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ABSTRACT  About 300 carcinogens and non-carcinogens
of a wide variety of chemical types have been tested for mu-
tagenicity in the simple Salmonella/microsome test. The test
uses bacteria as sensitive indicators of DNA damage, and
mammalian liver extracts for metabolic conversion of carcin-
ogens to their active mutagenic forms. There is a high corre-
lation between carcinogenicity and mutagenicity: 90%
(157/175) of the carcinogens were mutagenic in the test, in-
cluding almost all of tﬁe known human carcinogens that
were tested. Despite the severe limitations inherent in defin-
ing non-carcinogenicity, few “non-carcinogens” showed any
degree of mutagenicity [McCann et al. (1975) Proc. Nat.
Acad. Sci. USA 72, 5135-5139]. In the present paper, carcino-
gens negative in the test and apparent false positives are dis-
cussed. We also discuss evidence that chemical carcinogens
and radiation, likely to initiate most human cancer and ge-
netic defects, do so by damage to DNA. The Salmonella test
can play a central role in a program of prevention: to identify
mutagenic chemicals in the environment (all indications are
there are many) and to aid in the development of non-muta-
genic products to prevent future human exposure.

This paper is a discussion of Part I (1) in which we reported
results obtained testing about 300 carcinogens and non-car-
cinogens for mutagenicity in the simple and rapid Salmo-
nella /microsome microbial test (1). We undertook this study
to determine the correlation between carcinogenicity and
mutagenicity and the utility of the Salmonella test, at this
stage in its development, for detecting chemicals likely to be
mutagens and carcinogens for humans.

Classification of chemicals as to carcinogenicity

Carcinogens. We selected as standard carcinogens and
non-carcinogens almost 300 chemicals which had been test-
ed for carcinogenicity in animals or were known human car-
cinogens. Since virtually every chemical known to cause
cancer in humans also causes cancer in animals (2-5), the
simplest assumption is that any chemical which is a carcino-
gen in an animal test is likely to be a human carcinogen,
though there are many uncertainties in determining the risk
to humans from animal data (2, 6, 7). In general, chemicals
carcinogenic in one species are carcinogenic in other species
(8, 5), although the carcinogenic potency of a particular
chemical can vary considerably depending upon the animal
species in which it is tested, and the manner in which the
chemical is administered (3, 4, 8-10). In evaluating carcino-
genicity data we have considered a positive result to take
precedence over a negative result. In a few cases, chemicals
have been designated carcinogens in limited studies (P+),
when the test procedure used indicates the result should be
confirmed by other methods. We have also designated a few
chemicals weak carcinogens (w+).

Abbreviations: bold-faced symbols (e.g., A21) refer to chemicals
listed in the table in Part I
* Part II; Part I is ref. 1.
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Non-Carcinogens. Classification as to non-carcinogenicity
is usually difficult because of the varying completeness and
modes of treatment in many studies and the statistical limi-
tations inherent in animal tests (4, 8-10). Recent criteria for
adequate carcinogenicity tests are much more stringent (4,
8-10). The test should be of adequate duration (lifetime pre-
ferred in rodents) in at least two animal species, at several
dose levels, and positive controls should be of the same gen-
eral chemical type as the chemical under test. The applica-
tion of such criteria in evaluating non-carcinogenicity would
mean that only relatively few chemicals classified as “non-
carcinogens” in this study could be considered non-carcino-

-gens with a high degree of certainty. Some method is clearly

needed which would permit a more quantitative evaluation
of negative cancer data. Some kind of completeness index
might be useful which would permit expression of negative
data as a “less-than” figure which would take into account
limitations of the particular experimental system, such as
duration of the experiment, numbers of animals used, and
dose. We have used a “less than” figure (e.g., <0.01 rever-
tant/nmol) to express negative results in the Salmonella mu-
tagenicity test (1).

Mutagenicity of carcinogens

Carcinogens (classified +, w+, or P+ in Part I) of a broad
range of chemical structures were tested and 90% (157/
175)t were mutagenic in the test.

Human Carcinogens. Of the few known, or suspected,
human carcinogens (3, 4, 11-13), almost all which have been
tested are positive. These include: B-naphthylamine (A21),
4-aminobiphenyl (A26), benzidine (A29), vinyl chloride
(B4), chloroprene (B7)¥, bis-chloromethylether (BS), cyclo-
phosphamide (B12), chlornaphazin (B14), melphalan (B15),
polycyclic components of coal tar (C) (3), 4-nitrobiphenyl
(E2), aflatoxins (H), cigarette smoke condensates (I1), and
soot (D. Streitwieser and B. N. Ames, unpublished). Auram-
ine (A43) and para-rosaniline (A35) (a component of ma-
genta) are suspected human carcinogens (3) and are nega-
tive in the Salmonella test. However, in both cases, human
cancer occurred as a consequence of exposure to highly im-
pure dye mixtures, which, in the case of auramine, were also
used in carcinogenicity tests in animals (3). The hormonal
carcinogen diethylstilbestrol (F19) could not be adequately
tested (see Bacterial toxicity).

Mutagenic Potency. We have calculated the number of
revertants per nanomole from linear dose-response curves
(1). Comparisons between the mutagenic potency of differ-
ent chemicals must be undertaken with caution because: (1)

t Slightly modified from Part I because of C6, which we classified
as a non-carcinogen in limited studies, but which should be classi-
fied as a weak carcinogen in limited studies (14).

# There is a controversy about B7 (see Part I).
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The mutagenic potency of each chemical is based on the re-
version of that tester strain most sensitive to it; each strain
has been independently optimized for detection of a partic-
ular class of mutagens and thus potency in the test will
change as additional strain improvements are made (15-17).
(2) The standard assay represents a compromise between
various factors, e.g., method of induction and amount of mi-
crosomal enzymes (S-9) (18, 19). (3) There can be higher ef-
fective mutagen concentration in the bacteria due to active
transport, e.g., azaserine (20), or to bacterial (rather than
liver) metabolic activation, e.g., nitrofurans (21, 22). Never-
theless, expressing results on one potency scale is useful, and
factors affecting relative potency even by 10-fold do not
greatly obscure the order of magnitude because the scale
varies over a range of about 10°: e.g., aflatoxin B; (H1)
(7057 revertants/nmol) and benzyl chloride (B20) (0.02 rev-
ertants/nmol).

It is of interest to see to what extent mutagenic potency in
the test parallels carcinogenic potency, despite the hazards
of such a comparison. Chemicals of very similar structure
can differ greatly in carcinogenic potency. We have exam-
ined (1) a number of these, mostly isomers, and changes
which decrease carcinogenicity (references in ref. 1) also de-
crease mutagenicity: A3 versus A7, A8, A9, Al10, All; A19
versus A20; A21 versus A22; A24 versus A23; A26 versus
A28; A29 versus A30, A31; C3 versus C8; C34 versus C35;
H1, H3, versus H2, H4, H5, H6, H7. An exception is C11
versus C10. Also of interest is a comparison of the mutagenic
and carcinogenic potencies of chemicals of very different
structure. In general, animal carcinogenicity tests have not
been designed for this type of comparison and few data are
available. M. Meselson and K. Russell (personal communica-
tion) have found sufficient carcinogenic potency data for
about 10 chemicals (including several human carcinogens)
and have plotted these data against our mutagenic potency
values, and the results show an encouraging agreement. It
seems imperative for animal carcinogenesis studies to deal
more with potency as an aid for human risk assessment, as
an encouragement to design more rigorous animal tests, and
as a standard for attempts to adjust the sensitivity of mutage-
nesis and transformation assays to parallel as closely as possi-
ble carcinogenic risk to humans.

Carcinogens negative in the test

Ten percent of the carcinogens (18/175) were non-mutagen-
ic in the test. These 18 chemicals (italicized for clarity) are
discussed below.

(1) Some chlorinated hydrocarbons, such as carbon tetra-
chloride (B2), 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene
[DDE] (B23), and dieldrin (B24), are not detected and pre-
sumably require metabolic activation (dehalogenation?) for
mutagenic activity. These three have been shown to mutate
or to interact with the DNA of mammalian cells (23-25).
“We are attempting to modify the in vitro metabolic activa-
tion system for their detection. Many important industrial
chemicals, e.g., ethylene dichloride (26) and a large number
of pesticides are chlorinated hydrocarbons.

(2) Chemicals activated by bacterial flora. Cycasin
(G21), a B-glucoside of methylazoxymethanol (G22), is inac-
tive in the test because neither Salmonella nor mammalian
microsomes contain a 3-glucosidase necessary for converting
it to the active alkylating agent methylazoxymethanol. Cy-
casin is non-carcinogenic in germfree animals (3, 4). A simi-
lar case may be 1,2-dimethylhydrazine (K5) which gives
markedly fewer colon tumors in germfree animals (27).

Proc. Nat. Acad. Sci. USA 73 (1976) 951

However, nitro carcinogens are detected in the Salmonella
test (see nitrofurantoin discussion).

(8) “Carcinogens” which may not be carcinogens. Au-
ramine and para-rosaniline are discussed under Human
Carcinogens. The carcinogenicity studies in animals of
para-rosaniline (A35) (3) and 4-aminoantipyrene (J3) (28)
are not definitive. Acetamide (D28) is carcinogenic in rats,
but enormous doses were given (>1% in the diet for a year)
(8), and this raises questions about possible impurities.

(4) 8-Amino-1,2,4-triazole (J5) and the weak carcinogens
thioacetamide (D27) and thiourea (D19) all possess goitro-
genic activity and cause thyroid tumors and a non-mutagen-
ic mechanism has been suggested (4).

(5) Dimethylamino carcinogens. Though the potent car-
cinogen dimethylnitrosamine (G1) as well as dimethylami-
noazobenzene (L6) was detected, their activity was very
weak (see also L5, L10, K9, K10, and G2) and it was neces-
sary to preincubate the chemicals with the S-9 Mix (see ref.
1). Their enzymatic activation appears to involve a demeth-
ylation (11) and the in vitro system may need to be im-
proved for this activity. The lack of mutagenic activity of
the carcinogens Natulan (K7) [a mutagen in mice (29)] and
1,2-dimethylhydrazine (K5) (discussed above) may also be
related to this problem.

(6) Miscellaneous. Ethionine (F7), which might act
through S-adenosylethionine by ethylating nucleic acids at
natural methylation sites (30), has been shown to be a muta-
gen in Coprinus (30). Safrole (F15) and 1’-hydroxysafrole
(F16) are negative, but 1’-acetoxysafrole (F17), a carcino-
genic metabolite, is quite mutagenic, and a mutagenic me-
tabolite of safrole can be detected (H. Rosenkranz, personal
communication) in the Salmonella /urine test (31, 32). Phe-
nobarbital (J1), a carcinogen in the mouse (33), is also a pro-
moter and a potent inducer of microsomal enzymes in liver
responsible for activating carcinogens. Urethane (D21) has
been reported to be mutagenic in other organisms (34), to
cause chromosome damage in rats, and to be converted to
metabolites which can react with DNA (3).

In conclusion, 90% of the 175 carcinogens examined were
detected as mutagens. Of the 18 carcinogens that were not
mutagenic in the test, many are either mutagenic in other
systems or produce mutagenic metabolites. It is striking that
so few carcinogens of the 175 examined remain with no evi-
dence for ability to damage DNA. We suspect that even a
higher percentage of carcinogens will be detected in the test
after further improvements in the in vitro activation system
or in the tester strains. The Salmonella test has been adapted
for the testing of urine (31, 32, 35) and colonic contents (36)
as a supplemental way of detecting mutagenic metabolites
and some of the carcinogens negative in the standard test
might also be detected in this way (see safrole).

Non-mutagenicity of non-carcinogens

Despite the difficulties in determining “non-carcinogenici-
ty” (see Non-Carcinogens) 87% (94/108)3 of the “non-car-
cinogens” (0, ?0, c0) are non-mutagenic in the test. The
“non-carcinogens” fall into two general categories: 62 chem-
icals, most of which are fairly closely related and even iso-
meric to carcinogens, and 46 common biochemicals.
Common Biochemicals. All 46 common biochemicals
showed no mutagenic activity (<0.01 revertant/nmol) using
the criteria for non-mutagenicity described (1). Few com-
mon biochemicals have been examined for carcinogenicity

§ A10 and CB classification changed from Part I (see text).
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and most of the 46 we selected have some negative cancer
data, though in most cases these are quite limited. The com-
mon biochemicals tested were: adenosine, cytidine, L-ascor-
bic acid, diaminopimelic acid, nicotinamide, d-pantothenic
acid, riboflavin, thiamine, thioctic acid, L-arabinose, dex-
tran, L-fucose, D-galactose, D-glucose, D-glucosamine, potas-
sium gluconate, glycogen, inositol, lactose, maltose, D-ribose,
sucrose, L-asparagine, L-glutamic acid, glycine, L-methio-
nine, L-phenylalanine, L-tyrosine, L-tryptophan, L-lysine,
glutathione, ammonium chloride, magnesium chloride, po-
tassium chloride, sodium bicarbonate, sodium chloride, diso-
dium phosphate, ammonium acetate, ethyl acetate, citric
acid, glycerol, propylene glycol, sodium potassium tartrate,
indole, spermidine, and putrescine.

“Non-carcinogens” positive in the test

Thirteen percent (14/108) showed some degree of muta-
genic activity and these “false positives” (italicized for clari-
ty) are discussed below.

(1) Weak mutagens: mostly close relatives of carcino-
gens. Two close relatives (A7, A10) of 2-acetylaminofluo-
rene (A3) when tested showed weak but definite mutagenic
activity (several hundred- to several thousandfold less).
Thus, though the discrimination of the test for these “non-
carcinogenic” derivatives was excellent (see Mutagenic Po-
tency), by our criteria we initially classified these as false
positives. Clearly, even a trace of 2-acetylaminofluorene im-
purity could account for the results, and for this reason we
analyzed these by high-pressure liquid chromatography. In
fact, both A7 and A10 contain this contaminant and the pu-
rified material shows no significant activity, <0.03 rever-
tant/nmol (V. Donahue, J. McCann, and B. N. Ames, manu-
script in preparation). The fact that these chemicals were
determined to be “non-carcinogens,” but actually contained
some potent carcinogen, dramatically illustrates both the sta-
tistical limitations of animal carcinogenesis testing and the
power of the Salmonella test.

The statistical limitations inherent in animal carcinogenic-
ity tests limit their usefulness for the detection of weak car-
cinogens. More extensive animal carcinogenicity tests may
therefore be required to determine if the “false positives”
showing weak mutagenic activity are really non-carcino-
gens. These are 4-acetylaminofluorene (All), a-naphthyl-
amine (A22), styrene oxide (D13), glycidol (D14), 1,2-epox-
ybutane (D186); 5-nitro-2-furamidoxime (E18), 5-nitro-2-
furoic acid (E20), and N-hydroxy-4-aminoazobenzene (L9).
Sodium nitrite (K13), among the weakest mutagens (0.01
revertant/nmol) in the test, has been subjected to extensive
carcinogenicity tests with negative results, though it does
show some activity in in vitro transformation tests (37). It is
both highly reactive and rapidly detoxified by mammalian
enzymes.

(2) “Non-carcinogens” which are potent mutagens. The
captan-type fungicides, including the closely related captan
(B21), folpet (B22), and Difolatan, are widely used and it
has been estimated that milligram amounts could be con-
sumed per person per day as residues in food (38). They are
potent mutagens in the Salmonella test and are mutagenic
and teratogenic and cause chromosome abnormalities in
higher organisms as discussed in a review by Bridges (38).
Captan and folpet were negative in a carcinogenicity study
in mice (39), but preliminary evidence from another study
in mice on captan indicates it may be a potent carcinogen
(H. Rosenkranz, personal communication). The strains of
mice were different in the two studies and it is also possible
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that captan and folpet, which would react readily with pro-
tein, reacted with the gelatin used as a vehicle in the nega-
tive study. Further tests are in progress on captan at the Na-
tional Cancer Institute.

ICR-191 (B18), the prototype, and the first reactive
frameshift mutagen characterized (40), has since been
shown to be a potent mutagen in mammalian cells (41) as
well, and is positive in a DNA repair test in human fibro-
blasts (42) used to detect chemical mutagens and carcino-
gens. Though two closely related chemicals of similar muta-
genic potency (B16 and B17) were positive in the lung
tumor test in strain A mice, ICR-191 was negative (R. Peck,
personal communication).

Nitrofurantoin (E19), a widely used drug, is strongly mu-
tagenic in the test. It was non-carcinogenic in one fairly ex-
tensive feeding study in rats (22) but, as was the case for the
Japanese food additive furylfuramide (AF-2) (E16) (43),
more extensive tests might show carcinogenicity. The test is
unusually sensitive for the detection of the nitro carcinogens
(E), apparently because they are activated directly by nitro
reductases in the Salmonella. Nitro reductases from both
mammalian liver and gut bacteria are thought to play a role
in activating nitro carcinogens. It is possible that Salmonella
may contain nitro reductases not present in liver or in the
Escherichia coli normally present in human gut. We think
this is unlikely, as Salmonella and E. coli are very close rela-
tives (nitrofurantoin is mutagenic in E. coli, ref. 22). If acti-
vation by the tester strains is found to be a problem they
could be modified; several groups have isolated mutants of
E. coli or Salmonella lacking particular nitro reductases (re-
viewed in refs. 22 and 21).

Dibenz|a,hlanthracene-5,6-oxide (C12) was not carcino-
genic when tested under conditions where the parent com-
pound, dibenz[a,h]anthracene (C11), was positive; however,
it is as mutagenic in the Salmonella test as the parent hydro-
carbon (which requires liver activation). Epoxides and diol-
epoxides are formed as metabolites of polycyclic hydrocar-
bons and are thought to be the active carcinogenic forms. A
number of these are mutagenic in Salmonella (44-46) and
mammalian cells (46, 47) and are active in in vitro transfor-
mation (reviewed in ref. 48). Those that have been tested
show relatively slight activity as carcinogens in some of the
standard animal tests (48) (e.g., C5), possibly because they
are reactive, unstable compounds.

Sodium azide (K11) is a very potent mutagen in the Sal-
monella test, and in barley (49). It was found negative in a
thorough lifetime carcinogenicity test in rats where it was
administered either in the diet or by gastric intubation, at
two dose levels (50). It would be of both practical (it is used
industrially) and theoretical (it may not act as an electro-
phile) interest to test it by other routes and in other species.

Bacterial toxicity

Ten chemicals could not be thoroughly tested for mutageni-
city because of bacterial toxicity (1). The limits of non-muta-
genicity for each chemical, e.g., C28 = <16 revertants/nmol
and F14 = <0.13 revertant/nmol, are determined by the
maximum level that could be tested without inhibition. We
have not included these 10 chemicals in the statistics since
they could not be classified as mutagens or non-mutagens,
but, practically, they add three carcinogens (D8, F19, H14)
that could not be detected by the test (and five non-carcino-
gens: F14, F18, G9, G10, H13), though this does not change
the statistics appreciably. Mitomycin C (H14) has been
shown to be a mutagen in Salmonella under different condi-
tions (17).
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Chemicals of unknown carcinogenicity which were
mutagenic.

Hundreds of chemicals of unknown carcinogenicity have
been tested in the Salmonella test, and in general most are
negative. A few that were mutagenic, and are in Part I, are
Al5, A6, A18, A28, Add4, B9, C15, G17, L1, L13, L17; and
we have reported on others (e.g., refs. 26 and 51). Of unusu-
al interest is ethidium bromide (A44), a very potent muta-
gen after microsomal activation (1, 52). It causes a variety of
biological effects, presumably related to its ability to interca-
late in DNA, and is widely used in physico-chemical studies
with nucleic acids. Proflavin (A18) and 9-aminoacridine
(A186) are used clinically and Dexon (L13) is a pesticide. All
should be handled with caution.

Uses of the Salmonella/microsome test

We believe that the test can play a central role in a long-
term program of cancer prevention aimed at identifying,
and minimizing human exposure to, environmental carcino-
gens and mutagens. It is a complement to traditional animal
carcinogenicity tests, as it can be used in a variety of ways
not feasible with the animal tests. (1) Chemical and drug
companies can now afford to test routinely all new com-
pounds at an early stage of development so that mutagens
can be identified and this information taken into consider-
ation before there is a large vested interest in the compound.
The Salmonella test is now being used by over 50 major
chemical and drug companies. (2) If a drug is found to be
mutagenic, a variety of derivatives can be synthesized to
find a non-mutagenic form (53, 54). (3) The mutagenicity of
a chemical may be due to a trace impurity and such knowl-
edge could save a useful chemical (R. Gustafson, American
Cyanamid, personal communication). (4) Complex mixtures
or natural products with carcinogenic activity can be investi-
gated, using the test as a bioassay for identifying the muta-
genic ingredients; e.g., cigarette smoke condensate is muta-
genic (55) and numerous tobacco companies are trying to
identify the chemicals responsible. (5) Colonic contents (36)
and human feces (W. R. Bruce, personal communication)
and urine (31, 32, 35) can be monitored to see if ingested
products or drugs are giving rise to mutagens. (6) The vari-
ety of substances that humans are exposed to, both pure
chemicals and mixtures, is being assayed for mutagenicity
by hundreds of laboratories: e.g., water supplies; soot from
city air; hair dyes (51) and cosmetics; drugs; food additives;
food; mold toxins; pesticides; industrial chemicals; fumi-
gants. Many substances have been found to be mutagenic
and several which have been tested have since been shown
to be carcinogenic (43, 56), e.g., Al7, B3, E12, E16, and
probably B21. (7) The active metabolic forms of chemical
carcinogens, and their metabolism, can be determined using
the test as a bioassay (e.g., 26, 44, 46). (8) The test system is
useful in clarifying basic mechanisms of mutagenesis by
chemical carcinogens, e.g., the demonstration that many ar-
omatic carcinogens are reactive frameshift mutagens with
particular base sequence specificity (15, 16, 40, 45, 57), and
the clarification of the role of different repair systems in
mutagenesis by various carcinogens (15, 17). (9) The sensi-
tivity of the Salmonella test may make it particularly useful
for detecting chemicals which have weak carcinogenic ac-
tivity and would be difficult to identify in animal tests be-
cause of statistical limitations. Weak carcinogens could be of
great importance to the human population where millions of

individuals could be exposed.
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Do chemical carcinogens cause cancer through
damage to DNA?

On the basis of our work and other evidence, listed below,
we find compelling the theory (see ref. 34 for historical re-
view) that radiations and chemical carcinogens cause cancer
through damage to DNA (somatic mutation). (1) It is known
that cell regulation can be altered by mutation, and that a
heritable change in cell regulation is a characteristic proper-
ty of a cancer cell. (2) The theory is simple and consistent
with facts in cancer biology (58, 59). (3) It is supported by
studies on the genetics of cancer (60). (4) There are human
mutants lacking DNA repair systems who are extremely
prone to cancer (61). (5) There is a correlation between ca-
pacity for repair of DNA damage and the occurrence of
organ-specific cancer (62-64). (6) Active forms of many car-
cinogens are electrophiles capable of interacting with DNA
(84). (7) Almost all carcinogens tested have been shown to be
mutagens (1). (8). Many potent aromatic carcinogens are un-
usually potent frameshift mutagens and it is our hypothesis
that the structural basis for this is that they are DNA affinity
reagents containing both an aromatic ring system capable of
a strong stacking interaction with DNA and an electrophilic
moiety (19, 40, 45, 57). (9) In addition to the many chemical
carcinogens whose active forms have an electrophilic inter-
action with DNA and are mutagens there is a diverse collec-
tion of carcinogens such as asbestos (65), metal carcinogens
(66), and a variety of radiations that have no obvious con-
nection other than their ability to damage DNA.

Public health and insult to DNA

It has been estimated that environmental factors (2, 58, 67)
initiate almost all hurnan cancer and it is becoming increas-
ingly apparent that many environmental factors are muta-
gens, e.g., cigarette smoke, asbestos, ultraviolet light, x-rays,
known human chemical carcinogens (see Human Carcino-
gens). It seems clear that many more chemicals will be
added to the list of human carcinogens, as we are being ex-
posed to an increasing flood of chemicals that have not been
tested for carcinogenicity or mutagenicity, from flame re-
tardants in our children’s pajamas to pesticides accumulating
in our body fat. In general, the approach to this problem has
been to ignore it and even very large volume chemicals, in-
volving extensive human exposure, have been produced for
decades without adequate carcinogenicity or mutagenicity
tests, e.g., vinyl chloride (2.5 billion kg/yr, U.S.A.) and eth-
ylene dichloride (3.5 billion kg/yr, U.S.A.) (26), and a host
of pesticides. A small fraction of these chemicals is now
being tested in animals, but for the vast bulk of them the
only experimental animals are humans, and epidemiological
studies on humans are impractical in most cases.

Damage to DNA by environmental mutagens may be the
main cause of death and disability in advanced societies
(58). We believe that this damage, accumulating during our
lifetime, initiates most human cancer and genetic defects
and is quite likely a major contributor to aging (68, 69) and
heart disease (70, 71) as well. The solution is prevention:
identifying environmental mutagens and minimizing
human exposures. Rapid, accurate, in vitro tests, such as the
Salmonella /microsome test, should play a crucial role in
realizing this goal.
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