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4 B.N. Ames, L.S. Gold / Mutation Research 447 (2000) 3~13
Table 1
Proportion of chemicals evaluated as carcinogenic
Proportion Percentage
Chemicals tested in both rats and mice* 350,/590 (59%)
Naturally occurring chemicals 79/139 (57%)
Synthetic chemicals 271/451 (60%)
Chemicals tested in rats and /or mice®
Chemicals in Carcinogenic Potency Database 702 /1348 (52%)
Natural pesticides 37/71 (52%)
Mold toxins 14/23 (61%)
Chemicals in roasted coffee 21/30 (70%)
Innes negative chemicals retested™® 17/34 (50%)
Physician’s desk reference (PDR)
Drugs with reported cancer tests® 117 /241 (49%)
FDA database of drug submissions 125/282 (44%)

“From the Carcinogenic Potency Database [1-3].

The 1969 study by Innes et al. [90] is frequently cited as evi

dence that the proportion of carcinogens is low, as only 9% of 119

chemicals tested (primarily pesticides) were positive. However, these tests, which were only in mice with few animals per group, lacked the
power of modern tests. Of the 34 Innes negative chemicals that have been retested using modern protocols, 16 were positive.

°Davies and Monro [91].

dContrera et al. [92]. One hundred forty drugs are in both the FDA and PDR databases.

tors are involved: e.g., DNA lesions, DNA repair,
cell division, clonal instability, apoptosis, and p53
[15,16]. The normal endogenous level of oxidative
DNA lesions in somatic cells is appreciable [17]. In
addition, tissues injured by high doses of chemicals
have an inflammatory immune response involving
activation of white cells in response to cell death
[18—25]. Activated white cells release mutagenic 0x-
idants (including peroxynitrite, hypochlorite, and hy-
drogen peroxide). Therefore, the very low levels of
chemicals to which humans are exposed through
water pollution or synthetic pesticide residues may
pose no or minimal cancer risks.

Is the high positivity rate due to selecting more
suspicious chemicals to test? This is a likely bias
since cancer testing is both expensive and time-con-
suming, and it is prudent to test suspicious com-
pounds. One argument against selection bias [9] is
the high positivity rate for drugs (Table 1) because
drug development tends to favor chemicals that are
not mutagens or expected carcinogens. A second
argument against selection bias is that the knowledge
needed to predict carcinogenicity in rodent tests is
highly imperfect, even now after decades of test
results have become available on which to base
predictions. For example, a prospective prediction
exercise was conducted by several experts in 1990 in

advance of the 2-year NTP bioassays. There was
wide disagreement among them on which chemicals
would be carcinogenic when tested and the level of
accuracy varied by expert, thus indicating that pre-
dictive knowledge is highly uncertain [9,26]. More-
over, if the main basis for selection were suspicion
rather than human exposure, then one should select
mutagens (80% are positive compared to 50% of
nonmutagens), yet 55% of the chemicals tested are
nonmutagens [1,3,9].

It seems likely that a high proportion of all chemi-
cals, whether synthetic or natural, might be
“‘carcinogens’” if administered in the standard rodent
bioassay at the MTD, primarily due to the effects of
high doses on cell division and DNA damage
[2,8,12-14,27]. Without additional data on how a
chemical causes cancer, the interpretation of a posi-
tive result in a rodent bioassay is highly uncertain.
The induction of cancer could be the result of the
high doses tested.

In regulatory policy, the ‘‘virtually safe dose”
(VSD), corresponding to a maximum, hypothetical
risk of one cancer in a million, is estimated from
bioassay results using a linear model, which assumes
that cancer causation is directly proportional to dose
and that there are no unique effects of high doses. To
the extent that carcinogenicity in rodent bioassays is
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6 B.N. Ames, L.S. Gold / Mutation Research 447 (2000) 3—13

synthetic pesticide residues that are rodent carcino-
gens, even though only 3% of the natural chemicals
in roasted coffee have been adequately tested for
carcinogenicity [35] (Table 3). This does not mean
that coffee or natural pesticides are dangerous, rather,
it makes assumptions about high- dose animal cancer
tests for assessing human risk at low doses need
reexamination. No diet can be free of natural chemi-
cals that are rodent carcinogens [34].

Gaining a broad perspective about the vast num-
ber of chemicals to which humans are exposed can
be helpful when setting research and regulatory pri-
orities [32,34-36]. Rodent cancer tests by themselves
provide little information about how a chemical
causes cancer or about low-dose risk. The assump-
tion that synthetic chemicals are hazardous has led to
a bias in testing, such that synthetic chemicals ac-
count for 76% (451 of 590) of the chemicals tested
chronically in both rats and mice (Table 1). The
natural world of chemicals has never been tested
systematically.

One reasonable strategy is to use a rough index to
compare and rank possible carcinogenic hazards from
a wide variety of chemical exposures at levels that
humans typically receive, and then to focus on those
that rank highest [1,3,35,37). Ranking is a critical
first step that can help to set priorities for selecting
chemicals for long-term cancer tests, studies on
mechanism, epidemiological research and regulatory
policy. Although one cannot say whether the ranked
chemical exposures are likely to be of major or

Table 3
Carcinogenicity in rodents of natural chemicals in roasted coffee

Positive: N =21 Acetaldehyde, benzaldehyde, benzene,
benzofuran, benzo(a)pyrene, caffeic acid,
catechol, 1,2,5,6-dibenzanthracene,
ethanol, ethylbenzene, formaldehyde,
furan, furfural, hydrogen peroxide,
hydroquinone, isoprene, limonene,
4-methylcatechol, styrene, toluene, xylene

Not positive: N=8 Acrolein, biphenyl, choline, eugenol,
nicotinamide, nicotinic acid, phenol,

piperidine
Uncertain Caffeine
Yet to test ~ 1000 chemicals

From the Carcinogenic Potency Database [1,3].

minor importance in human cancer, it is not prudent
to focus attention on the possible hazards at the
bottom of a ranking if, using the same methodology
to identify hazard, there are numerous, common
human exposures with much greater possible haz-
ards. Our analyses are based on the human expo-
sure /rodent potency (HERP) index, which indicates
what percentage of the rodent carcinogenic potency
(dose to give half of the animals cancer) a human
receives from a given daily lifetime exposure [37]. A
ranking based on standard linearized, regulatory risk
assessment would be similar.

Overall, our analyses have shown that HERP
values for some historically high exposures in the
workplace (e.g., butadiene and tetrachloroethylene)
and some pharmaceuticals (e.g., clofibrate) rank high,
and that there is an enormous background of natu-
rally occurring rodent carcinogens in typical portions
of common foods that cast doubt on the relative
importance of low-dose exposures to residues of
synthetic chemicals such as pesticides [1,3,35,37,38].
A committee of the National Research Council of the
National Academy of Sciences recently reached sim-
ilar conclusions about natural vs. synthetic chemicals
in the diet, and called for further research on natural
chemicals [39].

The possible carcinogenic hazards from synthetic
pesticides are minimal compared to the background
of nature’s pesticides, though neither may be a haz-
ard at the low doses consumed. Analysis also indi-
cates that many ordinary foods would not pass the
regulatory criteria used for synthetic chemicals. Cau-
tion is necessary in drawing conclusions from the
occurrence in the diet of natural chemicals that are
rodent carcinogens. It is not argued here that these
dietary exposures are necessarily of much relevance
to human cancer. Data call for a reevaluation of the
utility of animal cancer tests in protecting the public
against minor hypothetical risks.

It is often assumed that because natural chemicals
are part of human evolutionary history, whereas
synthetic chemicals are recent, the mechanisms that
have evolved in animals to cope with the toxicity of
natural chemicals will fail to protect against syn-
thetic chemicals. This assumption is flawed for sev-
eral reasons [32,40].

(1) Humans have many natural defenses that buffer
against normal exposures to toxins [32] and these are
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3. Errors of omission: micronutrient inadequacy
is genotoxic

Endogenous hormones [43,44], dietary imbalances
[45,46], inflammation due to infection [47] and ge-
netic factors, none of which involve an exogenous
carcinogenic chemical, are major contributors to hu-
man cancer [46].

High consumption of fruits and vegetables is as-
sociated with a lowered risk of degenerative diseases
including cancer, cardiovascular disease, cataracts
and brain dysfunction [46,48]. More than 200 studies
in the epidemiological literature show, with great
consistency, an association between low consump-
tion of fruits and vegetables and high cancer inci-
dence [49-51] (Table 4). The quarter of the popula-
tion with the lowest dietary intake of fruits and
vegetables has roughly twice the cancer rate of the
quarter with the highest intake for most types of
cancer (lung, larynx, oral cavity, esophagus, stom-
ach, colorectal, bladder, pancreas, cervix and ovary).

Table 4
Review of epidemiological studies on cancer showing protection

by consumption of fruits and vegetables®

Cancer site Fraction of Median
studies showing  relative risk
significant of low quarter vs. high

cancer protection quarter of consumption

Epithelial

Lung 24 /25 22
Oral 9/9 2.0
Larynx 4/4 2.3
Esophagus 15/16 2.0
Stomach 17/19 2.5
Pancreas 9/11 2.8
Cervix 7/8 2.0
Bladder 3/5 2.1
Colorectal 20/35 1.9
Miscellaneous 6/8 -
Hormone-dependent

Breast 8/14 1.3
Ovary /endometrim 3/4 1.8
Prostate 4/14 1.3
Total 129/172

“From Ref. [49].

Eighty percent of US children and adolescents [52]
and 68% of adults [53] did not meet the intake
recommended by the National Cancer Institute and
the National Research Council: five servings of fruits
and vegetables per day.

Publicity about hundreds of minor hypothetical
risks, such as pesticide residues, can result in loss of
perspective on what is important: half the US public
does not know that fruit and vegetable consumption
is a protection against cancer [54]. Fruits and vegeta-
bles are of major importance for reducing cancer; if
they become more expensive because of reduced use
of synthetic pesticides then consumption is likely to
decline and cancer to increase. People with low
incomes eat fewer fruits and vegetables and spend a
higher percentage of their income on food.

Folic acid deficiency, one of the most common
vitamin deficiencies in the population consuming
few dietary fruits and vegetables, causes chromo-
some breaks in humans [55]. The mechanism of
chromosome breaks has been shown to be deficient
methylation of uracil to thymine, and subsequent
incorporation of uracil into human DNA (4
million /cell) [55]. Uracil in DNA is excised by a
repair glycosylase with the formation of a transient
single-strand break in the DNA; two opposing sin-
gle-strand breaks cause a double-strand chromosome
break, which is difficult to repair. Thus, folate defi-
ciency appears to be a radiation mimic. Both high
DNA uracil levels and chromosome breaks in hu-
mans are reversed by folate administration [55]. Fo-
late supplementation above the RDA minimized
chromosome breakage [56]. Folate deficiency has
been associated with increased risk of colon cancer
[57,58), and the 15-year use of a multivitamin sup-
plement containing folate lowered colon cancer risk
by about 75% [59]. Folate deficiency also damages
human sperm [60], causes neural tube defects in the
fetus and an estimated 10% of US heart disease [61].
Diets low in fruits and vegetables are commonly low
in folate, antioxidants (e.g., vitamin C) and many
other micronutrients [46,49,62].

Approximately 10% of the US population [63]
had a lower folate level than that at which chromo-
some breaks occur [55]. In two small studies of low
income (mainly African—American) elderly [64] and
adolescents [65] done nearly 20 years ago nearly half
had folate levels that low; the issue should be reex-

amined. Rex
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were, there are many more likely causes such as
smoking and diet.

Because there is no risk-free world and resources
are limited, society must set priorities based on
cost-effectiveness in order to save the most lives
[82,83]. The EPA projected in 1991 that the cost to
society of US environmental regulations in 1997
would be about US$140 billion per year (about 2.6%
of gross national product) [84]. Most of this cost is to
the private sector. Several economic analyses by
others have concluded that current expenditures are
not cost-effective; that is, resources are not being
utilized so as to save the most lives per dollar. One
estimate is that the US could prevent 60,000 deaths
per year by redirecting the same dollar resources to
more cost-effective programs [85]. For example, the
median toxin control program costs 146 times more
per year of life saved than the median medical
intervention program [85]. The true difference 1is
likely to be greater, because cancer risk estimates for
toxin-control programs are worst-case, hypothetical
estimates, and there maybe no risk at low dose
[35,37,46]. Rules on air and water pollution are
necessary (e.g., it was a public health advance to
phase lead out of gasoline) and clearly, cancer pre-
vention is not the only reason for regulations. How-
ever, worst-case assumptions in risk assessment rep-
resent a policy decision, not a scientific one, and
they confuse attempts to allocate money effectively
for public health.

Regulatory efforts to reduce low-level human ex-
posures to synthetic chemicals because they are ro-
dent carcinogens are expensive; they aim to elimi-
nate minuscule concentrations that now can be mea-
sured with improved techniques. These efforts are
distractions from the major task of improving public
health through increasing scientific understanding
about how to prevent cancer (e.g., what aspects of
diet are important), increasing public understanding
of how lifestyle influences health, and improving our
ability to help individuals alter their lifestyles.

Why has the government focused on minor hypo-
thetical risks at huge cost? A recent article in The
Economist [86] had a fairly harsh judgment:

“Predictions of ecological doom, including recent
ones, have such a terrible track record that people
should take them with pinches of salt instead of

lapping them up with relish. For reasons of their
own, pressure groups, journalists and fame-seekers
will no doubt continue to peddle ecological catastro-
phes at an undiminishing speed. ... Environmental-
ists are quick to accuse their opponents in business
of having vested interests. But their own incomes,
their fame and their very existence can depend on
supporting the most alarming versions of every envi-
ronmental scare. ‘The whole aim of practical poli-
tics’ said H.L. Mencken, ‘is to keep the populace
alarmed — and hence clamorous to be led to safety
— by menacing it with a series of hobgoblins, all of
them imaginary.” Mencken’s forecast, at least, ap-
pears to have been correct.”

Aaron Wildavsky discusses worst-case risk as-
sessment in his book But Is It True: A Citizen’s
Guide to Environmental Health and Safety Issues

[871.

““We should be guided by the probability and extent
of harm, not by its mere possibility. The search for
possibilities is endless and it trivializes the subject.
There is bound to be great diversion of resources
without reducing substantial sources of harm. Con-
sternation is created but health is not enhanced....
Weak causes are likely to have weak effects. Our
search should be for strong causes with palpable
effects, like cigarette smoking. They are easier to
find and their effects are much more important to
control . ... The past necessity of proving harm has
been replaced by a reversal of causality: now the
individuals and businesses must prove that they will
do no harm. My objection to this. .. is profound: our
liberties are curbed and our health is harmed.”
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