids, etc.)

A wide variety of chemical classes

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

Coatings (for metals, plastics,
paperboard, etc.

A wide variety of polymers, copolymers,
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
of articles in contact with food
(containers, utensils, films, membranes)

Polymers, copolymers, resins, fibers,
lubricants, colors, and adjuvants
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Substances used to control the growth of
microorganisms

Hydrogen peroxide and other
peroxides, iodine and chlorine
compounds, quaternary ammonium
compounds, sulfonated detergents,
other surface-active agents, and
solvents

Prior-sanctioned substancesb

GRAS substances (substances generally
recognized as safe for use in or on foods)c

Sources: Adapted from Hodgson and Levi 1987, U.S. GPO 1991.
a 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.
c 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).
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 B1 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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genetic errors but cell populations and replication have been developed
(Knudson 1971, Moolgavkar and Knudson 1981, Greenfield et al. 1984, Cohen
and Ellwein 1990, 1991). Numerous examples of multiple genetic errors in
carcinogenesis have been established in animal models and in humans with the
use of powerful molecular biological techniques. Also, it is still unclear which
genes are directly involved in carcinogenesis and which are related to increased
susceptibility to the development of the critical DNA mistakes that occur in
carcinogenesis (Cohen and Ellwein 1990, 1991, 1992).

The evidence to date suggests that the processes of carcinogenesis are
similar for natural and synthetic chemicals. A combination of approaches used
in cell and molecular biology, pharmacokinetics, biochemistry, and in chemistry
should continue to provide insight into the overall carcinogenic process in
animals and in humans. The committee accepts the concept of multistage
carcinogenesis, but because of the difficulties associated with the initiation-
promotion-progression model, especially in applying it to human
carcinogenesis, we have chosen to use the terms genotoxic and nongenotoxic in
referring to specific agents.

METABOLISM

The biotransformation of xenobiotics involves phase I (oxidation,
reduction, and hydrolysis) or phase II (conjugative) reactions (Bridges and
Chasseaud 1976, Testa and Jenner 1976, Jenner and Testa 1981). In many
cases, the parent compound may not undergo phase I biotransformation if it has
a functional group available for conjugation. For example, glucuronidation is
the major metabolic pathway for acetaminophen and naturally occurring
morphine. Similarly, reactions such as mercapturic acid formation and sulfation
are common in humans. It should be noted that interspecies variations are
extensive, as are interindividual variations,
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particularly in humans. Furthermore, it has been apparent for many years that
metabolism of xenobiotics may be a detoxication event or, through the
production of reactive intermediates, an activation event that increases toxicity.

Cytochrome P450 is the principal enzyme involved in the phase I
metabolism of xenobiotics. It is located in the endoplasmic reticulum and is
found in many living organisms. Over two hundred isozymes have been
identified (Degtyarenko and Archakov 1993, Nelson et al. 1993). These
isozymes have broad but different specificities that frequently overlap. Isozyme
distribution differs between species, organs, and developmental stages. A
unique feature of the cytochrome system is its induction by specific chemicals.
Other phase I enzymes include the flavin-containing mono-oxygenase, also
located in the endoplasmic reticulum, the molybdenum hydroxylases (e.g.,
aldehyde oxidase and xanthine oxidase), alcohol and aldehyde dehydrogenases,
esterases and amidases, and peroxidases and epoxide hydrolase. Xenobiotics
may also be cooxidized by prostaglandin synthetase (Hodgson and Levi 1994).
It should be noted that Phase I reactions may result in the formation of free
radical and other reactive intermediates.

Phase II reactions involve the conjugation of endogenous intermediates
with phase I metabolites or the conjugation of the parent compound itself. Phase
II enzymes include UDP-glucuronyltransferase, UDP-glucosyltransferase,
sulfotransferase, acetyltransferase, methyltransferase, acyltransferases (which
affect amino acid conjugation) and glutathione S-transferase (Dauterman 1994).

It is not surprising that the metabolic pathways involved in the
biotransformation of both synthetic and naturally occurring chemicals are
similar. It is possible that these pathways developed in response to naturally
occurring chemicals and offered some selective advantage to organisms capable
of detoxifying xenobiotics. However, it must be stressed that biotransformation
reactions may lead to bioactivation, especially to the formation of reactive
metabolites that may alkylate DNA, thereby initiating the carcinogenic process.
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An example of a reaction leading to both detoxication and activation is the
metabolism of ethanol, a natural product of fermentation, to acetaldehyde by
alcohol dehydrogenase. This metabolism terminates the action of ethanol on the
central nervous system. However, the metabolite acetaldehyde may cause some
of the other toxic effects associated with ethanol before it, in turn, is
metabolically detoxified to acetate. This same enzyme, alcohol dehydrogenase,
is involved in the metabolism of other simple alcohols and glycols such as the
antifreeze ethylene glycol. A variety of esterases are also important in the
metabolism of both natural and synthetic compounds, including drugs (e.g.,
aspirin, meperidine, acetanilide, and procaine), and pesticides (e.g., permethrin,
malathion, and paraoxon) (Hayes and Laws 1991), chemicals of environmental
concern such as plasticizers (e.g., diethylhexylphthalate), and natural
compounds (e.g., the alkaloid arecoline) (Testa and Jenner 1976).

Most phase I metabolic reactions involve microsomal mono-oxygenases.
Ring hydroxylations, such as those associated with benzene and its derivatives
(e.g., the moth repellent p-dichlorobenzene), and with drugs like the barbiturate
phenobarbital and the antipyretic acetanilide, are extremely common. Side
chain oxidations are also common phase I reactions. Examples include the
hydroxylation of the N-methyl group of the pesticide carbaryl and the metabolic
schemes for pentobarbital, riboflavin (vitamin B2), and pyrethrin, a natural
pesticide.

Other common, metabolic pathways shared by natural and synthetic
chemicals include epoxidations and dealkylations (Oritz de Montellano 1985).
With respect to the first, epoxides may subsequently be metabolized to diols by
epoxide hydrolases. A number of epoxides or diol epoxides have been shown to
bind to DNA to form adducts. For example, aflatoxin B1 undergoes metabolic
activation to an epoxide that can bind to DNA or protein, or can react with
glutathione, a detoxification process (IARC 1993). Naphthalene is an example
of another aromatic compound that undergoes

SYNTHETIC CARCINOGENS IN THE DIET 146

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

metabolic activation to a reactive intermediate. Epoxidations can also occur
with double bonds in non-aromatic rings such as with the marihuana constituent

9-tetrahydrocannabinol (Testa and Jenner 1976). Other chemicals that undergo
side chain or alkene epoxidations include the synthetic chemicals 4-
vinylcyclohexene (Smith et al. 1990), butadiene (Malvoisin and Roberfroid
1982), and naturally occurring d-limonene (IARC 1993). In addition, resulting
epoxides may then undergo further phase II conjugation reactions. It should be
noted, however, that not all epoxides are reactive. Dieldrin, the epoxide
metabolite of aldrin, is quite stable.

Examples of dealkylations, the other common reaction shared by natural
and synthetic compounds, include atrazine, one of the most widely used
herbicides in the United States, which is N-dealkylated, nicotine, which is
dealkylated to nornicotine, and the drug tamoxifen, which is also N-dealkylated
(Jansen and de Fluiter 1992). O-Dealkylations encompass a wide range of
compounds, including synthetics such as p-nitroanisole, phenacetin, and the
pesticide methoxychlor, and the naturally occurring compounds scoparone (6,7-
dimethylcoumarin), rotenone, and thebaine (Testa and Jenner 1976).

Less common reactions include deamination and dehydroxylation.
Chemicals that undergo deamination include amphetamine and mescaline
(Testa and Jenner 1976). Dehydroxylation is postulated to occur in vivo by gut
bacteria. Such reactions are important in the metabolism of catechols such as
the naturally occurring caffeic acid (IARC 1993), which can also be detoxified
via glucuronide conjugation. Many other reactions can occur but are of lesser
importance and are not covered here.

One of the factors that tends to make chemicals resistant to metabolism by
mammalian organisms is the presence of chlorine groups. However,
dechlorination can occur (such as with the pesticide DDT or with the herbicide
atrazine), even in mammalian systems. Of particular concern are highly
halogenated synthetic chemicals such as hexachlorobenzene and the PCBs
(polychlorinated
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biphenyls). Dechlorination of these chemicals can be very slow. Structure-
activity relationships indicate that PCBs with vicinal-substituted carbons are
highly resistant to epoxidation by metabolizing enzymes. Similar arguments can
be made for other chlorinated chemicals, such as the dibenzo-p-dioxins and
dibenzofurans.

A number of halogenated compounds are natural products (Neidleman and
Geigert 1986, Gribble 1992, Willes et al. 1993). Over 1500 halogenated
compounds have been identified in marine organisms, more than 250 in red
algae alone. Chlorinated compounds are formed in bacteria, algae, fungi, ferns,
higher plants, and even lower animals. These compounds, chlorinated via
chloroperoxidases, may be quite complex (e.g., chlortetracycline), but the
degree of chlorination and, therefore, resistance to metabolism is generally not
as great as for synthetic chemicals.

TOXICOLOGICAL COMPARISONS

In this section, toxicological comparisons are made between chemically
related synthetic and naturally occurring chemicals, some of which are known
to be carcinogenic. Classes of related compounds discussed include peroxisome
proliferators, nitrosamines, hydrazines, phenolic antioxidants, methylene
dioxyphenyl (benzodioxole) compounds, sodium salts, aromatic amines and
related chemicals, and α2u-globulin binding compounds.

Nitrosamines

Several nitrosamines occur naturally in our environment. Others can be
formed endogenously (IARC 1978, 1982). For example, ingested nitrites
interact with amines in the acid conditions of the mammalian stomach to form
nitrosamines (Sander et al. 1968). Nitrates are reduced to nitrites by bacteria,
especially in saliva.
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Nitrites from swallowed saliva or from the diet can produce nitrosamines
in the stomach (NRC 1981, Kyrtopoulos 1989, Leaf et al. 1989). Because of
this, the use of nitrites and nitrates as additives to foods such as meat and fish is
strictly regulated. Secondary and tertiary amines, N-alkylamides (including
peptides), ureas, carbamates, and guanidines can all be nitrosated (Mirvish
1975, Shepherd and Lutz 1989). Some of these compounds occur ubiquitously
in nature, while others are synthetic agricultural chemicals and drugs. For
example, the drug aminopyrine reacts readily with traces of nitrosating agents,
including gaseous nitrogen oxides, resulting in the formation of
dimethylnitrosamine, traces of which have been found in the drug itself
(Eisenbrand et al. 1978). The amount of N-nitroso compounds (nitrosamines
and nitrosamides) formed by nitrosation depends upon nitrite concentration, the
concentration and basicity of the amine or amide, and pH. The presence of
nucleophilic ions such as thiocyanates increases the rate of N-nitrosamine
formation (Fan and Tannenbaum 1973, NRC 1981). In contrast, ascorbic acid, -
tocopherol, and various phenolic compounds inhibit the formation of N-
nitrosamines (Mirvish 1975, 1981, 1994; Morgens et al. 1978). Nitroso
compounds are also contaminants in foodstuffs, alcoholic beverages, and
cosmetics (Tricker et al. 1989). Tobacco contains several nitrosamines and
nitrosatable amines, which are formed during the curing and burning of the
product. These compounds appear to be significant carcinogens in the induction
of various cancers in humans exposed to tobacco smoke and other tobacco
products (Hecht and Hoffman 1989). Nitrosation also occurs in soils, organic
waste, and water, where industrial and other discharges contain large amounts
of amines.

Nitrosamines require metabolic activation for expression of mutagenic and
carcinogenic activity. The cytochrome P-450s are responsible for this activation
by hydroxylation at the -carbon of the alkyl substituents (Okada 1984, Yang et
al. 1984, Archer 1989). The alkyldiazohydroxide intermediates that are formed
readily alkylate
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proteins and nucleic acids. The possibility that traces of nitrosamines pose a
cancer risk for humans has yet to be proved, but certain correlations suggest that
target N-nitroso compounds are involved in the etiology of gastric, esophageal,
and nasopharyngeal cancers and possibly others (Magee 1989). Childhood
leukemia and brain cancer were recently associated with nitrite-preserved hot
dogs consumed by children or their parents, but it was unclear whether hot dogs
were the primary factor or merely a factor indicative of a low socio-economic
status (Bunin et al. 1994, Peters et al. 1994, Sarasua and Savitz 1994). Many
target organs in a variety of animal species are susceptible to the carcinogenic
action of N-nitroso compounds. Human tissues and cytochrome P-450s can
bioactivate nitrosamines to mutagenic intermediates that form adducts with
tissue constituents (Hoffman and Hecht 1985). Of the variety of alkyl products
formed, the O-alkylations of guanine and thymine are mutagenic, and their
formation is associated with the carcinogenic potential of the compound or with
the mutagenic susceptibility of the specific organ (Singer 1985).

Although certain nitrosamines have been synthesized for commercial use,
they may also occur naturally. For example, dimethylnitrosamine was used in
the synthesis of dimethylhydrazine, but it has also been found in a variety of
food products (as discussed above). There is no evidence to suggest differences
in the properties of naturally occurring versus synthetic nitrosamines.

Hydrazines

Humans are exposed to naturally occurring and synthetic hydrazines with
known mutagenic and carcinogenic potential (Toth 1975). Exposure to these
chemicals occurs because of their widespread use by the agricultural,
pharmaceutical, aerospace and petroleum industries, and because a number of
hydrazine derivatives occur naturally. For example, Toth (1991) reported on 11
hydrazine analogs that were identified in 22 species of mushrooms, one
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of which is cultivated. Another natural source of hydrazine is tobacco and
tobacco smoke, which have been shown to contain hydrazine and 1,1-
dimethylhydrazine.

The carcinogenic properties of natural and synthetic hydrazines are similar
with respect to organotropism (Toth 1980). For example, when administered
orally to mice, phenylhydrazine (synthetic) and 4-methylphenylhydrazine
(natural) produce tumors of the lungs and blood vessels. Methylhydrazine,
which is produced synthetically but also occurs naturally, produces pulmonary
adenocarcinomas in Swiss mice and histiocytomas of the liver and tumors of the
cecum in Syrian golden hamsters (Toth 1984). Tissue localization depends upon
the animal species tested, the route of administration, the dose, and the
hydrazine derivative.

The carcinogenic properties of hydrazines may be a result of their
enzymatic activation. A number of enzyme systems have been shown to
metabolize hydrazine derivatives. These include cytochrome P450, the flavin-
containing mono-oxygenase, and monoamine oxidase. The substituents on the
hydrazine moiety determine its metabolic fate. For example, monosubstituted
hydrazines and 1,2-disubstituted hydrazines are predominantly metabolized by
cytochrome P450 (Prough and Maloney 1985). The metabolism of 1,1-
disubstituted hydrazines is catalyzed largely by the flavin-containing mono-
oxygenase (Prough and Maloney 1985).

The metabolism of hydrazine derivatives can lead to a variety of
chemically reactive species, including diazines, diazonium ions, and carbon-
centered radicals (Gannett et al. 1991, Albano et al. 1993). It has been
postulated that radicals formed during the enzymatic activation of hydrazine
and hydrazine derivatives may subsequently bind to DNA to form adducts
(Gannett et al. 1991). Such alterations can result in miscoding upon DNA
replication. The enzymatic activation of N-methyl-N-formylhydrazine, a
naturally occurring hydrazine, results in the formation of such radicals (Gannett
et al. 1991). Thus the formation of DNA adducts may be the initial event in the
carcinogenicity of N-methyl-N-formylhydrazine.

Like synthetic hydrazines, naturally occurring hydrazines have
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been shown to be mutagenic. The role of metabolic activation in the
mutagenicity of hydrazines (natural or synthetic) is questionable, since many
hydrazines are mutagenic in the absence of S-9 mix. In fact, the mutagenicity of
many hydrazines is inhibited by the presence of S-9 mix or bovine serum
albumin (Matsushita et al. 1993).

Methylenedioxyphenyl Compounds

Methylenedioxyphenyl (benzodioxole) compounds (MDPs) occur widely
in plants. Among the dietary sources of MDPs are parsnips, carrots, nutmeg,
sesame seeds (and sesame seed oil), pepper, and sassafras. Synthetic derivatives
of these compounds are used commercially for insecticide synergists. The
principal synthetic MDP used as a synergist is piperonyl butoxide (Hodgson
and Philpot 1974). Although it is not widely used on crops, it is frequently
included in aerosol preparations for household use.

In mammals, MDPs affect multiple enzyme pathways; the effect on the
cytochrome P450 system has been the most studied (Goldstein et al. 1973,
Hodgson and Philpot 1974). MDPs have been shown to inhibit P450-mediated
metabolism and to induce several P450 isozymes (Fujii et al. 1970, Wagstaff
and Short 1971, Hodgson and Philpot 1974, Thomas et al. 1983, Yeowell et al.
1985, Lewandowski et al. 1990). As inhibitors of P450 activity, MDPs have
been used extensively with the pyrethroid and carbamate insecticides; the
metabolism of these insecticides is, in large part, P450-mediated (Haley 1978).
It has been postulated that inhibition of P450 activity leads to the formation of a
stable inhibitory complex between the heme iron of P450 and the carbene
species formed when water is cleaved from the hydroxylated methylene carbon
of the MDP (Dahl and Hodgson 1979). While the 3,4-methylenedioxyphenyl
group is essential for activity, the relative effectiveness varies with the nature of
the side chains in the 1 and
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6 positions, a long, lipophilic side chain favoring the formation of a more stable
inhibitory complex. Thus the development of commercial synergists involves
the addition of a lipophilic side chain to naturally occurring MDPs.

Naturally occurring MDPs and their synthetic derivatives induce various
isozymes of the P450 system. In studies conducted with mice, MDPs have been
shown to induce P450 1A2 by an Ah receptor-independent mechanism as well
as P450 2B10. They also induce P450 1A1, but only at doses higher than those
necessary for the first two inductions named. Although extensive structure-
activity studies have not been carried out, it appears that the MDP group is
essential for this particular pattern of induction; however, the extent of
induction varies with other molecular characteristics (Cook and Hodgson 1985,
1986; Murray et al. 1985; Adams et al. 1994).

Some naturally occurring and synthetic MDPs are known to be
carcinogenic at high-dose levels. Safrole (5-(2-propenyl)-1,3-benzodioxole), a
naturally occurring MDP found in black pepper and oil of sassafras, has been
used in flavoring and perfume. It has been shown to be a hepatocarcinogen in
animal studies, causing liver tumors at a dietary concentration of 0.5 percent.
The active metabolite appears to be the sulfate ester of the 1'-hydroxy derivative
(Homberger et al. 1961, Long et al. 1963, Ioannides et al. 1981).

Piperonyl butoxide (alpha(2-(2-butoxyethoxy)ethoxy)-4,5-methyl-
enedioxy-2-propyltoluene) tested negative in early tests for carcinogenicity and
mutagenicity, but recent long-term feeding studies have demonstrated
hepatocellular carcinoma in both male and female F344 rats. However, the
lowest effective dose was 1.2% of the diet, some 400,000 times the ADI for
humans (Takahashi et al. 1994).

In summary, naturally occurring and synthetic MDPs appear to be
attractive models for comparing natural and synthetic carcinogens. There are,
however, significant data gaps and unanswered questions. These include the
following: 1) Is the MDP group irrelevant to the carcinogenicity of safrole and
piperonyl butoxide,
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with side chain substituents being of greater, or sole, importance? 2) Is
suitability for metabolism to a sulfate ester the critical parameter? 3) Does
rendering the molecule more lipophilic and, therefore, more persistent, make
the potential for carcinogenicity greater? 4) Do the high-dose levels required
make this an inappropriate model? 5) Given the wide distribution of MDP
compounds and the potential for additive effects, are high doses likely to be
reached in any case? In spite of these data gaps and unanswered questions, two
factors suggest that these compounds require further study: one, the potential
for human exposure to naturally occurring and synthetic MDPs and two, MDPs
induce and inhibit P450 isozymes, which are often involved in the early stages
of carcinogeneses.

Aromatic Amines and Related Chemicals

Aromatic amines are among the earliest class of chemicals suggested to be
potential human carcinogens. This idea was based on observations by Rehn in
1895 that workers in the aniline dye industry in Germany had an increased risk
of developing bladder cancer (Miller and Miller 1983). Subsequently, several
aromatic amines were identified as human bladder carcinogens, including 2-
naphthylamine, benzidine, and 4-aminobiphenyl, as well as related chemicals
such as benzidine dyes and phenacetin. Much of what is known today about the
metabolic activation and inactivation of chemical carcinogens is the result of
investigations conducted on 2-acetylaminofluorene.

More recently, numerous polycyclic, heterocyclic aromatic amines have
been identified as pyrolysis products resulting from the cooking of foods at very
high temperatures (Wakabayashi et al. 1992). Aromatic amines, such as 4-
aminobiphenyl and o-toluidine, have also been detected in cigarette smoke
(Vineis et al. 1994).

The metabolism of the synthetic and naturally occurring aromatic amines
are similar (Miller and Miller 1983, Wakabayashi et
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al. 1992, Snyderwine et al. 1993, Vineis et al. 1994). Enzymatic activation
occurs through N-hydroxylation. The metabolic intermediates thus formed may
then undergo phase II conjugation to form various esters, such as sulfates,
glucuronides, and acetyl derivatives, and they may covalently bind to DNA
(usually to C8 of guanine) to form adducts.

The mutagenic potential of many aromatic amines has been demonstrated
in vitro using prokaryotic assays, and several amines have subsequently been
shown to be carcinogenic in rodent bioassays and in nonhuman primates.
Among the pyrolysis products are included 2-amino-3-methylimidazo[4,5-f]
quinoline (IQ) and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP).

Depending on the chemical, route of administration, species, and strain,
these chemicals produce tumors predominantly of liver, mammary gland,
bladder, and colon in rodents, the urinary bladder in dogs, and the liver in
nonhuman primates. Epidemiologic studies have associated them only with the
formation of urinary bladder cancer in humans, but recent animal experimental
evidence suggests that aromatic amines may also be associated with other tumor
types, such as colon cancer (Ito et al. 1991). Evidence indicates that naturally
occurring and synthetic aromatic amines have similar potencies in both in vitro
assays and rodent carcinogenicity bioassays.

Peroxisome Proliferators

Several compounds of diverse chemical structure (Reddy and Rao 1992,
Gibson 1993) are known to induce peroxisome proliferation. These include
fibric acid derivatives such as clofibrate, gemfibrizol, and ciprofibrate which are
used as hypolipidemic agents; other unrelated drugs such as valproic acid and
chlorcyclizine; phthalate ester plasticizers, notably di-2-ethylhexylphthalate;
herbicides such as 2,4-dichlorophenoxyacetic acid; and simple compounds such
as
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trichloroacetic acid (Moody et al. 1991). While these agents cause
morphological effects in a number of tissues, the primary target organ is the
liver, where they cause hypertrophy, hyperplasia, and peroxisome proliferation.
The latter is preceded by an increase in the enzymes involved in fatty acid -
oxidation and, to a lesser extent, in catalase (Lock et al. 1989). In addition,
peroxisomal proliferators also induce drug metabolizing enzymes (most notably
glucuronyl transferase, epoxide hydrolase, and cytochrome P450 4A1),
stimulate growth factors, and activate oncogenes (Bieri 1993).

Hepatocarcinogenicity is the primary toxicity of concern associated with
peroxisomal proliferators, especially in rodents such as rats and mice. The
mechanism responsible for hepatocarcinogenicity is not clear because these
chemicals are routinely negative in genotoxicity tests. The pleiotropic response
following the administration of peroxisome proliferators appears to be related to
their activation of a novel steroid hormone receptor, the peroxisome proliferator-
activated receptor (PPAR). Tumorigenicity may ultimately be related to the
oxidative stress that results from the enhanced peroxisomal fatty acid oxidation
and the concomitant hydrogen peroxide synthesis. Alternatively, these
chemicals may enhance cellular replication of hepatocytes, especially cells in
foci, since in some studies the degree of sustained DNA replication has been
found to be highly correlated with tumorigenicity rather than with peroxisome
proliferation (Green et al. 1992).

A limited number of natural products, such as phytol—a decomposition
product of chlorophyll—have been investigated for their potential to induce
peroxisome proliferation (Watanabe and Suga 1983, Van den Branden et al.
1986). High fat diets, vitamin E deficiency, and diabetes can also produce
peroxisome proliferation in rodents (Moody et al. 1991). The role of
peroxisomal proliferators in human carcinogenesis is not clear, since
peroxisome proliferation does not occur in humans (Blumcke et al. 1983,
Hanefeld et al. 1983). Nevertheless, humans do respond to these agents (e.g.,
with hypolipidemia following treatment with the fibric acid derivatives)
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and they, like rodents, possess PPARs that are sensitive to activation.

Phenolic Antioxidants

Butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) are
synthetic chemicals used as food antioxidants. They have been widely used to
preserve foods, particularly oils, fats, and shortenings, which are subject to
oxidative deterioration and rancidity (Verhagen et al. 1991). Although BHA and
BHT are compounds with low acute toxicity, they are known to alter the
activities of enzymes involved in the activation/detoxification of xenobiotics.
For example, the activities of glutathione-S-transferase, epoxide hydrolase,
glucuronyl transferase, and cytochrome P-450 are all increased in rats and/or
mice after BHA or BHT is administered. Because these enzymes are often
involved in the activation and detoxification of chemicals, it is not surprising
that they have been shown to modify the toxicological response of a variety of
chemicals. BHA reduces liver damage caused by bromobenzene,
acetaminophen, and CCl4 in mice, and protects the rat adrenal gland from
dimethylbenz[a]anthracene-induced necrosis (Kahl 1984, Stich 1991). Many
similar types of protective effects have been observed in other tissues. Most
relevant to this discussion are the tumorigenic and antitumorigenic actions of
these antioxidants.

BHA suppresses the development of DMBA-initiated tumors of the lung,
forestomach, and mammary gland (Kahl 1984, Stich 1991). It has also been
shown to suppress skin tumors initiated by DMBA and promoted by TPA. In
several studies, BHA and BHT have been shown to be effective against other
carcinogens. For example, both chemicals inhibited the hepatocarcinogenesis of
concurrently-administered aflatoxin B1 (Williams et al. 1986). BHT also
reduced the incidence of N-hydroxy-N-2-fluor-enylacetamide-induced
hepatomas (in male rats) and mammary
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cancer (in female rats) (Ulland et al. 1973). However, these potentially
beneficial effects of BHA and other synthetic antioxidants became questionable
when it was reported that they induced carcinomas of the forestomach in rats
and hamsters (Ito et al. 1983, 1985). A subsequent study showed that feeding of
high-dose levels of BHA to rats enhanced the development of N-methyl-N'-
nitro-N-nitrosoguanidine-initiated squamous cell neoplasms of the forestomach
(Ito et al. 1985).

Naturally occurring antioxidants produce similar types of effects. Caffeic
acid, a phenolic antioxidant found in several fruits and vegetables, is both
tumorigenic and antitumorigenic, as discussed in Chapter 2 (IARC 1993, Stich
1991). Dietary administration of caffeic acid at doses comparable to those used
with BHA resulted in squamous cell papillomas and carcinomas of the
forestomachs of mice and rats. Caffeic acid also increased the incidence of
papillomas of the forestomach in rats treated with DMBA as an initiating agent
(Hirose et al. 1988). In another study, when caffeic acid was administered
before and with benzo(a)pyrene, it decreased the incidence of forestomach
tumors induced by benzo[a]pyrene (Wattenberg et al. 1980). Similar effects
have been reported for other naturally occurring antioxidants. For example,
catechol induces cell proliferation and is active as a glandular stomach
carcinogen (Stich 1991).

The above discussion documents that synthetic and naturally occurring
antioxidants behave similarly when tested at high doses for tumorigenic and
antitumorigenic effects. The ultimate outcome depends on the amount of
exposure the animals received. However, it is clear that synthetic and naturally
occurring phenolic antioxidants are tumorigenic in rodents, when given at high
doses. The implications for human risk, however, remain poorly defined,
although a recent expert panel questioned the relevance of the BHA rodent
carcinogenesis results to humans (FASEB 1994).
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Sodium Salts and Rodent Urinary Tract Carcinogenesis

Sodium saccharin (Ellwein and Cohen 1990) is an artificial sweetener
which was found to produce urothelial carcinomas in rats when high doses were
given beginning at birth or earlier. It did not produce cancer when
administration started at 6-8 weeks of age (as in a standard 2-year bioassay).
The male rat appeared to be more susceptible than the female and no
proliferative or tumorigenic effects were found in mice, hamsters, guinea pigs,
or monkeys. IARC has found the evidence for carcinogenicity to animals for
saccharin sufficient; however, the evidence for effects in humans is
inconclusive (IARC 1987) and is consistent with two possibilities, first that it
does not cause human bladder cancer, and second that it is a very weak cause
cause of human bladder cancer (Armstrong 1985)

Research on saccharin (Ellwein and Cohen 1990) indicates that it is not
metabolized, is nucleophilic rather than electrophilic (pKa of approximately
2.0), and is absorbed and largely excreted in the urine within hours of
consumption. At the level of approximately 1.0% of the diet, it has been shown
to have no effect on proliferation, tumor enhancement, or carcinogenicity.
Acidification of the urine below pH 6.5 results in inhibiting the proliferative
and tumorigenic effects of saccharin. Similarly, administration of certain forms
of saccharin, such as calcium or acid saccharin, which produce acidic urine, has
no effect on the rat urothelium. However coadministration of calcium saccharin
with alkalinizing substances results in the appearance of proliferative effects.
The proliferative and tumorigenic effects associated with high doses of sodium
saccharin appear due to the formation of a urinary amorphous precipitate. This
precipitate is largely calcium phosphate, but it also contains saccharin, protein,
silicates, potassium, chloride, and acidic mucopolysaccharides (Cohen et al.
1991, 1993). It is not clear how
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the precipitate is formed or how it causes its toxic effect. In addition, studies of
how sodium saccharin acts in the rat have raised questions about the underlying
assumptions of cancer risk assessment, including the basic assumptions of high
to low-dose extrapolation and interspecies extrapolation from rodents to
humans (Fukushima et al. 1986, Cohen and Ellwein 1990, 1991).

Most sodium salts, administered at high doses, produce urothelial
proliferative and tumorigenic effects in the male rat similar to those of sodium
saccharin, providing that the urinary pH is approximately 6.5 or greater
(Ellwein and Cohen 1990, Cohen and Ellwein 1992). For example, sodium
ascorbate, which has been extensively studied, produces effects similar to those
produced by sodium saccharin at comparable doses (approximately 5% of the
diet), including effects of urinary acidification and alkalinization (Ellwein and
Cohen 1990). Other sodium salts which have produced similar effects in male
rats at comparably high doses include glutamate (DeGroot et al. 1988),
aspartate, citrate, erythorbate, succinate, phosphate, bicarbonate (Lina et al.
1994), and to a limited extent, chloride. All produce a urinary amorphous
precipitate similar to that seen with sodium saccharin (Cohen et al. 1995). Lack
of effects can also be similar.

Like sodium saccharin, sodium ascorbate does not affect the urothelium of
the mouse (Tamano et al. 1993). It should be noted that all these substances
other than saccharin are naturally occurring, and several are essential to human
survival. Several are also generated endogenously as part of intermediary
metabolism. Urinary concentrations of the anion when the salt is administered
as 5% of the diet are approximately 200 mM. Under normal circumstances,
these ions are present in the urine at lower, though still substantial, amounts.
For example, serum bicarbonate is normally approximately 26 mM and tightly
regulated, whereas urinary concentration can range from less than 1 mM to
greater than 100 mM depending on pH (Thier 1981). Urinary chloride can range
from 10 to 100 mM in rats and 40 to 250 mM in humans. Urinary
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sodium ranges from 10 to 250 mM in rats compared with 1 to 300 mM in
humans, depending on degree of hydration and numerous other factors (Cohen
1995). It is not surprising that diet greatly influences responsiveness to these
chemicals. For example, administration of an AIN-76A semisynthetic diet,
which produces acidic urine, completely inhibits the proliferative and
tumorigenic effects of sodium saccharin (Okamura et al. 1991).

An apparent exception to the urothelial effects of the sodium salts is
sodium hippurate. When administered at high levels in the diet, it produces no
urothelial proliferative or tumorigenic effects in any of the species tested,
including the rat (Fukushima et al. 1983, Schoenig et al. 1985). However, this
lack of effect may be due to the fact that the urinary pH is consistently below
6.5 in rats fed diets high in sodium hippurate.

It also appears that potassium salts produce similar effects as the sodium
salts when administered at high doses, although they are somewhat less potent
(Ellwein and Cohen 1990). Most notably, potassium bicarbonate was recently
shown to be carcinogenic to the rat bladder in a 30-month bioassay (Lina et al.
1994).

All of the substances discussed above are nongenotoxic and appear to
produce their tumorigenic effects on the rat urothelium secondary to increased
proliferation. Several other substances are known to produce bladder tumors in
rats, and occasionally in mice, when administered at high doses in the diet, by
causing calculi in the urine (Cohen and Ellwein 1990, 1991, 1992). The calculi
cause an erosive toxicity of the urothelium with prominent regenerative
hyperplasia. Calculus-forming substances that produce cancer in rodents
include numerous synthetic compounds, such as melamine, but they also
include numerous, common, naturally occurring substances. Many of the latter
are nutritionally essential or are products of intermediary metabolism, such as
calcium phosphate, calcium oxalate, glycine, and uracil (Clayson 1974; Cohen
and Ellwein 1990, 1991, 1992; Clayson et al. 1995, in press). All these
compounds must be administered at doses sufficiently high to generate
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calculus formation in the urine and ultimately increase cell proliferation and
tumorigenicity. A weak association between calculi and bladder tumors has also
been suggested in humans (Burin et al. 1995, in press). The implication is that
there is a threshold dose below which calculi, on precipitate, will not form in
the urine. Because of physical-chemical and physiologic determinants, there is a
threshold for tumorigenicity for all nongenotoxic sodium salts, whether they are
naturally occurring or synthetic.

α2u-Globulin Binding Compounds

α2u-Globulin interacts with certain chemicals, resulting in protein droplet
formation, and ultimately in renal carcinogenesis and nephropathy. This low
molecular weight protein is synthesized under androgenic control in high
amounts in the liver of male rats (Borghoff et al. 1990). It also forms a
reversible binding complex with certain chemicals, thus inhibiting the
hydrolysis of the protein by lysosomal degradation in the proximal convoluted
tubule cells of the kidney. The protein is thus accumulated and causes cellular
necrosis. It is postulated that this cell death leads to a compensatory cell
division and subsequently to renal tumor formation (Borghoff et al. 1990,
Swenberg et al. 1989, Flamm and Lehman-McKeeman 1991). However, this
process has not been observed in female rats (Alden 1986), male NCI-Black-
Reiter rats (Dietrich and Swenberg 1991), mice, guinea pigs, dogs, or monkeys
(Alden 1986), all of which are known to be deficient in the production of the
α2u-globulin.

Chemicals, both synthetic and naturally occurring, which some have
hypothesized act through this mechanism include unleaded gasoline (Olson et
al. 1987) and 2,2,4-trimethylpentane as a surrogate (Charbonneau et al. 1987), p-
dichlorobenzene (Charbonneau et al. 1989), decalin (Kanerva et al. 1987),
pentachloroethane (Goldsworthy et al. 1988), perchloroethylene (Green et al.
1990),
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isophorone (Strasser et al. 1988), and tetralin (Serve et al. 1988). Of particular
interest is the monoterpene d-limonene, which is found in high amounts in
citrus fruits, is the major component of oil of orange, and has been used
extensively as a flavoring agent. In a two-year bioassay, it was found to cause
renal tumors in male F344 rats but not in female rats or mice of either sex (NTP
1990). It has been shown to be metabolized to d-limonene-1,2-oxide which
binds reversibly with α2u-globulin (Lehman-McKeeman et al. 1989). However,
since it has been recognized that the formation of the α2u-globulin is specific to
the male rat, these results cannot extrapolated to humans (Borghoff et al. 1990,
Olson et al. 1990, Flamm and Lehman-McKeeman 1991, Borghoff et al. 1993,
Hard et al. 1993). Although a number of proteins have been identified in the
serum and urine of humans which share some amino acid homology with α2u-
globulin, they are produced in comparatively small amounts. Furthermore, they
are similar to those found in female rats and mice which, when exposed to α2u-
globulin binding compounds, do not form renal tumors. Lehman-McKeeman
and Caudill note that α2u-globulin may be the only member of this lipocalin
protein superfamily that binds protein droplet-inducing agents (1992). An
alternate hypothesis on the role of chemically induced protein droplet α2u-
globulin nephropathy in renal carcinogenesis has been proposed by Melnick
(1992).

SUMMARY AND CONCLUSIONS

The principles and techniques developed to evaluate the carcinogenic
potential of synthetic chemicals can serve as a guide for evaluating naturally
occurring chemicals found in the human diet.

Overall, the mechanisms involved in the entire process of carcinogenesis,
from exposure of the organism to the expression of tumors, are similar, if not
identical, between synthetic and naturally occurring carcinogens. Similar too
are problems associated with
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extrapolation between species and extrapolation between high and low doses.
Although there are differences between specific groups of synthetic and

naturally occurring chemicals with respect to properties such as lipophilicity,
degree of conjugation, recalcitrance to metabolism, and persistence in the body
and environment, it is unlikely that information on these properties, if available,
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 to the
likely overlap of values between the categories.

Given the vast number of naturally occurring chemicals, it is clear that if
evaluation for carcinogenicity is to be carried out, priorities must be established.
The most significant priority will be based on association with, or presence of a
chemical in, foods associated with diets or life styles believed to be deleterious;
however, refinements are possible based on our knowledge of synthetic
carcinogens. For example, naturally occurring chemicals meeting the criteria of
association with deleterious foods could be accorded a higher priority for
testing if 1) they fall in the same chemical class as known carcinogens; 2) they
contain chemical groups also found in known carcinogens; 3) based on
structural comparisons with known carcinogens, they are likely to form reactive
intermediates, in vivo; or 4) based on structural comparisons with known
carcinogens, they are likely to be stable in vivo. It should be noted that all of the
above aspects are susceptible to evaluation by modern QSAR (Quantitative
Structure-Activity Relationship) techniques.
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4

Methods for Evaluating Potential
Carcinogens and Anticarcinogens

Carcinogenic activity in rodents, following the oral administration of
certain dyes, was first demonstrated in the early 1930s. Since then, numerous
experimental studies have been conducted to identify carcinogens in the diets of
humans. Such studies in the 1930s and 1940s were predominantly experimental
and focused on food additives, especially colorants, contaminants, and
carcinogens formed during food processing, cooking, and storage. Early
experimental studies on the effects of malnutrition on carcinogenicity were also
initiated during this period. Relatively few epidemiologic investigations were
conducted until the midcentury. Although most investigations concentrated on
cancer of the gastrointestinal tract and liver, it soon became clear that cancers at
other sites could be induced by ingested chemicals. The oral route became
widespread as a convenient method of administering any suspect carcinogen,
irrespective of target organ, and a considerable database on chemicals tested for
carcinogenicity was developed.

After World War II, results from experimental and epidemiologic studies
reinforced the view that dietary patterns were significantly related to geographic
variations in cancer incidence. However, in the absence of testable hypotheses
and of well-conducted epidemiologic studies, the role of individual dietary
components, including potential carcinogens, remained largely unclear for most
organ sites, with few exceptions. Nonetheless, while most human studies
concentrated on synthetic chemicals or dietary deficiency, the carcinogenic
effect of natural carcinogens was not completely
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ignored. Thus, the senecio alkaloids, cycasin, and aflatoxin were all identified
by the early 1960s. By 1970, the possible anticarcinogenic activity of vitamin A
was being explored, as were the modifying effects of fruit, fiber, dairy products,
and certain vegetables.

In 1969, the International Union Against Cancer (UICC) convened a
committee to address issues of cancer testing. The committee held a workshop
that focused on the major testing methods and priorities for carcinogenicity
testing. In proceedings from the workshop, the committee concluded, ''there is
general agreement that both (a) the extent to which man is exposed to a
substance, and (b) the degree of suspicion with which the substance is regarded,
must be considered. In many specific cases (a) or (b) will be clearly dominant.
Both natural and synthetic substances must be considered for testing. There is a
tendency to consider first substances of the latter category; however, an
increasing number of natural products with carcinogenic activity are being
found and substances suspected to be in this category deserve more attention."
(UICC, 1970).

At about the same time, the National Research Council's Committee on
Food Protection conducted a review of naturally occurring toxicants in foods,
including carcinogens (NRC 1973), in response to growing public apprehension
about the safety of the food supply. The committee's list comprised the major
natural carcinogens and toxicants as we know them today, and emphasized that
they should be further studied. Neither the UICC committee nor the National
Research Council committee suggested that naturally occurring compounds
posed any unique problems for testing, nor did they mention any qualitative
differences between naturally occurring and synthetic carcinogens.

Most cancers suspected to be diet-related are likely to have a multifactorial
origin. The human diet is a complex mixture of nutrients and chemicals that are
notoriously difficult to measure in observational studies and many of which
might be plausible confounders of the effect under study. Although a single
factor might be examined in animals through dietary manipulation, this is rarely
possible in humans unless the suspected agent is identifiable, discrete,
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and present at high levels, such as a mycotoxin. In the past, traditional
epidemiologic methods have been effective in identifying exposures to ingested
carcinogens, e.g., aflatoxin and arsenic, in the diet at relatively high levels and
in raising plausible hypotheses about individual foods and macro- or
micronutrients. Modification of one component in a diet is usually associated
with a change in others. An increase in calories from fat, for instance, usually
reflects a reduced percentage of calories from other sources. However, in
studying the role of dietary factors, the problem is even more complex because
micro- and macronutrients might behave differently qualitatively and
quantitatively between humans and the animals in which they are often studied.
Further, experimental diets often compare extreme dietary variations, possibly
at toxicologic or pharmacologic levels, leading to inappropriate conclusions in
humans, in whom variations are usually within a more modest range.
Accordingly, it is necessary to discuss first those limitations that arise from a
lack of sensitivity or specificity inherent in the methods used for detecting
trivial or minimal exposures and their effects in humans or animals. We must
also discuss the issues involved in study of complex mixtures in the presence of
multiple plausible confounders.

When adequate human data are not available, it is often necessary to base
opinions about human risk on results from experiments in animal models.
Animal studies of suspected carcinogens are assumed, with some reservations,
to provide qualitative predictions of human risk, especially where there is
evidence of common mechanisms and endpoints. However, susceptibility to
chemically induced carcinogenesis can show interspecies variability. This
discordance results at least in part from differences, either hereditary or
induced, among animal species in the steps involved in chemical
carcinogenesis, particularly at the level of procarcinogen bioactivation and
detoxification. Enzymes involved in bioactivation and detoxification of
procarcinogens have now been identified and characterized in multiple animal
species, including humans (Gonzalez and Gelboin 1994). There are many
instances of interspecies
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differences in these enzymes, in terms both of catalytic specificity and of
regulation (Wright and Stevens 1992). Hence, a given chemical can take
divergent metabolic pathways, resulting in different health outcomes, depending
on the species exposed.

Furthermore, susceptibility to carcinogenesis can vary significantly within
a species. In humans, much of this variability appears to reflect genetic
heterogeneity. For example, there are several inherited variations in xenobiotic
metabolizing enzymes and in DNA repair enzymes that have been associated
with susceptibility to certain malignancies. Genetic predisposition to cancer can
also be influenced by inherited mutations in tumor suppressor genes, as
illustrated by the Li-Fraumeni syndrome, in which patients inherit mutations in
one allele of the p53 gene, and in hereditary retinoblastoma, which involves the
RB gene. Interestingly, inherited mutations in either of these tumor suppressor
genes increases the susceptibility of individuals to certain radiation-induced
tumors (Frebourg and Friend 1992). Inheritance of specific polymorphic alleles
of the ras oncogene (Weston et al. 1991) and of the p53 gene (Weston et al.
1992) have been linked to lung cancer risk, but the significance of this
association is not known. Recent identification on chromosome 17 of the
BRCA1 gene that is associated with familial breast cancer (Miki et al. 1994)
might provide a clue as to which genetic factors influence breast cancer risk. In
addition, nongenetic factors such as diet and hormones might substantially
influence susceptibility to cancer in both humans and inbred laboratory rodents.
For example, differences in susceptibility to chemical carcinogenesis have been
demonstrated between well-fed and calorie-deprived rodents of the same
species, possibly because of calorie-induced differences in the catalytic
activities of xenobiotic metabolizing and DNA repair enzymes. Individuals in
different age groups might also differ in their susceptibility to chemical
carcinogenesis.

Biologic markers are being used to investigate individual susceptibility to
various exogenous chemical agents. Cloning genes involved in the activation or
detoxification of various xenobiotics and
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in the fidelity and efficiency of DNA repair, for example, will provide probes
that may be used to identify and monitor interindividual variations. Currently
used markers relate mainly to DNA-damaging (genotoxic) agents. However,
because individuals might vary in their susceptibility to processes not directly
involving DNA damage (nongenotoxic effects), markers specific for these
changes are needed for routine use in molecular epidemiology studies.

Despite the differences between humans and animals, epidemiologic and
experimental models need to be considered as ways to evaluate the potential
carcinogenicity of naturally occurring chemicals. For example, epidemiologic
data have been crucial in developing the association between cigarette smoking
and lung cancer. In addition, such studies have consistently demonstrated the
relationship between the consumption of alcoholic beverages and cancer.
Further experimental studies in diverse animal species have indicated that
alcohol induces cancer by nongenotoxic mechanisms.

In Chapter 4, the following questions are addressed:

•   What methods are currently being used to identify and evaluate
chemicals as potential carcinogens?

•   Should the methods for testing naturally occurring potential
carcinogens differ from those used for testing synthetic chemicals?

•   Are existing methods adequate?
•   How should naturally occurring compounds be prioritized for

evaluation of carcinogenic potential?

METHODS FOR EVALUATING CHEMICAL
CARCINOGENESIS

Studies in Human Populations

Epidemiology

Epidemiology, a science based on population measurements, can
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be described as the study of the distribution and determinants of diseases in
human populations and the application of the results to disease prevention or
control. Epidemiologic approaches to determining cancer risks from chemical
constituents of foods require the assessment of exposure (diet) and outcome
(disease). Exposure data can be classified as (1) general diet, such as patterns of
consumption of macro- and micronutrients, certain non-nutrient constituents,
and caloric intake; and (2) the identification, isolation, and biological activity of
individual suspected carcinogens and anticarcinogens in the diet. The
complexity of the human diet makes it difficult to assess retrospectively.
Dietary intake data are often based on the use of food diaries or recall of recent
or past diet. These methods have qualitative and quantitative limitations. Over
the past 2 decades, laboratory techniques have been developed that attempt to
address some of the problems associated with epidemiologic studies of diet and
cancer. Biologic markers of intake, either of certain nutrients or of individual
chemicals found in foods, might provide a better assessment than has been
possible before now of the role of diet in human cancer. Some biologic markers
with potential use in epidemiologic studies have recently been reviewed (Riboli
et al. 1987), and their use is discussed in more detail in the section on
"Molecular Epidemiology." Generally, epidemiologic research follows one of
four study designs:

•   Ecologic Studies. These studies attempt to relate exposures to disease
outcomes at a group level. Such studies suffer from several limitations:
individual exposure data are not associated with individual outcome;
investigators are unable to control for many potential confounders; and
measures of exposure are crude. Because of these limitations, the
primary value of such studies is in "hypothesis generation" (i.e.,
suggesting potentially important risk factors for study by methods
based on individuals). On the other hand, such studies can often
incorporate a broader range of exposures than can studies based on
data from individuals. Thus, for weak risk factors,
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or for risks that occur only at extremes of exposure, this approach
might be more useful in identifying or excluding etiologic factors than
has traditionally been assumed (Prentice and Sheppard 1990).

A common type of ecologic study in diet and cancer research has
been international correlations of per capita food consumption with
corresponding incidence or mortality rates from specific cancers
(Armstrong and Doll 1975). Other studies have been carried out within
national boundaries by the selection of distinctive subpopulations, such
as ethnic groups (e.g., in Hawaii and South Africa), religious groups
(e.g., Mormons and Seventh Day Adventists), or certain dietary
cultures (e.g., vegetarians or abstainers from alcohol) (Lyon and
Sorenson 1978, Kolonel et al. 1981). In such studies, the measure of
exposure is often a very crude estimate of what individuals might
actually be ingesting. Per capita food intakes, for example, use food
production and import/export data to determine average exposures for
individuals in the population. They do not account for food wastage or
food fed to animals, nor for differences in intake by sex and age.

•   Case-Control Studies. These studies are based on individuals rather
than groups, and overcome many of the limitations just cited. In these
studies, persons who have the outcome of interest, e.g., breast cancer,
are identified, and suitable controls are obtained for comparison.
Variables thought to be potential confounders in the relationship can
be overcome by matching during control selection or by statistical
adjustment at the time of data analysis. Other advantages of this design
are that rare diseases (like most cancers) can be studied, results can be
obtained rather quickly, and the research is relatively cost-effective.
Disadvantages include the fact that exposure data are obtained
retrospectively (dietary recall), and that differential misclassification
between cases and controls (bias) can occur, despite great care in
designing the study and in collecting the data.

Examples of such studies are (1) a comparison of exposure to
aflatoxins in foods relative to hepatitis B virus status between persons
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with liver cancer and controls (Qian et al. 1994); and (2) a study
comparing consumption of salted fish by persons with nasopharyngeal
cancer and controls (Ning et al. 1990). Such studies depend on dietary
recall methods, primarily on diet histories, in which individuals recall
their intake of specific foods at some specified time period in the past.
These recall methods are subject to errors in memory. Such errors
might be random (nondifferential) or selective (bias). Nondifferential
error generally leads to reduced relative risks, so that a true positive
finding might be missed. Bias, however, can lead to a false conclusion
from the data. Sources of variation in food consumption data are
discussed in Chapter 5. Although large sample sizes can help to reduce
some of the effects of random misclassification, the effects of bias
cannot be dealt with so readily. However, the findings from many case-
control studies, such as those on the effects of fruits and vegetables on
cancer risk, have been remarkably consistent, attesting to the strength
of this approach (Steinmetz and Potter 1991). Nonetheless, there is
evidence for biased recall in some case-control studies of breast cancer
(Giovannucci et al. 1993) and of colorectal cancer (Wilkens et al. 1992).

In some instances, biological specimens (usually serum) have been
collected from cases and controls, in an effort to obtain more exact
information. Unfortunately, effects of the disease itself on serum
levels, variability in serum levels over time, and other factors limit the
value of this approach. Newer biologic marker approaches that
overcome some of these limitations are discussed below.

•   Cohort Studies. These studies are generally preferred over case-control
studies, because the potential for bias is less. In this design, healthy
subjects are classified on exposures of interest prior to disease
occurrence. The incidence of disease over time is then compared
between the two groups. Since exposure data (e.g., diet histories) are
obtained prospectively, recall bias is reduced, but the potential for
substantial misclassification is nearly always present. However,
prospectively assembled cohort studies are expensive,
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because very large samples are required, and the subjects must be
followed for many years to accrue sufficient numbers of cases for
meaningful statistical analysis. Such studies are not generally useful
for very rare cancers. An alternative approach is to use pre-existing
data sets. However, although this might be less costly, such data might
not be ideal.

An example of a cohort study in nutritional epidemiology research
is a population of more than 100,000 U.S. nurses being monitored for
breast, colon, and other cancers relative to antecedent dietary intakes
(e.g., fat and red meat) (Willett et al. 1990, Willett 1994). Other diet-
related cohorts in the U.S. include a population of 8,000 Japanese-
American men in Hawaii (Heilbrun et al. 1984) and a sample of over
40,000 women in Iowa (Folsom et al. 1990). Cohort studies have often
included biochemical measures, such as serum nutrient levels, since
data collection occurs prior to the onset of disease. However, because
of the lengthy period of follow-up, changes in dietary habits (e.g., fat
intake) might occur in the participants, complicating the analyses.

A multicenter, prospective cohort study designed to investigate the
relationship of diet, nutritional status, various lifestyles and
environmental factors, and the incidence of different forms of cancer is
currently being conducted in Europe. The cohort of the European
Prospective Investigation Into Cancer and Nutrition (EPIC) study,
developed under the auspices of IARC (IARC 1993), will eventually
total approximately 350,000 middle-aged men and women. Data on
current diet are being collected by means of detailed dietary
assessment. A standardized questionnaire is being used to obtain
anthroprometric measurements, as well as information on physical
activity, tobacco smoking, alcohol consumption, occupation, socio-
economic status, reproductive history, contraception, use of hormone
replacement therapy, previous illness, and current drug use. Blood
samples are being collected that will be analyzed at a later date.
Samples from subjects who develop cancer will be compared with
appropriate disease-free control subjects.
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The range of analyses will depend on the type of cancer and
availability of techniques.

The EPIC study has several advantages, including the prospective
approach, large sample size, and a wide range of dietary exposures.
Short-term screening procedures for dietary modulators of cancer risk
are also being developed. One problem that needed to be addressed
was the necessity of collecting dietary samples from multiple countries
in a comparable and standardized manner (Friedenreich et al. 1992).

•   Intervention Studies. Intervention studies (randomized trials) are
theoretically the most desirable of the basic epidemiologic approaches
to research. Because they resemble experiments, their results are
potentially the most convincing. In intervention studies, individuals are
randomly allocated to an experimental or a control group. The
experimental arm receives the intervention of interest, while the
control arm does not. Because of the randomized design, the potential
for bias is minimal, and any differences in outcome between the two
groups can be attributed with some confidence to the intervention itself.

Intervention studies that involve dietary manipulation are
particularly difficult to perform successfully and to interpret. For
example, if the intervention involves decreasing a macronutrient, such
as fat, then to maintain weight, protein or carbohydrate must be
increased, or energy expenditure decreased. Thus, a change in outcome
could be attributable to any of the altered variables, not just to fat.
Even an intervention that does not focus on macronutrients could have
an effect on total caloric intake. For example, increasing vegetable
intake (which adds considerable bulk to the diet) could result in
decreased consumption of higher calorie foods, thereby leading to
inadvertent weight loss. Even well-designed intervention trials can
founder on such obstacles.

Examples of intervention studies related to dietary exposures
include a trial of  -carotene supplements to lower risk of skin cancers
(Greenberg et al. 1990); a trial of tocopherol and  -carotene
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supplements to reduce the incidence of lung and other cancers among
male smokers (Alpha-Tocopherol, Beta Carotene Cancer Prevention
Study Group 1994); The Carotene and Retinol Efficacy Trial (CARET;
Thornquist et al. 1993, Omenn et al. 1994); the Physicians Health
Study (PHS; Hennekens et al.); trials of calcium supplements and
precursors of colon cancer (Vargas and Alberts 1992); and a trial of
low fat intake and breast and colon cancer (the recently begun
Women's Health Initiative) (IOM 1993). Under ideal conditions, one
would always choose to conduct intervention trials. However, use of
trials is limited by several considerations, including the following: (1)
excessively large sample size requirements unless very high-risk (and
therefore nonrepresentative) populations are selected for the trial; (2)
substantial logistical difficulties, such as maintaining compliance to
dietary change over extended time periods; (3) the possibility in
dietary interventions that the controls might also change their habits on
their own initiative, thereby reducing differences between the two
groups; (4) very high costs that must be justified; and (5) ethical
considerations that often preclude the study (only interventions that are
likely to be beneficial and almost certainly not harmful can be tested).
Thus, intervention studies can only be justified when substantial
supporting evidence from other studies already exists.

Implementation of these four basic designs in epidemiologic research has
been expanded in recent years by the incorporation of new discoveries in
molecular genetics and advances in molecular biology techniques. This field
has been referred to as molecular epidemiology and is discussed in detail below.

Molecular Epidemiology

Research on molecular mechanisms of carcinogenesis will likely provide
additional methods for identifying human exposures to
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potential carcinogens, and mechanistic understanding of value in risk
assessment. Conventional approaches in cancer epidemiology have supplied a
wealth of information, but, as noted in the previous section, they have several
limitations for identifying specific causal factors, particularly for those cancers
that result from multifactor interactions. In addition, epidemiologic studies are
largely retrospective, and unless very large numbers of individuals are studied,
they are quite insensitive to relatively small increases in risk. Molecular
epidemiology is an emerging field that combines traditional epidemiologic
studies with biochemical, immunologic, and molecular assays of human tissues
and biologic fluids. For example, one study in China is measuring DNA or
protein-aflatoxin B1 adducts in individuals at risk for liver cancer. Biologic
markers are also being used by NCI to establish efficacy in chemoprevention
trials. The usefulness of biologic markers in epidemiologic studies will be
determined by their sensitivity, specificity, and predictive value. As noted in the
NRC report on Biologic Markers in Immunotoxicology (NRC 1992), the
definitions of sensitivity and specificity, as related to epidemiologic studies
differ from those used in laboratory studies. While laboratory sensitivity refers
to the lowest level that can be reliably analyzed, sensitivity in population
studies refers to the proportion of cases that the marker correctly identifies.
Similarly, laboratory specificity refers to the ability of the technique to exclude
identification of other substances, while specificity in population studies refers
to the ability of the marker to identify a true negative correctly. Predictive value
is determined by identifying an exposed individual in a population. Laboratory
procedures are now available that can be used as biologic markers of factors
related to the following: (1) genetic and acquired host susceptibility, (2)
metabolism and tissue levels of carcinogens, (3) levels of covalent adducts
formed between carcinogens and DNA or other macromolecules, and (4) early
cellular responses to carcinogen exposure. Some of these biologic markers are
briefly discussed below (for detailed reviews of this subject see Perera and
Weinstein 1982,
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Harris 1986, Santella 1988, Griffith et al. 1989, Skipper and Tannenbaum 1990,
and Weinstein et al. 1995).

Genetic Markers of Susceptibility

As mentioned previously, individual susceptibility to chemical carcinogens
is influenced by variation in genes coding for enzymes that activate or detoxify
carcinogens, as well as repair damage to DNA. A genetic predisposition to
cancer may also be due to mutations in oncogenes and tumor suppressor genes.
Once such genes have been identified, an individual's phenotype or genotype
can be determined.

Biologic Markers of Internal Dose

Toxicant exposure is often assessed at the level of external source. This
approach has limitations with respect to precision, reliability, and the extent to
which it reflects internal dose, that is, the amount of compound found within the
body following exposure. Highly sensitive analytic procedures and
immunoassays now make it possible to measure the amounts of a chemical
carcinogen or its metabolites in cells, tissues, or body fluids (saliva, blood,
urine, or feces). These biologic markers of internal dose reflect individual
differences in absorption or bioaccumulation of the compound in question and
indicate the level of the compound within the body and in specific tissues or
compartments. Examples of this type of marker include the following
chemicals: cotinine in serum or urine resulting from cigarette smoke exposure;
urinary 1-hydroxypyrene resulting from exposure to polycyclic aromatic
hydrocarbons; aflatoxin in urine from dietary or endogenous sources; and DDT
or PCBs in serum or adipose tissue biopsies from environmental contamination.
Another example that is not specific to an individual chemical
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is the Ames Salmonella typhimurium mutagenesis assay, which can detect the
presence of mutagens in urine that might reflect exposure to cigarette smoke or
other genotoxic environmental agents.

Biologic Markers of Biologically Effective Dose

Although markers of internal dose are quite valuable, they do not indicate
the extent to which a given compound has interacted with critical cellular
targets. In contrast, assays of the biologically effective dose measure the
amount of a compound that has reacted with cellular macromolecules, usually
DNA, or with a protein such as hemoglobin in the blood (Skipper and
Tannenbaum 1990). When DNA from a target tissue is not readily available,
sometimes surrogate tissues can be used instead (e.g., placenta or peripheral
blood cells). The relationship between the types and levels of adducts in
surrogate samples to those in target tissues has not been well characterized in
humans, but this relationship has been established for certain carcinogens in
laboratory animals. Another limitation is that levels of carcinogen-DNA adducts
generally reflect recent exposure rather than cumulative exposure over time and
do not indicate if critical targets in DNA such as oncogenes or tumor suppressor
genes are affected.

Several methods have been developed for detecting and quantitating
carcinogen-DNA adducts in extracts of human peripheral blood cells and
tissues. These include physical methods such as fluorescence spectroscopy and
gas chromatography/mass spectrometry (GC/MS), the 32P-postlabeling
procedure, immunoassays employing antisera to specific carcinogen-DNA
adducts, and combinations of these methods (Santella 1988, Weinstein et al.
1995). These methods can detect one carcinogen-DNA adduct per about 107 to
109 nucleotides, which is equivalent to between 1 and 100
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adducts per cell. The enzyme-linked immunoassay (ELISA) procedure has been
the most widely used method.

Early Biological Responses and Gene Mutations

The next category of biologic markers in the multistep sequence of
carcinogenesis comprises markers of very early cellular responses to carcinogen-
DNA damage, especially responses thought to play a role in carcinogenesis.
These effects can be measured in target tissues or more convenient surrogates,
such as peripheral white blood cells. These biologic markers include DNA
single- or double-strand breaks, mutations in various genes, and various
cytogenetic effects, including sister chromatid exchange, micronuclei, and
chromosomal aberrations.

Other Types of Biologic Markers

Several nongenotoxic chemicals, including such compounds as TPA,
phenobarbital, TCDD, various PCBS, and hormones (including both natural and
synthetic estrogens and androgens) can enhance carcinogenesis without forming
covalent adducts with cellular DNA or proteins (Diamond 1987, Tomatis et al.
1987, Weinstein et al. 1995). However, there are currently no assays to
determine the biologically effective doses of these agents. One approach would
be to develop assays for biologic markers that assess occupancy rates of high
affinity receptors for specific hormones or TCDD. Because carcinogenesis can
involve disturbances in signal transduction and gene expression, the following
assays could be incorporated into molecular epidemiology studies in the future:
assays to evaluate levels of specific growth factors, growth factor receptors,
second messengers (like cAMP or diacylglycerol) protein
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kinases, specific phosphoproteins, and the expression of genes related to cell
proliferation and other nongenotoxic endpoints. Other assays that may prove to
be useful include immunocytochemical assays of proliferating cell nuclear
antigen (PCNA) associated with DNA replication and repair, or of other
proteins associated with specific phases of the cell cycle, e.g., cyclins
(Weinstein 1991, Weinstein et al. 1995).

Because many epidemiologic studies on diet, nutrition, and cancer have
been limited by errors in dietary recall methods (see previous section), it is
essential to identify objective biologic markers of exposure to specific dietary
constituents. Assays have been used to measure the levels of various vitamins,
minerals, and nutrients in human blood, tissues, and urine (Weinstein et al.
1995). It would be useful, in addition, to develop biologic markers that reflect
the effects of various dietary factors in the intact individual and the relevance of
these factors to the carcinogenic process. Biologic markers related to oxidative
damage may prove to be of considerable importance for this purpose. These
markers include: urinary levels of oxidized DNA bases; analyses of DNA
samples for strand breaks or oxidized bases (thymine glycol, 8-hydroxyguanine,
etc.); blood and tissue levels of malonaldehyde, an oxidized product of lipids;
and markers of enzymes that detoxify activated forms of oxygen, such as
catalase and superoxide dismutase (Teebor et al. 1988, Cerutti and Trump 1991,
Pryor 1993).

Although biologic markers can provide useful information for evaluating
human risk, molecular epidemiology has some limitations. There can be
difficulties in correlating indicators of exposure, effect, or susceptibility with a
disease. For example, an Institute of Medicine committee (1993) concluded that
there was considerable uncertainty in the use of current TCDD serum levels as
indicators of past dioxin exposures of Vietnam veterans. Discrepancies were
noted and were attributed to the half-life of the biologic marker, leakage of
sequestered material from adipose tissue, and accuracy of the determinations.
The widespread use of current biologic

METHODS FOR EVALUATING POTENTIAL CARCINOGENS AND
ANTICARCINOGENS

196

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

markers of exposure is also generally limited to compounds whose structures
have been identified. Such a limitation may create problems when the complex
mixture of the human diet is investigated. However, as progress is made in
understanding the mechanisms of carcinogenesis, additional, biologic markers
that can be used in epidemiology will be developed.

Screening Tests in Model Systems

Frequently there are insufficient human data to evaluate the potential
carcinogenicity of a chemical. Consequently, human risk must often be assessed
using information from experimental models. A number of systems are
currently available, including structure-activity analyses, short-term tests, and
animal bioassays.

Structure-Activity Analyses

As more potential human and animal carcinogens have been evaluated, it
has become apparent that certain structural features of these compounds are
associated with the induction of tumors. This observation has led to the
development of methods for performing structure-activity analyses to predict
carcinogenicity. One approach tests major structural groupings associated with
electrophilic carcinogens (Ashby 1985, Ashby and Paton 1993). Because of its
reliance on DNA reactivity, this system has been most successful in identifying
genotoxic carcinogens. A second approach evaluates the structures of chemicals
known to induce tumors in humans or animals to determine functionalities
associated with either the presence or the absence of biologic activity
(Rosenkranz and Klopman 1990a,b; Rosenkranz 1992).

Using these analyses to evaluate naturally occurring chemicals as
carcinogens or anticarcinogens in the diet requires that their structures
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be determined. It was predicted in one analysis of 98 naturally occurring
compounds found in plants that 25% will be carcinogens when evaluated in
rodent bioassays (Rosenkranz and Klopman 1990b), but this prediction remains
to be confirmed.

A limitation of the structure-activity analyses approach is that it has not
been well developed for nongenotoxic agents or agents that inhibit
carcinogenesis.

Short-Term Tests

A variety of short-term assays are currently being used to evaluate the
carcinogenic potential of chemicals. For the purposes of this discussion, short-
term tests include both in vitro systems and in vivo systems that examine the
effects of short-term exposures; the end-point is not the induction of cancer, but
effects that are likely to be predictive of carcinogenicity. The initial observation
that several carcinogens were also mutagens (McCann et al. 1975) provided the
basis for developing many short-term tests, the majority of which evaluate
genotoxicity. Commonly used endpoints for genotoxicity assays include gene
mutation, chromosomal aberration, DNA damage, and mammalian cell
transformation. Cell transformation assays can also detect certain nongenotoxic
carcinogens. Another assay that can identify nongenotoxic carcinogens involves
detecting inhibition of cell-to-cell communication. Generally, a battery of tests
based on several endpoints and different cell types is appropriate, although in
practice the exact nature of the battery varies. Considerations in choosing tests
include the origin of the cells, i.e., bacterial or mammalian, and their capacity
for biotransformation, in vivo versus in vitro exposure, as well as sensitivity and
selectivity. Only tests that have been standardized should be used.

Several agencies that use short-term test data to evaluate potential
carcinogenicity have provided recommendations on the types of

METHODS FOR EVALUATING POTENTIAL CARCINOGENS AND
ANTICARCINOGENS

198

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

assays that they consider appropriate. The U.S. Food and Drug Administration
(FDA) suggests three tests, that of gene mutation in Salmonella typhimurium ,
gene mutation in mammalian cells (in vitro), and cytogenetic damage in vivo
(FDA 1982). Supplemental tests include an in vitro mammalian cell
transformation test and unscheduled DNA synthesis in rat hepatocytes (FDA
1982). The U.S. Environmental Protection Agency (EPA), Office of Pesticide
Programs, recommends the same three initial tests as the FDA (Dearfield et al.
1991). The test scheme of the EPA Office of Toxic Substances indicates that a
positive result in these assays should be followed by further testing to evaluate
germ cell effects (Dearfield et al. 1991). International efforts are currently
underway to standardize protocols for the performance of short-term assays and
criteria for acceptance of data.

Short-term test data are considered, where relevant, by the International
Agency for Research on Cancer (IARC) in evaluating the carcinogenic risk of
chemicals to humans (IARC 1987). The endpoints considered are all types of
DNA damage, mitotic recombination, gene mutation, sister chromatid
exchange, micronuclei, chromosomal aberrations, aneuploidy, cell
transformation, and the inhibition of intercellular communication. Particular end
points can be detected in prokaryotes, in lower eukaryotes, and in animal or
human cells in vitro as well as animal cells in vivo.

Traditionally, short-term tests have been conducted on single chemicals.
Aflatoxin B1, for example, a naturally occurring carcinogen found in the diet,
has been positive in a number of genotoxicity assays. However, current
methods may pose a problem when investigators try to evaluate foods, which
are complex mixtures of potential carcinogens as well as anticarcinogens. One
useful approach is to study mixtures via bioassay-directed fractionation (NRC
1988). This method was been used to isolate heterocyclic aromatic amines such
as 2-amino-3-methylimidazo [4,5-f] quinoline (IQ) from cooked foods. Organic
extracts of the charred surfaces of fish or meat were assayed for mutagenic
activity in Salmonella typhimurium.
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The mutagenic agents were then characterized chemically, and sufficient
quantities were synthesized for animal bioassays. Based on these studies, IQ
was judged by the IARC to be an animal carcinogen and a probable human
carcinogen (IARC 1993). Brewed coffee and tea have also been evaluated for
genotoxicity using a variety of tests (IARC 1993). These examples indicate that
short-term tests for naturally occurring dietary carcinogens in mixtures are
technically feasible.

While current short-term assays should continue to be used in assessing
carcinogenic potential, new assays, particularly those to identify carcinogens
that are not DNA-reactive, need to be developed and validated. Short-term
assays can provide useful information but, like all experimental models, their
limitations need to be considered in evaluating test results. Although positive
results in these assays suggest that a chemical may be a carcinogen, they are not
sufficient to label a chemical as a human carcinogen, and further testing is often
required to confirm these data.

Rodent Carcinogenicity Assays

The evaluation of the carcinogenic potential of chemicals is commonly
conducted in rodent bioassays. Medium- and long-term exposures can be used.

Limited or medium-term bioassays provide an opportunity to evaluate the
potential carcinogenicity of chemicals by exposing animals in vivo and
examining site-specific changes associated with tumorigenesis. The animals
generally used have an increased susceptibility to chemical carcinogens. These
tests use preneoplastic lesions or benign tumors as markers of a neoplastic
response. Preneoplastic lesions are defined as phenotypically altered cells that
are not themselves neoplastic but that indicate an increased likelihood that
benign or malignant neoplasms will occur (Bannasch 1986). Four main
categories of changes have been identified: 1)
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enzyme content or activity, 2) accumulation of macromolecules, 3) alterations
in cellular organelles, and 4) cell proliferation and nuclear changes (Bannasch
1986). A commonly used system is the rat liver foci assay (Pereira 1982, Ito et
al. 1992). Assays for the induction of mouse skin papillomas (Slaga 1986) or
mouse lung adenomas (Stoner and Shimkin 1982) are also used. Assays to
detect tumor induction in specific target organs such as the mammary gland,
urinary bladder, or stomach have also been developed in mice and rats (Ito et al.
1992). Some of these assays are based on the multi-stage theory of
carcinogenesis, so that agents can be evaluated as affecting different stages. The
advantages of these medium-term assays are that they take less time than the
standard 2-year rodent bioassays and that they can provide useful mechanistic
data. These assays can be performed using single agents as well as complex
mixtures. However, these tests have limited sensitivity and tend to evaluate
changes in a single tissue.

The long-term rodent bioassay involves exposing animals to the test
compound and then determining tumor incidence. Testing is usually performed
in male and female rats and mice for 18-24 months.

The U.S. National Toxicology Program (NTP) has defined the following
protocol for rodent bioassays (Office of Technology Assessment Task Force
1988). F344 rats and B6C3F1 mice are used as the test strains. Fifty animals of
each species and sex are used in the control and exposure groups. Doses are
determined from a 90-day exposure study by identifying the highest
concentration that causes minimal toxicity and little or no growth suppression.
This is done so that animals do not die from non-neoplastic causes during the
course of the study, thus ensuring appropriate numbers of control and exposed
animals at the end of the study. This estimated maximum tolerated dose (MTD)
is used as the highest exposure level. Two or more lower doses are also tested
(of NTP tests with positive results, 94% are not MTD only). Animals are
exposed to the test agent, beginning at approximately eight weeks of
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age for up to 104 weeks. Ideally, the route of administration should mimic
human exposure; however, the one most commonly used is oral. At the end of
the study, each animal is autopsied, gross and microscopic pathologic
examinations are performed, and the incidence of tumors in control and
experimental groups is compared. Carcinogenicity of a compound is then
determined based on the incidence of malignant and benign tumors (Office of
Technology Assessment Task Force 1988).

The purpose of the rodent bioassay is to identify compounds that induce
tumors in an animal model. It is a qualitative test that alone is not sufficient for
human risk assessment (NTP 1992). Consequently, the results should be used in
combination with other types of data, to assess the likelihood that the substance
in question poses a risk for cancer in humans. While current policy accepts that
positive results in rodent bioassays are likely to be predictive of human risk, it
has been suggested by the NTP Board of Scientific Counselors that hypothesis-
driven mechanistic research be incorporated into the NTP bioassay to place
these results in proper perspective (NTP 1992). To do so is particularly
important because there are examples (e.g., induction of bladder tumors in
rodents by saccharin and renal tumors in male rats by d-limonene) where
species-specific responses in rodents can occur that might not be relevant to
humans (see Chapter 3).

There are concerns about the design of the long-term rodent bioassay, one
of which is the use of the maximum tolerated dose (MTD). The issue of the
MTD has been reviewed by a committee convened by the National Research
Council, Committee on Risk Assessment Methodology (NRC 1993). The reader
is referred to that report for a detailed discussion of this issue. The majority of
that committee recommended that the MTD should continue to be used as one
of the test doses, although a minority suggested that the process of dose
selection be modified. It should be noted that MTD/high-dose testing represents
not just high-dose exposures, but also can introduce entirely different
mechanisms of effect (salt
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crystals and bladder carcinogenesis; particle overload and lung cancers). In any
case, if the compound in question is also positive for carcinogenicity when
tested at doses lower than the MTD, then such data might have greater validity.

Although studies spanning the last 60 years have shown that tumor
incidence could be altered by dietary modulation, including caloric intake
(Kritchevsky 1995), only recently has the concern been raised about the current
practice of allowing ad libitum feeding in the bioassays. It has been shown that
dietary restriction increases survival, decreases the incidence of spontaneous
tumors, and may alter susceptibility to chemical carcinogens. Calorie restriction
results in a change in the expression of enzymes involved in the
biotransformation of xenobiotics that may influence the formation or
persistence of toxic products (Manjgaladze et al. 1993). In one instance, caloric
restriction resulted in an increase in the formation of benzo(a) pyrene DNA-
adducts, while a similar regimen decreased aflatoxin B1 DNA-adducts (Chou et
al. 1993). Cells from animals maintained on a restricted number of calories also
showed a reduction in c-H-ras oncogene expression compared to animals
allowed to feed ad libitum (Hass et al. 1993). Dietary restriction has enhanced
apoptosis of preneoplastic cells, as well as decreased cell replication; these
results suggest that food restriction may provide protection from carcinogens
(Grasl-Kraupp et al. 1994). Evaluation of tumor incidence in male and female
B6C3F1 mice in 16 NTP bioassays suggests a correlation between tumor
incidence and body weight (Turturro et al. 1993). When four chemicals were
evaluated under the typical conditions of an NTP bioassay, as well as with
dietary restriction protocols, the latter increased survival and decreased tumor
incidence in both control and exposed animals (Kari and Abdo 1995). Different
rates of tumorigenesis were noted in target organs, suggesting that the
sensitivity of the bioassay may be altered by dietary manipulation. With two
chemicals, dietary restriction altered the site of tumorigensis; however, when
the ad libitum fed animals were compared
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to weight-matched controls, tumor sites identified under both protocols were
detected. Moderate dietary restriction improves the health of animals, thus
potentially improving the carcinogenicity bioassay (Keenan and Soper 1995).
However, it has been suggested that using dietary restriction will both increase
(Keenan and Soper 1995) and decrease (Kari and Abdo 1995) the sensitivity of
the bioassay. These and other concerns about the rodent bioassay need to be
addressed.

COMPARISON OF METHODS FOR EVALUATING NATURAL
AND SYNTHETIC CARCINOGENS

No evidence to date indicates any consistent, fundamental differences
between the known naturally occurring and synthetic carcinogens in terms of
mechanisms of action (Chapter 3). Consequently, the potential carcinogenicity
of both naturally occurring and synthetic compounds might be evaluated using
the same methods, except for essential nutrients, which cannot be tested with a
zero control. Either single agents or mixtures can be tested. To test mixtures is
particularly relevant, since human exposure to both natural carcinogens and
most synthetic carcinogens generally occurs as a result of exposure to mixtures
of those agents with other chemicals; however, to evaluate the toxicity of
chemical mixtures is problematic and generally avoided. In a 1988 NRC report,
Complex Mixtures reviewed epidemiologic evidence of effects of exposure to
chemical mixtures and proposed strategies for testing mixtures. Much of the
epidemiologic evidence was derived from exposures to relatively high doses of
substances in the workplace. This report concluded that detecting the effects of
mixtures at low doses will require better methods for documenting relevant
exposures and better ways to avoid misclassification of both exposures and
outcomes. This problem is certainly germane to evaluating the potential
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effects of chemicals that occur in low concentrations in foods. Complex
Mixtures concluded that although testing such mixtures in the laboratory
presents a formidable scientific problem, ''reasonably standardized techniques
that were developed for the testing of single chemicals can usually be adapted
to study complex mixtures" (NRC 1988). In addition, when complex mixtures
are tested, problems such as interspecies and high-to-low-dose extrapolation are
no different from those encountered when testing single agents.

One of the central issues associated with testing mixtures, whether
synthetic or naturally occurring, is identifying the causative agents. If a dietary
component is suspected to increase or decrease cancer risk, bioassay-directed
fractionation might identify the responsible agent. Complete chemical
characterization of complex and diverse mixtures is unlikely to be "prudent or
possible" (NRC 1988); however, when individual chemicals and their biologic
effects are known, such information should be utilized. The activity of a
specific chemical component of a food or other mixture, suspected to increase
or decrease cancer risk when administered alone, might be altered when
exposure occurs to the mixture. Alterations might result from interactions with
the other components of the mixture that, for example, might change the
component's structure, activity, dose-response relationship, bioavailability,
metabolism, or biologic effects.

CRITERIA FOR SELECTING AND TESTING

Carcinogens

In 1984, the IARC identified general criteria for selecting agents for
carcinogenicity evaluation (see Table 4-1). Although they were developed
primarily to set priorities for testing synthetic compounds, these criteria are also
appropriate, with minor modifications, for testing naturally occurring
compounds (Table 4-1). For
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these compounds, the presence of an agent in the food and the amount
consumed should be considered and might influence the ranking of priorities.
For example, constituents present in food in low concentrations, particularly if
the foods are consumed in small quantities, might rate a lower priority than
those that are relatively abundant in foods and are eaten by a large segment of
the population. Exceptions would be chemicals known to be highly potent in
other assays, for example mutagenicity assays.
Table 4-1 Criteria for Selecting Agents for Evaluating Carcinogenic or
Anticarcinogenic Potential
Synthetica Naturally Occurring
Environmental occurrence and human
exposure

Occurrence in diet and extent of exposure

Population at risk Population at risk
Extent of occurrence and use patterns Usual dietary concentrations; use

patterns in children versus adults;
regional and ethnic or racial differences
in consumption

Stability and persistence in the
environment

Stability and persistence in dietary
constituents

Structure-activity relationship with
known carcinogens and/or mutagens

Structural comparison with known
synthetic or naturally occurring
carcinogens

Results from short-term tests for genetic
and nongenetic end points

Results from short-term tests for genetic
and nongenetic end points

Known human carcinogenicity, but no
animal data

Suspected human carcinogenicity, but
no animal data

Availability for testing Availability for testing
a Adapted from IARC 1984.
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Dietary consumption patterns should also be considered since they are
known to differ between children and adults. Geographic, racial, and ethnic
patterns of food use also exist. In addition, important information can be gained
by comparing the structure of the compound of interest, if known, with other
naturally occurring and synthetic chemicals. Higher priority should be given to
naturally occurring compounds that fall in the same chemical class as known
carcinogens, that contain the same chemical groups, that are likely to form
reactive intermediates, or are likely to be persistent. Short-term tests can play a
role in prioritizing chemicals for long-term rodent bioassays, and the latter
assays can help prioritize chemicals for epidemiologic studies. In turn,
epidemiologic and molecular epidemiology studies might highlight dietary
constituents that warrant further examination in short-term tests and rodent
bioassays, thus providing further verification of their carcinogenic potential.

As noted earlier in this chapter, current methods for evaluating chemicals
as carcinogens and anticarcinogens have limitations. Consequently, only agents
that substantially meet these criteria should be considered for testing.

Anticarcinogens

Two general approaches have been used to identify a chemical's potential
to prevent cancer. The first involves assessing properties that have been
associated with cancer prevention, e.g., antioxidant activity, induction of
detoxification systems such as glutathione and superoxide dismutase, or the
ability to block interaction of reactive species with cellular constituents. Such
studies are often used as screening systems that help to identify components for
further study. The second approach involves treatment with the potential cancer
prevention agent before or after treatment with a carcinogenic agent. This
approach is used in short-term, in vitro systems and in long-term, in vivo
systems. Examples of this approach include
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adding of cancer prevention agents to mutagenesis assay systems before or after
treatment with carcinogens or mutagens; treating animals with agents before or
after treatment with a carcinogen; or measuring the impact of the agent on the
metabolism of the carcinogen or on enzyme systems that are induced by the
carcinogen. It should be noted that the problems associated with extrapolating
results from rodent carcinogenicity studies to humans are also inherent in the
experiments designed to assess anticarcinogenicity. The use of a high-dose
carcinogen, high-dose treatment with the agent under study, and short-term
observation periods all limit the application of these results to humans.

Studying the effect of anticarcinogenic agents on specific stages of cancer
development has identified whether the agents modify genotoxic or
nongenotoxic processes. For example, studies have evaluated the ability of
cancer prevention agents to inhibit nongenotoxic effects such as cell
proliferation, by applying these agents before or after treatment with the
phorbol ester TPA following exposure to a genotoxic agent. A recent approach
to assessing cancer prevention is the use of intermediate markers for tumor
formation, such as aberrant crypts and hyperplasia. This approach permits the
study of potential cancer prevention agents in humans.

In selecting agents to be evaluated as anticarcinogens, the criteria shown in
Table 4-1 for establishing testing priorities can be applied to both synthetic and
naturally occurring agents.

SUMMARY AND CONCLUSIONS

To limit the human risk of cancer, it is necessary to evaluate the
carcinogenic potential of chemicals, whether they are synthetic or naturally
occurring. Current strategies for identifying and evaluating potential naturally
occurring carcinogens and anticarcinogens can be grouped into epidemiologic
studies and those using experimental animal and cell models. The methods to
assess carcinogenicity
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have been presented in this chapter and the following conclusions derived.

•   As stated in Chapter 3, there is no reason to assume that the
mechanisms involved in the process of carcinogenesis differ between
naturally occurring and synthetic carcinogens. Consequently, they can
be evaluated by the same methods.

•   Current methods to identify potential human carcinogens, whether
naturally occurring or synthetic, have limitations. Existing tests should
be modified and coupled with new methods developed that reflect
current understanding of the mechanisms of chemical carcinogenesis.

•   The value of traditional epidemiologic approaches to identifying
dietary carcinogens would be expanded by incorporating into their
research designs new biochemical, immunologic, and molecular assays
based on human tissues and biologic fluids.

•   Despite their limitations, experimental models serve as important
screening tests to identify potential human carcinogens. However,
there are concerns about extrapolating the results from these models to
humans, both with respect to carcinogenic risks and to risks at levels of
human exposure. With respect to risk extrapolating, data from
screening tests should be used in combination with mechanistic and
other available information to predict more reliably the potential
human carcinogenicity of a given substance. This is true for both
synthetic and naturally occurring compounds.
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5

Risk Comparisons

Previous chapters of this report have discussed the ways in which dietary
carcinogens are identified and documented the presence in the human diet of
both naturally occurring and synthetic substances that may possess carcinogenic
potential. In this chapter, we discuss the relative risks posed by natural and
synthetic dietary carcinogens.

Throughout this report, the term diet is used to refer to foods and
beverages consumed intentionally and customarily in the U.S., not as a result of
accident or deprivation. As in previous chapters, it is convenient to differentiate
among constitutive, derived, acquired, pass-through, and added naturally
occurring food chemicals. The definition of a carcinogen adopted in this report
is that used by the International Agency for Research on Cancer, namely any
agent capable of increasing the incidence of malignant neoplasia. Operationally,
the committee treats as carcinogens those agents classified in certain IARC
categories (i.e., 1, 2A, and 2B) and in the National Toxicology Program's
(1994) Annual Report as known to be or reasonably anticipated to be
carcinogenic.

The level of risk associated with a carcinogenic agent depends on both the
potency of the agent and on the level of exposure to that agent: Carcinogenic
potency can be estimated using clinical and epidemiologic data on humans or
toxicologic data derived from animal bioassays. Exposure to carcinogenic
agents present in the diet depends on both food consumption patterns and the
concentration of those agents in foods consumed. Food consumption data can
be collected through the use of food diaries, or by using questionnaires
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designed to gauge the frequency with which specific foods are consumed or to
identify by recall those foods recently consumed. Concentrations of
carcinogenic agents in the food supply can be determined by analytic
techniques, such as chemical analyses for pesticide residues present on foods.

Inferences about dietary cancer risks are complicated by several factors.
Diet is a complex mixture containing a large number of micro-and
macroingredients. Components of the diet may interact with one another in a
synergistic or antagonistic way. Some dietary components, such as aflatoxin,
might increase cancer risks, whereas others, such as fruits and vegetables rich in
antioxidants, might reduce cancer risk.

Food-consumption patterns can be highly variable even among individuals
in the same population subgroup. Food consumption varies depending on
availability, ethnic customs, age, economics, and other factors. Chemical
contaminants, extraneous matter, and pesticide residues can be present in food
at variable concentrations. Food composition and products derived from
preparation and processing of food are also variable. In addition to variability in
dietary intakes, individuals may also vary with respect to their susceptibility to
food components with carcinogenic potential. Each of these sources of dietary
variability can effect individual exposures to food chemicals, as well any
associated risks.

Estimates of potential dietary cancer risks are subject to considerable
uncertainty; for example, epidemiological studies have failed to provide
unambiguous evidence of the effects of dietary fat on cancer risk. Estimates of
potential cancer risks associated with low levels of individual food chemicals
derived on the basis of laboratory results are highly uncertain. The application
of animal cancer test data to humans requires extrapolation from the high doses
used in laboratory studies to much lower doses corresponding to concentrations
in the human diet, and extrapolation from animals to humans. The joint effects
of ingestion of multiple agents in the form of complex dietary mixtures are also
difficult to define. Consequently,
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in evaluating dietary cancer risks, it is important that both uncertainty and
variability be recognized and, if possible, characterized.

Recognizing that estimates of cancer risk are uncertain, this chapter
focuses on the following questions:

•   Does diet contribute to an appreciable proportion of human cancer?
•   What are the relative contributions of naturally occurring and synthetic

agents to dietary cancer risk?
•   Are there significant interactions between either synthetic or naturally

occurring carcinogens and anticarcinogens in the diet?

To determine whether synthetic or natural chemicals classified as
carcinogens pose the greater risk, it is necessary to know 1) the identity of the
carcinogens present in the diet; 2) levels of ingestion of specific dietary
carcinogens, both natural and synthetic; and, 3) the carcinogenic potency of
these chemicals. Although this information might be used to evaluate the
potential risks associated with individual food chemicals, it is more difficult to
evaluate the overall risk posed by carcinogens present in the diet as a whole.
The human diet is a complex mixture of food chemicals that interact in ways
that are not generally well understood. Consequently, much of the discussion in
this chapter of the comparative risks of naturally occurring and synthetic
carcinogens present in the diet will focus on individual substances rather than
mixtures.

The levels of exposure to dietary carcinogens vary widely, depending on
food-consumption patterns and dietary concentrations of carcinogenic
substances. Because consumption patterns vary among individuals, it is
important to consider the range of exposures within the population of interest,
particularly those persons with high dietary intakes of naturally occurring or
synthetic carcinogens.

For purposes of risk comparison, a quantitative measure of the
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potency of naturally occurring and synthetic carcinogens is required. A widely
used measure of carcinogenic potency is the TD50' defined as the level of
exposure resulting in an excess lifetime cancer risk of 50% (Peto et al. 1984,
Sawyer et al. 1984). The TD50 can be derived from either epidemiologic or
toxicologic investigations. Because the TD50 is often derived from high-dose
experimental data, it does not necessarily provide an appropriate basis for
making inferences about cancer risks at low levels of exposure. To obtain a
measure of carcinogenic potency that is closer to human exposure levels, the
committee also used the TD01 as an index of carcinogenic potency. Because risk
is a function of exposure and potency, the ratio of exposure to potency has been
proposed as a means of comparing the relative risk of exposure to different
carcinogens (Ames and Gold 1987).

This chapter reviews existing data on the comparative potency of naturally
occurring and synthetic carcinogens. Specifically, the committee compiled a
database on the carcinogenic potencies of 37 natural and 70 synthetic
carcinogens known to occur in the diet. These substances were identified as
being carcinogenic in animals or humans by either the U.S. National
Toxicology Program or the International Agency for Research on Cancer. All of
these chemicals were classified by the NTP as known or reasonably anticipated
to be carcinogens or by IARC as known (Group 1), probable (Group 2A), or
possible (Group 2B) human carcinogens. Although the potency of naturally
occurring dietary carcinogens as a group was on average greater than that of the
synthetic carcinogens, the potencies of both types vary widely with
considerable overlap. As discussed above, they are also subject to considerable
uncertainty. Based on this limited number of chemicals, which might not
represent the universe of naturally occurring and synthetic dietary carcinogens,
it appears difficult to distinguish between the potencies of the two classes.

The overall contribution of diet to the human cancer burden is also
considered. Although tobacco and diet are thought to account
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for the large majority of human cancer, the contribution of the diet is less well
understood than that of tobacco and is subject to far greater uncertainty as to the
attributable risk fraction. Recent reviews of the causes of human cancer have
suggested that synthetic carcinogens present in the diet might be responsible for
a very small fraction of the human cancer burden (Ames et al. 1995, Higginson
1988), due in part to regulations that have limited the use of pesticides,
including those with carcinogenic potential, and preclude the use of
carcinogenic substances as direct food additives. In terms of risk from food
substances, calories and fat may represent the most important naturally
occurring dietary constituents. Food chemicals produced naturally by plants for
self-defense have not been investigated to the same extent, and therefore the
degree to which they contribute to human cancer is less clear.

MONITORING FOOD CONSUMPTION

Sources of Information

Pesticides in the Diets of Infants and Children (NRC 1993a) addresses
issues of food and water consumption in the U.S. population. Directed primarily
at the pediatric population, the report discusses approaches to quantifying food
and water consumption in the population at large, and the limitations of
methods for food consumption monitoring.

National food surveys are conducted by the U.S. Department of
Agriculture (USDA) and the Department of Health and Human Services. The
USDA's Human Nutrition Information Service (HNIS) conducts a
comprehensive Nationwide Food Consumption (NFC) Survey about every ten
years. In the interim, the service conducts Continuing Surveys of Food Intakes
of Individuals (CSFII). Both the 1977-1978 and the 1987-1988 NFC Surveys
were
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reviewed in Pesticides in the Diets of Infants and Children. However, the
1987-1988 survey was considered less reliable for estimating dietary exposures
because of the low response rate (34%). Other limitations of the 1987-1988
USDA survey are discussed by the Government Accounting Office (1991).

Although subject to serious limitations, the USDA surveys provide the
only comprehensive data currently and publicly available on food consumption
by people of all ages. Some surveys focus on segments of the U.S. population:
for example, the 1985-1986 CSFII emphasized women 19-50 years old and
their children ages 1-5, a sample of low-income women and their children, and
in 1985 only, men ages 19-50 years. In the CSFII 1989, 1990, and 1991
surveys, data were collected on individuals of both sexes in all age classes, with
response rates higher than those of the 1987-1988 NFC Survey (over 50%). The
results of the 1989 and 1990 surveys are available commercially (Technical
Assessment Systems 1995a,b) and on computer media from the National
Technical Information Service.

There is substantial uncertainty in such food consumption data due to a
variety of factors, including recall bias, measurement error, and recording
errors. The fact that the numbers of people surveyed are relatively small and
response rates poor makes generalization to the U.S. population at large
difficult. The optimal system for collecting and validating data on food
consumption has yet to be developed. Ideally, complete and accurate records of
the types and quantities of food consumed by the survey respondents could be
used as a reference against which different surveys providing estimates of
consumption could be compared. Because of the problems in measuring actual
food intake, however, validation studies have in the past focused on the
comparisons of results obtained from different surveys using different data
collection methods.

Another series of food consumption surveys that provides nationwide data
is conducted by DHHS's National Center for Health Statistics (NCHS). Since
1960, the center has conducted seven
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health examination surveys of the U.S. population. The National Health and
Nutrition Examination Surveys (NHANES), including the recently completed
NHANES III, were designed to obtain representative information on the health
and nutritional status for the U.S. population through health and medical
histories, dietary interviews, direct physical examinations, and laboratory
measurements. NFC and NHANES surveys deal primarily with nutritional
considerations and are less useful for evaluating ingestion of naturally occurring
chemicals and food additives.

NHANES I (1971-1974) and NHANES II (1976-1980) sought data on
medical conditions, especially nutrition-related disorders (obesity, growth
retardation, anemia, diabetes, atherosclerotic cardiovascular diseases,
hypertension, and deficiencies of vitamins or minerals). Both were directed at
the civilian, noninstitutional population. (Excluded were the homeless, residents
of hotels, rooming houses, dormitories, Native American reservations, military
posts, prisons, hospitals, and residential treatment centers for drug addiction,
alcoholism, and obesity.) Both surveys covered the 48 contiguous states,
although Alaska and Hawaii were included in NHANES II. These surveys are
discussed in detail in the NRC report Diet and Health (NRC 1989a). NHANES
II data have been used to evaluate the proportion of the population at risk for
deficiencies of vitamin A, vitamin C, folate, iron, zinc, and protein.

The target population for NHANES III was the U.S. civilian,
noninstitutional population aged 2 months or older. The survey design called for
a stratified sample of counties, blocks, and persons randomly selected from
households. National samples were drawn during 1988-1991 and 1991-1994.
Eighty-one counties were selected from 26 states; from these, approximately
40,000 persons of all races were selected, and about 30,000 agreed to
participate in the medical examination. Precise estimates of health
characteristics were needed for relatively small population subgroups (children,
older persons, black, and Mexican Americans), which were subject to
oversampling.
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Some of the 30 topics investigated in NHANES III were high blood
pressure, high blood cholesterol, obesity, passive smoking, lung disease,
osteoporosis, HIV, hepatitis, helicobacter pylori, immunization status, diabetes,
allergies, growth and development, blood lead, anemia, food sufficiency, and
dietary intake, including fats, antioxidants, and nutritional blood measures.
Results from NHANES III are being analyzed by NCHS and are not yet
available.

Although NHANES data are extensive and derive from a broad range of
measurements, the data are of limited use in the study of chronic diseases, in
part because of the sample size, response rates, and recall bias. NHANES
provides only cross-sectional data on a periodic basis. Diet and Health provides
an in-depth discussion of the limitations of NHANES data.

A number of factors need to be considered when using food composition
and consumption data in estimating dietary cancer risks. For example, food
composition databases do not contain data on the concentration of many of the
potential carcinogenic constituents found in foods (USDA 1992). Information
on macronutrients and on certain micronutrients with carcinogenic or
anticarcinogenic potential is available for a large variety of foods. However,
data on many other microconstituents, naturally occurring and synthetic, are
lacking. For example, little information is available on plant biocides, non-
nutritive plant products with anticarcinogenic potential, or compounds
generated by cooking. Furthermore, databases frequently do not take into
consideration variability among food samples, population groups, and
individuals, or consumption patterns that vary over time.

Sources of Variation in Food Composition and Consumption

Individuals vary in their dietary habits, people of different ages have
different dietary requirements, and the concentration of food
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constituents can differ substantially. This section addresses some of the sources
of variation in exposure to carcinogens in the diet.

Dietary risk assessments should take into consideration that food samples
can vary greatly in composition (see Chapter 2). For example, plants may
produce natural chemicals for purposes of self-defense when they come in
contact with certain pests (Harborne 1993). The concentrations of these
substances in a particular food can vary considerably among samples,
depending on the extent of the stress to the plant prior to harvesting. Factors
such as storage, cooking, and pesticide application rates also have effects on
food composition. This variability could result in substantial seasonal,
geographic, and individual variation among food samples and, consequently,
among human exposure levels. Similarly, cultivars of fruits and vegetables may
differ in the content of naturally occurring constituents. For example, 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 1990).

Dietary assessments should also allow for consumption patterns that may
vary among population subgroups (defined in terms of sex, ethnicity, income,
and other characteristics) (Kolonel et al. 1983, USDA 1987). Using data from
the 1977-1978 USDA survey, Pesticides in the Diets of Infants and Children
concluded that infants and children consume more calories relative to body
weight than adults, eat far less-varied diets, and consume far greater amounts of
milk in some form. Because of the lack of diversity of infant diets, infants can
consume much greater quantities of certain foods than adults: the average 1-
year-old consumes approximately 40-fold more apple juice relative to body
weight than the average adult (Murdoch et al. 1992). Other population
subgroups whose dietary habits differ from those of the general population
include vegetarians and religious groups with special dietary restrictions.
However, such groups may also exhibit nondietary differences from the general
population, with respect to other factors such as socio-economic status and
smoking habits (Lyon et al. 1980).

Water is a major component of food (see Chapter 2) containing
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trace levels of a number of chemicals and should be considered in any analysis
of dietary risk. This fact is particularly important when estimating the risks to
children from dietary exposures. Pesticides in the Diets of Infants and Children
considered three types of water in its analysis of dietary risks: water intrinsic to
food, tap water added to food during preparation, and the direct consumption of
tap water. The report indicates that dietary sources of water represented by
fruits, liquids (especially fruit juices and milk), and vegetables are greater for
infants than for older children or adults, and should be considered in estimating
the risk from dietary exposure to potential human carcinogens. Such age-
dependent differences in dietary patterns need to considered when evaluating
lifetime cancer risks (Goddard et al. 1995).

Dietary patterns can change markedly over time with changes in food
preferences and the introduction of new foods. For example, artificial
sweeteners were unknown until the discovery of saccharin in 1879 (cf. Arnold
et al. 1983); however, since its approval for widespread use as an artificial
sweetener, aspartame has become a common constituent of the diets of many
Americans. In addition, fabricated and genetically engineered foods introduced
in recent years have also afforded consumers with new dietary choices.

Finally, food consumption data and survey methods need to be
standardized to make them more useful in estimating exposures and
determining risk. Currently, there is no simple, uniform method for conversion
of a food, as consumed, to its components in terms of raw agricultural
constituents. In addition, surveys should be coordinated among concerned
organizations and carried out in a timely manner in order to identify trends in
food and water consumption.

Factors Affecting Susceptibility

Individuals within a subgroup may vary with respect to their
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susceptibility to the toxic effects of those agents. Most carcinogens, whether
naturally occurring or synthetic, will be metabolized in the body to a greater or
lesser degree by different individuals. Some of these substances may be
activated to their carcinogenic derivatives, while others are detoxified. Some of
the enzymes involved in these reactions, such as certain of the cytochrome P450
mixed function oxidases, are not only inducible but also encoded by
polymorphic genes (Idle et al. 1992). As a result, individuals vary in their
susceptibility to carcinogens (Omenn et al. 1990).

Prescription and over-the-counter drugs may affect specific constituents of
food, such as cholesterol and fat. Several million people take cholesterol-
lowering agents, and new drugs are being developed to block lipid absorption.
Information on the use of pharmaceutical products that may affect dietary
cancer risks is therefore of interest.

DIETARY EXPOSURE TO POTENTIAL CARCINOGENS AND
ANTICARCINOGENS

Despite a substantial degree of measurement error in assessing food
intakes, as well as limitations in the current food composition and consumption
databases, useful estimates of human exposure to some naturally occurring
constituents of foods can often be derived. Estimating exposures to synthetic
agents is more problematic. Residues of pesticides, chemicals added in
processing, and carcinogens produced during cooking can be extremely variable
in foods and are usually present in microquantities. In addition, exposure
estimates based on dietary intakes (as opposed to serum or tissue
measurements) do not account for the bioavailability of food constituents,
which depends on many factors, such as other foods consumed at the same
time, and the manner in which constituents are structurally bound in food.

In the sections that follow, dietary exposure levels to naturally
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occurring and synthetic carcinogens and anticarcinogens are discussed. Major
food sources and concentrations found in those foods are discussed in detail in
Chapter 2.

Naturally Occurring Carcinogens

Table 5-1 classifies chemicals identified as naturally occurring carcinogens
that may be present in the diet into five categories: constitutive, derived,
acquired, pass-through, and added. The chemicals listed in each category have
been classified by IARC or NTP as carcinogens. The remainder of this section
discusses potential exposure to these substances and focuses on a few agents in
each class for which relatively high intakes are expected.

Constitutive Exposures

Included in this group are the sex hormones (e.g., estradiol 17 , estrone,
acetate, progesterone, testosterone), metabolic intermediates in plants (e.g.,
acetaldehyde), caffeic acid, and natural furocoumarins (5-methoxy and 8-
methoxypsoralen). The sex hormones are present in fairly low quantities in
consumed meats, although exposure to some can be increased above natural
levels through their legal and illegal use as growth promoters in meat production.

Acetaldehyde is a metabolic intermediate in the formation of ethanol
during anaerobic respiration, a process which plant tissues can only tolerate for
brief periods. Acetaldehyde has been identified as a volatile component of
essential oils from a variety of fruit and spice plants, and as a natural constituent
of numerous edible berries and other fruits. Acetaldehyde is also formed in
animals, during the intracellular oxidation of ethanol, and is present at relatively
low concentrations in meat. However, the extent that low levels of acetaldehyde
in foods poses a carcinogenic risk is unclear.
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Table 5-1 Naturally Occurring Animal and Human Carcinogensa That Might Be
Present in U.S. Diets
Constitutive:
Acetaldehydeb, benzene, caffeic acid, cobaltc, estradiol 17, estrone, ethyl acrylate,
(with UV light exposure), 8-methoxypsoralen (xanthotoxin) (with UV light
exposure), progesterone, safrole, styrene, testosterone
Derived:
A-alpha-C, acetaldehydeb, benz(a)anthracene, benzene, benzo(a)pyrene, benzo(b)
fluoranthene, benzo(j)fluoranthene, benzo(k)fluorathene, dibenz(a,h) acridine, dibenz
(a,j)acridine, dibenz(a,h)anthracene, formaldehydeb, glu-P-1, glu-P-2,
glycidaldehyde, IQ, Me-A-alpha-C, MeIQ, MeIQx, methylmercury compounds, N-
methyl-N'-nitro-nitrosoquanidine, N-nitroso-N-dibutylamine, N-nitrosodiethylamine,
N-nitrosodimethylamine, N-nitrosodi-N-propylamine, N-nitrosomethylethylamine,
N-nitrosopiperidine, N-nitrosopyrrolidine, N-nitrososarcosine, PhIP, Trp-P-1, Trp-
P-2, urethane
Acquired:
Aflatoxin B, aflatoxin M1, ochratoxin A, sterigmatocystin, toxins derived from
Fusarium moniliforme
Pass-through:
Arsenic, benz(a)anthracene, benzo(a)pyrene, berylliumb, cadmiumb, chromiumb,
cobalt, indeno(1,2,3)pyrene, lead, nickelb
Added:
Contaminant introduced through tap water: arsenic, asbestosb, benzene, beryilliumb,
cadmiumb, hexavalent chromiumb, dibenzo(a,l)pyrene, indeno(1,2,3,-cd)pyrene, radon
Indirect through use as drug or in packaging: i) veterinary drugs—estradiol 17,
progesterone, reserpine, testosterone, ii) food-packaging material—benzene, cobalt,
ethyl acrylate, formaldehydeb, nickelb

Direct food additives: acetaldehydeb, ethyl acrylate, formaldehyde b
Traditional foods and beverages: alcoholic beverages, betel quid, bracken fern, hot
maté, pickled vegetables, salted fish (Chinese style)
a Chemicals classified by IARC as Group 1, 2A, or 2B carcinogens or by NTP as known or
reasonably anticipated to be carcinogens.
b Carcinogenicity established by, for example, inhalation, injection, or dermal routes. The
degree to which these agents should be considered carcinogenic via dietary exposures is
uncertain.
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The risk for oral exposure appears to be substantially less than for
inhalation exposures (ILSI, 1993). For this reason, estimates of the amount of
exposure to acetaldehyde via the diet are not made.

Caffeic acid, a metabolic precursor of lignin, a structural polymer found in
all land plants, is ubiquitous in the food supply. It accumulates primarily in
conjugated forms, which can be hydrolyzed to free caffeic acid in the digestive
trace (see Chapter 2). In the conjugated form, it is widely distributed in fruits
and vegetables. Concentrations of these conjugates and free caffeic acid have
been measured in a variety of food plants by Herrmann (1989) and colleagues.
The most recently reported values for caffeic acid in these food sources are
assumed to be the most reliable, because of the use of improved analytical
techniques involving gas and high performance liquid chromatography. Using
the concentrations reported by Herrmann and colleagues and USDA food
consumption data, rough estimates of human intake are obtained and presented
in Table 5-2.

Table 5-2 reports ranges rather than single values for caffeic acid intake, to
reflect both the uncertainty and variability in caffeic acid exposure. Caffeic acid
exists primarily as conjugates (esters and glucosides) in unprocessed food plants
(see Chapter 2); while these conjugates may be converted to free caffeic acid
during food processing and after ingestion, the extent of the conversion is
unknown. Human ingestion of chlorogenic acids gave rise to urinary
metabolites of caffeic acid in one study, but the amount of the conversion was
not measured (Booth et al. 1957). Although other work has indicated that
cholorogenic acids are hydrolyzed in the digestive tract of the rat before caffeic
acid appears in the bloodstream, the amount of hydrolysis was not reported
(Czok et al. 1974). A more recent study of the metabolism of caffeic acid by
humans concluded that the phenolic acid is extensively and rapidly metabolized
(i.e., within 4 hours), but accounted for only 11% of the acid administered
(Jacobson et al. 1983). In calculating average intakes of caffeic acid for the
general population, 100% hydrolysis of caffeic acid
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Table 5-2 Concentrations of Caffeic Acid, Selected Foods, and Predicted Intake of
Caffeic Acid from These Foods in the General Population
Fresh and Prepared Food Concentrationa (mg/kg) Average Intakeb (mg/kg-day)
Apples 71 (33-203) 0.008 - 0.08
Carrots 33 (12-62) 0.0006-0.006
Celery 80-130c 0.0006-0.006
Citrus 0-5d 0.001-0.01
Lettuce 64 (43-84)e 0.001-0.01
Peaches 139 (39-478) 0.002-0.02
Pears 68 (33-143) 0.0005-0.005
Plums 318 (53-478) 0.002-0.02
Potatoes 30 (15-51) 0.003-0.03
Seed of pea, bush bean,
broad bean

None detected —

Spinach None detected —
Tomatoes 33 (14-67) 0.006-0.06
Total from food — 0.02-0.2f

Coffeeg 492 0.9-9
a Concentration as caffeic acid. Unless otherwise noted, calculated from concentrations of
caffeic acid conjugates provided by Herrmann (1989). Range reflects values obtained for
different varieties.
b Intake values calculated using consumption data from the USDA's Continuing Food
Consumption Surveys for years 1987-1992, with the software programs EXPOSURE 1® and
4® and databases provided by Technical Assessment Systems (TAS, 1995a). Similar values
were obtained using the USDA 1977-78 survey data. The upper bound indicates results
assuming complete hydrolysis of caffeic acid conjugates, and the lower bound assumes only
10% hydrolysis.
c From Herrmann (1978).
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conjugates was assumed in deriving the upper bound and 10% hydrolysis
in deriving the lower bound. Estimates of average daily intake of caffeic acid
from food for the general population were 0.02-0.2 mg/kg. Daily intakes for
high consumers of produce can be considerably greater (e.g., the 95th percentile
estimates for children aged 1-6 are 0.2-3 mg/kg). Estimates of caffeic acid
intake from coffee for moderately high consumers are also considerably higher:
0.9-9 mg/kg for the general population.
d Risch and Herrmann (1988) report that caffeic acid esters are minor components in citrus. A
range of 0-5 mg/kg (caffeic acid equivalents) can be calculated from concentrations of esters
cited.
e Mean value of measured levels of outer leaves (56 and 84 ppm) and inner leaves (43 and 71
ppm) of field grown, head lettuce (Winter and Herrmann 1986).
f Estimates for young children, aged 1-6, are roughly a factor of 2 higher and for non-nursing
infants under age 1, roughly a factor of 5 higher.
g Concentration of caffeic acid (in mg per liter of liquid) using data of Clinton (1985), who
reports 190 mg chlorogenic acid (97 mg caffeic acid equivalent) per cup of drip-brewed 6.7
ounce (197 ml) cup of coffee and a national average consumption of 3.58 cups per day for
coffee drinkers. To estimate intake for the general population, it was assumed that 41% were
coffee drinkers (USDA Continuing Food Consumption Survey for 1989-1991). Lower intake
value assumes 10% hydrolysis of chlorogenic acid in the digestive tract; upper value assumes
complete hydrolysis.

Most exposure to natural furocoumarins is derived from limes and other
citrus and umbelliferous plants, with per capita exposure estimated to be 1.3 mg
per day (Wegstaff 1991).

Derived

Included in this group are compounds generated by cooking (e.g.,
polycyclic aromatic hydrocarbons [PAHs], heterocyclic amines,
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benzene, and glycidaldehyde), and those compounds that appear in preserved or
cured foods (e.g., nitrosamines) and in technologically altered foods.

PAHs are present in a variety of prepared foods. They can be
endogenously produced, or enter food through environmental contamination
from both natural (e.g., forest fires) and anthropogenic sources (IARC 1983).
The potential for high exposures to benzo(a)-pyrene, one of the most potent
carcinogenic PAHs, is greatest with consumption of charred meats, smoked
fish, vegetable oils, tea, roasted coffee, and some fruits and vegetables.

The formation of heterocyclic amines during the cooking of proteinaceous
foods was discussed earlier. Data are limited concerning the intake of these
substances. Layton et al. (1995) analyzed the consumption of foods containing
five of the principal heterocyclic amines by 3,563 persons who provided 3-day
dietary records in a USDA-sponsored survey conducted in 1989. They
calculated average intakes (ng/kg per day) of the five principal heterocyclic
amines as follows: PhIP, 16.64; AC, 5.17; MeIQx, 2.61; DiMeIQx, 0.81; and
IQ, 0.28. One of the study authors indicates that these calculated intake levels
are probably (within a factor of 5) those consumed by the average person, but
that the intake for high consumers of meats cooked ''well-done" (95th
percentile) could be considerably greater than the average value (J.S. Felton,
Lawrence Livermore National Laboratory, personal communication).

Preformed N-nitroso compounds may be present in the diet, mainly in
foods cured with nitrate or nitrite. Cured meats and beer are the most important
sources of nitrosamines. In 1981, the National Research Council (NRC 1981)
estimated the daily intake of nitrosamines from dietary sources to be 1.1 g; the
same estimate was obtained for 1979 for N-nitrosodimethylamine intake by
males in Germany (Preussmann 1984). Estimates of N-nitrosodimethylamine
intake from food have recently been published for European countries, and U.S.
intake levels are expected to be similar. Daily intakes of N-
nitrosodimethylamine from food were estimated
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to be roughly 0.1 g (≈ 0.0014 g/kg-bw) in eastern France (Biaudet et al.
1994), 0.2 g (≈ 0.003 g/kg-bw in West Germany; Tricker et al. 1991), and,
for all volatile nitrosamines, less than 0.1 g in the Netherlands (Ellen et al.
1990).

N-nitrosodimethylamine levels in beer of 1-5 ppb were common in the
early 1980's (Scanlan 1983), and in 1981 a National Research Council (NRC
1981) committee estimated a daily consumption of 0.9 g (≈ 0.027 g/kg-bw)
from a level of 2.8 g/l in beer (Scanlan and Barbour 1991). A recent analysis
of nearly 200 U.S. and Canadian beers by Scanlan and Barbour (1991) found a
mean concentration level of 0.074 g/kg; current daily consumption (apparently
for beer consumers) of N-nitrosodimethylamine from beer was estimated to be
around 0.026 g (≈ 0.00037 g/kg-bw), or about 3% of the value a decade ago.
The decrease in exposure from the 1981 NRC value was due to measures taken
to reduce the formation of N-nitrosodimethylamine in malt. Concentrations of
roughly 0.5 g/kg were observed for a few types of beer, and thus high
consumers of those beers would be exposed to relatively high levels of N-
nitrosodimethylamine. Concentrations roughly double those observed by
Scanlan and Barbour (1991) were reported for analyses of 170 retail samples of
beer by Massey et al. (1990) (range <0.1 to 1.2 g/kg, with mean of 0.2 g/kg).

In addition to preformed N-nitroso compounds, humans are exposed to a
wide range of nitrogen-containing compounds and nitrosating agents that can
react in vivo to form N-nitroso compounds (Bartsch 1991), including N-
nitrosodimethylamine (Pignatelli et al. 1991). Residual nitrites in cured meats
and fish are an important source of nitrosating agents in the stomach (NRC
1989a). Potentially endogenous formation can lead to exposures substantially
higher than from direct ingestion of preformed compounds. The above
calculations do not account for endogenous formation of N-nitroso compounds.

Urethane is formed naturally in fermented beverages and foods, such as
alcoholic beverages, leavened bread, soy sauce, yogurt, and
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olives, and has also been measured in milk (Battaglia et al. 1990, Zimmerli and
Schlatter 1990, Dunn et al. 1991). High levels in beverages have been
associated with the use of urea as a yeast food and the use of the antimicrobial
agent diethylpyrocarbonate. Both of these uses are now prohibited in the U.S.
Tabulations of reported measured levels in most fermented foods are in the low
parts per billion, with the mean values falling below 1 ppb for cheese, milk, and
yogurt, and below 10 ppb for bread (Battaglia et al. 1990, Dunn et al. 1991).
Somewhat higher levels have been observed for soy sauce, with mean values
reported ranging from 4.4 to 18 ppb. Single samples of other fermented foods
also indicate possible levels in the low ppb range: olives (1.1 ppb), sauerkraut
(0.3 ppb), orange juice (1.5 ppb), apple vinegar (3.3 ppb). Assuming that a level
of 1 ppb occurs in milk products, taking mean levels reported in the literature
for the other food items, and using the results from the USDA Continuing
Survey of Food Intakes by Individuals (as codified by TAS 1995a,b), estimates
for daily intake of urethane in food were obtained: 1.4 × 10-5 mg/kg for the
general population, and 4.4 × 10-5 mg/kg for children aged 1-6, with an upper
95th percentile for this group of 9.5 × 10-5. The greatest contribution was from
milk products, for which data are scanty and an upper bound concentration
estimate was used; thus, the intake results should be seen as upper bound
estimates. The estimate for the general population is in the range of that for the
Swiss population published by Zimmerli and Schlatter (1991; 10-20 ng/kg-bw,
i.e., 10 to 20 × 10-5 mg/kg). Zimmerli and Schlatter report intakes moderately
higher than those received from food are associated with consumption of wine
and spirits; moderate consumption of wine (95th percentile for general
population) was associated with approximately a 5-fold increase over the mean
population level. However, moderate daily consumption of stone fruit distillates
(30 ml/day) can increase exposure by roughly 60 fold (Zimmerli and Schlatter
1991) to roughly 0.01 mg/kg.
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Acquired

Included in this group are naturally occurring chemicals absorbed by food
organisms from the environment (e.g., lead) and mycotoxins (e.g., aflatoxin,
ochratoxin, sterigmatocystin, and toxins derived from Fusarium moniliforme).
Of the agents in this group studied for carcinogenicity and found to be
carcinogenic, mycotoxins are predominant and have the greatest human
exposure potential. Exposures to the mycotoxins aflatoxin, fumonisin B1, and
sterigmatocystin are described below:

•   Aflatoxin. Levels of aflatoxin in crops vary geographically and over
time, with the southeastern United States frequently referred to as an
area where high levels in corn can occur. Field corn, which is primarily
used for animal feed and milling, has been the primary concern. Sweet
corn is considered to be of no major consequence as a source of dietary
exposure to aflatoxin. Human consumption of peanuts and peanut
products are the other major source of aflatoxin exposure. FDA
routinely samples aflatoxin in corn and peanuts for human
consumption and the American Peanut Product Manufacturers, Inc. has
established a surveillance system for peanuts destined for human
consumption. Using the results of the FDA surveillance for 1984-1989,
and of a USDA survey (year not specified), the FDA recently
estimated for a 60 kilogram person an average intake for aflatoxin B1
of 17 ng/day from corn and peanut products. The upper 90th percentile
estimate was 40 ng/day (Springer 1994). Subgroups who regularly
consume large amounts of certain corn products (e.g., grits, corn
tortillas), in areas where aflatoxin contamination is frequent, may be
exposed to larger quantities.

•   Fumonisin B1. Data on fumonisin occurrence are being developed and
at present are limited. In a recent tabulation by Pohland (1994),
fumonisin B1 was present in a majority of samples of field corn
products, with levels as follows: corn meal, average approximately
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1 ppm (47/48 positive); corn flour, 0.12-0.25 (2/2); grits, average 0.2
(5/5); corn bran cereals, 0.06 - 0.33 (5/5); corn flakes 0.01 - 0.055
(4/19); fiber cereal 0.06-0.13 (2/2 positive); hominy, 0.06 (1/1); masa
0.017 (1/1); popcorn (0.01 - 0.06 (6/8); puffed corn, 0.79-6.1 (6/6);
torilllas 0.06-0.12 (2/4); tortilla chips 0.03 -0.32 (4/6). With respect to
whole corn, fumonisin B1 occurred in 9 of 27 frozen corn samples
(0.08 - 0.35 ppm), 33 of 73 canned (0.03-0.34 ppm), and 2 of 16 sweet
corn samples (0.07 and 0.79 ppm). From the USDA 1978 survey data
and the above concentrations, crude estimates of average daily
exposures to fumonisin B1 were calculated to fall between 2 × 10-6 to 4
× 10-5 mg/kg-day. Subgroups consuming corn in areas subject to high
contamination may be exposed to substantially greater levels.

•   Sterigmatocystin and ochratoxin A. Data on sterigmatocystin
occurrence and exposure are difficult to locate. IARC (1976) notes that
sterigmatocystin has been found as a natural contaminant of green
coffee beans (1.1 ppm) and wheat (0.3 ppm), and that it can be
identified in salami inoculated with Aspergillus versicolor. It can also
be isolated from cultures of A. versicolor found on country hams.
Calculation of exposure estimates thus awaits better and more
complete data. Ochratoxin A is a contaminant of stored grain. It
appears to be relatively uncommon in the U.S., because the winter
storage climates are fairly cold (Miller 1994). However, occasional
outbreaks occur. IARC (1993) notes that pork products, contaminated
via feed grains, can be a significant human dietary source of
ochratoxin A.

Pass-Through

Inorganic metals and organic contaminants, such as polycyclic aromatic
hydrocarbons (PAHs), can enter the food supply following uptake by plants and
animals from the environment. Levels of some PAHs in vegetables decrease,
for example, with increased
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distance from industrial centers and highways (Shibamato and Bjeldanes 1993).
In fact, environmental contamination is seen as a major source of relatively high
PAH levels observed in vegetable oil (Shibamoto and Bjeldanes 1993), fresh
vegetables, meats, seafoods, oils, grains, and fruits (IARC 1983). Vegetation,
especially that with a high lipid content, can be a major vehicle for removing
PAHs from the atmosphere (Simonich and Hites 1994). Examples of benzo(a)
pyrene levels due to uptake include: cereal (0.2-4 ppb), grain (0.7-2.3 ppb),
flour (dried, 4 ppb), lettuce (2.8-12.8 ppb), margarine (0.9-36 ppb), coconut fat
(0.9-43 ppb), and sunflower oil (different reports: 0.2; 5; 29-62 ppb).

Intentional Food Additives and Constituents of Spices

Intentional food additives are plotted in Figure 5-1 in decreasing order of
annual per capita disappearance, which reflects usage in food. Disappearance
exceeds actual human intake because of wastage and losses due, for example, to
volatilization and leaching during processing, storage, distribution, and final
preparation. The data were compiled in 1980 from NAS surveys, supplemented
and checked against independently acquired information. Dietary patterns
change only slowly; e.g., sucrose, the dominant caloric sweetener in 1980, has
been replaced in part by low-fructose corn syrup, but this has not altered the
overall pattern of ingredient usage.

In this figure (5-1), section 1 of the curve contains the caloric sweeteners,
major functional ingredients such as acidifiers, but no spices or flavors. Section
2 contains pH-adjusting agents, processing aids, and a few major spices and
flavors, such as vanilla extract, the synthetic flavor vanillin, and black pepper.
Section 3 consists largely of minor spices and herbs, essential oils, and the
major synthetic flavors. Section 4 of the curve, below a few milligrams per
year, contains most of the flavors added to foods and a few of the
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smaller-volume, intentionally added micronutrients. The median intake of the
entire group is approximately 1 mg per person per year.

Figure 5-1 Rank ordering of food ingredients by per capita annual
disappearance.

Some substances, such as nitrate and nitrite, occur as natural components
and as intentional additives. Nitrate is reduced endogenously to nitrite.
Although there is no evidence that either nitrate or nitrite alone is carcinogenic,
nitrite consumed with nitrosatable amines results in the endogenous formation
of carcinogenic nitrosamines.

Dietary nitrate intake is estimated to vary from about 75 to 270 mg (NRC
1981). The extent to which nitrate is reduced endogenously to nitrite depends
on gastric acidity and the nature and number of bacteria present. Dietary nitrite
intakes are much lower than those of nitrate.

Vegetables are the primary source of nitrate and nitrite in food, although
cured meat and dairy products also contribute to overall exposure.
Concentrations of nitrate in vegetables depend on agricultural practices, the
temperature and light in which they are
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grown, the concentrations of nitrate in the soil, fertilizers, and water used to
grow the vegetables, and on storage conditions (NRC 1981).

The concentrations of nitrate and nitrite in cured-meat products depend on
the curing process and on the amounts added as preservatives. Concentrations
of nitrite in bacon, for example, can be as high as 120 ppm, the maximum
allowed by law (9CFR 318.7B). Nitrate and nitrite are used as preservatives
because of their ability to inhibit the growth of Clostridium botulinum (NRC
1981). However, improved manufacturing processes have led to a steady
decline in the concentrations of nitrate and nitrite in preserved meats; in fact,
nitrate is now used only rarely.

Dairy products contain low concentrations of nitrate and nitrite in general,
rarely exceeding 5 mg/kg in milk (NRC 1981).

Approximately 100 spices and herbs are used for dietary purposes in the
United States, most in very small quantities. A majority of these are available
commercially and are regulated under the Food, Drug and Cosmetic Act. Some
are grown in home herb gardens, and others are gathered wild. Teas made from
herbs gathered by amateurs are a well-recognized cause of human poisonings.
The carcinogenic properties of most of these spices have not been evaluated.
Most are generally recognized as safe by the U.S. Food and Drug
Administration.

The animal carcinogens so far identified in spices and flavors are listed
with their plant sources and levels of occurrence in Appendix A. The appendix
notes only that there has been some degree of carcinogenicity testing with some
positive results reported. Among the plant constituents, those associated with
spices include benzaldehyde, capsaicin, estragole, eugenol (also reported to be
anticarcinogenic), and safrole. Constitutive substances reported to be inhibitors
of carcinogenesis are listed in Appendix B. The comparative carcinogenic
potency of constitutive and nonconstitutive substances is addressed later in this
chapter.
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Traditional Foods

The International Agency for Research on Cancer has identified more than
69 agents capable of causing cancer in humans, including the following whole
foods and beverages: bracken fern (or fiddleheads), Chinese salted fish
(Cantonese style), hot maté, betel quid (with tobacco leaves), and alcoholic
beverages. The carcinogenicity of these agents was established through
epidemiologic studies. With the exception of alcoholic beverages, risks of these
agents are confined to relatively small groups in the United States. (For
example, Chinese salted fish is used in some communities to wean infants.)
However, alcoholic beverages are consumed by a relatively large subpopulation
at moderate to high levels.

Recent advances in genetic engineering are expected to lead to the
development of new technologically altered foods in the future. Very limited
quantities of the first such technologically altered food, the Flavr/Savr™
tomato, were released for public consumption in 1994. The introduction of such
novel foods may affect overall food consumption patterns by augmenting or
displacing consumption of traditional foods.

Synthetic Carcinogens

Table 5-3 classifies synthetic carcinogens found in the diet into six
categories: pesticide residues, potential animal drug residues, packaging or
storage container migrants, residues from food processing, colors, and direct
food additives. The chemicals listed under each category have been classified
by IARC or NTP as carcinogens. In the remainder of this section, potential
exposures to these categories of chemicals will be discussed.
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Table 5-3 Synthetic Animal and Human Carcinogensa That Might Be Present in the
Diet
Pesticide residues
Acrylonitrile, amitrole, aramite, atrazine, benzotrichloride, 1,3-butadiene, captafol,
carbon tetrachloride, chlordane, chlordecone (Kepone), chloroform, 3-chloro-2-
methylpropene, p-chloro-o-toluidine (impurity), chlorophenoxy herbicides,
creosotes, DDD, DDE, DDT, DDVP (Dichlorvos), 1,2-dibromo-3-chloropropane, p-
dichlorobenzene, 1,2-dichloroethane (ethylene dichloride), 2-dichloroethane,
dichloromethane, 1,3-dichloropropene (telone), dimethylcarbamoyl chloride, 1,1-
dimethylhydrazine (UDMH) (as a breakdown product and contaminant of alar),
ethylene dibromide, ethylene thiourea, heptachlor, hexachlorobenzene,
hexachlorocyclohexane), mirex, nitrofen (technical grade), N-nitrosodiethanolamine
(atrazine contaminant), pentachlorophenol, o-phenylphenate sodium, 1,3-propane
sulfone, propylene oxide, styrene oxide, sulfallate, tetrachlorodibenzo-p-dioxin (as a
contaminant of chlorophenoxy herbicides), thiourea (past), toxaphene, 2,4,6-
trichlorophenol
Potential animal drug residues
Diethylstilbesterol (now banned), ethinyl estradiol, medroxyprogesterone acetate,
methylthiouracil, 5-(morpholinomethyl)-3-[(5-nitrofurfurylidene)-amino]-2-
oxalolidione, N-[4-(5-nitro-2-furyl)-2-thiazolyl]acetamide, nortestosterone,
propylthiouracil
Packaging or storage container migrants
Acrylamideb, acrylonitrileb, 2-aminoanthraquinone, BHAb, 1,3-butadiene b,
chlorinated paraffins, carbon tetrachlorideb, chloroformb, 2-diaminotoluene b, di(2-
ethylhexyl)phthalateb, dimethylformamideb, diethyl sulfate b, dimethyl sulfateb, 1,4-
dioxaneb, (synthesized ethyl acrylateb), epichlorohydrinb, ethylene oxideb, ethylene
thiourea, 2-methylaziridine, 4,4'-methylenedianiline, 4,4'-methylene bis(2-
chloroaniline) (now prohibited), 2-nitropropaneb, 1-nitropyrene, phenyl glycidyl
ether, propylene oxideb, sodium phenyl phenateb, sodium saccharinb, styrene b,
styrene oxideb, tetrachloroethyleneb, toluene diisocyanateb, vinyl chlorideb

Residues from food processing
Dichloromethane(as a solvent), epichlorohydrin (to crosslink starch, not now
practiced), NTA trisodium salt monohydrate
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Residues from environmental contamination (partial list)
Tap water: acylamide, benzene, benzotrichloride, bromodichloromethane, carbon
tetrachloride, chloroform, 1,2-dibromo-3-chloropropane, 1,2-dichloroethane,
dichloromethane, p-dichlorobenzene, tetrachloroethylene, vinyl chloride
Particle deposition onto foods: 1,6-dinitropyrene, 1,8-dinitropyrene, 2-nitrofluorene,
1-nitropyrene, 4-nitropyrene, soots
Persistent environmental contaminants: chlordecone, hexachlorocyclohexane, DDT,
DDD, DDE, polybrominated biphenyls, polychlorinated biphenyls,
tetrachlorodibenzo-p-dioxin
Direct food additivesc

BHA, potassium bromate, saccharin
a Chemicals classified by IARC as Group 1, 2A, or 2B carcinogens or by NTP as known or
reasonably anticipated to be carcinogens.
b Agents listed in the FDA priority-based Assessment of Food Additives data base as indirect
food additives (Benz 1994).
c Although carcinogenic agents cannot be used as food additives because of the Delaney Clause,
saccharin had a congressional over-ride, and BHA appears to operate by mechanisms where
low-level exposures are unlikely to pose a risk.

Pesticide Residues in Foods

Pesticide residue data can be obtained from a variety of sources, including
the FDA, state regulatory agencies, the food-processing industry, retail
distributors, the agricultural chemical industry, and food commodity
associations. Although all these sources of information are useful, no one
source is necessarily preferable to another for purposes of assessing exposure.
Residue analyses are complex, difficult to perform, and expensive. All data
should be judged in this context.

Residue levels depend on several factors, the most important of
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which are the percentage of crop acreage treated with the pesticide, the
sampling design of the survey, and the analytical limit of detection for the
pesticide in that food. Other factors include the stability of the chemical; the
time between pesticide application, harvest, and sampling; and the degree of
post-harvest processing.

Processing may increase, decrease, or have no effect on the concentration
levels of pesticide residues in foods. Washing the raw foods tends to reduce
residues, blanching reduces them further, and canning reduces them even
further (Elkins 1989). For example, malathion levels in tomatoes were reduced
99% when subjected to all three processes. However, ethylene thiourea (ETU)
levels in frozen turnips increased 94.5% as a result of maneb degradation during
cooking in a saucepan. Similarly, when the plant-growth regulator Alar was
used in apple production, the concentration of unsymmetric dimethyl hydrazine
was several-fold greater in apple juice and apple sauce than in fresh apples,
because of the breakdown of Alar.

In 1993, the NRC Committee on Pesticides in the Diets of Infants and
Children determined that FDA's market basket sampling and analysis provided
the most comprehensive residue data at this time. More than 100 different
pesticides were reviewed by the NRC using the FDA surveillance data.
Pesticides were detected most frequently in fresh fruits and vegetables, such as
apples, peaches, pears, bananas, peas, green beans, and carrots. Detectable
levels were found in less than 10% of the samples for most crop-pesticide
combinations with 2-year samples larger than 25. The percentage of positive
detections ranged from 0.3% for captan on carrots and peas to 50% for benomyl
on peaches. Of those residues that were detected, most were well below the
EPA tolerance levels. Only six crop-pesticide combinations had maximum
residues exceeding EPA tolerance levels, with all mean concentrations of
detected residues well below these levels.
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Veterinary Drug Residues

The U.S. FDA (1985) regulates the concentrations of veterinary drugs that
are known to be carcinogenic. Specifically, it requires analytical methods
capable of detecting drug residues in edible meat at concentrations in the human
diet that have estimated lifetime cancer risks of less than 10-6. For some of the
hormone residues, FDA prohibits detectable levels in edible tissues. Scheuplein
(1990) estimates the total daily dose of these animal drug residues to be less
than 100 ppb.

Packaging Materials

Humans may be exposed to trace quantities of chemicals that migrate into
food from packaging materials. Regulations governing packaging components
and their constituents are based primarily on the characteristics and uses of
these materials. These characteristics and uses are very different from those of
direct additives, and also from those of the indirect additives (e.g., pesticidal
residues). The primary purpose of packaging is to protect the food it contains
from air, moisture, light, contamination, attack by pests, tampering, quality loss,
and physical damage. Packaging also can carry information and advertising, and
it may aid in dispensing the food. Serving these functions requires materials that
typically are insoluble, inert, and specifically intended not to enter the food or
to affect it in any way other than to protect it. Moreover, the packaging
regulations provide a list of thousands of options. There is no way of knowing
which particular sets of options, employed in packaging each of many tens of
thousands of foods, are in use across the entire food supply at any particular
time. As a result, human exposures to such agents are difficult to estimate.

The most common restrictions on packaging components and their
constituents are the following: good manufacturing practices
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(GMP); a provision that they may be used ''in an amount not to exceed that
required to accomplish the desired technical effect"; and provisions that confine
usage to particular technical effects (e.g., preservatives or emulsifiers). In a few
instances, such as some monomers used in fabricating plastic resins, the
regulation will limit the amount used or the level remaining in the packaging
component or constituent to below a particular quantity. This limitation is
usually based on extraction tests using specified methods. It is intended to
ensure that when humans consume food that has been in contact with a
component that might contain a questionable substance, such exposure cannot
exceed a value that will provide a reasonable assurance of safety. The U.S.
Food and Drug Administration has proposed to set a threshold for regulation to
correspond to a toxicologically insignificant exposure level for food-contact
substances, as described later in this chapter.

Residues from Food Processing

Carcinogenic residues can sometimes form as a result of processing. For
example, cooking can increase the level of ethylene thiourea, a degradation
product of maneb and related pesticides, and was observed to dramatically
increase the levels of unsymmetric dimethyl hydrazine in apple products due to
the degradation of Alar. Methylene chloride residues introduced during the
production of decaffeinated coffee were the subject of considerable concern.

Direct Food Additives

A variety of additives are allowed into the final food product to assure its
safety in the package. It is important to note that this vast array of substances
are strictly regulated by the FDA. Among these additives are antioxidants.

RISK COMPARISONS 248

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

One of these direct food additives is the antioxidant butylated
hydroxyanisole (BHA), which is generally recognized as safe by the FDA at
levels less than 0.02% of the fat content of food. It is also codified as a prior-
sanctioned ingredient for use in food-packaging materials. Products that may
contain BHA include breakfast cereals, potato flakes, poultry and meat
products, sausage, shortenings, oils, food packaging materials, dessert and
beverage mixes, glazed fruits, chewing gum, and flavoring agents. Based on the
NRC (1979) report, Use and Intake of Food and Color Additives, estimates of
mean BHA intakes for various age groups ranged from 0.12 to 0.35 mg/kg day.
At the 90th percentile, intakes ranged from 0.27 to 0.76 mg/kg-day It should be
noted that an ad hoc expert panel of the Federation of American Societies for
Experimental Biology excluded the most recent NRC estimates of BHA intake
data from consideration because it was felt that the estimates (which were about
25% the previous NRC values) were tempered by lack of survey compliance
data.

Anticarcinogens

Fiber

There is a paucity of data on the amounts and kinds of dietary fiber in
foods. Although data for crude fiber are available in food-composition tables,
this is an inadequate indicator of dietary fiber because the method of analysis
for crude fiber involves treatment of foods with acids and alkalies that destroy
many of the components of dietary fiber (NRC 1989). The first surveys to
include an estimate of dietary fiber were the 1985 and 1986 CSFIIs (USDA
1987). In these surveys, dietary fiber included the insoluble fraction (neutral
detergent fiber) and soluble fraction (such as gums in cereal grains and pectin in
fruits and vegetables). Foods highest in dietary fiber include whole (unrefined)
grains and breads made from them, legumes, vegetables, fruits, nuts, and seeds.
According to the 1985
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CSFII Survey, average intake of dietary fiber per day for women 19 to 50 years
of age was 10.9g; for children 1 to 5 years old, 9.8g (both based on 4 days of
intake); and for men 19 to 50 years old, 18g (based on a 1-day intake).

The 1986 CSFII (USDA 1987) indicated that women in the west and
midwest sections of the U.S. had higher intakes of dietary fiber than those in the
south or northeast.

Micronutrients

Several nutrients, including vitamins A, C, D, E, folic acid, calcium,
selenium, and iron, have been extensively studied in cancer chemoprevention.
Intake of these agents, particularly vitamins A, C, calcium, and iron, has been
estimated in food consumption surveys. Data on the intake of vitamins D, E
(alpha-tocopherol or alpha-TE), selenium, and folic acids in foods are less
complete.

A previous NRC report (1989a) reviewed the intake of vitamins A, C, D,
E, folic acid, calcium, and iron from major food sources in relation to the
recommended daily allowances (RDAs) for these substances. The RDA of
vitamin A ranges from 400 to 1,000 g depending on age, with additional
supplements recommended for pregnant and lactating women. Although this
RDA is not achieved by all individuals, the 1985 CSFII indicated that the
majority of the population appeared to consume the recommended levels.
Intakes tended to be lower among low-income groups and higher in the western
United States. RDAs for vitamin C range from 35 to 60 mg, again with
supplements for pregnant and lactating women. Both the 1985 CSFII and the
1977 NFCS indicated average intakes of this vitamin exceeding the RDA, with
intakes positively correlated with economic status. RDAs for vitamin D range
from 5 to 10 g; however, its intake is only estimated in national surveys
monitoring food consumption, because little information is available on vitamin
D in foods. The RDAs for vitamin E range from
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3 to 4 mg for children to 11 mg for lactating women. Vitamin E intakes were
first reported in the 1985 CSFII, with average intake levels near or above the
RDA.

The RDAs for folic acid range from 35 to 40 g for infants to 800 g for
pregnant women. Data from the 1985 CSFII indicate average intakes of 305 /
day and 189 g/day for men and women 19 to 50 years of age, respectively.
Results for folic acid are limited by the inherent variability in laboratory
methods of analysis of folacin in foods, and by the high percentage of folacin
concentrations in foods that were imputed rather than measured.

Calcium RDAs range from 360 mg to 1,200 mg in children 11 to 18 years
of age and in pregnant or lactating women. Mean intakes of calcium were less
than the RDA in most population subgroups, although men 19 to 50 years of
age consumed an average of 115% of the RDA in the 1985 CSFII.

RDAs for iron range from 10 to 18 mg. While the mean intake among
children 1 to 5 years old was 78% of the RDA, only 4% of women met or
exceeded the RDA.

Estimates of selenium intake for the U.S. population range from 0.071 to
0.152 mg selenium/day (Schrauzer and White 1978, Welsh et al. 1981, FDA
1982, Levander 1987, Schubert et al. 1987, Pennington et al. 1989).

Non-Nutritive Constituents

Several investigations suggest that non-nutrient components of plants
consumed in the diet contribute significantly to cancer prevention. Of particular
interest are members of the flavonoid class, such as quercetin and kaempferol
glycosides, which are widely distributed in foods. Others include isoflavonoids
and phytoestrogens. However, unlike the nutrients, intakes of non-nutritive
constituents have not been extensively studied. No quantitative exposure
information is available on the anticarcinogenic non-nutritive
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constituents. Their numerous conjugated forms in plants have not been
investigated, and estimates of exposure are further complicated because these
constituents are hydrolyzed in the gut to other products.

Comparisons of Exposure Predictions for Naturally
Occurring and Synthetic Carcinogens

Predicted exposure levels to some of the naturally occurring and synthetic
carcinogens in the diet are provided in Tables 5-4 and 5-5. These estimates are
subject to considerable uncertainty, and should be considered ballpark figures,
accurate to at most an order of magnitude.

MEASURES OF CARCINOGENIC POTENCY

To estimate cancer risks, information is required on the carcinogenic
potency of the agent of interest, in addition to the level of exposure to the agent.
Recent developments in measuring carcinogenic potency are related to the TD50
index introduced by Peto et al. (1984a) and Sawyer et al. (1984). Formally, the
TD50 is defined as the dose that reduces the proportion of tumor-free animals by
50% at a specified point in time. Letting P(d) denote the probability of a tumor
occurring at dose d, the TD50 is that dose d that satisfies the equation

where R(d) is the extra risk over background at dose d. Note that the TD50
is inversely related to potency, in the sense that the more potent the carcinogen,
the lower the TD50. Thus, once the dose-response
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Table 5-4 Predicted Daily Intake Levels of Selected Naturally Occurring Carcinogens
in the Diet
Daily Intake (µg/kg-bw/day)

U.S. Population Average High Consumers
Constitutive
Caffeic acid
Food 20-200 60-600 (upper 95

percentile estimate for
children ages 1-6)

Coffeea 200-2,000 900-9,000 (upper 95
percentile adult)

8-methoxypsoralen
(xanthotoxin)

0.5 2 (children ages 1-6)

Derived
PhIPb 0.017; (0.003-0.085) 0.2 (high consumers of

well-done meats)
Urethane
Foodc <0.02 <0.1 (children)
Alcohold 0.001-0.003 0.014 (average per day

when consumed); 1
(moderate consumption
of imported fruit
brandy (1 dl/day))

N-nitrosodi-methylamine
Foode 0.001-0.003 0.002 (average on days

consumed)
Beerf 1990 0.00005-0.0001 0.07

1980 0.002
Acquired
Aflatoxing 0.0003 0.0007 (90th percentile

consumer)
a See Table 5-2 and accompanying text for details.
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relationship P(d) has been determined, the TD50 may be estimated from
equation (1).
b Estimate derived by Layton et al. (1995). Values in parenthesis indicate the judgment of one
of the study authors regarding the plausible range for the actual average. See text for details.
USDA CSFII and the ranges of concentrations of PhIP observed in foods cooked at different
temperatures for different periods of time suggests that high consumers of well-done meats
could consume at least 10 times that of the average individual.
c Calculated on the basis of USDA CSFII using Exposure 1® and 4® (TAS 1995a) and
concentration levels reported in the literature. The results should be considered upper bounds.
The greatest contributions were calculated to occur from milk products, for which the upper
estimate for urethane concentration of 1 ppb was used.
d Population averages and the value for moderate wine drinkers were derived from U.S. average
concentrations from the sampling effort of the Bureau of Alcohol, Tobacco, and Firearms
(BATF 1987, 1988) as reported by Dunn et al. (1991) and USDA survey data using the
Exposure 1® and 4® (TAS 1995a) to model beer and wine consumption. Similar figures were
derived from the per capita consumption data of the National Institute on Alcohol Abuse and
Alcoholism (1988).
e Derived from food intake levels reported by Biaudet et al. (1994) and Tricker et al. (1991) for
eastern France and West Germany, respectively. Based on earlier reports (Preussman 1984,
NRC 1981) U.S. values are expected to be similar.
f U.S. beer consumption assumed to follow 1989-1991 USDA CFSII, as modeled by Exposures
1® and 4® (TAS 1995a). For 1990 average population estimates, lower bound corresponds to
the average concentration of 0.074 µg/kg reported by Scanlan and Barbour (1991); upper bound
estimates to that by Massey et al. (1990). For high consumer estimates, the lower bound is for
contamination of average levels, and the upper bound represents consumers of highly
contaminated beer (by today's standards). For the 1980 estimate, an average concentration of
2.8 µg/kg (Scanlan and Barbour 1991) was assumed.
g Derived from average and upper bound estimates presented by the US FDA (Springer 1994);
see text for details.

More generally, the TD100p is the dose corresponding to an excess risk of
0<p<1. In this chapter, the TD01 will also be considered as the basis for
comparing the potency of naturally occurring and synthetic carcinogens. The
TD01 is closer to human exposure levels,
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Table 5-5 Predicted Daily Exposure Levels of Selected Synthetic Carcinogens in the
Diet
Daily Intake (µg/kg-bw/day)

U.S.
Population
Average

High
Consumersa

Pesticide Residues
DDD, DDE, and DDT
1954 (DDE and DDT)a

4

1965 (DDT)a 0.57 28
Ethylene thioureab 0.2; 0.6
Unsymmetrical dimethyl-
hydrazine (UDMH) -
1989b

0.05 0.4 (average
non-nursing
infant)

Packaging
Migrants

Diethylhexylphthalate
1982 reportc 83
1991 reportd 4 29

Environmental
Contaminants

TCDD equivalents from
PCDDs and PCDFse

1 - 3 × 10-6 7 × 10-5
(average
nursing
infant, to age
6 months)

Polychlorinated
biphenylsf

0.2 4.2 (average
nursing
infant, to age
6 months)

-Hexachloro-
cyclohexaneg 1964-1969

0.05

1980 0.003
1988 0.001
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Daily Intake (µg/kg-bw/day)
U.S. Population Average High Consumersa

Intentional Food
Additives
Butylated hydroxyanisoleh 120-350 270-760 (90th percentile

intakes for different age
groups)

Potassium bromatei -- 0.08 (high consumer of
bread with relatively high
residues)

Saccharin - 1977j 120 650; 2,200 (upper 95th

and 99th percentile for the
general population)

a From WHO 1979.
b Larger value from US EPA (1989a), lower value corresponds to more recent residue data and
account for discontinued uses subsequent to the 1989 analysis (EPA 1992).
c DHHS (1982).
d DHHS (1991).
e Average intake estimated by Fürst et al. (1991) for industrialized countries. WHO (1988)
estimated average intake via breast milk for nursing infants aged 0 to 6 months.
f From WHO (1988, 1993). A somewhat lower estimate (1.9 µg/kg-d) can be calculated from
the figures of Rogan et al. (1991) for infants nursing for 9 months on breast milk contaminated
at the 90th percentile level (2.97 ppm).
g From US FDA total diet study, as summarized by WHO (1991).
h Taken from NRC (1979a). Comparable levels were found more recently by Kirkpatrick and
Lauer (1986) for intake in Canada, which imposes similar constraints on BHA concentration in
fats (mean intakes of 0.13-0.39 mg/kg-bw/day, depending on age group).
i Potassium bromate was used widely, but usage is declining (Ranum 1992, Jackel 1994).
Analytical techniques to reliably detect concentrations less than 1 ppm in bread have not been
available until recently (Ranum 1992). NRC (1979a) reported an average value of 1.8 µg/kg-bw-
day, but indicated that it was an overestimate. The figure for the high consumer in the table
corresponds to an upper bound consumer of bread (at 100 grams/day) with 50 µg/kg potassium
bromate (see, e.g., Dennis et al., 1994).
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yet still not sufficiently low that it depends strongly on the dose-response
model chosen to represent P(d).
j From the NRC (1979b). These were similar to the results from a study by Market Research
Corporation of America for the NRC (1978) Committee for a Study on Saccharin and Food
Safety, but averages for teenage consumption (not reported in the table) were lower by factors
of 2-3 for surveys done during the same period (see Morgan et al. 1982).

Sawyer et al. (1984) used a hazard function of the form

where 0(t) denotes the baseline hazard at time t in the absence of exposure.
Use of this function leads to an essentially linear dose-response relationship

at a fixed time T, in the absence of mortality from causes other than tumor
occurrence. Other hazard functions based on either the empirical or biologically
based dose-response models could be used to accommodate nonlinear dose-
response relationships (Krewski et al. 1992).

Ideally, the time of tumor occurrence would be used as the basis for
statistical inference about the hazard function for tumor induction.
Unfortunately, because most tumors in laboratory animals are unobservable
before sacrifice, the tumor onset time is generally unknown. Sawyer et al.
(1984) avoided this problem by using the time of death of those animals with
tumors as a proxy for the time of tumor onset. Although this assumption is
appropriate for tumors that are rapidly lethal, Portier and Hoel (1987) found that
estimates of the TD50 are quite sensitive to assumptions about tumor lethality.
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Finkelstein and Ryan (1987) addressed this problem by using the methods
of Peto et al. (1980) for combining tumor mortality and prevalence data to
estimate the TD50. Bailar and Portier (1993) used survival-adjusted quantal
response data as described by Bailar and Portier (1988) to estimate the TD50.
Dewanji et al. (1993) used Weibull models for the time of tumor onset, the time
to death due to tumor occurrence, and the time to death from competing risks to
estimate the TD50. This latter approach can be applied to rapidly lethal or
incidental tumors, or to those of unknown lethality.

Gold et al. (1984, 1986, 1987, 1990, 1993, 1995) have tabulated the TD50
values for a large number of chemical carcinogens in their Carcinogenic
Potency Database (CPDB). The TD50 values in the CPDB were calculated using
the statistical methods developed by Sawyer et al. (1984). All TD50 values are
expressed in common units of mg/kg body weight/day, and corrected for
intercurrent mortality whenever individual animal survival times are available.
The CPDB currently includes data on over 4,000 experiments on more than
1,000 different chemicals. The carcinogenic potency of these chemicals
expressed in terms of the TD50 varies by more than 10 million fold.

Although the TD50 represents a useful measure of carcinogenic potency, it
is based on experimental observation at doses generally well above those to
which humans may be exposed. Another measure of potency, which has been
used by the U.S. Environmental Protection Agency (1986a), is the estimate of
the linear term q1 in the multistage model

where P(d) denotes the probability of tumor occurrence at dose d. Because
the extra risk P(d) - P(O) is approximated by R(d) = q1d at low doses, the value
of q1 may be used to estimate the risk associated with environmental exposures
to a dose d of a carcinogen.

RISK COMPARISONS 258

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

In practice, an upper confidence limit q1* on the value of q1 is used,
because of the instability of the maximum likelihood estimate of the linear term
in the multistage model (Crump 1984). This application is commonly referred
to as the linearized multistage (LMS) model and represents an upper bound on
risk. This procedure was used to estimate the TD01, later in this report, for
comparing the carcinogenic potencies of naturally occurring and synthetic
carcinogens.

Another approach for estimating low-dose risks is the model-free
extrapolation (MFX) method proposed by Krewski et al. (1991). This procedure
assumes that the dose-response curve is linear only at low doses and is based on
a series of secant approximations to the low-dose region. Upper confidence
limits on the slope of the dose-response curve based on MFX are generally
close to the values of q1* obtained from the LMS model.

Although the preceding measures of carcinogenic potency are useful, they
are subject to certain limitations. The TD50 is based on data obtained at high
doses and may not reflect potency at low doses. Krewski et al. (1990) noted that
the TD50 will exceed the highest dose used in animal cancer tests in some cases
and thus require extrapolation outside the range of the experimental data.
Because the TD50 can vary appreciably with the period of exposure (Dewanji et
al. 1993), it is important that TD50s used for comparative purposes be
standardized. When data on the dependency of cancer risk on age and exposure
time are not available, standardization of TD50 values in the Carcinogenic
Potency Database is done under the assumption that risk increases in proportion
to time to the second power. Inferences about carcinogenic potency at low
doses require extrapolation of animal bioassay data to low doses outside of the
experimentally observable range. In the absence of information to the contrary,
extrapolation is generally performed under the assumption that the dose-
response relationship is linear at low doses.

To avoid low-dose and high-dose extrapolation, an intermediate
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measure of potency such as the TD05 or TD10 is preferred. The TD01 represents
perhaps the lowest indicator of carcinogenic potency that remains near the
experimentally observable response range and is used in the comparison of
potencies of naturally occurring and synthetic carcinogens presented in a later
section of this chapter. Van Ryzin (1980), Farmer et al. (1982), and Gaylor et
al. (1994) used the TD01 as the basis for linear extrabolation to lower doses.
Krewski et al. (1993) showed that the TD50s of rodent carcinogens, based on
either the one-stage or multistage models, are tightly clustered around their
MTDs. For the one-stage model, TD01 = TD50/69.

Correlation Between Cancer Potency and Other Measures of
Toxicity

Several investigators have noted a strong correlation between the TD50 and
the MTD (Bernstein et al. 1985, Gaylor, 1989, Krewski et al. 1989, Reith and
Starr 1989, Freedman et al. 1993). This correlation (r=0.924) is illustrated in
Figure 5-2 using a sample of 191 carcinogens selected from the CPDB
(Krewski et al. 1993). Although the TD50 values used in this analysis are based
on an essentially linear dose-response model, the correlation is equally high
when it is obtained with TD 50s estimated using the Armitage-Doll multistage
model. Bernstein et al. (1985) attributed this high correlation to the limited
range of possible TD50 values relative to the MTD, and to the large variation
among MTDs for different chemicals. Subsequent analytical results by Kodell
et al. (1990) and Krewski et al. (1993) support this argument.

Krewski et al. (1989) noted that the values of q1* derived from the
linearized multistage model fitted to 263 data sets were also highly correlated
with the maximum doses. As with the TD50, this association between q1* and
the MTD occurs as a result of the limited range of values that q1* can assume
once the MTD is
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established. This correlation is illustrated in Figure 5-3 using the same data
presented in Figure 5-2. As indicated in Figure 5-3, there is a strong negative
correlation between q1 and the MTD. Thus, the MTD has a strong influence on
measures of carcinogenic potency at both high and low doses.

Figure 5-2 Association between carcinogenic potency and MTD.
Source: NRC 1993b.

The absence of points in the upper lefthand triangular region in Figure 5-2
is due to the lower limit on the number of tumors required for statistical
significance observed in the exposed groups. This limit implies that highly toxic
chemicals of weak carcinogenic potency would likely go undetected in a
standard bioassay, because such agents would not yield a measurable excess of
tumors at the MTD (NRC 1993b). Crouch et al. (1987) attribute the absence of
points in the lower right hand triangular region (Figure 5-2) to a
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lack of chemicals with extremely high potencies relative to their MTDs. An
informal search for such ''supercarcinogens" conducted by the National
Research Council (1993b) failed to reveal any points clearly embedded in this
region.

Figure 5-3 Association between upper bounds on low-dose slope and MTD.
Source: NRC 1993b.

The relationship between acute toxicity and carcinogenic potency has been
the subject of several investigations. Parodi et al. (1982) found a significant
correlation (r = 0.49) between carcinogenic potency and acute toxicity. Zeise et
al. (1982, 1984, 1986) reported a high correlation between acute toxicity, as
measured by the LD50, and carcinogenic potency. Metzger et al. (1989) reported
somewhat lower correlations (r = 0.6) between the LD50 and TD50 for 264
carcinogens selected from the CPDB. McGregor (1992) calculated

RISK COMPARISONS 262

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

the correlation between the TD50 and LD50 for different classes of carcinogens
considered by IARC. The highest correlations were observed in IARC Group 1
carcinogens (i.e., known human carcinogens) with r = 0.72 for mice and r =
0.91 for rats, based on samples of size 9 and 8, respectively. Goodman and
Wilson (1992) calculated the correlation between the TD50 and LD50 for 217
chemicals that they classified as being either genotoxic or nongenotoxic. The
correlation coefficient for genotoxic chemicals was approximately r = 0.4
regardless of whether rats or mice were used, whereas the correlation
coefficient for nongenotoxic chemicals was approximately r = 0.7. Haseman
and Seilkop (1992) showed that chemicals with low MTDs (i.e., high toxicity)
were somewhat more likely to be rodent carcinogens that chemicals with high
MTDs, but this association was limited primarily to gavage studies.

Travis et al. (1990a,b, 1991) investigated the correlation between the TD50
and composite indices based on mutation, toxicity, reproductive anomalies, and
tumorigenicity data derived from the Registry of Toxic Effects of Chemical
Substances (RTECS) (Sweet, 1987). This analysis confirmed the previously
reported correlation of r = 0.4 between mutagenic potency in the Ames assay
and the TD50 estimated from rodent carcinogenicity studies (McCann et al.
1988, Piegorsch and Hoel 1988); the correlation of r = 0.7 between LD50 and
TD50 was also somewhat greater than that reported by Metzger et al. (1989).
Using all of the RTECS assays, the correlation of the composite potency index
with the TD50 was r = 0.80, 0.87, or 0.79, depending on whether data for rats,
mice, or the most sensitive species were used.

Hoel et al. (1988) explored the relationships between toxicity and
carcinogenicity for 99 chronic studies conducted in rodents. Only seven of the
53 carcinogenicity studies reporting positive results exhibited target organ
toxicity that could have been the cause of observed carcinogenic effects. Those
findings suggested that only a small number of chemical carcinogens that
induce tumors in rodents solely by indirect mechanisms may be limited.
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Tennant et al. (1991) examined 31 chemicals, of which 22 were classified
as rodent carcinogens. Regardless of their mutagenic potential, chronic toxicity
was not always sufficient to produce neoplasia. This suggests that effects other
than mutagenicity or toxicity may be responsible for the carcinogenicity of
some chemicals.

Gaylor and Gold (1995) used the correlation between the MTD and cancer
potency to obtain preliminary estimates of cancer risk based on the 90-day
MTD and not on 2-year bioassays in rodents. Using results from studies
conducted by the National Toxicology Program, estimates of the regulatory
virtually safe dose (VSD), corresponding to an estimated maximum lifetime
cancer risk of less than one per million, were obtained by linear low-dose
extrapolation for 139 rodent carcinogens. Based on these cases, the geometric
mean ratio of the MTD to the VSD was 740,000. Of the 139 cases examined,
only five ratios differed from the mean ratio by more than a factor of 10. Here,
the VSD is roughly a small fraction of the rodent test doses. A similar result can
be obtained using the acute toxicity measure the LD50, compared with a dose
corresponding to an estimated risk of less than one per million (Zeise et al.
1984). Hence, it may not be worthwhile to conduct a chronic bioassay when
levels of human exposure are so low as to suggest negligible risk (see the
section below on toxicologically insignificant exposures).

Interpretation of Carcinogenic Potency

Little information is currently available on the relative potencies of various
carcinogens and anticarcinogens in the human diet. Although reasonable
estimates may be determined for a few substances, such as aflatoxin, most of
the data are sparse. Although precise potency data for humans on each
substance of interest would be ideal, an absolute measure is not essential for
comparative purposes, and a relative measure could serve.
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Nondietary exposures may influence the degree of toxicity of dietary
carcinogens and anticarcinogens. For example, cigarette smoking induces aryl
hydrocarbon hydroxylase, one of the cytochrome P450 isozymes, which in turn
may affect the metabolism of substances in the diet.

As noted earlier in the section, most information on the potencies of
carcinogens in humans is inferred from animal experiments. In fact, the U.S.
EPA Guidelines for Carcinogen Risk Assessment (1986a) specify that if there
are adequate data demonstrating an agent's carcinogenicity in laboratory
animals, it should be regulated as a human carcinogen. However, the issue of
extrapolating the results of animal bioassays to humans for regulatory purposes
is controversial. The current animal bioassay was designed as a qualitative
screen for carcinogenicity; it was not designed to provide information on an
agent's biologic mechanisms of action or on its dose-response characteristics at
low doses. Most cancer bioassays use the MTD, which is generally much higher
than environmental exposure levels likely to be encountered by humans. The
MTD is used in cancer studies to increase the likelihood of detecting any
potential carcinogenic effects of a chemical in experiments involving small
numbers of laboratory animals. The problem with using such high doses is that
they may cause other effects that could influence the likelihood of tumor
formation; for example, high doses can lead to changes in food consumption,
recurrent cytotoxicity in specific organs, hormonal imbalance, or combinations
of these and other effects (NRC 1993b). Such effects have been associated with
both increases and decreases in tumor incidence in laboratory animals (Reitz et
al. 1980, 1990; Turnbull et al. 1985; Roe 1988). Thus, dose-response data from
high-dose studies can be of limited value for low-dose risk prediction (NRC
1993b). In addition, testing at high doses that result in lower body weights may
reduce the incidence of some types of tumors (Turturro et al. 1993).

When quantitative estimates of human cancer risk must be made on the
basis of animal data, an interspecies scaling factor may be
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employed. Gaylor and Chen (1986) have shown that estimates of cancer
potency in rats and mice are correlated, although potencies can differ by a factor
of 100-fold or more in some cases. Although quantitative interspecies
extrapolation has been done on the basis of body weight or surface area in the
past, Travis and White (1988) have suggested that an intermediate scaling based
on body weight to the 3/4 power may be more appropriate. Watanabe et al.
(1992) note that the available data do not permit one to distinguish between
surface area or 3/4 scaling and that different chemicals may warrant different
scaling procedures. Physiologic pharmacokinetic models offer a more
sophisticated approach to interspecies extrapolation through the use of predicted
tissue doses in the species of interest (NRC 1987). However, whenever human
risks are inferred from animal test data, considerable uncertainty may remain
about the magnitude of the risk.

ESTIMATING HUMAN CANCER RISKS

Risk-Estimation Methods

Estimates of human cancer risks are based primarily on findings from
human epidemiologic studies or results from laboratory tests involving
experimental animals. Epidemiologic studies have the advantage of providing
information on carcinogenic risks directly in humans. However, the results of
such studies may be subject to biases due to confounding factors or errors in
exposure and disease ascertainment. Nonetheless, these studies have been used
to identify 69 agents capable of causing cancer in humans. Of these, only a few
(including salted fish, alcoholic beverages, and aflatoxin B1) are present in the
U.S. diet. Epidemiologic studies may not be sufficiently sensitive to detect the
hazards to humans from exposures to low levels of carcinogens in the
environment. In contrast,
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toxicologic studies can achieve greater sensitivity through the use of high doses
and because they can be designed to control for potential sources of bias. These
gains are offset to a certain extent, however, when extrapolating from high to
low doses and from animals to humans. Nonetheless, about 600 chemicals have
been shown to demonstrate carcinogenic potential in animal cancer tests (Gold
et al. 1995).

Quantitative predictions of human cancer risk are generally obtained by
fitting a suitable dose-response model to either toxicologic or epidemiologic
data. Many epidemiologic studies provide little information on dose-response
relationships, making it difficult to estimate risks at exposure levels different
from those observed in the original study. When dose-response data are
available, a linear model is often sufficient to describe the observed dose-
response relationship.

Toxicologic experiments involving only two or three relatively high doses
also provide limited information on dose-response. Important questions have
been raised about the relevance to humans of results observed at the high doses
used in laboratory studies. Ames and Gold (1990a) argue that cancer risks may
be increased at high doses through the induction of mitogenic effects that would
not be expected to occur at low doses. After reviewing the use of the MTD in
animal cancer tests, a committee of the National Research Council (1993b)
concluded that results obtained at the MTD need to be interpreted with care,
although a majority of that committee saw no clear alternative at the time.

Attempts have been made to strengthen cancer risk-assessment methods
through the use of biologically based risk assessment models (Goddard and
Krewski 1995). Biologically based models are appealing because the model
parameters have a direct biological interpretation. Such models can also lead to
a greater understanding of cancer mechanisms when they fail to fit the data. In
such cases, different mechanistic assumptions must be made to obtain a
parsimonious description of the data.
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As noted previously, the linearized multistage procedure does not enable
one to account for tissue growth and cell kinetics. These features can be
incorporated into multistage modeling at the expense of achieving a somewhat
over-parametrized model. For this reason, simpler biologically based models,
such as the two-stage clonal expansion model described by Moolgavkar and
Luebeck (1990) are of value. This model is based on the assumption that two
mutations are required to transform a normal cell into a cancer cell; provision is
made both for natural growth of normal tissues, and for selective clonal
expansion of initiated cells that have sustained the first mutation. This model
has recently been used in a biologically based reanalysis of data on lung cancer
in Colorado uranium miners exposed to radon and cigarette smoke (Moolgavkar
et al. 1993). Other biologically based models incorporating data on metabolic
activation (Krewski et al. 1994) and receptor binding (Kohn and Portier 1993)
have been proposed in an attempt to build a comprehensive pharmacokinetic/
pharmacodynamic risk assessment model (Andersen et al. 1993).

A clear understanding of the process of carcinogenesis and considerable
data are required if the results of biologically based approaches are to be viewed
with confidence. Lacking that data necessary to develop biologically based
models, empirical approaches to cancer risk estimation are often invoked. If the
dose-response curve is assumed to be linear in the low-dose region, estimates of
human cancer risk at low doses can be obtained using the linearized multistage
model described by Crump (1984), or the model-free approach to linear low-
dose extrapolation discussed by Krewski et al. (1991). In practice, these two
methods yield similar results. Linear extrapolation from the TD50 also yields
similar predictions when estimating cancer risk at low doses (Krewski 1990).

Uncertainty Analysis

In the past, methods for quantitative cancer risk assessment
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focused on a single estimate of risk—either a best estimate or an upper-bound
estimate derived from the most likely model of carcinogenesis and for the
expected exposure conditions. However, such estimates are subject to
variability and uncertainty. For example, both food consumption patterns and
concentrations of carcinogenic substances present in the diet can vary widely,
leading to appreciable variation in individual intake of dietary chemicals.
Uncertainty about the mechanisms of carcinogenic action and the relative
sensitivity of animals and humans leads to uncertainty about the risk associated
with a given level of exposure.

Recently, attempts have been made to evaluate both variability and
uncertainty in cancer risk assessment. Pesticides in the Diets of Infants and
Children (NRC 1993a) proposed methods to describe the variation in food-
consumption levels and in pesticide residues found in foods. This analysis was
accomplished by combining consumption and residue distributions to arrive at a
single intake distribution of pesticide residue in the diet, reflecting both sources
of variation.

Using existing databases, Gaylor et al. (1993) examined the uncertainties
in cancer potency estimates resulting from experiment, strain, and species
variability. They concluded that estimates of potency for human carcinogens,
based upon animal data, are likely to be within a factor of 110 for most cases.
Cancer rates in humans are commonly estimated by basing cancer risk estimates
on the most sensitive rodent species, strain, and sex, and using an interspecies
dose scaling factor based on body surface area. However, this practice appears
to overestimate cancer rates in humans by about an order of magnitude (Gaylor
et al. 1993). Hence, for chemicals where the dose-response relationship is
nearly linear at doses below the experimental range, cancer risk estimates based
on animal data are not necessarily conservative. Sources of underestimation not
fully addressed by these comparisons include saturable pharmacokinetics (as
seen, for example, with vinyl chloride and tetrachloroethylene (Bois et al.
1994)); less-than-lifetime animal bioassay (e.g., diethylnitrosamine (Peto et al.
1984b); human occupational
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data (e.g., benzidine (IARC 1982)); and human heterogeneity (e.g., 4-
aminobiphenyl (Bois et al. 1995)). For a more complete discussion of
underestimation, see Portier and Kaplan (1989), Finkel (1995), and Zeise (1989).

Portier and Kaplan (1989) analyzed the uncertainty surrounding the values
of model parameters and its impact on model-based predictions of metabolites
reaching target tissues. This analysis was conducted on model parameters in
physiologically based pharmacokinetic models for methylene chloride. They
demonstrated that uncertainty surrounding the values of the model parameters
implied considerable uncertainty in tissue doses of the proximate carcinogen.
Similar analyses have been conducted by Farrar et al. (1989), Bois et al. (1990),
and Hetrick et al. (1991). Methods for uncertainty analysis are described in a
recent text by Morgan and Henrion (1990).

Krewski et al. (1995) proposed a general methodology for analyzing
uncertainty, variability, and sensitivity in physiologically based
pharmacokinetic models. This approach takes into account a number of natural
constraints on the model parameters, such as the upper limit on the sum of
tissue volumes imposed by total body volume. Using this approach, it is
possible to evaluate the uncertainty in model-based predictions of tissue dose
attributable to the uncertainty associated with individual model parameters, as
well as the total uncertainty conferred by all model parameters. The impact of
interindividual variability in model parameters is assessed, including
physiological parameters that are related to body weight, which varies
considerably among individuals. Methods are also proposed for identifying
sensitive parameters that play a critical role in model-based predictions
concerning metabolites. These analyses may guide efforts to improve the
reliability of estimates derived for the most critical model parameters.

Finkel (1995) analyzed the uncertainties associated with the cancer risks of
aflatoxin and alar (a synthetic organic growth regulator formerly used on
apples). Although single estimates of risk suggested
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aflatoxin to be 18 times more potent than Alar, the risks of these two substances
could not be distinguished when all of the relevant uncertainties were taken into
account.

Mechanistic Considerations

Methods currently used to calculate cancer potencies generally do not
incorporate mechanistic considerations. The methods are based on the
assumption that if a chemical increases tumor rates at high doses in animal
bioassays, it may increase cancer risk among human populations exposed to
lower levels found in the environment or the diet. This is an important
consideration because chemicals that increase tumor rates at high doses by
increasing cell proliferation as a result of tissue damage may not be
carcinogenic at low doses. Some chemicals in the diet that test positive in
cancer bioassays using high doses may not necessarily be carcinogenic at doses
likely to be encountered by humans in the environment. Therefore, studies of
the carcinogenicity of some chemicals at high doses are of limited value in
assessing the dose-response relationships occurring at low exposure levels that
are likely to be encountered in the human diet (Cohen and Ellwein 1990, Cohen
et al. 1991).

In addition, some chemicals induce cancer in rodents by mechanisms that
are likely not to be operative in humans (Cohen and Ellwein 1990, Boorman et
al. 1994). An example is the induction of urinary bladder cancer in male rats as
a consequence of microcrystal formation after ingestion of high doses of
sodium salts. Although these chemicals demonstrate carcinogenic activity in
rats, they may pose little or no carcinogenic risk to humans.

The International Agency for Research on Cancer (IARC 1992) has
provided guidelines on the use of mechanistic information in carcinogenic risk
assessment. These guidelines allow for the possibility that certain animal
carcinogens are unlikely to be human
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carcinogens, and are hence considered unclassifiable (Group 3) with respect to
human carcinogenicity. The guidelines also allow for the classification of an
agent as a human carcinogen (Group I) in the absence of positive epidemiologic
evidence. Such classification could occur in the presence of strong animal
evidence for carcinogenicity and molecular evidence that the agent is likely to
be effective in humans.

Toxicologically Insignificant Exposure Levels

The concept of toxicologically insignificant exposures (TIE) in the
regulation of certain chemical substances found in food is currently receiving
considerable attention (Rulis 1986, 1989, 1992; FDA 1993), particularly
indirect food additives that migrate into food from packaging materials. Under
the assumption that a new chemical in a particular class is no more toxic than
the most toxic chemicals previously in that class, an upper bound on the
potency of the new substance can be inferred. In turn, this upper bound on
potency can be used to establish a toxicologically insignificant exposure for that
chemical, below which only trivial risks are assumed to arise. This concept is
discussed in more detail by Munro (1990).

The concept of toxicological insignificance has advantages and
disadvantages in safety assessment. Because inferences on the potential toxicity
of the substance in question are made in relation to the toxicity of other
chemicals, the need to perform extensive toxicity studies is eliminated.
However, the assumption that a new chemical is as potent as the more potent
substances in the selected reference class of chemicals may impart a high
degree of conservatism in evaluating its safety, especially when this assumption
is applied to all new chemicals. In addition, the possibility that the new
chemical of interest may be more potent than any in the reference class cannot
be ruled out.

After analyzing approximately 220 chronic toxicity studies collected
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from the literature, Frawley (1967) proposed a toxicologically insignificant
level of exposure of 0.1 ppm for food additives and other ingredients of the
human diet. Since then, several hundred chemicals have been tested for
tumorigenicity in rodents. With the increasing emphasis on tumorigenicity as an
endpoint in chemical regulation, and the recognition that tumorigens are more
stringently regulated than other chemicals, additional studies have examined the
possibility of establishing a TIE level for potentially tumorigenic indirect
additives. One such attempt is that of Rulis (1992), who proposed a threshold of
regulation for indirect additives (packaging materials) of 500 ppt, based on his
analysis of the Carcinogenic Potency Database described earlier. However,
contamination by some agents with moderately high carcinogenic activity could
be a concern at this level.

Risks of Joint Exposures and Mixtures

Risk assessment methods for joint exposures and mixtures have been
examined in detail by the National Research Council (1988) and the
International Agency for Research on Cancer (Vainio et al. 1990). The effects
of a specific dietary constitutent may be influenced by the concentrations of
other carcinogens or anticarcinogens in the diet. This fact complicates the task
of estimating cancer risk for a complex mixture such as food. That is,
substances may not act independently, and dietary constituents may interact.
Examples of such interaction are provided by the recent studies by the National
Toxicology Program (NTP 1995) designed to evaluate the effect of diet
restriction on chemical-induced carcinogenicity. Chronic exposure studies
conducted by the NTP usually involve administration of the test chemical to
rodents maintained on the basal diet ad libitum for a period of about two years.
Animals maintained under these conditions typically develop obesity; in
contrast, diet restriction results in leaner animals that live longer.
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In the series of studies conducted by the NTP, groups of 50-60 rats and
mice per dosage group were fed diet either ad libitum or in amounts that
restricted mean body weights to approximately 85% of the ad libitum
bodyweight. After adjusting for intercurrent mortality, the effect of butyl benzyl
phthalate on the incidence of pancreatic tumors was substantially higher in
animals allowed to feed ad libitum and killed after 2 years, as compared with
those on restricted feed. Specifically, pancreatic tumors were not observed in
animals exposed to the compound but on restricted feed and killed after 2 years,
and were only observed in exposed animals on restricted feed and killed at 30
months. Salicylazosulfapyridine caused an increased incidence of liver
neoplasms in male mice fed ad libitum relative to the ad libitum-fed and weight-
matched controls. This increase did not occur in the restricted feed protocols; in
fact, decreases in combined hepatocellular carcinomas and adenomas were
observed in salicylazosulfapyridine-exposed animals on restricted feed and
sacrificed after 2 years, and decreases in hepatocellular carcinomas in those
sacrificed after 3 years.

A further example is the interaction of aflatoxin and hepatitis B in the
induction of liver cancer, as observed in epidemiologic investigations of
humans exposed to both agents. Liver cancer incidence rises more rapidly for
those individuals exposed to aflatoxin and testing positive for the hepatitis B
virus than for those exposed to aflatoxin but testing negative for hepatitis.
Cancer potency estimates differ by approximately a factor of 10 for the two
groups (Wu-Williams et al. 1992). These findings are consistent with results
from molecular studies (Bressae et al. 1991, Hsu et al. 1991).

Vainio et al. (1990) note that interactions among chemicals may occur
during absorption, distribution, metabolism, and excretion. Compounds may
interact chemically to create new toxic components or to change the
bioavailability of mixture components. The matrix in which mixture
components exist, such as soil, also may alter the carcinogenicity of a mixture.
Evidence from animal and human studies indicates that interactive effects may
cause deviations
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from simple additivity of risks, although these deviations are usually much less
than one order of magnitude. Vainio et al. (1990) conclude that the most
relevant quantitative data for making risk estimates for complex mixtures comes
from epidemiologic studies of populations exposed to the complete mixture, not
from studies of individual components.

Similarly, the EPA Guidelines for the Health Risk Assessment of Chemical
Mixtures (1986b) state that the carcinogenic effects of a mixture can best be
examined by testing the mixture. In the absence of such information, test results
from a similar mixture may be adequate. Estimates of carcinogenic potencies
for mixtures are not usually available, whereas estimates of potencies for the
primary components of a mixture may be obtained in a number of cases. Thus,
the EPA guidelines further state that if estimates of the effects of interactions
among the components are available, the cancer risk for the mixture can be
predicted. If it can be assumed that such interactions are negligible, the cancer
risk for the mixture is generally estimated from the sum of the risks of the
individual components. This practice does not imply that response additivity
should be considered a universal phenomenon that occurs without exception,
but that it should be a default position in the absence of evidence to the contrary
(Krewiski and Thomas 1992). Where a series of related chemicals causes cancer
by the same mechanism, and the relative potency of such chemicals is known,
estimates of cancer risk associated with a mixture of such chemicals may be
based on the sum of the effective doses of each component.

The presence of a chemical in a mixture may increase or decrease the
carcinogenic potency of other components through the induction of
detoxification enzymes or DNA repair, competition for receptors, or saturation
of metabolic pathways. Experimental studies involving simultaneous exposure
to high doses of two carcinogens have demonstrated both synergistic and
antagonistic effects with respect to cancer risk. Interaction among components
at low doses, on the other hand, may be minimal, due in part to the lack
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of competition for reactive agents. However, it is possible that two innocuous
chemicals can combine to form a toxic compound, even at low doses.

Increased cell proliferation provides an increased opportunity for genetic
events that lead to cancer. The concentration of an individual component of a
mixture may not be adequate to cause mitogenesis by itself. However, the
cumulative concentration of several components that increase mitogenesis by
the same process may result in an increase in cell division. Hence, the cancer
risk for a mixture could exceed the sum of the cancer risks of its components.

The occurrence of spontaneous tumors indicates that there are sufficient
background levels of exogenous carcinogens, endogenous factors, and
spontaneous tumorigenic events to produce tumors. The addition of a chemical
that augments the background carcinogenic process will increase cancer risk to
an extent that is proportional (linearly related) to the chemical dose at low
doses. In this case, the use of a response-additive model is inappropriate, and a
dose-additive model should be used (NRC 1989b). Krewski et al. (1995)
reviewed this issue of additivity to background doses and low-dose linearity of
risk. As the number of carcinogenic components increases in a mixture, the
chance of augmenting a carcinogenic process increases; this process, in turn,
increases the probability that the relationship between cancer risk and dose of
the mixture is linear at low doses. Where the dose-response relationship is
nearly linear at low doses, a response-additive and a dose-additive approach
will give essentially the same result (NRC 1989b).

Apart from any chemical or biological interactions, the cancer risk from
two chemicals acting on the same stage of a multistage process is the sum of the
risks of the individual chemicals (Gibb and Chen 1986). Continuous, lifetime
exposure of two chemicals acting on different stages of a multistage process
results in multiplicative relative risks (Gibb and Chen 1986). For less than
lifetime exposure, Brown and Chu (1989) show that the effect of two chemicals
acting on the first and penultimate stages of a multistage process
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depends upon the age of the exposed animal and duration of the exposure.
Nearly additive relative risks result when the two exposure periods occur
simultaneously and are of short duration, while multiplicative relative risks
result from lifetime exposure.

Kodell et al. (1991) describe the nature of interactions possible under the
commonly used (approximate) form of the Moolgavkar-Venzon-Knudson two-
stage clonal expansion model of carcinogenesis. In this analysis, interaction
among initiators (agents that increase the first-stage mutation rate), promoters
(agents that increase the rate of proliferation of initiated cells that have
sustained the first mutation), and completers (agents that increase the second-
stage mutation rate) was evaluated in terms of age-specific relative risk. It was
found that joint exposure to two initiators or to two completers resulted in
additivity of the age-specific relative risks, whereas joint exposure to an
initiator and a completer or to an initiator and a promoter led to a multiplicative
relative risk relationship. Supramultiplicative relative risk can occur with
simultaneous exposure to two promoters. These results assume that there are no
chemical or biological interactions between the two agents involved.

Kodell and Gaylor (1989) discuss the difficulties of distinguishing between
additive and multiplicative relative risks for carcinogens. For the small, relative
risks that would be expected at low doses, estimates of cancer risk for a mixture
are approximately additive (NRC 1988). This is readily seen by a simple
example. Suppose the relative risks for three components of a mixture are 1.01,
1.02, and 1.03. Using a multiplicative relative risk model, the relative risk for
the mixture is 1.01 × 1.02 × 1.03 = 1.061. The additional risk of 0.061 is
approximately the sum of the additional risk from each component 0.01 + 0.02
+ 0.03 = 0.060. For most low-dose situations, there is no need to distinguish
between additive and multiplicative risks. Thus, at low doses, the risk for a
mixture generally can be approximated by the sum of the risks of the
components.
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For chemicals that can be grouped according to structural properties, such
as polycyclic aromatic hydrocarbons, dibenzo-p-dioxins, and dibenzofurans, the
combined carcinogenicity of a mixture can be estimated on the basis of a
potency-equivalence approach based on a representative chemical of the class
(NRC 1989b).

The combined effect of eating fruits and vegetables results in a reduction
in some types of cancer. Both carcinogens and anticarcinogens may occur in a
single food (e.g., citrus fruits contain vitamin C, which has anticarcinogenic
properties, but also quercetin, a mutagen and possible carcinogen), and certainly
both types of substances can be consumed in a single meal (NRC 1989b).
Accordingly, individuals are exposed not only to mixtures of carcinogens, but
also to mixtures of carcinogens and anticarcinogens. The net effect of such
complex exposures is difficult to predict and is best determined empirically.
Thus, although fruits and vegetables contain substances that may be
carcinogenic in humans (Stolz et al. 1984), they also contain protective
substances, and epidemiologic data strongly suggest that the risk of cancer is
significantly reduced among individuals who consume higher amounts of these
foods (Steinmetz and Potter 1991). It is not known whether the net beneficial
effect of these foods results from interactions between the carcinogens and the
anticarcinogens, or whether the combined beneficial effect simply exceeds the
carcinogenic effect. However, from a public health perspective, people are
encouraged to consume these foods because of the anticarcinogenic effects,
which outweigh any carcinogenic risks posed by naturally occurring constituents.

DIETARY CANCER RISKS

Overall Impact of Diet on Cancer

The NRC Committee on Diet and Health (NRC 1989a) systematically
examined the evidence relating dietary components to the
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occurrence of cancer. That committee found suggestive evidence linking
specific cancers to the diet (e.g., alcoholic beverage intake and increases in
esophageal and colorectal cancers), but the committee did not estimate the
overall effect of diet on cancer mortality and incidence rates. Doll and Peto
(1981) gave as a best estimate that 35% of all cancer mortality reported in the
U.S. is related to diet, with an uncertainty range of 10-70%. Doll (1992)
recently asserted that ''the estimate that the risk of fatal cancer might be
reducible by dietary modification by 35 percent remains a reasonable estimate."
In discussing these and other estimates, the Committee on Diet and Health
noted that "because few relationships between specific dietary components and
cancer risk are well-established, it is not possible to quantify the contribution of
diet to individual cancers (and thus to total cancer rates) more precisely."
Similarly, the earlier NRC Committee on Diet, Nutrition, and Cancer (1982)
found that cancers of most major sites are influenced by dietary patterns, but
concluded that "the data are not sufficient to quantitate the contribution of diet
to the overall cancer risk or to determine the percent reduction in risk that might
be achieved by dietary modification."

After reviewing all the evidence available to date, Ames et al. (1995)
conclude that 1) reduction of smoking, 2) avoidance of intense sun exposure
and high levels of alcohol consumption, 3) control of infections, and 4)
increased consumption of fruits and vegetables, as well as increases in physical
activity are likely to reduce the risks of specific cancers. The authors also
suggest that reduced consumption of red meat may decrease the incidence of
colon and prostate cancer and that modification of sex hormone levels might
have some effect on breast cancer incidence.

Impact of Dietary Constituents on Human Cancer

Although only a few individual carcinogens in the diet have been
identified through epidemiologic studies (e.g., aflatoxin and arsenic),
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these studies have identified dietary components as either contributing to or
reducing cancer risk. Carcinogenic and anticarcinogenic dietary components
strongly supported by epidemiologic studies at the time of the NRC
Committee's report on Diet and Health in 1989, are shown in Table 5-6.

Many commonly consumed foods also contain chemical substances that
have both carcinogenic and anticarcinogenic potential. Cooked beef steak
contains a number of derived pyrolysis products such as benz(a)anthracene that
have been shown to be carcinogenic in animals (cf. IARC 3:45, 32:135).
Heterocyclic amines formed during cooking of beef steak, such as 2-amino-3-
methylimidazo[4,5-f]quinoline (IQ), are also in low concentrations ranging up
to 20 ng/g (IARC 40:261, 56:165). Beef steak may also contain traces of
naturally occurring carcinogens acquired from the environment, including
arsenic and ochratoxin A, a mycotoxin resulting from feed contamination
(IARC 10:191, 31:191, 42:262, 56:489). Synthetic carcinogens such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin and other chlorinated polycylic hydrocarbons may
also be present in beef steak as a consequence of contamination of packaging
materials (IARC 15:41). In addition to trace levels of these carcinogenic
substances, beef steak contains anticarcinogenic substances such as conjugated
linoleic acid and selenium.

Many other foods contain carcinogenic and anticarcinogenic constituents.
For example, broccoli may contain trace levels of arsenic, a widely distributed
natural contaminant. Broccoli also contains chlorogenic and neochlorogenic
acids; both are metabolized to caffeic acid, which is found in broccoli at
concentrations up to 10 mg/kg. Anticarcinogenic substances found in broccoli
include ascorbic acid, indole and other isothiocyanates, and sulforaphane.

Assessing dietary cancer risks requires consideration of both these types of
agents, carcinogenic and anticarcinogenic. Ames et al. (1993b) have suggested
that antioxidants such as ascorbate, tocopherol, and carotenoids found in fruits
and vegetables may reduce
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Table 5-6 NRC Committee on Diet and Healtha: Findings on Diet and Cancer
Cancer-Causing Dietary Components Tumor Sites
Alcoholic beveragesb Oral cavity, pharynx, esophagus, larynx,

colon and rectum, (possibly) liver,
(maybe) breast

High salt intake and frequent
consumption of salt-cured and salt-
preserved foods

Stomach

Aflatoxinc Liver
Obesity Endometrium, (maybe) post menopausal

breast
Dietary fatd Possibly breast, prostate, and colorectalc
Cancer-Preventing Dietary Components Tumor Sites
Fresh fruits Stomach, lung
Vegetables Stomach, colorectal
High intake of green and yellow
vegetables (possibly due to -carotene
and other carotenoids)

Colorectal, lung

a NRC 1989b.
b The committee associated heavy, sustained intake with cancers of the oral cavity, pharynx,
larynx, and esophagus (especially in combination with cigarette smoking). The committee noted
that there was some epidemiologic evidence that alcohol consumption is associated with
primary liver cancer and moderate beer drinking with colorectal cancer, and found the
association between alcohol consumption and breast cancer less clear.
c The committee noted that there was no evidence that aflatoxin, as an individual substance,
makes a major contribution to cancer in the United States.
d The committee found the evidence between high fat intake and cancers of the breast, prostate,
and colon suggestive, but not definitive.
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cancer risk. Calorie restriction may also be effective in reducing cancer
risk (Pariza and Boutwell 1987, Youngman et al. 1992).

Role of Calories and Fat

Excess Calories

Although animal models have shown effects of caloric intake on tumor
incidence, especially a protective effect of reduced energy intake (Pariza and
Boutwell 1987), in human beings the relationship of caloric intake to cancer
risk has not yet been clarified. Because caloric intake and the intake of
macronutrients (especially fat) are highly correlated in individuals, an effect of
calories needs to be distinguished from one of fat or other macronutrients.
Unfortunately, many early epidemiologic studies of diet and cancer did not
assess total caloric intake, and others did not adjust for calories when examining
the effects of fat or other macronutrients (NRC 1989a). Moreover, recent
studies that examined total energy intake have not been consistent in their
findings. For example, studies have shown both positive associations (West et
al. 1989) and no association (Goldbohm et al. 1994) for total energy intake and
colon cancer. Others have found independent effects of fat (or other
macronutrients) on cancer risk after adjusting for caloric intake (Van't Veer et
al. 1990, Willett et al. 1990, Giovannucci et al. 1993).

Epidemiologic evidence suggests that energy expenditure is also related to
cancer risk, particularly inverse associations between physical activity and
cancers of the colon, breast, and prostate (Peters et al. 1989, Whittemore et al.
1990, Lee et al. 1991, Lee et al. 1992, Friedenreich and Rohan 1995). The
association of both caloric intake and physical activity with cancer of the colon
suggests that net energy balance may be an important determinant of risk for
some cancers. Moreover, positive associations have been found between obesity
and the risk of cancer of the endometrium, colon,
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and breast (Henderson et al. 1983, Hunter and Willett 1993, Potter et al. 1993).
Although the determinants of obesity are not fully understood (Berry et al.
1987), this association offers additional support to the hypothesis that net
energy balance is related to cancer risk. In general, epidemiologic studies
suggest that high caloric intake, low levels of physical activity, and obesity
cause a moderate (i.e., 2- or 3-fold) increase in cancer risk.

Estimates of per capita caloric intake in the U.S. show relatively little
change over the period 1909-1985, because increases in fat intake were largely
offset by decreases in carbohydrate levels, while protein intake remained
relatively constant (NRC 1989a). Data from food consumption surveys in recent
years show variation in energy intake between sexes and among age groups. For
example, in the 1977-1978 Nationwide Food Consumption Survey (see earlier
section of this chapter on Sources of Information), men 75 years and older
averaged 1,866 kcal per day, whereas women in the same age group consumed
1,417 kcal per day. Men in the age group 15-18 years of age, in contrast,
consumed an average of 2,568 kcal per day.

Fat

Many epidemiologic studies have found a positive association between
dietary fat intake and cancer at certain sites, such as the colon, prostate, and
breast (NRC 1989a). Ecological studies, for example, have shown a positive
relationship between per capita fat intake level by country and corresponding
incidence or mortality rates for several cancers. In some instances, the
associations were stronger for animal fat than for vegetable fat consumption
(Rose et al. 1986, Prentice and Shephard 1990).

The findings from these ecological analyses have not been confirmed in
analytical epidemiologic studies based on data collected directly from
individuals. Thus, whereas a combined analysis of 12
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case-control studies found a weak positive association between fat intake and
breast cancer risk (Howe et al. 1990), 6 large cohort studies found no significant
elevation in the risk of breast cancer among women with the highest levels of
fat intake (Hunter and Willett 1993). Epidemiologic data on diet and prostate
cancer are less abundant but suggest overall a positive association between
dietary fat, especially animal or saturated fat, and risk of this cancer (Nomura
and Kolonel 1991). Colon cancer has also been associated with saturated or
animal fat, in both case-control and cohort studies (Whittemore et al. 1990,
Willett et al. 1990). Cancers at other sites, such as the ovary and lung
(Goodman et al. 1988, Risch et al. 1994), have also been associated with dietary
fat, but the evidence at present is very limited.

In some populations, fat intake is highly correlated with the consumption
of meat, a major source of saturated fats in the diet. Furthermore, some recent
studies found strong positive associations between the intake of meat, especially
red meat, and the risk of cancers of the prostate and colon (Giovannucci et al.
1993, Le Marchand et al. 1994). Meat may contain carcinogens other than fat,
because cooking such foods at high temperatures (as in broiling or frying) can
generate potentially carcinogenic polycyclic hydrocarbons and heterocyclic
amines (Sugimura 1985). Thus, a causal relationship between dietary fat and
cancer in humans has not yet been conclusively established.

Animal studies also show a relationship of dietary fat to cancer, although
the only fatty acid that has been shown unequivocally to enhance
carcinogenesis in animal models is linoleic acid (see Chapter 2). Although
dietary fat and calories appear to interact in modifying cancer risk in animals
(Welsch et al. 1990, see Chapter 2), an independent effect of fat has also been
demonstrated (Birt et al. 1993).

Per capita intake of fat in the U.S. appears to have increased throughout
the period 1909-1913 to 1985. During this time, estimated saturated fat intake
rose from about 50 g/day to 65 g/day.
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As a percent of total calories, fat has remained relatively constant
(approximately 40%) during the past twenty years (NRC 1989a). However, the
data for these apparent trends are difficult to interpret, because survey methods
have varied over time.

Risk Estimates Derived from Epidemiologic Studies

In only a few cases can dietary risks be estimated from human data. The
example of aflatoxin shows the difficulties in risk estimation, even for a well-
studied case with human data. Several investigators have estimated the cancer
risk associated with aflatoxin B1 exposure of individuals living in southern
China. The range of estimates varies considerably, depending upon whether
additive or multiplicative models were chosen and whether the exposed
individuals also tested positive for the hepatitis B virus. Using a relative risk
model, Hoseyni (1992) calculated a lifetime risk for liver cancer of 2.5 per
million per ng/kg body weight/day for aflatoxin B1 in hepatitis-negative
individuals and 62 per million per ng/kg body weight/day in hepatitis-positive
individuals. Wu-Williams et al. (1992) calculated a lifetime risk of primary
hepatocellular carcinoma for males of 5.6 per million per ng/kg body weight/
day using a multiplicative relative risk model, and 46 per million per ng/kg
body weight/day using an interactive risk model. Risk levels were at least an
order of magnitude higher for hepatitis B-positive individuals. Bowers et al.
(1993) estimated a lifetime cancer risk of 9 per million per ng/kg body weight/
day and 230 per million per ng/kg body weight/day for hepatitis B-negative and
-positive individuals, respectively. Aflatoxin B1 exposure levels are generally
on the order of a few ng/kg body weight/day. Thus, primary hepatocellular
carcinoma risks from aflatoxin appear to be on the order of one per 10,000,
which would account for a fraction of the liver cancer in the U.S. However,
those infected with hepatitis B (which,

RISK COMPARISONS 285

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

for example, is endemic to the Asian immigrant community) could face liver
cancer risks on the order of 10-3 to 10-2.

Data from rats, the species most sensitive to aflatoxin, shows carcinoma
potency estimates from aflatoxin is considerably greater than that derived from
epidemiologic data (i.e., cancer potency estimates of 5,000 to 20,000 (mg/kg-
day)-1 for the rat versus 5 to 50 (mg/kg-day) -1 for the hepatitis B negative
humans).

Risk Estimates Derived from Toxicological Studies

Cancer risk estimates can also be derived from toxicological studies,
although such estimates are uncertain due to the need to extrapolate from high
to low doses, and from animals to humans. An example of risk estimation
relying on toxicological information for the cancer potency estimate is given
here for illustrative purposes. Gaylor and Kadlubar (1991) investigated the
cancer risk to humans exposed to (polycyclic) heterocyclic amines formed
during the cooking of food. Cancer potency estimates were derived from rodent
data. With one exception, the animal bioassays consisted of only one dose level
and controls. Hence, the potency estimates were based on the one-hit model.
Cancer potency estimates for several of the heterocyclic amines were as high as
one in a 100,000 per ppb in the total diet. Data on exposures in the human diet
were sketchy, with ranges from 0.02 to 83 ppb in the total diet. Based on these
data, it was estimated that the upper limit on cancer risk in the total average diet
due to heterocyclic amines formed during cooking is on the order of one per
10,000.

Recently, Layton et al. (1995) examined the cancer risk of heterocyclic
amines in cooked foods, establishing concentrations of heterocyclic amines
from published literature. Average consumption of foods containing
heterocyclic amines were obtained from 3-day dietary records of a random
survey of 3563 individuals conducted
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by the USDA in 1989. Cancer potencies were taken from Bogen (1994), which
accounted for the induction of tumors at multiple tissue sites. An upper bound
estimate at the incremental cancer risk of heterocyclic amines produced by
cooking is 1.1 × 10-4, using cancer potencies based on body surface area. Nearly
half of the risk was due to the ingestion of 2-amino-1-methyl-6-phenylimidazo
[4,5-6] pyridine (PhIP). Consumption of beef and fish products accounted for
about 80% of the total risk. The authors calculated that the ingestion of these
dietary heterocyclic amines might account for at most a small fraction (0.25%)
of colorectal cancers in the United States.

Apportionment of Dietary Cancer Risk

Lutz and Schlatter (1992) recently estimated cancer risks to humans from
known animal and human carcinogens present in the diet. Human exposure
estimates were based on average daily intake estimates for dietary carcinogens
in Switzerland. The total cancer risk was compared with the number of cancer
cases attributed by epidemiologists to dietary factors, about 80,000 cases per 1
million people. The investigators state that, "Except for alcohol, the known
dietary carcinogens could not account for more than a few hundred cancer
cases." This estimate is only a small fraction of the risk estimate provided by
Doll (less than 0.01%). In deriving these estimates, Lutz and Schlatter did not
consider potential interactions among the known human carcinogens, the
unspecified (and unknown) carcinogens, and dietary macronutrients, nor did
they consider the multifactorial nature of cancer causation in humans.
Consideration of these factors could result in substantially greater risk estimates
than those provided.

Because their estimate proved to be negligible, Lutz and Schlatter (1992)
searched for other possible contributors to risk and concluded that the vast
majority of dietary cancers may be due to overnutrition.
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As already discussed, epidemiologic studies have demonstrated an
association between excess calories and the occurrence of breast, colon, and
prostate cancer. Furthermore, studies in animals have shown that dietary
restriction results in significant reductions in spontaneous and induced cancer
incidence, as well as increases in tumor incidence in animals fed ad libitum
when compared to dietary-restricted control animals. These studies suggest that
the increased tumor incidence may be attributed to the excess food intake.

To test this assumption, Lutz and Schlatter determined that the average
calorie intake in Switzerland between 1985 and 1987 for the age group 20-39
was 2315 kcal/person/day (excluding alcohol). Basal requirements for this age
group are 1963 kcal/person/day. Thus, the investigators concluded that the
average Swiss adult is overnourished by about 5.5 kcal/kg/day, or 1.9 g food/kg
body weight/day. Using a TD50 of 16g/kg/d for excess feed in rats, the authors
estimate that 60,000 cancer cases in a population of one million could be
attributed to excess food intake in Switzerland, noting that "this value is
provocatively close to the number of cancer cases not explained by the human
dietary chemical carcinogens."

Scheuplein (1990) examined the contribution of various food categories to
overall human cancer risk. His estimates of daily intakes of selected food
categories are shown in Table 5-7. The intake of a food category that is
calculated to be carcinogenic is also shown. This intake was calculated by
multiplying the food intake by the proportion estimated to be carcinogenic,
yielding "unverified estimates that seem reasonable." Assuming equal potencies
(i.e., equal risk per mg of carcinogen) across food categories, the naturally
occurring carcinogens account for 99.8% of human dietary cancer. Assuming
that the potencies of traditional food, spices and flavors, charred protein, and
mycotoxins are 0.01, 0.1, 100, and 1000 times the potencies of synthetic
chemicals, respectively,
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Scheuplein estimated that naturally occurring carcinogens account for
approximately 91% of the cancers attributable to the human diet.
Table 5-7 Daily Intakes of Dietary Carcinogens in Selected Food Categoriesa
Food Category Daily Intake Assumed

Proportion
Carcinogenic

Predicted Intake of
Carcinogenic
Substances (mg)

Traditional foods 1,000 g 0.001 1,000
Spices and flavors 1 g 0.01 10
Indirects 20 mg 0.1 2
Pesticides and
contaminants

200 g 0.5 0.1

Animal drugs 1 mg 0.1 0.1
Charred protein 1 g 0.0001 0.1
Mycotoxins 10 g 0.1 0.001
a Adapted from Scheuplein (1990).

Scheuplein's attempt to quantitate the contribution of dietary risk factors to
human cancers demonstrates the gaps in our present knowledge. There is a need
to systematically investigate the role of dietary modulation of malignant
neoplasia. Using available data, plausible assumptions, and mathematics, he
effectively challenges the scientific community to prove or disprove his
hypotheses. Although the Surgeon General's Report on Nutrition and Health
(1988) concludes that many food factors are involved, it cites in particular the
''disproportionate consumption of food high in fats, often at the expense of food
high in complex carbohydrates and fiber—such as vegetables, fruits, and whole
grain products that may be more conducive to health."
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Risks of Naturally Occurring Versus Synthetic Carcinogens
in the Diet

Potency of Naturally Occurring and Synthetic Carcinogens

Distribution of Potency

Only a small fraction of chemicals, natural or synthetic, has been
adequately tested for carcinogenicity. Over 13 million chemicals have been
assigned CAS numbers by the Chemical Abstracts Service. Testing has been
undertaken for less than 0.01% of those, a number of these because of
suspicions regarding their potential carcinogenicity.

Both naturally occurring and synthetic agents currently found in the U.S.
diet have been identified as carcinogens by the International Agency for
Research on Cancer (IARC) or the National Toxicology Program (NTP).
Appendix B lists all agents identified by IARC as group 1, 2A, or 2B
carcinogens or by the NTP as known or reasonably anticipated to be
carcinogens. This list of carcinogens is divided into four tables: agents that may
be encountered in U.S. diets (Table B-1), agents formerly encountered in U.S.
diets but no longer (Table B-2) agents rarely or accidentally encountered in U.S.
diets (Table B-3), and agents unlikely to be present in U.S. diets (Table B-4).
When available, TD01 values are provided for these agents. The committee also
attempted to determine whether an agent listed in the appendix should be
considered as synthetic or naturally occurring as defined in Chapter 1. Naturally
occurring agents are further subclassified as constitutive, derived, acquired, or
added. The subclassification of naturally occurring agents was sometimes
arbitrary, with some agents belonging in more than one category.

Table 5-8 compares the geometric means of the TD01 values for various
synthetic versus naturally occurring carcinogens found in
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U.S. diets. As depicted in Figure 5-4, TD01 values for the constitutive agents are
higher than the TD01 values for the nonconstitutive agents, indicating that the
constitutive agents are less carcinogenic. This may be an artifact of selection
bias, however, since few constitutive agents have been identified and TD01
values are available on even fewer of these. In addition, because of the
uncertainty in the TD 01 estimates, the differences are not considered to be of
practical significance. As shown in Figure 5-4, a comparison of TD01 values for
synthetic versus naturally occurring agents indicates that the latter appear to be
somewhat more potent, with lower TD01 values. Because the selection of the
agents for testing is not random, and the number of naturally occurring and
synthetic dietary agents tested is relatively small, the extent to which these
results can be generalized is not known.
Table 5-8 Comparison of TD01 Values for Selected Synthetic and Naturally
Occurring Carcinogensa in the Diet
Occurrence in the
Diet

Number of
Agents

TD01 Geometric
Mean (mg/kg/day)

Geometric
Standard
Deviation

Naturally occurring 37 0.002 11
Constitutive 4 0.03 27
Derived 27 0.001 7
Acquired or pass-
through

6 0.001 17

Synthetic 60 0.02 25
Total 97 0.007 23
a Chemicals classified by IARC as Group 1, 2A, or 2B carcinogens, or by NTP as known or
reasonably anticipated to be carcinogens.

Interpretation of Results

Figure 5-4 supports the conclusion that, quantitatively, the carcinogenic
activities of naturally occurring and synthetic dietary agents
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do not appear to differ substantially. Although the considerations involved
in making this inference have been mentioned, a more extensive discussion of
issues arising in the comparative carcinogenicity of dietary naturally occurring
and synthetic carcinogens is now given.

Route of Exposure. Several naturally occurring carcinogens inherent in
commonly eaten foods were identified as carcinogenic on the basis of findings
reported in occupational studies, in which workers were exposed to high
concentrations, or from inhalation bioassays conducted in animals. Cancer
potencies may differ, depending on the route of exposure. This appears to be the
case for several of these agents. For example, the cancer activity associated with
oral exposure appears to be considerably less than that for inhalation exposures
for asbestos, crystalline silica, hexavalent chromium, cadmium, nickel,
formaldehyde, and acetaldehyde; furthermore, the degree to which oral
exposures to these agents poses a cancer risk is currently the subject of debate.
Cancer potencies for these naturally occurring agents as a result of inhalation
are not representative of the cancer potencies associated with dietary intake and
thus were not used in the comparisons. The fact that the FDA has permitted the
addition of acetaldehyde to various foods and formaldehyde to milk (as a
vitamin D carrier) underscores the fact that carcinogenic activity associated
with the two routes is understood to be substantially different. Any of the above-
mentioned agents, if active by the oral route, would have oral TD01 values
considerably higher than the inhalation values.

Definition of Naturally Occurring. The distinction made here is between
those agents not known to occur in nature (as noted by IARC) and the rest of
the chemical world. Thus, benzo(a)pyrene and a number of other pyrolytic
products are classified as naturally occurring dietary carcinogens, even though
relatively large dietary contributions can result from plant uptake of fossil fuel
combustion byproducts.

RISK COMPARISONS 293

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

Selection Bias. The agents for which cancer potency estimates are
available do not represent a random sample of the universe of synthetic and
naturally occurring agents. For the most part, cancer testing has been guided by
suspicions of carcinogenicity from noted similarities to other compounds
recognized as carcinogens, structure-activity considerations, mechanistic data,
and indications from epidemiologic studies (Rosenkranz 1992). Finding one had
actor typically leads to the identification of other bad actors. For example, the
finding that mutagenic products are formed during cooking has stimulated
considerable research, including the conduct of cancer bioassays. As a result,
this class of agents is relatively well identified (see Table 5-1). Similarly,
observations of an increased incidence of bladder cancer among workers
exposed to synthetic dyes and dye intermediates led to the discovery of the
carcinogenicity of benzidine and related dyes; consequently, cancer potency
estimates are available for a number of these agents. In contrast, only a few
constitutive agents, normally present in U.S. diets, have been well studied by
the oral route and identified as carcinogenic. The extent to which these are
representative of all carcinogenic constituents is unknown. There may be
literally millions of constitutive agents. Caffeic acid is one of the prevalent
constitutive carcinogens, but as Lutz and Schlatter (1992) point out, the
compound may be carcinogenic only at high doses (see, for example, Ito et al.
1991); thus it is improbable that the risks derived from animal bioassay data
using standard techniques are representative of actual risks for human beings.
The estimated carcinogenic potency of caffeic acid is therefore unlikely to be
indicative of its activity under conditions of most human exposures. Further,
whether caffeic acid actually poses a human cancer risk is unclear.

Uncertainty in Potency Estimates. The risks predicted using cancer
potency values such as the reciprocal of the TD01 are often described as upper
bound estimates. It is widely recognized that these risk predictions are not
precise and that the uncertainty inherent
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in risk calculations is usually large. Ratios of cancer potencies for dissimilar
agents can be subject to larger uncertainty. Statistical techniques can be applied
to estimate the error in deriving potency parameters from bioassay data (e.g.,
the error in deriving the  parameter). Areas that are uncertain and not as
amenable to quantification include interspecies extrapolation, estimation of
lifetime risks from experiments conducted for less than a lifetime, and the
application of potency parameters to exposure levels and patterns considerably
different from those in the bioassay that has served as the basis for calculating
the potency. In addition, comparisons of potencies for multiple agents in a
mixture carry even greater uncertainty, as was discussed previously.

HERP Approach

A number of recent papers by Ames and colleagues have discussed the
relative importance of naturally occurring and synthetic carcinogens with
respect to dietary cancer risk (Ames et al. 1987, 1990a,b; Ames and Gold
1990a,b,c, 1995; Gold et al. 1992, 1993b, 1994). In these papers, the
investigators compare the ratios of human exposure to animal cancer potency
for different agents, noting that the result serves as a guide to priority setting
(Ames et al. 1987). One of these ratios, the Human Exposure/Rodent Potency
index (HERP), is constructed by dividing an estimate of human exposure by the
TD50. The larger the value of the HERP index, the closer the level of human
exposure is to the dose estimated to cause a 50% excess cancer risk in animals
(Gold et al. 1990, 1992). Based on a tabulation of HERP indices for various
carcinogens using data from the Carcinogenic Potency Database, these
investigators assert that the risks associated with exposure to natural
carcinogens is greater than many synthetic agents. For example, the HERP
index for 8-methoxypsoralen in a quarter of a parsnip (0.06) is larger than the
HERP index for chloroform in one liter of
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tap water (0.001). However, Ames and Gold (1990b) offer assurances that the
exposure to individual natural and synthetic carcinogens is low, and there is no
cause for alarm for those who eat a balanced diet.

Ames and his associates investigated agents they identified as naturally
occurring and synthetic pesticides to determine their role in the induction of
cancer in humans (Ames et al. 1990a,b; Gold et al. 1993a). They calculated
"that 99.99% (by weight) of the pesticides in the American diet are chemicals
that plants produce to defend themselves" (Ames et al. 1990b). In another study
Ames et al. (1993) compared the HERP indices for agents they identified as
natural plant pesticides to the indices of synthetic organic pesticides used to
enhance agricultural productivity. On the basis of these results, they concluded
that dietary exposure to naturally occurring pesticides, weighted by
carcinogenic potency, is greater than dietary exposure to synthetic pesticides.
They further noted that a high proportion of "natural pesticides" were positive
in animal cancer tests and concluded that naturally occurring and synthetic
chemicals present in the diet are equally likely to test positive in animal cancer
tests, and that the potential risks of dietary residues of synthetic organic
compounds are insignificant.

Comparisons of HERP indices among different types of naturally
occurring carcinogens have also been made (Gold et al. 1993, 1994). For
example, on the basis of HERP comparisons Gold et al. (1994) conclude that
"possible hazards from HA (heterocyclic amines) rank below those of most
'natural pesticides' and products of cooking and food preparation; synthetic
pesticide residues also rank low."

In evaluating comparisons of HERP indices, certain scientific limitations
need to be considered. One is that most comparisons are made on the basis of
carcinogens in a single serving, rather than on the basis of average daily
exposure. After comparing on the basis of average exposures, Perera and
Boffetta (1988) note that "the HERP scores of many manmade pollutants are
comparable to those
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of naturally occurring carcinogens in the diet." A second limitation is that some
agents identified by Ames et al. as natural pesticides or food carcinogens and
for which HERP indices were calculated lack sufficient evidence of
carcinogenicity. For example, Ames et al. (1990b) list 27 agents as carcinogenic
plant chemicals; in an earlier report (1987) they identify 11 compounds as
'natural pesticides' and dietary toxins. However, only 7 of the first and 5 of the
second were considered by IARC to be Group 1 or 2 carcinogens, or by NTP as
known to be or reasonably anticipated to be carcinogenic. A number of the
compounds were classified by IARC as not classifiable as to its carcinogenicity
to humans (i.e., IARC Group 3) and a few were not reviewed by IARC.
Consequently, there is an uneven comparison of synthetic agents that have been
formally recognized as carcinogens to naturally occurring agents with
insufficient evidence. Third, the analysis is not comprehensive in that only a
few selected synthetic and naturally occurring agents are compared, including
some obscure exposures to natural agents (e.g., the high HERP index for a
serving of comfrey root and symphytine in comfrey-pepsin tablets is compared
to the low HERP index for daily intake of EDB in grains averaged over the U.S.
population). Fourth, as is common to a number of assessments, the increased
risks to subpopulations are not addressed, subpopulations with considerably
higher exposure than the calculated average exposure (or single serving in some
cases) or those with identifiable increased susceptibility. Fifth, as Wartenberg
and Gallo (1990a,b) and Hoel (1990) point out, all carcinogens are implicitly
assumed to act by similar mechanisms, and the approach fails to account for the
nonlinear regions of the dose-response curve, even in known and understood
cases such as vinyl chloride and AF-2 (Littlefield et al. 1980). Sixth, the
fraction of untested natural and synthetic agents that would be identified as
carcinogenic after adequate testing is unknown. Ames et al. (1990b) note that
half of the agents they identify as natural carcinogens test positive in rodent
bioassays. Of chemicals selected for carcinogenicity testing by the NTP, 68% of
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those chosen because they were suspected to be carcinogenic were found to be
positive in at least one sex/species, in contrast to 21% of those selected
primarily on the basis of exposure considerations (Fung et al. 1993). A smaller
fraction was found to meet the criteria for sufficient evidence in animals by
IARC. It is unclear what the finding would be for a random selection of agents
from the synthetic and natural world. Finally, because the diet is a complex
mixture of agents containing both carcinogenic and anticarcinogenic
components, evaluation of individual ones in isolation can be misleading,
particularly since some agents possess dual activity. With respect to the latter,
the HERP index for caffeic acid suggests high hazard, but experimental
evidence indicates the possibility for protective effects at dietary levels.

In a more recent publication by Gold and colleagues (Gold et al. 1992) the
second criticism mentioned above is partially addressed in that some chemicals
in foods are compared on the basis of average servings for a particular food.
Summing HERP indices for the same chemical (e.g., adding d-limonene in
black pepper and orange juice), and then ranking HERP indices from highest to
lowest for agents they identify as natural and synthetic pesticides results in the
following: caffeic acid, d-limonene, safrole, mix of hydrazines, catechol, DDT
(before ban in 1972), UDMH (in 6 oz of apple juice), allyl isothiocyanate,
DDE, 8-methoxypsoralen, glutamyl-p-hydrazinobenzoate, EDB (before 1984
ban), carbaryl, toxaphene, p-hydrazinobenzoate, dicofol, -methylbenzyl alcohol,
lindane, chlorobenzilate, chlorothalonil, folpet, captan. Removing those agents
classified by IARC as "not classifiable as to their carcinogenicity in humans"
results in the following list, with naturally occurring agents in italic: caffeic
acid, safrole, mix of hydrazines, DDT (before ban in 1972), UDMH, DDE, 8-
methoxypsoralen, glutamyl-p-hydrazinobenzoate, EDB (before 1984 ban),
toxaphene, p-hydrazinobenzoate, -methylbenzyl alcohol, lindane, chlorothalonil,
folpet.
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Additional Comparisons

The committee made an additional attempt to compare the potential risks
of naturally occurring and synthetic carcinogens in food, focusing on a selected
number of substances that may be found in relatively high concentrations in the
diet. These comparisons were based on an exposure potency index (EPI)
defined as the ratio of dietary exposure to carcinogenic potency. Carcinogenic
potency is expressed in terms of the TD01, then estimated to induce an excess
lifetime cancer risk of 1%. This is analogous to the HERP index used by Ames
and Gold (1987), with the TD50 replaced by the TD01. The TD01 is used here
because it is closer to human exposure levels, yet not so low as to be highly
model dependent. Because potency rankings based on the TD50 and TD01 are
generally similar (Krewski et al. 1990), risk comparisons based on the EPI are
expected to be similar to those based on the HERP. The TD01 is readily
available for the series of compounds assembled by the committee in Appendix B.

Many criticisms of the comparison done by Ames and colleagues apply to
the comparisons in Table 5-9 as well. Only a few of the dietary carcinogens
listed in Tables 5-1 and 5-3 are considered. The committee focused on some
agents for which exposures are believed to be high relative to other
carcinogenic agents. Average dietary exposures are difficult to estimate, and
upper and exposures even more so due to the paucity of consumption and
concentration data available on which to base such estimates. Nonetheless,
these crude estimates suggest that exposure to individual synthetic and natural
chemicals might fall within a comparable range.

Some of the putative carcinogens in foods (excluding excess fat) are
ingested in greater quantities than the others (milligrams rather than micrograms
per day). These include caffeic acid, a naturally occurring compound shown to
be both carcinogenic and anticarcinogenic in animal models, and BHA, a
synthetic chemical; both of these are consumed at comparable levels in the
human diet. While

RISK COMPARISONS 299

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

Table 5-9 Exposure/Potency Index for Selected Naturally Occurring and Synthetic
Carcinogens in the Dieta

Exposure Potency
Index

Carcinogen U.S. Population
Average

High Consumersb

Natural
Constitutive
Caffeic acid
Food 0.03-0.3 0.1-1 (average

child ser 1-6 yr.)
Coffee 0.3-3 1.5-15 (upper 95

percentile
consumer)

Derived
PhIP 0.006 0.02
Urethane
Food <0.002 <0.005 (children)
Alcohol 0.0001-0.0003 0.0007 (average

per day when
consumed)

N-nitrosodimethylamine 0.002-0.005 0.1
Food 0.003 0.003-0.05

(moderate wine
consumption)

Beer 1980 0.00008-0.0002
1990
Acquired
Aflatoxin 0.001 0.003 (90th

percentile
consumer)
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Exposure Potency
Index

Carcinogen U.S. Population
Average

High Consumersb

Synthetic
Pesticide residues
DDD, DDE, and DDD
1954 (DDE and DDT) 0.1
1965 0.02
Early 1980's 0.001 1
Ethylene thiourea 0.0009; 0.003
Unsymmetrical 0.014 0.1 (average

intake, non-
nursing infant)

dimethyl
hydrazine
Packaging migrants
Diethylhexyl-phthalate
1982 report 0.07
1991 report 0.003 0.02
Environmental
contaminants
TCDD equivalents 0.01-0.04 0.9 (nursing infant)
Polychlorinated
biphenyls

0.2 3

Intentional food
additives
Butylated
hydroxyanisole

0.002-0.007 0.005-0.015

Potassium bromate -- 0.004
Saccharin 0.002 0.008-0.03
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a The exposure/potency index is the ratio of dietary exposure to carcinogenic potency.
Carcinogenic potency is expressed in terms of the TD01, the dose causing an excess lifetime
cancer risk of 1%. Intake values and references are provided in Tables 5-4 and 5-5, and TD01
values are provided in Appendix 5A.
b In calculating the exposure potency index, daily exposures for infants and children were not
averaged over their lifetime.

potentially carcinogenic to humans if consumed at levels producing cancer
in animal bioassays, these simple phenolic compounds are potentially
anticarcinogenic at lower levels, operating through an antioxidant mechanism
(see Chapter 2). The degree, therefore, that caffeic acid poses a cancer risk to
humans is unclear. Although the consumption of fruits and vegetables
containing caffeic acid is considered to be protective against cancer, extremely
high levels of coffee consumption may pose a risk. The available scientific
information does not enable us to resolve this issue.

Table 5-9 illustrates two other important points. First, some consumer
subgroups might be exposed to relatively high levels of naturally occurring
carcinogens, for example, high consumers of stone fruit distillates and well-
done meats. When averaged out over the population, these levels may appear
unimpressive, but for the individual high consumer the risk might be
significant. Second, reductions in exposures to individual dietary carcinogens
have been significantly reduced after the identification of these agents as
carcinogens, for both synthetic agents (e.g., DDT and UDMH) and natural ones
(e.g., nitrosodimethylamine and urethane). Not shown in the table are several
agents for which past levels of exposure are likely to have been very high (e.g.,
arsenic, benzyl violet 4B, and dihydrosafrole). This suggests caution when
interpreting the results of exposure calculations for dietary carcinogens.
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SUMMARY AND CONCLUSIONS

Humans are exposed to a wide variety of chemical substances, naturally
occurring and synthetic, in their diets, although the carcinogenic potential of
most of these substances has not been evaluated. Diets high in calories and fat
are associated with increased cancer risks, although the mechanisms by which
these substances increase risks are not well understood. Other dietary
substances known to increase cancer risk in animals and possibly in humans
include the mycotoxins (e.g., aflatoxins) and the heterocyclic amines, which are
formed when meat is cooked at high temperatures. Recent investigations have
focused on the possibility that some naturally occurring compounds produced
by plants may possess carcinogenic properties. In total, such natural toxins
appear to be present in the diet in greater quantities than residues of synthetic
organic pesticides. Unlike most naturally occurring dietary constituents,
synthetic ones such as direct and indirect food additives and pesticide residues
are highly regulated, with stringent limits placed on their allowable levels of
synthetic chemicals in foods.

The risks associated with dietary carcinogens depend on the carcinogenic
potency of the substance and its level of ingestion. At present, dietary
epidemiologic studies have identified a small number of specific components
capable of causing cancer in humans. Only a few of these agents, such as
aflatoxin and arsenic compounds, occur in food and water. Exposure to most of
the other known human carcinogens occurs primarily through nondietary
pathways. Laboratory studies have identified a much larger number of synthetic
and naturally occurring agents capable of causing cancer in experimental
animals. However, prediction of human cancer risks based on laboratory results
is uncertain because extrapolations must be made from high to low doses and
from animals to humans. Thus, important questions remain about the relevance
of findings from animal studies for predicting human cancers. In
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particular, rodent carcinogens, some of which may act by increasing cell
proliferation only at high doses, may pose little or no risk at low doses.
Although the use of the maximum tolerated dose (MTD) in rodent
carcinogenicity studies has been questioned, a recent review of its use by the
National Research Council (1993b) failed to identify a suitable alternative. In
the future, short-term tests for DNA adduct formation, mutation, and cellular
proliferation, all critical factors in carcinogenesis, may provide a stronger basis
for evaluating carcinogenic risks in the absence of adequate epidemiologic data.

Estimating dietary exposures requires knowledge of food consumption
patterns, which vary substantially among individuals and over time. Despite
periodic nationwide surveys, food consumption data are somewhat limited,
particularly for the young and the elderly. The concentrations of chemical
substances with carcinogenic potential in specific foods, including both
naturally occurring and synthetic pesticides, are not well characterized and can
vary widely.

In addition to agents that may increase cancer risk, the human diet also
includes substances that may reduce the risk of cancer. These include broad
classes of foods such as fruits and vegetables, as well as specific substances
such as beta carotene and vitamin A. Because the human diet is a complex
mixture of many constituents, dietary cancer risk assessment needs to take into
account the potential for synergistic and antagonistic interactions among dietary
components.

Methods for estimating cancer risk rely largely on epidemiologic and
toxicological data. Epidemiologic studies provide direct information on cancer
risks in humans but are subject to certain limitations, including inadequate
exposure data and confounding due to exposure to multiple agents.
Toxicological studies can be conducted under controlled conditions but provide
only indirect information on human cancer risks. Several hundred chemicals
have been found by the IARC and NTP to have sufficient evidence of
carcinogenicity in animals.
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The potency of carcinogenic agents may be quantified by the reciprocal of
the TD50 or TD01, the doses estimated to produce a 50% or 1% excess lifetime
cancer risk, respectively. The Carcinogenic Potency Database, which contains
TD50 values for about 600 rodent carcinogens, serves as a useful source of
information for comparing carcinogenic potency values.

The fact that the diet is a complex mixture raises important considerations
when conducting cancer risk assessments. Evidence from both epidemiologic
and toxicological studies indicates that interactive effects may occur. Hence, the
effect of altering the concentration of one dietary substance may influence the
carcinogenic (or anticarcinogenic) activity of another. The extent of such
interactions among dietary constituents is not yet well characterized.

To evaluate the relative potency of naturally occurring and synthetic
carcinogens in the diet, the committee compiled data on the carcinogenic
potency of about 233 chemical carcinogens, including 65 naturally occurring
substances and 168 synthetics. Of those with potency values, 37 naturally
occurring and 60 synthetic agents were identified in U.S. diets. The potency
values were derived from bioassay data tabulated in the CPDB using an
expedited estimation procedure (as described by Hoover et al. 1995, Cal/EPA
1992) or, if available, drawn from regulatory agencies that had performed a
more in-depth analysis. The data set included 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. The
committee recognized that this represented a somewhat select group of
substances, but considered it instructive to analyze the relative potency on this
sample.

In this analysis, carcinogenic potency was expressed in terms of the
reciprocal of the TD01, defined as the dose inducing an excess lifetime cancer
risk of 1%. Results of the analysis indicate that the average potency of the
naturally occurring carcinogens was somewhat higher than that of the synthetic
carcinogens. The average of the few potencies for constitutive agents was
roughly the same as

RISK COMPARISONS 305

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

for synthetic agents. Potencies for the derived, acquired, and pass-through
agents were higher than the synthetic and constitutive agents, suggesting greater
carcinogenic activity. However, there was wide variation in potency within the
groups studied, with almost complete overlap of the potency ranges. In light of
this variation, the uncertainty associated with estimates of cancer potency, and
the potential problem of selective sampling, the committee concluded that these
data failed to establish a clear difference between the potency of naturally
occurring and synthetic carcinogens present in the human diet.

In addition to looking at potency data, characterization of risk requires a
consideration of exposure. Although considerable information is available on
food consumption patterns and on the concentrations of certain carcinogenic
substances in foods, this information was insufficient to compare the risks
posed by the naturally occurring and synthetic carcinogens considered
previously. Furthermore, the committee decided that there was insufficient
information on the carcinogenic potential of ''natural pesticides" evolved by
plants to conclude that such agents pose a greater dietary cancer risk than
synthetic pesticides.

The HERP index, proposed by Ames and Gold, compares the human
exposure to a rodent carcinogen with the potency in a bioassay (TD50),
expressed as a percentage: HERP = (human exposure/TD50) × 100. Although
not a direct measure of risk, larger HERP values may be viewed with greater
concern than lower values. Ames and his colleagues have argued that HERP
values for naturally occurring carcinogens often exceed those for synthetic
carcinogens, largely because of the greater consumption of a few naturally
occurring substances such as caffeic acid, which occurs in high concentrations
in commonly consumed foods such as lettuce, apples, and coffee. Although
Ames suggests that naturally occurring carcinogens present in the diet may pose
a greater risk than synthetic dietary carcinogens, he notes that dietary exposure
to both
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kinds is low, and should be of little concern when ingesting a balanced diet.
The observation that the HERP indices for naturally occurring carcinogens

tend to exceed those for synthetic carcinogens is broadly consistent with the
committee's calculation that the average potency of naturally occurring
carcinogens exceeds that of synthetic carcinogens. However, the committee also
notes that the analyses of HERP indices performed by Ames and colleagues are
based on a select number of agents and include a number of compounds for
which there is not sufficient evidence of carcinogenicity. Based on average
daily consumption data, HERP indices for natural and synthetic carcinogens
appear to be somewhat comparable.

Several investigators have attempted to assess the proportion of the human
cancer burden attributable to different sources. In 1981, Doll and Peto estimated
with some confidence that about 30% of all human cancer could be attributed to
tobacco smoking. They provided as a best guess that 35% was due to dietary
factors, although the precise components of diet contributing to this risk are not
well understood. There also exists a high degree of uncertainty about the impact
of diet on the human cancer burden, with Doll and Peto citing a plausible range
of uncertainty of 10-70%. Subsequent reviews have largely supported this
initial analysis.

Based on the information summarized in this chapter, the committee
reached the following conclusions.

•   Diet contributes to an appreciable portion of human cancer.
Authoritative reviews have speculated that diet plays a role in about

a third of all human cancer. Although the actual figure could be
somewhat higher or lower, these reviews have identified diet as a
major contributor to the human cancer burden.

In most of these reviews, individual dietary constituents responsible
for increased cancer risk were not identified. Nonetheless, a substantial
body of evidence suggests that diets high in calories and
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fat appear to increase cancer risk. Human studies indicate that aflatoxin
and alcoholic beverages increase the cancer risk. Animal studies have
shown that a number of other chemical constituents present in food,
both naturally occurring and synthetic, increase the risk of cancer.

Although the precise components of diet responsible for increased
cancer risks are generally not well understood, it is felt that individual
chemical constituents of the human diet, both naturally occurring and
synthetic, represent generally low cancer risks. The degree to which
these individual agents in aggregate pose a risk is unclear. However,
excess calories and fat appear to have a substantial impact on human
cancer.

•   The human diet contains both naturally occurring and synthetic agents
that may affect cancer risk.

Constituents of food present in the human diet that have been
shown to increase cancer risk in animal and human studies may be
naturally occurring or synthetic. The risks associated with both depend
on the level of exposure and the potency of these chemicals, as well as
the susceptibility of the host.

•   Excess calories and fat appear to contribute substantially to the human
cancer burden.

In animal studies, diets low in calories and fat are associated with a
reduction in cancer risk. Although less conclusive, epidemiologic
evidence in humans indicates that excess calories and fat play a role in
the occurrence of colon, prostate, and possibly breast cancer. In terms
of cancer causation, current evidence suggests that the contribution of
calories and fat outweighs that of all other individual food chemicals,
both naturally occurring and synthetic.

•   The potencies of known naturally occurring and synthetic carcinogens
present in the human diet do not differ appreciably.

The committee compared the potencies of 233 chemical carcinogens,
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65 of which are naturally occurring and 168 are synthetic. Potency was
expressed in terms of the reciprocal of the TD01 derived from rodent
carcinogenicity studies. Although the average potency of these
naturally occurring substances was greater than that of the synthetic
agents, the range in potency observed within both groups was broad,
with the distributions of potency spanning comparable ranges and
encompassing some six orders of magnitude. Since these results are
based on a select group of chemicals, it is difficult to generalize to a
larger set of substances.

•   Taking calories and fat into consideration, the human cancer risk from
naturally occurring substances in the diet exceeds that of synthetic
dietary carcinogens. However, if calories and fat are excluded from
consideration, the data now available do not permit a firm conclusion
about the relative risks of naturally occurring and synthetic food
chemicals. Nonetheless, the committee felt that it is plausible that
naturally occurring chemicals present in food pose a greater cancer
risk than synthetic chemicals.

Cancer risk is determined by the potency of the carcinogen and the
level of exposure. The mechanism by which cancer is induced can also
influence risk, although these mechanisms appear similar for naturally
occurring and synthetic substances. Calories and fat represent major
components of the human diet and play an important role in the dietary
contribution towards human cancer. Naturally occurring chemicals are
present in the food supply in much larger quantities than synthetic
chemicals. Although only a limited number of naturally occurring food
chemicals have been tested in rodent bioassays for carcinogenic
activity, the proportion of them demonstrating carcinogenic properties
in such tests is comparable to the proportion of synthetic chemicals
that are carcinogenic. The committee also felt that further testing of
carefully selected naturally occurring food chemicals would result in
the identification of additional carcinogens.
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•   The great majority of individual naturally occurring and synthetic food
chemicals are present in human diet at levels so low that they are
unlikely to pose an appreciable cancer risk.

Although the human diet contains both naturally occurring and
synthetic carcinogens, these chemicals are generally present at very
low concentrations, and are thus unlikely to pose an appreciable cancer
risk. Application of pesticides to food crops is subject to stringent
control. Thus, most foods contain no detectable levels of such residues
and the residues that are detected are generally present at levels well
below established tolerances. Similarly, with the exception of a few
agents such as caffeic acid, naturally occurring carcinogens, including
"natural pesticides," are also present at very low levels.

•   The human diet contains anticarcinogens that reduce cancer risk.
The human diet contains a number of nutrients, including fibre and

micronutrients such as the antioxidant vitamins A, C and E, that appear
to reduce cancer risk. In addition, several non-nutritive agents,
including the isoflavonoids, phenolic acids, and isothio-cyanates, have
been shown to demonstrate anticarcinogenic effects. Diets low in
calories and fat are also associated with reduced cancer risk.

Epidemiologic studies have associated diets rich in fruits and
vegetables with reduced rates of human cancer. These foods are
sources of a number of constitutive chemicals with anticarcinogenic
properties.

•   Carcinogens and anticarcinogens present in the diet may interact in a
variety of ways, which are not fully understood.

Fruits and vegetables contain both anticarcinogenic and
carcinogenic constituents. Because such foods are associated with
reduced cancer risk in humans, the anticarcinogenic properties would
appear to be greater than their carcinogenic properties.
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A global assessment of dietary cancer risks is more difficult. Because
interactions between dietary carcinogens and anticarcinogens can occur, it is
difficult to predict overall dietary risks based on an assessment of the risks for
individual components. Although risk assessment methods for mixtures are
available, the information on interactions among dietary constituents is limited.
The large number of dietary constituents present in foods further complicates
the evaluation of potential interactions.

OVERALL CONCLUSIONS

Although diet clearly contributes importantly to human cancer, the
committee found it difficult to identify the specific components of diet that
serve to increase or decrease cancer risk. Although excess calories and fat
appear to represent the single most important component of the human diet that
increases cancer risk, the epidemiological evidence in this regard is not entirely
consistent. Most other dietary constituents suspected of impacting upon human
cancer, both naturally occurring and synthetic, account individually for a small
proportion of the diet, and may pose correspondingly low risks. Much of the
available evidence on these compounds derives from studies in animals, and
may or may not be indicative of a human cancer risk.

The presence of anticarcinogenic substances in many foods needs to be
considered in any evaluation of dietary cancer risks. Fruits and vegetables
contain antioxidant vitamins that have demonstrated anticarcinogenic properties
in laboratory studies; diets rich in fruits and vegetables are in fact associated
with reduced cancer risks in humans. Many commonly consumed foods such as
beef steak and broccoli contain low concentrations of a number of both
carcinogenic and anticarcinogenic substances.

On the basis of the information available at this time, the committee found
it particularly difficult to judge whether naturally

RISK COMPARISONS 311

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

occurring or synthetic dietary components (exclusive of excess calories and fat)
present the greater cancer risk to humans. Much of the information on the
carcinogenic potential of these substances derives from animal tests conducted
at high doses, results of which are difficult to translate directly to humans.
Nonetheless, the committee found that a series of selected naturally occurring
and synthetic dietary components appeared to span the same range of
carcinogenic potency, and that naturally occurring and synthetic substances can
cause cancer by similar mechanisms. The committee also noted that the
fractions of naturally occurring and synthetic substances that are positive in
animal cancer tests are comparable, and that the dietary concentrations of many
naturally occurring animal carcinogens such as caffeic acid exceed those of
most synthetic carcinogens present in or on food. These observations supported
the committee's conclusion 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 this conclusion can be drawn
with certainty.
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6

Conclusions, Recommendations, and
Future Directions

As indicated in the original statement of task to this committee, the
purpose of this report is to examine the occurrence, toxicologic data,
mechanisms of action, and potential role of natural carcinogens in the causation
of cancer, including relative risk comparisons with synthetic carcinogens, and a
consideration of anticarcinogens. The committee was also asked to develop a
strategy for selecting additional natural substances for toxicological testing.

This subject is immense because by far the major source of exposure to
naturally occurring chemicals is the diet, and the concern that dietary factors
might play a major role in human cancer causation. Therefore, this committee
addressed its charge by focusing its attention on naturally occurring and
synthetic dietary chemicals with carcinogenic potential. This report does not
consider noncancer effects or broader aspects of environmental exposure, such
as air, water (other than drinking water), or occupational hazards; nor are the
carcinogenic effects of radiation or physical agents covered in this report. Some
of the latter aspects have been covered in previous NRC reports.

The committee was also asked to assess the impact of naturally occurring
chemicals on the initiation, promotion, and progression of tumors. In this report,
these stages of carcinogenesis were considered from a mechanistic point of
view, but most carcinogenicity data on the compounds reviewed do not provide
precise information on the specific stage or stages of the multistage process at
which these compounds act. Because the terms ''initiator," "promoter," and
"progressor" are especially difficult to apply to specific
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agents, particularly as they pertain to human carcinogenesis, the committee
chose to use the more contemporary classification of agents as genotoxic and
nongenotoxic. Although the committee recognized the importance of the legal
and regulatory aspects of the subject of naturally occurring dietary carcinogens,
it was felt that these aspects were beyond the purview of its task. A
strengthening of the scientific base of the subject of naturally occurring
carcinogens will provide a better foundation for regulatory policy and actions.

The purpose of this chapter is to review the committee's major conclusions
and recommendations. Several specific principles emerged from the
deliberations, including 1) that the great majority of individual naturally
occurring and synthetic chemicals in the diet are present at levels below a
significant biologic effect, so low that they are unlikely to pose an appreciable
cancer risk and 2) that the macronutrients and excess total calories present the
greatest dietary cancer risk in the United States. Nevertheless, it was apparent
that the existing database and methods are insufficient to identify the precise
roles of individual naturally occurring dietary chemicals in human cancer
causation and prevention. Therefore, this chapter concludes with a set of
proposals for future directions of research, including fundamental mechanistic
studies and development of more sophisticated methods that can be applied in
laboratory assays and in human populations. Advances in these areas of
research will be greatly enhanced by taking advantage of powerful new
concepts and methods in analytical and structural chemistry, cellular biology,
and molecular genetics.

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
appear to be present at levels
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below which any significant biologic effect is likely, and so low that they are
unlikely to pose an appreciable cancer risk. The NRC report Diet and Health
(NRC 1989) concluded that macronutrients and excess calories are likely the
greatest contributors to dietary cancer risk in the United States. It is not clear
the degree to which, in aggregate, naturally occurring and synthetic chemicals
present an appreciable risk. It is apparent that existing concentration and
exposure data and current cancer risk assessment methods are insufficient to
definitively address the aggregate roles of naturally occurring or synthetic
dietary chemicals in human cancer causation and prevention.

The committee's other major conclusions are listed below. They address
the complexity and variability of the human 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 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 have been identified in the human diet (e.g., aflatoxins
have been identified in the human diet, 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 an
appreciable portion of cancer, but the precise components of diet
responsible for increased cancer risk are generally not well understood.
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Carcinogenicity and Anticarcinogenicity

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

•   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, natural and
synthetic. This is not necessarily the case in other parts of the world.

•   Epidemiologic data indicate that alcoholic beverages (specifically
ethanol, the macronutrient found in alcoholic beverages) consumed 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. 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 databases, regarding dietary exposure. However, data are
insufficient to determine whether the dietary cancer risks from
naturally occurring substances exceeds that for synthetic substances
(e.g., databases do not include concentration data on many of the
potential carcinogenic constituents found in foods). Indeed, at the
present time 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 IARC, NTP, and other data 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.
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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 agents acquired during food 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, 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 may 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 based on 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.

Synthetic Versus Naturally Occurring Carcinogens

•   Overall, the basic mechanisms involved in the entire process
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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 biologic 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 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 naturally occurring and synthetic carcinogens that may be
present in the human diet. In general, 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, 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, if available, 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 to the likely overlap of values
between the categories.

Models for Identifying Carcinogens and Anticarcinogens

•   The committee evaluated the current methods for assessing
carcinogenicity, and concluded that current strategies for identifying
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and evaluating potential carcinogens and anticarcinogens are
essentially the same. They can be grouped into epidemiologic studies,
in vivo experimental animal models, and in vitro systems. The
committee recognized the value and limitations of these tests,
specifically 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 biochemical, immunologic, and molecular assays that utilize
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 our food are
due to 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

The committee's recommendations, derived from the conclusions just
presented, are listed below. The committee was charged to examine the risk
from naturally occurring versus synthetic components of the diet on human
cancer. Numerous and extensive gaps in the current knowledge base became
apparent. These gaps are so
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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
and enhanced testing methods, more detailed data on dietary components, and
further mechanistic studies, if these gaps are to be filled. Research might prove
feeble, however, when the complexity and variability of diets and food
composition, as well as human behavior, are considered.

Epidemiologic Studies and Human Exposure

•   Improved methods are needed to enable the incorporation of relevant
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 evaluated. These markers
should then be incorporated into traditional 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 and human exposures to
naturally occurring and synthetic chemicals in foods are needed.

In order to determine the exposures to specific dietary chemicals, it
is necessary to know the concentration of a specific chemical in
individual food commodities as well as the 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 recall or
food diaries have limitations; they may entail a substantial degree
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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. In order to minimize the resources needed to 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.

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
exposure levels 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 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.
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•   Further testing of naturally occurring chemicals present 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
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 only be conducted
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 our 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)
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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
given additional consideration, 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.

Existing 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. Since most of
the present short-term tests detect DNA reactive compounds, new
methods are needed for screening chemicals for nongenotoxic
endpoints 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.

Dietary Factors

•   The risk of cancer from excess calories and fat should be further
delineated vis-à-vis naturally occurring and synthetic dietary chemicals.

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 mechanism(s)
responsible for this effect have not been clearly identified. Possible
mechanisms that have been implicated include: increased
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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 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 underlying
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 have been identified
which 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.

FUTURE DIRECTIONS

It is apparent from the above list of recommendations that new research
approaches are required to elucidate the precise roles of
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naturally occurring and synthetic dietary chemicals in human cancer causation
and prevention. These needs merge with those related to the broader issue of the
roles that chemicals in the general environment may play in cancer causation
and prevention. The following section provides a broad outline of options
available for future directions of research in this area.

Resources

The conclusions and recommendations of this report indicate that a better
understanding is needed of the role of specific dietary naturally occurring and
synthetic chemicals in cancer causation and prevention. This is an extremely
complex task. Progress in this area will require expertise and extensive further
research in several disciplines, including food chemistry, analytical chemistry,
toxicology, nutrition, carcinogenesis, biochemistry, molecular biology, and
epidemiology. It would be highly desirable, therefore, to develop multi-
disciplinary teams to conduct research in this broad area and to develop new
resources. One approach would be to develop specific programs committed to
this field of research. It is also apparent from this report that answers to these
questions will not come simply by further analyzing the existing database, since
it is often fragmentary and inconclusive. In addition, because of the vast number
of chemicals present in a typical diet, new concepts and methods must be
developed to address this problem, and extensive research is required so that
results obtained in various model systems can be extrapolated with greater
validity to human populations. It is essential, therefore, that additional
intellectual and physical resources be developed to meet these needs.

Fundamental Mechanistic Studies

A major limitation in this field that we do not understand the
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precise mechanisms that underlie the multistage process of carcinogenesis and
how chemicals in the diet are able to alter this process. Recent advances in the
cellular biology and molecular genetics of cancer are beginning to provide
insight into the details. These findings indicate that the carcinogenic process is
often associated with activation of dominant-acting cellular oncogenes and/or
the inactivation of recessive tumor suppressor genes that normally influence
growth. Evidence also indicates that the carcinogenic process is associated with
abnormalities in cyclin and cyclin-related genes that control the cell cycle and
proliferation and inhibit the processes of apoptosis and differentiation.
Advances are also being made in identifying abnormalities in genes responsible
for tumor invasion and metastasis, i.e., genes that control cell-cell interactions,
cell locomotion, extracellular proteases, and angiogenesis. In addition,
genetically-based variations in susceptibility to cancer are being identified in
human populations.

Progress is also being made in identifying the ways in which various
chemicals interact with critical cellular targets either to increase or decrease the
process of carcinogenesis. Most of the progress relates to chemicals that act by
binding directly to DNA (genotoxic agents), including mechanisms involved in
metabolic activation or deactivation of these chemicals and the protective role
of DNA repair. In addition, the roles of endogenous processes of DNA damage,
including oxidative damage, deamination, depurination, and the formation of
exocyclic adducts, are being identified.

Furthermore, research is studying the interaction of chemicals with cellular
components other than DNA that might be involved in carcinogenesis or its
prevention. In this group are the interactions of chemicals with cellular
receptors, membranes, protein kinases, and transcription factors, as well as
alterations in the metabolism of endogenous hormones and growth factors. Also
being identified are alterations in pathways of signal transduction, the cascade
of cytoplasmic events involving numerous protein kinases that eventually
trigger alterations in gene expression in the nucleus by

CONCLUSIONS, RECOMMENDATIONS, AND FUTURE DIRECTIONS 348

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

affecting the function of specific transcription factors. Elucidation of the
specific pathways altered by various chemicals, particularly those that do not
interact directly with DNA, should provide not only insight into the
carcinogenic process but also knowledge necessary for extrapolating from
results obtained at high doses in rodents or in cell culture systems to the human
situation, which usually involves low-dose exposures.

As discussed in Chapter 4, a number of dietary intervention studies are in
progress or are being developed, as well as chemoprevention studies that
employ micronutrients or related compounds. It would be desirable to
incorporate specific analytic assays and biologic markers into these studies to
provide mechanistic insights and more sensitive indicators of response. More
detailed information on the actual exposure to the substances being evaluated
and on cellular responsiveness to various stimuli would also be useful.

Epidemiology

The advantages and limitations of various types of epidemiologic studies,
including ecologic, case-control, cohort, intervention, and molecular
epidemiology studies are discussed in Chapter 4. Since results from these
studies have suggested that a major fraction of human cancer is due to dietary
factors, it is appropriate to extend this approach to identify with greater
certainty the specific factors and types of cancer involved and populations
affected.

Molecular epidemiology holds considerable promise in this regard. As
discussed in detail in Chapter 4, laboratory procedures are now available for
measuring a variety of biologic markers related to exposure and susceptibility in
samples obtained from relatively large populations. These include markers that
are related predominantly to DNA-altering chemicals. The markers provide
information on the following: 1) genetic and acquired host susceptibility,
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2) metabolism and tissue levels of carcinogens, 3) levels of covalent adducts
formed between carcinogens and DNA or other macromolecules, and 4) early
cellular responses to carcinogen exposure. Future progress in this field requires
improvements in the sensitivity, specificity, reproducibility, and predictive
value of the assays for such biologic markers. The procedures for collecting
specimens must be minimally invasive.

In addition, there is a critical need to develop markers related to cell
proliferation, apoptosis, receptors, protein kinases, and altered gene expression,
since, as mentioned above, certain carcinogens might exert their effects through
these mechanisms.

To assess exposure, previous epidemiologic studies on diet, nutrition, and
cancer relied largely on dietary recall methods and, in some instances, on the
levels of various nutrients in blood, tissues, and urine. These approaches have
proved useful in identifying both potential risk factors and protective factors for
cancer. Biologic markers that better reflect long-term intakes are needed, since
currently used assays of nutrient levels in blood and urine generally reflect only
recent consumption patterns (NRC 1993a). Such markers could be particularly
helpful in further assessing the role of dietary fat in cancer causation. In
addition, since dietary recall is subject to considerable error, methods are
needed that will improve the accuracy of these assessments or correct for errors
when they are nondifferential (e.g., Rosner and Willett 1988).

To further explore the hypothesis that excessive caloric intake per se may
be a major risk factor for human cancer, biologic markers that assess specific
effects of excess or limited caloric intake need to be developed. These might
include assays related to carcinogen metabolism, oxidative damage, signal
transduction and gene expression, cell proliferation, and apoptosis.

Biologic markers related to oxidative damage may prove to be of
considerable importance, since several antioxidants in the diet (e.g., vitamin C,
vitamin E, certain carotenoids) have been implicated as protective factors. Such
markers may include 1) urinary levels of oxidized DNA bases, 2) analyses of
DNA samples for strand breaks
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or oxidized bases (thymine glycol, 8-hydroxyguanine, etc.), 3) blood and tissue
levels of malondialdehyde, an oxidation product of lipids, and 4) markers of
enzymes that detoxify activated forms of oxygen, such as catalase and
superoxide dismutase (Cerutti and Trump 1991, Pryor 1993, Teebor et al. 1988).

Aside from histopathology, there are few markers for detecting
preneoplastic lesions (e.g., colonic adenomatous polyps). The further
development of such markers would make cohort and intervention studies more
feasible and enhance the assessment of various hypotheses related to diet and
cancer, since such markers could greatly shorten the required interval for follow-
up and also improve intervention strategies.

A number of intervention studies based on dietary modification or the use
of chemopreventive agents (vitamin A and related retinoids, beta carotene,
vitamins E and C, calcium etc.) are in progress or are being developed (see
Chapter 4). It would be desirable to incorporate some of the above biologic
markers into these studies, in order to refine the assessment of biologic
responses in individuals and to provide mechanistic insights.

Rodent and In Vitro Assays

Rodent bioassays, short-term tests in rodents, and in vitro assays, including
recently developed cellular and molecular biology methods, are summarized in
Chapter 4. The committee agreed that although many of these assays provide
useful information, it is important to stress that they serve only as screening
tests (NRC 1993b). Better extrapolation of the results obtained to the human
situation requires new approaches, particularly those that provide insights into
the underlying mechanisms. Experimental animals are being developed, and
numerous other potentially useful models are being developed. These may
provide better screening tests and also provide mechanistic insight.

The current standard NTP rodent bioassay employs only one
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type of diet, although other fairly extensive studies have been conducted on the
effects of dietary factors on carcinogenesis in rodents (see Chapters 2 and 4).
Further studies in which dietary constituents, particularly caloric intake and fat
content, are varied, either alone or in combination with other factors, are
needed. These studies should also have a mechanistic approach, should
incorporate some of the types of biologic markers mentioned above, and should
test specific and novel hypotheses. A recent approach, interesting although
fraught with difficulties, is to feed rodents a homogenate of an actual daily
human Western-type diet, to assess the total effects of the human diet on cancer
induction, when testing alone or in combination with specific natural or
synthetic chemicals (Rozen et al. 1996).

The above considerations also apply to the use of rodent carcinogenicity
assays to detect naturally occurring and synthetic dietary chemicals that inhibit
tumor formation, i.e., anticarcinogens. A major difficulty with current protocols
is that they require large doses of potent carcinogens, which frequently
necessitates the use of high doses of anticarcinogens. Assays more realistically
approximating human exposure to dietary chemicals are necessary.

It is of critical importance to obtain greater insight into interactions among
multiple chemicals, since food is a highly complex mixture of agents that can
increase or decrease the risk of carcinogenesis. The study of complex mixtures
has been limited, largely because examining such interactions is difficult and
expensive (NRC 1988). Several complex interactions between agents in the
human diet (and other types of agents) have been identified, e.g., the interaction
of aflatoxin and hepatitis B and C viruses, in the causation of liver cancer;
nitrosamines and the bacterium Helicobacter pylori in the causation of stomach
cancer; cigarette smoke and asbestos in the causation of lung cancer; and others.
Nevertheless, more complexities exist in the diet, and these need to be
evaluated. In particular, the interaction between carcinogenic and
anticarcinogenic components of the diet needs to be better delineated,
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including interactions affecting metabolism and other types of cellular
responses to chemicals. As described in previous chapters of this report, several
components of the diet have been identified that can increase or decrease the
risk of developing cancer in experimental animal or in vitro assays.
Determining with greater certainty which of these components are significant
contributors to cancer risk in humans is necessary so that an optimum diet can
be recommended to the American public (NRC 1982). Obviously, intensive
research is required on this subject.

A critical parameter in carcinogenesis is the number of cell divisions in a
target tissue. This number can be increased by a variety of mechanisms that
either increase cell births or decrease cell deaths. Greater understanding of these
mechanisms is needed, as are better assays, especially in humans, for
quantitating cell division, apoptosis, differentiation and other processes known
to affect carcinogenesis. Assays for these processes are needed that do not
require that human tissue be removed to assess the effects of various dietary
factors. Quantitative assays in rodent tissues are being developed, but more
sensitive and specific assays are needed.

The use of human tissues and cell systems for studies on carcinogenesis,
including mechanistic studies, is strongly encouraged. Powerful new tools have
been provided by the advent of epithelial human cell lines and the ability to
genetically engineer derivatives of these cells that display increased or
decreased expression of specific genes (for example, genes that encode drug
metabolizing enzymes and genes that alter oxidative stress). In addition, the
development of specific strains of transgenic mice or of mice in which specific
genes have been inactivated also provide new approaches to carcinogen testing
and mechanistic studies. It is hoped that these new approaches will provide
greater insight into the carcinogenic process in both rodents and humans, as
well as provide a more rational approach to our understanding of chemical
interactions in carcinogenesis and anticarcinogenesis and of their relevance to
humans.
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Analytic Methods in Structure-Activity Analyses

Rapid advances are being made in analytical methods and in methods for
elucidating the complex structure of natural products. These methods should be
applied to the analysis of various human dietary constituents. Advances in this
general area, coupled with powerful computer-based methods for cataloging
and analyzing chemical structures and activities, should also accelerate progress
in the field of structure-activity analyses to predict carcinogenicity. To date,
these methods have been applied largely to carcinogens that are genotoxic. It is
essential to expand this approach to nongenotoxic carcinogens and also it to the
detection and development of anticarcinogenic substances.

Engineering a More Optimal Diet

Processing has long been used to remove or reduce unwanted constituents,
and to introduce, increase, or restore desirable constituents, including essential
nutrients. As we identify those naturally occurring constituents that either
enhance or inhibit human cancer, and define the conditions and concentrations
that govern their actions, we can expect processing to play a large role in
increasing the protective potential of diet, as it has previously played a role in
improving nutritional quality.

Over many centuries plants, and to a lesser degree animals, have been
optimized as human food sources by selection and breeding for such desirable
characteristics as safety, size, color, flavor, yield, and resistance to disease.
During this century, scientists have been able to use the principles of Mendelian
genetics to expedite this process. With the exception of flavor and toxic
constituents in foods, the chemical compounds responsible for the improved
characteristics have not been well characterized, nor has such information
usually been required.
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The recent advances in genetic engineering and biotechnology (see
Chapter 2) should facilitate further improvements in the quality of the food
supply with respect to cancer prevention. Specifically, as naturally occurring
dietary chemicals that either enhance or inhibit human cancer risk are identified,
these chemicals will be candidates for appropriate modification through food
biotechnology. However, in contrast to earlier approaches, this new technology
requires much greater knowledge of the specific compounds involved, together
with knowledge of their biosynthesis in the source organism. Depending on the
compound involved, such information may or may not now be available in the
biochemical literature, although it can be acquired through technology now or
soon to be available.

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. Unless current
trends are reversed, cancer will be the major cause of death in the early part of
the 21st century. Conventional wisdom states that dietary factors play an
important role in the causation of a major fraction of these cancers. Although
synthetic chemicals present in the diet cannot be ignored as potential
carcinogenic risks, it seems likely that it is the naturally occurring compounds
in our diet, together with excess fat and total calories, that have the greatest
effect on cancer causation and prevention. This subject is, therefore, of major
relevance to public health protection and disease prevention. However, the
assessment by this committee indicates several inadequacies in 1) the specific
naturally occurring chemicals (or mixtures) that are involved in cancer
causation; 2) the mechanisms by which they act; 3) which types of cancer they
affect; and 4) the magnitude of these effects. New research approaches, at both
the fundamental and applied levels, are urgently required to address this
important problem.
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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 specific naturally occurring dietary chemicals are identified that
either enhance or inhibit cancer risks in humans, it will be possible to better
formulate specific dietary guidelines for the American public. It may also be
possible to utilize this information to modify the composition of our food
sources, through food processing, breeding methods, and 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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Appendix B

Agents with Potential Carcinogenic
Activity and Their Occurrence in the Diet

This appendix is a compilation of all agents classified by IARC as known
(1), probable (2A), or possible (2B) human carcinogens, or by the NTP as
known or reasonably anticipated to be carcinogenic to humans. The appendix is
subdivided into four tables in terms of dietary occurrence as follows:

•   Table B-1: Agents That Might Be Encountered in U.S. Diets
•   Table B-2: Agents Formerly Encountered in U.S. Diets
•   Table B-3: Agents Rarely or Accidentally Encountered in U.S. Diets
•   Table B-4: Agents Unlikely to Have Ever Been Present in U.S. Diets

CAVEATS AND DISCLAIMERS

The classification of these agents as potential carcinogens is based on
epidemiological data in only 20% of the cases. In most cases, the classification
is based on findings in high-dose animal experiments, usually conducted in
more than one species. The IARC 2B classification typically signifies sufficient
evidence of carcinogenicity from animal studies. Limited evidence in animals,
without other highly suggestive data from human or mechanistic studies would
not result in a 2B rating. The committee relied on IARC and NTP classifications
of potential carcinogens as a means of obtaining a large set of agents of
potential concern that have been systematically and rigorously evaluated by the
same criteria.
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The carcinogenic risk posed by a substance is a function of its exposure
and potency, which in some cases can differ dramatically for different routes of
exposure. Listings in this table should not be interpreted as indicating that the
actual risk to humans is significant. In some cases, it is possible that there is no
risk under the conditions of human exposure. Definitive conclusions regarding
human risk are difficult to reach, as discussed in Chapter 5. The primary
purpose of this table is to provide a collection of substances that form the basis
for the risk comparisons made in Chapter 5.

For the majority of agents listed, the IARC monographs, FDA tabulations,
NRC reports, and assistance from several groups provided enough information
to unequivocally assign agents to one of the four tables. In a few cases, the
assignment of agents to a given table was difficult (e.g., agents with past
exposures, several dyes, drugs, and chemical intermediates). For example,
before passage of the first Food and Drug Act of 1906, many unevaluated
substances, many of them harmful, found their way into the food supply.
Table B-2 (Agents Formerly Encountered in U.S. Diets), therefore, covers only
the period since 1906. Even today, occurrences of exposure to trace levels of
chemical intermediates and dyes used in food packaging are difficult to
establish. A food packaging component often can be regarded as an indirect
additive. A component is virtually never used in all types of packaging.
Constituents that are used in the manufacture of food packaging components are
generally present, if at all, as unwanted impurities, typically at very low levels.
Also, veterinarians have considerable latitude in prescribing drugs in treating
livestock and poultry. Thus, parallel problems are encountered with drug
residues and with pesticide residues as well. The number of all these is large,
and establishing exposure with any accuracy to a quantitatively minor substance
in our complex food supply entails major problems of surveillance, sampling,
and analysis.

Inadvertent accidental exposures can be difficult to anticipate or

APPENDIX B 378

https://nap.nationalacademies.org/catalog/5150?s=z1120


Carcinogens and Anticarcinogens in the Human Diet: A Comparison of Naturally Occurring and Synthetic...

Copyright National Academy of Sciences. All rights reserved.

recognize. The PBB contamination of animal feed and resulting human
exposure in Michigan is an obvious case that the committee noted. However,
other cases suggest that our assessment of such exposures may be too limited,
and thus the list in Table B-3 might well be inappropriately short. These include
the use of phenobarbital to increase the metabolic elimination of chlordane in
cattle feeding on contaminated pineapple leaves, illegal use of anabolic steroids
in European meat production (Daeseleire, 1992), and related precautionary
notes of Truhaut et al. (1985).

TD01 ESTIMATION

As indicated by the TD01 values listed, the carcinogenic activity of these
substances spans at least eight orders of magnitude, and human exposures
perhaps even a wider range, starting in some cases at infinitesimal levels. Thus,
although TD01 values and related risk numbers present the appearance of
accuracy, it is inappropriate in general to treat the results as providing for actual
predictions of health risks.

TD01 values are derived from cancer potency or unit risk values available
from U.S. EPA or Cal/EPA, using the approximation

TD01 = 0.01 · qhuman

where qhuman is an upper bound estimate of the slope of the cancer dose-
response curve in humans. In general, an upper confidence limit on the value
qhuman estimates was obtained by fitting the multistage model to dose-response
data from animal cancer bioassays, thereby providing a lower confidence limit
on the TD01. This procedure included corrections for differences in
pharmacokinetics at high and low doses, study length, and animal body size.
Time-dependent forms of the multistage model were used for cases of poor
survival in some study groups, provided sufficient data were
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available. In a few cases, the estimate of potency was derived directly from
human data. For a large number of agents, potency was derived by
systematically applying the data selection criteria of regulatory agents to the
Canrcinogenic Potency Database (CPDB) of Gold and colleagues. These
criteria have been described by Hoover et al. (1995) and Cal/EPA (1992) and
are highlighted below:

•   Data sets showing statistically significant dose-related increases in
cancer incidence were used, unless the CPDB indicated that the
authors considered the results unrelated to exposure to the carcinogen.

•   Data sets were excluded from consideration if the end point was
specified as all tumor bearing animals or combined unrelated tumors.

•   When several studies were available, the highest quality study was
selected. The quality of the study was judged on the basis of such
factors as the numbers of animals, dose selection, duration, etc.

•   Where there were multiple studies of similar quality conducted in the
most sensitive species, the geometric mean of potencies derived from
these studies was calculated. When both sexes of the same species/
strain were tested under the same laboratory conditions, and no other
adequate studies were available for that species, the data set for the
more sensitive sex was selected.

•   Potency was derived from data sets for malignant tumors, combined
malignant and benign tumors, or tumors that would have likely
progressed to malignancy.

In a few cases, the committee derived cancer potency values directly from
bioassay data using the data selection criteria and techniques described above.
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Appendix C

Chemical Compounds Occurring in
Dietary Plants that Have Been Reported to

Inhibit Carcinogenesis in Vivoa

APPENDIX C 407
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