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Industrial cancer was first recognized in England in the
latter part of the eighteenth century, when it was established that
chimney sweeps were particularly liable to cancer of the scrotum.lo
This was caused by soot. Progress in this field of study was very
slow at first, and 1t was not until 1915 that two Japanese investi-
gators amnounced the first case of carcinoma in an experimental
enimal. They produced first papillomas and then true cancer of the
epidermis on the ears of rabbits by palnting with tar over long
pericds of time. 35 During the thirty years that have elapsed since
that discovery, a great deal of work has been done with various coal
tar and petroleun fractions and pure compounds either occurring in
these fractions or prepared synthotically,” Numerous species of tost
enimals, including mice, rats, fowl, rabbits, and dogs have boen
used, and many methods of application, including oral administration,
intramiscular, intravenous, and subcutaneous injection, and painting
on the skin. The method thal appears to be the most widely used at
present consists of painting a solution on the skin of a special in-
bred strain of mice. Mice are preferred over animals having longer’

. life-spans since they respond more rapidly. The special strains are

uged to increase the precision of the test. Painting is preferred
to other methods of application because there is less likelihood of
interference by similtaneous sponteneous carcinomata. The carcino-
genicity of a given compound is influenced by many Ffactors including
the genetic consiitution of the animal species and strain, ite age
and sex, the diet, the physical condition of the animal, the purity
of the compound, the dose, the physical state of the compound, the
solvent used, and the route or site of application.2s

While carcinogenic properties are generally associatad with
certain polynuclear aromatics and thelr derivatives, there are many
subastances entirely unrelated to these compounds which have been re-
ported s having similar cancer-producing ability. Among these may
be mentioned gsbestos>“:37 , inorgenic compounds of arsenic and of
zinc25s aquet%%“?%ium hydroxide and agueous hydrochloric acid25,
ethyl alcohol2?5, glucose®3, fructose?3, and a number of nitrogen
compounds, most of which contain one or more benzens rings®5, Radio-
active oclements and compounds are not.included in this discussion since
the mechanism of their producing cancer is probably quito different,
i.e., physical rathor than chemical, Materials which have been roported
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as carcinogenic and whoge carcinogenicity is probably dme to the
presence of polynuclear asrocmatica include coa.l tar and pitch2°"?7

blue shale 0il5, mineral oils and asphalt“®, toba.cco tar”?, tars
obtained in the destructive distillgtion of tea“2and coﬂeeu

dlesel fuelS2, distillates from Borneo crude petrolemS®, combustion
gases from fuel oil*?, the SO extract from a spindle oil produced
from a paraffinic crude petroge , the products obteined by heating
acetylene, 1soprene, yeast, a non-carcinogenic petrolewm fraction, or
human skin to 700 - 900°C30, end the products obtained by treating
acetylene ; Xylene, naphthalene, or tetrahydronaphthalene with aluminum
chloride®’. The carcinogenicity of tars produced by heating various
substances tends to inorease with increasing temporature.20,u4s It

is probable that tho carcinogenic hydrocarbons present in certain

coal tar and pstroleum fractions were to a large extent formed during
the process steps and were not present in the coal or cruds petrolewm
from which they were derived. However, the carcinogenicity of a given
fraction depends upon the source as well as the method of processing.
According to the Manchester Committee on Cencer'S, the following order
of increasing carcinogenicity prevails: Russian, Pennsylvania, Texas,
Mid-Continent, Mexican, California, Persia, Romanien, Borneo, Venezuelsa,

and shale. This corresponds roughly to the order of increasing aromati-
city.

. A large number of compounds have been tested for carcino-
genicity. Hartwell has published a survey235 which includes 696
compounds tested. Of these, 146 were carcinogenic, end 23 additional
ones produced papillomss but no true cancers. While some of thease
compounds have been tested under only one or two sets of conditions,
others have been studied very extensively. The three compounds that
have recelved the most detailed study are the three derivatives of

. 1,2-benzanthracene: 1,2,5,6-dibenzanthacene, 3,4-benzpyrenc, and 20-

mothylcholenthrene. All three ero potent carcinogens. It has been
estimated that they have been investigated in 60 different laboru-
tories. 2°

A 1list of most of the known carcinogenic compounds is
glven in Table 1,pogos 540, Structures, complete with numbering
systems, are included, since lack of uniformity among various in-
vestigators in this field has led to some confusion. There is
fortunately less deviation in the current papers than in the case
of those written ten to fifteen years ago. The numbering used in
this report corresponds to that used by Hartwell?> It should be
understood that the carcinogenicity of the compounds shown in Table
1 varies considerably in degree and that the results have boen
verified by severel laboratorics in somo cases whilo in others the
resulta of only one or two experiments are available. The reader
is referred to Hartwell for more detailed information and for re-
ference to the original experiments. It will be observed that
most of the compounds are eithor hydrocarbons or their derivatives
containing at lcast three benzene rings or nitrogen compounds con-
taining at loast two bonzenc rings. More specifically, the first
of these classes consists, with only three exceptions, of derivatives
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of phenenthrene. The exceptions are tetrephenylmethane, triphenylbenzene,
end triphenylethylene. In Table 1 the hydrocarbons are subolessified
further as derivatives of 1,2-benzanthrasene, 3,4-benzpyrene, cholanthrene,
and other derivatives of phenanthrene. Examination of the structures
ahows thet all of these are derivatives of phenanthrens.

While the work that has been done on the produstion of cancer -
by exposure to various compounds has made it possible to draw certain
conclusions regarding the effect of chemicel structure, it is not as
yet possible to predict with any degree of certainty the carcinogenicity
of a given compound from its structure. A phenanthrene derivative may
or may not, for example, be carcinogenic depending upon such factors as
the length of an alkyl side chain, the position of a benzene ring, or
the position of an alkyl group. However, a paraffinic or naphthenic
hydrocarbon or one containing only one or two benzene rings may with
a roasonable degree of confidence be assumod to be non-carcinogenic.

The amount of compound required to produce an experimental
cancer on a test animal is surprisingly small., Doses of 1,2,5,6-di-
benzanthracene and 3,l4-benzpyrenc as small as 2.5 and 4 micrograms,
respectively, give.positive results when applied to mice.'®®3Discontinucus
application, e.g., once a weeck, of a glven total guantity of material is
moro effective than continuous exposure.!> A single application of 20-
mothylcholanthrone in 0.6% benzone solution is capable of producing cancer
on the skin of mice. "5 When different carcinogenic hydrocarbons, e.g.,
methylcholanthrene, benzpyrene, and dibenzanthracene, are applied
swccessively the effect 18 additive’>. fThe investigators who made this
observation offer the hypothesis that carcinogenisis is essentially en
accunulation of abnormal protein within the cell,

Since so many compounds have been tested for carcinogenicity
it 18 only natural that several attempts have beer made to correlate
this property with other properties, either physical or chemical.

- Such a correlation would be extremely useful in that the determination

of the physical or chemicel property would be much simpler than the
rather long and tedious process of exposing experimental animals to
the substance in question. ¥Fluorescence spectra have received more
study in this regard than any other propertys:7:2%,®2fhe author of a
recent paper made the statement that all known cariinogenic chemicals
are fluorescent”? However, it is obvious from a glance at Table 1
or Hartwell's tabulation that this is too broad a claim. However,
many investigators have used fluorcascenco spectra to good advantage
in thias field, and there appears to be a definite correlation with
carcinogenicity,  at least with certain types of compounis. The
correlation may be due in part to the fact that fluorescence spectra
have been used as a guide in selecting fractions from coal tar fory
physiological tests; it is conceivable that other carcinogenic com-
pounds, which are not fluorescent, exist or could be synthesized.

A rough perallelism between the carcinogenicity of poly-
nuclear aromatics and the diazo coupling reaction has been observed 21,22
Attempts have also been made to correlate refractive index, or more
specifically, specific refraction, with the carcinogenicity of oils.
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The Manchester Committee on Cancer®?® recommended that spindle oils

of various rangee of spécific gravity have specific refraction values
below cortain limitas to assure the absence of carcinogenic properties.
However, 1t is obvious that thore can be no general correlation between
a physical property of this nature and carcinogenicity, for slight
changes in structure, such as the position of a methyl group, which
would have llittle effect upon optical properties, affect carcinogenic
properties profoundly; furthermore the presence of a large concentra-
tion of a non-carcinogenic aromatic would raise the specific refraction
of a mixture much more than would the presence of a small amount of a
potent carcinogen.

The probability of obtaining a general correlation between
carcinogenicity and some more easily determined property would be
greatly enhanced if there were a clearer understanding of the mechanism
of the action of cercinogenic compounds. It is, of course, very
difficult to obtain such an understanding, for sc little is known
about cancer 1itself.

Whether or not carcinogenisis by hydrocarbons and related
compounds is in any way connected with spontaneous cencer is a’
question that has received much conjecture. That such a reletionship
does exist 18 suggested by the fact that certain derivatives of
eatradlol (see Tabls 1) which is closely related to the sex hormone
esirone, are carcinogenic. Sponteneous cancer quite often occurs in
the reproductive orgens. Furthermore, the very potent carcinogen,
20-methylcholenthrene, can be produced by the degredation of des-
oxycholic acld, cholic acid, or cholesterol, the first two of which
are normal constituents of human bile and the last of which is
present in all tissuea of the human body.22 These degraedation
reactions were, however, conducted under drastic oconditions which

- are in no manner related to those prevalling physiologically, end

thers is no evidence that 20-methylcholanthrene is formed in the
body through the degradation of bile acids or cholesterol. The
possible connection between cencer produced spontaneously and
carcinogenisis by methylcholenthrene or mlated compounds therefore
remains a matter of conjecture, at least for the present.

There has, for obvious reasons, been little attempt to
induce cancer in human beings through exposure to the various com-
pounds that are carcinogenic to mice. Thero is, therefore, no
direct correlation botween the suscoptibllity of man and the test
enimals. There 18, of course, an indirect correlation of occupational
cancer largely through exposure to coal tar and dye intermediates
caused by materials which are carcinogenic to mice. However, many
of the compounds shown in Table 1 do not occur in any products known
to have caused occupational cencers, and it 18 conceivable that some
compounds harmful to mice are innocous to man. Until that can be
proved, the only safe policy is to regerd all compounds which are
harmful to mice as dangerous and to avoid exposure by humans.

HHZ:VAC
6/23/45
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TABIE 1

CARCINOGENIC COMPOUNDS

»

All '‘compounds listed by Hartwell?5 unless otherwise indicated.

l. Derivatives of

The following derivatives of
1l,2-benzanthracene:

3-methyl
5-methyl
6-methyl
9-methyl
5-ethyl
10-sthyl
5-n-propyl
5-n~butyl?
5-n-amyl?
5-n-hexyl®
6-1-propyl
3-hydroxy
10-hydroxy H

]
10-aldehyde, -C = O

H O
i
10-methyleneacetoxy, -é-O-C-CH
H

3

HoO

‘"

10-methylenecarbomethoxy, -?-C-—O-GH3
. H

1, 2-benzanthracens

H

'
10-cyanomethyl, -?-CN

H
3-methoxy

- 10-methoxy

4,9-dimethyl
4,10-dimethyl
5,6-dimethyl
5,9-dimethyl
5,10-dimethyl
6,7-dimethyl
9,10-dimethyl
6,7-dimethyl
9,10-dimethyl

5-chloro, 10-methyl
T-chloro, 10-msthyl
5-cyano, lO-methyl
T-cyano, 10-methyl
1,2,7,8-d1benzanthracene®*
1,2,5,6-dibenzanthracene
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The following derivatives of
1,2,5,6-d1benzanthracene:

e
9-methoxy ) 5,6~cyclopenteno- -z—g
2’ -mothyl R
3% -msthyl 637-cyclopenteno '
4-methyl 17,27,3, 4 -tetrahydrg
9-methyl b; ) Na salt of 9,10-endo
) 1 ,9-mothylene -g- alphe,bota succinic acid:
: . | 1 9
) 4,10-d1methylene, -¢-€- ! ) H-C-C-ONa
E)_{ . i |
5 3,4 -dimethylene (phenanthre- (s
8,9—d1methylene acemphthene) ;\/ H C EON&
I | 0

v 2. Derivatives of '
3,4-benzpyrens 10

- 3, 4~benzpyrene
i t ’ \/ 5
L4 The following derivatives of
3, b-benzpyrene:
ro "
’L‘ : 5-aldehyde 17,2%,3”,4' -tetrahydro
4 4’ ~mathyl ¢ 10-acetyl
S5-mothyl
1’,27-dihydro, 4 -methyl
B 3,4,8,9-d1benzpyrens
, ‘ 5,10-dihydro-3,4,8,9-a1-
3 benzpyrene

T-methyl,l,2,3,4-d1benzpyrene-

3. Derivatives of i
Cholanthracene 7

2> - 9
) X 6
NI BB
¥ '
Cholenthrene 16 is .

The following derivatives of cholanthrene:

20~-methyl : 15,20-dimethyl
20-ethyl 16,20-dimethyl
20-1sopropyl ’ 15-hydroxy, 20-methyl
20-texrt-butyl*t 15-keto, 20-methyl
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4. other Derivatives of Phenanthrene P
i3
Colchicine 7
;!
H,C-C-N- 0-CH,
H
e .~ "0-CH;
" I 6 CE . 1,2,5,6-dibenzfluorene
H5C-0-C ~~_~ >
H

: G )

3, 4-benzphenanthrene .

The followlng derivatives of 3 ,h-benzphenanthrene . .

l—mothylf : Cholesterol oleate
2-methy%‘
2-ethyl
2-1s0propyl? : CH> a
T-methyl . CBs 5 H~ C (CHZ)J"C"(CHB)Z
8-methyl?

«2,9~-diethyl

2-methyl, 1,2,3,4- CH

dibenzphenanthene 2

Chrysene 0o~
NEVR 1 ] H
0=C-(CH ) y-C=C-(CH2) 7-CH3
7N

Estradiol benzoate

CHj

1,2-dimethyl chrysene?
5-methyl chrysenel?

4,5-mothylene chrysenel? -~
5,6-dimethyl chrysenel? Q
\/ - C B o B

~
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Equilenin benzoate 0

|
O 0

/
Estradoil caprylate
/\ o
CH,- (Cﬂg)ﬁ c- o-

1,2-cyclopentene phenanthrene?

Esgtradiol 3-n-butyrate, 17-bonzoate 9 I/w
o-c-— L

CH3- (CHz)a -0~ )D

Other Aromatic Compounds

Tetraphenylmethane
1,3,5~triphenylbenzene
Triphenylothyleno 38
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6. Organic Compounds Contalning Nitrogen

2-6mino, l-naphthol
Alpha naphthyleminel®

Beta-naphthylamine
phthy. 0 OH

’ f
Acetylcholine, CHs-C-0-CHa-N-(CHs)s

I o-gmino azotoluene /—-— CHy <“‘—‘
. —N—

f}ﬁ : p-dimethyl aminoazobenzene (butter yellow)

CNawd D ox
§ )TN

W2

o Scarlet red_cﬂ} /—"\“\Cﬁj /___\

} ~N=N-

£ -eN-

" —— / \.
' Indole \ /
O
» \ /\ N e
:

' Syyryl 430

= OH /~™\ o=
o CH.,.‘-l(')-I\'[.. A 7NN

T R
— N

H,c *0-C-0H,

HoN -\/_— \/ _'—\ -NH2

__/\__/

Benzidinel”

3
!
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l,2,5,6-di‘benza.crid.1ne :

]
NG

B )
N

1,2,7,8-divenzacridine

w ™
Ekﬁ’ )

\N/ ~.

7. Miscellaneous

Arsenic trioxide

Potassium arsenite

Aqueous hydrochloric acid
Aqueous potassium hydroxide
Zinc chloride

10

1,2,5,6- di’benzcarba.zole

ﬁ:‘i}ﬂ

/\/

\/

3,4,5,6-d1benzcarbazole

Zinc sulfate
Ethyl salcohol
Fructose
Glucose
Galactose
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For those wishing to acquire a more extensive background in

this field, a review by Fleser?° is recommended as a good starting

point, followed by the original papers by Cook and co-workers. For a
detailed tebuletion of carcinogenic compounds Hartwell's book25 ghould .
be consulted.
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