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EMVIRONMENTAL CHEMICALS CAUSING CANCER
ANO GENETIC BIRTH DEFECTS

Bruce N, Ames

Department of Siochemistry, University of Californfa,
Berkeley, California $4720

Darmge to DNA appears to be the cause of most cancer and
genetic birth defects and may contribute to aging and heart
disease as well., A major part of this ONA damage 1S caused
by environmental chemicals, both natura} and man made. Many
wore Chemicals will be added to the current Tist of human
carcinogens and mytagens. Since the Jate 19505 we have beea
exposed to a flood of chemicals--from flame retardants in our
children’s pajamas to pesticides accumulating fn our body
fat--that were not tested for carcinoqenicity or mutagenicity
before their use. [In the past this problem has been targely
ignored; even high-production chemicals, with extensive human
exposure, have been produced for decades without adequate
carcinogenicity or mutagenicity tests. K few of these chemi-
c21s are now being tested in animals, but for most of them
the human population §s serving as the test animal. Because
the 20- to 30-year lag time for chemical carcinogenesis in
humans 1s almost over, tha Incidence of cancer may increase
steeply if too many of the thousands of rew chemicals to which
humns have been exposed turn out to be powerful mutagens and
carcinogens (Figures 1 and 2}, We must identify the agents
that have caused the cancer and genetic birth defects of
todiy (many of these are natural compounds present in our diet
as complex mfxtures) and test the many man-made chemicals
that have been introduced into the enviromment fn the last few

- decades. Existing animal tests and human epidemiology alone

are inadequate procedures for this task for a number of rea-
sons fncluding time, expense, and the difficulty of dealing
with corplex mixtures,

Over the last 14 years ws have developed a simple method
for identifying chemical mutagens, and we have shown that
atmost all chemical carcinogens are mutagens (V). This test
combines on 3 petr{ plate special strains of Silmonella bac-
terfa {as indicators of reverse mutation) and marwalian liver
homogenates irodent or human autopSy--to provide sasmalian
matabolism) (Fiqures 3 and 4} {4-6), Ue have validated the
test for detection of cavcinogens as mutagens by testing over
300 chemicals and have reported that almost all chemical
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FIGURE 1, Cigarette smking and lung cancer are vomis-
tatably related, but the nature of the relation remined
sbscyre because of the long latent period between the increase
in cigarette consumption and the increase in the incidence of
:m? cancer. The data are for England and Wales. fn wen

sol}

d Vine) smoking began to fncrease at the beginning of the

20th century, but the corresponding trend fn deaths from lun

. cancer did not begin until after 1920. Inwomen (dotted 1ine

u swoking begsa later, and lung cancers ave only now appearing.

! (From J. Catrns, "The Cancer Problem.” Copyright 1975 by

- Scientific American, Inc. All rights reserved.}

fven if we could identify new hazardous chemicals by

huran epldemfology, people will already have bean axposed for .
decades, and the discovery my be too Jate. Thiz happened

i with riny) chloride: 1t was in mi1tfons of spray cans and in

i foods packaged fn PVC (polyvinyl chloride) containers. The

i 20~ to 30-year lag time needed for cancer to develop from the
expasure to the tremendous increase fn chemicals that started

\ during the late 1350s and early 1960s (Figure 2) 1s alwost
over, Thus, we may expect & steep increase in human cancer 1f
sany of these thousands of new chemicals are Indeed powerful
sutagens and carcinogens with widespread human exposure,

z ! 3 p R v T -~
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FIGURE 2, Production of two mutagens-carcinogens with
widespread human exposure: ethylens dichloride and viny}
chlortde (production data from "Top-50 Chemicals™ issues of
Chemical and Engineering Newo). ximately 100 bitiian 1o
of ethylene dichloride and over 50 bi1lion b of vinyl chle-
ride have been produced since 1960, Ethylene dichloride $s a
volatile 1{quid that 1s the precursor of vinyl chloride and {s
also used extensively as a fumigant, Solvest, gasoline addi-
tive (200 million Ib/yr), and metal degreaser. Ethylene di-
chloride was first shown to be a mutagen in Drocophila in .
1960, and later in barley and Salmonella, but this fact hes
been Jgnored. The first adequate cancer test in animals has
Just been completed by the N.C.I. (Novemder 1377) and is pasi-
tive ta both sexes of both rats and mice. Yiayl chloride gas
ts used to nake polyvinyl chloride (PYC; vinyl) plastic, It
was shown to be a carcinogen in rats and in people in the mid-
19705, and a mutagen In Salmomella and other systems shortly
afterwards, (From B, N, Ames, "Environmental Chemicals
Causing Cancer and Genetic Birth Defects,” Institute of Govern-
mental Studies, University of California, Berkeley, 1978.)
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FIGRE 3, The “spot test." Each petrf plate contafnx,
in & thin overlay of top Sgar, the tester straie TA3S and, in
the cases of plates © and P, 2 rat liver microsoml activation
system {5-9 Mix). Mutagens were applicd to 6-wm filter-paper
discs, which were then placed in the center of sach plate:

A) spontaneous revertants; (8} the Japanese food additive
furyfuramide (AF-2) (1 wd); (C) the mold carcirogen afla-
toxin By (1 pg): (2) 2-sminofluorene (10 ug). Mutagen-
induced revertants appesr 33 3 ring of colonles around each
dlsc., (Reprinted from Ref. 1.}

The food additive furylfuramide was used extensively in
Jipan from 1965 untt! recently as an antibacterial additive in
8 wide vartety of common food products such as soybean curd
and fish sausage, It showed wo carcinogenic activity {n tasts
on rats in V and on mice ix 1971, [n 1973, Japanese scien-
tists found 1t to be highly sutagenic ia & stratn of Escheri.
ohia colt bacterta {12 was 2150 found to ba extraordinarily
potent in reverting our Salwmella tester strain TAIOQ), They
subsequently examined 12 {n higher (eukaryotic) organismes and
found It to be sutagenic T yeast and Neurvspora, and to causé
chrososome breaks {a humen white bJood cells. Animal tests
for carcinogenicity, wore extensive than the previous ones,
were fnftiated, and these tests have recently shown that AF-2
13, in fact, a carcinogen. As a consequence of this finding,
the Japanese government prohibited the use of Af-2 as & food
additive, and all products containing AF-Z were remved from
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the market, Since AF-2 had already been tested for carcino-
genfcity in two anfmal systems and found negative, it 18
unlikely that further tests would have been conducted 1 it
had not deen shown ta be mutagenic.

Tete-{2,3- dibremaproprt=
phosphote:

:

3

Reveriont Colonies Per Plote

ene dRdromide

s o e e )

et n.’ uind

50 00
0 of Compound Per Plata

FIGURE 4. The flame retardant tris(2,3-dibromopropyl)
phosphate and the pesticide dibromochlioropropane were in the
presence of ray Tiver homogenate. A1 compoynds were tested
on Salmonella strain TA100. The amouat of the industrial
themical ethylene dibromfde added was ten times that indf~
cated on the scale. (Repriated from Ref, 2.)

Since this and the Prival ot al. {3) studies, iris Bas
been shown ta be & carcinogen in rats and mice, Fifty
mitlfon children have been exposed. Dibkromochloropropane
{DBCP) has now been shown to have sterilized a large mmber of
factory workers, .
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carcinogens tested ere fe In this test {157/175) and
wmost “"non-carcinogens® (95/108) ars megative. A nusber of the
"false positives™ generated by thigs study appesr o be
explainable as consequences of statistical limitations of
anima) carcinogenicity tests (4,7). .

The test is particularly useful for the detection of
sutagens/carcinogens in complex mixtures (such as clgarette
smoke, water, air potlution, food, and urine) (B-10), We Nve
recently developed a simple method for examining Wwuwan urine
in our test system and have shown that cigaretts smokers have
mutigens in thefr wrine and pon-smokers do not (10). The tast
is also useful In the development of drugs and industrial
chemicals whers Targe purbers of chemicals myst be screened.
Mast of the major drug and chestical companies in the world are
now using the test system,

We are exposed to a very large number of chemicals that
are mutagens and carcinogens, many of them quite useful for
society, and it 1s clearly fmpractical to ban them all, yet
fooltsh to ignore thetr potential danger, MNe must have some
wy of setting priorities for regulation of these cheaicals,
and this requires an assessmemt of human visk. Ye (with C,
Sawyer, M, K. Hooper, A. Friedmin, and R. Peto, following the
Tead of Meselson and Russell ["]i have shown by the quintita-
tive analysis of animl cancer tests that there is over a
ailifon-fold range in the strength of carcinogens, and this
knowledoe, combined with knowledge on humin expasure, may
enable an assessment of human risk to be done is 3 more .
rational manner, Because few chemicals (or mixtures} in the
enviromment have been tested {n animal cancer tests, we need
additional ways of obtaining Informstion as to the mutagenic
and cavcinogenic danger of chemicals,

We bdelieve that short-term tests such as Salwomella will
play an essent{at role in priority setting: a key issue, hove
ever, 15 what they can t21l us about potency. We have prelin-
inary studfes on the relation between mutagenic and tarcino-
genic potency, Thers ars 8 number of reasons why one should
not expect &4 very close quantitative correlation between wuts-
genicity in bacteria and carcincgenicity fn animils. Never-
theless, there {s over a siliion-fold runge in mutagenic
potency in the Salmonella test snd 2 similar range in carcine~
genic patency snd even a rough quantitative correlation would
be very useful in hbuman risk assessment, There is an indica-
tion, from Meselson and Russell's work (11) and our own that
there 4s a quantitative corvelation, not only for carcinogens
in the same chemical class, but also across & broad ra of
classas, Further work will show how general this correlation
1s. There appears to be & correlation between mutagenic
potency in Salmonella (and at Teast one short-term tesi wsing
human cells [12]). Thus 1t appears likely that potency in &

ONA REPAIR MECHANISMS "7

battery of short-term tests (many good ones have mow been
developad) may be able to be used as an aid im human risk
assessment.

We believe that a major area of public health can best be
attacked by prevention: {dentifying environmental mutagens/
carcinogens, making & rough estimate of human risk based on
potency and amount of human exposure, s3nd minimtzing human
exposurs to the more dangerous of thess agents, [t seems
Tikely that we wil) sgon know how dearly we will have to pay
in increased cancer and birth defects for the modern world of
$ndustrial chemicals, pesticides, food additives, and plas-
tics. [t appears likely, howevar, that the new methods and
discoveries from basic biology that have been developed over
the last decade and that are being developed at present will
help in making future decisions more rational.
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WORKEHOP SUNMARY: Chemical Damege and Netagenesis in
Meanalisn Systoas
C. F. Arlatt, WRC Cell Mutation Unit, University of Ssasex,
Falmer, Brigaton BN1 9QG, Sngland

From the diversze contributions of the six eponkers at this
Workshop three major themcs cas ba resolved. - The first comw
cerns the posaihility of the extsteace of differont repair
wodes for differont classes of DNA demage in 3awaslinn cells,
Both Strauss end Roberts produced biochemical evidence that
suggests that cells wmay have aveilable a nuaber of altemative
repaiy pathways to sodify a specific type of demmge, Thue it
is prssible to produce nvidunce that the excision remir pro-
cesses which handle the aryalkyl residuss may be discrimtnated
from those which modify thymine dimers produced by UV
irradiativa (Dipple snd Roberts, 1977). Although chemleal
adducts can be excised they my also be bypaszed by the repii-
cation machinery, the mechanisa of bypass probably invelves
branch migration (Higgins, Kato and Stravun, 1976), The coa~
swquences to the cell of the tontinued existence of adducte is
not known but they mey be dilutod ocut of the syatea 1f repif-
cation can comtinue, in addition they are atill avaiimble ae
substrates for excleion repair,

Support, at the bislogical level, for the axistancw of dif-
ferwntial repair modes was provided hy Shher and Arlett.
Meher showed that defects in exsision repair, particularty is
seroderma pigmentosun {XP) cells are very sericus for the

' lethal raspoase when cells are treated with UY or choesicals
which produce ‘'Uv-like* distartioa in the DNA, Indend, the
more Suve:c the defects in excision the more severe are the
effects on catl kllling or sutatton, Othear choulicals which
do aot produce *UV-like’ damage show no differantisl killing
offacts in XP cells, Those data (ndicate a zpecificity of
recognition of the leston by a particulsr rvpair process,
‘These observations wore complomcnted by thoase of Artett sho
showed that by exposing an array of huain mutents with speci-
Tic sensitivitios to DNA daeazing sgents little cross sensi=
tivity was obaerved. Further, the huetn DNA damago-sensitive
ayndrones ¢sn bo used to identify the mode of action of ather
ageats (Arlatt, 1977),

A second sajor thams mas concorned with the complexities of
the technotogy Involved in perforsing witat ion studies with
culturnd aammmlinn celis, Fox illustrated the difficulties
which Are encountered in thecse sxperimonts by showing tmat
the ahnpe of the mutation dose response curves, which are
wital far the proper evalumtion of the data, ere critically
dopendrut upon experimental desipgn. The Linoar dose«response
curves produces) by the so-called replating technique (Fox and
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