
One of the successes of cancer research in the past 3
decades has been the identification and study of the chem
ical carcinogens. Many of these nonviral and nonradio
active compounds are products of man's activities, some
are found in inanimate nature, and some of the newest
agents are products of living cells. This review describes
some of these agents arid some of their properties, partic
ularly as they might relate to the etiology of cancer in man.
The role of chemical carcinogens in the over-all etiology of
human cancer is still essentially unknown. Furthermore,
it is evident that the chemical carcinogens form but one
aspect of the problem of etiology facing the epidemiologic
oncologist.

CARCINOGENIC PYROLYTIC PRODUCTS

Man was the first species in which chemical carcinogen
esis was demonstrated, and the history of chemical carci
nogenesis, and indeed of cancer research, properly starts
with the observations of Percivall Pott and the conclusions
he drew in 1775 about scrotal cancer in English chimney
sweeps (130, 131). Pott pointed to soot as a cause and to
the long latent period required for the development of this
cancer. The scientific isolation of Pott's observations is
interesting to consider since they were made approximately
60 years before the cell theory, the cellular pathology of
cancer, and the beginnings of organic chemistry. How
ever, from the practical standpoint, as Clemmesen (39)
remarks, Pott's report apparently inspired a ruling in 1778
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by the Danish Chimney Sweepers Guild that its members
should have daily baths. As Potter (131) points out, it is
remarkable that Pott did not suggest the most effective
method for control of scrotal cancer, i.e., prevention by
avoidance of contact by suitable means. Indeed, it ap
pears that it remained for Butlin (30) in 1892 to inquire
why scrotal cancer was so rare in chimney sweeps outside
of England and to show that it was apparently prevented
by protective clothing and frequent bathing among Bel
gian, Dutch, and German chimney sweeps.

The relatively long induction time of scrotal cancer in
chimney sweeps was pointed out by Pott, by his grandson
Henry Earle (cf. Ref. 131) in 1823, and later by Butlin
(30). Similar observations were made on scrotal cancer
in tar, paraffin, and shale oil workers (15, 169). However,
the long times of application of these carcinogens needed
in man and the long times needed for appearance of the
tumors were not properly appreciated in the early experi

mental attempts to produce skin cancer with soots and
tars. Stewart (160) has given a thoughtful account of
these and other difficulties in the translation of experience
on skin cancer in man into the first experimental produc
tion of skin cancer in animals in Japan some 50 years ago.

The later work on the carcinogenic hazards to man of
pitches, oils, tars, and catalytically cracked oils has been
detailed in the modern literature and has been reviewed by
Eckardt (56) and Henry (70). It is often supposed that
the carcinogenic polycyclic aromatic hydrocarbons known
to be present in these products of pyrolysis of carbonaceous
matter are human carcinogens. There is little or no
direct evidence in this regard (cf. Ref. 14, pp. 146â€”48).
Data from animal experiments indicate that the known
polycyclic aromatic hydrocarbons, such as 3 ,4-benzpyrene,
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SUMMARY

This review is concerned with natural and synthetic chemicals in the etiology of can
cer, with particular attention focussed on products and situations which may relate
to man. The carcinogenic activities of certain aromatic polycyclic hydrocarbons and
aromatic amines for both man and experimental animals have been known for several
decades. More recently the discoveries of a number of carcinogenic metabolites in
various forms of life have stimulated interest in this aspect of environmental carcino
genesis. These natural products include certain metabolites of tryptophan, various
mold metabolites (aflatoxins, griseofulvin, and several uncharacterized compounds),
and a variety of plant products (certain pyrollizidine alkaloids, cycasin, safrole, and
thiourea) . Theories on the possible means by which chemicals may induce cancer are
discussed.
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are not the sole agetits in crude @)yrolysis1)roducts that. de
termine the carcinogetiic activity of these materials for
skiti. â€œIfhishas been noted in the l)roduetion of experi
iuental skiti caticel by tobacco tars atid air pollutants (14,
51, 80, 136, 180, 181) and has iinpoitant implicatioiis for
the induct ion of lung (â€˜flI1CCIin nutti. Thus, it appeai@s
likely that in many instances the hydrocarbons in the total
products of @)yrolysis of carbonaceous matter niay function
as initiating agents and that other substances present in
these crude mixtures may promote the forniation of the
gross tumors observed in man (21, 141, 142).

It, is evident that modern nian's exposure to the carci
nogenic polycyclic aioniatic hydrocarbons and various ac
compaiiymg 1)I'OdU(tS of @)yrolysis has been considerably

increased through contacts arising from general air pollu
tion from combustion products and from that peculiarly
persotial form of aii@pollution, the inhalation of tobacco
smoke. However, it is also clear that for ages past man
and, indeed, living organisnis that long preceded nian
have also been eXj)OSed, at least. sl)Oradical!y, to these corn
l)outlds. Carcinogenic hydrocarbons such as 3,4-benz
py@@enemust have been present. iii the environment ever
since the first coiiibustion of carbonaceous matter was
started by lightning, volcanic action, etc. I\Ian, of course,
increased the degree of contact with these hydrocarbons
from the time he adopted the use of fire in his daily life at
least half a million years ago. Some direct. evidence for
the presence of these hydrocarbons in past environments
is seeti in recent reports on the detection of minute amounts
of 3,4-benzpyrene in soils from various parts of the United
States (18) and in certain types of asbestos (68).

It is l)erhal)S not. widely appreciated that mammals, ii@iâ€”
eluding man, possess enzymes in iiiany tissues which de
stroy the carcinogenic activity of hydrocarbons such as
3 ,4-benzpyrene through hydroxylatioti of these structures.
Furthermore, these hydrocarbons have the interesting
property of stiiiiulat.ing cells in many tissues to form in
creased amounts of these enzymes. The induction of in
creased activities of what niay be termed benzpyrene hy
droxyla.se is easily observed in the rat liver even within a
few hours after the injection of small amounts of benzpy
reiie (43). This induction appears to involve the fornia
tion of new enzynie (43), and recently Gelboin and Black
burn (62) have shown that the induction of benzpyrene
hydroxylase appeal's to depend on RNA2 and protein syn
thesis. Benzpyrene hydroxylase is present in the endo
plasiiiic reticulum of the liver and requires molecular oxy
gen and reduced tri@)hosphopyridu1e nucleotide for
activity. A variety of enzymes of this type have been
found in the liver (63). They j)OsseSS low substrate spec
ificities and generally oxidize substrates of relatively low
polarity. Since they niet.abolize a variety of drugs they
have sometimes been referred to as the â€œdrug-metabolizing
enzymes. â€˜â€˜ Carcinogenic hydrocarbons such as 3 , 4-benz
pyrene and 3-niethyleholanthrene were the first. inducers
of the synthesis of these enzymes in rico to be discovered.
However, it. is evident that iiiany noncarcinogenic hydro
carbons (42, 43) and a variety of other compounds, such as
phenobarbital, phetiothiazine, etc. (41, 172), can also in

duce the sytithesis of these enzymes iii the liver. Watt.eii
berg and his associates (171, 173) have detected benzpy
rene hydroxylase in tissues other thati liver iii a vai.iet.y of
sl)ecies, it1(1Udi ng nurn. These workers assayed various
parts of the gastrointestitial tract of tiornial rats and found
this enzyme only in the small intestine. However, after
administration of an inducer such as 1 ,2-benzanthracene,
increased activit ies of benzpyrene hydroxylase were found
throughout the gastrointestinal tract. This enzyme ac
tivity could also be detected in the skiti, lungs, and several
other tissues of rats following treatment. with 3-iiiethyl
cholanthrene (17 1). Assays of benzpyrene hydroxylase
iii rat lung and kidney under these conditions were recently

reported (62). Thus, the presetice of aromatic hydrocar
boti hydroxylase in many tissues and its inducibilit.y by
various aromatic hydrocarbons may represent a niecha
nisii@iwhereby the animal is l)1@0te(@tedagainst the carcino
genie effect of small aniounts of hydrocarbon (173). Pos
sibly the low incidence of tuniors of the small intestine in
man (66) is related in part to a higher level of benzpyrene

hydroxylase in this tissue thati in the rest of the gast.ro
intest ina! t i'act . Large amount s of hydrocarbon niay,
however, breach this defense systeni in many tissues and
thus pose a carcinogenic hazard (70, 81).

CARCINOGENIC AROMATIC AMINES

The excessive liability of workers engaged iii the manu
facture of certaiti aromatic amities to cancers of the urinary
bladder and tract is a prinie example of the susceptibility
of iiiaii to cheniical carcinogens of relatively high purity
and known structure. The potent carcinogens knowii for
the huniati urinary bladder include 2-naphthylamine, 4-
aininobiphenyl, and 4 ,4'â€”dianiinobiphenyl or benzidine;
more complex aniines such as auraniine and fuchsin also
a@@pear to iose some carcinogenic hazard for man. The
epidenuologic asj)ect s of these problems iii indust na! can
cer, starting with the original observations of Rehn in
Frankfort iii 1895, have been well reviewed by Goldblatt
(64, 65) and by Walpole and Williams (170).

Recent experiiiient a! work @@â€˜ith aroniat ic ainines, niaitily
in rodents but also in man, has thrown some light on the
inactivation of these carcinogens in vivo and, especially, on
their activation in vito to form proximate carcinogens.
One niechanisni for the destruction of the carcinogenic
l)ropel'ties of the aromatic aniines is identical with that
noted for the carcinogenic hydrocarbons, i.e., ring- or C-
hydroxylat ion (44) . The noncarcinogenic l)henOlie me
tabolites (ef. Refs. 7, 176) of the various carcinogenic aro
matic aniines and arnides in the rat are formed by enzymes
ill the endoplasinic reticu!uni of the liver with properties

similar to those of benzpyrene hydroxylase (44). The
synthesis of these enzymes is also induced in vivo by the
ad miii istration of polycycli c aroniati c hydrocarbons (44).
This effect. l)l'ObablY explains to a considerable degree the
remarkable delay in carcinogenesis in the rat by 4-dirneth
ylaminoazobenzene or 2-acetylanii nofluorene and related
carcinogens that is produced by the iiicorporatioti of a
small amount (â€˜@â€”0.0O3@)of 3-niethylcholanthrene in the
diet. (113, 135).

The carcinogenic aroniatic aniines, in seeluing contrast
to the aromatic hydrocarbons, have long been considered

2 The abbreviations used are: 1@NA, ribonucleic acid; ATP,

adenosine t ril)IR)sphat e ; T)NA , (leoXyril)oflUCleiC acid.
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to require activation in rho siiice they generally l)roduce

tumors distant froni sites of administration and since rel
atively large amounts of compound are required for tumor
i)roductioll. At the present time N-hydroxylation of car
cinogenic aniines and amides (43) appears t.o be a relatively
general reaction by which these compounds are converted
to l)roxin@al carcinogenic rnet.abolites in vivo. For cx

ample, N-hydroxy-2-acet.ylanii nofluorene, a maj or metab
olite of 2-acetylaniinofluorene in the rat, is more carcino
genie than its I)arent aniide at all the usual sites where the
latter compound produces tumors; in addition the N-hy
droxy nietabolite produces tumors in 3 sites where the
l)aretlt. amide is inactive (115, 117). Similarly, this N-
hydroxy nietabolite is formed from the parent arnide in all
the species in which 2-acetylaminofluorene has been found
to be carcmogenic (1 14). However the guinea pig, which
is iiot. suscel)tible to the carcinogenic action of 2-acetyl
aniiiiofluorene (175), does not excrete the N-hydroxy me
tabolite (116), and l)reparations of guinea pig liver do not
N-hydroxylate the amide (85). N-Hydroxy-2-acetyla
minofluorene, is carcinogeilic, however, in the small intes
titie and niesenchyrnal tissue of the guinea pig (114). A
variety of other carcinogenic ainides and amities (2-naph
thylaniine, 4-aniinobiphenyl and its ]V-acetyl derivative,
7 - fluoro - 2 - acetylaminofiuorene,3 4 - acet.ylaminostil
betie, and 2-acetylaniinophenanthrene') have beeii studied
iii the rat or niouse (7, 19, 24, 27, 120) ; in each case these

carcinogens have been shown to be N-hydroxylated in vivo
and the N-hydroxy metabolites have been found to be
stronger carcinogens thati the parent arnides or amines.
With reference to nian, it is of considerable interest that
hunians N -hydroxylate 2-acetylarni nofluorene (174) and
the kiiowii huniati bladder carcinogens, 2-napht.hylamine
and benzidine (163, 164).

Certain orthohydroxy derivatives of carcinogenic amines
have also been considered as possible proximate carcino
genie metabolites. Iii fact., the 1-hydroxy derivative of
2-napht.hylaniine was the first metabolite of an amine to
be seriously considered as a l)roximate carcinogen. Some
evidence in favor of this hypothesis was obtained from the
carcinogenicity of several o-hydroxy amine metabolit.es
related to 2-naphthylamine when the compounds were irn
planted in the lumen of the mouse urinary bladder in car
ncr pellets of wax or cholesterol (36, 37). However, sub
sequent. failures to confirm some of these results (5, 19, 27,
86), the failure of a number of o-hydroxy amine met.abolites
of other carcinogenic amities to induce tumors in this test
system (19), the general failure of o-hydroxy met.abolites
to give tumors by other routes of administration (cf. Refs.
7, 114), and the high activity of the N-hydroxy metabolites
that have been tested (19, 27) in the bladder implantation
system indicate that. the o-hydroxy aniiiie hypothesis is not
of general application (7, 37).

It. is of interest., however, that some data point to certain
met abolites of tryptophan , including some ort.hohydroxy
aniines, as possible endogenous carcinogens. Early stud
ies in this area were carried out by Allen et al. (5) and Clay
son et al. (38), and a more comprehen@ive series of studies
has recently been published by Bryan et al. (27). In the

lat.t ci st udy, when 3-hydioxyaiit hranilic acid, 3-hydi@oxy
L-kynurenine, the 8-methyl ether of xanthurenic acid,
xant.hurenic acid, or 8-hydroxyquinaldic acid was sus
l)ellded in cholesterol and implanted iii the niouse bladder,
a statistically greater iiumber of malignant urinary bladder
tumors developed than when pellets of cholesterol alone
were iniplanted. Paralleling these observations there is
considerable experimental support (cf. Ref. 27) for the
concept (26) that an abnornial metabolism of tryptophan
is of causal significance in a high proportion of the cases of
urinary bladder cancer in men not exposed to industrial
amines. In addition, 3-hydroxyanthranilic acid appears
to have some leukernogenic activity in mice (37). It. is
possible that. those o-hydroxy amities that exhibit carcino
genie activity must first become N-hydroxylated.

OTHER HUMAN CARCINOGENS

The other humaii carcinogens on which general agree
ment exists are inorganic in nature. These are asbestos
and chromium and nickel compounds. Some statistical
evidence exists that these substances induce tumors in the
human lung; similarly some evidence exists that these com
pounds are carcinogenic in experimental animals. Clay
son (36) has recently provided a very adequate review of
this literature. Many other substances have been sus
pected as carcinogens for the human (36, 79), but adequate
evidence does not exist iii these cases.

EXPERII\IENTAL CHE@IICAL CARCINOGENS

In the 3 decades that have elapsed since the first pure
chemicals were found to be carcinogenic in experimental
animals a large number of substances with a great. diversity
of structure have been found to induce tumors in a variety
of species and tissues. The majority of these substances
are of synthetic origin, and eonipilat.ions of the data on the
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on a foreign factor; unfortunately this observation has not
been investigated further.

Yellow rice.â€”Another instance of mold metabolites with
the ability to cause atypical growth was found in Japan
shortly after World War II. At this time large amounts of
rice had to be imported, and some of the rice shipments
were found to be contaminated with a strain of Penicillium
islandicum. The rice became yellow and bitter and was ap
parently little used for human consumption. The yellow
rice was found to be hepatotoxic for rats and mice and,
when it was administered to rats in the diet at a high level
for a long time, a low incidence of benign and malignant
liver tumors resulted (89). Investigators at the Univer
sity of Tokyo (165) have isolated 2 hepatotoxic substances
from the contaminated rice. One compound was at first
throught to be luteoskyrine, a dimeric polyhydroxy dihy
droanthraquinone of known structure; however, since pure
samples of this compound have proved to be relatively
noirtoxic (31), the identity of this yellow constituent. is
uncertain. The other hepatotoxic constituent of yellow
rice appears to be a chlorine-containing peptide of unknown
composition. Neither hepatotoxic substance has yet. been
tested for carcinogenicity.

Griseofulvin.â€”The antibiotic griseofulvin, formed by
Penicillium griseofulvum, appears to have some cocarcino
genie and tumorigenic properties. Barich et al. (11) found
that orally administered griseofulvin increased the mci
dence of skin tumors in mice following topical applications
of 3-methylcholanthrene. When 0.5â€”1% of this antibiotic
was fed in the diet to a pathogen-free strain of mice, con
siderable incidences of liver hypertrophy, biliary cirrhosis,
and hepatomas resulted (82).

Aflatoxins.â€”At about the time the yellow rice problem
occurred in Japan outbreaks of an unusual disease involv
ing hepatotoxicity were becoming prominent in poultry
and other livestock in England. This disease became known
as â€œturkeyX diseaseâ€• after severe losses of turkey poults
occurred in 1960. Subsequent investigation soon showed
(3, 32) that the disease in poultry resulted from the inclu
sion of certain lots of Brazilian groundnuts (peanuts) in
the rations. Further work has shown that toxic peanut
meals have also originated in East Africa (3) and in the
United States (50, 126, 143). A considerable literature on
the effects of toxic peanut meals in other livestock (cf. Ref.
3) and in experimental animals (3, 9, 50, 94, 98, 128, 143,
146) has developed.

In 1961 the cause of the poisoning was found to reside in
the infection of the peanuts by a toxin-producing strain of
Aspergillus fiavus (144). The toxic factor was termed
â€œaflatoxin,â€•and further studies (83, 125, 155, 183) have
shown that several toxic substances are produced by this
mold. Two highly hepatotoxic compounds, aflatoxin B
and aflatoxin G (so noted for their blue and green fluores
cence, respectively, in ultraviolet light), and their less
toxic dihydro derivatives have been isolated from the toxic
mold. Aflatoxin B and G have been characterized as
complex difuranocoumarins (8, 167) (Chart 3). These
compounds and the toxic peanut meals injure the liver in
a variety of species and cause development of characteristic
lesions (3); the duckling, guinea pig, and rainbow trout are
especially sensitive (3, 9, 29). The toxic peanut meals
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CHART 2.â€”Some synthetic carcinogenic alkylating agents (cf.
Refs. 36, 168).

activities of these compounds are available (36, 69, 152).
Some idea of the variety of structure that exists among the
synthetic chemical carcinogens is apparent from Chart 1.
In terms of numbers the carcinogenic aromatic hydrocar
bons and amines form the largest groups and have received
the most study. Certain of the carcinogenic chemicals,
such as dimethylnitrosamine, ethionine, ethyl carbamate,
and 4-nitroquinoline-N-oxide, appear to give rise to alkyl
ating or arylating agents in vivo (cf. Ref. 119), and Chart
2 displays some of the variety in structure to be found
among the known synthetic carcinogenic alkylating agents.
Among these agents are a variety of synthetic epoxides,
peroxy compounds, and lactones (48, 168). Kotin and
Falk (91, 92) have discussed the carcinogenic peroxides
and epoxides that may be of industrial and environmental
significance for man.

CARCINOGENIC NATURAL PRODUCTS

The ubiquity and variety of carcinogenic structures that
may be in our environment has been compounded in recent
years by observations on the carcinogenicity of a number
of natural products or metabolites of various forms of life.
A consideration of some of the properties of the major cx
amples in this class of carcinogens follows.

Ergot.â€”Considering the well-known ability of fungi to
synthesize a great variety of compounds, it is perhaps not
surprising to find tumorigens and carcinogens among these
products. One of the first intimations of this was observed
some years ago by Nelson et at. (124) in studies with ergot.
Ergot is the dried sclerotia of the fungus Claviceps pur
purea, which is parasitic on rye; it is known to contain
many physiologically active factors. When crude ergot
was fed to rats at 5 % of the diet for 2 years, about half of
the rats developed multiple neurofibromas of the ears.
Most of the tumors regressed and disappeared after ad
ministration of the ergot was stopped but reappeared upon
further ingestion of ergot. This appears to be an instance of
a benign tumor whose growth and existence is dependent
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Ethionine.â€”It was noted above in this review that ethio
nine was discovered as a synthetic carcinogen (58). Re
cent tracer studies have shown ethionine to be a metabolite
of several bacteria including E. coli grown in a salts-glucose
medium containing sulfate ion or methionine (59). Algal,
yeast, or tumor cells grown under the same conditions did
not form ethionine. The bacterially synthesized ethionine
occurred in the free form in the cells and medium and was
not incorporated into the bacterial protein. In the rat
(58) ethionine is incorporated into protein in several tis
sues in vivo, presumably through the usual pathway, which
requires activation of the carboxyl group with ATP. Ac
tivation at the sulfur atom in ethionine with ATP aLso
occurs in the liver of the rat and the resulting S-adenosyl
ethionine appears to ethylate some of the nucleic acids in
this organ (58, 159). If abnormal nucleic acids so formed
give rise to the hepatomas found in the rat after ethionine
administration, S-adenosyl ethionine would be a proximate
carcinogen in this case. The extent to which mammals
are exposed to bacterially synthesized ethionine produced
in the cecum and large intestine is not known. In the
rodent, for example, coprophagy would probably increase
the amount obtained. A search for ethionine in the rumen
contents and milk of ruminants might also by instructive.

Pyrrolizidine alklaoids.â€”Some carcinogens and tumor
igens are also found among the products of metabolism of
plants. The numerous pyrrolizidine alkaloids, elaborated
by the widespread species in the Senecio, Crotolaria, and
Heliotropium genera, have received considerable attention
in this respect. The pyrrolizidine alkaloids which contain
a double bond in the nucleus and a branched aliphatic R
group in the ester function are highly hepatotoxic (46, 150)
(Chart 4). In the rat several of these alkaloids have been
found to be both highly hepatotoxic and hepatocarcino
genie (147), even after only 1 or a few small doses (148).
The alkaloids are secreted into the mother's milk in the
rat, and severe liver damage can thus be induced in the
highly susceptible young suckling rat (145). Culvenor et
al. (46) showed that the toxic pyrrolizidine alkaloids can
act as alkylating agents because of the sterically hindered
allylic ester grouping in which fission of the CH2â€”O bond
occurs. Thus, this is another example of alkylating activ
ity in a carcinogen.

Extracts of common plants containing the toxic pyr
rolizidine alkaloids have been used in many parts of the
world, e.g. Africa and India, as folk medicines and in ritu
aLs (12). Many livestock losses have been attributed to
these toxic alkaloids and especially to their N-oxides,
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CHART 3.â€”Aflatoxins B and G (8).

induce considerable incidences of carcinomas in the livers
of rats (29, 94, 126, 143), ducks (32), and rainbow trout
(9). Kidney adenomas(143) and somestomachadeno
carcinomas (29) were also observed in the rat. The dietary
intake of aflatoxin and the time of exposure for carcino
genesis in the rat was estimated in one study as 1â€”6j.@g/day
for 6 months (94). In another study (126) the diets
contained up to about 1 ppm and were fed for 10 to 12
months. The purified aflatoxins appear to be carcinogenic
in the livers of rainbow trout at levels of about 0.08 ppm
in the diet (9), and they induce sarcomas in rats upon s.c.
injection of total doses of 2â€”8mg (49).

The high toxicity and carcinogenicity of the aflatoxins
and their sporadic occurrence in a staple food used for
livestock and humans have given rise to considerable con
cern (cf. Ref. 158). While some toxin appears in milk
from cows fed the toxic meals, this toxin has not been
detected so far in bulk milk supplies, possibly because of
the great dilution (4). Evidence was recently presented
that the milk toxin is an altered aflatoxin (84). Trace
amounts of aflatoxins are reported to have been detected
in some peanut butters (158) ; however, peanut oils are
free of the aflatoxins because the alkaline treatment used
in processing the oils destroys these lactones (158). The
aflatoxins are heat stable (4). While the infection of the
peanuts with the toxic strain of A. flavus appears to occur
during improper harvesting and storage of the nuts, it is
possible that some infection also occurs in cracked shells
underground before harvest. In any event prompt lower
ing of the moisture content after harvest and during stor
age greatly inhibits growth of the mold. Toxic maize or
corn has also been reported (3), and in the United States
there have been cases of livestock toxicity from moldy
feed (28, 122). In one instance involving moldy corn,
only 1 of the 9 isolates of A. flavus produced toxic metabo
lites (28). A toxic strain of Penicillium rubrum was also
isolated and recent work on this organism (179) has shown
that it elaborates a hepatotoxic factor with the properties
of an organic acid containing carbonyl groups.

Other mold metabolites.â€”In 1960 an unusual mold metab
olite, p-formyl-N-nitroso-N-methylaniline was isolated
(72). This is of interest in view of its structural similarity
to N-nitroso-N-methylaniline, a known synthetic carcino
gen for the esophagus of the rat (52). Similarly, 2 un
usual compounds have recently been found in a common
commerical edible mushroom (101, 102). These are agari
tine, or the p-hydroxymethylphenylhydrazide of L-glu
tamic acid, and its oxidative acid degradation product,
p-hydroxymethylbenzene diazonium ion. The latter
compound only remotely resembles the known carcino
genie aminoazo dyes, but it would be interesting to test
the effects in mammals of these unusual fungal nietabolites.

CHART 4.â€”Hepatotoxic pyrrolizidine alkaloids (46, 150) and
alkylating activity (46) of these compounds.
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methylazoxymethanol cause many untoward symptoms
(96, 178),andprominentamongtheseismoderateto severe
liver damage.

Recent interest in the cycads and their toxic principles
developed from the possible relationship between these
plants and the high incidence of certain neurologic diseases
in areas where they are used by the natives as sources of
food and medicine (96, 178). Examination of this possi
bility at the National Institute of Neurological Diseases
and Blindness in the United States has not revealed much
support for this relationship. However, these studies
revealed a quite unexpected result. When rats were fed
the toxic cycad nut meals at several % of the diet for sev
eral months, a high percentage of the animals developed
primary tumors in the liver and kidney (96). Later stud
ies showed that the toxic cycad nut meal is hepatocarcino
genie in the guinea pig (157) and that cycasin is carcino
genie in the rat (95). It is highly probable that these
effects are due to the toxic aglycone. Methylazoxymetha
nol easily decomposes to formaldehyde, niethanol, and
nitrogen (112), and it bears an obvious similarity to the
synthetic carcinogen dimethylnitrosarnine, which induces
similar tumors in the rat (105â€”7,182). There is now con
siderable evidence that dimethylnitrosamine is metabolized
in the rat liver to diazomethane or to reactive CH3+ groups
and that these alkylating agents then methylate certain of
the nucleic acids and proteins in this organ (99, 105, 108,
109). It seems very likely that dimet.hylnitrosamine and
methylazoxyrnethanol yield the same proximate carcino
genie agents in vivo (Chart 5). Diazomethane itself has
been found to be carcinogenic (149), and the possibility
that these alkylating agents yield abnormal nucleic acids
in vivo (58, 108) which play important roles in the carcino
genie responses is very attractive.

Safrole and related compounds.â€”Still other types of tu
morigens and carcinogens have been found in plants. Saf
role or p-allylrnethylenedioxybenzene (Chart 6) ha.s re
cently been found to produce liver tumors in rats when
administered in the diet for several months at the rather
high level of 0.5 % (76, 77, 104). This compound is the
chief constituent of oil of sassafras and a very minor con
stituent of several spices. Until the recent reports on its
carcinogenicity, safrole was used in small amounts to flavor
certain soft drinks in the United States. A good example
of the effect of structure on carcinogenicity is shown in the
subsequent finding that diets containing similar amounts
of dihydrosafrole, in which the allyl group is saturated,
proved carcinogenic for the esophagus of the rat but ap
parently not for the liver of this species (103). The meth
ylenedioxybenzene grouping is also found in several of the
minor constituents of sesame oil (16) (Chart 7), a widely
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CHART 5.â€”Known and probable metabolism of cycasin (96,
112) and dimethylnitrosamine (105, 109).

which are not bitter to the taste (36, 154). The high
hepatotoxicity and hepatocarcinogenicity of the pyr
rolizidine alkaloids have given rise to the suspicion that
bush teas, etc., containing these alkaloids may have con
tributed to the high incidences of liver disease and hepa
tocellular tumors in natives in certain areas such as the
part of Africa south of the Sahara. The situation in these
areas is obviously complex, for other factors such as the
consumption of moldy corn (containing aflatoxins?), the
occurrence of protein deficiency disease or kwashiorkor,
and viral hepatitis must also be considered. No single
known factor or combination of factors yet accounts ade
quately for the high incidence of liver tumors seen in hu
mans in certain parts of the world. Higginson (74) has
recently provided a valuable review of this subject and has
proposed an interesting 2-stage theory of its pathogenesis.

Cycads and cycasin.â€”A fascinating new chapter in
experimental carcinogenesis has arisen recently from stud
ies on the toxic cycads (96, 178). The cycads are an
ancient family of palmlike trees that may represent an
evolutionary step from fern to flowering plant. Many
species still inhabit tropical and subtropical regions and
are able to survive drought and hurricanes. Cycads have
provided emergency and staple food and medicines for
natives in these regions for a long time. The cycads have
long been recognized to contain principles toxic to man and
livestock, but as in the preparation of edible starch from
cycad nuts, the toxins can be extracted with water. Stud
ies from 1941 to 1959 in Australia and Japan (cf. Refs. 112,
178) on the isolation and characterization of the toxic fac
tors in the cycads showed that these consist of a series of
glycosides, of which the most common appears to be cy
casin (Chart 5). Methylazoxymethanol, the common
aglycone of the glycosides (cf. Table 6 in Ref. 178), has
recently been isolated and studied (112). This is the
primary toxic substance and is released by @3-glycosidases
in plants and bacteria. The toxic cycad nuts, cycasin, and
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CHART6.â€”Safrole and dihydrosafrole.
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siderations on the etiology of cancer in man. A corollary
requirement is the need for much more information on the
composition and toxicologic properties of previously ig
nored or unknown nonnutritive constituents of human
foods.

COMPOUNDS CONTAINING SELENIUM,
ARSENIC, OR VARIOUS METALS

Selenium compounds at different levels in the diet can
either be hepatotoxic or act as essential nutrients for 5ev
eral mammalian and avian species. Inorganic selenium
compounds occur naturally in many soils, and the element
is incorporated into plant protein, partly as selenomethio
nine and selenocystine. In some areas the forage contains
high amounts of organic selenium compounds and is toxic
to livestock (121). In other areas the soil is deficient in
selenium compounds, and livestock fed on forage grown in
these areas develop selenium-deficiency diseases. In sev
eral mammalian and avian species, selenium compounds,
inorganic or organic, act as essential dietary constituents
at a level of about 0.01 to 0.1 ppm as Se in the diet (127,
151). In the rat, on the other hand, selenium in the form
of selenide, selenate, or seleniferous corn or wheat appears
to be hepatocarcinogenic when fed in the diet at 5 to 10 ppm
for many months (35, 123). Abnormal selenoproteins
might be of importance in this carcinogenic process. In
view of the newer information on alkylation of nucleic
acids, consideration should also be given to the possibility
of abnormal methylation of cellular constituents by a com
pound such as Se-adenosylselenomethionine.

The possible carcinogenicity of arsenic compounds in the
human continues to be a subject of controversy (36, 79,
137, 166, and previous reviews and papers). Numerous
attempts to induce cancer in experimental animals with
arsenic compounds have failed. Two recent and thorough
series of tests by Boutwell (20) and Baroni et at. (13) failed
to show that arsenic compounds have a role in skin carcino
genesis in mice.

Several nonradioactive metals, their salts, or their com
plexes with dextran [iron-dextran (Imferon), aluminum
dextran, beryllium, cadmium, chromium, cobalt, lead,
nickel, silver, gold, and zinc] have induced tumors in ex
perimental animals. These instances were reviewed re
cently by Roe and Lancaster (137)

DETECTION OF THE CARCINOGENICITY
OF CHEMICALS

The wide and increasing use of synthetic chemicals in
the modern world and our increasing knowledge of the oc
currence of harmful natural products in our environment
and of chemical carcinogenesis have given rise to concern
and to legislation on the carcinogenic hazards to man of
the chemicals in our environment. From the regulatory
point of view it is good that concern about these matters
has focused increased attention (33, 61, 153) on carcino
genesis as an important aspect of chronic toxicity tests to
be performed on the chemicals proposed for use in our en
vironment. Although these tests cannot be discussed in
detail here, some discussion is worthwhile, for it is from
these tests that we gain some idea of the carcinogenic haz
ard that a given substance might pose for the human.
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CHART 7.â€”Minor constituents of sesame oil (16).

used edible oil. One of these compounds, sesamol, has
been administered to rats at a level of 1 % in the diet for
many months. No effect on growth, mortality, or blood
morphology was noted, but as compared to the control rats
or to rats receiving lower levels of sesamol, a moderate in
crease in benign â€œproliferative lesionsâ€•appeared to result
from ingestion of this relatively large amount of sesamol

(6).
Antithyroid cornpounds.â€”Thiourea has been detected in

the seeds of certain plants in the genus Laburnum (88).
Thiourea is an antithyroid compound which will produce
thyroid adenomas and carcinomas, benign liver tumors,
and malignant tumors of the eyelid and ear duct upon ad
ministration in the diet to the rat (60, 133, 139). Another
antithyroid compound, l-5-vinyl-2-thiooxazolidone, occurs
in turnips and in kale, cabbage, and rape seeds (10). Rats
fed a diet containing 45 % rape seed have developed thyroid
adenornata (67).

Other natural products.â€”The naturally occurring tumor
igens and carcinogens discussed above are active after oral
administration to experimental animals. Many other nat
ural products have been found to have tumorigenic or car
cinogenic properties when administered by a parenteral
route, usually s.c., to rodents. In many of these cases
adequate trials by the oral route have not been reported.
Compounds that induce sarcomas at the site of s.c. injec
tion(s) include cholesterol (17, 73) ; oxidation products re
lated to cholesterol (17) ; parasorbic acid and related lac..
tones (48) ; and carrageenin, a sulfated polygalactose from
certain seaweeds (34). Various tannins (tannic acids),
both hydrolyzable and condensed, appear to induce liver
damage and liver tumors in rats (90) and mice (87) follow
ing repeated s.c. injection. Some of the condensed tannins
also produced some tumors at the site of injection in mice
(87). Chemically the tannins are poorly characterized
substances.

It seems likely that an increasing number and variety of
natural products with tumorigenic and carcinogenic activ
ities will continue to be found. Some of the naturally oc
curring dietary carcinogens that are now known, such as
the aflatoxins, the pyrrolizidine alkaloids, and the aliphatic
azoxy glycosides, have remarkably high carcinogenic ac
tivities in rodents. The possible presence of significant
amounts of these and other carcinogenic agents in human
food deserves the attention of the epidemiologist in con
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Chemical carcinogens differ greatly in their potencies, tis
sue specificities, and toxicities, and in many other ways.
No rapid test not involving tumor formation now exists
by which even potent carcinogens can be recognized with
certainty. The potent carcinogens are usually easy to de
tect in carcinogenicit.y tests, since relatively short times are
required before high incidences of tumors are obtained.
However, some compounds that are very active under one
set of conditions may show far less activity under other
conditions (i.e., diet, mode of administration, species, etc.).
Detection of weak carcinogenic activity and, especially,
provision of reasonable evidence of noncarcinogenicity of
chemicals are much more difficult to achieve. At present
adequate carcinogenicity tests are generally considered to
require lifetime administration of compounds to rats and
mice at dosages up to maximally tolerated levels ; large
groups of animals are necessary, and they must be main
tamed throughout the experiment in reasonably good
health. Such requirements are minimum for tests of sub
stances proposed for use in our environment unless relevant
prior knowledge indicates that these tests are unnecessary.

STUDIES ON THE SYNERGISTIC ACTION OF
CHEMICAL CARCINOGENS AND VIRUSES

For an understanding of the etiology of cancer it is im
portant to know how many factors may be involved in the
genesis of any particular cancer. Although definitive cx
perimental data are not available, the possibility has long
been recognized that the formation of sonic cancers might
depend on the action of both a chemical and a virus, which
may or may not be identifiable as a tumor-inducing virus.
It seems useful to review briefly some of the attempts to
demonstrate this type of dual causation of cancer.

Rous and Kidd (140) were among the first to experi
mentally combine the effect of a neoplastic virus (Shope
papilloma virus) with a chemical carcinogen (tar). The
synergistic response thus obtained led them to propose that
chemical carcinogens may activate latent neoplastic vi
macs. Later Rogers and Rous (138) obtained similar syn
ergism between the Shope virus and a carcinogenic hydro
carbon. Since the pox viruses greatly stimulate cell
growth, attempts have been made to convert these viruses
into tumor-producing viruses through the treatment of tis
sues with both a virus and a hydrocarbon. M. L. Duran
Reynals (54) has recently reviewed the pioneer work of F.
Duran-Reynals (53) in this area as well as many other at
tempts by other workers to discover a necessary relation
ship between chemical carcinogens and viruses, both neo
plastic and those not known to be neoplastic, in the
causation of tumors.

Several more recent experiments point to continued in
terest iii this difficult problem. M. L. Duran-Reynals and
B. Stanley (55) have reported that more cortisone-treated
mice inoculated with vaccinia virus and treated topically
with methylcholanthrene developed skin tumors than iden
tically treated mice that were vaccinia immune. They
suggested that the â€œchanceof malignancy may be signifi
cantly increased in a host exposed to methylcholanthrene
during vaccinia infection.â€• Similarly, Martin et at. (111)
found an increased incidence of lymphoma and myeloid
leukemia in weanling, polyoma-free mice injected with

small amounts of a carcinogenic hydrocarbon or amine to
gether with vaccinia, polio 2, Coxsackie B4, or ECHO 9
viruses. Rawson et at. (134) have studied the results of
combined treatments with the polyoma virus, carcinogenic
aromatic hydrocarbons, and the skin tumor-promoting

agent croton oil. When newborn mice were inoculated
with this virus and later treated with 9 , 10-dimethyl-1 , 2-
benzanthracene or with croton oil, they developed signifi
cantly more polyoma-type tuniors than mice that received
only the virus. Perhaps the finding (47) that methylchol
anthrene inhibits the production of interferon in rat cells is
relevant to this observation. Similarly, Rawson et al.
(134) reported that after repeated topical applications of
3 , 4-benzpyrene, skin tumors appeared to develop sooner
and in larger numbers arid were more frequently malignant
in mice that had been injected with polyoma virus shortly
after birth than in mice not treated with the virus. On
the other hand, these workers found no effect of injection
of polyoma virus at birth on the incidence of skin tumors
in mice given either a single topical application of carcino
genie hydrocarbon and repeated applications of croton oil
or only the croton oil treatment. Likewise, Malmgren and
Rabson (110) obtained no effect on subsequent tumor in
duction from injection of polyoma virus into 1-month-old
mice given 3-methylcholanthrene s.c. or topically or ure
than i.p. In somewhat similar experiments Tanaka and
Southam (161) found that skin papillomas occurred with
greater frequency in mice given West Nile virusâ€”a virus
not known to cause tumors itselfâ€”during, but not after, a
course of topical treatments with methylcholanthrene.
Some recent reports (2, 75, 162) also present evidence that
carcinogenic hydrocarbons activate latent tumor viruses.
These and many of the reports on virus-chemical carcino
gen-cell interactions discussed above require confirmation
and extension.

Kotin and Wiseley (93) have recently reported in detail
on experiments that may have great significance as a model
in the etiology of lung cancer in the human. They ob
tamed large increases in the incidence of squamous carci
noma.s of the lung in C57 black mice (a strain resistant to
the formation of spontaneous lung tumors) after continu
ous exposure to vapors of ozonized gasoline and infection
with mouse-adapted strains of influenza virus. Of rele
vance to these studies are the observations of Leuchten
berger et at. (100) on the respiratory effects of the combina
tion of cigarette smoke and influenza virus.

Taken as a whole these various experiments indicate that
interactions favoring the formation of tumors do occur
when certain chemical carcinogens and certain viruses are
administered in appropriate combinations. However, the
pressing question of the fundamental nature and impor
tance of these interactions remains. There is still no de
finitive answer to the question of whether or not viruses
are generally involved in the production of cancer by chem
ical carcinogens. The importance of further work on this
aspect of carcinogenesis is obvious.

COMMENTS ON MECHANISMS OF ACTION
OF CHEMICAL CARCINOGENS

The mechanism of action at the cellular and molecular
levels is not known for any carcinogenic agent. The herit
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reported evidence for the existence of a particle termed a
â€œmetagonâ€•in paramecia which is necessary for the forma
tion and maintenance of the killer particle. On the basis
of its sensitivity to RNase and its position as an inter
mediate between the gene and its expression, Sonnenborn
has likened the metagon to a messenger RNA. Further
more, Gibson and Sonnenborn have recently introduced
this RNA into an unrelated cell, where, in contrast to the
normal situation, the metagon multiplies without limit in
the absence of the gene that presumably produced it. By
analogy, it is conceivable that alteration of one or a few
types of mesenger RNA by a carcinogen could have suffi
cient impact on a cell to cause it to grow relatively mdc
pendently of the normal cellular controls. If, in addition,
such altered messenger RNA molecules became self
perpetuating entities, the neoplastic nature of the parent
cell would then be passed on indefinitely to daughter cells.
The alkylating agents also attack proteins, and it is pos
sible that combined or sequential attacks of the alkylating
agents on different nucleic acids and proteins are required
for the subtle loss of growth control in viable cells. Nat
ural selection among these cells would assure the survival
and growth into a gross tumor of those cells whose growth
the host could no longer control. While alterations in the
control of growth are perhaps easiest to conceive in terms
of changes in the nucleic acids, the recent experimental
and theoretical models discussed by Boyland (22, 23),
Pitot and Heidelberger (129), and Gelboin and Blackburn
(62) show how such alterations in growth might be
achieved by the reaction of carcinogens with proteins in
terms of the repression and derepression of genetic infor
mation.

It is recognized that definitive experimental support for
any of these possible mechanisms of chemical carcinogene
sis is still lacking. However, mechanisms which include
an alteration of the genetic information of the cell or of its
expression by chemicals are fundamentally similar to mech
anisms in which new genetic information is introduced into
a cell by a virus. This similarity in proposed mechanisms
of action for chemical and viral carcinogens has led to gen
eral (78) and detailed (132) unitary hypotheses of carcino
genesis.
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