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PREFACE

In the year which has elapsed since the publication of Volume I of
Advances in Cancer Research, the editors have been gratified by the favor-
able reception accorded to it, equally by their fellow workers and by the
scientific press. This they regard not only as a general encouragement of
the new enterprise but also as a reflection of the value, certainly no less
in this than in any other scientific field, of the authoritative review. Since
their aim is not only to consolidate the venture but, so far as is possible,
to improve it, they take the present opportunity of welcoming sugges-
tions to this end, whether concerned with particular topics or aspects
which most merit inclusion, or with policy as a whole.

In the current volume, the central theme of carcinogenesis again finds
a prominent place, as, for example, in the review of carcinogenesis and
tumor pathogenesis by Dr. I. Berenblum, whose own work has elucidated
so many of the factors involved; and in that of Dr. G. M. Badger, who,
not only as a pupil of Professor J. W. Cook at the Royal Cancer Hospital
in London and at the University of Glasgow, but also by virtue of his
own contributions subsequently, is especially qualified to deal with the
relationships of chemical constitution and carcinogenic activity. Although
the list of chemical carcinogens is doubtless still incomplete, and much
may still be learned from the chemical interrelationships of those already
known, within the past few years a new emphasis has inevitably been
given to problems of their mode of action, involving a shift of interest
toward those macromolecular receptors with which, it would appear, they
most probably combine. This development has been greatly stimulated
by the discovery of carcinogenic activity in a whole range of ' biological
alkylating agents,”’ the reactions of which, among other carcinogens, are
dealt with in a contribution by Dr. P. Alexander. So far at least as their
biological end-results are concerned, many of these alkylating agents may
very reasonably be described as ‘‘radiomimetic,” lending special signifi-
cance to the facts, first that the earliest experimentally induced tumors
owed their origin to ionizing radiations, and, second, that the total of
carcinogenic agents has been greatly increased, through the wealth of
radioisotopes accruing from the atomic energy programs of the past ten
years; these, and their practical bearings, are considered in a contribution
by Dr. A. M. Brues.

From its beginnings, research into the etiology of cancer has been

vu
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enlivened by the controversy between those who subscribe to the impor-
tance of a process of infection—especially by viral agents—and those
others who believe the reverse. Even though many must judge the anti-
thesis to be a false one, the issue in reality is still undecided; contributions
which throw light upon it include a vigorous review by Dr. C. Oberling
and Dr. M. Guérin, a survey of genetic studies by Dr. L. W. Law, and an
account, by Dr. J. Craigie, of the survival and preservation of tumors
in the frozen state—the last including details not merely of great theoreti-
cal interest but of much practical value as well.

Apart altogether from etiology and pathogenesis, increased note has
been paid of recent years to the systemic and nutritional consequences of
tumor growth once established, and the review by Dr. L. D. Fenninger
and Dr. G. Burroughs Mider, on energy and nitrogen metabolism, is of
special interest for its relevance to the disease in man. The same applies
in marked degree to the contribution of Dr. C. Chester Stock on experi-
mental cancer chemotherapy, and that of Dr. C. T. Klopp and Dr.
Jeanne C. Bateman on the clinical use of the nitrogen mustards. Admitted
that the chemotherapeutic agents of the future are likely to be very
different in their nature, specificity, and potency from those at present
used, it is a matter of no little consequence that limited gains continue
to be recorded, and that the harvest of benefit grows, even if slowly, from
year to year.

It is our ambition, and hope, that these volumes may serve not merely
as an annual chronicle of progress, but as a recurring stimulus to the
work ahead.

TrE EpITORS
February, 1954
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I. INTRODUCTION

The ever growing list of carcinogenic agents (cf. Hartwell, 1951;
Haddow, 1953) reveals that the property of inducing cancer in experi-
mental animals is shared by such a wide variety of chemical substances
and physical agents as to render it almost impossible to conceive of a
common chemical mechanism. Moreover, the possibility that the causa-
tive agent may be a metabolic product has made any comparison of the
chemical reactivities of the carcinogens of doubtful value in connection
with the problem of their mode of action. Nevertheless, in view of our
limited knowledge of the processes underlying cell division, a promising
approach is the search for a common end effect, which can be brought
about by different chemical reactions such as the modification of a
macromolecule.

Although the polycyclic hydrocarbons, azo compounds and physical
agents have been investigated most thoroughly and for the longest
period, the more recent recognition of carcinogenicity in a whole series
of biological alkylating agents, the sulfur and nitrogen mustards, epoxides,
ethyleneimines, and dimesyloxyalkanes, has greatly advanced our under-
standing. These substances, varying widely in chemical composition
and having no common physical properties, share only on the ability to
alkylate certain groupings (see p. 6). Since any metabolic reaction is
almost certain to bring about the loss of this chemical reactivity, it can
be concluded with some confidence that it is the original substances which
bring about the initial chemical changes which lead to carcinogenicity;
also since the overall configuration of these molecules can be widely
varied it appears unlikely that a highly specific adsorption process,
always difficult to study experimentally, plays a part in their mechanism
of action, which can therefore be tentatively ascribed to a definite
chemical reaction. For these reasons the carcinogenic alkylating agents
will be considered first in this review.

The study of the reaction of carcinogenic agents with macromolecules
has received a great impetus from current genetical studies, which
strongly indicate that their site of action is the nucleus and that changes
produced in the cytoplasm are of secondary importance. Moreover, con-
vineing evidence points to the conclusion that a direct reaction with the
chromosomes occurs and that this possibility leads to a mutation by
loss resulting in the failure to produce a regulating enzyme (Haddow,
1953). Marked variations in the changes produced in the cell nucleus
have been observed with different carcinogens (Koller and Casarini, 1952)
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without, however, invalidating the general picture that they react with
the chromosomes directly or with macromolecules prior to their incorpo-
ration into the chromosome. Although the enzymology of the carcinogens
is beyond the scope of this review, it may be relevant to point out in
support of the hypothesis outlined above that no enzyme system has so
far been found which is powerfully inhibited by all the carcinogenic
alkylating agents. For instance, Adams and Thompson (1948) found
nitrogen mustard a selective inhibitor of cholinesterase, but Bullock
(1952) showed that this property is not shared by the epoxides or mesyl-
oxyalkanes. Boyland et al. (1951) found an exactly similar position for
the enzyme hexokinase.

Little is known about the chemical composition or the macromolecular
structure of the chromosomes except that they consist essentially of
deoxyribosenucleic acid and proteins. There are essentially two points
of view concerning their relative functions; the first (cf. Haurowitz, 1950)
suggests that the biological specificity resides in the protein moiety and
that the nucleic acid serves to maintain the protein in an expanded
configuration necessary for its function as a ‘‘template.”

Alternatively, it has been proposed (cf. Stern, 1949) that the ‘“gene
codes” are incorporated in the nucleic acid chains which are protected
by the proteins. The latter view receives direct support from the finding
that directed mutations can be produced in bacteria by introducing pure
deoxyribose nucleic acids which show a very high degree of specificity
(Ephrussi-Taylor, 1951; Avery, 1944; Boivin, 1947). A possible interpre-
tation of these experiments is that certain genes in these microorganisms
can be identified with specific nucleic acid. A similar conclusion can be
reached in the case of fish from the work of Felix ef al. (1951) who showed
that the sperm heads of river trout after careful removal of cytoplasm
by plasmolysis consists entirely of a nucleoprotein made up of deoxyribo-
nucleic acid and clupein. These results were confirmed by the reviewer,
who found that 969, of the contents of the sperm heads of herring could
be accounted for as protamine and nucleic acid; the deviation from 1009
is not significant and is within experimental error. These results are in
direct opposition to those of E. and E. Stedman who believe that another
protein is present. To eliminate the possibility that nuclear material is
lost during the isolation Felix et al. (1952) examined the viability of the
sperm heads so obtained and demonstrated that these could still fertilize
an egg. The protamines are not homogeneous (Rasmussen, 1934 ; Daimler,
1952) and are proteins of very low molecular weight containing only six
or possibly seven different amino acids (cf. Linderstrom-Lang, 1933).
Although the theoretically possible number of variants is still large it
seems unlikely that so simple a molecule can act as gene codes, and it
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appears likely that the genetically specific materials in fish sperm are
nucleic acids.

These considerations indicate that the recent emphasis on the reaction
of carcinogens with deoxyribonucleic acids is well founded. Since our
understanding of the structure of these macromolecules, in particular
their size and shape, is as yet very incomplete and also since nucleic
acids contain many different reactive centers, which cannot always be
easily distinguished, experiments with model substances, simulating one
or other of the properties of nucleic acids, are relevant and may mate-
rially aid in the understanding of the biochemical reactions. The specu-
lative nature of the chromosome-poison hypothesis discussed above
and its corollary, the importance of nucleic acids, does not of course
justify a neglect of the reactions of carcinogens with proteins. This is
illustrated by the very important results which have been obtained
from the study of the combination 4n vivo of the amino azo benzeneswith
proteins (see p. 63).

I1. BIroLoGICAL ALXYLATING AGENTS

The organic chemistry and general reactions of the biologically active
alkylating agents has already been reviewed in detail by W. C. J. Ross
in Vol. I of this series. In the present article emphasis is placed on the
reactions of these substances with macromolecules. The first part of this
section deals to some extent with the field covered by Dr. Ross. This
has been done deliberately because considerable progress has been made
since 1950 when Dr. Ross’s article was written, and because the new
data are often relevant to the thesis of this review and cannot be pre-
sented in isolation.

1. Criteria for Biological Activity

Following on the discovery of the cytotoxic and growth inhibitory
properties of the so-called sulfur and nitrogen ‘‘mustards’’ concerning
which an extensive literature has accumulated which has been excellently
reviewed by Philips (1950), considerations of possible mechanisms and
chemical reactivity of these substances led to the simultaneous discovery
by a group of workers at the Royal Cancer Hospital (cf. Haddow, 1951;
Everett and Kon, 1950; Ross, 1950) and at the laboratories of the
Imperial Chemical Industries Ltd. (Hendry, Rose, and Walpole, 1950;
Hendry et al., 1951b,¢) of similar biological properties to those of the
mustards in a series of bis-epoxides and ethyleneimines. The growth-
inhibiting properties of polyfunctional ethyleneimines was also recognized
at about the same time at the Sloan-Kettering Institute, New York
(Philips and Thiersch, 1950). Progressive modifications in the chemical
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constitution of the nitrogen ‘“mustard’” molecule led Timmis (1948) to
another type of alkylating agent, the methanesulfonic acid esters of
polyalcohols which were again found to possess biological activity
similar to that of the mustards (Haddow and Timmis, 1950, 1951). In
view of the close relationship between growth inhibitory activity and
tumor induction, which had been found by Haddow (1935) and which had
led to the discovery of carcinogenicity in the amino stilbenes (Haddow
el al., 1948) representative compounds from these different series were
tested for this activity. Abundant evidence for the carcinogenicity of
these compounds was found by Haddow and others (summarized by
Haddow, 1953) and compounds containing the following groups, as well
a8 satisfying a number of other conditions which will be discussed below,
must now be considered as chemical carcinogens:

—8-CH,CH,(Cl Sulfur “mustard”
>N-CH¢CH;C] Nitrogen “mustards”
—Cg—/—-CH, Epoxides
0O

C}{z}‘CH: Ethylene imines

N

|
CH,;80,0— Methanesulfonates

Since many more compounds have been tested for growth inhibition
than for tumor induction and also since the close parallelism between
these two types of activity is particularly impressive with these com-
pounds (Haddow, 1953), results from growth inhibition tests will be
used in the discussion of the factors which influence the carcinogenicity
of these compounds. They have all been referred to as “radiomimetic
poisons,” since in their biological effects they closely simulate ionic
radiations (Dustin, 1947; Boyland, 1952a), and Boyland (1948) had
shown that in mice a dose of 1 mg./kg. of nitrogen mustard was equiva-
lent to a total body irradiation of 300 to 400 r. This apparent correlation
appeared to be further strengthened in that nitrogen mustard and x-rays
both brought about a decrease in the viscosity of deoxyribose nucleic
acid but more detailed investigation of both the ¢n vitro (see p. 25) and
the #n vivo effects has shown that the similarities are more apparent than
real; thus Koller and Casarini (1952) reached the conclusion, from a
detailed cytological investigation, that “it would be a gross error to
infer a similarity of the mode of action of nitrogen mustard and x-rays,
based on the similarity of some ‘end-products’ (e.g., blistering of skin,
bleaching of pigmented hair, etc.). The latter are the result of a complex
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chain of reactions, which can be initiated by fundamentally different
primary events. We believe this to be the case, and for that reason the
objection is raised to labelling nitrogen mustard as a radiomimetic
poison. Such an adjective, by implicitly emphasizing the resemblance
of a series of biological phenomena which are end-products, tends to
obscure the important basic differences.” Abundant evidence supporting
the view of Koller and Casarini (1952) will be found in the reactions
of these agents with macromolecules. The reviewer feels, however, that
the term “radiomimetic’’ can usefully be retained since it concisely
summarizes the biological activity of these substances.

A. Nature of Chemical Reactivity. The one feature which all these sub-
stances have in common is their ability to act as alkylating agents under
physiological conditions. The potential importance of such a reaction in
connection with the biological activity of sulfur “mustard’ was first
emphasized by Peters in 1947. A further characteristic of all these com-
pounds (cf. Ross, 1953) is that they are electrophilic and most readily
react with so-called nucleophilic (i.e., electron rich) groups with the result
that they will alkylate amines anions of organic and inorganic acids and
atoms carrying a lone pair of electrons such as nitrogen, sulfur, or phos-
phorus. These alkylating agents react much more slowly with the above-
mentioned groups when rendered less nucleophilic by the addition of a
proton. The position may be summarized in the following way:

Groupings Reactive Form Less-reactive Form
Organic acid R-COO~ R-COOH
Hydroxy or phenolic compound RO~ R-OH
Sulfydryl : R-8-~ R-SH
Amine R:N RsNh
Thio ether R-8:R: —
Phosphorus compounds PR; (trivalent) OPR; (pentavalent)

It should be stressed, however, that even in their reactive forms the
various groupings show very pronounced differences in their reactivity
toward the electrophilic center which is characterized by a so-called
competition factor (see p. 12). In the case of both the sulfur and nitrogen
mustards the electrophilic character arises from a dissociation into an
ethylene-immonium (or sulfonium) ion or alternatively into a carbonium

ion, thus:
R.N-CH,CH.Cl —» R,N-CH,CH,* +4 Cl~

This reaction will also occur if the halogen is replaced by another group
of high electronegativity. Haddow and Timmis (1951) examined a series
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of substituents which might resemble the chlorine atoms in the nitrogen
mustards and found sulfonie acid esters, —OSO;R, active but phosphoric
acid esters, —OPO(OR),, and sulfuric acid esters, —OSO;R, inactive.
In the case of epoxides, ethyleneimines, and mesyloxy compounds the
electrophilic character does not arise from an ionic dissociation but is the
result of the displacement of one nucleophilic group (e.g., the methane-
sulfonate ion) by another (e.g., carboxyl) in a bimolecular (Sx2) process:

R-080,CH; + R’COO~— R-O0CR’ + 0OSO,CH;~

The mechanism for the epoxides and ethylene imines though more com-
plex is fundamentally similar. Direct support for this view is found in the
fact that in general active ethylene imine derivatives are only formed by
substitution at the NH group which will lead to a decrease in its basicity.
The physicochemical evidence for this reaction mechanism has been
summarized by Ross (1953) and references to the original publication
will not be given here.

One of the most important consequences of this mechanism is that the
radiomimetic alkylating agents will be unreactive towards an un-ionized
— SH groups, although very reactive towards anionized —S— groups which
have in fact a higher competition factor (see p. 12) than any other anion
likely to be present in & biological system. A satisfactory explanation can
be given for the apparent anomaly that mustard gas, though reacting
readily with single thiols, does not in general inactivate —SH enzymes in
vivo (cf. Peters, 1947; Needham, 1948). This is in all probability due to
the fact that the SH group in protein has a dissociation constant of about
10 and under physiological conditions less than 0.19, would be in the
reactive form. Whereas the highly reactive thiols (cf. Ogston, 1948)
are all appreciably dissociated at pH 7. There is considerable amount of
evidence that the presence of alkylating groups which are not electro-
philic (i.e., those which react readily with —SH groups and un-ionized
organic acids) does not confer radiomimetic activity on a compound even
if all the other criteria (see below) for activity are fulfilled. For example,
compounds which are characterized by high reactivity to amino (and also
SH) groups such as isocyanates, halogeno pyrimidines (Hendry et al.,
1951a), and halogeno-2,4-dinitrobenzene are also inactive; thus hexa-
methylene diisocyanate is inactive but, if the isocyanate groups are
replaced by electrophilic groups such as @-chloroethylamine, epoxide,
ethyleneimino and mesyloxy, active compounds are in every case obtained.

The similarity of the end effects produced by ionizing radiations which
are generally thought to act via free radicals formed in situ and the
alkylating agents has led to suggestions that the latter can also give rise
to free radicals during the course of hydrolysis. Butler (1950) has pro-
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posed that the carbonium ion of a nitrogen mustard may exist as a
resonance hybrid in which a relatively important contributing structure
is that of a biradical. Jensen (1950) points out that this suggestion as it
stands is impossible on quantum mechanical grounds since resonance
cannot occur between structures with different numbers of unpaired
electrons. Boyland (1952b) proposed that with a bifunctional nitrogen
mustard a free radical is produced from one of the arms after the other
has reacted with a cell constituent. It is difficult to see a mechanism
whereby such a reaction can occur. Apart, however, from these theoretical
objections the production of free radicals during the hydrolysis of these
alkylating agents has been ruled out by Bonéme and Magat (1851), who
showed that these compounds do not initiate polymerization which is a
most sensitive test for free radicals. Nor could any evidence for free
radicals be found by Alexander and Fox (1952a).

Philips (1950) has proposed that the criterion for activity is the
presence of an unstable three membered heterocyeclic ring. Epoxides and
ethyleneimine derivatives automatically fall into this class while sulfur
and aliphatic nitrogen mustards form such a ring as an unstable inter-
mediary during hydrolysis. The discovery of activity in the mesyloxy
series, however, argues against this hypothesis since these compounds
cannot form such ring structures.

From the foregoing it can be concluded that the presence of electro-
philic groupings capable of reacting with anions is a necessary condition
for activity though it is not alone sufficient.

B. Multiplicity of Functional Groups. In experiments designed to
determine the optimum requirements for the marked cytotoxic effects as
demonstrated by growth inhibition of tumors Haddow, Kon, and Ross
(1948) found that an essential condition for activity in the mustards was
the presence of two haloalkyl (i.e., the alkylating centers) groups in the
molecule. This conclusion also emerged from the work in other labora-
tories (cf. Haddow, 1953). The same requirement is operative in the
epoxide (Ross, 1950; Hendry et al., 1951b) and mesyloxy (Haddow and
Timmis, 1950) series. Certain of the monofunctional compounds can
produce some radiomimetic effects, such as breaking chromosomes
but almost invariably require fifty to one hundred times the concen-
tration necessary with the corresponding monofunctional compound
(Biesele et al., 1950; Loveless, 1951). The toxicity of the alkylating agents
precludes their use at such dose levels in the intact animal and no inhibi-
tion of tumor growth could be detected by Haddow (1953) in any of the
monofunctional compounds when given at concentrations comparable to
those of the bifunetional compounds. In general no increase in activity is
derived if the molecules contain more than two functional groups.
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In the ethyleneimine series the superiority of polyfunctional com-
pounds is also very apparent (cf. Hendry et al., 1951c), but here a
number of monofunctional compounds have been found growth inhibi-
tory and ethyleneimines carrying an alkyl chain are carcinogenic [e.g.

CH,

/
R-CO-N ’ where R is Cs;Hy;, CisHqr, and Cyi7Hjs (Hendry et al.,

CH,
1951c)]. Most effort has been devoted to determine the reasons for the
activity of 2,4-dinitrophenyl ethyleneimine

CH,
{
oy
Q AN
NO.

CH.,

which is comparable to that of many bifunctional compounds. Both
Hendry et al. (1951¢) and Alexander ef al. (1952) have suggested that the
activity may be due to powerful interaction of the dinitrophenyl residue
by secondary forces which can take the place of one of the alkylating
centers. The fact that monofunctional derivatives carrying such groups
can produce effects comparable to crosslinking in fibers provides some
support for this view (see p. 20). However, the absence of activity in

NOs— NH-CH,CH,Cl

AN
NO,
NO,— —QCH,CH,—CH,
\0/
NO.

argues against this hypothesis as does also the inactivity of

CH,

/NO
/
No,—<:>——N\
\No, CH.
since the trinitrophenyl group is capable of greater interaction by van der

Waals forces than the dinitropheny! group (Hendry et al., 1951c; Haddow,
Everett, and Ross, 1951).
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A further exception to this rule was found by Stevens and Mylroie
(1952), who showed that monofunctional sulfur mustard derivatives were
possessed of the same mutagenic activity as the bifunctional parent
substance. On the other hand Haddow (private communication) failed to
find any growth inhibiting properties with the one-armed sulfur mustard,
C.H;SC;H,Cl. The reasons for the activity of the few monofunctional
ethyleneimines appears to be a subject worthy of detailed investigation.

C. Steric Factors. The relative positions of the alkylating centers in
the molecule have been systematically varied. In the series of bis-epoxides
CH,—CH—(CH,),-CH-CH, (Everett and Kon, 1950) the activity falls

N NS

as nis cha,nged from 0 to 6 and is absent when » = 16. Similarly Kon and
Roberts (1950) showed that in the modified nitrogen mustard

R-N-(CH;)»N-R
(CHj)2 (CHy):
1 1

a decrease in activity occurs when n becomes greater than 3. In the
mesyloxy series (Haddow and Timmis, 1950, 1953), X-(CH3).-X (where
X is CH480.:0—), activity is at a maximum when n = 4 or 5, decreases
forn = 6, 7 or 8 and is only marginal for n = 2 or 3, or 9 or 10.

A further condition for activity has been revealed in this series.
Haddow and Timmis (1950) found no activity in compounds where the
two mesyloxy groups are so placed that they cannot form a ring com-
pound. Thus the introduction of a triple bond that confers complete
rigidity on the molecule X-CH,C=C-CH, renders the compound inac-
tive. Similarly the c¢s compound X-CH, CH, X is active whereas

/
CH:CH
the trans compound which cannot form a ring X-CH, is inactive. This led

CH:(IJH
CHzX
Timmis (1951) to suggest that the biological action depends upon the
twofold alkylation of a primary amino group with the formation of a ring

/N
—NH, + XRX—> —N R

NS

This hypothesis would also explain the inactivity of the monofunctional
compounds since these would only dialkylate if present at very high
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concentration. The variation in activity in the series X:-(CH,),X is in
agreement with this view since the ring structure will be most stable when
n = 4 or 5. The differences in the rate of hydrolysis of these compounds
(see Table I) can also be explained on the basis of steric interaction
between the groups. However, the rate of hydrolysis of the higher members
is the same as that of the most active (i.e. (CH.)s) compound while their
biological activity progressively diminishes. The absence of a parallelism
between these two factors suggests that other criteria besides the presence
of two alkylating centers must be fullfilled for biological activity.

TABLE I
Rates of Hydrolysis of CH3S0,0:-(CHj)x0-S0.-CH; in 509 Acetone-Water at 60°C.
(Hudson, Marshall, and Timmis, 1953)

n Rate X 108 hrs.~?

S © 00~ L WD
NS DD =

CRHNOOD o N
e e ]

—
=]

The decrease in activity on increasing the separation of the two halo-
genoalkyl and epoxide groups (see p. 10) within the same molecule is also
in accord with the ring closure hypothesis, which cannot, however, be put
to the same decisive test here as with the mesyloxy compounds since the
site of reaction is always at the end of a flexible two-carbon chain. It is
relevant to mention here that there is ample evidence (cf. Ross, 1953) for
the formation of a cyclic tertiary amine when sulfur or nitrogen mustards
react with primary amines. The spatial configuration required to form
such a ring and to alkylate adjacent phosphate groups in nucleic acid
(see p. 31) is similar, and the relationship between biological activity and
disposition of the two alkylating groups would also lend support to this
hypothesis.

D. Summary. Pronounced cytotoxic activity in the animal and ability
to produce tumors is found in compounds containing two or more alkylat-
ing groups capable of reacting with nucleophilic groups. A probable con-
dition for activity is that the two reacting groups are so placed that they
can form a stable ring. The structure of the remaining part of the molecule
appears to be of qualitative importance only. Thus active compounds
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have been obtained which are neutral, acidic, or basic and which contain
almost every type of aromatic or heterocyclic ring structure. Only if the
substituents introduce steric restriction or influence the chemical reactiv-
ity of the alkylating groups (cf. Ross, 1953) can any pronounced difference
in biological behavior be detected. This almost limitless variety of active
structures eliminates the possibility that specific adsorption processes
play a part in their mechanism of action which can probably be ascribed
solely to a chemical reaction with vital centers, possibly situated in the
cell nucleus. This does not, of course, imply that the therapeutic value of
these substances cannot be varied by attaching the alkylating centers to
different groups which will influence important ancillary factors such as
membrane permeability.

2. Competition Factors of Macromolecules

The cytotoxic alkylating agents have been shown in vitro experiments
to react with very many substances of biological interest (e.g., Fruton
et al., 1946), and the relative importance of the different reactions in
biological systems can be judged from the consideration of the so-called
competition factor of the reacting substance. All the alkylating agents
hydrolyze in water and the rate of this reaction has been used as a general
criterion for their reactivity (cf. Ross, 1953); if another substance (A)
capable of reaction is also present then the ratio

Rate of reaction of A Amount of A reacted

Rate of hydrolysis ~ Amount of hydrolysis X Concentration of A F

is referred to as the competition factor (Ogston, 1948). In a complex
system the relative amounts of the different constituents alkylated
depends therefore on both these concentrations and F,, competition fac-
tor. In agreement with the general ideas developed on p. 6 it is found
that groups capable of donating an electron (i.e., nucleophilic) have a high
competition factor. It has not, however, proved possible to explain on
theoretical grounds the relative magnitude of the competition factors of
different substances. For sulfur mustard Ogston (1948) found thiol com-
pounds and particularly thiophosphonates to have competition factors
varying from 10? to 10° due undoubtedly to the lone pair of electrons on
the S atoms which are highly nucleophilic; anions of organic acids have
competition factors varying from 10 to 100. Ogston records low competi-
tion factors for amines (i.e., 5 to 20), but this is undoubtedly due to the
fact that working at pH 7 to 8 the amines were in the cationic form when
they are not nucleophilic. Since the lone pair of electrons on a nitrogen
atom are strongly nucleophilie, it is to be expected that un-ionized bases
will have very high competition factors.
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Competition factors have been determined by Ross (1949) for the
reaction between an aromatic nitrogen mustard and a number of anions
and thiol compounds, which were placed in approximately the same order
as for mustard gas. A competition factor as defined above cannot be
determined for epoxides since the kinetics of their reaction are different
from those of the mustards. Ross (1950), however, has determined the
relative activity of a number of anions and found that those are placed
in an order not far different from those of the mustards although the
differences in magnitude are much smaller.

With mustard gas Ogston (1948) found that a phosphate group in a
nucleic acid had a competition factor about four times greater than that
of a simple inorganic phosphate. This difference is unlikely to be the
result of combination with an organic residue since the competition factor
of glycerol phosphate is low. Alexander and Fox (1952a) found with an
aliphatic nitrogen mustard that the competition factor of a carboxyl
group in a very high molecular weight polymethacrylic acid was sub-
stantially greater than that of simple organic acids; for example, in a
solution 0.003 N with respect to carboxyl groups 80% of the mustard had
reacted by esterification and less than 209 had hydrolyzed. Using the
corresponding monomer these figures were reversed. These experiments
were repeated with the aromatic nitrogen mustard

N(CH,CH,Cl),

(Alexander and Ross, 1951), and it was found that the polymethacrylic
acid had a competition factor of between 1000 and 3000, depending on
the conditions of the experiment, whereas simple organic anions have
values ranging between 50 and 150. There are preliminary indications that
the competition factor increases with increasing molecular weight of the
polymer, but no detailed figures have yet been obtained. These results
would :suggest that the abnormally high competition factor of nucleic
acid is also due to the presence of the anions in a macromolecule. This
work supports the view that the biological mechanism depends upon
reaction with ionized macromolecules and would explain why the alkylat-
ing agents are active in n vivo when experiments with small molecules
indicate that they would be almost wholly destroyed by hydrolysis at the
low concentrations used.

These considerations do not apply to proteins which combine either
equally or less readily than their constituent amino acids with mustard
gas; thus the competition factor of an amino acid residue basis of serum
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albumin as for mustard gas, is 40 as opposed to 1100 for phosphoric acid
(Ogston, 1948). The much greater reactivity of nucleic acid compared
with proteins, evident from their competition factors, was demonstrated
by Herriott’s (1948) studies of the inactivation of enzymes and viruses.
He finds that the rate of inactivation of viruses and cells by mustard gas
to be of the same order but faster than those of enzymes. Of the viruses
examined those containing deoxyribonucleic acid were inactivated faster
than those containing ribonucleic acid. Preparations of the pneumococcus
transforming principle which were largely deoxyribonucleic acid were the
most easily deactivated of all the systems examined. Banks et al. (1946)
and Young and Campbell (1947) both found that significantly more mus-
tard gas had combined with nucleoproteins than with serum proteins, pro-
lamines, such as zein and gliadin, and keratins. Boursnelletal. (1946) noted
that the tissuesmost severely damaged (e.g., bone marrow) contained much
less bound radiosulfur after treatment with radioactive mustard gas than
many of those which had suffered least damage, and were led to conclude
that a general fixation to protein was not the primary cause of the sys-
temic effects of mustard gas. In disagreement with these results Carpenter
et al. (1948) found that mustard gas combined to approximately the same
extent with the protein as with the ribonucleic acid of tobacco mosaic
virus. However, this virus which contains 949, of protein is, according
to Herriott (1948) the virus least sensitive to mustard gas.

In a direct comparison of mustard gas with aliphatic nitrogen mus-
tards Herriott (1948) found that the coefficient—log (decrease in biological
activity of virus) per 10~3 M agent—is the same for mustard gas as for
CHaN(CHzCHzCI)z and CzH5N(CHch201)2 but that N(CHzCHzCl)s
is two to three times as effective. Similar data concerning the relative
reactivity of proteins and nucleic acid are not available for any of the other
cytotoxic alkylating agents but considerations of their reactivity with
macromolecules (vide infra) do not indicate any qualitative differences.

3. The Crosslinking Hypothesis*

Having established that one of the outstanding requirements for
biological activity of the nitrogen mustards is the presence of two halo-
geno alkyl groups per molecule, workers at the Chester Beatty Research
Institute (Goldacre, Loveless, and Ross, 1949; Haddow, 1949) put for-
ward the suggestion that the biological activity depends on the reaction
of the same molecule with two centers of a biological macromolecule.
These points of attachment could be either on the same chain which may,

* Frequent reference will be made in this and succeeding sections to reactions with
the nitrogen mustard CH;N(CH,CH:Cl),, and this will be referred to throughout as
HN2. The compound S(C.H.Cl), will be referred to as mustard gas.
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under certain conditions, lead to changes in shape of the molecule (see
p. 17) or they may be on two different chains in which case crosslinking
takes place. The cytological,abnormalities such as chromosome fragmen-
tation, bridge formation at anaphase and chromosome “ stickiness’’ which
are such prominent features of the cytotoxic alkylating agents could be
explained by crosslinking of chromosome threads prior to mitosis. The
new covalent link thus formed if stronger than the fibers themselves—
these may consist of strings of globular molecules held together only by
hydrogen bonds and secondary forces as in fibrin (Porter and Hawn,
1949) or F-Actin (Perry and Reed, 1947)—leads to the breaking and the
other macroscopic abnormalities of the chromosomes which are observed.
Consideration of these principles led to the discovery by the group at the
Chester Beatty Institute (see p. 4) of cytotoxic activity in the bis-
epoxides and polyethylenimines which were examined because of their

L o b

(e)

Fig. 1. Different types of reactions of a bifunctional compound with macro-
molecules: (a) intermolecular crosslinking; (b) intramolecular reaction on neighboring
groups, (c¢) internal crosslinking within a coiled molecule.

known ability to erosslink wool and cellulosic textile fibers respectively
(see p. 18). With the techniques at present available, it is not possible
to test this hypothesis directly by investigating chemically the reactions
with chromosomes and experiments are confined to studies in model
systems which eannot provide conclusive evidence.

A. Inter- and Intramolecular Reaction. There are essentially three
ways in which bifunctional reagents can react with a macromolecule (see
Fig. 1a, b): (1) intermolecularly to form crosslinks between different
chains; (2) intramolecularly to react with neighboring groups along the
same chain; (3) intramolecularly to react with groups in different parts
of the same molecule, thus bringing about internal crosslinking. This last
reaction can occur only if the molecule is linear and flexible as is the case
for many synthetic polymers dissolved in a good solvent. The various
segments of such a molecule can move relative to one another and the
molecule will vary continuously in shape and Plate 1 (taken from Kuhn
and Kuhn, 1948) shows a typical configuration of a long chain aliphatic
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hydrocarbon. Internal molecular crosslinking is not possible with rigid
molecules such as globular proteins or inflexible rods such as tobacco
mosaic¢ virus.

In a given system a change-over from an intra- to intermolecular
reaction will occur as the concentration of the macromolecules in solu-
tion is increased. This effect was demonstrated by Alexander et al. (1952)
with serum albumin when it was found, using light scattering, that HN2
and a bis-epoxide at a concentration of 10-2 M will bring about an in-
crease in the average molecular weight from 75,000 to 210,000 and

Prate 1. Shape of a hydrocarbon (CseoHiooz) molecule in benzene solution in which
it is coiled at random. (Courtesy Prof. W. Kuhn.)

170,000, respectively, if the protein is at & concentration of 2%, but that
no increase occurs if the reaction takes place in 0.59% solution. At the
lower concentration, however, the protein still reacts as shown by the
changed slope of the curve »/C versus C (where C is the concentration of
the protein and r the intensity of the scattered light), but the reaction
must have proceeded exclusively intramolecularly. A similar observation
was made by Butler (1951), who found after treatment of a 0.2%, solution
of serum albumin with HN2 one peak only in the ultracentrifuge diagram,
but after treatment of 2%, and 209, solutions two and three peaks, respec-
tively, which indicate the presence of higher molecular weight species.
The change-over from inter- to intramolecular crosslinking is clearly
illustrated in experiments (Alexander and Fox, 1952a) with polymetha-~
erylic acid (PMA). This material is coiled as shown in Plate I, but on
neutralization becomes expanded into a linear structure due to the mutual
repulsion of the ionized carboxyl groups. This change is accompanied by
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a several hundred-fold increase in viscosity. A coiled structure can also
be obtained from the ionized form by adding electrolyte which reduces
the repulsion between the charged groups. If PMA is treated with HN2,

CH, CH,
CH:——J'J—COOH + NaOH — CH;—é——COO“ Na
CH, H,

its viscosity in the ionized form is very greatly depressed (see Fig. 2).
This decrease was shown to be due to internal crosslinking which prevents
the coiled form from expanding on neutralization to its full length by the
fact that the increase in viscosity on going from acid to salt form is much
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F1a. 2. Change in viscosity of high molecular weight polymethacrylic acid after
treatment with different quantities of HN2: I viscosity of 0.049% polymer at pH 7;
II after reaction with a solution of 0.0085% of HN2; III after reaction with a solu-
tion of 0.0213% of HN2; IV after reaction with a solution of 0.042%, of HN2.

less in HN2 treated than in untreated PMA. The whole of this effect can
be reversed by saponifying the ester crosslinks with alkali when the
PMA regains its original viscosity. If the reaction with HN2 is carried out
in progressively more concentrated solutions the fall in viscosity becomes
less until the whole effect is reversed and an increase in viscosity is
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observed. Finally, with 29, solutions of PMA HN2 brings about the for-
mation of a gel (Alexander, unpublished). This is another example of the
change-over from an intra- to an intermolecular reaction as the concen-
tration of the marcomolecule is increased.

With a rigid linear molecule in which the reactive groups along the
chain are at a considerable distance apart, intramolecular reaction is not
possible since there are no two centers on the same molecule stearically
accessible to the bifunctional reagent. Under these conditions inter-
molecular reaction (i.e., crosslinking) is favored. A reaction of this type
is the crosslinking with mustard gas of high molecular weight sodium
alginate, a comparatively rigid molecule having repeating carboxyl groups
at 10 A. apart, which Deuel and Neukom (1949) found to form gels at a
concentration of less than 0.19,. At this concentration the reaction with
PMA is exclusively intramolecular.

Although the effect of concentration on the reaction of deoxyribo-
nucleic acid with mustard gas has not been determined systematically, a
change-over from intra- to intermolecular reaction appears to occur as
the concentration is increased. Elmore et al. (1948) noted a considerable
increase in molecular weight with a 359, solution of nucleic acid, whereas
with solutions containing less than 1%, the reaction with mustard gas and
HN?2 is now thought to be intramolecular (see p. 26).

Under biological conditions all the different reactions considered here
can take place, and it is not inconceivable that they may occur simul-
taneously. In this case some of the biological effects may possibly be pro-
duced by an inter- and others by an intramolecular reaction. With differ-
ent bifunctional agents steric factors may favor one kind of reaction more
in one case than in another and this could bring about the differences in
the biological effects produced by the different compounds.

B. Comparison of Crosslinking Ability and Biological Activity. The
ability of the mustards to crosslink proteins has already been described.
Bis-epoxides were found to crosslink alginic acid and pectin by Deuel
(1947), and wool by Capp and Speakman (1949; Fearnley and Speakman
1950). Many polyethyleneimines had been prepared during the war in the
1.G. Farben Laboratories in Germany, and general methods of prepara-
tion have been worked out there (Bestian, 1950). Interest in these com-
pounds arose since they were found to increase the wet tensile strength of
regenerated cellulose fibers. It is known that such a change can be brought
about either by crosslinking the cellulose molecules or by depositing a
polymer within the fiber and the I.G. scientists (see report by Alexander
and Whewell, " 1946) were in disagreement as to the reaction which
occurred on treatment with the polyethyleneimines. With wool it was
established that both reactions occurred; with the tris-ethyleneimines
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triazine polymer formation on the surface was seen on microscopic
examination of the fibers, and the formation of new crosslinks was also
established (see below).

To determine whether the ability to crosslink a protein runs parallel
with the biological activity of these compounds Alexander et al. (1952¢)
examined their reaction with wool fibers. From the results summarized
in Table II no correlation can be seen between crosslinking and eytotoxic

TABLE II
Crosslinking of Wool Fibers with Biologically Active and Inactive Alkylating Agents
(Alexander et al., 1952)

Tumor Growth Inhibitors Extent of Crosslinking

CH,.N(CH.CH.Cl) (HN2) -
S:(CHCH,Cl). -

p-CHzO'CeH4N (CHQCHzCl)z +
Trisethyleneiminotriazine +++
(CH¢):N-CON(CH)sNCON(CH,), ++
bis—2,3-epoxypropyl ether +++
CH;80,-0-(CH,);0-80,CH; ++
CH,80:0-(CH,)080,CH; ++
Not active as tumor growth inhibitors
CH,S0.0-CH.C=sCCH,-080.CH; +4+
H,
CH;SO,O-CH,-(]J-CHZ-OSOgCHz +++
|
NO.
Epichlorhydrin : +++
1,5-Difluoro-2,4-dinitrobenzene + + 4
1-Fluro-2,4-dinitrobenzene +

activity. In the mesyloxy series those compounds which cannot inhibit
tumor growth and which cannot form cyclic compounds (see p. 10) are
amongst the best crosslinking agents examined. It is interesting that the
aliphatic mustards fail to crosslink wool although they will crosslink
soluble protein.

The experiments with wool fibers do not, of course, constitute proof
against the crosslinking hypothesis, although in the author’s opinion they
detract from the support which had been deduced from the fact that the
cytotoxic alkylating agents were all capable of crosslinking macromole-
cules in one system or another. A further argument adduced by Hendry
et al. (1951b) against this hypothesis is that activity is found both in sub-
stances in which the two reactive centers are close to one another and
when they are 15 to 20 A. apart. They conclude that if the biological
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effects were due to the formation of bridge a wide range of distances
between the points of attachment would have to be admitted. This
objection does not, however, appear sound since, in the compounds con-
sidered by Hendry et al. in this connection, the chain separating the reac-
tive groups is flexible and would permit the molecule to take up a large
number of different configurations.

It is interesting that compounds with only one reactive group but
containing a 2,4-dinitrobenzene group (see Table II) or long alkyl
chain, such as heptyl (Patterson et al., 1940) bring about effects in wool
fibers comparable to those of covalent crosslinking. This is probably
brought about by the strong secondary forces which would bind these
groups to one another or to existing groupings in the fibers. The 2,4-
dinitrobenzene and long chain alkyl derivatives of ethylene imine are the
most potent monofunctional substances which are cytotoxic in the intact
animal and it is tempting to draw an analogy between the two systems;
it is doubtful if this is permissible in view of the results with compounds
described on p. 9.

C. Crosslinking and Aging. Recently Haddow (1953) has proposed an
extension of the crosslinking hypothesis to the occurrence of spontaneous
tumors. Observing that the deterioration of plastics, rubbers and proteins
on aging is often due to the formation of crosslinks between chains he
speculates whether the increasing incidence of cancer with old age may
result from a similar deterioration of tissue components. In view of the
large number of potential crosslinking agents (e.g., aldehydes) which are
normally present or formed in the body, it is not unlikely that during
metabolic processes the formation of crosslinked structures occurs as a
side reaction (Bjorksten, 1951), and there may be a special biochemical
mechanism whereby these are eliminated. As the animal gets older,
there is evidence that the rate of breakdown of proteins becomes less
(cf. Neuberger et al., 1951), and it is possible that crosslinked structures
may then accumulate. Alternatively with decreased rate of metabolic
turnover there may be time for the crosslinking process to proceed to
such an extent that the product can no longer be broken down in the
body. In this connection attention may be drawn to the production of
cancer by the introduction of inert films (see p. 65) since their effect
might be comparable to the accumulation of & highly insoluble metabolic
product.

4. The in situ Polymerization Hypothesis

Hendry et al. (1950, 1951a,b,¢) suggest that the cytotoxic alkylating
agents polymerize in sifu to give a macromolecule containing reactive
groups. The necessity for two functional groups, according to this
hypothesis, arises from the fact that one brings about the joining up of
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the molecules into a polymer and the second group provides the reactive
centers in the polymer. The types of structure postulated for bis-epoxides,
bis-ethyleneimines and nitrogen mustards are shown in Figs, 3, 4, and 5,
respectively. These authors stress that the separation of reactive centers
in polymers derived from the three classes of compounds is the same
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Fic. 3. Structure postulated for the reactive polymer formed in situ from bis-
epoxides (Hendry et al., 1951b).
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F1a. 4. Structure postulated for the reactive polymer formed ¢n situ from bis-
ethyleneimine (Hendry et al., 1951c).
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F1a. 5. Structure postulated for the reactive polymer formed ¢n situ from a nitrogen
mustard (Hendry et al., 1951c).
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and that this distance is independent of the nature of the group linking
the two reactive centers. In this they see the explanation for the great
similarity in biological activity of compounds possessing such widely
divergent structures. Further importance is attached to the fact that
the distance at which the reactive groups repeat is approximately 7.4 A.,
which is close to the repeat distance of the side chains of a fully extended
protein chain. Hendry et al. indicate a number of ways by which these

R
-—CI)H-CO-NH-(IJH-CO-NH-(l)H-CO-NH-NH—-—

R R
— 7.4 A,

hypothetical structures act in the cell to bring about the observed chromo-
some abnormalities and cytotoxicity. One suggestion is that they polymer-
ize and that the side chains then bring about crosslinking with multipoint
attachment of two protein or nucleoprotein chains of chromosomal
origin. Another suggestion is that one arm of the monomeric form reacts
with a cell compound followed by self condensation via the second
reactive group.

The polymerization hypothesis finds a measure of support from the
fact that ethylene imines can polymerize under mild conditions according
to this reaction:

R
CH~—CH, —CH: CH, I‘y
N

- N NN
N CH,

N
| I
R R

The corresponding reaction with epoxides has also been recorded though
only in alkaline media. For the polymerization of the mustards via their

R
R-Cg—/-CHz ng 0 (JJH
” Cé\CQ, N

ethyleneimonium form there is considerably less evidence. Hanby and
Rydon (1947) found that HN2 dimerized but failed to detect higher
polymers. Moreover, with the aromatic mustards Ross (1953) could not
detect the intermediate ethyleneimonium ion which must therefore be
very unstable and polymerization according to the following mechanism
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. CH,
R-N«(C:HCl); — R-N-\ I —~ polymer shown in Fig. 5.

CH.
CH,Cl

will therefore be confined to the aliphatic mustards.

Moreover, aromatic mustards of the constitution COOH (CH.).
CeH¢N (CH,Cl); which include some of the most active compounds
known (Everett, Roberts, and Ross, 1953) readily polymerize at pH 7
according to the following reaction:

2CO0H(CH,),CeH(C.H,Cl), —
CH.CH.Cl

COOH(CH,).CeH - N-CH,CH.00C(CH,).CsH - N(C:H,Cl),

These polymers do not of course fulfil the criteria of 7.4 A. repeat dis-
tances required by the theory under discussion, while the ease with
which they are obtained would appear to preclude the formation of the
polymer shown in Fig. 5.

Even with the ethyleneimines which polymerize so readily, there is
no evidence that polymers of the constitution shown in Fig. 4 can be
obtained. When polyethyleneimines are polymerized a highly insoluble
network is invariably obtained, which results from crosslinking by spare
functional groups on one chain with those of another chain, and the
resulting structure bears no resemblance to that postulated. Further-
more, general considerations suggest that in a biological system where
there are a very large number of compounds capable of reacting with
the eytotoxic alkylating agents, these would in the high dilution at
which they are active react with cell components in preference to self-
condensation. In model experiments which simulate these conditions
no polymer formation could be detected with the mustards, the epoxides,
or even the ethylene imines (Alexander, unpublished).

For the mesyloxy compounds it is chemically impossible to polymerize
to structures resembling those postulated by Hendry et al. for the other
types of cytotoxic alkylating agents. The only conceivable polymer which
could be formed from CH;80,0-(CH,).-0SO.CH; would be a hydro-
carbon, —(CHg), (CH,),—, which does not fulfill the requirements
of the theory. However, even such a polymerization is most unlikely,
and no evidence for it could be found. Unless the mesyloxy compounds
act by a different mechanism from that of the other alkylating agents,
which is improbable in view of the general chemical similarities, the poly-
merization hypothesis will be difficult to sustain.
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5. Reaction with Nucleic Acids

A. Site of Reaction. Reference has already been made to the readiness
with which nucleic acids react with mustard gas and HN2. From general
considerations of the reactivity of these compounds reaction at pH 7
is possible in nucleic acids with the primary and secondary phosphate
groups which are fully dissociated and the amino groups of adenine,
cytidine, and guanine; the last group, in view of its low basicity, is not
very electrophilic and is thus unlikely to have high competition factors.
Neither the sugar hydroxyls nor those from uracil and thymine are
likely to react since they are completely associated (i.e., in the non-
reactive form) at pH 7. In agreement with these predictions Elmore
et al. (1948) found that the sodium salts of both deoxyribo (DNA) and
ribonucleic acids (RNA) reacted readily with mustard gas and that the
major reaction was esterification of the phosphate groups. They also
concluded that some of the amino groups had reacted, though an esti-
mate was not possible; contrary to expectation they found indication
that some of the purine-pyrimidine hydroxyl groups had also reacted.
These findings were based on changes in the electrometric titration of the
nucleic acids after reaction and are not conclusive since certain parts
of the titration curves cannot be reliably interpreted. The evidence for
the esterification of the phosphate groups is unambiguous and was con-
firmed by analyses for sodium. Total sulfur analyses indicate that with
DNA the majority of the mustard gas had reacted with two groups in the
nucleic acid whereas with RNA reaction with one arm only predominates
leaving the residue —CH,CH,—S-CH,CH,OH. In agreement with
these analyses it was found that extensive crosslinking leading to a
product of increased molecular weight was obtained with DNA. With
both nucleic acids it was found that as the reaction with mustard gas
proceeded part of the nucleic acid was precipitated from the solution.
All the analyses discussed above refer to the soluble fraction, and no
detailed study of the other fraction was made, the insolubility of which
remains unexplained.

Alexander (1952) provided evidence that all the cytotoxic alkylating
agents esterify the phosphate groups of DNA (see p. 29), although the
rate of reaction was much slower with the epoxides and mesyloxy com-
pounds than for the mustards and ethyleneimines. Also more of the
epoxides and mesyloxy compounds (i.e. in higher concentrations) have to
be used than of the mustards and ethyleneimines to achieve the same
extent of esterification, probably because the proportion of the former,
which hydrolyze instead of reacting with the DNA, is larger (Alexander,
unpublished).
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Young and Campbell (1947) treated a number of purines and pyrimi-
dines with mustard gas and quantitatively converted guanine into two
compounds containing 11.7 and 11.8 %, of sulfur which they concluded tobe

HN—CO
OH(CH:):S(CH,);-NH-—(B (JJ——NH
| Den

and
(CH;); NH—CO
N

8 N- —NH
/ N,

\(Cﬁz) 2 “ ” Va CH
N—C—N

Reaction with adenine was very slow and, as was to be expected,
no combination took place with uracil.

HN?2 like sulfur mustard reacts with the purines and pyrimidines of
nucleic acids. This was first demonstrated spectrographically (Chanutin
and Gjessing, 1946), and more recently a group in the Southern Research
Institute (1952) using a new chromatographic separation technique
showed that at least two different reaction products are formed with
each purine, Reaction also occurs with the purines and pyrimidines of
intact nucleic acid (Butler and Press, 1952); after extensive reaction
with HN2 followed by acid hydrolysis the number of total amino groups
(estimated by Van Slyke nitrogen) fell by 109 though the proportion
of purines precipitated by silver salts decreased more. Since the extent of
modifieation of the purines required to prevent precipitation with silver
salts is not known, no conclusion concerning the nature of the reaction
can be made. The limited data available, however, suggest that the reac-
tion of HN2 with DNA is similar to that with mustard gas and consists
of esterification of phosphate groups and some unknown reaction with
amino, and possibly also hydroxyl groups of the purines and pyrimidines.

B. Decrease in the Viscosity of Deoxyribonucleic Acid. Aqueous solu-
tions of the sodium salt of DNA, which has been isolated under conditions
which minimize degradation, behave as non-Newtonian liquids; that is,
their viscosity increases with decreasing rate of shear (see Fig. 6). Gjess-
ing and Chanutin (1946) observed that after treatment with HN2 the vis-
cosity of DNA was markedly reduced; J. A. V. Butler and his colleagues
(Butler, Gilbert, and Smith, 1950; Butler and Smith, 1950; Conway, Gil-
bert, and Butler, 1950) extended these investigations and showed that
sulfur mustard acted similarly and that the effect was most pronounced at
low rates of shear (i.e., where the viscosity was most anomalous). In gen-
eral the viscosity of a solution of a macromolecule is a direct function of
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its molecular weight and consequently both groups of investigators were
originally led to the conclusion that the mustards degrade DNA, and this
appeared to be supported by independent molecular weight determina-
tions from sedimentation and diffusion constants. This deduction seemed
all the more attractive since x-rays had been shown in 1948 to degrade
DNA, and a chemical analogy in the action of ionizing radiations and
the cytotoxic alkylating agents appeared to be established, the biradical

Relative viscosity

68 hours

140 hours

Il 1 1 1

1 1 A
60 120 180

Rate of shear (arbitrary units)

F1a. 6. Decrease in viscosity of deoxyribose nucleic acid (0.1% soln.) after different
times following on treatment with HN2 (0.046 % soln.) (Butler and Smith, 1950).

theory being proposed (see p. 48) to explain the degradative action of the
mustards (Butler, 1950). More recent work has shown that the deduction
that the alkylating agents depolymerize DNA is invalid and that the
observed changes in the physical properties have a different explana-
tion. A discussion of the factors which are responsible for non-Newto-
nian viscosity is necessary for an understanding of this important
reaction.

The increase of viscosity with decreasing rate of shear of dilute DNA
solution is of the same order of magnitude as that.found in certain rela-
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tively concentrated solutions of colloids where it results from the forma-
tion of network-like aggregates which are broken down in streaming. This
behavior is accurately described as structural viscosity and has been
treated quantitatively in a number of cases (Kuhn, 1932). Changes of
viscosity with shear of a very much smaller order of magnitude have been
found in solutions of synthetic high polymers, and many attempts have
been made to study these cases theoretically, but only the more recent
treatment of Kuhn and Kuhn (1945) appears to be satisfactory and in ac-
cord with experiment. These authors showed that for asymmetric par-
ticles which are randomly coiled and easily deformed the viscosity is
independent of shear, whereas for particles which resist deformation shear-
dependence is to be expected. However, even with rigid rodlike particles,
the viscosity would not decrease as a result of orientation to less than half
on going from zero to high rates of shear. Variations of this order have
been observed for polymers the molecular weight of which does not exceed
a few hundred thousand and show clearly that orientation of the mole-
cules is not sufficient to explain the magnitude of the anomaly found
with molecules such as DNA for which a different mechanism must be
operative.

A number of naturally occurring macromolecules such as tobacco mo-
saic virus, hyaluronic acid, fibrinogen and myosin, and the cytoplasmic
protein of algae have similar viscosity characteristics. All these substances
consist of highly asymmetric molecules which are many thousand ang-
stroms A. long, and this means that the molecules will interact even in
solutions, containing less than 0.019 of polymer. Pfeifer (1936) was the
first to ascribe the pronounced non-Newtonian viscosity to localized inter-
action, which gives rise as shown in Fig. 7, to a network of interlocking
points. These solutions have been referred to as ‘“gel solution,” but this
term should not be used (Meyer, 1951) here, since it is correctly applied to
solutions which have a definite yield point (i.e., when there is a minimum
force necessary below flow occurs), which is not the case for the polymers
under consideration.

Alexander and Hitch (1952) studied the viscosity of polymethacrylic
acid (PMA) and found that samples of very high molecular weight
(ca. 2 X 10%) had viscosities in extremely dilute solutions, showing the
same characteristics as those of DNA (see Fig. 2, p. 17). The shape of a
PMA molecule can be altered in steps from an almost fully extended rod
to an expanded random coil and finally to a tightly collapsed particle (see
p. 31) and this material is therefore ideal for studying the factors in-
fluencing non-Newtonian viscosity. It was found that the viscosity be-
came less shear dependent when interaction between molecules was
reduced by decreasing the molecular weight or by coiling up the mole-
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cule by reducing its charge (i.e., by acidifying) or by decreasing intra-
molecular electrical repulsion with salts. The non-Newtonian viscosity
was also decreased by adding hydrogen bond breaking reagents; these do
not change the shape of the molecule but prevent the formation of inter-
molecular bonds by secondary valencies.

® ®

Fig. 7. Diagrammatic representation of interacting macromolecules giving high-
viscosity solutions: © anions fixed on macromolecule; & gegenions in solution; M,
points of interaction (Pfeiffer, 1936).

Unfortunately all the hydrodynamic methods for molecular weight
determinations are valid only if there is little or no molecular interaction
in the solutions used, therefore the same factors which prevent direct
deductions from viscosity determinations also make it impossible to
determine molecular weights from measurements of sedimentation and
diffusion since the absolute values for the constants cannot be found even
with the lowest concentrations of DNA at which the conventional instru-
ment can function {¢f. Kahler, 1948; Butler and James, 1951).

From the foregoing it is obvious that the only valid conclusion which
can be drawn from the physical changes produced by the mustards, such
as decrease in viscosity and rate of sedimentation and increase in rate of
diffusion, is that the extent of interaction between DNA molecules in
solution is reduced. Depolymerization of the macromolecule as for ex-
ample with x-rays, is only one way by which this can be brought about,
but this seems an unlikely mechanism for the mustards since they do not
form free radicals (see p. 8), and their primary reaction is one of
alkylation. This led Alexander (1950, 1952) to propose that the mustards
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change the shape of the DNA molecule. This suggestion was supported
by experiments with high molecular weight polymethacrylic acids
(PMA), solutions of which in certain of their physical properties closely
resemble DNA (Alexander and Hitch, 1952). Experiments which have
already been described (p. 17) established that HN2, by producing
intramolecular crosslinks, changes the shape of PMA molecules and
thereby brings about a change in viscosity similar in every respect to
that obtained with DNA (Alexander and Fox, 1952a). Alternatively, if a
DNA molecule is flexible and maintained in the highly asymmetric
extended form by electrical repulsion, a partial coiling-up could occur by
reaction of bifunctional alkylating agents with neighboring phosphate
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F1c. 8. Postulated reaction of bifunctional alkylating agents with deoxyribose
nucleic acid (Alexander, 1951).
groups (see Fig. 8). This possibility will be considered in more detail
on p. 31.

Physical evidence concerning the rigidity of DNA molecules is con-
flicting. Recent light scattering data (Reichmann, Bunce, and Doty,
1953) indicate that the molecule is flexible and on acidification (i.e.,
decrease in net charge) coils up; a similar conclusion was also reached
by Alexander and Hitch (1952). On the other hand, birefringence studies
(Schwander and Cerf, 1951) and measurements of the rotary diffusion
coefficient (Benoit, 1950, 1951) do not appear to be compatible with the
view that a DNA molecule can coil up. If the molecule is rigid, then the
decrease in viscosity may be due to reaction by the mustards with the
groups which are responsible for forming the intermolecular bonds which
leads to the network structure responsible for non-Newtonian behavior.
Greenstein and Jenrette (1941) (see also Conway and Butler, 1952)
showed that urea decreased the viscosity of DNA, and from this it can be
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deduced that the intermolecular links are formed by hydrogen bonds, the
formation of which can be prevented by blocking the amino and hydroxyl
groups. This mechanism was favored by Butler, Conway, and James
(1951) but seems difficult to sustain in view of the fact that mustards
react with no more than 109, of the available amino groups (see p. 25),
and this would not be expected to interfere significantly with the forma-
tion of intermolecular hydrogen bonds.

Schwander and Signer (1951) proposed that DNA is rigid because of
the powerful secondary forces between the nucleotide residues but that
the molecule can become flexible without being depolymerized if this
interaction is disturbed. Butler, Gilbert, and James (1952) now believe
that the action of the mustards is to change the shape of the molecule,
though not by one of the mechanisms which involve esterification of the
phosphate groups, but by breakdown of intramolecular hydrogen bonds
through reaction with amino groups. Attention should, however, be
directed to the finding that compounds characterized by ready reaction
with amino groups (see p. 7 and Hendry et al., 1951a) are not cytotoxic.

More detailed investigation (Butler and James, 1951) of the physical
properties of mustard-treated DNA has definitely established that the
initial reaction which produces such pronounced physical changes is not
due to depolymerization and is probably brought about in one of the
ways discussed above. There are indications (Butler, Gilbert, and James,
1952), however, that the spontaneous degradation by hydrolysis which is
known to oceur in solution (cf. Taylor ef al., 1948) takes place somewhat
more readily after reaction with the mustards. A possible explanation for
this is suggested by Davis and Ross (1952), who showed that triesters
derived from the reaction of a nitrogen mustard with a primary diester
phosphoryl group can under certain conditions hydrolyze with fission
at the non-mustard linkage. The relative instability of triesters from
nucleic acids was demonstrated by Brown and Todd (1952), who showed
that main chain fission can arise in this way, i.e., these experiments
indicate the possibility of main chain breakdown of DN A by this reaction:

AN
\R \R\ R\
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C. Interference with the Combination with Protamine. Crosslinked
films of the sodium salt of polyacids such as polyvinyl phosphate and
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PMA contract (i.e., deswell) when placed in solution of polybases such as
polyethyleneimines and protamines, and this was attributed to the forma-
tion of a complex held together by salt links, the dissociation of which is
prevented by the van der Waals forces between the macromolecules.
After some, though not all, of the anionic groups in one of these films had
been esterified with the cytotoxic alkylating agents no contraction oc-
curred when these were placed in solutions of polybases and it was thought
that the alkylation had prevented combination (Alexander, 1950). This
led to the suggestion that reaction of DNA with cytotoxic alkylating
agents may interfere with its combination with proteins (Alexander,
1952).

To compare the effectiveness of different compounds in redueing the
protein-combining capacity the same treatment could not be used in
every case, since the ratio of the amount of alkylating agent that has
reacted with DNA to that hydrolyzed varies with the different substances
(see p. 24). When conditions were so arranged that approximately equal
proportions of the phosphate groups were esterified the results shown in
Table III were obtained. The amount of protamine combining with DNA
in solution is not constant but depends on the concentration of the reac-
tants and no absolute value can be given (Alexander, 1953); it is, how-
ever, possible to obtain comparative values. The affinity of the nucleic
acid for protamine was not greatly decreased after reaction with mono-
functional compounds during which up to 409, of the phosphate groups
had been esterified, whereas a similar reaction with polyfunctional com-
pounds produced a very substantial reduction. In Table III results for
four pairs of mono- and polyfunctional compounds are shown in which
the degree of esterification was approximately the same. All these poly-
functional substances produce typical “radiomimetic” effects, whereas
the monofunctional show no activity in the intact animal.

In general, the tendency for intermolecular association is greater be-
tween elongated than between coiled macromolecules. A change in shape
of the nucleic acid molecule after reaction with a polyfunctional compound
which does not occur after a corresponding treatment with a monofune-
tional compound may explain the observed difference in affinity for
protamine.

Possible ways by which mustards may change the shape of the nucleic
acid molecule have already been considered and the same factors also
apply to the other alkylating agents.

From the protamine-combining studies the suggestion emerged that
the change in shape results from reaction of neighboring phosphate groups,
as shown in Fig. 8, by reducing the repulsion between charged groups and
thereby promoting coiling. The steric restriction imposed on an active com-
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TABLE III
Interference with Formation of Nucleoprotein Complex by Alkylating Agents:
Differences between Mono- and Polyfunctional Compounds
(Alexander, 1952)

Ratio of Salmine

Combined with
Per Cent Nucleic Acid before
Reagent Used Esterification and after Reaction
None 0.0 1.0
CH,—CH—CH, 25 0.8
N
CH,—CH—CH,—CH—CH, 32 0.4
N/ NS
O 0
CH,
/
C;H—0—CO—N 30 0.8
CH,
}
N/ AN
N
b
X—C —X 30 0.5
\\ /
N
CH.
where X is—N
CH,
CH,;-80,-0(CH,);-CH, 26 0.9
CH,;-80,;-0(CH.),-0-80,CH, 28 0.4
(CH,),N-CH,CH,Cl 31 0.7
(CH,)N—CH;-N (CH,CH,Cl). 40 0.2

pound, namely that the reactive groups within the same molecule should be
placed in such a way that they can form a ring (see p. 10), follows directly
if reaction with adjacent groups is required. It is suggested that the re-
pulsion between charged groups is sufficient to maintain the molecule
highly extended even when isolated phosphate groups have been esterified
by reaction with a monofunctional compound, but that, after blocking
two adjacent anions with a bifunctional compound, the distance separat-
ing charged groups is too great for electrostatic effects to keep the mole-
cule rigid at this point. In support of this hypothesis it is known from the
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work of Kuhn ef al. (1948) that the repulsion between the anions in poly-
methacrylic acid is sufficient to ensure that no significant coiling of the
molecule takes place when half the carboxyl groups are un-ionized, but
when more of these are blocked so that the distance between charged
groups is greater than that between alternate repeating units, the molecule
loses its rigidity.

If several two-armed reactions have occurred along the length of the
DNA molecule, this may then be far from linear in solution, even though
the deviations at any one point may be small. It follows from this hypoth-
esis that a change in the shape of the nucleic acid molecule will only be
brought about by monofunctional compounds after extensive reaction,
since with excess of phosphate groups it is unlikely that reaction on neigh-
boring sites will occur. This may explain why it may be necessary to use
50-100 times the concentration of a monofunctional derivative to achieve
a biological effect comparable with that produced by a polyfunctional
compound.

These experiments do not exclude the possibility that the change in
shape brought about by the active alkylating agents may be produced by
intramolecular crosslinking, but this reaction can only take place if the
DNA molecule is highly flexible, whereas the mechanism just discussed
could operate, even if the molecule is fairly stiff. Furthermore, the alkyla-
tion of neighboring groups requires a special disposition of the active
groups very similar to that needed for ring closure which was shown on
p. 10 to be a probable criterion for biological activity of the cytotoxic
alkylating agents. Such steric restriction would not be operative for
crosslinking,

These findings led to the suggestion that the biologicaﬂeffects of the
cytotoxic alkylating agents can be attributed to interference with the for-
mation of a nucleoprotein complex or, alternatively, to a change in shape
of the macromolecule alone may be sufficient if the suggestion of Hauro-
witz (1950) is accepted that the role of nucleic acid is to maintain the
‘“template protein” in an expanded state during biosynthesis. The
growth-inhibiting activity of stilbamidine is thought by Kopac (1947) to
be due to an interference with the combination of nucleic acid with pro-
tein, and there may therefore be an unexpected similarity in the mode of
action of the amidines as well as of the basic substances (see p. 63) and
the cytotoxic alkylating agents.

6. Reaction with Proteins

The crosslinking of proteins by the cytotoxic alkylating agents has
already been discussed on p. 16. In this section attention will be confined
to the chemical reactions taking place and to the types of groups reacting.
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Changes in biological activity such as immunological reactions and enzyme
inhibition are beyond the scope of this review.,

From general considerations one would expect that at the physiological
pH the nucleophilic alkylating agents will react with carboxyl groups,
which are largely dissociated, as well as with terminal amino and the imi-
dazole groups of histidine, which are appreciably un-ionized. No reaction
would be expected with the e-amino groups of lysine, the guanidinium
group of arginine, the phenolic group of tyrosine and the sulfhydryl group
of cysteine, all of which exist almost entirely in their unreactive forms at
pH 7 (see p. 6).

A. Mustard Gas. Following on the discovery of Berenblum and Wor-
mall (1939) that mustard gas altered the immunological properties of pro-
teins, a number investigations have been made of its reactions with a
variety of proteins (see review by Boursnel, 1948). From changes in the
sulfur content the extent of the reaction with proteins can readily be
determined and the salient feature is that the total amount of combination
never approaches the value corresponding to reaction with all the avail-
able groups (i.e., carboxyl and imidazole).

Herriott (1948) treated the following proteins, all of which reacted
with mustard gas, at pH 6: pepsin, egg albumin, chymotrypsinogen, hexo-
kinase, gelatin, serum albumin, serum globulin, fibrinogen, and zein. De-
tailed analyses of the first four proteins revealed that the carboxyl groups
had become esterfied (as shown by titration data) and that only with
hexokinase had any reaction with amino groups (Van Slyke nitrogen)
taken place. At pH 8, on the other hand, Hartwell (1945) found that after
treatment of egg albumin with large amounts of mustard gas part of the
protein became ingoluble and that between 30 to 709, of the amino groups
had reacted. Davies and Ross (1947) showed from titration data that mus-
tard gas could esterify about 209, of the carboxyl groups in serum albumin
and horse oxyhemoglobin, and that some reaction had occurred with the
imidazole groups. The amino groups were found to titrate at the same pH,
but this does not exclude the possibility that reaction had taken place
since the pK, of a substituted amino group is not necessarily changed
(see p. 39). Banks et al. (1946) found that the maximum amount of mus-
tard gas which can combine with serum proteins corresponds to an esteri-
fication of about 259, of the carboxyl groups present. Young et al. (1947)
record that zein and gliadin failed to combine, while keratin and salmine
reacted with mustard gas. Reaction with salmine is surprising since the
only reactive side chains are those of arginine which would not be ex-
pected to react at pH 7 to 8; however, the molecular weight of this pro-
tein is low so that the total amount of mustard gas combined (55 mg. per
gram of protein) could be accounted for by reaction with terminal car-
boxyl and amino groups.
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The esters derived from carboxyl groups in proteins are very labile;
thus Alexander et al. (1951a) found that esters in wool were hydrolyzed
completely in 1 hour at pH 10 and 60°C. and that the rate of saponifica-
tion was independent of the alecohol used for the esterification in the four-
teen cases examined (see also Blackburn et al., 1941). Consequently one
would expect mustard gas combined with carboxyl groups to be removed
by mild alkaline treatments. Herriott (1948) showed that this was indeed
the case and that after two hours at pH 11 and 35°C. the titration curve
of pepsin treated with mustard gas reverted to that of the untreated pro-
tein (i.e., that all mustard ester groups had been saponified).

Carpenter et al. (1948) treated a number of proteins, which had been
reacted with radioactive sulfur mustard gas, with alkali and found that
the number of residues split off was 709, with pepsin, 30 to 509, with
insulin and 869, with the protein moiety of tobacco mosaic virus; in simi-
lar experiments with skin proteins (Ormsbee et al., 1949) approximately
509, and with collagen (Pirie, 1946) approximately 709, of the mustard
gas combined could be removed with alkali, Pirie (1947) found that the
physical properties of collagen were greatly modified by reaction with
mustard gas, and in the reviewer’s opinion these changes indicate exten-
sive crosslinking. This is supported by the fact that the treated collagen
is no longer digested by pepsin. On the other hand, the rate of digestion of
kerateine (Peters and Wakelin, 1947) by pepsin was not decreased by
mustard gas, and this is in agreement with the finding that mustard gas
does not crosslink keratin (Alexander et al., 1952).

All these investigations indicate that mustard gas combines with car-
boxyl groups in proteins under physiological conditions, but that only a
small proportion are available for reaction; this reaction, however, ac-
counts in general only for about half of the mustard gas combined. There
is some evidence that part of the remainder reacts with imidazole groups
and reaction with sulfhydryl groups has also been established for serum
proteins (Banks et al., 1946), for denatured egg albumin (Hartwell, 1945)
and for kerateine (Peters et al., 1947) which is particularly rich in these
groups; again, however, only a small proportion of the available groups
reacted. Since the pK of protein SH groups is approximately 10 only a
very small fraction will be in the reactive (i.e., ionized form) at pH 7, and
combination with mustard gas probably takes place because the S— group
has a very high competition factor. Since mustard gas is relatively inef-
fective in deactivating SH enzymes (Needham, 1948), it would appear
that reaction with SH groups is not extensive. Except for the isolated
cases of hexokinase (Herriott, 1948) and denatured egg albumin (Hart-
well, 1945) no positive results are recorded of reaction with e-amino groups
of lysine; also the results of Banks et al. (1946), who blocked the amino
groups by reaction with isocyanate alsoindicate that no reaction took place
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with these groups in serum proteins. The available evidence therefore
suggests that the e-amino groups do not in general react with mustard gas,
but the possibility is not excluded with certainty.

Since the pK of terminal amino groups is considerably lower than that
of the e-amino groups reaction of these with the cytotoxic alkylating
agents would be expected and Stevens et al. (1948b) found that about 209,
of the mustard gas combined with insulin had reacted with the amino
groups of phenylalanine, which terminates one of the main chains. A simi-
lar reaction could also have occurred in the other proteins studied but
may have escaped detection because of their high molecular weight.

Herriott (1948) noticed that a protein after treatment with mustard
gas at pH 6 gave less color on subsequent reaction with the Folin phenol
reagent, a specific test for tyrosine and tryptophan. The effect was re-
versed by mild alkaline hydrolysis, and it was tentatively concluded that
a labile adduct was formed between the tyrosine hydroxyl groups and
mustard gas. This reaction seemed surprising for two reasons: (1), the
phenolic hydroxyl groups with a pK greater than 10 are almost entirely
in the nonreactive form at pH 6; (2) the ester that could be formed would
be stable to alkali. Stevens et al. (1948a) showed that the full color value
of mustard treated insulin was regained on extraction with sodium dode-
cylsulfate during which no combined mustard was released. These workers
concluded that no reaction had occurred between tyrosine and mustard
gas and that the fall in color value was due to an indirect change.

Another possible reaction site in proteins is the thioether group from
methionine. The competition factor of sulfur compounds is high (Ogston,
1948) and Stein and Fruton (1946) found that the following reactions
with methionine occurred readily:

2CH,-8-CH.CH.CH(NH,)COOH + S(CH.CH,CD).
Cl- CO0OH
OO, OGN,

(CHz)q
|

S
(Cl?Hz)z
CH;;—CH,CH@H-NH:
Cl- OOH

This compound retains the capacity to alkylate since the sulfonium
complex can give rise to a carbonium ion like the original mustard gas. The
derivative from methionine is therefore itself a potential cytotoxic alky-
lating agent. In this way cytotoxic activity may be “stored’’ in a pro-
tein, although there is no evidence that this actually occurs in vive.
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The possibility that reaction may take place on the peptide links of
the main chain will be considered on p. 40.

Stora et al. (1947) found after reaction of mustard gas with gliadin,
ovalbumin, serum albumin, oxyhemoglobin, and casein that for each
atom of sulfur introduced the proteins contained approximately one atom
of chlorine. This led these workers to suggest that only one arm of the
mustard gas had reacted, i.e., that the product Protein —(CH;)y—8—
(CHy), Cl was obtained. Peters and Wakelin (1947) also found chlorine
in mustard-treated kerateine, but observed that the amount decreased
when the protein was washed for long periods with water. They attribute
this to the slow hydrolysis of the chloroalkyl group introduced.

The reviewer feels that a combined chloroalkyl group attached to a
protein would not be stable and would hydrolyze during the treatment of
the protein with mustard gas and its subsequent extensive washing to re-
move absorbed mustard gas (e.g., Stora et al. washed their proteins for
eight days). Kinetic studies with mustard gas and related compounds (ecf.
Stein et al., 1946) established quite definitely that the rate of hydrolysis
of the second chlorine group, i.e., of R-(CH,):'S-(CH,).Cl, is fast. A more
convincing explanation would seem to be that the “combined’’ chlorine
is present as a ‘‘ gegen-ion’’ necessary for maintaining electrical neutrality
of the protein after esterification of carboxyl groups. At pH 7 (i.e., not far
from the isoelectric point) the majority of the acid and basic groups are
internally neutralized and after treatment with mustard gas the chloride
ion split off will form a salt with the ammonium ion:

+
Protein—COO~ « « - H;N—DProtein
l +RCl (mustard gas)

Protein—COOR - - - I(IjifI—Protein

On extraction with water the chloride ion will exchange slowly with
hydroxyl ions and this could account for the ‘‘hydrolysis” observed by
Peters and Wakelin (1947). This view is supported by the finding that
wool after esterification by methyl alcohol using hydrochloric acid as a
catalyst contains chlorine which is removed by ion exchange (Alexander
et al., 1951a). Also Elmore et al. (1948) record that nucleic acids contain
no chlorine after reaction with mustard gas, even though with RNA much
of the mustard gas combined has reacted with one arm only. No internal
neutralization occurs in nucleic acids and no chloride ‘‘gegen-ions® are
therefore required after esterification.

B. Nitrogen Mustards, Epoxides, Ethyleneimines and Mesyloxy Com-
pounds. Fruton et al. (1946) found that HN2 reacted with one-quarter and
one-third of the amino groups (Van Slyke nitrogen) of egg albumin and
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gelatin respectively and a 459, decrease in amino nitrogen (Van Slyke)
was observed by Alexander and Fox (1953a) (see'Table!IV) for serum al-
bumin. An isolated experiment with the aromatic nitrogen mustard de-
rived from p-methoxyaniline with wool indicated limited reaction with
amino groups (see Table IV).

TABLE IV
Reaction of Cytotoxic Alkylating Agents with Acid and Amino Groups in Serum
Albumin and Wool
(Alexander and Fox, 1953a)

Reduction of Serum Reduction of
Albumin® in: Woolb in:

Amino Carboxyl Amino Carboxyl

Substance Used Groups¢ Groups®  Groups* Groups?
CH:'N(CHQCHzCl): 45% —7
p-CHaO'CoH4N (CHzCHgCl)g 21 -7
CH;-CH—~CH., 16 7
N
O
CICH,-CH—CH, 47 25
N
bis—2,3-epoxypropyl ether 499 15% 47 6
CH;-80;-0-(CH,)+080,-CH; 31% 0% 8
X
Y C\
]\( N CH,
(l: I ) /
X CX where X is —N— 239 0% 16 —f
N S
N CH,

s A 5% solution of protein was treated at 40 % for 72 hours with 3 % of reagent except for the ethyl-
eneimine which was used at 0.5 % to prevent precipitation of the protein.

b 3 X 10~% mole of reagent were applied per 1 g. of wool suspended in 25 ml. Flask shaken for 72
hours at 40°C.

¢ From Van Slyke determination.

4 From titration data.

* From quantity of dinitrophenyllysine formed on treatment with dinitrofiuorobenzene.

! Titration data could not be evaluated since introduced basic groups interfere.

Reaction between nitrogen mustards and protein carboxyl groups can-
not readily be detected from changes in acid combination since the titra-
tion of the mustard amine to its salt and the back titration of the carboxyl
ion with acid occur in the same pH range. There is no reason to believe
that the nitrogen mustard esters derived from proteins are exceptionally



THE REACTIONS OF CARCINOGENS WITH MACROMOLECULES 39

labile since Davis and Ross (1950) found that the acetates of both ali-
phatic and aromatic mustards were more stable to acid hydrolyses and
only slightly less stable to alkaline hydrolysis than ethyl acetate. Watkins
and Wormall’s (1952) studies of complement in activation by HN2 while
not excluding the reaction with earboxyl groups, indicate that a reaction
with another center in the protein also occurs. No experiments have been
carried out from which any valid deduction can be drawn concerning the
reaction of carboxyl groups with nitrogen mustards; however, the avail-
able evidence shows that nitrogen mustards differ significantly from sul-
fur mustard in that they react with e-amino groups of protein.

Epoxides readily react with amino groups in proteins; Fraenkel-Conrat
(1944) found that after treatment with propylene oxide at a pH above 5
the Van Slyke nitrogen was reduced by more than 709, (i.e., 709 of the
terminal amino and e-amino groups had reacted). At lower pH values the
extent of this reaction was considerably less. These results were confirmed
by Alexander and Fox (1953a) for three epoxides with wool and for a bis-
epoxide with serum albumin (see Table IV). The combination of an
epoxide with an amino group, i.e.,

Protein—NH, + C}{z;-CHR — Protein—NH-CH(OH)-CH:R

does not suppress their basic nature and the pK is hardly changed. For
this reason it is impossible to detect reaction of epoxides with amino
groups from titration data, and this probably also applies to combination
with the other cytotoxic alkylating agents.

Fraenkel-Conrat (1944) finds that the color obtained with the Folin
phenol reagent on intact proteins is reduced after reaction with epoxides
and deduces that extensive reaction with phenol and inddle groups has
occurred. Thisftest, however, is suspect (see p. 36) as it was shown that a
similar reduction in color with mustard gas-treated proteins could be
reversed without liberating any mustard groups. Although a similar
experiment was not carried out with epoxide-treated proteins, the possi-
bility that combination with amino acid residues other than tyrosine
and tryptophan may be responsible for the decreased color cannot be
discounted.

Evidence for reaction of epoxides with carboxyl groups at or near pH
7 is conflicting. The carboxyl groups in proteins back titrate with acid in
the presence of salt between pH 5.5 to 2.5 and esterification can thus be
determined by measuring the decrease in acid uptake which occurs in this
pH range. Using this method Alexander et al. (1951a) found that of the
six epoxides studied only epichlorhydrin reacted with more than 109, of



40 PETER ALEXANDER

the carboxyl groups present in wool (see also Table IV). Similarly only
159, of the carboxyl groups of serum albumin reacted with a bis-epoxide
(see Table IV). Contrary to these results Fraenkel-Conrat (1944) claims
that with propylene oxide more than 509 of the carboxyl group of egg
albumin and B-lactoglobulin were esterified. The method of estimation
consisted of a determination of the amount of basic dye which combines
with the protein at pH 11.5 after standing for at least 24 hours. There is
ample evidence to show that the ester groups in proteins are completely
saponified under these conditions (see p. 35), and this method of analy-
sig is therefore useless for determining esterification of carboxyl groups.
This objection was appreciated by Fraenkel-Conrat some years later when
he and Olcott (1946) showed that the dye uptake method could not be
used for following esterification of proteins by alcohols. The shift in the
isoelectric point of egg albumin from pH 5 to 8 on treatment with pro-
pylene oxide noted by Fraenkel-Conrat (1944) could result from the block-
ing of approximately 109, of the carboxyl groups and could also have been
brought about by the quaternization of the imidazole group of histidine,
which was shown to occur with mustard gas (Davies and Ross, 1947); it
does not therefore provide confirmatory evidence for extensive reaction
with the carboxyl groups. The limited amount of valid data indicates that
epoxides in general do not react extensively with carboxyl groups of pro-
teins near their isoelectric point except for epichlorhydrin, which can
react with up to 409 of the carboxyl groups in wool.

Only preliminary studies have been made of the reaction of ethylene-
imines and mesyloxy compounds with proteins and the results are shown
in Table IV. These alkylating agents do not appear to esterify carboxyl
groups, but in every case react with amino groups. These groups are also
involved in the crosslinks formed in wool since fibers in which the amino
groups have been blocked by acetylation cannot be crosslinked with
epoxides or mesyloxy compounds.

C. Main Chain Degradation. Reaction of alkylating agents with the
peptide bond is not impossible and Blackburn e al. (1941) showed that
the number of methyl groups introduced into wool and silk by methyl-
iodide and dimethylsulfate is greater than the number of carboxyl groups
present. The possibility that enolization of the peptide bond occurs in acid
solutions of proteins has frequently been envisaged and was proved for
the polyamide nylon from acid combining data (Carlene et al., 1947). At
neutrality such a reaction is not likely to occur, but there is evidence that
diketopiperazine exists in part as a resonance hybrid containing a zwitter-
ionic peptide link (Corey, 1938) and Blackburn et al. (1941) envisage the
possibility that some peptide links may react with alkylating agents via
the following zwitterionic form.
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Such a structure would not be stable and may hydrolyze in such a way
as to bring about peptide bond fission.

An indirect indication that a cytotoxic alkylating agent degrades pro-
teins came from the discovery that serum protein after incubation with
mustard gas increased capillary permeability. Cullumbine and Rydon
(1946), suggested that a polypeptide had been liberated since earlier
workers had found a factor capable of inducing capillary permeability in
enzymatically digested proteins and had established that the active prin-

Fic. 9. Electrophoretic pattern of serum albumin after treatment with bifunec-
tional alkylating agents: (a) serum albumin treated with HN2; (b) serum albumin
treated with O(CH,CH-—CH.),.

o

ciple named leukotaxine was a polypeptide of relatively low molecular
weight. Further evidence for degradation of proteins by sulfur and nitro-
gen mustards and epoxides was obtained by electrophoretic examination
of the treated protein which were seen to consist of two compounds, both
having different mobilities from the starting material; with HN2 the sec-
ond component was approximately 6.5% of the total and with bis-(2,3-
epoxypropyl) ether 8.5% (see Fig. 9).

D. Summary. The reactions of the carboxyl of proteins near their
isoelectric point with the cytotoxic alkylating agents is anomalous, From
chemical consideration, supported by experiments with model substances
and other macromolecules (see p. 17), reaction with the carboxyl groups,
and no reaction with the amino groups is to be expected. Mustard gas
comes closest to these predictions, but even with this compound the fact
that at the most half of the available carboxyl groups react is surprising.
The ready reaction of the amino groups with nitrogen mustards, epoxides,
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and possibly also with the ethyleneimines and mesyloxy compounds is
completely contrary to expectation. This anomaly may be due to the fact
that these groups are hidden within the protein and sterically inaccessible
to the alkylating agents, but this does not seem likely. Alexander et al.
(1952c¢) suggested that the chemical reactivity of the internally neutral-
ized carboxyl and amino groups was not correctly represented by
—COO~ - - - Hs*N— but that they behaved in chemical reactions as
—COOH - + - H,N—. This suggestion is supported by the finding
(Rutherford et al., 1940) that isoelectric proteins are esterified by diazo-
methane which can react only with unionized carboxyl groups. The ob-
servation of Banks et al. (1946) that the amount of mustard gas that can
combine with serum proteins is doubled if the amino groups have been
reacted with isocyanate can also be interpreted according to this hypothe-
sis, since after blocking the amino group the corresponding carboxyl
groups will no longer be restrained as zwitterions and can then react with
mustard gas at pH 7.

III. Ion1zING RADIATIONS

An extensive literature (cf. Haddow, 1953) has accumulated on the
ability of x-rays, as well as a-, 8-, and y-rays and neutrons to induce
tumors. These radiations inactivate enzymes and viruses and have been
shown to degrade, to crosslink, and to aggregate macromolecules. The
primary reaction of all these radiations on hitting a molecule is one of
ionization (i.e., ejection of an electron). There are, however, two distinct
mechanisms by which they can modify a macromolecule; if this is irradi-
ated dry or in very concentrated solution, the action is directly on the
macromolecule, which is ionized and in this highly reactive form can
undergo different secondary reactions. If the macromolecule is present in
dilute solution (in this review aqueous solutions only will be considered),
the primary reaction is with the solvent, which breaks up into radicals,
and these can then react with the macromolecule. In relatively concen-
trated solutions or in gels, such as may exist in cells, both reactions may be
operative simultaneously.

In its simplest form direct action can only produce a change if the
ionization occurs within the sensitive area of an organism or a macro-
molecule. The area of the “target’”’ may, however, be considerably ex-
tended if the reaction of the ejected electron is considered. Thus after a
direct hit of & macromolecule (M) the following series of reactions may
oceur in a living system (Burton, 1952).

ionizing
s M* +- ¢
radiation
e+ H,O0— H + OH-
H + 0;— HO:
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Thus even if the ionization itself does not lead to a biological effect
because it has not oceurred in a sensitive region (i.e., not within the tar-
get) the HO; radical produced may diffuse to the target site and react
there. Considerations such as these may resolve the controversy (cf.
Gray, 1952) whether the action of radiations on living cells is direct or via
free radicals.

In very dilute solutions it is improbable that an ionization of the
macromolecule will occur and the ionization products of water have to be
considered as the active intermediaries. The radiolysis of water is not
adequately understood and there is no general agreement concerning the
radicals formed (cf. Faraday Society Discussion, 1952).

The primary reactions which are generally accepted are

Hzo - Hzo+ + [
H,0+—> OH + H*

H,O-—-» OH + H* + ¢

and there is abundant evidence for the existence of the reactive OH
radical. The reaction of the low-energyffejected electron (the thermal
electron) is generally thought:to result in the formation of H atoms by a
reaction which may be of this type.

HO +e— H + OH-

It should, however, be stressed that there is no direct experimental
evidence for an H atom and a number of experiments (cf. Dainton, 1952)
contraindicate its formation in this way. Recombination of radicals leads
to the formation of hydrogen peroxide and in the presence of oxygen (e.g.,
dissolved air) the radical HO., which is more persistent than OH (Burton,
1952), is also formed. In aerated aqueous solutions therefore the effect of
ionizing radiations is to bring about the formation of OH, HO; radicals,
and possibly H atoms, as well as H:0,. In general, irradiation of water
can be considered as the introduction of a powerful oxidizing agent.

Whether a given effect of radiation is due to direct action (i.e., target
effect) or due to radicals produced in the solvent medium can often be
determined by applying two tests. First, if the proportion of the sub-
strate altered (e.g., inactivated) is independent of concentration, the ac-
tion of the radiations must be direct; if, on the other hand, the total
amount of change is independent of concentration (i.e., the proportion
changed decreases with increasing concentration), the reaction is pro-
duced by radicals obtained from the solvent. Secondly, if the amount of
change of the macromolecule is decreased by the presence of another
solute (i.e., a protective effect), the action of the radiations is almost cer-
tainly indirect and the two substrates compete for a limited number of
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radicals. Many effects of radiations are potentiated by the presence of
oxygen, and this is often considered as evidence for indirect action, the
oxygen bringing about the formation of the persistent radical HO. and
hydrogen peroxide. The possibility that oxygen sensitizes the substrate
and thereby increases the target area cannot, however, be neglected for
some reactions, such as the breaking of chromosomes.

1. Reactions of Proteins

A. Loss of Biological Activity. After irradiation with different ionizing
radiations almost all proteins lose their specific biological properties such
as enzymatic, virus, or immunological activity. This occurs in general both
when the proteinsare irradiated dry or in aqueoussolution. Analyses of the
results obtained with dry preparations led Lea to develop the target theory
which cannot be discussed here (cf. Lea, 1946). In a review of the work
done before 1939 Fricke (1938) stresses that in aqueous solution the in-
activation of proteins is due to a reaction with ““ activated water’’ and not
due to direct ionization, and this view has been fully substantiated by the
subsequent work of Dale (summarized, 1952), who showed that a number
of simple substances such as thiourea and sodium formate were capable
of protecting dilute solutions of crystalline enzymes. The significance of
much of the earlier work is limited because of the impurity of the protein
preparations used and only the work of Northrop (1934) with crystalline
pepsin is uncomplicated in this respect. The sensitivity of different pro-
teins to deactivation by ionizing radiations varies widely, and this aspect
is reviewed by Fricke (1938) and Arnow (1936). An important observa-

TABLE V
Continued Inactivation of Trypsin Solutions after Cessation of Irradiation
(MacDonald, 1953)

Per Cent Original Activity Left

2°C. 25°C.
Hours Control Irradiated Control Irradiated
0 100 49 100 49
1 100 49 103 49
3 103 50 101 47
8 101 45
18 ' 98 40
24 98 50 98 37
48 99 47 99 29

Note. Concentrationa of trypsin, 0.04 mg. per ml.; solvent, 0,005 N sulfuric acid; dosage of X-rays
2500 r.
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tion was recently made by MacDonald (1953) and Anderson (1953), who
found that trypsin and pepsin respectively continued to decrease in enzy-
matic activity after irradiation was complete (see Table V). This after
effect is very temperature dependent and differs in this respect from the
degradation of nucleic acid, which also continues after irradiation (see
p. 48).

B. Physical and Chemical Changes. Relatively little is known con-
cerning the actual chemical reactions which occur. Fricke (1938) found
that one of the products is hydrogen gas and concluded that the ‘“acti-
vated water,”’ or as we now know the free radicals, bring about an oxida-
tion. The most obvious physical effect with all proteins is denaturation,
which may result in coagulation or render the protein more easily coagu-
lated by heat, but the chemical basis of these changes is not known. Other
physical effects produced are changes in optical rotation, refractive index,
surface tension, and electrical conductivity (see Arnow, 1936).

Astbury and Woods (1933) found that the mechanical properties of
wool fibers were extensively modified by irradiation with x-rays and the
most probable interpretation of these changes seems to be that both
disulfide crosslinks and main chain peptide bonds are broken. Further
work along these lines should be carried out since information on changes
in fiber properties produced may advance the understanding of the mech-
anism of the breaking of chromosomes by ionizing radiations.

The absorption spectrum of proteins is changed by irradiation though
some of the earlier workers differed as to whether the characteristic band
at 2800 A. was increased or decreased in intensity (see Arnow, 1936).
Barron (1952) has studied the problem in detail and found that x-rays
increased the absorption (see Fig. 10) and that the effect of a dose as small
as 100 r. could be detected. The increase is greatest when the protein is
irradiated near its isoelectric point. Arnow (1935) suggested that the in-
creased absorption may be due to oxidation of phenylalanine residues to
tyrosine, and this suggestion is in agreement with the more recent work on
the oxidation reactions of the free radicals produced in water and is also
supported by the finding of Barron (1952) that the increase in absorption
is greater if the irradiation is carried out in the presence of oxygen.

Ionizing radiations change the viscosity of protein solutions; with
gelatin a gradual decrease is observed after irradiation with x-rays (Soko-
lov, 1940), and this effect can probably be ascribed to degradation result-
ing in a shortening of the protein chain, but with globular proteins the
effect is more complicated. Arnow (1935) found that the viscosity of egg
albumin solutions exposed to a-particles is increased if the protein solu-
tion is at or below its isoelectric point, but decreased at higher pH values.
The evidence is not sufficient to decide whether the increase is due to
aggregation or due to an opening of the globular molecules giving rise to
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a more asymmetric structure. The decrease can probably be ascribed
either to degradation leading to a smaller molecule or to a change in
hydration. Svedberg and Brohult (1939) found that a-rays degrade hemo-
cyanin and serum albumin. The reaction with the former is particularly
interesting since the giant molecule is split either into halves or eighth and
the effect of the radiations is to break up a highly specific structure into
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F1e. 10. Effect of irradiation with x-rays on the absorption spectrum of bovine

serum albumen (10~% M) (Barron, 1951): (1) not irradiated; (2) irradiated with
5 X 10¢ r.; (3) irradiated with 10° r.

smaller and more stable units. The process here is not random as in the
degradation of synthetic macromolecules. Recent papershaveappeared on
the action of x-rays on dry fibrinogen (Koenig and Perrin, 1952) and
fibrinogen in aqueous solution (Sheraga and Nims, 1952); in both cases an
increase in viscosity was found and studies in the ultracentrifuge showed
that a component of higher molecular weight appeared. The most proba-
ble explanation here, is aggregation of the protein molecules possibly by
oxidation of sulfhydryl groups. The observation that the change in

fibrinogen in aqueous solution can be reduced by protective agents estab-
lished that the reaction is due to free radicals.
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In few cases is there any evidence which indicates which of the radicals
produced in water are responsible for the reaction. In most of the experi-
ments air was not excluded so that besides the OH radicals HO, radicals
and hydrogen peroxide were also present and where the presence of air
leads to an enhancement of the effect these may be involved. The effect
of oxygen may, however, also be due to the formation of unstable perox-
ides (see p. 55). In a few cases, however, such as the inactivation of
carboxypepsidase and ribonuclease (Dainton and Holmes, 1950) with
x-rays the reaction is independent of oxygen and can therefore be attrib-
uted to OH radicals. If the reaction were due to hydrogen atoms less
reaction would be expected in oxygen which competes for them.

A chemical reaction produced by ionizing radiations which has been
established on a detailed quantitative basis (Dale et al., 1949) is the
deamination of amino acids with liberation of ammonia. The importance
of this reaction in proteins has not yet been established nor is it known
if it contributes to their loss of biological activity. A reaction to which
much attention has been focused by Barron and his colleagues (sum-
marized Barron, 1952) is the oxidation of sulfhydryl groups. Barron found
that enzymes which require sulfhydryl groups for activity such as phos-
phoglyceraldehyde dehydrogenase, adenosine triphosphatase, and sue-
cinodehydrogenase were all inactivated by x-rays with an ionic yield
which was higher than that obtained for inactivation of nonthiol enzymes.
Moreover, after low doses of x-rays the enzymes could be completely
reactivated by treatment with glutathione which reduces oxidized thiols.
The reactions which according to Barron can take place in oxygenated

golutions are:
2 — SH +20H = —8—8— + 2H,0
2 — 8H + 2HO; = —8—8— + 2H,0,
2 — SH + H;0; = —8§—8— + 2H,0

and from a detailed study with glutathione OH radicals were shown to
contribute 239, HO, 439, and H,0,; 249, of the total oxidation. Dale
and Davies (1951) found that oxidation of —SH to —S—S— was not the
only reaction which occurs on irradiating cysteine and glutathione and
that under certain conditions hydrogen sulfide is split off and this may
explain why Barron found that with larger doses of x-rays a proportion of
the thiol enzymes were inactivated irreversibly. Whether the inactivation
of SH enzymes by oxidation is biologically significant has not, however,
been established. In general the reducing capacity of a living organism is
such that it could readily cope with the total amount of oxidation brought
about even by very large doses of ionizing radiations and since Barron
has shown the ready reversibility in #itro this would be expected to occur
automatically in vivo.
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2. Reactions of Deoxyribonucleic Acids (DNA)

A. Depolymerization. Sparrow and Rosenfeld (1946) found that the
viscosity and streaming birefringence of high molecular weight DNA in
dilute aqueous solutions was reduced after irradiation with x-rays and
that log (decrease in viscosity) was proportional to the dose of irradiation.
In the presence of histone and molar sodium chloride the sensitivity to
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F1c. 11. Effect of irradiation with x-rays on viscosity of deoxyribose nucleic acid
(0.3%) (Taylor et al., 1948):

®  not irradiated : A irradiated with 16,800 r.
X irradiated with 5,600 r. A irradiated with 22,400 r.
O irradiated with 11,200 r. [0 irradiated with 28,000 r.

x-rays was decreased. The authors conclude that the length of the DNA
molecule was reduced by x-rays as a result of depolymerization. This
degradation was studied in more detail by Taylor ef al. (1948), and their
results are shown in Fig. 11. They further made the most significant
observation that the decrease in viscosity continued after the irradiation
was stopped and the magnitude of this after effect (Fig. 12) was only
slightly dependent on temperature. They found that the presence of serum
albumin reduced the initial effect of the x-rays, but did not influence the



THE REACTIONS OF CARCINOGENS WITH MACROMOLECULES 49

after effect. Other substances such as thiourea (Limperos and Mosher,
1950), cyanide, and S-mercaptoethylamine (Conway and Butler, 1953)
decreased both the initial and the delayed decrease in viscosity. It is
important that none of these protective agents was capable of preventing
the slow after effects if added after the irradiation and they must function
by competing for the degrading radicals and not by combining with the
unstable form of DNA, which slowly decomposes. From ultracentrifuge
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F1a. 12. Decreage in viscosity of deoxyribose nucleic acid after irradiation with
x-rays (56,000 r.) has been finished. Effect of temperature on the after effect is shown
(Taylor et al., 1948).

studies Taylor et al. (1948) concluded that the x-rays depolymerized the
DNA and gave a polydispersed product of lower molecular weight (see
also Limperos and Mosher, 1950; Conway et al., 1950).

In a detailed investigation of the after effect, Butler and Conway
(1950) found that if DNA is irradiated in the complete absence of oxygen
there is a small initial decrease in viscosity but no after effect. It is reason-
able to suggest that the initial degradation is due to OH radicals, but the
reactions leading to the after effect are more complicated. Thus, although
pure samples of DNA are not degraded by hydrogen peroxide, if this is
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added to DNA after irradiation in the absence of oxygen a slow depoly-
merization, similar to that occurring after irradiation in oxygen, takes
place. These experiments suggest that there may be some latent damage
by OH radicals which renders DNA more susceptible to hydrogen
peroxide. It is interesting that bacteriophage also are more sensitive to
hydrogen peroxide after irradiation with x-rays (Alper, 1953). The
quantity of hydrogen peroxide formed, however, by irradiation of water
is not sufficient to account for the whole of the after effect observed for
DNA. Conway and Butler (1952) suggest as a contributory cause that
the HO; radical formed only in the presence of oxygen reacts with DNA
to form a peroxidic derivative which undergoes a further slow change
resulting in degradation and contributes to the observed after effect.
Although this is by no means the only mechanism compatible with the
available data it is supported by the finding (Alexander and Fox, 1952h)
that the chemicals which, if present during the irradiation, prevent the
after effect, react readily with HO, radicals, and can combine with these
competitively.

Limperos and Mosher (1950) found that DNA extracted from x-
irradiated rats had a significantly lower viscosity than that from control
animals, but the dose required to produce this degradation in vivo was
only about one-tenth of that necessary to produce a similar viscosity
change in vitro. Thiourea prevents both the in vive and in vitro degrada-
tion. A possible explanation for the increased sensitivity in vivo was
advanced by Mosher (1950), who suggested that there may be a phos-
phatase enzyme which degrades DNA but which can act only via second-
ary phosphate groups. Normally the action of the enzyme is slow since
there are only relatively few secondary phosphate groups in DNA as
these can only occur at the end of the long molecules. However, on irradia-
tion more secondary phosphate groups are formed and the effect of the
x-rays is then multiplied in vivo by this enzyme.

In an interesting study, which is difficult to interpret in chemical
terms, Errera (1947) found that the rigidity of a nucleoprotein gel ex-
tracted from nuclei of chicken erythrocytes was significantly reduced after
irradiation with x-rays. A smaller though still significant decrease occur-
red if the whole cell was irradiated and the rigidity of the nucleoprotein
gel extracted afterward was measured. The gel structure is intimately
related to DNA and the loss in rigidity can probably be attributed to
degradation of this molecule. If an insoluble nucleohistone is suspended
in water and then irradiated (Rollenaal ef al., 1951), dissociation of the
complex occurs and some of the DNA goes into solution. A possible
interpretation is that the affinity of DNA for histone is reduced on
irradiation, as it is after treatment with the cytotoxic alkylating agents
(see p. 31).
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B. Chemical Changes. To bring about depolymerization of DNA
bonds forming the main chain have to be attacked and only reaction at
the points indicated by an arrow would lead directly to degradation

BASE—CH
H, 0
B 0 —d
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A)H—OH (o) 4)‘
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Reaction with the purine or pyrimidine bases, or with the sugar ring
would not decrease the molecular size except by initiating further reac-
tions such as hydrolysis. With a polyphosphate of the following constitu-

0
—o—b o
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tion having a molecular weight of the order of 2 X 10° no degradation
could be detected after irradiation in aqueous solution with x-rays at
doses of 10,000 r. (Alexander and Fox,-1953b). Since under comparable
conditions polyvinylzcompounds (see p. 54) are substantially reduced in
molecular weight it would appear that the O—P bond is very resistant
to radiation and that reaction occurs much more readily at carbon bonds.
These experiments with model substances indicate that a likely point for
x-rays degradation of DNA is the glycoside O—C bond. This suggestion
is supported by the observations that polysaccharides are decomposed by
x-rays with the liberation of organic acids (Khenokh, 1950) and that one
of the first chemical changes which can be detected in cells after irradia-
tion of DNA is a reduction in the staining reaction due to sugars (Claude,
private communication).

Taylor et al. (1948) found after an irradiation, sufficient to reduce the
molecular weight of DNA to less than half, that no inorganie phosphate,
ammonia, or dialyzable nucleotide residues were split off. The enzymatic
susceptibility also was unchanged as was the extinction coefficient at
2600 A. More recently Barron (1952) has found very minor changes in
the absorption spectrum of DNA after irradiation. However, if aqueous
solutions of DNA and RNA are treated with extremely large doses of
x-rays (1 to 4 X 10°r.) extensive chemical changes can be detected (sum-
marized Scholes and Weiss, 1952), such as the formation of ammonia,
inorganic phosphate, and free purine and pyrimidine bases. Almost every
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part of the nucleic acid molecule seems to be susceptible to attack and
deamination and ring opening of the heterocyclic bases, fission of glyco-
side linkages with liberation of purines, breaking of the ester link with the
formation of inorganic phosphate, and an increase in titratable groups
have been established. These experiments, however, do not throw any
light on the nature of the depolymerization which occurs at much lower
doses. Scholes and Weiss (1952) have found some evidence that the after
effect with DN A is due to the formation of labile ester groups. The forma-
tion of ammonia is favored by the presence of oxygen and it is concluded
that HO; radicals play a part in this reaction. The liberation of inorganic
phosphate is not, however, increased by the presence of oxygen, and it is
therefore thought that OH radicals only are involved.

C. Reaction with Chemically Produced Free Radicals. OH and HO,
radicals can be produced in water by chemical reactions. One way is to
irradiate solutions of hydrogen peroxide or substituted peroxides such as
t-butyl peroxide with ultraviolet light when the main photochemical

reaction is H,O, AN 20H. HO: radicals are formed simultaneously
according to the reaction OH 4 H;0;— H,0 + HO.. When ferrous
sulfate is oxidized by hydrogen peroxide, both OH and HO, radicals are
produced during the reaction (Haber and Weiss, 1934; Abel, 1948), and
these are responsible for the strong oxidizing properties of Fenton’s
reagent (i.e., a mixture of ferrous sulfate and hydrogen peroxide). OH and
HO,; radicals are now known (Bacon, 1946) to be formed in many other
redox systems involving an electron transfer reaction (e.g., ascorbic acid
and hydrogen peroxide). Weiss, Scholes, and Stein (1949) found that
chemically produced free radicals degrade DNA and breakdown products
similar to those obtained with x-rays were formed. Butler, Gilbert, and
Smith (1950), Smith et al. (1951), and Limperos and Mosher (1950)
independently recorded that chemically produced free radicals produced
by mixed redox systems and by the photochemical decomposition of
peroxides reduce the viscosity of DNA solutions by breaking the main
chains., The physical changes were very similar to those found after
irradiation with x-rays, and these experiments provide additional support
for the suggestion that the degradation by x-rays is due to OH and HO,
radicals. Smith ef al. (1950) record that methanol and glucose act as pro-
tective agents in the degradation of DNA by photochemically produced
free radicals, and this indicates that HO, radicals play a part as these sub-
stances also protect the degradation of polymethacrylic acid which is
thought to be due to these radicals (see p. 55).

3. Effect on Synthetic Polymers

Within recent years a large amount of work has been done on the
behavior of plastics when exposed to radiation from an atomic pile.
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Sisman and Bopp (1951) examined the change of mechanical properties
of thirty-three different plastics, the radiation resistance of which they
place in the order shown: phenol-formaldehyde, styrene, aniline-formalde-
hyde, polyethylene, nylon, polyesters, urea-formaldehyde, vinyl chloride
and acetate, casein, methylmethacrylate, polytetrafluoroethylene cellu-
lose derivatives. This order can be considered as a rough guide only since
deterioration was assessed by different tests the results of which do not
always run parallel. It is interesting that this order is not the one in which
these materials would be placed with regard to general inertness to chemi-
cal and photochemical attack. Thus vinyl polymers and particularly
polytetrafluoroethylene are more resistant to chemical attack than the
phenol-formaldehyde resins. Little (1952) distinguishes between exposure
to the pile in the presence and absence of oxygen; in the first case deterio-
ration generally sets in, whereas in the second case the material may often
be strengthened. Degradation appears to occur more readily in the non-
crystalline parts of the polymers and the x-ray diffraction patterns are
sometimes unchanged even though the mechanical properties have been
completely altered. Little believes that this is due to the fact that the
crystalline micelles have not been changed by the radiation. This, how-
ever, is not a necessary conclusion as it is known from studies with tex-
tile fibers that the x-ray diffraction pattern remains unchanged even
after most extensive chemical changes have taken place within the
micelles. Charlesby (1952) exposed polyethylene to neutrons and y-rays
and established that crosslinking between the chains occurs. The extent
of this reaction was found to be proportional to the dose and with a
pile dose of 10V slow neutrons per square centimeter approximately 1,
of all the carbon atoms take part in crosslinks. Alkyl radicals and hydro-
gen atoms are thought to be formed, but only the former bring about
crosslinking. The hydrogen atoms are not thought to react since their
small size allows them to diffuse away from the site of the ionization.
A general interpretation is that there are two distinct reactions when
polymers are irradiated, degradation or crosslinking. Although on absorb-
ing ionizing radiations the quantum of energy is greatly in excess of that
required to break main chain carbon bonds, these will immediately re-
combine again because of the close proximity in which the resulting free
radicals find themselves in a solid or liquid. Decomposition therefore only
occurs when a molecular rearrangement into two stable entities which can
not recombine is possible. This is known as the “cage effect.” Hydrogen
atoms because of their small size can diffuse away and reactive centers are
thus formed which can combine to give crosslinking. Thus polyethylene
which cannot rearrange along its main chain to give stable structures
crosslinks while acrylates which can rearrange by splitting off CO, degrade.

The degradation of high polymers in solution is of greater significance
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to the understanding of the biological effects than the results on the solid
plastics reported above. However, only polymethacrylic acid (PMA) in
aqueous solution has been studied in detail (for the results of irradiation
of solutions of a synthetic polyphosphate see p. 51). PMA is readily
degraded on irradiation with x-rays, and low doses (e.g., 100 r.) can be
detected if a high molecular weight polymer is used in very dilute solu-
tions (Alexander and Fox, 1952a). The change in viscosity of PMA solu-
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F1e. 13. Effect of 400-kv. x-rays on viscosity of 609, neutralized high molecular
weight polymethacrylic acid (Alexander and Fox, 1952): A, 0.089, polymethacrylic
acid; B, 0.08% polymethacrilic acid subjected to 4000 r.; C, 0.025% polymethacrylic
acid subjected to 200 r.; D, 0.025% polymethacrylic acid subjected to 50 r.

tions on irradiation is seen in Fig. 13, and this was shown to be due to
breakdown of the molecule by unambiguous molecular weight determina-
tions (e.g., irradiation of a 0.14 9%, solution of PMA with 6000 r. reduced
the molecular weight from 1.1 X 10® to 2.6 X 10%). The number of car-
bon-carbon bonds broken per unit weight of polymer is directly propor-
tional to the x-ray dose and inversely proportional to the concentration
of the polymer in solution (Alexander and Fox, 1953b), and consequently
the degradation must be due to the free radicals formed in the water.
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No direct action of the x-rays can be detected under the conditions of the
experiment. No change in viscosity was observed when the irradiation was
carried out in the absence of dissolved oxygen. The degradation cannot
therefore be caused by OH radicals or H atoms, but is thought to be due
to reaction with HO, radicals which are formed in the presence of oxygen.
Hydrogen peroxide, another product of irradiation of aerated water, does
not degrade PMA by itself (i.e., in the dark). The possibility that the
decomposition of an unstable peroxide formed by the successive reaction
of an OH radical and molecular oxygen, thus:

}IJHz + OH - éH + H,0

|
(l}H + 0, ?HOz (unstable and decomposes)

leads to polymer breakdown was eliminated by experiments with hydro-
gen peroxide which has a potentiating effect. No after effect as has been
observed with nucleic acid could be detected with PMA. Free radicals
produced by the photochemical decomposition of hydrogen peroxide and
with Fenton’s reagent (see p. 52) degrade PMA as do x-rays.

The degradation of PMA could be prevented by the addition of
amines, thiourea, cyanide, and other substances which were known to
decrease the mortality of mammals when exposed to lethal doses of
radiation. These substances protect PMA by competing for the HO,
radicals since many of the protective agents do not appear to compete
effectively for OH radicals. Alexander and Fox (1952b, 1953b) conclude
that radiation sickness and delayed death (i.e., radiation effects against
which these substances protect) result from the reaction of HO; radicals.
Effects such as the breaking of chromosomes against which they do not
protect (Devik, 1952) may be due to other radicals or to direct action. It
would be interesting to see if the incidence of x-ray-produced tumors was
affected by the administration of protective agents.

1V. PorLycycric HYDROCARBONS

A member of this group of compounds was the first pure chemical
substance to be identified as a carcinogen. In the last twenty years the
chemistry of the carcinogenic hydrocarbons has been studied most
intensively, yet their mode of action is not understood (cf. Haddow, 1953).
These compounds are readily changed in the body, and many of the
metabolic products are now known; but since none of these have proved
biologically active, their reactions will not be discussed here and attention
will be confined to the unchanged hydrocarbons. In spite of the large
body of research which has accumulated concerning the chemistry of
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these hydrocarbons, only a few investigations have been reported of their
interaction with macromolecules.

1. Combination with Tissue Constituents

Following on the demonstration by Heidelberger and Jones (1948),
using radioactive tracers, that a part of the carcinogenic hydrocarbons
remains at the site of application for many months, Miller (1951) showed
that 3,4-benzpyrene painted on mice combined with proteins in the
epidermis though not with proteins in other parts. The firm combination
which takes place rapidly (i.e., within a few hours) must be the result of a
metabolic reaction in the skin since no protein bound hydrocarbon was
found if freshly killed mice were painted. Although the nature of the
linkage between the hydrocarbon and the protein is not known, the fact
that it is not split by extraction or by dissolution of the proteins followed
by reprecipitation indicates strongly that it is not adsorption but that
covalent bonds are involved. As an extension of this work Heidelberger
and Weiss (1951) found that, after intravenous injection of radiolabeled
3,4-benzpyrene and 1,2,5,6-dibenzanthracene, part of the radioactivity
became associated with proteins, indicating that combination had
occurred with the hydrocarbon or their metabolites.

Ten years before the in viwo combination of hydrocarbons with pro-
teins was demonstrated Fieser (1941) put forward the suggestion that the
carcinogen combined with cell proteins by the opening of an —S—8—

linkage, e.g.,
C @ Protem

3 4-Benzpyrene

rotem

HS—j
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Such a reaction was demonstrated in vitro with chlormethyl benzan-
thracenes and cysteine (Wood and Fieser, 1940), though no reaction
would be found with the unsubstituted hydrocarbon. Crabtree (1944,
1945) approached the problem differently. He showed that substances
which react with SH compounds, if applied before the carcinogenic
hydrocarbons, delay the time of appearance of tumors. The substances
used were acid chlorides and unsaturated dibasic acids; their relative
effectiveness in impeding carcinogenesis paralleled their rate of reaction
with cysteine. Another class of active inhibitors consists of compounds
such as bromobenzene which are known to react in the body with SH
compounds. A possible interpretation of these experiments ig that an
essential step in the carcinogenic action of the hydrocarbons is combina-
tion with SH groups, which are blocked by the inhibitors. The observa-
tion that prior application of SH compounds does not retard carcinogenic
action (Crabtree, 1948) would indicate combination of the hydrocarbons
occurs only with certain tissue SH groups and that extraneous compounds
do not compete with this reaction. Reimann and Hall (1936) found a
reduction in tumor incidence if thiocresol was painted for several weeks
prior to the first application of hydrocarbon. This observation cannot be
considered to contradict Crabtree’s findings since the prolonged painting
produced pronounced histological changes.

Combination with proteins ¢n vifro has not been satisfactorily demon-
strated. The only evidence for it (Wunderly and Petzold, 1952) isderived
from the observation that hydrocarbons added to serum travel preferen-
tially with certain of the serum components when these are separated by
electrophoresis (Table VI). This effect is probably due to adsorption and

TABLE VI
Association of Two Carcinogenic Hydrocarbons with Different Serum Proteins
(Wunderley et al., 1952)

mg. of hydrocarbon associated per g. of protein

Per Cent of
Serum Protein Total Serum  20-Methylcholanthrene  3,4-Benzpyrene

Albumin 64 4.3 3.1
ai-globulin 4.8 7.1 5.0
as-globulin 7.0 6.8 4.3
B-globulin 11.1 10.0 7.8
v-globulin 13.0 0.9 1.0

not chemical combination. The fact that certain enzymes can be inhibited
in vivo by hydrocarbons (Boyland, 1933; Rondoni and Barbieri, 1950)
also indicates that at least some interaction with proteins must take



58 PETER ALEXANDER

place. Creech and Franks (1937) prepared a covalent complex between
proteins and 1,2,5,6-dibenzanthracene by converting the latter into the
isocyanate which reacts with free amino groups in proteins; the product
formed was not carcinogenic.

An analogy between the combination of the carcinogenic hydrocar-
bons and the absorption of dyes by cotton, which proceeds by van der
Waals forces, is tempting (Bradley, 1936). However, since the struetural
factors governing dye adsorption are only vaguely understood, the
comparison does not' materially help our understanding of the mode
of action of these carcinogens. High affinity by dyes seems to require a
coplanar molecule (cf. Vickerstaff, 1950), and this is also one of the
physical properties common fo all the carcinogenic hydrocarbons.
Another factor in dye absorption which has been established with some
certainty is that the affinity increases with molecular size (Steinhardt,
Fugitt, and Harris, 1940; Fowler ef al., 1952). In this respect also there
exists a certain parallelism with the carcinogenic hydrecarbons, but for
these there is a limit of complexity above which activity decreases (cf.
Haddow, 1953). The affinity of certain dyes is enhanced on the introduc-
tion of nonpolar groups such as long alkyl chains (Alexander and Char-
man, 1950) and a related effect has been noted with carcinogenic hydro-
carbons which are often inactivated on the introduction of polar groups.
Druckrey et al. (1952b) stress the importance of adsorption, which they
suggest occurs on a negatively charged site (i.e., the carcinogen must
have a basic or positive group). They believe that the reactive center of
the hydrocarbons, the so-called K region where there is a high electron
density, can be considered as a basic group although the reason for this
is not obvious to the writer. In support of this view they quote the obser-
vation by Windaus and Rennhak (1937) that the introduction of a
negatively charged group (i.e., sulfonic acid residue) into benzpyrene
results in a loss of activity. They disregard the fact reported in the same
paper that the introduction of a basic group (i.e., NH,) also deactivates
this hydrocarbon. In agreement with the views of Druckrey et al. (1952b)
it would appear, however, that in general the introduction of basic groups
such as NH, and CN does not result in loss of activity, whereas the intro-
duction of acidic groups, such as OH, NO., and COOH, brings about
inactivation (cf. Badger, 1948). However, there are many exceptions to
this rule, and it is not certain if any generalization is justified.

Further evidence that adsorption plays a part in the action of these
carcinogens comes from a study of their metabolic products. It is found
that no substitution oceurs ¢n vive at their most reactive center, the K
region, where chemical reaction is most probable. Boyland (cf. 1950) sug-
gests that the hydrocarbons are combined (either by primary or secondary



THE REACTIONS OF CARCINOGENS WITH MACROMOLECULES 59

valencies) to tissue components at this point and that reaction is thereby
prevented.

The solubilization of aromatic hydrocarbons by purines, pyrimidines,
and nucleotides (Weil-Malherbe, 1946) indicates that interaction occurs
in solution. Many nonpolar materials have an inereased solubility in soap
solutions because they dissolve in the nonpolar parts of the soap micelles.
However, this mechanism cannot apply to the solubilization by purines,
etec., which do not form micelles, and the effect here is probably due to the
combination of these substances with the hydrocarbons to form a soluble
complex. Polyvinyl acetate becomes soluble in solutions containing alkyl
sulfonates by this mechanism (Sata and Shuji, 1952). Boyland (1952a)
extended these investigations to nucleic acids which were also found to
solubilize aromatic hydrocarbons, although to a smaller extent. A loose
combination between carcinogenic hydrocarbons and nucleic acids in
aqueous solutions is therefore indicated, and according to Boyland
(1952b) this absorption may be sufficient to bring about chromosome
abnormalities.

2. Photodynamic Activity

In 1900 Raab, studying the toxicity of dyes for paramecia, found that
the time required to kill depended on the light intensity. Following this
discovery a similar action of dyes and related substances (referred to as

TABLE VII
Comparison of Carcinogenic Activity with Photodynamic Effect against Paramecia
of Polycyclic Hydrocarbons
(Mottram and Donniach, 1938)

Compound Used Carcinogenicity Photodynamic Effect
Cholanthrene +++ +++
3,4-Benzpyrene +4++ +++
20-Methylcholanthrene ++ 4+ + 4+
2-Me-3,4-benzphenanthrene +4 +
1,2,5,6-Dibenzanthracene + 4 ++
1,2,5,6-Dibenzacridine + —
3,4-Benzphenanthrene + ++
1,2-Benzanthracene + +++
Anthracene — -+
Phenanthrene — —
1,9-Dimethylphenanthrene — -
Fluorene — —
1,2-Benzfluorene - -
Perylene - —
Cholesterol - -

Ergosterol
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sensitizers) was found in many biological effects (e.g., hemolysis) and in
vitro oxidations, all these reactions are called ‘photodynamic.” This
whole field is summarized excellently in a monograph by Blum (1941).
The main criteria for photodynamic action are the need for visible light
(not ultraviolet) and oxygen. The chemical reaction which occurs is a
photosensitized oxidation with dissolved oxygen. Mottram and Doniach
(1937a, 1938; Doniach, 1939) found that the carcinogenic hydrocarbons
are 10% to 10¢ times as active for killing paramecia as the dyes which are
normally used as photodynamic sensitizers. Hollaender et al. (1939) found
that methylcholanthrene kills yeast cells in the presence of light, whereas
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Fie. 14. Photodynamic degradation of deoxyribose nucleic acid sensitized by
1,2-benzanthracene (Koffier and Markert, 1951). Top curve: nucleic acid only, nucleic
acid + white light; nucleic acid 4 1,2 benzanthracene in the dark; all fall on the same
curve. Bottom curve: nucleic acid - 1,2-benzanthracene in white light.

it stimulates their growth in the dark. An impressive correlation between
photodynamic activity against paramecia and carcinogenieity is shown
in Table VII.

In vitro, oxidation of such compounds as leuco dyes can be brought
about photodynamically as can the tn vitro inactivation of enzymes,
toxins, antitoxins, and viruses (see Blum, 1941). This indicates that
photodynamic action can bring about reaction with proteins and nucleic
acids. In all these experiments dyes were used as sensitizers, but Rideal
(1939), using a surface film technique, found that the carcinogenic hydro-
carbons in the presence of light react with proteins. Recently Koffler and
Markert (1951) showed that DNA is degraded photodynamically by
methylcholanthrene and 1,2-benzanthracene (see Fig. 14). Polymetha-
crylic acid in aqueous solution is also broken down by polycyclic hydro-
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carbons and as in all the other systems visible light and oxygen were
necessary (Alexander and Fox, unpublished).

Photodynamic action can therefore degrade macromolecules in the
same way as ionizing radiation and the carcinogenic hydrocarbons are
outstandingly powerful sensitizers for these reactions. The mechanism
of photodynamic action has not been fully elucidated, but Kautsky et al.
(1933) put forward convincing evidence that the sensitizer and substrate
need not come into contact and that the effect is due to activated oxygen.
According to Blum (1941) the following reaction scheme, where D is the
sensitizer and X the substrate (e.g., macromolecule) reacting, is in accord
with these facts.

D 4+ kv — D’ (activation of sensitizer)
D’ 4+ 0,— D + Oy (activation of oxygen)
0, + X — X oxidizes (photodynamic reaction)

In many ways the concept of activated oxygen is reminiscent of the
earlier ionizing radiation theories that required activated water as the
reacting species. When the existence of free radicals in solution was
recognized, activated water was seen to be free radicals (see p. 43). It
is tempting therefore to postulate free radicals as the active agent for the
photodynamic process. Support for this view is found in the observations
that typical radiation protective agents such as sodium thiosulfate and
allylthiourea respectively inhibit the photodynamic hemolysis by dyes
(Blum, 1937) and the degradation of polymethacrylic acid by 3,4-
benzpyrene (Alexander and Fox, unpublished).

In the light of modern knowledge concerning the action of light a
satisfactory mechanism for the production of free radicals can be pro-
posed. The polycyclic hiydrocarbons and the other photosensitizers go
over on the absorption of low-energy light (i.e., visible light) into a triplet
state in which the two most weakly bound electrons of the = system are
unpaired. Such triplet states, which are in chemical terms biradicals, have
Iong:lifetimes (ca. 10~2 seconds) during which period they are susceptible
to chemical attack. Any oxidation process must first involve such an
unpaired state and accordingly can occur more readily when the unpairing
has already been accomplished. An HO, radical could according to
Bowen (1950) be formed by electron transfer in the reaction of oxygen
with a molecule at the triplet level in this way:

D+ h— D’ (triplet state)
D'+ O0;— D* 4 0,
Oz- + HzO-’ HOz + OH-

There are, however, many other reactions by which free radicals can
be produced from excited dye molecules and oxygen.
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The evidence that light enhances the carcinogenic action of hydro-
carbons is conflicting. Maisin and de Jonghe (1934) report a greater
tumor incidence on painting with 3,4-benzpyrene for rats kept in a light
rather than in a dark room. However, other workers have failed to repeat
this experiment (see Blum, 1941, p. 266). Mottram and Doniach (1937a)
found that carcinogenic hydrocarbons produced dermatitis rapidly in the
light and not in the dark. For the carcinogenic action of the hydrocarbons
the necessity for light cannot be a general requirement since of course
tumors can be produced by injection of these substances. Dr. C. Reid has
suggested to the reviewer that adsorption of a hydrocarbon on a suitable
substrate may bring about electron unpairing processes, so that the mole-
cule can undergo in the dark those reactions which normally require light.

Developing the ideas of Schmidt and the French school, Haddow
(1947) proposed that the proximate carcinogenic agent is neither the
hydrocarbon nor one of its metabolites, but the energy released during
the transformation from one to another; and that both physical and
chemical carcinogens may be considered as sources or carriers of energy
in such a form as can readily interfere with normal growth of the cell.
The photodynamic activity of the hydrocarbons permits the speculation
that this energy carrier is a free radical formed during the reaction of
oxygen with an activated form of the hydrocarbon. As has been indicated
these free radicals can degrade macromolecules such as DNA and thus
lead to the interference with growth.

V. Comrounps CONTAINING AMINO GROUPS

A number of structurally related aromatic amino compounds are
carcinogenic and the most prominent members are 4-aminostilbene (1)
and its derivatives, 2-aminofluorene (II), 4-dimethylaminobiphenyl (III),
and 2,2'-diamino-1,1’-dinaphthyl (IV). The substituted amino azo com-
pounds will be considered separately below.

HZN—Q—CH=CH—< > 1 (Haddow et al., 1948)
H2N~C> O IT (Wilson ef al., 1941)
(activity is retained when the CH.
N e” group is replaced by —O— or —S—
(Miller et al., 1949)

(CHs)zN—Q—Q III (Miller ef al., 1949)

Nl}z §H2 IV (Cook et al., 1940)
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The structural requirements for carcinogenicity have been studied in
great detail for the aminostilbenes by Haddow et al. (1948); two criteria
for activity became apparent. Firstly, the molecule must be coplanar and
secondly, the 4’ position must not be substituted. The first requirement
which also holds for the carcinogenic hydrocarbon indicates that adsorp-
tion on macromolecules may play a part in their action since coplanarity
is known to be essential in dyes if these are to have a high aflinity for
fibers (see p. 58). A noteworthy feature is that all the carcinogenic
amines shown contain structures which, when present in dyestuffs, lead
to a high affinity (Vickerstaff, 1950). The presence of the amino group
favors adsorption on acid sites, but since all the compounds are only
feebly basic (i.e., pK less than 7) combination by electrostatic bonds can
only be a contributory factor.

The aminostilbenes are very light-sensitive and in the presence of
daylight and oxygen degrade polymethacrylic acid (Alexander and Fox,
unpublished). This isolated observation suggests the possibility that
photodynamic action may link them with the hydrocarbons. Although
the other carcinogenic amines do not appear to have been examined as
sensitizers, compounds with related structures (see Blum, 1941) do bring
about photodynamic action.

Although stilbamidine has not been found to be carcinogenic, it
possesses the closely related property of growth inhibition, and its con-
sideration here may be relevant. Kopac (1947) found that stilbamidine
interfered with nucleoproteins by adsorption on the DNA, thereby
replacing the protein (compare with action of cytotoxic alkylating agents
p. 33). Also, the antibacterial action of diamidines is thought to result
from interference with nucleic acids since these powerfully and specifically
antagonize their action (Bichowski-Slomnitzki, 1948). The carcinogenic
amines can probably not bring about these reactions since their amino
groups are much less basic than the guanidino groups of stilbamidine.

1. Combination of Amino Azo Compounds with Body Proteins

The dye butter yellow, O——NZN——O—N(CHQ 9, and

many compounds related to it produce liver tumors when fed and the
specificity of the site of action suggests that the actual carcinogen is a
metabolic product or that one of the stages of carcinogenesis required a
metabolic reaction confined to the liver. This whole field has been re-
viewed by E. C. and J. A, Miller in Vol. 1 of this series of reports. These
compounds have not been shown to undergo any reaction in vitro with
macromolecules although again they have a coplanar structure which
favors adsorption and the azo benzene configuration figures in many
dyestuffs. In vivo, however, Miller and Miller (summarized 1952, 1953)
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were able to demonstrate that these compounds chemically combined
with liver proteins, and a significant correlation between this reaction
and their carcinogenicity was found. Thus, combination only occurs with
proteins of the susceptible organ, the liver; no combination is found in
the livers of animals such as rabbits and certain strains of rats which are
not susceptible to these dyes; finally in the tumor mass no protein bound
dye could be found though uncombined dye was present.

Miller and Miller consider that a major metabolite is the highly
reactive N-hydroxymethyl derivative. Although such compounds are
unstable and decompose rapidly to the amine and formaldehyde, these
workers consider that some of this derivative at least may combine with
proteins via a reactive hydrogen of the amino, guanidine, imidazol, or
phenolic hydroxyl groups. Reaction with latter groups (i.e., the side
chains from tyrosine) seems the most probable since the > N—CH,—N <
link formed between dye and amino groups is known to be very
unstable (Fraenkel-Conrat et al., 1948), and would probably not survive
extraction.

A reaction of this type has been demonstrated in wool. In the presence
of formaldehyde the e-amino groups are converted to N-methylhydroxy
groups which then react with the phenolic hydroxy group of tyrosine to
give a new crosslink, the existence of which was established by direct anal-
ysis (Alexander ef al., 1951b). Also, by treating wool in the presence of
formaldehyde with a number of different aromatic amines these were
chemically combined with the protein via the phenolic hydroxyl groups
of tyrosine (Johnson, 1952).

In view of the high reactivity of N-hydroxymethyl derivatives the
failure of the liver of resistant animals and of tumor tissue to combine
with the azo dyes is unlikely to be due to the absence of reactive groups in
these proteins. Absence of the enzyme system responsible for converting
the dye into the reactive form seems a more plausible explanation.

In the view of Miller and Miller (1952) the discovery of in vive com-
bination of the amino-azo dyes and of the carcinogenic hydrocarbons with
proteins (see p. 56) supports the theory that carcinogenesis results from
protein (i.e., enzyme) deletion which fails to kill the cell but deprives it of
a growth-controlling factor. Since an in vivo reaction with nucleic acids
has only been found with ionizing radiations (Limperos and Mosher,
1950), the view that specific proteins have to be inactivated appears to be
more firmly founded than the suggestion arising from the chromosome
hypothesis that reaction or destruction of nucleic acids is necessary. How-
ever, the possibility that the reactions leading to carcinogenesis need only
oceur in one or two cells may render deductions from observed gross
changes unsound.
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VI. CarciNoGeNIC POLYMERS

In a search for cytotoxic agents Hendry et al. (1951a) studied com-
pounds derived from melamine (and substituted melamines) and formal-
dehyde. A mixture of different substances is obtained in these reactions,
and the actual materials tested were ill defined.

An active substance was found when the ratio of melamine to formal-
dehyde used was 1,3, and although a number of different compounds must
be formed simultaneously Hendry et al. consider that they were in fact
dealing largely with trimethylolmelamine

NH-CH.OH

N
HO-CHz-HN—C/ A N

[
N (IJ—NH-CHzOH

N7
N

The compound used was stated to be water insoluble and was applied
in the biological experiments as a suspension. A pure specimen of tri-
methylolmelamine is water soluble, and a 4.75 % solution can be obtained
at room temperature (Dudley and Lynn, 1946). This substance is, how-
ever, very unstable and readily polymerizes, and the method of prepara-
tion used by Hendry et al. would favor polymerization. It is probable
therefore that these workers used a polymer. Since maximum activity is
found with melamines containing an average of three methylol groups, it
is possible that two of these take part in the polymerization and the third
is available for reaction. N-methylol groups are highly reactive and have
been shown to react with proteins (see p. 64) so that the polymeric
derivative of trimethylolmelamine can combine with macromolecules.
Unfortunately, nothing is known concerning the structure of these poly-
mers or their molecular weight. In general melamine formaldehyde com-
plexes polymerize in two not very distinct stages. At first a lightly cross-
linked substance is obtained which then slowly polymerizes further with
the evolution of formaldehyde. The possibility that the cytotoxic activity
of substances tested was the result of a continuous slow evolution of for-
maldehyde cannot be ruled out.

The mode of action proposed by Hendry et al. is similar to that put
forward for the action of the cytotoxic alkylating agents, namely that the
trimethylolmelamine polymerizes in situ to give a polymer with reactive
side chains which then combine with vital macromolecules. By postulating
a suitable polymerization mechanism a hypothetical structure with
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reactive side chains repeating at 7.5 A. was postulated as being formed
in situ.

NH N NH NH N
s \I/ \I/ \CI{ \I/ \!/

N N N N

\l/ \l/

NH CH, OH NH CH, OH
7.5 A. -

There is, however, no evidence that a reaction of this type occurs,
especially if starting material was already partly polymerized. Other as-
pects of this theory have been discussed on p. 20.

Implantation of Bakelite disks for long periods produced fibrosarcoma
(Turner, 1941), and this unexpected finding was extended by Oppen-
heimer et al. (1948), who observed that sarcomas appeared at or near the
site where cellophane was embedded. In a systematic investigation these
workers (1952, 1953) enlarged their findings and record tumor produc-
tion on implantation of films of both commercial and highly purified
cellophane, polyethylene, polytetrafluoroethylene (Teflon), polystyrene,
nylon, polyglycol terephthalate (Dacron), a silicon polymer (Silastic),
and polyvinyl chloride. Druckrey et al. (1952b) confirmed the production
of tumors with cellophane and obtained similar results with Perlon (a
polyamide resembling nylon). In view of the chemical inertness and
diversity of constitution of the films used, it is difficult to see a chemical
mechanism. The suggestion (Druckrey et al., 1952b) that these polymers
hydrogen bond to macromolecules and that they function by the same
mechanism which Hendry et al. (see p. 20) postulate for the cytotoxic
alkylating agents cannot be sustained. Although nylon and cellophane can
conceivably combine in this way, none of the other polymers listed above
as producing tumors have groupings capable of forming hydrogen bonds.
Since these substances do not produce tumors when embedded as fibers
(e.g., cotton linters or surgical cotton) and since preliminary experi-
ments (Oppenheimer et al., 1953) indicate that the polymers in the form of
perforated films or woven textiles are much less active, a physical mecha-
nism initiated by flexible films seems to be indicated. Although mechanical
irritation is unlikely to be the cause, it may be that the films prevent free
interchange of metabolites and metabolic products with the rest of the
body at the site of implantation, and this may conceivably interfere
with normal development of the cell. If this should prove to be the case,
it may have important implications for the spontaneous causation of
cancer.
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I. INTRODUCTION

The study of chemical carcinogenesis dates from 1915 when cancer was
first produced experimentally by the long-continued application of coal
tar to the ears of rabbits, but it was not until 1930 that cancer was pro-
duced by the application of a pure polycyclic aromatic hydrocarbon,
1,2,5,6-dibenzanthracene, to the skin of mice. It was soon shown that
many other related compounds are also active in this respect, and several
hundred substances are now known to be carcinogenic. The majority of
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these are polycyclic compounds; but several other types of carcinogen
have also been discovered. These include various azo compounds, aro-
matic amines, aminostilbenes, nitrogen mustards, urethanes, various ali-
phatic compounds, and a few inorganic salts.

It is a commonplace in all studies of the relation between chemical con-
stitution and biological action that the same biological end result can fre-
quently be brought about by different classes of chemical compound acting
by different mechanisms, and it must not be supposed that the differ-
ent classes of chemical earcinogen act primarily in the same way. It would
be idle, therefore, to attempt to find any chemical relationship between,
say, the polycyclic aromatic compounds (which produce tumors essen-
tially at the site of application) and the azo compounds (which do not
produce tumors at the site of application, but only in the liver). On the
other hand, it is not unreasonable to study the relationship between
chemical constitution and ecarcinogenic activity within each class of
carcinogen, and it is to be hoped that such studies will prove of value in
elucidating the mechanism of carcinogenesis.

Considerable progress has been made in the study of the relationship
between chemical constitution and carcinogenic activity in recent years,
and interest in this aspect of cancer research continues unabated. This
progress has been made possible by the continued accumulation of
biological data, by the study of the reactions and properties of the car-
cinogens, and by the application of quantum mechanics to the study of
these substances. The present article attempts to summarize these
advances. Only extrinsic factors are considered, and special attention is
devoted to the polycyclic aromatic compounds, and to the azo com-
pounds. Up to the present these two groups of chemical carcinogens have
received most attention from research workers interested in this topic.

For other reviews in this field see Badger (1948), Badger and Lewis
(1952), Cook (1939, 1943), Cook, Haslewood, Hewett, Hieger, Kennaway,
and Mayneord (1937), Cook and Kennaway (1938, 1940), Fieser (1938),
Fieser, Fieser, Hershberg, Newman, Seligman, and Shear (1937), Green-
stein (1947), Haddow (1947), Haddow and Kon (1947).

In addition, Hartwell (1951) has published a Survey of Compounds
Which Have Been Tested for Carcinogenic Activity.

II. HisTORICAL

1. Polycyclic Aromatic Hydrocarbons

Soot, coal tar, shale oil, and some other complex industrial materials
have long been known to be implicated in certain “industrial cancers.”
Bloch and Dreifuss (1921) showed that the carcinogenic factor in coal tar
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is concentrated in the high-boiling fractions, and that it is free from
nitrogen, arsenic, and sulfur. Kennaway (1924, 1925) was able to prepare
a number of artificial carcinogenic tars, some of them containing only
carbon and hydrogen. When it was found that all the carcinogenic tars
show three characteristic fluorescence bands similar to but not identical
with that given by 1,2-benzanthracene, it became clear that the carcino-
genic factor must be a polycyeclic aromatic hydrocarbon (Hieger, 1930).
Several synthetic hydrocarbons, including 1,2,5,6-dibenzanthracene (I),
3’-methyl-1,2,5,6-dibenzanthracene and 6-isopropyl-1,2-benzanthracene
(II), were accordingly tested by application in benzene solution to the
skin of mice. After lengthy latent periods tumors were produced by all
three compounds named (Cook, Hieger, Kennaway, and Mayneord,
1932; Cook, 1932).
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Three years later, in 1933, after a lengthy series of purification
processes, a potent cancer-producing hydrocarbon was isolated from coal
tar (Cook, Hewett, and Hieger, 1933). It was identified as 3,4-benzpyrene
(III) and its structure was confirmed by its synthesis from pyrene. 3,4-
Benzpyrene is one of the most important of all the chemical carcinogens,
particularly in view of its wide distribution.* In recent years it has been
identified in domestic soot (Goulden and Tipler, 1949), in processed
rubber (Falk et al., 1951), in carbon blacks (Falk and Steiner, 1952), and
it is also known to be a constituent of the atmospheric dust in cities
(Waller, 1952). Incidentally, it has been known for some years that
atmospheric dust is cancer producing (Leiter and Shear, 1942).

* 3,4-Benzpyrene is not the only cancer-producing substance in coal tar. Skin
tumors in rabbits are more readily produced with coal tar than with benzpyrene, and
Berenblum and Schoental (1947) have shown conclusively that this is due to the
presence of an additional carcinogen in the coal tar. This additional carcinogen, which
also seems to be a polyeyelic aromatic hydrocarbon, is much more active toward the
skin of rabbits than is 3,4-benzpyrene; but the reverse applies when the skin of mice is
used as test material. This additional carcinogenic factor in coal tar has not, however,
been isolated in a pure condition,
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Not long after the isolation of 3,4-benzpyrene, a potent carcinogenic
hydrocarbon, 20-methylcholanthrene (IV), was produced by a series of
degradations from deoxycholic acid, a normal constituent of human bile
(Barry et al., 1935). This raised the question whether polycyclic carcino-
gens might be produced ¢n vivo by some abnormal metabolic process, and
the result was that the study of chemical carcinogenesis was further
stimulated.

Hundreds of related polycyclic aromatic compounds have now been
synthesized and tested for carcinogenic activity, and many of these will
be mentioned in succeeding pages.

2. Azo Compounds

The discovery of the carcinogenic azo compounds originated from an
early observation (Fischer, 1906) that the azo dye Scarlet Red (V) pro-
duces a cellular proliferation, but not malignaney, in the ears of rabbits.
It was subsequently found that the active part of the Scarlet Red molecule
is o-aminoazotoluene (VI) and carcinogenic activity was first demon-
strated in 1931 by the production of hepatomas in rats following the
administration of this compeund with the food (Yoshida, 1933, 1934).
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Other derivatives of azobenzene were examined and it was soon
reported that 4-dimethylaminoazobenzene (VII, “butter yellow”) is
even more effective than o-aminoazotoluene in producing liver tumors in
rats (Kinosita, 1937). Many scores of related azo compounds have now
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been synthesized and tested and many of these have been shown to be
potent liver carcinogens.
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Nearly all the active compounds of this class contain an amino or
alkylamino group; but such a group does not appear to be essential for
activity of this type for 2,2’-azonaphthalene (VIII) has also been shown
to produce liver tumors in a high percentage of the mice treated (Cook,
Hewett, Kennaway, and Kennaway, 1940). This compound was originally
tested as it was thought that it might be present as an impurity in com-
mercial 2-naphthylamine and might therefore be implicated in the can-
cers of the bladder to which operatives in the dyestuffs industry are
particularly liable. No bladder tumors were obtained with this compound
in experimental animals, however.

3. Amino Compounds

The recognition that cancer of the bladder is an industrial hazard in
the aniline dye industry led to the discovery of another class of chemical
carcinogens, the amino compounds. Although several compounds may be
implicated in the industrial cancers in humans, 2-naphthylamine (IX) is
certainly one of the more important. The pure amine has been shown to
produce bladder tumors when fed to dogs, rats, and rabbits over long
periods, and although no bladder tumors were obtained in mice, a sub-
stantial number of benign and malignant hepatomas developed. As a
matter of fact the true bladder carcinogen appears to be a metabolic
product, 2-amino-1-naphthol (X). Conjugates of this compound have
been identified in the urine of dogs and of other species following the
administration of 2-naphthylamine, and 2-amino-1-naphthol has been
shown to be a potent carcinogen when tested directly ‘on the bladder
epithelium of the mouse (Bonser, 1943; Bonser, Clayson, and Jull, 1951).
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Many related aromatic amines have been tested for carcinogenic
activity, and it has been found that all the active compounds are 2-sub-
stituted amines. Several different types of tumor have been induced in
rats and in mice with 2-anthramine (XI), but the isomeric anthramines
appear to be inactive (Bielschowsky, 1946, 1947). Wilson, DeEds, and
Cox (1941) found that 2-acetylaminofluorene (XII) gives tumors in a
great variety of organs in rats receiving the compound by mouth, and it
was subsequently found that mice are also affected. The acetyl group
probably has no biological significance, for 2-aminofluorene is equally
carcinogenic. 2-Nitrofluorene is also active, and it seems likely that this
compound is reduced in vivo to 2-aminofluorene. 2-Acetylaminofluorene
is metabolized in part to 2-acetylamino-7-hydroxyfluorene, but this
compound failed to give tumors when tested in the same manner as the
parent substance (Bielschowsky, 1947). N-Dimethyl-2-aminofluorene is
much less active than 2-aminofluorene (Bielschowsky and Bielschowsky,

1952).
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3-Acetylaminodibenzothiophen (XIII) and 3-acetylaminodibenzo-
furan (XIV) have also been tested and shown to be carcinogenic, but the
latter compound is somewhat less active than 2-acetylaminofluorene.
The nature of the central ring is therefore not of great importance and in
this connection it is of interest that 4-dimethylaminodiphenyl (XV) is
also carcinogenic. This compound was tested in male rats and gave tumors
in the mammary glands, ear duct, liver, and vertebral canal (Miller,
Miller, Sandin, and Brown, 1949).

@—CH=CH—©NH2 @—CHch—/ NN (CHY),
(XVI) (XVID)

Various aminostilbenes have also been shown to be cancer producing,
particularly in rats (Haddow, Harris, Kon, and Roe, 1948). For example,
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4-aminostilbene (XVI), 4-dimethylaminostilbene (XVII), and several
related compounds, produce tumors in a variety of organs in the rat when
administered subcutaneously, or by mouth. Structurally, the active
compounds are all closely related to the carcinogenic amino-azo com-
pounds, but this relationship may be largely fortuitous; biologically, they
are more closely related to 2-acetylaminofluorene.

The aminostilbenes represent one of the most outstanding successes
of the theory associating growth inhibition with carcinogenic activity.
These compounds were tested for carcinogenic activity only after they
had been shown to be potent tumor inhibitors.

4. Miscellaneous Chemical Carcinogens

A number of other carcinogenic compounds have been discovered
more or less accidentally in the course of other biological work, and
several additional classes of chemical carcinogen have been found as a
result of screening tests of tumor-inhibiting agents.

FEthyl carbamate (urethane) has been shown to produce lung tumors
in various strains of mice (Nettleship, Henshaw, and Meyer, 1943), and
some other esters of carbamic acid have been shown to have slight activity
or none at all (Larsen, 1947). Other hypnotics which have been tested
have failed to produce tumors.

The nitrogen mustards, methyl di-(2-chloroethyl)amine and tri-
(2-chloroethyl)amine, have also been shown to produce tumors, mostly
in the lung, in mice (Boyland and Horning, 1949). Mustard gas or
““sulfur mustard’ has also been shown to be cancer producing (Heston,
1950).

Hepatomas have been induced in mice with carbon tetrachloride
(Edwards, 1941), and with chloroform (Eschenbrenner and Miller, 1945).
Liver tumors have been observed in rats following intermittent feeding
with alkaloids of Senecio jacobaea (Cook, Duffy, and Schoental, 1950).
Tannic acid also produces hepatomas and cholangiomas in rats when
administered subcutaneously (Korpédssey and Mosonyi, 1950).

A number of tumor-inhibiting agents of the cross-linking type have
given tumors in experimental animals. These include trimethylolmelamine
and certain dimesyiglycols (see Boyland, 1952).

Inorganic carcinogens include arsenic, metallic nickel, chromates,
salts of zine, and salts of beryllium. The last named have been shown to
produce osteosarcomas in rabbits (Dutra and Largent, 1950).

At the present time, therefore, several hundred chemical compounds
belonging to many different chemical classes have been shown to be
cancer producing,.
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II1. Porycycric AromaTic HYDROCARBONS

1. The Structure of Aromatic Compounds

Aromatic compounds have been studied for about a hundred years,
and there have been many attempts to assign adequate structural
formulas to these substances. Benzene is known to have a hexagonal
structure, and as each carbon atom contributes four valency electrons
and each hydrogen one, it must have a total of thirty valency electrons.
Twelve electrons are involved in the formation of the six carbon-carbon
single bonds (¢ bonds), and another twelve are required for the six carbon-
hydrogen bonds. Six electrons remain, one from each carbon atom, and
these must also be involved in some sort of bond formation. If they are
grouped in pairs as in (XVIII), the classical Kekulé formula is obtained,
and this is normally written as in (XIX). Alternatively, the electrons
might be grouped as in (XX), which is equivalent to the Dewar structure
(XXI) for benzene. Neither structure can be considered satisfactory for
benzene, however, for neither explains its peculiar stability. Moreover,
the experimental evidence indicates that all the carbon-carbon bonds
in benzene are identical, and that there are no double bonds and no single
bonds in the classical sense.

S 0 U 0

(XVIII) (XIX) (XX) (XXI)

It is only in recent years that the problem of disposing of these six
electrons (the aromatic sextet) has been solved by application of quantum
mechanics. These electrons are sometimes called 7 electrons, or “mobile”
electrons.

Two quantum mechanical methods have been used, the valence bond
method (V.B.), and the method of molecular orbitals (M.O.). An account
of these methods has been given in Volume I of this series, and it is
therefore unnecessary to outline the principles here (Coulson, 1952).

Both methods indicate that there are no carbon-carbon single bonds
in benzene, and no carbon-carbon double bonds. All the bonds are found
to be identical, and all have *character” intermediate between single and
double bonds. Both methods assign bond orders to bonds of intermediate
character, but different definitions are used, and there is no reason to ex-
pect that the numerical values obtained by the two methods for the same
bond will agree. It is reasonable to expect, however, that the methods will
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agree whether a given bond “A’" is more like a double bond than “B,”
or vice versa. Satisfactory agreement is usually found, but as the two
methods are based on different approximations, this is not always the case.
In benzene the carbon-carbon bonds are found to have a bond order of
1.464 by the V.B. method and of 1.667 by the M.O. method.

Both methods also assign free valence numbers to the various carbon
atoms. These free valence numbers may be considered as relative meas-
ures of the unused bonding capacity of the carbon atoms. In benzene
(XXII), all the carbon atoms are identical, and all have the same free
valence number. Here again, however, it must be emphasized that the
two methods do not give the same numerical values.

0.073 0.081

L46¢ 1.667

(XXIIa) (XXIIb)
(V.B. method) (M.O. method)
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Of course benzene is & perfectly symmetrical molecule, and all the
carbon atoms are equivalent; but this is no longer the case with naphtha-
lene (XXIII) and the polycyclic aromatic hydrocarbons. The 1,2 bond in
naphthalene has a greater bond order than the 9,1 or the 2,3 bonds, whether
this is evaluated by the V.B. or by the M.O. method (A. Pullman, 1947;
Coulson and Longuet-Higgins, 1947). Moreover, the 1 position has a
greater free valence number than the 2 position; and in most substitution
reactions the 1 position is preferentially attacked.

0171
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(V.B. method) (M.O. method)
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With the polycyclic aromatic hydrocarbons, the situation is similar.
In 1,2-benzanthracene (XXIV), for example, the 10 position has the
greatest free valence number, and the 3,4 bond has the greatest bond
order. In 3,4-benzphenanthrene (XXV), the 2 position has the greatest
free valence number, and the 1,2 bond has the greatest bond order. In
chrysene (XX V1), the 2 position has the greatest free valence number and
the 1,2 bond has the greatest order (A. Pullman, 1947; Berthier ef al.,
1948).

These facts are significant as it has been suggested that one require-
ment for carcinogenic activity is a phenanthrene type bond having a high
order. It is also noteworthy that the positions having the greatest free
valence numbers are the ones normally attacked in substitution reactions.

2. Substituents in Aromatic Compounds

Substituents are of two main classes, those which act as electron
donors and increase the electron density of the ring system, especially at
the ortho and para positions, and those which attract electrons and de-
crease the electron density of the ring system, particularly at the ortho-
para positions. On account of differences in electronegativity the sub-
stituents exert inductive effects; but in most cases the more important
effects are those due to conjugation (tautomeric effect, resonance effect).
The substituent becomes conjugated with the ring system and additional
structures, in which the substituent is linked to the ring system by a
double bond, contribute to the resonance hybrid. For example, the three
structures (XXVII) contribute to the phenol hybrid, and the three struc-
tures (XXVIII) to the hybrid of nitrobenzene.
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One consequence of this contribution is that the bond linking the sub-
stituent to the ring system acquires some double bond character and hence
becomes somewhat shorter than a pure single bond of the same type. As a
matter of fact the degree of shortening can be used as a measure of the per-
centage contribution of the ionic structures to the resonance hybrid. The
degree of shortening of the bond linking the hydroxy group to the phenyl
ring in phenol, for example, indicates that this bond must have 169
double bond character, and the ionie structures therefore contribute 16 9,
to the resonance hybrid of phenol. It is possible to evaluate the approxi-
mate increase in electronic charge at the ortho and para positions caused
by a given substituent (B. Pullman, 1948). For a hydroxy group this
increase in charge is about 0.053¢ (169, of 0.333e, the contribution of
the three ionic structures).

The increase or decrease in electronic charge at the various positions
in an aromatic ring system can be calculated in several other ways; but all
the methods are very approximate, and different methods frequently give
values which differ by a factor of 2 or 3.

It must also be remembered that in naphthalene and in polycyclic
compounds the different substitution positions do not all have the same
conjugating abilities. For example there are seven possible ionic structures
which must contribute to the resonance hybrid of a 1-substituted naph-
thalene and only six similar structures for a 2-substituted naphthalene. It
is to be expected, therefore, that a given substituent will be conjugated
with the ring system to a greater extent when it is present in the 1 position
than when it is in the 2 position, and this has received ample experimental
confirmation (Badger, Pearce, and Pettit, 1952).
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Similar differences in conjugating ability are found in polycyclic com-
pounds. It can be shown that the conjugating ability of a given position
is directly related to its free valence number (B. Puilman, 1946), and this
generalization is of great utility. Furthermore, there is a linear relation-
ship between the free valence numbers and the bond orders of the linkages
joining the substituents to the various positions: the greater the conjuga-
tion, the greater the bond order (Daudel, 1950).

Conjugating ability also parallels the self-polarizability, as calculated
by the M.O. method (Coulson and Longuet-Higgins, 1948). This provides
an additional check, but relatively few self-polarizability values are avail-
able for the carcinogenic compounds at present.

3. General Survey of Polycyclic Carcinogens

1,2,5,6-Dibenzanthracene (I), 3,4-benzpyrene (I1II), and 20-methyl-
cholanthrene (IV) may all be considered as derivatives of 1,2-benzanthra-
cene, and it was natural that this ring system should be thoroughly inves-
tigated. Other ring systems have not been neglected, however, and the
trieyelic, tetracyclic, and pentacyclic systems have all been studied.

Among the simpler compounds, anthracene and phenanthrenehave
been shown to be inactive. In both ring systems, however, the introduec-
tion of substituent methyl groups leads to compounds having slight car-
cinogenic activity. Both 9,10-dimethylanthracene (XXIX) and 1,2,3,4-
tetramethylphenanthrene (XXX) have given tumors when tested by
application to the skin of mice. These two compounds represent the sim-
plest known chemical carcinogens of the polycyclic type (Kennaway,
Kennaway, and Warren; 1942; Badger et al., 1942).

7
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1,2-Benzanthracene (XXXI) seems to be inactive when applied to the
skin of mice, but it has slight carcinogenic activity when administered by
injection subeutaneously (Steiner and Falk, 1951). Two hepatomas have
also been produced in six rats of the Osborne and Mendel strain which
were fed 1,2-benzanthracene (White and Eschenbrenner, 1945). Many
simple derivatives of 1,2-benzanthracene, however, are active carcino-
gens, and some di- and trimethy! derivatives are among the most potent
of all the known chemical carcinogens (for references see Badger, 1948).
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There are twelve possible monomethy! derivatives, and all have been
examined, most of them by injection as well as by the skin-painting tech-
nic. The 10-methyl, 9-methyl, and 5-methyl derivatives are all moderately
potent, the 3-, 4-) 6-, 7-, and 8-methyl derivatives are all weak carcino-
gens, and the 1’-, 2’- 3’-) and 4’-methyl derivatives are all inactive.

In general, the dimethyl- and trimethylbenzanthracenes are more ac-
tive than the monomethyl derivatives from which they are derived. 9,10-
Dimethyl-1,2-benzanthracene is a particularly active compound, which
has produced skin tumors in mice after an average latent period of only
43 days; and the 5,9- and 5,10-dimethyl derivatives are also very potent
carcinogens. The 5,9,10- and 6,9,10-trimethyl derivatives also have very
marked carcinogenic activity, especially toward the skin of mice. Cholan-
threne can be considered as a 5,10-disubstituted benzanthracene, and
20-methylcholanthrene is a 5,6,10-trisubstituted derivative. Both hydro-
carbons are extremely potent carcinogens when tested either by sub-
cutaneous injection, or by the skin-painting technic.

However, all the dimethylbenzanthracenes having a methyl substit-
uent in the benz-ring (positions 1/, 2/, 3/, and 4’) are inactive. For exam-
ple, the 1,10-, 2',6-, 2/,7-, 3/,6-, and 3’,7-dimethyl-1,2-benzanthracenes
have all failed to produce tumors in mice. Further reference will be made
to this fact in a subsequent section.
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3,4-Benzphenanthrene (XXXII) is another important ring system.
The parent compound itself gave tumors of the skin in a relatively large
proportion of the mice treated, but only after a latent period of the order
of 15 months, so it must be considered as a very weak carcinogen. The
6-, 7-, and 8-methy! derivatives are also weak carcinogens, but 1-methyl-
3,4-benzphenanthrene has moderate activity and 2-methyl-3,4-benzphe-
nanthrene is a relatively potent carcinogen when tested on the skin of
mice. It is a curious fact that the 3,4-benzphenanthrenes are all much less
active when administered by injection. Of all the methyl derivatives only
the 2- and the 6- have given tumors by this method.

Chrysene (XXXIII) seems to be inactive when tested on the skin of
mice, but there is some evidence that it has very weak activity when ad-
ministered by injection (Steiner and Falk, 1951). Relatively few deriva-
tives of this ring system have been tested, but here again it has been shown
that methyl substituents in “favorable’” positions greatly increase the
carcinogenic activity. Thus 1-methylchrysene is quite active in the pro-
duction of sarcomas, and 1,2-dimethylchrysene is moderately active by
the skin-painting technic.

Triphenylene (XXXIV), pyrene (XXXV), and naphthacene (XXX VTI)
have all been shown to be inactive, and all the simple derivatives that
have been tested have also failed to induce tumors.

Of the pentacyclic ring systems, 1,2,5,6-dibenzanthracene and 3,4-
benzpyrene were shown to be active in the early studies of the polycyclic
compounds, and this naturally led to the examination of the thirteen other
pentacyclic compounds. 1,2,5,6-Dibenzphenanthrene (XXXVII) and
1,2,3,4-dibenzphenanthrene (XXX VIII) were found to be moderately ac-
tive, and 1,2,7,8-dibenzanthracene was found to be a weak carcinogen;
but all the other compounds of this type failed to produce tumors.
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It is noteworthy that whereas methyl substitution in tetracyclic com-
pounds often develops or increases the carcinogenic activity, the results of
similar substitution in pentacyclic compounds are somewhat irregular.
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Thus 9-methyl-1,2,5,6-dibenzanthracene is more active than the parent
ring system, but 9,10-dimethyl-1,2,5,6,-dibenzanthracene is much less so.
On the other hand, 9,10-dimethyl-1,2,7,8-dibenzanthracene is much more
active than the unsubstituted compound. Again, although 1,2,3,4-dibenz-
phenanthrene is an active carcinogen, its 9-methyl, and 10-methyl deriva-
tives appear to be inactive. Several methyl derivatives of 3,4-benzpyrene
have been tested. The 2'- and 3’-methyl derivatives are inactive, the 4'-
and 6-methyl derivatives appear to be less active than the parent com-
pound, and the 5-methyl and 9-methyl derivatives have been shown to
possess approximately the same activity as the parent compound.

/ \
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Among the more complex polyeyelic compounds it may be mentioned
that 1,2,3,4-dibenzpyrene (XXXIX) and 3,4,8,9-dibenzpyrene (XL) have
both given tumors. These are the largest known chemical carcinogens.

4. The “Favorable” Positions for Methyl Substitution

It has been shown that the introduction of one or more methyl sub-
stituents into certain ‘favorable” positions often develops or increases the
carcinogenic activity of a polycyclic aromatic hydrocarbon. It is also
known that the various substitution positions in a hydrocarbon such as
1,2-benzanthracene vary considerably in conjugating ability, and it is
interesting to enquire whether the two facts are related.

For 1,2-benzanthracene, the conjugating abilities are given by the
self-polarizabilities, by the V.B. free valence numbers, and by the M.O.
free valence numbers. It has been shown that there is an approximate
linear relationship between the polarizabilities and both sets of free
valence numbers, so that either set of values may be used as indices of the
conjugating abilities (Badger, Pearce, and Pettit, 1952).

Substitution in the angular ring of 1,2-benzanthracene invariably in-
activates the molecule as far as carcinogenesis is concerned (Badger,
1948). Steric factors may be involved here (see later), and these positions
may therefore be omitted for the moment. Considering the eight other
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TABLE 1
Conjugating Abilities of Various Substitution Positions in 1,2-Benzanthracene and
Carcinogenic Activities of Corresponding Methylbenzanthracenes

Carcinogenic Activity
Index of Conjugating Ability of Methylbenz-
anthracenes?

Free-valence  Free-valence
Self-polarizabilitys Number? Numbere Subcutaneous
Position  (M.O. method) (M.O. method) (V.B. method) Skin Tissue

6 0.409 0.089 0.168 +

7 0.410 0.090 0.168 + +

4 0.441 0.137 0.200 + ++
8 0.449 0.138 0.196 + 0

3 0.449 0.138 0.204 + ++
5 0.452 0.140 0.198 ++ ++
9 0.495 0.180 0.241 ++ +++
10 0.513 0.196 0.255 +++ ++++

s Badger, Pearce, and Pettit (1952).

b Berthier et al. (1948). Values adjusted for Fmax = 3 + /2.

¢ A, Pullman (1947).

4 Badger (1948),
substitution positions (Table I) it quickly appears that the 5, 9, and 10
positions have the greatest conjugating abilities, and it is significant that
methyl substitution at these positions produces the most active carcino-
gens. All the possible dimethylbenzanthracenes involving these positions
are very active carcinogens, and 5,9,10-trimethyl-1,2-benzanthracene is
one of the most potent compounds known for the skin of mice.

In 3,4-benzphenanthrene, both sets of free valence numbers indicate
that the 2 position has the greatest conjugating ability ; and it is significant
that the parent compound is attacked at this position in substitution
reactions. The 1 position also has high conjugating ability. As indicated
in Table II, 2-methyl-3,4-benzphenanthrene is a potent carcinogen, and
1-methyl-3,4-benzphenanthrene has moderate activity against the skin
of mice. Here again, therefore, it seems that the “favorable’ positions are
the positions of greatest conjugating power. In this connection New-
man and Kosak (1949) have pointed out that carcinogenic activity ap-
pears when a methyl group is introduced at a position of high chemical
reactivity.

For chrysene, the two sets of free valence numbers both indicate that
the 2 position has the greatest conjugating power, and this is also sup-
ported by the fact that substitution reactions also involve this position
predominantly (Berthier et al., 1948; A. Pullman, 1947; Newman and
Cathcart, 1940). Only three of the six possible monomethylchrysenes have
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TABLE II
Conjugating Abilities of Various Substitution Positions in 3,4-Benzphenanthrene and
Carcinogenic Activities of Corresponding Methylbenzphenanthrenes

Index of Conjugating Ability Carcinogenic Activity of
Methylbenzphenanthrenese
Free valence Free valence
Numbere Number? Subceutaneous
Position (M.O. method) (V.B. method) Skin tissue
7 0.086 0.167 + 0
6 0.089 0.173 + +
5 0.127 0.190
8 0.132 0.196 + 0
1 0.130 0.202 ++ 0
2 0.133 0.208 +++ +

a Berthier et al. (1948), Values adjusted for Fmax = 3 + /2.

3 A, Pullman (1947).

¢ Badger (1948).
been tested for carcinogenic activity, and these only by subcutaneous in-
jection. In this case, however, although the 2-methyl derivative is active,
I-methylchrysene seems to be the most potent derivative (Badger, 1948).
It is interesting that 1,2-dimethylchrysene is a potent carcinogen to the
skin of mice, and it is to be hoped that the'jmonomethylchrysenes will all
be tested by the skin-painting technic.

On the whole, therefore, the evidence indicates that the ‘“favorable”
positions in potentially carcinogenic ring systems are the positions having
the greatest conjugating abilities. Methyl substituents in such positions
donate more electronic charge to the ring system than when they are pres-
ent in positions having smaller conjugating abilities, and it is reasonable
to conclude that carcinogenic activity is intimately connected with the
electronic configuration and electron density of the hydrocarbon.

The study of the ultraviolet absorption spectra of substituted com-
pounds also provides some information on this point. All the 1,2-benz-
anthracenes, for example, have similar absorption spectra, but alkyl
substitution is found to shift the absorption bands to longer wavelengths.
Absorption spectra are rather complicated and it is not to be expected
that any simple relationships will hold in an accurate way ; but it can easily
be shown that the magnitude of the bathochromic shift is directly related
to the conjugating ability of the substitution position. Of the monomethyl
derivatives, for example, the largest shifts are produced by 9-methyl- and
10-methyl-1,2-benzanthracenes (Badger, Pearce, and Pettit, 1952). This
is the explanation of the fact that there is an approximate correlation be-
tween the carcinogenic activities of a series of substituted benzanthracenes
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and the position of the most intense absorption band, as was first observed
by Jones (1940).

5. The Effect of Other Substituents

It has been shown that although 1,2-benzanthracene is an inactive, or
very feeble active compound, a single methyl substituent in a “favorable”’
position gives a potent carcinogen. It is therefore of interest to examine
the effects of other conjugating substituents and to compare the effects of
electron-donating and electron-attracting groups.

The effects of higher alkyl groups have received a fair amount of
attention. The higher alkyl groups also exhibit hyperconjugation and act
as electron donors to the ring system. Nevertheless, it has been established
for several series of alkyl derivatives that carcinogenic activity decreases
with increasing length of carbon chain (Badger, 1948). The 5-n-alkyl-1,2-
benzanthracenes, for example, are progressively less active toward the
skin of mice as the series is ascended as far as the n-heptyl derivative; and
when tested by subcutaneous injection, the higher members (above
propyl) of the series are all inactive. Similarly, among the 10-n-alkyl-1,2-
benzanthracenes, activity rapidly falls off as the series is ascended, and the
n-propyl, n-butyl, and n-amyl derivatives are all inactive. Again, 20-
t-butylcholanthrene and 20-isopropylcholanthrene are much less active
than 20-methylcholanthrene. This decrease in carcinogenic activity with
increasing chain length cannot be due to electronic effects; but it does
seem likely that the increasing size of the alkyl group is responsible for the
effect. Such steric effects are considered in a later section.

The effects of other substituents have also been chiefly studied in 1,2-
benzanthracene. More than twenty 10-substituted derivatives have been
synthesized, mostly by direct substitution, or by simple transformations
from substitution products. A few of these (e.g., 10-hydroxy-1,2-benzan-
thracene) may possibly be excreted too rapidly for any tumor-producing
activity to become apparent. Nevertheless, many of these derivatives are
active (Table I1I) and brief consideration of the nature of the substi-
tuents indicates that both electron-donating and electron-attracting sub-
stituents can transform benzanthracene into a relatively active car-
cinogenic compound. Thus the 10-methyl-, 10-amino~, 10-mercapto-, and
10-methoxy-1,2-benzanthracenes are all cancer producing, and all these
substituents are known to be electron donating. On the other hand, 10-cy-
ano- and 10-formyl-1,2-benzanthracenes are also carcinogenic although
these substituents are electron attracting. In this connection it is interest-
ing that the 5-bromo and 5-cyano derivatives of 9,10-dimethyl-1,2-benzan-
thracene have approximately the same activity as the parent dimethyl-
benzanthracene, and that 9-methyl-10-cyano-1,2-benzanthracene is a



CHEMICAL CONSTITUTION AND CARCINOGENIC ACTIVITY 91

particularly potent carcinogen. It is curious that although 10-bromo-1,2-
benzanthracene is inactive, 10-chloro-1,2-benzanthracene does produce
tumors.

TABLE III
10-Substituted 1,2-Benzanthracenese:

Carcinogenic Activity

Substituent in the Subcutaneous
10 Position Skin Tissue
—CH; +++ ++++
—CH.CN +
—CH,(Cl1 0
—CH,SH +
—CH.0H + +++
—CH,0CH; 0
—CH,0COCH, ++ +++
—CH,;OCH,CH, + 0
"“‘CHzNMe2 0
—CH.NEt: 0
—CH,COOH 0
—CH,COOCH; +
—OH 0
—OCH; ++
—NO, 0
—NH, +
—CN + ++
—SH +
—NCO +
—CHO ++
—CHOH.CH, 0
—COCH; 0
—Cl ++
. —Br 0

« Badger (1948).
b Lacassagne et al. (1948),

The effects of various substituents in other ring systems have not been
extensively studied, but there is no reason to doubt that the effects will be
similar to those observed for 1,2-benzanthracene. For example, 5-methyl-
3,4-benzpyrene and 3,4-benzpyrene-5-aldehyde are both potent carcino-
gens, and 5-hydroxy-3,4-benzpyrene is inactive (Shear, Leiter, and Per-
rault, 1940).

This brief survey clearly indicates that although the electronic char-
acter of the substituent may well be of importance, it cannot be the whole
story, and other effects must also operate.
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6. Heterocyclic Analogs of Carcinogenic Hydrocarbons

It has often been suggested that the general shape and size of the mole-
cule is of some importance in determining carcinogenic activity, and it is
therefore of interest to examine heterocyclic analogues of known carcino-
genic hydrocarbons.

Electronically, the heterocyclic ring systems resemble benzene (XLI)
very closely; but there are several important differences. The hetero atoms
are more electronegative than carbon, and they do not have the same
number of valency electrons. In pyridine (XLII), each carbon atom con-
tributes one electron to the common pool of mobile electrons, and the
nitrogen atom also contributes one electron to complete the aromatic
sextet. Two more electrons from the nitrogen atom are involved in the
formation of the ¢ bonds with the adjacent carbon atoms. Unlike carbon,
however, nitrogen has five valency electrons, so that in pyridine two elec-
trons are not involved in bond formation. These constitute the ‘‘lone
pair,” and are responsible for the fact that pyridine is basic and readily

forms salts.

XX

(XLI) (XLIY)

The most important five-membered heterocyclic ring systems are pyr-
role (XLIII), thiophen (XLIV), and furan (XLV). In these molecules
each hetero atom contributes two electrons to the common pool of 7 elec-
trons to form the aromatic sextet. The hetero atom, with its pair of elec-
trons, may therefore be considered as replacing one of the C=C groups,
with its pair of = electrons, in benzene. As a matter of fact the resemblance
between the “lone pair” of sulfur and the two = electrons of ethylene is
very striking indeed. Walsh (1948) has pointed out that the potential re-
quired to ionize one of the sulfur electrons is 10.47, as against 10.50 volts
for the ionization of a = electron in ethylene. It is also noteworthy that in
pyrrole, all the valency electrons of the nitrogen atom are involved in bond
formation so that no ‘lone pair’ of electrons is available for salt forma-
tion. Pyrrole cannot form salts except at the expense of its aromatic

character.
H
(XLIIT) (XLIV) (XLV)
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All the heterocyclic compounds are therefore very similar to benzene
and they retain all the essential features of aromaticity. It is not surpris-
ing that these ring systems can sometimes replace benzene in biologically
active molecules.

Condensed heterocyclic ring systems also resemble their carbocyclic
analogs very closely indeed, and many polycyclic heterocyelic compounds
are now known to possess carcinogenic properties. Structural similarity
is not the only requirement for carcinogenic activity, however, for al-
though 1,2,5,6-dibenzacridine (XLVI) is slightly active, 1,2,5,6-dibenz-
phenazine (XILVII) is inactive.
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The methylbenzacridines have been extensively studied in recent
years and these compounds provide an excellent example of the fact that
the position of the hetero atom can be all important (Lacassagne et al.,
1946, 1947). 1,2-Benzacridine (XLVIII) is inactive, but by suitable
methyl substitution marked carcinogenic activity is developed. For ex-
ample, 5,7-dimethyl-1,2-benzacridine and 5,8-dimethyl-1,2-benzacridine
are very potent carcinogens, particularly when applied to the skin, With
3,4-benzacridine (XLIX), however, it is much more difficult to develop
carcinogenic activity by methyl substitution. 5,7-Dimethyl-3,4-benz-
acridine is inactive, and 5,8-dimethyl-3,4-benzacridine is only a very weak
carcinogen. Carcinogenic activity of a high order can only be developed
by three methyl groups in favorable positions. 5,7,9-Trimethyl-3,4-benz-
acridine is a fairly potent carcinogen to the skin of mice, although it is in-
active when administered by injection.
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Several derivatives of five-membered heterocyclic ring systems have
also been tested, and of these the dibenzcarbazoles are of special interest.
Boyland and Brues (1937) found that both 1,2,5,6-dibenzcarbazole (L)
and 3,4,5,6-dibenzcarbazole (LII) are active when tested by application
to the skin of mice, and 1,2,7,8-dibenzcarbazole (LI) proved to be a weak
carcinogen. In addition to the local tumors at the site of application, the
mice treated with 3,4,5,6-dibenzcarbazole showed malignant changes in
the liver, and further reference will be made to this observation in the sec-
tion on azona,phthalenes.

W N\
/\/NH\/\/ /s\/NH\/lJ H\/Js\ /4\J

;\5/]‘ H ‘ \P t/i \/H \gJ i
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Two thiophen analogs of the potent carcinogen, 9,10-dimethyl-1,2-
benzanthracene have been tested. 4,9-Dimethyl-5,6-benzthiophanthrene
(LIII) was found to have activity of the same order as that of the hydro-
carbon, and produced tumors in mice after an average latent period of
only 116 days (Dunlap and Warren, 1941). The isomeric compound,
4,7-dimethyl-2,3,5,6-dibenzthionaphthene (LIV), was found to be only
slightly active when tested on the skin of mice, and inactive when ad-
ministered by subecutaneous injection (Tilak, 1951). This observation is
of considerable interest as the latter compound does not possess a phe-
nanthrene skeleton. In this compound the essential feature of the phe-
nanthrene ring system, the reactive 9,10 bond, is replaced by a sulfur
atom.

In this connection it may be significant that 4,9-dimethyl-2,3,5,6-
dibenzthiophanthrene (LV) and 4,9-dimethyl-2,3,7,8-dibenzthiophan-
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threne (ILVI) are particularly potent carcinogens both to the skin of
mice, and to subcutaneous tissue (Tilak, 1951). Both these compounds

possess a phenanthrene ring system.

7. Fluorene Derivatives

1,2,5,6-Dibenzfluorene -(LVII) and 1,2,7,8-dibenzfluorene (LVIII)
have both been shown to have feeble carcinogenic activity when tested
on the skin of mice; but the 3,4,5,6 derivative appears to be inactive.
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CH, ‘ CH, I ‘
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(LVIID) (LVIII)

These observations are of some importance for although these sub-
stances may be said to have roughly the same molecular dimensions as
the related dibenzanthracenes and dibenzcarbazoles, they are very dif-
ferent electronically. In the dibenzcarbazoles the nitrogen atom con-
tributes two electrons to the common pool of mobile electrons. In the
fluorenes, however, the central carbon atom is saturated and cannot con-
tribute to the pool of mobile electrons, and the dibenzfluorenes are there-
fore more akin to the dinaphthyls than to the dibenzcarbazoles.

8. The Phenanthrene Type Double Bond

Although phenanthrene itself is not cancer producing, many of its
derivatives are active. Hewett (1940) has pointed out that nearly all the
potent carcinogens can be considered as phenanthrene derivatives having
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additional benzene rings and/or methyl groups at three or four of the
positions 1, 2, 3, and 4.

1,2-Benzanthracene can be considered as 2,3-benzphenanthrene, and
if methyl groups are introduced at the 1 or 4 positions, carcinogenic
hydrocarbons are obtained. For example, 1-methyl-2,3-benzphenanthrene
is 10-methyl-1,2-benzanthracene; and 1,4-dimethyl-2,3-benzphenanthrene
is 9,10-dimethyl-1,2-benzanthracene (L1X). Both hydrocarbons are very
potent carcinogens.

Similarly, chrysene can be considered as 1,2-benzphenanthrene and,
if methyl groups are introduced at the 3 or 4 positions, carcinogenic
activity is obtained. 3,4-Dimethyl-1,2-benzphenanthrene, or 1,2-di-
methylchrysene (LX), for example, is a moderately active carcinogen.

74 7
CH, { CH, I
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2-Methyl-3,4-benzphenanthrene (LXI) is also a potent carcinogen,
and this hydrocarbon can be considered as a phenanthrene derivative
substituted at the 2, 3, and 4 positions. Hewett and Martin (1940) there-
fore prepared 1,2,3,4-tetramethylphenanthrene, and this compound was
also shown to have slight carcinogenic activity.

2
ol Y
(LXI) (LXIID)

The most striking feature of the phenanthrene molecule is the reactive
9,10 double bond, and it is therefore significant that 1,4-dimethyltri-

* Phenanthrene numbering is used in these formulas.
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phenylene (LXII), in which this double bond is absent, is inactive.
1,2,3,4-Dibenzanthracene and 9,10-dimethyl-1,2 3,4-dibenzanthracene
are also inactive, and neither compound has a phenanthrene type double
bond.

Robinson (1946) has suggested that the essential feature in most of
the polyeyclic carcinogens is a phenanthrene type double bond which is
‘“activated”” by suitable substitution, or by additional benzene rings.
The condensed thiophen derivatives already discussed were prepared to
test this hypothesis. It will be recalled that replacement of the phenan-
threne type double bond in 9,10-dimethyl-1,2-benzanthracene by a sulfur
atom, as in 4,7-dimethyl-2,3,5,6-dibenzthionaphthene (LIV) resulted in
a very great loss of activity, although the introduction of a sulfur atom
at another site in the molecule (LIIT) did not have such an effect. More-
over, reintroduction of a phenanthrene type double bond by the addition
of a further benzene ring again gave very potent carcinogenic compounds
(LV, LVI).

The phenanthrene type double bond does, therefore, seem to have
some significance, and it is of interest in this connection that 6,7-dihydro-
20-methyicholanthrene (in which the phenanthrene type double bond is
reduced) is inactive as a carcinogen.

9. The Influence of Molecular Shape and Size

Experimental evidence is ample that there is an optimum degree of
molecular complexity for carcinogenic activity, and it seems that the
molecular shape may also be a factor. Nearly all the potent carcinogens
can be portrayed by the attached structure (LXIII) in which the dotted
lines represent rings or groups which may or may not be present in the
active molecule. Moreover, the ‘“open’ analog of 3,4-benzpyrene,
a-ethyl-g-secbutylstilbene (LXIV), is a weak carcinogen (Dodds, Lawson,
and Williams, 1941), and it is difficult to escape the conclusion that the
shape and size of this molecule is of significance here.

A

LXIII) LXIV)

Since this is so, it is not unreasonable to suggest that the carcinogenic
molecule may enter into some form of complex with a cellular component,
and that the shape and size of the molecule may play an important part
in this complex formation. Bergmann (1942) has suggested that the car-
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cinogens may be adsorbed by a cellular “receptor” possessing a definite
adsorption area, and that this sets an upper limit for the dimensions of
the active molecule. A lower limit is given by the decrease in adsorb-
ability with decreasing size of the molecule.

It was an essential feature of the original Bergmann hypothesis that
molecules can be inactivated by additions which hinder their proper
adsorption. It might be supposed that by increasing the size of a sub-
stituent group complex formation would be inhibited. The evidence is
not inconsistent with such a view, for the higher alkyl derivatives of
1,2-benzanthracene are all much less active than the corresponding
methy! derivatives (Badger, 1948). It might be supposed that adsorption
and complex formation would also be inhibited by alterations which in-
volve the destruction of the coplanarity of the molecule. Here again the
experimental evidence is not inconsistent with such a view. Such distor-
tions of the molecules occur on hydrogenation, and in most cases it has
been found that partial hydrogenation does destroy carcinogenic activity
(Badger, 1948).

Complex formation is also supported by the fact that the various car-
cinogenic hydrocarbons all seem to metabolize to hydroxy derivatives in
which the hydroxy groups occupy comparable positions. 1,2-Benzan-
thracene is metabolized to the 4’ derivative (LXYV) and 9,10-dimethyl-
1,2-benzanthracene is likewise metabolized to the 4’ derivative (LXVI).
The 3 position in chrysene is comparable to the 4’ position in 1,2-benzan-
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thracene, and it has been shown that chrysene is metabolized to 3-
chrysenol (LXVII). The 8 position in 3,4-benzpyrene is also comparable
to the 4’ position in 1,2-benzanthracene, and it is known that 3,4-benz-
pyrene is metabolized to 8-hydroxy-3,4-benzpyrene (LXVIII) in rats
and mice.

All these results are consistent with the view that the molecule is
adsorbed in a specific fashion and that metabolic hydroxylation takes
place at an exposed position. This might well be the explanation for the
fact that all the methylbenzanthracenes with methyl groups in the benz-
ring are inactive: methyl substitution in this ring might interfere with the
proper formation of the complex. On the other hand, 3,4-benzpyrenes
substituted in positions 8, 9, or 10 should also be inactive, but 9-methyl-
3,4-benzpyrene is a very potent carcinogen, and 8-methoxy-3,4-benz-
pyrene also produces multiple skin tumors in a high percentage of mice
treated after a relatively short latent period.

Additional evidence favoring complex formation has been provided
by a number of experiments involving the inhibition of carcinogenic
activity. Lacassagne, Buu-Hoi, and Rudali (1945) made repeated appli-
cation on the skin of mice with solutions containing a mixture of two
hydrocarbons of similar molecular configuration. One component of the
mixture was a potent carcinogen, the other was either inactive or only
very feebly active. The mixtures used were 1,2,5,6-dibenzfluorene and
20-methylcholanthrene, chrysene and 20-methylcholanthrene, and 1,2,-
5,6-dibenzacridine and 1,2,5,6-dibenzanthracene. In each case tumors
were produced more slowly than when the potent hydrocarbon alone, at
the same concentration, was applied. Strangely enough no such inhibition
of the action of 20-methylcholanthrene was produced by admixture with
a number of benzacridines. The inhibition of 9,10-dimethyl-1,2-benzan-
thracene skin carcinogenesis with several polycyclic hydrocarbons has
been demonstrated (Hill, et al., 1951); and it has also been shown that
1,2-benzanthracene inhibits the development of sarcomas following the
subcutaneous injection of 1,2,5,6-dibenzanthracene (Steiner and Falk,
1951).

The most reasonable explanation of this inhibition is that the two
substances, having analogous structures, penetrate into the same cells
and form complexes with some cellular component. Each inactive or very
weakly active molecule would hinder by its presence the fixation of a
molecule of the potent carcinogen and thereby delay the appearance of
tumors. The interesting conclusion, however, is that complex formation
of itself is not sufficient to bring about malignant transformations. In
order to inhibit the action of the potent carcinogens, the inactive com-
pounds must be adsorbed, and yet they do not bring about carcinogenesis.
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Bergmann (1942) suggested that the molecule is adsorbed as a whole
and that its activity is determined by its shape and size. In recent years,
however, it has been suggested that complex formation takes place via
the phenanthrene type double bond.

At present the nature of the complex is entirely hypothetical, but
Miller (1951) has recently found that 3,4-benzpyrene is firmly bound to a
protein in the epidermal fraction of mouse skin.

Aromatic compounds form complexes with a wide variety of agents
such as picric acid, s-trinitrobenzene, trinitrofluorenone, aluminum chlor-
ide, stannic chloride, and antimony pentachloride. The essential feature
seems to be that the complexing agent must contain a number of electron-
attracting groups (nitro groups, chloro groups, etec.). All aromatic com-
pounds do not form complexes of equal stability with the same reagent,
however. Molecular complexity is important, and molecules such as an-
thracene and benzanthracene form more stable picrates than those formed
from benzene or naphthalene. Moreover, methyl substitution usually en-
hances the ease of formation and the stability of picrates, and, as has al-
ready been shown, methyl substitution generally increases the carcino-
genic activity. The most stable picrates are usually deeper in color than
the less stable complexes. It is therefore interesting that 9,10-dimethyl-
1,2-benzanthracene, 20-methylcholanthrene, 3,4-benzpyrene, and some
other potent carcinogens, all form very dark chocolate brown or purplish
black picrates. The feebly active or inactive methyl- and dimethylbenzan-
thracenes, however, give bright red picrates.

1t is also of interest that complex formation with picric acid and simi-
lar components can be inhibited by steric hindrance. Any substituent
which destroys the coplanarity of the molecule hinders complex formation,
or causes the complex to form in other than a 1:1 ratio (Orchin, 1951).

Of course it must not be supposed that the carcinogenic molecules
form complexes in vivo with a component of the above type. Nevertheless
the properties which govern picrate formation may well be identical, or
almost identical, with those which control the formation of a complex
with the cellular component. The actual receptor may possibly be a nu-
cleic acid, and in this connection it is interesting that the presence of pu-
rines increases the solubility of aromatic hydrocarbons in water (Brock,
Druckrey, and Hamperl, 1938; Weil-Malherbe, 1946). Moreover purines
have been found to form complexes with polycyclic aromatic compounds
in benzene solution.

10. The Pullman-Daudel Theory

Using the valence-bond method, it is possible to calculate the molec-
ular diagrams for all the simple aromatic hydrocarbons. When this is done
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for the tricyclic and tetracyclic hydrocarbons it is found that the poten-
tially carcinogenic ring systems (1,2-benzanthracene, 3,4-benzphenan-
threne, chrysene) all have a phenanthréne type bond with a particularly
high electron density or bondorder (see pp. 81-2). Otherring systems which
are not potentially carcinogenic (triphenylene, naphthacene) do not pos-
sess a region having such a high electron density or bond order. Methyl
substitution at any part of a potentially carcinogenic ring systen would be
expected to increase the electron density at the phenanthrene type bond
by a variable amount depending on the position of substitution.

A number of French theoretical chemists (A. Pullman, 1947; Pullman
and Pullman, 1946; Daudel, 1948; Daudel and Daudel, 1950) have sug-
gested that carcinogenic activity is associated with an optimum charge of
7 electrons on the phenanthrene type bond (called the K region; K for
Krebs). It was suggested that there is a certain critical value for this
charge, below which carcinogenic activity does not occur, and that there
is likewise an upper limit. The essence of the theory is that methyl groups
act as slight electron donors to a potentially carcinogenic ring system
(such as benzanthracene) and thereby increase the electron density of the
K region to a value above the critical lower limit. On the other hand, an
annular nitrogen atom (as in benzacridine) decreases the charge on the K
region by an amount which is dependent on its position in the ring system.
Thus an annular nitrogen atom might be compensated for by the presence
of one or more methyl groups. Excessive methyl substitution, however,
might increase the electron density until it exceeds the upper limit and
hence inactivate, or reduce the activity of the molecule.

A. Pullman (1947) evaluated the total charge of = electrons at the K
region by summing the two free valence numbers (as calculated by the
V.B. method) and the charge de liaison. Evaluated in this way, 3,4-benz-
phenanthrene has a K region with a charge of 1.293¢, phenanthrene of
1.291¢, 1,2-benzanthracene of 1.283¢, and chrysene of 1.272¢. On the other
hand, anthracene has no bond with an electron density greater than
1.259¢, naphthacene 1.258¢, and triphenylene 1.260e.

The effects of methyl substituents and of annular nitrogen atoms were
estimated by a very approximate method and the electron densities for a
series of methylbenzanthracenes, methylbenzphenanthrenes, methyl-1,2-
benzacridines, and methyl-3,4-benzacridines were evaluated.

Within these series an excellent correlation between electron density
and carcinogenic activity was found. The critical charge on the bond, be-
low which the compounds are not carcinogenic, was found to be about
1.290e. Thus 1,2-benzanthracene with a charge of 1.283e is inactive or
only very feebly active, but 3,4-benzphenanthrene with a charge of 1.293¢
is a weak carcinogen. Methyl substitution in the 10 position of 1,2-benz-
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anthracene was estimated to increase the charge to 1.306¢, and this com-
pound is a potent carcinogen. Dimethyl substitution was estimated to in-
crease the charge considerably, the effects of the methyl groups being
additive, and these compounds are generally potent carcinogens.

Perhaps the greatest success for the theory was its ability to explain
the marked difference in the carcinogenic activities of the methyl-1,2-
benzacridines as opposed to the methyl-3,4-benzacridines. The latter are,
in general, much less active than the former. This is explained by the fact
that although the electronegative nitrogen deactivates the K region in
both series, its influence is much greater in the 3,4-benzacridines than in
the 1,2-benzacridines. According to A. Pullman (1947), the charge on the
K region of 3,4-benzacridine is 1.260e, and that on the K region of 1,2-
benzacridine is 1.270e.

There are several exceptions to this simple theory, however. As has
already been emphasized, the methylbenzanthracenes having a substit-
uent in the benz-ring are all inactive although activity would be expected
in this group. Moreover, it has been demonstrated that both electron-
attracting and electron-donating substituents transform 1,2-benzanthra-
cene into an active carcinogen. It is difficult to accommodate the fact that
10-cyano- and 10-formyl-1,2-benzanthracenes are active cancer-producing
substances within the framework of the theory (Badger, 1948). The car-
cinogenic dibenzfluorenes must also be considered exceptions to the
theory, as these substances cannot have a pronounced density of elec-
trons at the K region.

An additional criticism of the theory is that it is too approximate.
With substituted compounds the total charge on the K region was ob-
tained by adding the contribution of the substituent to the value for the
total charge calculated for the unsubstituted hydrocarbon. This treat-
ment neglects the fact that methyl substituents may also affect the mo-
bile bond order or charge de liaison, and it is calculated that the mobile
bond order or charge de liaison is sometimes decreased by methyl substi-
tution (Daudel, 1948). When these adjustments are made, it turns out
that the correlation between the charge on the K region and the carcino-
genic activity is not nearly so good as before. As a mafter of fact it is
unlikely that these “rigorous” calculations give a true picture. According
to this treatment 10-methyl-1,2-benzanthracene has a smaller density of
electrons on the K region than the unsubstituted hydrocarbon, and this
seems entirely unreasonable.

In view of these difficulties it has been suggested that the most satis-
factory method is to compare the carcinogenic activity with the “excess
charge” on the K region caused by the methyl substitution. Assuming
that the effect of an annular nitrogen atom is equal and opposite to that



TABLE 1V
Excess Charge on the K Position Caused by Methyl Substitution or an N Atom at Various Positionss
Compound Position

1,2-Benzacridine (XLVIII) 6 7 8 9 — 5
3,4-Benzacridine (X1.IX) 9 8 7 6 5 —
1,2-Benzanthracene (XXXI) 5 6 7 8 9 10 1 2! 3 4/

Nature of Substituent Excess Charge
CH, 0.016 0.013 0.014 0.010 0.016 0.027 0.015 0.021 0.018 0.025
N-Hetero atom -0.016 —-0.013 —-0.014 —0.010 -0.016 —0.027 -0.015 —-0.021 -0.018 —0.025

* Daudel (1948).
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of a methyl substituent in the same position, it is also possible to evaluate
the ‘“excess charge’ on the K region for heterocyclic compounds. Table
IV has been constructed giving the effects of methyl groups or of a nitro-
gen atom at each position of the benzanthracene ring system (Daudel,
1948), and it is possible to evaluate the excess charges on the K region for
nearly all the known methylbenzanthracenes and methylbenzacridines.
These are given in Table V; but derivatives having substituents in the

TABLE V
Excess Charge on K Region (V.B. Method) and Carcinogenic Activity

Carcinogenic Activitys

Excess

Charge on Subcutaneous

K Region Skin Tissue
3,4-Benzacridine —0.027e 0
1,2-Benzacridine —0.016 0
7-Methyl-3,4-benzacridine -0.013 0
5-Methyl-3,4-benzacridine —0.011 0
7-Methyl-1,2-benzacridine —0.003 0
5,8-Dimethyl-3,4-benzacridine -+0.002 + 0
5,7-Dimethyl-3,4-benzacridine +0.003 0
5,9-Dimethyl-3,4-benzacridine +0.005 0 +
8-Methyl-1,2-benzanthracene +0.010 + 0
5-Methyl-1,2-benzacridine +0.011 ++ 4+
6-Methyl-1,2-benzanthracene +-0.013 +
7-Methyl-1,2-benzanthracene +0.014 + +
5-Methyl-1,2-benzanthracene +0.016 ++ ++
9-Methyl-1,2-benzanthracene +0.016 ++ +++
5,9-Dimethyl-1,2-benzacridine +0.021 +++ +++
5,7-Dimethyl-1,2-benzacridine +0.024 +4+++ +++
5,8-Dimethyl-1,2-benzacridine +0.025 ++++ +++
5,8-Dimethyl-1,2-benzanthracene +0.026 0
6,7-Dimethyl-1,2-benzanthracene +0.027 +
10-Methyl-1,2-benzanthracene +0.027 +++ ++++
5,6-Dimethyl-1,2-benzanthracene +0.029 + 4+
5,9-Dimethyl-1,2-benzanthracene +0.032 ++++
5,7,9-Trimethyl-1,2-benzacridine +0.034 +++ ++
8,10-Dimethyl-1,2-benzanthracene +0.037 + 4+ +
5,10-Dimethyl-1,2-benzanthracene -+0.043 ++4++
9,10-Dimethyl-1,2-benzanthracene +0.043 ++++ + 4+
5,7,9-Trimethyl-3,4-benzacridine +0.046 +++ 0
5,8,7,9-Tetramethyl-1,2-benzacridine +0.050 + 4+ +
6,9,10-Trimethyl-1,2-benzanthracene +0.056 ++++ ++
5,9,10-Trimethyl-1,2-benzanthracene +0.059 ++++ +++
5,6,9,10-Tetramethyl-1,2-benzanthracene +0.072 +++ +

a Badger (1048).
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benz-ring, and at the X position, have been (arbitrarily) excluded. The
correlation in this limited series of compounds is seen to be very satis-
factory; but it must be emphasized that the exceptions to the original
theory remain in this modified theory.

Attempts have also been made to study the electronic configurations
of carcinogenic hydrocarbons by the method of molecular orbitals
(Coulson, 1952; Greenwood, 1951). The molecular diagrams for most of
the tricyclic, tetracyclic, and pentacyclic ring systems have been cal-

TABLE VI
Excess Charge on the K Region (M.O. Method) and Carcinogenic Activity

Carcinogenic Activity®

Ixcess
Charge on Subcutaneous

Compound K Region® Skin Tissue
7-Methyl-3,4-benzacridine —0.0393 0
3,4-Benzacridine —0.0387 0
5,7-Dimethyl-3,4-benzacridine —0.0366 0
5-Methyl-3,4-benzacridine —0.0360 0
5,7,9-Trimethyl-3,4-benzacridine —0.0335 +++ 0
5,9-Dimethyl-3,4-benzacridine —0.0329 0 +
5,8-Dimethyl-3,4-benzacridine —0.0233 + 0
1,2-Benzacridine —-0.0027 0
1,2-Benzanthracene 0 0
7-Methyl-1,2-benzacridine 0.0004 0
9-Methyl-1,2-benzanthracene 0.0027 ++ ++ 4+
6-Methyl-1,2-benzanthracene 0.0031 +
5,6-Dimethyl-1,2-benzanthracene 0.0122 +++
5,9-Dimethyl-1,2-benzacridine 0.0354 +4+ ++4+
5-Methyl-1,2-benzacridine 0.0360 +++
5,7,9-Trimethyl-1,2-benzacridine 0.0385 + 4+ ++
10-Methyl-1,2-benzanthracene 0.0387 +++ ++++
5,7-Dimethyl-1,2-benzacridine 0.0391 ++++ +++
9,10-Dimethyl-1,2-benzanthracene 0.0414 ++++ +++
5,8-Dimethyl-1,2-benzacridine 0.0487 ++++ +4++
5,6,9,10-Tetramethyl-1,2-benzanthracene 0.0536 + 4+ +

e Greenwood (1951).

b Badger (1848).
culated, and the potentially carcinogenic ring systems have all been
shown to possess a K region having a particularly high bond order. On
the other hand, no simple correlation between carcinogenic activity and
bond order is possible, for several noncarcinogenic ring systems (e.g.,
pentaphene) also have K regions of high bond order. It must be empha-
sized that the bond order as calculated by this method is not directly
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related to electron density, but in many ways it is a much more satisfac-
tory index of the “character” of a bond.

Methyl groups, in general, decrease the bond order of the 3,4 bond in
1,2-benzanthracene (Greenwood, 1951), and indeed 1t is calculated that
all substituents behave similarly. No correlation is therefore possible be-
tween carcinogenic activity and the bond orders of the K region in any
series of substituted benzanthracenes. On the other hand, methyl sub-
stituents act as slight electron donors, and it is therefore possible to cal-
culate the increased charge on the K region. Similarly, it is possible to
calculate the effect of an annular nitrogen atom. This has been done for
a number of methylbenzanthracenes and methylbenzacridines (Green-
wood, 1951). Examination of Table VI shows that there is a very satis-
factory relationship between carcinogenic activity and the excess charge
on the K region; and the results are in general agreement with those ob-
tained by the valence-bond treatment. Here again, however, all com-
pounds having substituents in the benz-ring, or at the K position, have
been (arbitrarily) excluded, and the exceptions to the original Pullman
theory remain unexplained. No simple theory relating the charge on the
K region to carcinogenic activity can account for the fact that both
10-cyano-, and 10-methyl-1,2-benzanthracenes are active carcinogens,
while the parent compound is inactive or almost so.

11. Reactions with Osmium Tetroxide

The reactions of carcinogenic hydrocarbons have been investigated in
some detail and there have been many attempts to associate carcinogenic
activity with chemical reactivity. For example, Fieser and Campbell
(1938) found that many of the most potent carcinogenic hydrocarbons,
including 3,4-benzpyrene and 20-methylcholanthrene, couple with dia-
zonium compounds very readily to form azo dyes; but several other
carcinogenic hydrocarbons did not react and a few noncarcinogenic
hydrocarbons reacted without difficulty. Many carcinogenic hydrocar-
bons also react with lead tetraacetate; but here again some active com-
pounds were found to be inert toward this reagent, and some inactive or
very feebly active compounds were found to be rapidly attacked (Fieser
and Hershberg, 1938). Many other reagents have also been investigated;
but in every case reaction occurred at the most reactive center in the
molecule and only limited correlations with carcinogenic activity could
be found.

However, there are three reagents which appear to function as
“double bond reagents”: diazoacetic ester, ozone, and osmium tetroxide
(Badger, 1951). These reagents attack the most reactive bond in an
aromatic molecule and do not attack the most reactive centers (unless
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these happen to be situated at the extremities of the most reactive bond).
In the tricyclic and tetracyclic aromatic hydrocarbons it has been found
that these reagents attack the K position (Badger, 1951).

Diazoacetic ester adds to the most reactive bond in an aromatic ring
system with elimination of nitrogen. Phenanthrene is attacked at the
9,10 bond, pyrene at the 1,2 bond, and 1,2-benzanthracene at the 3,4
bond (Badger, Cook, and Gibb, 1951).

Ozone also reacts by addition to the most reactive bond. Unfortu-
nately, only a few ring systems have been studied, but it is known that
ozone attacks first the 1,2 bond of naphthalene, and it is also known to
attack the 1,2 bond in pyrene.

The action of osmium tetroxide has been extensively studied, and in
every case it has been found that the reagent adds to the K position
(Cook and Schoental, 1948). With phenanthrene, osmium tetroxide adds
to the 9,10 bond to give the complex (LXIX). With 1,2-benzanthracene
and its derivatives it adds exclusively to the 3,4 bond to give the complex
(LXX), in spite of the fact that the 9,10 positions are attacked by most
other reagents. Similarly, osmium tetroxide adds to the 1,2 bond of
chrysene (XXXIII), to the 1,2-bond of pyrene (XXXYV), and to the
6,7-bond of 3,4-benzpyrene (IIT).

8
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These results indicated that it might be possible to examine the
validity of the various quantum mechanical calculations by measuring
the relative rates of addition of osmium tetroxide to the K region of
carcinogenic and related noncarcinogenic hydrocarbons. Other things
being equal the theoretical calculations would indicate that the carcino-
gens should be attacked more rapidly than related noncarcinogenic
molecules. A method for the determination of the rate of reaction with
osmium tetroxide was devised (Badger and Reed, 1948), and numerous
carcinogenic and noncarcinogenic hydrocarbons have now been examined
(Badger, 1949, 1950; Badger and Lynn, 1950).

Among the unsubstituted ring systems it has been found that there
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is a very satisfactory correlation between the relative reactivity and the
bond order as calculated by the method of molecular orbitals (Table VII).

TABLE VII
Relative Reactivity and Bond Order

Bond Order Total Charge
Relative at K Region on K Region®

Reactivity (M.O. (V.B.
Compound to 0s0,° Method) Method)

3,4-Benzpyrene 2.0 1.787¢ —
1,2,5,6-Dibenzanthracene 1.3 1.7784 —
1,2-Benzanthracene 1.0 1.783¢ 1.283e
Pyrene 0.66 1.777¢ —
Phenanthrene 0.1 1.7757 1.291e
1,2,5,6-Dibenzphenanthrene slow 1.764¢ —
Chrysene slow 1.754¢ 1.272e

s Badger (1949, 1053); Badger and Reed (1948).

b A, Pullman (1947).

¢ Estimated from the bond order-bond localization energy relationship.
é Baldock et al, (1949).

* Berthier et al. (1948).

/ Coulson and Longuet-Higgins (1947).

Relatively few calculations by the valence-bond method for these com-
pounds are available, but it does seem that the correlation between
relative reactivity and the total charge on the K region as calculated by
this method is less satisfactory.

Substituents have been shown to have a profound influence on the rate
of addition of osmium tetroxide to the K position. Methyl groups and
other alkyl substituents were found to increase the rate of addition, the
magnitude of the effect being determined by the position of substitution.
In the alkyl-1,2-benzanthracenes it was at a maximum with the groups
in the meso positions. 9-Methyl-, 10-methyl-, and 9,10-dimethyl-1,2-
benzanthracenes were found to react much more rapidly than the parent
hydrocarbon; and 9,10-diethyl-1,2-benzanthracene reacted slightly less
rapidly than 9,10-dimethyl-1,2-benzanthracene. Methyl substitution at
other positions in the molecule had a smaller effect, 6-methyl- and
5,6-dimethyl-1,2-benzanthracenes being only slightly more reactive than
the unsubstituted hydrocarbon. 2',7-Dimethyl-1,2-benzanthracene was
also found to react more rapidly than 1,2-benzanthracene.

Cholanthrene and methylcholanthrene can also be considered as alky!
substituted benzanthracenes and these compounds also reacted more
rapidly than 1,2-benzanthracene, as did acenaphthanthracene. The latter
observation is interesting as this compound (4',3-ace-1,2-benzanthracene)
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is substituted at the K position, but no pronounced steric hindrance
seems to be involved in the addition. 3-Methyl-1,2-benzanthracene also
reacted somewhat more rapidly than 1,2-benzanthracene itself.

It is noteworthy that 5,7-dimethyl-1,2-benzacridine reacted only
slightly less rapidly than the closely related 10-methyl-1,2-benzan-
thracene (the 10 position in benzanthracene is equivalent to the 5 position
in 1,2-benzacridine).

The carcinogenic 1,2-dimethylchrysene also reacted more rapidly
than chrysene, so that the activating influence of methyl groups is quite
general.

1t is interesting to compare these relative reactivities with the total
charge of 7 electrons at the K region, or with the excess charge at this K
region, as calculated by the V.B. method or by the method of molecular
orbitals. This is done in Table VIII, and it must be admitted that the
correlation is as good as could be expected.

TABLE VIII
Relative Reactivity and Excess Charge on the K Region

Relative Excess Charge Excess Charge
Reactivity on K Region on K Region

Compound to 080 (V.B. Method) (M.O. Method)
1,2-Benzanthracene 1.00 0 0
3-Methyl-1,2-benzanthracene 1.04 — —0.164
6-Methyl-1,2-benzanthracene 1.33 0.013 +0.003
5,6-Dimethyl-1,2-benzanthracene 1.33 0.029 +0.012
5,7-Dimethyl-1,2-benzacridine 1.67 0.024 +0.039
2/,7-Dimethyl-1,2-benzanthracene 1.73 0.035 +0.048
10-Methyl-1,2-benzanthracene 1.90 0.027 +0.039
9-Methyl-1,2-benzanthracene 2.0 0.016 +0.003
Cholanthrene 2.1 (0.036) —
20-Methylcholanthrene 2.3 . (0.047) —
9,10-Dimethyl-1,2-benzanthracene 5.6 0.043 +0.041
5,6,9,10-Tetramethyl-1,2-benzanthracene 6.0 0.072 +0.054

o Badger (1949, 1950).

The effects of some other substituents on the rate of addition have
also been investigated. The acetoxymethyl group was found to increase
the rate, but to a lesser degree than a methyl group. 10-Acetoxymethyl-1,
2-benzanthracene formed an addition complex with osmium tetroxide -
more rapidly than 1,2-benzanthracene, but less rapidly than 10-methyl-
1,2-benzanthracene. meso-Acetoxy and meso-bromo groups were also
found to retard the reaction, and meso-methoxy groups had little or no
effect on the rate. meso-Phenyl. groups, however, increased the rate of
addition. A 10-cyano group was found to retard the addition.
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Only a few of the compounds examined have been tested for carcino-
genic activity, but those which have are included in Table IX. As the

TABLE IX
Relative Reactivity and Carcinogenic Activity

Relative Carcinogenic
Compound Reactivity Activity

to 0s0, o
9,10-Dimethyl-1,2-benzanthracene 5.6 ++++
9,10-Diethyl-1,2-benzanthracene 4.4 + -+ 4
9-Methyl-1,2-benzanthracene 2.0 +++
10-Methyl-1,2-benzanthracene 1.90 ++4++
9,10-Diphenyl-1,2-benzanthracene 1.46 0
10-Acetoxymethyl-1,2-benzanthracene 1.27 +
1,2-Benzanthracene 1.00 +
10-Cyano-9-methyl-1,2-benzanthracene 0.83 +4+++
10-Bromo-1,2-benzanthracene 0.56 0
9,10-Diacetoxy-1,2-benzanthracene 0.44 0
10-Cyano-1,2-benzanthracene Slow +

¢ Badger (1949, 1050).

» Badger (1948).
osmium tetroxide reaction can be used as a measure of the excess charge
on the K position, the available results do clearly indicate that both elec-
tron-attracting and electron-releasing groups convert 1,2-benzanthracene
into a cancer-producing substance.

In concluding this section it is of interest that Kooyman and Heringa
(1952) have recently suggested that reactivity toward free radical
reagents may also be involved in the mechanism of carcinogenesis. Further
experimental data on this hypothesis will be awaited with interest.

12. Conclusions

Among the methylbenzanthracenes and methylbenzacridines thereis a
very satisfactory correlation between the carcinogenic activity and the
charge on the K region. This correlation is found whether the charge is
calculated by the valence-bond method or by the method of molecular
orbitals, and although there are some relatively minor diserepancies, the
major conclusions of the quantum mechanical calculations have been
confirmed by the study of the rates of addition of osmium tetroxide to
many derivatives. It is difficult therefore to escape the conclusion that
the correlation is significant.

On the other hand, even among substituted benzanthracenes there
are many exceptions to the theory, some of which have already been
mentioned. Some of these exceptions disappear if certain assumptions
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are made. For example, if it is assumed that an unsubstituted benz-ring
is necessary before complete contact can be made between the hydro-
carbon and cellular component, then the inactivity of all the benzan-
thracenes substituted in this ring is perfectly reasonable; but the fact
remains that similarly substituted benzpyrenes are carcinogenie.

The carcinogenic activity of 9,10-dimethylanthracene is reasonable
enough if it is assumed that the requirement is not a phenanthrene type
bond, but simply an activated bond. In this connection it is interesting
that Pullman and Pullman (1948) estimate the charge on the 1,2 bond in
9,10-dimethylanthracene to be 1.303¢, whereas 1,4-dimethylanthracene
has an unsubstituted 5,6 bond with a charge of only 1.284e.

The carcinogenic activity of 10-cyano-1,2-benzanthracene, of 10-
chloro-1,2-benzanthracene, and of 10-formyl-1,2-benzanthracene is more
difficult to explain, unless it is assumed that the substituent itself aids
the formation of the complex between the carcinogen and a cellular
component. As a matter of fact this does not seem to be altogether
unreasonable. The three substituents mentioned would all be expected
to form strong hydrogen bonds with the peptide linkages of proteins
(or similar receptors), and it seems not unlikely that such bonds may be
involved in suitable cases.

The lack of carcinogenic activity in compounds such as 9,10-diphenyl-
1,2-benzanthracene can be explained by the assumption that a planar
molecule is necessary for complex formation and, as is well known, the
phenyl groups in this molecule are disposed at right angles to the benzan-
thracene ring system. Other large substituents (acetoxy, methoxy) must
also be disposed at an angle to the benzanthracene ring system and would
hinder complex formation. Furthermore, as has already been mentioned,
the larger alkyl substituents also decrease carcinogenic activity, probably
by steric hindrance to complex formation.

In the present state of knowledge therefore, it is reasonable to con-
clude that the carcinogen forms a complex with some cellular component.
Complex formation only occurs with molecules of suitable molecular
complexity, and is prevented by large substituents, and by the presence
of substituents in certain parts of the molecule; and in general it does not
occur if the molecule is buckled by hydrogenation. On the other hand,
complex formation is greatly facilitated by the presence of an activated K
region; but the necessary degree of activation may vary considerably,
depending on the molecular complexity. And finally, it seems possible
that complex formation may be assisted by the presence of substituent
groups which can form hydrogen bonds with the receptor molecule.

The relationship between chemical constitution and carcinogenic
activity in this series is certainly becoming clearer, and it is to be hoped
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that future work will enable the mechanism of the process of carcino-
genesis to be elucidated.

1V. Azo CoMPOUNDS

1. The Structure of Aromatic Azo Compounds

Azobenzene is the simplest aromatic azo compound. It is a stable
bright red highly crystalline substance in which two benzene rings are
linked through two doubly bound nitrogen atoms, as in (LXXI).* The
double bond is conjugated with the aromatic rings, and structures such
a8 (LXXII) must also contribute to the resonance hybrid. The central
N=N bond cannot therefore be a pure double bond, but must have a
fractional double bond character, and this is confirmed by analysis of the
x-ray diffraction pattern. The percentage double bond character clearly
depends on the contribution of the ionic structures such as (LXXII),
and in related aromatic azo compounds (such as 1,1’-azonaphthalene and
2,2’-azonaphthalene) this depends on the conjugating abilities of the
positions to which the azo group is linked: the greater the conjugating
ability, the smaller the double bond character of the central N=N bond

(Badger and Lewis, 1951).
- (O
N AN
(LXXTI) (LXXII)

>

Each nitrogen atom has a ‘““‘lone pair” of electrons, and in the aromatic
azo compounds these are also shared to some extent with the ring system
and are thus relatively unavailable for salt formation.

In unsubstituted azo compounds the electron density around the
N=N bond therefore depends on the degree of conjugation with the
particular aromatic systems involved. In substituted azo compounds,
however, the substituent may either increase or decrease the charge on
the two nitrogen atoms and may profoundly affect the basicity and the
reactivity of the compound. For example, if there is an electron-donating
substituent in the 4 position, then structures such as (LXXIII) must
contribute to the hybrid; this is equivalent to saying that such a sub-
stituent increases the electron density around the nitrogen further
removed from it. On the other hand, if there is an electron-attracting

* cis-Azobenzene is also known. All the carcinogenic azo compounds are probably
of trans configuration, however, and ¢is compounds will not therefore be considered
here.
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substituent in the 4 position, then structures such as (LXXIV) must
contribute to the hybrid; and this is equivalent to saying that the sub-
stituent decreases the electron density around the nitrogen further from it.

A O D i

(LXXIII) (LXXIV)

Dm0

(LXXV)

Substituents in the 3 or 3’ position are not conjugated with the azo
linkage, but may still affect the electron density around the nitrogen
atoms by virtue of their inductive effects. In these circumstances (LXXYV)
it is the nitrogen atom nearer to the substituent which probably suffers
the greater increase or decrease in charge.

2. General Survey of Carcinogenic Azo Compounds

Historically, the most important carcinogenic azo compound is
4-amino-2’,3-dimethylazobenzene, or o-aminoazotoluene (LXXVI). Sev-
eral isomeric compounds have been tested, however, and it seems that a
p-amino group is not essential for activity (Crabtree, 1949). 2-Amino-2’,5-
dimethylazobenzene (LXXVII), for example, also produces liver tumors
in both rats and mice. Both of these compounds have a methy! group in
the 2’ position, and this does seem to be of some importance, for 4-amino-
3,4'-dimethylazobenzene (LXXVIII) is inactive in rats and only slightly
active in mice; and 2-amino-4’,5-dimethylazobenzene (LXXIX) appears
to be inactive in both species.

__ CH, __CH, ___CH, __CH,
<:”>—N=N—// _3>NH, 7 _:\/—N=N—§/T:{_—_j\>
LXXVI) (LXXVII) 2
. ____CH, . ____CH,
CH,@___\,——N=N-®NH2 CH /Nm\/——N=N@
(LXXVIII) (LXXIX) 2

It is of some interest that the two additional isomers tested by
Crabtree (1949) are also inactive in rats, but active in mice. 4-Amino-
2,4'-dimethylazobenzene (LXXX) is relatively active and 4-amino-2,3'-
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dimethylazobenzene (LXXXI) rather less so, so that both methyl groups
have some influence on the carcinogenic potency.

CH, CH,

/ _ _/ NnE 7% N _N=n—7 N

H N N=N< D LD ==X D,
(LXXX) (LXXXI)

4-Dimethylaminoazobenzene (LXXXII) is also isomeric with the
aminoazotoluenes, and most of the known carcinogenic azo compounds
are derivatives of this substance, or are closely related to it (Badger and
Lewis, 1952). 4-Methylaminoazobenzene appears to be equally active;
but 4-aminoazobenzene is much less active and gives liver tumors only
when tested under rather special conditions. The higher alkyl derivatives,
such as 4-diethylaminoazobenzene and 4-di-n-propylaminoazobenzene,

are all inactive.
3’ 2! 2 3
4’©~N=N—©N(CH3)2
5 6’ 6 5

LXXXII)

Many substituted 4-dimethylaminoazobenzenes have been tested and
the results are summarized in Table X. It is seen that both the nature of
the substituent and its position have a profound effect on the carcinogenic
activity. It is noteworthy that all the hydroxy derivatives which have
been tested are inactive, and the various trifluoromethyl derivatives have
likewise all failed to produce tumors. The effect of a methyl substituent
depends very much on its position. If it is in the 2 or the 3 position the
compound is inactive or only very feebly active; if it is in the 2’ or 4’ posi-
tion the compound is slightly active; but if it is in the 3’ position the
compound is more active than the parent substance. Several other sub-
stituents are similar and have a variable effect on the carcinogenic
activity, and in general the 3'-substituted derivatives are much more
potent than the 2’- or 4’-substituted compounds. The fluoro group appears
to be exceptional, for all the fluoro-substituted 4-dimethylaminoazo-
benzenes that have been tested are potent liver carcinogens, and several
are more active than the parent compound.

The effect of substitution is therefore not a simple one, and the
observed result in any particular case may well be the resultant of several
factors.

3. The Azonaphthalenes

2,2'-Azonaphthalene (LXXXIII) has been shown to produce liver
tumors in a large proportion of the mice to which it was administered
either by mouth, by subeutaneous injection, or by application to the
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TABLE X
Substituted 4-Dimethylaminoazobenzenes?®

Carcinogenic

Activity
Compound in Rats
4-Dimethylaminoazobenzene ++
2-Methyl- 0
3-Methyl- +
2-Hydroxy- 0
2-Fluoro- +++
2’-Hydroxy- 0
2’-Methyl- +
2'-Nitro- +
2’-Chloro- +
’-Fluoro- ++
2'-Trifluoromethyl- 0
2'-Carboxy- +
-Hydroxy- 0
3’-Methyl- ++4+
'-Nitro- ++
'~Chloro- ++
3’-Fluoro- 4+ ++
3'-Trifluoromethyl- 0
3’-Ethoxy-~ +
4’-Hydroxy- 0
4'-Methyl- +
4/-Nitro- 0
4'-Chloro-~ +
"-Fluoro- +++
4/'-Trifluoromethyl- 0

s Badger and Lewis (1952).

skin. Most of the tumors were cholangiomas, but some hepatomas were
also obtained. 1,2'-Azonaphthalene was found to be inactive, but 1,1’-
azonaphthalene has produced liver tumors in mice, and 1-benzeneazo-2-
naphthol is also active in this respect (Cook, Hewett, Kennaway, and
Kennaway, 1940; Kirby and Peacock, 1949). The latter observation is
of some interest as this compound has been used until quite recently as a
food coloring matter. On the other hand, 4-dimethylaminophenylazo-1’-
naphthalene and 4-dimethylaminophenylazo-2’-naphthalene were found
to be inactive in rats.
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There seems to be some justification for a separate consideration of the
azonaphthalenes. Unlike the aminoazotoluenes, 4-dimethylaminoazo-
benzene, and related compounds, 2,2’-azonaphthalene has no amino
group. Moreover, although this compound is a liver carcinogen in mice,
it appears to be inactive, or only very slightly active, in rats, and it is not
unlikely therefore that there is some fundamental difference (Cook,
Hewett, Kennaway, and Kennaway, 1940; Badger, Lewis, and Reid,
1953).

It is possible that such a fundamental difference may be found in the
nature of the metabolic products, and in this connection it is interesting
that Cook, Hewett, Kennaway, and Kennaway (1940) have suggested
that the azonaphthalenes may be transformed in the liver into dibenzcar-
bazoles. For example, in the ease of 2,2’-azonaphthalene (LXXXIII) it
was suggested that the true carcinogen, formed in the liver, may be
3,4,5,6-dibenzcarbazole (LXXXVI). This transformation can be brought
about without difficulty in the laboratory. Reduction of the azo compound
in vitro gives the hydrazo derivative (LXXXIV) and this undergoes the
benzidine rearrangement in the presence of acids to give 2,2’-diamino-
1,1'-dinaphthy! (LXXXYV), which on deamination gives 3,4,5,6-dibenz-
carbazole (LXXXVI).

\ 7
—N—N© @—NH——NH
LXXXIII) (LXXXIV)
N 7 N 7
NH, HoN N
H
(LXXXV) LXXXVI)

The diamine (LXXXYV) has been found to be even more active than
2,2'-azonaphthalene in the production of liver tumors in mice, and 3,4,5,6-
'dibenzcarbazole produces tumors not only in the liver but it is also a
potent carcinogen to skin and subcutaneous tissue.

There is no direct experimental evidence that such a transformation
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does take place, but it does seem to be a reasonable explanation of the
results obtained with the azonaphthalenes. It may well be that rats are
unable to effect this transformation and this may explain the inactivity
of 2,2’-azonaphthalene in this species. In this connection it may be noted
that 3,4,5,6-dibenzcarbazole does produce sarcomas when injected into
rats.

Similar transformations have been carried out with the other azo-
naphthalenes, and here again the experimental results are consistent with
the hypothesis of Cook, Hewett, Kennaway, and Kennaway (1940).

1,1'-Azonaphthalene has only a very slight action on the liver, and
1,2,7 8-dibenzcarbazole, which can be obtained from it, has no action on
the liver and is only very slightly active when applied to the skin. 1,2'-
Azonaphthalene seems to have no action on the livers of mice and 1,2,5,6-
dibenzcarbazole, which can be obtained from it, also appears to be without
action on the liver and is only slightly active when applied to the skin.

4. The Influence of the N—=N Bond

The outstanding feature of the azo compounds is the unsaturated
N==N bond with the two ‘““lone pairs,” and it is natural to suppose that
carcinogenic activity in this series may be associated with this group.

Substituents have a profound effect on the electron density around
the two nitrogen atoms, and it has been suggested that the essential
requirement for carcinogenic activity is a certain critical charge at this
region, called the K’ region (Pullman and Pullman, 1946). This hypothesis
is essentially similar to that associating the carcinogenic activity of the
polycyclic aromatic hydrocarbons with the charge at the K region.

It has not yet been possible to calculate the electron densities at the
K’ region for any carcinogenic azo compounds; but the molecular diagram
for the closely related substance, 4-aminostilbene, has been calculated
by the valence bond method (A. Pullman, 1948) and by the method of
molecular orbitals (Coulson and Jacobs, 1949). The two methods give
quite different numerical values for the charge migrations (LXXXVII,
LXXXVIII), but qualitatively the agreement is satisfactory. The two
positions ortho to the amino group are calculated to have a greatly in-
creased charge, and the electron density around the carbon atom further
from the amino group is also increased.

1 .0 1.0 1.0
9 1008 1.034 1.0 7

1.003 —CH=CH— NH,
1.0 1.003 1.0 1.070

(LXXXVID
(V.B. method)
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1.0_1. . .
003 1'0130.9970987 1.024

1.003 —CH=CH— NH,
1.0 1.003 0.997 1.024

(LXXXVIII)
(M.O. method)

The charge migrations in 4-aminoazobenzene are undoubtedly similar,
and although accurate calculations cannot be carried out for substituted
azobenzenes the effects of the various substituents can be estimated
qualitatively. According to the Pullman hypothesis the azo compounds
can be divided into three groups according to the magnitude of the esti-
mated charge on the K’ region (Pullman and Pullman, 1946).

The first group includes the active compounds. These are the sub-
stances which are thought to have an electron density at the K’ region
between the postulated upper and lower limits. o-Aminoazotoluene
(LXXXIX), 4-dimethylaminoazobenzene (XC), and 3-methyl-4-di-
methylaminoazobenzene (XCI) must be included in this group.

CH; CH,

(LXXXIX) (XC)
CH, i
Z \>—N=N~®N(CH3)2
(XCI)

The second group includes all the inactive or feebly active compounds
which are thought to have an insufficient charge at the K’ region. In this
group Pullman and Pullman (1946) include 4-aminoazobenzene (XCII)
and 4-diethylaminoazobenzene (XCIII).

@——N=N—©NH2 7 \>~N=N—®N(02H 02

(XCIID) (XCIII)

The third group includes all the inactive or only feebly active com-
pounds which are thought to have a charge at the K’ region which is above
the optimum. In this group, Pullman and Pullman (1946) include
2’-methyl-4-dimethylaminoazobenzene (XCIV), 4'-methyl-4-dimethyl-
aminoazobenzene (XCV) and also the 2-methyl derivative.

CH,

(XC1v)
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CH.@—NZN——@N(CHa)g

(XCV)

This hypothesis has much to commend it, and it does offer a reasonable
explanation for the effects of methyl groups and of some other substit-
uents; but the hypothesis is not entirely satisfactory. It is surprising
that the effect of a 2’-methyl group on the carcinogenic activity should
be almost the same as that of a 2'-nitro group; and the effect of a 4-methyl
group is likewise similar to that of a 4'-nitro group. The effect of a tri-
fluoromethyl group seems reasonable enough as this group is strongly
electron attracting; but it is surprising that the 3’-ethoxy derivative is
only feebly active; and the high potency of all the fluoro derivatives
compared with other halogenated compounds is also somewhat surprising.

It has been found that when carcinogenic azo compounds are fed to
rats, part of the dye becomes very highly bound in the liver, a protein—
azo compound complex being formed (Miller and Miller, 1947). The very
active compounds give higher levels of bound azo dye in a shorter time
than the less active compounds (Miller, Miller, Sapp, and Weber, 1949),
and it seems likely that carcinogenic activity is intimately connected with
ability to form these complexes in the liver. It may well be, therefore, that
factors which assist or hinder the formation of such complexes play an
important role in carcinogenesis. Large substituents, for example, might
be expected to hinder the formation of such complexes; and electron-
attracting substituents might possibly assist complex formation by
hydrogen bonding to the receptor molecule.

In any case, the experimental evaluation of the electron densities at
the K’ region of a series of carcinogenic and noncarcinogenic azo com-
pounds is clearly an urgent task.

5. Experimental Evaluation of the K' Region

Relatively little work has so far been carried out on the experimental
evaluation of relative electron densities at the K’ region of azo com-
pounds. Nevertheless it should be possible to do this by studying the
addition of electrophilic reagents, and two groups of workers have
started investigations in this field.

Rogers, Campbell, and Maatman (1951) have examined a number of
4'-substituted 4-dimethylaminoazobenzenes (XCVI) and have found
that they all add a proton to one of the nitrogen atoms of the K’ region
in dilute acid solution (XCVII). In strong acid solution a second proton
is added to the dimethylamino nitrogen atom.
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(XCVD)
H

(XCVID)

The nature of the 4’ substituent was found to have a considerable
effect on the ionization constant. Electron-donating substituents were
found to promote the addition of the first proton to the K’ region (in-
crease the basicity), and electron-attracting substituents reduced the
tendency to add the first proton and decreased the basicity. These results
are, of course, in accord with the view that electron-donating substituents
increase the charge on the K’ region, and that electron-attracting sub-
stituents decrease it. Indeed, the effect of the 4’ substituents on the proton
affinity of the azo nitrogen atoms in 4-dimethylaminoazobenzene was
found to be in the same order as the net electron affinities of the groups
as measured by Hammett's substituent constants, “¢” (Hammett,
1940). As will be seen later this is an important finding.

Another line of approach has been to study the rate of oxidation of a
number of substituted azobenzenes with perbenzoic acid (Badger and
Lewis, 1951, 1953). Perbenzoic acid is known to be an electrophilic
reagent, and it reacts with azo compounds to give the corresponding
azoxy derivatives.

Ar—N=N—Ar + Ph.CO;H —
Ar—N=N—Ar + Ph.CO;H

In a series of closely related compounds, therefore, the rate of reaction
may be taken as a measure of the relative electron density at the K’
region: the greater the electron density at the nitrogen atoms, the greater
the reactivity toward electrophilic reagents. Steric hindrance must also
be an important factor in some cases, and this generalization would not
apply in ortho-substituted azo compounds.

A method for carrying out the reaction under standard conditions,
in benzene solution, has been worked out and the rates of oxidation of
more than twenty substituted azobenzenes have been determined at
three temperatures. The rate constants at 25°C. are given in Table XI.

2,2’-Dimethylazobenzene was found to react much slower than the
parent compound and this is no doubt due to the steric interference of the
ortho substituents. In all other cases, however, the rate of reaction clearly
depends largely on the electronic character of the substituent. It is found
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that there is a smooth curve relationship between the logarithms of the
rate constants and the Hammett substituent constants, and these results
are therefore complementary to those obtained by Rogers, Campbell,
and Maatman (1951).

TABLE XI
Rates of Reaction of Perbenzoic Acid with Substituted Azobenzenes, at 25°C.¢
103k,
Substituent(s) (liters g. mole~! min.~1)

4,4’-Dimethoxy- 179
4-Methoxy- 58.2
4.4’-Dimethyl- 49.1
4-Methyl- 28.2
3,3'-Dimethyl- 23.9
3-Methyl- 17.1
3-Methoxy- 14 .4
Parent compound (azohenzene) 13.9
4-Fluoro- 73
4-Chloro- 54
4-Bromo- 09

3-Carbethoxy-
4-Carbethoxy-
3-Bromo-

W e QT Ot =T = ©
o
-

4,4’-Dichloro- 38
2,2’-Dimethyl- 36
3-Chloro- 33
4,4'-Dibromo- 10
3-Fluoro- 4.06
3-Nitro- 2.05
3,3'~Dichloro- 1.45
4-Nitro- 0.416

= Badger and Lewis (1953).

In view of these correlations, it should be possible to compare the
charges at the K’ region for a number of substituted 4-dimethylaminoazo-
benzenes by comparing the Hammett substituent constants. In other
words, the greater the positive value of the substituent constant for the
substituent in the 3’ or 4’ position, the smaller the charge on the K’
region; and the greater the negative value of the substituent constant
for the substituent in the same positions, the greater the charge on the
K’ region.

The carcinogenic activities for some 3'- and 4’-substituted 4-dimethyl-
aminoazobenzenes are compared with the substituent constants for the
substituents in Table XII. Only a few compounds can be compared in
this way, but the available results are consistent with the view that
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carcinogenic activity is associated with an optimum charge on the K’
region. In the presence of a strongly deactivating substituent (e.g.,
4'-nitro-) the charge on the K’ region may be below the critical limit; and
in the presence of an electron-donating substituent (e.g., 4’-methyl-) the
charge on the K’ region may approach the critical upper limit; the com-
pounds in both the extreme cases are inactive or only very feebly active.
Further compounds must clearly be examined, however, before any
supposed correlation can be confirmed.

TABLE XII
Hammett’s Substituent Constants and Carcinogenic Activities of Some 4'-Substituted
4-Dimethylaminoazobenzenes

Hammett’s Carcinogenic
Substituent Activity?
Substituent Constante (Rats)

4’-Nitro- +0.778; +1.27° 0
3’-Nitro- +0.710 ++
3’-Chloro- +0.373 ++
3’-Fluoro- +0.337 +++
4’-Chloro- +0.227 +
3’-Ethoxy- +0.15 +
4’-Fluoro- +0.062 +++
Parent compound 0.000 ++
3’-Methyl- —0.069 +++
3’,5'-Dimethyl- —0.138 0
4’-Methyl- -0.170 +

¢ Hammett (1940).
b Badger and Lewis (1952).
¢ Hammett gives two values (0.778 and 1.27) for a p-nitro group.

Badger and Lewis (1951, 1953) have also studied the rates of oxidation
of the three azonaphthalenes and the two phenylazonaphthalenes, with
perbenzoic acid (Table XIII). In these compounds the differences in the
electron densities at the K’ region are associated with differences in the
conjugating abilities of the 1’ and 2’ positions in naphthalene and of the
phenyl ring; but steric factors are also involved in reactions with 1-sub-
stituted naphthalenes.

Apart from 1,1’-azonaphthalene, the differences in the rates of reaction
with perbenzoic acid are relatively small, and although it was at first
thought that these differences might be significant in carcinogenesis
(Badger and Lewis, 1951), this now seems unlikely. It has not been possi-
ble as yet to determine accurately the rate of reaction of perbenzoic acid
with 4-dimethylaminoazobenzene, but it is known that it reacts very
much more rapidly than any of the substituted azobenzenes included in
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Table XI. (It must be emphasized that the compounds included in
Table XTI are substituted azobenzenes, and not substituted 4-dimethyl-
aminoazobenzenes. The presence of a 4-dimethylamino group in each
case would probably increase the rates of reaction several hundred times.)
In the circumstances, therefore, it seems that the electron density at the
K’ region in 2,2’-azonaphthalene is not at all comparable with that in

TABLE XIII
Rates of Reaction of Perbenzoic Acid with Unsubstituted Azo Compounds at 25°C.e
108,
Compound (liters g. mole~! min.™t)
1,1’-Azonaphthalene 2.46
Azobenzene 13.9
1-Phenylazonaphthalene 14.5
2-Phenylazonaphthalene 14.5
1,2’-Azonaphthalene 17.7
2,2’-Azonaphthalene 17.6

@ Badger and Lewis (1951, 1953).

4-dimethylaminoazobenzene and the other aminoazobenzenes. Once
again therefore the evidence indicates that 2,2’-azonaphthalene may act
by a different mechanism from that of dimethylaminoazobenzene, and
the suggestion that it may be metabolized to 3,4,5,6-dibenzcarbazole
seems to be the most reasonable explanation.

6. Conclusions

Although it has not been possible to calculate the molecular diagrams
for the carcinogenic azo compounds, methods are now available for the
experimental comparison of the electron densities at the K’ regions of a
geries of related compounds. The hypothesis that carcinogenic activity
in this class is associated with an optimum density of electrons at the K’
region has certainly not been proved, but at least the majority of the
results are not inconsistent with such a view. Many more compounds must
be submitted to biological test before any firm conclusion can be reached.

Assuming the hypothesis to be true it should be possible to predict the
relative carcinogenic activities of unknown azo compounds, and subse-
quent biological assay would provide an excellent test of the hypothesis.
In this connection the association of carcinogenic activity with the sub-
stituent constant of the substituent in the 3’ or 4’ position of 4-dimethyl-
aminoazobenzene, would be most valuable. Any derivative of 4-dimethyl-
aminoazobenzene substituted in the 3’ or 4’ position with a substituent
having a Hammett constant with a greater positive value than about 0.8
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or with a greater negative value than about 0.2, should be inactive or
only feebly active. The examination of the 4’-cyano and 4’-methoxy
derivatives of 4-dimethylaminoazobenzene would be interesting.

It seems to be established that the carcinogenic azo compounds enter
into some form of complex with a cellular receptor, so that factors which
influence the ease of formation and stability of such a complex may well
be of importance. The electron density of the K’ region may be a con-
trolling factor; but large substituents may offer steric hindrance to the
formation of the complex, and electron-attracting substituents may assist
complex formation by hydrogen bonding with the receptor molecule.

Evidence is accumulating that 2,2’-azonaphthalene is unlike the
aminoazobenzenes and that it may act by a different mechanism. In this
connection the benzidene rearrangement hypothesis holds the field, and
if this can be confirmed it means that the carcinogenie activity of 2,2'-
azonaphthalene is due to its metabolic conversion into a carcinogen of the
polyeyeclic type. It is to be hoped that some experimental evidence in
connection with this hypothesis will be forthcoming.
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I. INTRODUCTION

That tumors may arise through extrinsic action has been known ever
since Pott (1775) first reported on the prevalence of scrotal cancer among
chimney-sweeps. The experimental production of tumors in animals is of
much more recent origin, dating from the observation of Marie et al.
(1910) on the development of sarcomas in rats irradiated with x-rays,
and of Yamagiwa and Itchikawa (1914) on the carcinogenic action of
coal tar on the rabbit’s skin. An extensive follow-up of experimental
carcinogenesis began around 1920, and the literature of the subject has
since grown so rapidly that it can no longer be comprehensively surveyed
in a single review article. Even the following attempt to restrict the
field to one branch, the contributions of experimental carcinogenesis to
tumor pathogenesis, lays no claim to completeness, but aims rather at
focusing attention on those aspects which, though still controversial,
have added most to our present understanding of the subject.

The scope of this review may best be defined by distinguishing fumor
etiology (concerned with the carcinogenic agents themselves, their chem-
ical interrelationships, and their physical and chemical properties) from
tumor pathogenests (concerned with the neoplastic response of the tissues
to their action). Only the latter comes within the range of this review.
The metabolism of carcinogens in the body, which may ultimately serve
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as a link between tumor etiology and pathogenesis (Boyland, 1950, 1952),
will only be briefly touched upon, as its role in carcinogenesis is still
obscure. The role of viruses in carcinogenesis will not be discussed at all.

For earlier reviews, see Woglom (1926), Watson (1932), and Seelig
and Cooper (1933), on carcinogenesis with coal tar; Cook et al. (1937),
Cook and Kennaway (1938, 1940), Fieser (1938, 1940) and Wolf (1952),
on carcinogenesis with synthetic compounds; and the tabulated survey of
carcinogenic compounds, compiled by Hartwell (1951). For reviews on
separate aspects, see Badger (1948), on carcinogenesis with polycyeclic
aromatic hydrocarbons; Shear (1937), Rusch et al. (1945a), Cook (1948),
Miller and Miller (1948, 1953), and Badger and Lewis (1952), on carcino-
genesis with azo compounds; Lacassagne (1936, 1938a), Loeb (1940),
Gardner (1947), Lipschutz (1950), Burrows and Horning (1952), and
Gardner (1953), on carcinogenesis with hormones; Rusch (1944), on
extrinsic factors influencing carcinogenesis; Berenblum (1944), on irrita-
tion and carcinogenesis; Cowdry (1947, 1953) and Carruthers (1950), on
chemical changes in skin carcinogenesis; Rous and Kidd (1938), and
Rogers and Rous (1951), on virus action and chemical carcinogenesis; as
well as the collected review articles by Various Authors (1947a,b, 1949).

Experimental carcinogenesis is also dealt with at some length in text-
books and monographs on cancer by Hueper (1942), Oberling (1944),
Lacassagne (1946, 1947), Rondoni (1946), Maisin (1948), Bauer (1949),
and others; and in publications on specific aspects of cancer, e.g., on
the biochemistry of cancer, by Stern and Willheim (1943) and by Green-
stein (1947); on vitamins and cancer, by Burk and Winzler (1944); on
gastric cancer, by Barrett (1946); and on the role of genetics in cancer,
by Little (1947).

The experimental approach to the somatic cell mutation theory of
cancer is discussed by Dunning et al. (1936, 1940), Rous and Kidd (1941),
Cowdry (1947), Demerec (1948), Strong (1949a), Berenblum and Shubik
(1949a), Blum (1950), and others. For a more speculative consideration
of the subject, including the relation of carcinogenesis to cellular differ-
entiation, virus action, the plasmagene theory, and other aspects of cancer
research indirectly related to experimental carcinogenesis, see reviews by
Waddington (1935), Berrill (1943), Haddow (1944), Henshaw (1945),
Loeb (1947), Medawar (1947), Spiegelman (1947), Darlington (1948),
Holtfreter (1948), Strong (1949b), Lipschutz (1951), Berenblum (1952),
and Various Authors (1952).

II. NATURE oF RESPONSE TO CARCINOGENIC ACTION

The experimental induction of a tumor is a relatively simple pro-
cedure, though the ease and speed with which the effect is produced
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varies with the species and strain of animal. The method involved,
whether by repeated applications to the skin, by one or more injections,
by continued feeding, or by a more elaborate procedure, is determined
partly by the desired site of action and partly by the kind of carcinogen
used. There are, in fact, two patterns of carcinogenic action: one, which
takes place at the site of administration of the carcinogen, and the other,
which occurs remotely in some specific organs or tissues.

The ““local” type of carcinogenic action is well exemplified by ir-
radiation with ultraviolet or x-rays and by the administration of the
chemical carcinogens which belong to the class of polycyclic aromatic
hydrocarbons.

Ultraviolet rays have very limited penetrating power; their carcino-
genic effects are, therefore, restricted to the surface of the body, and con-
fined to the area actually subjected to the rays (Findlay, 1928; Rusch
et al., 1941; Blum, 1948). With x-rays, the extent and depth of action
varies with the wavelength, soft rays being carcinogenic to the tissues
near the surface (Marie et al., 1910; Jonkhoff, 1927), while the harder rays
also inducing tumors internally, e.g., in the ovaries, myeloid and lymphoid
tissues, and breast (Furth and Furth, 1936; Lorenz ef al., 1951), connective
tissue and bone (Ross, 1936). That carcinogenesis by irradiation is
restricted to the cells actually exposed to the rays, is evident also from
apparently ‘“‘remote” carcinogenesis by intravenous injection of radium
(Sabin et al., 1932) or plutonium and uranium fission products (Lisco
et al., 1947), the resulting tumors arising in the particular tissue (bone)
in which these radioactive substances are trapped. Similarly, radioactive
iodine, injected intraperitoneally, produces tumors of the thyroid
(Doniach, 1950; Goldberg and Chaikoff, 1952).

The localized pattern of carcinogenic action by polycyeclic aromatic
hydrocarbons calls for more detailed consideration.

When such a carcinogen, dissolved in an organic solvent, is repeatedly
applied to the mouse’s skin, multiple papillomas appear in the painted
area after an interval of 6 weeks to a year or more. These papillomas
usually grow progressively and eventually become malignant, though
some remain stationary or even regress. Less commonly, the tumor is
malignant from the start. [The occasional appearance of a skin papilloma
or carcinoma outside the painted area, probably arises from mechanical
spread of the carcinogen through scratching or licking by the animal
(Lefévre, 1945), though this explanation has been questioned (see Law,
1941¢).] Basal cell carcinomas (Oberling et al., 1939a) or malignant
melanomas (Berenblum, 1949) of the skin are less commonly induced by
painting than papillomas and squamous earcinomas.

If instead of being applied to the skin, the carcinogen is injected
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subcutaneously, the resulting lesion, appearing after 3-18 months, is a
sarcoma, again arising at, or very close to, the site of administration.
When injected into parenchymatous organs or specialized tissues, these
carcinogens induce tumors of specialized cell types characteristic of the
tissues affected, e.g., tumors of smooth or striated muscle (Haagensen
and Krehbiel, 1936), uterus (Ilfeld, 1936), prostate (Moore and Mel-
chionna, 1937), bone (Brunschwig and Bissell, 1938), brain, kidney
(Seligman and Shear, 1939), breast (Strong and Smith, 1939), thymus
(often with accompanying leukemia), testis (Rask-Nielsen, 1948), lung
(Rask-Nielsen, 1950a), urinary bladder (Jull, 1951).

When these compounds are given by mouth, tumors tend to develop
along the gastrointestinal tract, appearing as squamous carcinoma of the
cardiac (squamous) portion of the stomach (Klein and Palmer, 1940;
Stewart and Lorenz, 1942) and adenocarcinoma of the small intestine
(Lorenz and Stewart, 1940). Adenocarcinoma of the glandular portion
of the stomach can be induced by injecting these compounds into the
wall of that organ (Stewart and Lorenz, 1942; Hare ¢t al., 1952).

Localized action of polyeyeclic aromatic hydrocarbons on specific
tissues can also be brought about by incorporating the carcinogen in a
glice or mince of the particular tissue and injecting the material sub-
cutaneously. Tumors have been successfully induced by this method in
mice with embryonic intestinal mucosa, lung, muscle, cartilage (Greene,
1945), skin, and stomach mucosa (Greene, 1945; Rous and Smith, 1945;
Smith and Rous, 1945), and also with adult tissues, such as prostate
(Horning, 1946) and lung (Horning, 1947). In fowls, only sarcoma of the
host tissuesdevelop, according to Vigier and Guerin (1952). The latent pe-
riod for tumor production by this procedure is remarkably short, compared
to other standard methods of local carcinogenesis. Some discrepancies
have still to be clarified, as, for instance, Greene’s reported induction
of glandular carcinoma with stomach mucosa, while Rous and Smith
only succeeded in getting squamous carcinoma. The former also claimed
that the method was effective irrespective of the species or strain of
animal used for donor or recipient, while the latter found evidence of
strict genetic specificity.

Summarizing, it would seem that the “locally acting” carcinogens
belonging to the class of polycyclic aromatic hydrocarbons are potentially
carcinogenic for all tissues. In practice, this operates only in a restricted
sense, since a sarcoma often develops from the stroma of the parenchyma-
tous organ into which the carcinogen is injected, before the specialized
cells of that organ have time to respond. As the relative efficacy for
producing carcinoma and sarcoma, respectively, is not the same for all
carcinogenic hydrocarbons (Rask-Nielsen, 1948, 1950a), it may well be
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that with a carcinogen possessing a relatively weaker ‘“‘sarcogenic’ than
‘“carcinogenic” potency, tumors of specialized cell types would be more
readily elicited than is the case with the three carcinogens (1,2,5,6-
dibenzanthracene, 3,4-benzypyrene, and 20-methylcholanthrene) most
extensively tested so far.

In contrast to polycyclic aromatic hydrocarbons, other “locally
acting’’ carcinogens are usually effective for one or two tissues only.
Some are only carcinogenic to the skin, e.g., arsenic (Leitch and Kenna-
way, 1922), conc. aqueous HCl or NaOH (Narat, 1925), oleic acid
(Twort and Fulton, 1930), and various quinones (Takizawa, 1940b).
A new series of aliphatic compounds—various bis-epoxides—were recently
found to produce tumors of the skin, by painting, and subcutaneously,
by injection (Hendry et al., 1951). Others only produce sarcomas, e.g.,
tin metal (Larionov, 1930), styryl 430 (Browning et al., 1936), conc.
solutions of glucose and other sugars (Takizawa, 1940a), dil. HCI in
phthalate buffer (Suntzeff et al., 1940), deoxycholic acid (Badger et al.,
1940), polymerized plastics, such as bakelite (Turner, 1941) and cello-
phane (Oppenheimer et al., 1948), nickel powder (Hueper, 1951), ura-
nium metal (Hueper et al., 1952), and (in rats only) even such apparently
innocuous materials as olive oil and lard (Burrows et al., 1936). Zinc
chloride is carcinogenic for the testis of the fowl (Michalowsky, 1928),
while aleohol is carcinogenic for the mucosa of the mouth and of the rectum
in the mouse (Krebs, 1928); chromium and cobalt induce sarcomas when
introduced directly into bone (Schinz and Uehlinger, 1942), while beryl-
lium salts (Gardner and Heslington, 1946) and beryllium metal (Barnes,
1950) have a similar predilection for bone, where they are deposited
following intravenous injection. In most cases where local carcinogenesis
18 restricted lo one tissue, the carcinogenic action is weak, the tumor yield
being low and the latent period rather long.

Unlike the “locally acting” carcinogens, which induce their tumors
at the sites of administration, ‘‘remotely acting’’ carcinogens induce
tumors in certain specific organs or tissues, irrespective of the manner or
route of administration, the tissue selectivity varying according to the
compound used, though influenced also by the type of species and strain
of animal (see below). Chemically, the remotely acting carcinogens
constitute a heterogeneous collection, as the following examples will
illustrate.

Estrogens, given by mouth or injection, produce, in mice of certain
strains, a high incidence of mammary carcinomsa in males as well as
females (Lacassagne, 1932, 1938a; Gardner, 1947); also tumors of the
pituitary (Cramer and Horning, 1936), lymphoid tissue (Lacassagne,
1937), uterine cervix (Suntzeff ef al., 1938), and testis (Hooker et al.,
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1940; Bonser and Robson, 1940). (For the response of other species,
see below.)

Intraperitoneal injections of pituitary growth hormones into rats
produce peribronchial lymphosarcomas, adrenal medullary tumors,
ovarian tumors, and an increased incidence of mammary fibroadenomas
(Moon et al., 1950a,b,c).

When o-aminoazotoluene (Sasaki and Yoshida, 1935; Andervont et al.,
1942), p-dimethylaminoazobenzene (Kinosita, 1937), and some related
azo compounds (Miller and Miller, 1948; Rumsfeld et al., 1951) are fed
or injected, tumors (of both liver cell and bile duct origin) develop in
the liver; and with p-dimethylaminoazobenzene, tumors of the pancreas
may also develop (Hoch-Ligetti, 1949).

Beta-naphthylamine, given subcutaneously or orally, produces
tumors of the urinary bladder in dogs (Hueper et al., 1938), rats, and
rabbits (Bonser et al., 1951).

In strains of mice subject to spontaneous lung tumors, an increased
incidence occurs after feeding or injection of urethane (Nettleship and
Henshaw, 1943); and also after intravenous injections of nitrogen
mustard (Boyland and Horning, 1949; Heston, 1950) or sulfur mustard
(Heston, 1950). Urethane also produces liver tumors in rats (Jaffé,
1947a); and nitrogen mustard may produce fibrosarcomas, lympho-
sarcomas, and adenocarcinomas, remotely (Griffin et al., 1950).

An even wider range of action is shown by 2-acetylaminofluorene
(Wilson et al., 1941, 1947a; Bielschowsky, 1944; Armstrong and Bonser,
1947; Dunning et al., 1947; Foulds, 1947), which produces tumors of the
liver, breast, lung, stomach, intestine, uterus, thyroid, urinary bladder,
external auditory duct, etc., all remote from the site of administration,
but does not display carcinogenic activity locally. In rabbits, tumors
appear only in the urinary bladder and ureter (Bonser and Green, 1951).

Other remotely acting carcinogens include carbon tetrachloride
(Edwards, 1941), selenium (Nelson et al., 1943), tannic acid (Korpéssy
and Mosonyi, 1950}, and alkaloids of Senecio jacobaea (Cook et al., 1950),
all of which induce liver tumors; thiourea, which induces tumors of both
the thyroid (Purves and Griesbach, 1947) and the liver (Fitzhugh and
Nelson, 1948) ; and benzidine (Spitz et al., 1950), which induces sebaceous
gland carcinoma, hepatoma, and adenocarcinoma of the rectum. Various
tumors in different animals have been reported following prolonged
administration of acetylcholine (Hall and Franks, 1938).

The difference between locally acting and remotely acting carcino-
genesis, in tumor location, may be partly explained by the solubility
and diffusibility of the respective classes of compounds: a carcinogen
which is relatively inactive toward the cells at the site of administration,
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yet sufficiently diffusible to reach distant tissue that are readily re-
sponsive, will tend to function as a remotely acting carcinogen; con-
versely, one which is strongly carcinogenic towards the local tissue to
which it is administered, yet not sufficiently diffusible, will function as
a locally acting carcinogen.

In fact, locally acting carcinogens do sometimes produce tumors in
distant organs, and remotely acting carcinogens occasionally produce
tumors locally, as would be expected on the basis of such a simple,
physicochemical explanation. Thus, in susceptible strains of mice, an
increase in lung tumor incidence may result from subcutaneous injections
of dibenzanthracene (Andervont, 1937), while applications of carcinogenic
hydrocarbons to the mouse’s skin may cause an increase in mammary
cancer incidence (Maisin and Coolen, 1936; Engelbreth-Holm, 1941;
Lefévre, 1945; Kirschbaum et al., 1946) and the development of lympho-
matosis and leukemia (Morton and Mider, 1938; Law, 1941b; Lefévre,
1945; Rask-Nielsen, 1950b). Conversely, sarcomas have occasionally
been observed at the sites of injection of what are essentially remotely
acting carcinogens, such as o-aminoazotoluene and p-dimethylaminoazo-
benzene (Law, 1941a), nitrogen mustard (Boyland and Horning, 1949),
and even with estrone (Gardner et al., 1936); and skin tumors have
occasionally appeared at the site of painting with dimethylaminoazoben-
zene (Kirby, 1948a).

The crucial experiment would be to determine whether a remotely act-
ing carcinogen is most effective when administered directly to the target
organ for which il is carcinogenic from a distance. This has been attempted
with acetylaminofluorene in rats, applied to the external auditory duct,
both in powder form (Wilson et al., 1947b) and in solution in acetone
(Berenblum and Haren, 1952: unpublished experiments). No tumors de-
veloped locally! Another example is that of S-naphthylamine, a remotely
acting carcinogen for the urinary bladder, which fails to induce tumors
when introduced directly into that organ (Bonser et al., 1952).

The mechanism determining the localization of carcinogenic action is,
therefore, obviously more complicated than that based on principles of
solubility and diffusibility, Account must be taken of the fact that car-
cinogens are metabolized in the body (see reviews: Boyland and Weigert,
1947; Young, 1950), and that the chemical transformation involved may
possibly play a part in carcinogenesis (Boyland, 1950, 1952). Species and
strain distribution of tumors in response to extrinsic action (see below)
could hardly be explained by differences in solubility and diffusibility of
the inducing agents, but may well be accounted for by genetic differences
of the enzymes concerned with the metabolic conversion of these com-
pounds. Unfortunately, not much isknown yet about the role of the metab-
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olites of carcinogens in the process of carcinogenesis. The fact that the
end products of metabolism of carcinogens possess little or no carcinogenic
action (Boyland et al., 1941; Berenblum and Schoental, 1943; Heidel-
berger and Wiest, 1951), does not necessarily preclude the possibility that
some intermediates may be involved in the carcinogenic process. In this
connection, the fact that the methylated product of the 8-OH metabolite
of benzypyrene is highly carcinogenic (Cook and Schoental, 1952), is very
suggestive.

Further complication may be visualized from arguments based on in-
direct evidence. The liver is one of the most important organs for the
metabolic conversion of substances foreign to the body (see review: Wil-
liams, 1947), and polycyclic aromatic hydrocarbons are also known to be
oxidized in that organ (Peacock, 1936; Heidelberger and Wiest, 1951).
Yet, the liver is relatively unresponsive to the carcinogenic action of these
carcinogens (Oberling ef al., 1936; Shear ef al., 1940; Esmarch, 1942). On
the other hand, in response to remotely-acting carcinogens, the liver
appears to be a favorite target organ for carcinogenesis (Sasaki and
Yoshida, 1935; Kinosita, 1937; Wilson et al., 1941; etc.).

If the carcinogenic activity of polycyclic aromatic hydrocarbons were
brought about by the parent compounds and not by their metabolites,
then the facility of the liver to metabolize (and supposedly destroy) them
would account for the relative lack of carcinogenic response by that organ.
One could postulate further that remotely acting carcinogens function in
the body as precursors of true carcinogens, and that the restriction of their
carcinogenic action to certain particular tissues (e.g., the liver) may be
dependent on the presence there of the necessary enzymes required for
their conversion into locally acting types of carcinogens. In support of
this is the recent observation (Bonser ef ol., 1951, 1952) that 2-amino-1-
naphthol, a metabolite of the remotely acting carcinogen, g-naphthyl-
amine, is locally carcinogenic for the urinary bladder when introduced
directly into that organ. Further evidence would be valuable in clarifying
this important aspect of the mechanism of action.

Allied to the question of the localization of induced tumors is the prob-
lem of dose-response relationships of carcinogens acting on different
tissues.

Useful data are available regarding optimal and minimal requirements
for local carcinogenesis by subcutaneous injection of polycyelic aromatic
hydrocarbons (Leiter and Shear, 1943; Bryan and Shimkin, 1943; Shim-
kin and Wyman, 1947). For 1009, tumor yield in C3H mice, the require-
ments for a single injection were found to be 0.5 mg. for 3,4-benzpyrene,
0.125 mg. for 20-methylcholanthrene, and 0.062 mg. for 1,2,5,6-dibenzan-
thracene, all tested in solution in trycaprylin (Bryan and Shimkin, 1943);
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while the lowest effective doses, in tricaprylin, were 0.00195 mg. for benz-
pyrene (yielding tumors in 2.87% of injected animals), 0.0078 mg. for
methylcholanthrene (yielding tumors in 19%) and 0.00195 mg. for di-
benzanthracene (yielding tumors in 3.29,). When tested in the form of
solid pellets in cholesterol, implanted subcutaneously, the doses for opti-
mal carcinogenesis were higher than with tricaprylin as medium (Shimkin
and Wyman, 1947), though the minimal dose requirements remained low,
especially for dibenzanthracene, of which 0.002 mg. was effective (and
even as low as 0.0004 mg. in one reported case by Shear, 1936).

For skin tumor production, where the carcinogen is applied as a 0.3—
0.6, solution in benzene, the amount administered per application is, at
most, 0.1 mg. (Cramer and Stowell, 1943). Though skin tumors may de-
velop following a single large dose of carcinogen (Mider and Morton,
1939; Law, 1941c; Cramer and Stowell, 1943), the usual practice for op-
timal effect, with the majority of skin carcinogens, is to continue the
painting at weekly or half-weekly intervals for 20 weeks or more, repre-
senting a total dose of at least 3 mg. per mouse.

Accepting 0.05 mg. as the minimal dose, and 3.0 mg. as the
optimal dose, for skin carcinogenesis, and 0.001 mg. and 0.06 mg.,
respectively, for subcutaneous carcinogenesis, the difference in require-
ments would appear to be 50 times greater for skin than for subcutaneous
carcinogenesis.

This quantitative difference is, however, more apparent than real,
since polycyclic aromatie hydrocarbons persist subcutaneously for many
weeks or months (Berenblum and Schoental, 1942; Heidelberger and
Weiss, 1951), whereas they disappear rapidly from the surface of the skin
(Hieger, 1936; Ahlstrom and Berg, 1947; Heidelberger and Weiss, 1951).
In both cases, there is a gradual diffusion of minute amounts of carcinogen
into the living cells (Graffi, 1939; Ahlstrém and Berg, 1947 ; Setél4, 1949a),
but whereas subcutaneously, the bulk remains in sitw unabsorbed, and can
thus continue to act for a long time, in the case of the skin, the greater part
is shed from the surface in a matter of days. This would probably suffice
to account for the observed fifty-fold difference in dose requirement in the
two cases.

With remotely acting carcinogens, the situation is more complex. Lung
tumors have been produced in mice by intravenous injection of as little as
0.0015 mg. of dibenzanthracene (Andervont and Lorenz, 1937); but since
the carcinogen tends to be filtered out of the blood stream into the lung
capillaries (Shimkin and Lorenz, 1942), the resulting tumor formation is
more of the nature of locally acting than remotely acting. (Yet, lung
tumors also arise following subcutaneous injection of dibenzanthracene
(Andervont, 1937a), from which gross particles, capable of being trapped
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in the lung, are not likely to be found in the blood stream.) For lung tumor
production with nitrogen mustard, the intravenous dose is about 0.1 mg.
(4 injections of 0.001 mg. per gram of body weight) in mice (Heston,
1950) ; and since no more than a small fraction of this is likely to be taken
up by the lung tissue, the effective dose, in this case, must also be very
small. With estrone, the minimal dose for mammary tumor production is
about 1 mg. subcutaneously (Lacassagne, 1938b; Shimkin and Grady,
1940), and about the same for stilbestrol (Shimkin and Grady, 1940). The
lowest dose to be effective, by the intraperitoneal route, for tumor produc-
tion of the lung with urethane is about 20 mg. in aqueous solution (Hen-
shaw and Meyer, 1944).

Larger amounts are needed for some of the other remotely acting car-
cinogens: e.g., with o-aminoazotoluene, 10-100 mg. subcutaneously, in
divided doses (Law, 194la; Andervont et al., 1942), and still larger
amounts when given by mouth (Sasaki and Yoshida, 1935); with p-di-
methyl aminoazobenzene, almost as much (Kinosita, 1937); and with
acetylaminofluorene, about 250 mg. by mouth, in divided doses (Wilson
et al., 1947a). ’

So wide a range in minimal requirements, among the remotely acting
carcinogens, representing more than a thousand-fold difference between
the lowest and highest figures, suggests, at first sight, that different mech-
anisms might be involved. Yet, simpler explanations are possible, namely,
that those carcinogens which act onlyin large doses, are compounds which
are rapidly detoxicated, or rapidly eliminated, so that in order to maintain
an adequate effective concentration in the tissues, excessive amount must
be administered. (Indeed, the water-soluble urethane is rapidly excreted,
while the fat-soluble azo compounds are probably rapidly detoxicated.)
Another interesting possibility is that those substances that only act in
high dose ranges are, in fact, only precursors of carcinogens, which have to
‘be converted in the body into true carcinogens—a suggestion already con-
sidered above on different grounds.

This section may be concluded with a brief consideration of methods of
assessing carcinogenic aetivity.

Though the process of carcinogenesis is now known to be made up of
geparate stages involving independent mechanisms (see below), the ulti-
mate evolution of the tumor is manifestly an all-or-none phenomenon. The
quantitative evaluation of the overall process cannot, therefore, be defined
in terms of intensity of response, but must depend on the readiness with
which the tumor is induced. This may be expressed quantitatively either as
the “average latent period” (i.e., as the time taken to bring about the
effect in a given proportion of animals) or as the ‘‘ percentage tumor yield ”’
(i.e., as the proportion of animals which respond).
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Though these two values are not alternative measures of carcinogenic
action, but represent two different aspects of the overall process (see be-
low), nevertheless, for practical purposes, the choice is usually determined
by the nature and type of investigation. Where the percentage tumor yield
is likely to approach 1009, in both the experimental and control groups
(e.g., in most studies of locally acting carcinogenesis), one usually uses the
average latent period as index; though for very accurate comparisons,
the percentage tumor yield determined at different dose levels is more relia-
ble (Bryan and Shimkin, 1943). Where the resulting tumors are not rec-
ognizable till after the animals are sacrificed (e.g., in most studies with
remotely acting carcinogens), the percentage tumor yield is usually used
as index. The average latent period is, on the whole, the more flexible
measure, and is specially applicable for overall comparisons of varied data
published by different authors (see grading system by Berenblum, 1945);
though a comprehensive “carcinogenic index,” incorporating both
methods of assay, has been applied by various authors (Iball, 1939; Bad-
ger, 1948).

111. GexEric Facrors INFLUENCING CARCINOGENESIS

Since the early studies of skin carcinogenesis with tar (see reviews:
Woglom, 1926; Watson, 1932; Seelig and Cooper, 1933), it has been evi-
dent that neoplastic response varies with the species of animal used, skin
tumors developing readily in rabbits and mice, but not in rats and guinea-
pigs (Itchikawa and Baum, 1924). It was later shown that the difference
was only a relative one, and that provided the sample of tar was potent
enough and the treatment continued long enough, skin tumors could be in-
duced also in the rat (Watson, 1935), and even in such ‘‘refractory” ani-
mals as the fowl (Choldin, 1927), the monkey (Bonne et al., 1930), and the
dog (Passey, 1938), though not, apparently, in the guinea-pig. Compar-
able differences were subsequently observed with pure carcinogens, such
as benzpyrene and methylcholanthrene (see Hartwell, 1951), and when so
potent a carcinogen as 9,10-dimethyl-1,2-benzanthracene was employed,
even the guinea-pig’s skin proved responsive (Berenblum, 1949).

The commonly accepted pattern of response to skin carcinogenesis (in
decreasing order) is mouse, rabbit, rat, fowl, guinea-pig. This is not the
case, however, with all carcinogens. For instance, while tar is highly car-
cinogenic for skin both in the mouse and rabbit, benzpyrene (one of its
constituents) is potent for the mouse but weak for the rabbit (Oberling
and Guerin, 1947) while certain other tar fractions are very potent for the
rabbit but not for the mouse (Berenblum and Schoental, 1947b).

When tested for sarcoma production by subcutaneous injection, the order
for species response is very different from the above. The rat, so refractory
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to gkin carcinogenesis, develops subcutaneous sarcomas even more readily
than the mouse (see reviews: Cook and Kennaway, 1938, 1940), and the
fowl (Burrows, 1933) and other birds (Duran-Reynals et al., 1945) are also
highly responsive. Even the guinea-pig, the most refractory animal for
skin carcinogenesis, readily develops sarcomas provided the dose injected
is large enough (Berenblum, 1949; Russell and Ortega, 1952) ; on the other
hand, the rabbit, one of the most susceptible to skin carcinogenesis, fails
altogether to respond to subcutaneous injections of a carcinogen (Beren-
blum, 1949).

Variability in species response to remotely acting carcinogenests is also
quite pronounced. Estrone increases the mammary tumor incidence in the
rat (McEuen, 1939) as well as in the mouse (Lacassagne, 1932), but hasno
such action in the rabbit, guinea-pig, dog, or monkey (see review: Gard-
ner, 1947); in the guinea-pig, sub-serosal, fibroid-like growths develop in
the uterus and abdominal viscera (Lipschutz and Iglesias, 1938; Lip-
schutz, 1950), and in hamsters, liver and renal tumors are produced (Kirk-
man, 1952). While o-aminoazotoluene is readily carcinogenie for the liver
of the mouse and rat (see Shear, 1937), p-dimethylaminoazobenzene is
very potent for the rat (Kinosita, 1937; Rusch et al., 1945a), but only
weakly carcinogenic for the mouse (Andervont et al., 1944). Bladder tumor
production with 8-naphthylamine is easily achieved in the dog (Hueper et
al., 1938), but only after a long latent period in the rat (100 weeks) and
rabbit (54 years) (Bonser ef al., 1951), and not at all in the ferret, hamster,
and guinea-pig (Bonser and Jull, 1952). With acetylaminofiuorene, species
influences manifest themselves as differences in the organs affected (Wil-
son et al., 1941; Armstrong and Bonser, 1947; Foulds, 1947; Bonser and
Green, 1950).

Differences in response also occur among the various inbred strains of
the same species (mouse). Thus, the average latent period for skin tumor
induction by tar painting ranged from 13.5 weeks in IF mice (a strain
specially bred for rapid response to skin carcinogenesis) to 22 weeks in
“White Label” mice (Bonser, 1938). (Early wart formation in IF mice
was not, however, associated with a comparably rapid development of
malignancy.) Similarly, with benzpyrene painting, the latent period
ranged from 17.7 weeks in IF mice to 34 weeks in CBA mice. (In unpub-
lished experiments by the author, the average latent period, with benz-
pyrene painting, was 30 weeks in C mice, 32 weeks in dba mice, 34 weeks
in A mice, 42 weeks in C3H mice, and no neoplastic response after 38
weeks in C57 black mice.) With methylcholanthrene, the latent period was
10.5 weeks in IF mice and 20 weeks in CBA mice (Bonser, 1938); and
similar differences were obtained when comparing New Buffalo and CBA
mice (Cowdry and Suntzeff, 1944). In contrast to the unresponsiveness of
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C57 black mice to benzpyrene painting (see above), these were found to be
more responsive than C3H mice to dibenzanthracene painting (Lauridsen
and Eggers, 1943).

Strain differences also occur with sarcoma produetion by subcutaneous
injection (see review: Fieser, 1938; also Andervont, 1938; Bonser, 1940;
Burdette and Strong, 1943), but responsiveness to skin carcinogenesis and
to subcutaneous carcinogenesis do not run parallel. Thus, the IF strain,
which is most responsive to skin painting, is relatively insensitive to sub-
cutaneous injection, while C3H mice, which are relatively insensitive to
skin painting, are among the most susceptible to subcutaneous carcino-
genesis (see Table I).

TABLE 1

Differences in Susceptibility to Representative Examples of Spontaneous and Induced
Tumor Development in Inbred Strains of Mice

Spontaneous Tumors Induced Tumors
STRAIN Mammary Lung Skin Subcutaneous

C;H Very high Low Fairly low High

A High Very high Medium Fairly high
White Label Medium Low Fairly low Medium

C Low Medium Fairly high Medium

IF Very low Low High Medium

C57 black Very low Very low Low Medium

Differences in lung tumor incidence, among the various strains, in re-
sponse to subcutaneous injection of dibenzanthracene, are even more
striking, strain A mice beingexceptionally susceptible, and C57 black mice,
particularly resistant (Andervont, 1937a). These differences run parallel to
those affecting the spontaneous incidence of lung tumors in these strains,
suggesting that the effect of the carcinogen constitutes merely an accentua-
tion of a spontaneous tendency. (The view that all forms of induced car-
cinogenesis are mere manifestations of an acceleration of a spontaneous
tendency (Lefévre, 1945) is not generally accepted, however.) Cross-breed-
ing experiments suggest (Heston, 1940) that multiple genetic factors in-
fluence lung tumor carcinogenesis. That the genetic susceptibility resides
in the lung tissue itself, has been elegantly demonstrated by transplanting
lung tissue from susceptible and nonsusceptible strains, respectively, into
hybrids of the two, and observing a higher tumor incidence in the former
than in the latter grafts after the hosts received intravenous injections of
dibenzanthracene (Heston and Dunn, 1951), or of urethane (Shapiro and
Kirschbaum, 1951).

Strain differences in response to remotely acting carcinogenesis have
been observed with azo compounds (Andervont et al., 1942; Law, 1941a),
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with acetylaminofluorene (Armstrong and Bonser, 1947; Dunning et al.,
1947), and particularly with estrone (Lacassagne, 1938a; see also Gardner,
1947), the latter being complicated by the additional participation of the
“milk agent” (Bittner, 1942).

The special breeding of strains for high and low sensitivity to carcino-
genic response has been approached from at least three different angles:
(1) by straightforward selection for high and low response to skin carcino-
genesis (Bonser, 1938, 1940); (2) by selection for resistance to local tumor
induction (by methylcholanthrene) so that remote tumors, e.g., hepato-
mas, might have a better chance of developing (Strong, 1944); and (3) by
the continued breeding of mice kept under the influence of methylcholan-
threne treatment, with the object of inducing germinal mutations, involving
an enhanced susceptibility to spontaneous and induced tumor develop-
ment of unusual types (e.g., gastric carcinoma in NHO mice) (Strong,
1949a). (Schabad (1929) previously observed that the tendency toward
an increased lung tumor incidence in tarred mice was transmitted to un-
tarred offspring.)

From the results, summarized above, of locally acting and remotely
acting carcinogenesis in different species and strains of animals (see also
Table I), the following conclusions may be reached.

1. Genetic factors influence the response to extrinsic carcinogenic ac-
tion, the genetic differences being, on the whole, more pronounced with
respect to remote than to local carcinogenesis.

2. As is the case with spontaneous tumor development, the genetic
influences on induced carcinogenesis operate independently on the differ-
ent tissues of the body.

3. In view of such genetic differences in response, and because of the
absence of any correlation in respect of the different tissues toward one
and the same carcinogen, the term “carcinogenic potency’ can have no
absolute value, and cannot, therefore, be correlated quantitatively with
other (physical or chemical) properties which the carcinogens may possess
(see Daudel and Daudel, 1950; Berenblum, 1951b; Coulson, 1953).

IV. INFLUENCE OF AgGE, SEX, AND HorMONAL FacTors

Age, sex, pregnancy, castration, and other forms of hormonal in-
fluence, play an insignificant role in determining the response to carcino-
genic action. There are, however, special cases where the hormonal in-
fluence is important, and under some conditions, even decisive.

For sarcoma induction by subcutaneous injection of carcinogenic hy-
drocarbons, age has practically no influence (Dunning et al., 1936), though
Shimkin (1939) found young animals somewhat more responsive, while
Brunschwig and Tschetter (1937) found, if anything, an opposite tend-
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ency. For skin carcinogenesis, the influence of age is slight (Cowdry and
Suntzeff, 1944), except for the first few hours after birth, when the skin
seems unresponsive to methylcholanthrene carcinogenesis (Suntzeff et al.,
1947), a result attributed to the absence of sebaceous glands and hair fol-
licles at that stage of development. Against this explanation, the follow-
ing may be cited: (a) carcinogenic hydrocarbons can penetrate newborn
skin (Setild and Ekwall, 1950), (b) the carcinogens persist on the skin far
beyond the period (24 hours) during which skin appendages remain un-
developed (Hieger, 1936; Heidelberger and Weiss, 1951), and (c) even em-
bryonic skin responds to methylcholanthrene carcinogenesis, as shown by
implantation of embryonic skin plus carcinogen into adult animals
(Greene, 1945; Rous and Smith, 1945). In the case of remote carcinogenesis
in the lung by urethane, very young mice are actually more responsive
(Rogers, 1951).

Sex plays no significant role in skin carcinogenesis in most strains of
mice (Bonser, 1940), though in some strains, males are somewhat more
responsive than females (Kreyberg, 1935). Boyland and Warren (1937)
found no influence of sex on subcutaneous carcinogenesis with methylcho-
lanthrene, though a significantly higher incidence of tumors was observed
in males by Leiter and Shear (1943) when marginal doses were used.
With remote carcinogenesis, males are more responsive to acetylamino-
fluorene with respect to tumor production in the liver (Bielschowsky,
1944; Leathem, 1951), and bladder (Armstrong and Bonser, 1947; Foulds,
1947), while mammary gland carcinogenesis by acetylaminofluorene is
more effective in females (Bielschowsky, 1944; Foulds, 1947). With azo
compounds, the results differ according to the compound used, ¢-amino-
azotoluene being more effective in females (Andervont et al., 1942) and 3'-
methyl-4-dimethylaminoazobenzene in males (Rumsfeld et al., 1951). In
short, no consistent influence of sex on carcinogenesis is discernible.

Similarly, pregnancy, castration, and splenectomy have no influence
on tar carcinogenesis (see review: Woglom, 1926), and sarcoma production
in mice by methylcholanthrene is also unaffected by castration (Boyland
and Warren, 1937) ; but with acetylaminofluorene, carcinogenesis of mam-
mary tissue in female rats is inhibited by castration (Bielschowsky, 1944).

In a study of hyperactivity (by injection of hormones) and hypo-
activity (by removal of endocrine glands), in relation to methylcholan-
threne acting subcutaneously in rats (Smith et al., 1942), no influence was
observed from excess or deficiency of estrone, progesterone, testosterone,
deoxycorticosterone, adrenalin, thyroid, insulin, pituitary, or prolactin. A
slight increase in tumor rate resulted from injection of gonadotropins, and
a slight decrease, from injection of the cortin group of compounds. (Had
marginal, instead of optimal, doses of carcinogen been used, the results
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might have been more convincing.) Skin carcinogenesis is augmented by
concurrent application of estrone, according to Gilmour (1937), and some-
what delayed, according to Paletta and Max (1942); remote carcinogene-
sis with acetylaminofluorene seems to be augmented both by estrogens
and androgens (Cantarow ef al., 1946).

It is perhaps not surprising that the influence of hormonal imbalance
on carcinogenesis should be most striking when the tumor-inducing proc-
ess affects the endocrine glands themselves (Gardner, 1947; 1948). The
best known example of this is, of course, the decisive role that estrone
plays in the development of mammary tumors in mice, in conjunction
with a favorable genetic susceptibility and the presence of the milk agent
(Bittner, 1942). Tumor development in the lungs (lymphosarcoma),
adrenal medulla, and ovary, after injection of pituitary growth hormone
(Moon et al., 1950a,b,c), does not occur in hypophysectomized animals
(Moon et al., 1951). Hypophysectomy also inhibits subcutaneous carcino-
genesis with methylcholanthrene (Moon et al., 1952) and liver carcino-
genesis with azo dyes (Griffin et al., 1953).

An example of hormonal imbalance being itself responsible for tumor
development is also afforded by the transplantation of the ovaries into the
spleen. The physiological consequence of such transplantation is that the
ovarian hormones are carried from the new location through the portal cir-
culation to the liver, where they are destroyed (Zondek, 1941), thus never
reaching the pituitary gland; this leads to oversecretion of gonadotropic
hormones, which continue to stimulate the grafted ovarian tissue. The
pathological consequence of this is the ultimate development of neoplasia
of the transplant (Biskind and Biskind, 1944; Li and Gardner, 1947).
Similarly, testicular grafts into the spleen of castrated rats may become
neoplastic (Biskind and Biskind, 1945). Another example of hormonal
imbalance acting as a carcinogenic stimulus has been demonstrated in ce
mice, in which gonadectomy immediately after birth led to the develop-
ment of adrenal carcinoma in later life (Woolley and Little, 1945a,b).

It is tempting to imagine (Gardner, 1947 ; Hertz, 1951) that hormonal
imbalance may also play a part, indirectly, in chemical carcinogenesis of
endocrine glands, e.g., that carcinogenesis of the thyroid gland by the ac-
tion of thiourea may be due to interference with the thyrotropic mecha-
nism of the pituitary, rather than to a direct action on the thyroid gland
(see also: Bielschowsky and Griesbach, 1950).

V. Dierary Facrors INFLUENCING CARCINOGENESIS

A clear distinction must be made between those dietary factors that
influence only certain types of tumor induction and those that influence
carcinogenesis in general.



CARCINOGENESIS AND TUMOR PATHOGENESIS 145

Of the former, limited type of influence, the most interesting is that
associated with hepatoma production by azo compounds. The ease with
which they were first produced in rats kept on a relatively poor diet of un-
polished rice (Sasaki and Yoshida, 1935), and the difficulties experienced
with animals on more balanced diets (see Burk and Winzler, 1944; Orr,
1947), soon led to the discovery of * protective factors’” such as yeast and
liver. From further studies in which known components were added to
purified diets (Kensler et al., 1941; Miner et al., 1943), both protective
(anticarcinogenic) and augmenting (procarcinogenic) influences could be
ascribed to individual components. While pyridoxine increased liver
tumor induction by azo compounds (Miner ef al., 1943), riboflavin pre-
vented their appearance (Kensler et al., 1941), especially in the presence
of casein, an effect antagonized by biotin (du Vigneaud et al., 1942) and
egg-white (the latter, by virtue of its avidin content). It is interesting to
note, however, that hepatoma production by acetylaminofluorene is not
inhibited by riboflavin (Engel and Copeland, 1952). The protective action
of riboflavin, in the case of azo dyes, is probably associated with the par-
ticipation of flavin-adenine-dinucleotide in the cleavage of the azo linkage
(Kensler, 1949; Mueller and Miller, 1950).

Other components of the vitamin B complex (inositol, niacin, nicotin-
amide, choline, p-aminobenzoic acid, folic acid, etc.) on azo dye carcino-
genesis are less effective in influencing liver carcinogenesis (Various
Authors, 1947b; Kensler, 1952; Harris and Clowes, 1952). Rather
uniquely, liver tumors can be induced by choline deficiency per se (Cope-
land and Salmon, 1946), an effect also antagonized by riboflavin (Schaefer
et al., 1950). (For the role of azo compounds and choline deficiency on enzy-
mic activity of the liver, see review: Kensler, 1952.) In guinea-pigs, in-
duced scurvy shortens the induction time of subcutaneous carcinogenesis
with methylcholanthrene (Russell et al., 1952).

As riboflavin, and the other vitamin B factors mentioned above, only
influence liver carcinogenesis, without any apparent effect on carcinogene-
sis of the skin (Gordonoff and Ludwig, 1938; Tannenbaum and Silver-
stone, 1952) or subcutaneous tissues (Strong and Figge, 1946), they
cannot be intimately connected with the general problem of tumor patho-
genesis. [For reviews on the influence of diet on stomach carcinogenesis,
see Klein and Palmer (1940), Sugiura (1942), Burk and Winzler (1944),
and Barrett (1946).]

A high fat content of the diet augments skin carcinogenesis by tar
(Watson and Mellanby, 1930), polycyclic hydrocarbons (Jacobi and Bau-
mann, 1940; Tannenbaum, 1942b), and ultraviolet rays (Baumann and
Rusch, 1939), as well as liver carcinogenesis by azo dyes (Opie, 1944). Its
influence on skin carcinogenesis is attributed to the fatty acid components
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(Lavik and Baumann, 1941), though with liver carcinogenesis, the situa-
tion appears to be more complex, since the effect varies with the type of
fat used (Miller, 1947). In contrast to these results, sarcoma production
by subcutaneous injection of carcinogens remains unaffected, or is even
inhibited, by a high fat content of the diet (Tannenbaum, 1942b).

The influence of proteins (Tannenbaum and Silverstone, 1949; 1953),
or more specifically of their various amino acid constituents, on carcino-
genesis, has been less extensively studied. A low cystine diet completely
inhibits the development of spontaneous mammary cancer in susceptible
strains of mice (White and Andervont, 1943), an effect partly reversed by
implantation of stilbestrol pellets (White and White, 1944). In a strain in
which leukemia develops in about 909, after skin painting with methyl-
cholanthrene, a low cystine diet reduced the incidence to about 109
(White et al., 1944b), whereas a lysine-restricted (White et al., 1944b) or
tryptophan-restricted diet (White ef al., 1947) did not have any such
inhibitory effect. For bladder tumor production in rats with acetylamino-
fluorene, a diet low in proteins and vitamins is, on the contrary, a neces-
sary condition (Strombeck and Ekman, 1949).

The failure to discover any dietary component which could influence
all forms of carcinogenesis, is all the more surprising in the light of the
fact that caloric restriction per se is profoundly inhibitory for a wide range
of tumor (Tannenbaum, 1940; 1942; 1947, White ef al., 1944a; Tannen-
baum and Silverstone, 1953).

Such inhibition by caloric restriction operates for both spontaneous
and induced tumor genesis. The spontaneous group includes tumors of the
breast (Tannenbaum, 1940, 1942a; White et al., 1944a), lung (Larsen and
Heston, 1945), liver (Tannenbaum, 1945) and leukemia (Saxton ef al.,
1944). Experimentally induced tumors include those of the skin, painted
with carcinogenic hydrocarbons (Tannenbaum, 1940, 1942a; White el al.,
1944a) or irradiated with ultraviolet rays (Rusch et al., 1945¢), of sub-
cutaneous tissues (Tannenbaum, 1940, 1942a; Rusch et al., 1945b), as
well as leukemia induced by carcinogenic skin painting (White et al.,
1944a).

Such underfed mice, though remaining smaller than the controls,
appear normal and healthy, and actually live longer. The tumor inhibition
occurs not only when all the components of a balanced diet are equally
reduced (in which case, some specific components might, in fact, fall below
a critical level), but also when the proteins, fats, and vitamins are main-
tained at the same level as in the controls, with the caloric restriction
achieved by reduction of carbohydrates only (Tannenbaum, 1942a). The
inhibition must, therefore, be attributed to caloric restriction per se.

The suggestion (White et al., 1944a) that the resulting anestrus is re-
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sponsible for the reduced mammary tumor development following caloric
restriction has been questioned (Tannenbaum, 1942a) on the grounds that
undisputed hormonal inhibition, by ovarietomy, is only effective when the
operation is performed in infancy (Lathrop and Loeb, 1916), while caloric
restriction is effective even when begun late in life. (For a detailed dis-
cussion of the mechanism of inhibition of carcinogenesis by dietary re-
striction, see Tannenbaum and Silverstone, 1953.)

The depression of epidermal mitotic activity in animals maintained on
a restricted diet (Bullough, 1949b) provides an alternative approach to
the study of the mechanism of inhibition (see below). The possibility of
the diet influencing carcinogenesis through a hormonal disturbance, is
discussed by Morris (1952).

VI. EFrecr oF SOLVENTS ON CARCINOGENESIS

In the early studies on skin carcinogenesis with tar, the role of solvent
was considered (a) as a simple diluent, torender the viscous tar more man-
ageable for skin painting (and, sometimes, to reduce its irritative qual-
ities); (b) as a differential solvent, to extract the active components,
either for providing a more potent prepara'tion than the crude material or
as a first stage in fractionation; and (c) as an adjuvent, with the intention
of increasing the irritative quality of the tar, in the mistaken belief that
skin carcinogenesis depended on nonspecific irritation. On the whole, the
choice of solvent used did not materially affect the neoplastic response.
Even as diluent, the effect was not pronounced till the concentration of the
tar was reduced to below 109, when the carcinogenic activity began to
fall off rapidly (Hieger, 1936).

With the use of pure compounds (dibenzanthracene, benzpyrene,
methylcholanthrene, ete.) for skin earcinogenesis, the choice of solvent be-
came narrowed down to one that would dissolve these relatively insoluble
compounds in as high a concentration as possible (e.g., up to 0.5 or 19,),
without the solvent producing any effect of its own on the skin. Of the
volatile solvents used, acetone comes nearest to these requirements (Orr,
1938), though benzene is still widely used, despite its toxicity and slightly
irritative action on the skin.

The commonly used solvents for skin painting experiments (acetone,
benzene, ethanol, ether, chloroform, etc.) have little specific influence on
the carcinogenic potency of carcinogenic hydrocarbons, though minor
variations have been reported. A pronounced inhibition of skin carcino-
genesis was found when lanolin served as solvent for methylcholanthrene,
at a concentration of carcinogen (0.3%) which was adequate with ben-
zene as solvent (Simpson and Cramer, 1943, 1945; Simpson ef al., 1945).
This was, at the time, attributed to a specific anticarcinogenic property of
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the lanolin (Simpson and Cramer, 1945), but has since been shown to be
due to a simple solubility effect (Berenblum and Schoental, 1947a), arising
from the fact that lanolin is nonvolatile, so that the carcinogen remains on
the skin ¢n its initial, low concentration, whereas benzene, or any other
volatile solvent, rapidly evaporates from the skin surface, leaving the
carcinogen dissolved, in a more concentrated form, in the natural fats on the
skin surface. A significant corollary of this is that for quantitative studies
in skin carcinogenesis (for which a constant effective concentration of
carcinogen is obviously desirable), a nonvolatile solvent is preferable to a
volatile one (making allowance for the need of a higher concentration of
carcinogen, when the nonvolatile solvent is used, to elicit a comparable
response). Medicinal liquid paraffin (refined mineral oil, or petrolatum)
has proved ideal for such quantitative studies (Berenblum and Shubik,
1947a,b).

Of special interest are the recent trials with polyethylene oxide
(Stamer, 1945), polyethylene glycols, Carbowax, and other “associated
colloids” (Setidld, 1949a,b) as solvents for carcinogenic hydrocarbons.
These possess both lipoid-soluble and water-soluble properties, thereby,
supposedly, facilitating the transfer of the water-insoluble hydrocarbons
to the aqueous phase within the living cell (Setild, 1949b; Ekwall and
Setild, 1948, 1950). Their use also has special significance in carcinogenic
studies on the stomach, where the difficulty of penetrating the mucin
barrier, at the surface of the glandular portion of the stomach, may
account for the failure, in the past, of inducing adenocarcinomas of the
stomach by feeding carcinogens (Klein and Palmer, 1940; Lorenz and
Stewart, 1940). That carcinogens dissolved in such associated colloids do
penetrate the mucosa of the glandular portion of the stomach, has been
demonstrated by fluorescence microscopy (Ekwall et al., 1951). However,
adenocarcinoma, of the stomach did not develop from prolonged admin-
istration of a carcinogen dissolved in such media (Saxen and Ekwall,
1950), nor with the addition of eugenol, which is a more drastic means
of breaking down the mucin barrier (Hitchcock, 1952).

For sarcoma production by subcutaneous injections, the influence of
solvent is exceptionally complicated, involving, in theory, the following
possible mechanisms: (1) the solvent serving merely as diluent, determin-
ing the intensity of action of the carcinogen; (2) the solvent influencing
the rate of absorption of the carcinogen into the neighboring cells; (3) the
solvent influencing the rate of diffusion of the carcinogen away from the
site of action; (4) changes in the effective concentration of the carcinogen,
through a more rapid absorption of the solvent than of the carcinogen;
(5) the solvent acting on the carcinogen itself, destroying it, or, by virtue
of anti-oxidant properties, preserving it from rapid destruction in sifu;



CARCINOGENESIS AND TUMOR PATHOGENESIS 149

or alternatively enhancing carcinogenesis by facilitating a (supposedly)
necessary metabolic conversion of the carcinogen; and (6) the solvent
being itself carcinogenic, or influencing the responding tissues through
cocarcinogenic or anticarcinogenic action. With so many possible vari-
ables, it is hardly surprising that the present state of knowledge about
the influence of solvent on subcutaneous carcinogenesis should still be
confusing (Rusch, 1944; Dickens, 1947; Peacock et al., 1949).

In the past, the most commonly used media for subcutaneous injection
of carcinogenic hydrocarbons were vegetable oils (Burrows, 1932;
Schabad, 1935; Oberling et al., 1936), paraffin (Haagensen and Krehbiel,
1936; Dunning et al., 1936), lard (Burrows et al., 1932; Andervont, 1934:
Shear, 1936) and other animal fats (Peacock, 1933, 1935); also coarse
suspensions (i.e., crystals of the carcinogen moistened with glycerol)
(Shear, 1938) or incorporation of the carcinogen in cholesterol pellets
(Shear, 1936; Iifeld, 1936; Shimkin and Wyman, 1947); and colloidal
suspensions in water (Berenblum and Kendal, 1934; Boyland and
Burrows, 1935), serum (Andervont and Lorenz, 1937), bile salts (Shear,
1936), etc. Because of the variability in composition of natural fats and
the consequent differences in neoplastic response (Shimkin and Ander-
vont, 1940; Leiter and Shear, 1943), these have been largely superseded
by the use of synthetic tricaprylin as solvent (Shimkin and Andervont,
1940; Bryan and Shimkin, 1943), or by other inert solvents of constant
composition. The early studies served the useful purpose, nevertheless,
of drawing attention to physical, chemical, and biological factors that
modified neoplastic response.

Apart from minor variations in response with vegetable oils, lard,
paraffin, or synthetic glycerides as solvents (Shimkin and Andervont,
1940; Leiter and Shear, 1943), the first example of a strong influence of
solvent on subcutaneous carcinogenesis was the dramatic inhibition by
homologous fats, observed in rats, with rat fat as solvent (Watson, 1935),
in chickens, with egg yolk or chicken fat as solvent (Peacock, 1935), and
in mice, with mouse fat as solvent (Peacock and Beck, 1938; Morton and
Mider, 1939), or when the carcinogen was injected as a powder or dis-
solved in ether, and, therefore, ultimately became dissolved in the
animal’s own fat (Peacock and Beck, 1938). (Failure to observe such
inhibition with homologous fats (Shimkin and Andervont, 1940; Oberling
et al., 1939b) has been attributed (Dickens, 1947) to the use of excessive
doses of carcinogen.)

Since the carcinogen (benzpyrene) rapidly disappeared from the site
of injection when homologous fat was used, and very ‘much more slowly
when olive oil served as solvent (evidence of disappearance being judged
visually by local absence of fluorescence at autopsy), the inhibition was
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attributed to inadequate duration of action (Peacock and Beck, 1938).
Though subsequent experiments, based on quantitative estimations of
carcinogen remaining n situ after various intervals, indicating an oppo-
site trend, namely, that a slower rate of elimination was associated with
a lower carcinogenic activity (Weil-Malherbe and Dickens, 1946), this
does not necessarily invalidate the original conclusion, since it is not the
rate of elimination ¢n the presence of residual carctnogen, but the time taken
for complete elimination, that determines the duration of action, and pre-
sumably, therefore, the tumor inducing efficiency (Peacock et al., 1949).
Probably both opposite trends operate, the resulting effect depending on
(a) how much carcinogen was present at the start, and (b) how rapidly it
subsequently disappears.

From a comparative study of the solvent-serum distribution coefficient
for different solvents used for carcinogenic studies, in relation to neo-
plastic response, Strait ef al. (1948) concluded that a persistent, slow,
liberation of carcinogen was most effective for carcinogenic action.

Based on the idea that the inhibitory effect of homologous (mouse)
fat might be due to a specific anticarcinogenic constituent in it, compara-
tive tests were carried out with various fractions (Dickens and Weil-
Malherbe, 1942, 1946; Weil-Malherbe and Dickens, 1946). While a neu-
tral fraction, partially purified from phospholipids, was still inhibitory,
further purification yielded a fraction which was no longer so, thus sug-
gesting that the phospholipids were responsible. However, though purified
phospholipids (tested in various concentrations in tricaprylin, as solvent
for the carcinogen) did prove inhibitory in high doses (Dickens and Weil-
Malherbe, 1946), no such effect was observed with doses more compara-
ble to those normally present in mouse fat (Weil-Malherbe, 1946); while
cholesterol, if anything, actually augmented carcinogenic action. In any
case, this could not explain why a similar inhibition does not occur
heterologously.

Since phospholipids are anti-oxidants and since cod liver oil, which is
particularly rich in unsaturated fats, produced no inhibitory effect when
acting as solvent of carcinogens (Leiter and Shear, 1943; Dickens and
Weil-Malherbe, 1946), whereas hydrogenated cod liver oil was inhibitory,
it has been suggested (Weil-Malherbe and Dickens, 1946; Dickens, 1947)
that anti-oxidants interfere with carcinogenesis by preventing the
metabolic oxidation of the carcinogen, supposedly necessary for the
carcinogenic action. It is hard to understand, however, how this could
explain the difference in action between homologous and heterologous
fats.

It may be that emphasis on the homologous nature of the inhibitory
fats has been given exaggerated importance, seeing that heterologous fats,
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except for lard, have not been sufficiently investigated as necessary con-
trols. The problem might, indeed, turn out to be one of animal versus
vegetable fats, with lard as an anomalous exception. In this connection,
it may be noted that ox brain lipids are inhibitory for mice (Dickens and
Weil-Malherbe, 1942), while lard itself contains both inhibitory and
augmenting components, when tested in mice (Shear, 1936; Leiter and
Shear, 1943; Shimkin and Andervont, 1940).

The balance of evidence points to the conclusion that a solvent that
encourages too rapid a rate of elimination of a carcinogen, especially when
the initial dose of carcinogen is small, functions as an inhibitory agent.
This does not preclude the possibility of anti-oxidants stabilizing a rela-
tively labile carcinogen (such as 9,10-dimethyl-1,2-benzanthracene) in
situ (Chevallier et al., 1946); nor does it preclude the possibility of anti-
or cocarcinogenic effects in certain situations. That the latter may
operate subcutaneously is demonstrated by the cocarcinogenic effect of
kieselguhr (Lacassagne, 1933), kaolin, or silica (Burrows et al., 1937) on
x-ray carcinogenesis, where the question of rate of elimination of carcino-
gen obviously does not come into play.

VII. IRRITATION AND CARCINOGENESIS

Scarification of the mouse’s skin before each application of tar was
first performed with the dubious objective of facilitating better penetra-
tion of the carcinogen. The claim that carcinogenesis was thereby speeded
up (Deelman, 1923; Teutschlaender, 1923) was not generally confirmed,
however (see Roussy et al., 1924 ; Ludford, 1929). As distinct from accel-
eration of carcinogenesis, the observed tendency for tar tumors in mice to
become preferentially located at the edges of deep incisions (Deelman and
van Erp, 1926) was subsequently confirmed (Pullinger, 1943; Kline and
Rusch, 1944), and found to operate far more effectively in rabbits (Mac-
Kenzie and Rous, 1941; see below). Many other forms of irritation have
since been tested in conjunction with tar or carcinogenic hydrocarbons,
with varied results (see review, Berenblum, 1944). These were very com-
plicated and discordant when the irritants were made to act concurrently
with the carcinogen, leading, in some cases, to augmentation (cocarcino-
genic action), in others, to inhibition (anticarcinogenic action), and in the
majority of cases, to no influence on carcinogenesis one way or the other.

Cocarcinogenic action on skin has been observed with ultraviolet
radiation (Findlay, 1928; Dormanns, 1934; but cf. negative results by
Kohn-Speyer, 1929; Taussig et al., 1938), heat (Derom, 1924; Raposo,
1928; Lauridsen’jfand Eggers, 1943; but see negative ?results by Choldin,
1930; Brunschwig et al., 1937; des Ligneris, 1940), estrone (Gilmour,
1937), a basic, noncarcinogenic, fraction of tar (Sall et al., 1940), croton
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oil (Berenblum, 1942a,b), o-aminoazotoluene, and chlorophyll (Rosicki
and Hatschek, 1943). Cocarcinogenic effects have also been obtained with
low doses of carcinogen subcutaneously injected concurrently with the
basic fraction of tar (Sall et al., 1940) and with croton oil (Klein, 1951).

Anticarcinogenic action on skin was observed with sulfur mustard and
some of its analogues, cantharidin (Berenblum, 1929, 1935), p-thiocresol
(Reimann and Hall, 1936) phenolic fractions of tar (Shear, 1938; Cabot
¢t al., 1940), monochloracetone and related compounds (Crabtree, 1940a),
heptaldehyde (Carruthers, 1940), strong sunlight {Doniach and Mottram,
1940), organic acid chlorides (Crabtree, 1941b), vitamin A (Rosicki and
Hatschek, 1943), BAL:[2,3-dimercaptopropanol (Crabtree, 1948)], podo-
phyllotoxin (Berenblum, 1951a), Indoleacetic acid (Berenblum and
Haran, unpublished results), and various noncarcinogenic or weakly
carcinogenic hydrocarbons (Lacassagne et al., 1945; Riegel et al., 1951).

In view of these divergent results, with different irritants, irritation
per se cannot be a decisive factor for cocarcinogenic or anticarcinogenic
action.

With carcinogens and “‘irritants’ acting concurrently from a distance,
the results are even more complicated. The effects of acetylaminofluorene
and azo dyes on liver carcinogenesis are additive and even synergistic
(MacDonald et al., 1952) ; yet combination of thiouracil with acetylamino-
fluorene (Paschkis et al., 1948) or with azo dyes (Harris and Clowes, 1952),
nitrogen mustard with azo dyes (Griffin et al., 1951), methylcholanthrene
with azo dyes (Richardson and Cunningham, 1951), or alloxan and azo
dyes treatment (Salzberg and Griffin, 1952) inhibits liver carcinogenesis;
while addition of urethane, itself mildly carcinogenic for the liver, to azo
dye treatment has no effect either way (Jaffé, 1947b). Addition of methyl-
cholanthrene (Jaffé, 1947a) or acetylaminofluorene (Jaffé, 1947b) to
urethane treatment is also without effect on lung tumor incidence; while
mammary tumor induction with estrone is augmented by simultaneous
administration of methylcholanthrene (Dmochowsky and Orr, 1949), but
not with simultaneous administration of acetylaminofluorene (Cantarow
et al., 1948). Croton oil fails to augment skin carcinogenesis when applied
together with p-dimethylaminoazobenzene (a remotely acting carcinogen
which is at the same time locally carcinogenic for the skin) (Kirby,
1948a), but has a slightly augmenting effect with acetylaminofluorene
(Kirby, 1948b). (For synergism of leukemia-inducing agents, and factors
favoring and inhibiting leukemogenesis, see review, Kirschbaum, 1951.)
It is clear that the available data are inadequate to provide even a ten-
tative hypothesis to explain the varied effects of concurrently adminis-
tered remotely acting carcinogens. (But see Miller et al., 1952, on a
possible relation between the inhibitory action of carcinogenic hydro-
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carbons on azo dye carcinogenesis and the capacity of the liver to metab-
olize the azo compounds.)

Reverting to locally acting, anticarcinogenic influences, that of sulfur
mustard has been shown to be due to a local action on the skin, and not
to a chemical interaction with the carcinogen, nor to any systemic
influence (Berenblum, 1929, 1931). This probably applies generally to
anticarcinogenic agents acting on the skin concurrently with a carcinogen.
An attempt to correlate anticarcinogenic action with inhibition of glycoly-
sis, failed when extended to related compounds of sulfur mustard (Beren-
blum et al., 1936).  The idea was later revived by Crabtree (1940b) in
connection with monochloracetone and related compounds, but since
these compounds were only moderately anticarcinogenic, and in higher
concentrations even displayed cocarcinogenic properties (Crabtree,
1941a), the alleged association seems questionable. An extension of the
hypothesis, implicating an inhibition of the S-metabolism in the cell as
responsible for antiearcinogenie action (Crabtree, 1948), while consistent,
with the observation that BAL is anticarcinogenic (see above), and
indirectly supported by studies ¢n vivo (White and White, 1939) and
in vitro (Calcutt, 1949) on carcinogenic hydrocarbons as —SH inhibitors,
is too speculative to be accepted without further corroboration.

The inhibitory effect of a noncarcinogenic or weakly carcinogenic
hydrocarbon, applied concurrently with a potent one, has been attributed
to a competitive affinity for the same receptor within the cell (Lacassagne
et al., 1945), a hypothesis improbable a priori, since tar, which is rich in
such “competitive’” noncarcinogenic hydrocarbons, is nevertheless po-
tently carcinogenic. The results of Lacassagne ¢t al. (1945), based on small
numbers of animals, were only partly confirmed when repeated on a more
adequate scale and extended to other hydrocarbons (Riegel ef al., 1951;
Hill et al., 1951). Thus, while the anticarcinogenic action of 1,2,5,6-
dibenzfluorene was confirmed, no such action was observed with chrysene,
nor did naphthalene, fluorene, or 1,2,7,8-dibenzfluorene prove to be anti-
carcinogenic, while anthracene exhibited, if anything, cocarcinogenic
activity. When two potent carcinogens were applied together to the skin,
the latent period was somewhat longer than with the more potent of the
two acting alone (Hill et al., 1952); yet when two carcinogens were in-
jected together subcutaneously (Steiner and Falk, 1951), the effect was
more often additive (i.e., cocarcinogenic) than inhibitory (or anticarcino-
genic). It would seem, therefore, from the evidence so far available, that
the anticarcinogenic activity of 1,2,5,6-dibenzfluorene, etc., involves a
more specific mechanism than that postulated by Lacassagne et al. (1945).
But the nature of the mechanism, whether for these hydrocarbons, or for
anticarcinogens in general, is still obscure.
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The mechanism of cocarcinogenic action lent itself more readily to
analysis, by segregating the available data from the literature according
to whether the irritant acted concurrently with the carcinogen (see
above), or was administered beforehand, or was begun after cessation of
the carcinogenic treatment (Berenblum, 1944). Before passing on to the
two latter categories, attention must be drawn to the situation in which
the two agents, acting during separate periods, are both carcinogenie.

That the carcinogenic process can be begun by one carcinogenic hydro-
carbon and completed by another, was demonstrated by Hieger (1936)
and later confirmed on a more quantitative basis (Rusch et al., 1942;
Lavik et al., 1942), thus indicating that the different hydrocarbons prob-
ably have an identical mechanism of action (but see below, Stages of
Carcinogenesis). In striking contrast to this, no such additive effects
were obtained when ultraviolet irradiation was followed by painting with
a chemical carcinogen, or vice versa (Rusch et al., 1942).

When & carcinogen and a noncarcinagenic agent are applied to the
skin during separate periods, the results are not only different from those
operating when the two act concurrently (see above), but vary according
to whether the irritant is applied before the commencement of the carcino-
genic treatment or after its cessation (see review, Berenblum, 1944).
With pretreatment of the irritant, carcinogenesis remains virtually un-
affected; with posifreatment, an enhancement of tumor induction occurs
in many cases, e.g. when the irritation consists of skin incision (Deelman
and van Erp, 1926; Pullinger, 1943; 1945; MacKenzie and Rous, 1941:
Meyenburg and Fritzsche, 1943; Linell, 1947), chronic mechanical
trauma by light brushing (Riley and Pettigrew, 1945), cauterization
(Rondoni and Corbellini, 1938), freezing (Berenblum, 1930), gamma
and beta rays (Mottram, 1937, 1938), or by painting the prepared skin
with allylZsothiocyanate (Sobolewa, 1936), oleic acid (Twort and Twort,
1939), turpentine (Rous and Kidd, 1941), chloroform (Friedewald and
Rous, 1944a), naphthoquinone (Kline and Rusch, 1944), iodoacetic acid,
chloracetophenone (Gwynn and Salaman, 1951), and, most effectively
(in mouse skin), croton oil, or its active component, croton resin (Beren-
blum, 1941b; Mottram, 1944a; Kline and Rusch, 1944; Berenblum and
Shubik, 1947a; Bielschowsky and Bullough, 1949; Klein, 1952).

This capacity of certain noncarcinogenic irritants to ‘precipitate’’
tumor development in a tissue previously ¢ prepared’’ by a limited period
of carcinogenic treatment, has been variously described as ‘‘epicarcino-
genic action’ (Berenblum, 1941b), ‘“‘developing factor” (Mottram,
1944a), “‘stage of development or formation” (Tannenbaum, 1944),
and ‘‘ promoting factor’’ (Friedewald and Rous, 1944a,b); while the initial,
preparative, action by the carcinogen has been designated by different
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authors as ‘‘precarcenogenic action’’ (Berenblum, 194lb), ‘“specific
cellular reaction”” (Mottram, 1944a,b), ‘‘stage of preparation or initia-
tion” (Tannenbaum, 1944), and ‘‘initiating action” (Friedewald and
Rous, 1944a,b). Rous’s nomenclature of ‘initiating action’ and
“promoting action” for the two phases of carcinogenesis has now
been generally accepted (Berenblum and Shubik, 1947Db).

In spite of the wide range of promotors, described above, not all irri-
tants are capable of producing such an effect; moreover, the action is
often tissue and species specific. Thus, croton oil, the most potent
promoting agent for the mouse’s skin, is inactive for the rat, rabbit, or
guinea-pig’s skin (Shubik, 1950a), while wound healing, which is highly
effective for the rabbit skin (MacKenzie and Rous, 1941) is only slightly
effective for mouse skin (Pullinger, 1943). Among the irritants that fail
to act as promoting agent when tested on mouse skin, are sulfur mustard
(Berenblum, 1931), liquid paraffin, lanolin (Twort and Twort, 1939),
ultraviolet irradiation (Rusch et al., 1942), acridine, fluorene, phenan-
threne, castor oil, ricinoleic acid, glyceryl monoricinoleate, oleic acid,
silver nitrate (Shubik, 1950a), acetic acid, cantharidin, podophyllin resin,
mustard oil, and iodoacetamide (Gwynn and Salaman, 1951), pyrene,
atabrin (Bernelli-Zazzera, 1952), indolacetic acid, indolpropionic acid, in-
dolbutyriec acid, and methylindol acetate (Berenblum and Haran, un-
published results).

VIII. INITIATING AND PROMOTING ACTION AS INDEPENDENT STAGES OF
CARCINOGENESIS

From the above, it is evident that croton oil is a powerful promoting
agent for the mouse, giving rise to tumors when repeatedly applied to
skin which had previously been treated with a carcinogen for 8 weeks
(Berenblum, 1941b) or even once only (Mottram, 1944a; Berenblum
and Shubik, 1947a,b). Yet, croton oil by itself is not carcinogenic (Beren-
blum, 1941a; Klein, 1952), and, when applied for 26 weeks prior to the
treatment with the carcinogen, does not speed up tumor production (Beren-
blum, 1941b). The fact that croton oil can complete the carcinogenic
process but cannot initiate it indicates that these two phases of carcino-
genesis have independent mechanisms (Berenblum, 1941b).

A similar conclusion was reached from a study of the regression of
tar warts in the rabbit (Rous and Kidd, 1941; MacKenzie and Rous,
1941), and the fact that such tumors could be made to reappear, often ai
the identical sites, by renewed tarring, or even by noncarcinogenic stimuli,
such as wound healing or turpentine painting of the previously tarred
ears. They drew the important inference from this that ‘‘under ordinary
circumstances, the tar rendered more cells neoplastic than ever asserted
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themselves as visible tumors,” and that in warts that had apparently

regressed completely, latent tumor cells, irreversibly different from
normal cells, could persist for many months, constituting *tumors in a
sub-threshold state which require additional aid for progressive neo-
plasia’ (Rous and Kidd, 1941). The concept of initiating and promoting
processes, analogous to the two-stage mechanism deduced from the
croton oil experiments, was more specifically formulated in a subsequent
publication (Friedewald and Rous, 1944).

The term ‘‘latent tumor cell,” though generally adopted in the
literature, is inexact, implying a deficiency in the neoplastic quality of
the altered cell, instead of merely expressing an inability to manifest
itself as a growing tumor mass. The new term “dormant tumor cell”’ is
suggested instead. The term “latent neoplastic potentialities’” (Friede-
wald and Rous, 1950) could then be reserved for the situation in which
doubt is felt as to the neoplastic nature of the cells in question.

As further evidence of independent mechanisms for initiating and
promoting action is the fact that inhibition by caloric restriction, during
continuous carcinogenic painting, is effective in the late stages, but not
in the early stages of the latent period of carcinogenesis (Tannenbaum,
1944), though with the carcinogen-croton oil technique, caloric restriction
seems to have no influence (Boutwell and Rusch, 19581). A two-stage
mechanism also appears to operate with remotely acting carcinogens,
e.g., with acetylaminofluorene as initiator and allyl thiourea as pro-
moter, for tumor production in the thyroid (Bielschowsky, 1945; Hall,
1948), or with azo dye as initiator and partial hepatectomy as promoting
stimulus, for carcinogenesis in the liver (Glinos et al., 1951). Though one
isolated skin tumor arose with croton oil painting preceded by local
application of acetylaminofluorene (Kirby, 1948b), none developed
when the latter was given by mouth (Ritchie, 1949).

If initiating action converts normal cells into dormant tumor cells,
and promoting action causes these dormant tumor cells to develop into
visible tumors, it follows that the number of tumors produced is determined
by the potency of the initiating process, while the speed with which they
appear (average latent period) is dependent on the efficacy of the pro-
moting process. This was tested by (a) varying the carcinogen, or its con-
centration, for initiating action, and noting the tumor yields following
subsequent, standard croton oil treatment, and (b) giving a standard
dose of carcinogen for initiating action, but varying the time interval
between it and the commencement of croton oil treatment, and observing
if the average latent period was correspondingly delayed. The anticipated
results were quantitatively confirmed (Berenblum and Shubik, 1947b,
1949a,b). The suggestion (Mottram, 1944b) that croton oil produces, in
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addition, a ‘“‘sensitizing’’ effect prior to initiating action, was not con-
firmed (Berenblum and Shubik, 1947a). For an attempted mathematical
treatment of the two-stage mechanism of carcinogenesis, see Arley and
Iversen (1952).

The three most striking features of the initiating process are its
specificity, its apparent speed of action (being brought on after a single
application of a carcinogen), and its irreversible nature (the anticipated
tumor yield being realizable even when the croton oil treatment is delayed
for 43 weeks). Since these three features are also characteristic of a gene
mutation, it was tempting to consider initiating action as essentially
mutational in character. Indeed, the main weakness of the original
somatic cell mutation theory of cancer, never adequately stressed by
its supporters (Bauer, 1928; Ludford, 1930; Lockhart-Mummery, 1934;
Strong, 1949b), was the discrepancy between the remarkably slow
evolution of tumor production and the instantaneous nature of a muta-
tion. The two-stage mechanism of carcinogenesis seemed, therefore, to
give this theory a new lease of life, by attributing only the initiating stage
of carcinogenesis to a mutation. When put to the test, by determining
whether the powerful mutating agent—sulfur mustard (Auerbach and
Robson, 1947)—possessed initiating action on the mouse’s skin, the
results were negative (Berenblum and Shubik, 1949a). An isolated,
negative result may not necessarily disprove a theory. All the same, while
many investigators (Auerbach, 1939; Tatum, 1947; Carr, 1948, 1950;
Demerec, 1948; Latarjet et al., 1950) have stressed the close correlation
between mutagenic and carcinogenic agents, it is clear that the correla-
tion is far from absolute (Latarjet, 1948; Vogt, 1948; Berenblum and
Shubik, 1949a; Burdette, 1950). Moreover, the three features of speci-
ficity, relative speed of action, and irreversibility, are not necessarily
indicative of a mutation; embryonic differentiation being, for instance, an
example of a nonmutational biological process with these characteristics
in common. While the mutation hypothesis remains the most attractive
and plausible explanation of initiating action, it cannot yet be said to
have been established. The problem is further complicated by recent
developments in the concept of cyfoplasmic genes (plasmagenes) which
might also undergo mutations (Haddow, 1944; Darlington, 1948; Holt-
freter, 1948). The interesting suggestion has recently been put forward by
Danielli (1952) that initiating action of carcinogenesis may be due to a
deletion of a chromosome gene and promoting action to a deletion of a
plasmagene. This is, however, very speculative.

In contrast to initiating action, promoting action is essentially a
gradual process, operative throughout the long latent period of carcino-
genesis (see Salaman, 1952), and the effect produced is not strictly
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speaking irreversible, seeing that some of the resulting warts have a
tendency to regress (see Shubik, 1950b; Friedewald and Rous, 1950).
(Many of the induced warts later assume progressive growth, and some
even become malignant, but this ‘ progression’’ probably constitutes a
separate and independent process. See below.)

All the known promoting agents are irritants, and as irritation can
be defined as ‘“‘unphysiologic stimulation which, being potentially
destructive, elicits a continued state of reparative hyperplasia’ (Beren-
blum, 1944), the simplest explanation for the mechanism of promoting
action would be that continued cellular proliferation, of a nonspecific
character, was responsible for encouraging the dormant tumor cells to
acquire the properties of a growing tumor. This plausible hypothesis
became untenable, however, when it was shown (Shubik, 1950a) that
many irritants, which were as effective as croton oil in eliciting epithelial
hyperplasia, nevertheless failed to function as promoting agents, or else
functioned as promoting agents for some species but not for others,
despite the fact that cellular proliferation developed in them all. Linnell
(1947) found, moreover, that in rabbits, while deep skin injuries (punch
holes) are effective promoting stimuli, as previously shown by MacKenzie
and Rous (1941), damage restricted to the superficial epithelium pro-
duces no promoting action, though the latter is, if anything, the more
effective of the two in eliciting epithelial hyperplasia. Linell (1950) also
failed to observe any correlation between the carcinogenic potency of
different carcinogens for rabbit skin and the degree of proliferative
activity of the epithelium, as tested by eye transplantation. These
obseruations not only argued against hyperplasia as a factor, but pointed
to the possibility that changes in the subepithelial tissues might be
responsible for promoting action.

Such a possibility has often been mooted in the past, before the
concept of promoting action was recognized as an independent stage of
carcinogenesis. Hyperemia has, for instance, been credited with playing
a part in carcinogenesis, from histological evidence (Itchikawa and
Baum, 1924), or from observations with India ink injections (Kreyberg,
1929; Guidberg, 1931), or from the results of interference with the
sympathetic nerve supply (Rémond et al., 1925). Since dilated blood
vessels may be evidence of either active hyperemia or passive congestion,
while interference with the nerve supply may have many functional
effects besides those on the blood vessels, the claim that hyperemia is
implicated seems unjustified. Orr (1934), on the contrary, suggested that
ischemia was involved in the evolution of a tumor, on the basis of the
following considerations: (a) fibrosis normally develops during the latent
period of carcinogenesis (Orr, 1934, 1938; Howes, 1946; Ma, 1949),
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causing obliteration of many previously existing or recently formed
blood vessels; (b) skin carcinogenesis can be augmented by artificially
induced fibrosis in the corium (Orr, 1934, 1935); (¢) in carcinogen-painted
skin, a drop in pH (demonstrable by phenol red injection) appears at
minute foci where tumors tend subsequently to arise (Orr, 1937); and
(d) tumor production is augmented by injections of adrenalin or ephedrine
sulfate under the painted skin before each application (Orr, 1934, 1935).
A surprising feature is that the briefly acting adrenalin was more effective
than the more persistently acting ephedrine. (It may be noted, inci-
dentally, that adrenalin is a powerful mitotic inhibitor (Green and
Ghadially, 1951).) In applying the technique to the separate stages of
carcinogenesis (Ritchie, 1952a), no significant effect of adrenalin was
elicited in relation either to the initiating or promoting phase, nor were
Orr’s original results with adrenalin confirmed. On the other hand, in
rabbits, artificially induced ischemia by an uncontroversial method
(i.e., by tying off the carotid artery on one side and painting both ears
with a carcinogen), led to a definite augmentation of carcinogenesis on
the ischaemic side (Ritchie, 1952b).

An interesting new approach to the problem, with the use of trans-
plantation techniques, has provided some encouraging, though incon-
clusive, support to the view that the derma plays an important role in
carcinogenesis. Autologous transplantations of methylcholanthrene-
treated skin to normal sites, and of normal skin to sites which had pre-
viously been painted with this carcinogen, led to tumor development in
the latter, but not in the former (Billingham et al., 1951). The possibility
that dormant tumor cells, left behind in the roots of the hair follicles,
may have served as sources of tumor growth, and conversely, that the
grafts of carcinogen-treated skin may not have taken, are discussed by
the authors. (For histological support of the derma playing a role in skin
carcinogenesis, see Vernoni, 1952.)

Whether, in the light of these results, ischemia, with or without ac-
companying fibrosis, should be accepted as a factor favoring carcino-
genesis, as part of the actual mechanism of promoting action, still remains
an open question.

IX. HisSTOGENESIS OF PRENEOPLASIA

The clinical definition of a ‘‘precancerous’ lesion is one in which the
probability of a malignant tumor developing is higher than in the equiva-
lent normal tissue. Whether the morphological features of the lesion
(hyperplasia, dyskeratosis, fibrosis, etc.) are themselves preneoplastic
elements, or whether they are incidental changes accompanying the
specific neoplastic process has never been established. Morphological
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evidence of clinical material has often been interpreted as supporting the
‘“field effect” hypothesis (Willis, 1948), which postulates that the whole
of the hyperplastic zone is somehow implicated in the neoplastic process,
though an equally strong case can be made out from morphological
studies for the contrary hypothesis of the ‘“single-cell origin of cancer”
(Sutton, 1938, 1942).

The problem is no less perplexing in experimentally induced ‘ preneo-
plasia,”” for though the morphological changes can here be followed from
the outset, with the reasonable assurance that tumors will eventually
arise in the precancerous tissue, these tumors, too, are invariably focal in
origin, while the preceding hyperplastic changes are diffuse, affecting the
whole treated zone. The functional concept of the two-stage mechanism
of carcinogenesis, described in the previous section, is at variance with the
field effect hypothesis, and presupposes, rather, that preneoplasia con-
sists of isolated dormant tumor cells, lying hidden, throughout the long
latent period, among a mass of non-neoplastic cells, the lailer having
undergone nonspectfic reparative hyperplasia tn response to the irritaiive
effects which carcinogens share with noncarcinogenic irritants.

The distinction between the field effect hypothesis and that of dor-
mant tumor cells, is fundamental, and the implications are far-reaching.
It is clear, for instance, that if the dormant tumor cell hypothesis is
correct, then metabolic studies of preneoplastic tissues (see Greenstein,
1047; Cowdry, 1947, 1953; Carruthers, 1950) would be of tangential
interest only, since the values obtained would merely reflect the non-
specific side effects. Indeed, if & metabolic pattern, believed to be charac-
teristic of tumor tissue, were also found in the stage of preneoplastic
hyperplasia, that could be taken as evidence against its specificity for
neoplasia, since it is inconceivable that the effect of a few single cells
would be recognizable in the overall metabolic picture.

The hyperplasia resulting from carcinogenic action has been attrib-
uted by Wolbach (1936, 1937) to a secondary (reparative) response to
injury, and this has been corroborated for the early changes in the skin
(Orr, 1938; Pullinger, 1940; Cramer and Stowell, 1942), subeutaneous
tissues (Rondoni, 1937; Orr, 1939), and liver (Orr, 1940; Opie, 1944);
though Paletta et al. (1941), Pullinger (1940, 1941), Berg (1948), and
others, ascribed distinctive features to the preneoplastic hyperplasia of
the skin, while Gliicksmann (1945) attributed such hyperplastic changes
to a primary stimulation of mitotic activity, as distinet from secondary
deleterious effects (see below). As for the question of the specificity of
preneoplastic changes in the liver, in the early stages of azo dye treatment,
this is perhaps too complex to be assessed at present (see Orr, 1940; Opie,
1944, 1947; Price et al., 1952).
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The early response of mouse skin to carcinogenic action has been
described by many investigators (Orr, 1938; Page, 1938; Pullinger, 1940;
Paletta et al., 1941; Gliicksmann, 1945; Howes, 1946; Berg, 1948; Ma,
1949; Davibhadhana, 1952; and others). The changes include considerable
thickening of the skin, with a matt rather than a shiny surface, and rapid
development of alopecia associated with degeneration of the skin ap-
pendages, followed by cycles of partial regeneration; hyperplasia of the
surface epithelium, with “differentiation’’ toward a more stratified type;
progressive swelling of the epidermal cells, with variations in size of the
cells and their nuclei, nuclear distortions and hyperchromatism, and an
increase in mitotic and amitotic divisions; a higher nuclear-cytoplasmic
ratio, with accentuated prominence of nucleoli; evidence of cytoplasmic
degenerations (vacuolation, hyperchromatic staining, perinuclear ac-
cumulation of lipoids, ete.), but with a considerable capacity for recovery
a8 indicated by the relative absence of cellular necrosis; changes in the
subepithelial tissues, consisting of swelling and fragmentation of collagen
fibers and some destruction of elastic fibers, later followed by replacement
of fine, nonrefractile, collagen fibrils and (variable) formation of new
elastic fibers of somewhat different structure; and dilatation of vascular
and lymphatic capillaries, with a sparse accumulation of inflammatory
cells.

While none of these changes are, strictly speaking, specific for carcino-
genic action, it has been claimed that the speed of their appearance (Orr,
1938; Berg, 1948), and more especially, the relative intensities and pro-
portion of the various features (Pullinger, 1940) differ according to
whether the irritant is carcinogenic or not, and if carcinogenic, whether
it is potent or weak. While the hyperplasia, and many of the other changes
described above, affect the whole painted area of skin, some of the more
distinctive features (e.g., variations in nuclear and cell size, and nuclear
hyperchromatism) are, according to Paletta ef al. (1941), focal in dis-
tribution, a condition more compatible with the single-cell origin than
with the field effect hypothesis.

A very different conclusion, and one more definitely committed to a
specific pattern for preneoplastic hyperplasia, was reached by Gliicks-
mann (1945) from differential counts (resting cells, differentiating cells,
degenerating cells, and cells in mitosis) in early postnatal and adult mouse
skin, and in adult skin treated with barium sulfide, turpentine, benz-
pyrene, and acetone (solvent control), respectively. The resting cells
were increased in absolute amounts, and (less markedly) in relative
proportions, in the benzpyrene-treated skin, but not in the barium
sulfide-treated skin, while in turpentine-treated skin, the increase was
delayed and not as progressive; similarly, the mitotic count was much



162 1. BERENBLUM

increased with benzpyrene, less so with turpentine, and not at all with
barium sulfide. Gliicksmann concluded that the epidermal thickening was
due to cellular migration from the hair follicles, in the case of barium
sulfide; to a similar migration, later supplemented by an increased
cellular proliferation of the epidermis proper, in the case of turpentine;
and to a definite and immediate increase in mitotic activity, as a primary
stimulation of the epidermis, involving a delay in maturation, rather than
a true differentiation, in the case of benzpyrene (and by implication, of
carcinogens in general). Applying the same method of analysis to the two-
stage mechanism of carcinogenesis, Salaman and Gwynn (1951) claimed
that similar differences could be demonstrated as between the action of
croton oil on skin pretreated with a carcinogen, and croton oil on normal
skin. They concluded that ‘““mouse epidermis, once treated with a chemi-
cal carcinogen, though it returns in time to a state almost indistinguish-
able microscopically from the normal, has suffered a permanent, or at any
rate long-lasting, alteration which is general, and does not consist merely
in the presence of a few ‘latent tumour cells.” ”’

The validity of these conclusions is naturally determined by the
dependability of the method of analysis. By “resting cells” are meant
cells that have not yet embarked on the irreversible process of matura-
tion, through various stages of differentiation, towards the ultimate
transformation into keratin, The morphological distinction between
resting cells and differentiating cells is very slight, and aceording to the
authors themselves (Salaman and Gwynn, 1951), “an observer must to
some extent establish his own standard of judgment in distinguishing the
different types’’ (see also Davibhadhana, 1952); the criteria of the transi-
tion between resting cell and differentiating cell are based on surmise,
not on demonstrable proof; and the differences observed in the various
experimental groups are, therefore, semi-quantitative, not qualitative.

Another approach to the problem was from the point of view of the
control of the mitotic cycle. Mitotic activity of the mouse skin epidermis
is stimulated by estrogens as well as carcinogens (Bullough, 1946), and
is inhibited by starvation, or even by a partially restricted diet (Bullough,
1949b), possibly through interference in carbohydrate supply (Bullough,
19492a), though the latter has been questioned by Laws (1952). Its sig-
nificance, in the present discussion, lies in the fact that dietetic restric-
tion interferes with promoting action (Tannenbaum, 1942a). Bielschow-
sky and Bullough (1949) observed no interference with tumor induetion
when mitotic activity was reduced artificially at the initiating stage. They did
not, unfortunately, investigate the influence of reduced mitotic activity
at the promoting stage. (Such an investigation would admittedly involve
considerable technical difficulties.)
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Mitotic activity of normal mouse skin is also inhibited by cortisone
(Green and Ghadially, 1951), though not of skin pretreated with a carcino-
gen (Green and Savigear, 1951). However, no difference was found be-
tween the effect of cortisone on the hyperplastic response of mouse skin
treated with croton oil alone, or treated with croton oil after an initial
carcinogenic painting (Ritchie ef al., 1953), as might have been expected
according to the hypothesis of Salaman and Gwynn (1951).

An interesting application of the principle of a critical size required for
the growth of cell colonies, to explain the need of promoting action in
carcinogenesis, is supported by a mathematical analysis of the age in-
cidence of cancer in man (Fisher and Hollomon, 1951). The idea merits
further study.

X. GENERAL DiscussioNn

The two-stage mechanism of carcinogenesis, with the concept of
dormant tumor cells being induced by initiating action and converted
into growing tumors by promoting action, represents a working hypothe-
sis of tumor pathogenesis, and as such, may serve as a stimulus for
further systematic experimentation toward a final solution of the problem.
As made clear above, many aspects of the two-stage mechanism are still
not understood, and several collateral findings seem, at present, conflict-
ing. Even if ultimately confirmed, and the gaps in our knowledge of it
filled in, the hypothesis could never claim to cover the whole range of
tumor pathogenesis. The role of tumor viruses is still left out of account
(see Rous and Kidd, 1938; Rogers and Rous, 1951); other stages of
carcinogenesis, subsequent to promoting action, are also not included in
the above scheme.

As regards the latter, some interesting approaches, from at least two
different directions, have been made in recent years, which may ulti-
mately have a profound influence on our concept of tumour pathogenesis.
Only brief reference can be made here to these other stages, as they are
more concerned with the evolution of the tumor than with the initial
carcinogenic process,

From a study of the cyclical appearance and growth of spontaneous
mammary carcinomsa in mice, the appearance and disappearance of tar
papillomas in rabbits, the responsiveness of rat fibroadenoma to hor-
monal influence and their ultimate conversion into carcinoma or sarcoma,
and sarcoid transformation of transplanted bladder tumors induced by
acetylaminofluorene, Foulds (1941, 1951) postulated the existence of
a reverstble stage of ‘‘responsiveness” to extraneous stimuli on the part
of benign, and sometimes even of malignant tumors, followed by a stage
of ““progression,” which represents an irreversible, qualitative change. (For
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analogy to Foulds’ “tumors in the responsive state,” see Rous and Kidd,
1941; Rogers and Rous, 1950, on conditional growths in rabbit’s skin.
See also Kline and Rusch, 1944, for progression of induced skin papillomas
in mice.) From a study of the behavior of tumors on heterologous trans-
plantation to the anterior chamber of the eye, Greene (1951, 1952) intro-
duced a new concept of biological autonomy, which does not necessarily
correspond with the clinical or histological concept of malignancy, but
bears a much closer relationship to the harmful behavior of certain tumors
(e.g., to the tendency to metastasize and the poor survival rate following
radical treatment).

The contrast between the classical and the modern ideas about phases
of tumor development, represents a decided change in outlook on the
whole problem of tumor pathogenesis. In place of the formerly conceived
transition from precancerous hyperplasia fo benign tumor to malignant
tumor, new ideas have emerged about dormant tumor cells, converted by
promoting action to conditional growths or tumors remaining for long in a
responsive stage, but later undergoing an irreversible change into a stage
of progression or biological autonomy.

The simultaneous attack on precancerosis, at one end, and on malig-
nancy, at the other, brings to the problem of tumor pathogenesis a new
orientation, which may have important practical implications when some
of the missing details are more clearly understood.
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I. INTRODUCTION

Ionizing radiation has several important relationships to cancer. Two
of these, the production of cancer by radiation and the destructive effects
of radiation on the neoplastic process, will be discussed in some detail in
this review. The effect of radiation on tumor immunity will also be men-
tioned. The use of tracers in delineating the details of tumor metabolism
will be discussed only in so far as radiation effects are concerned, although
the fact that tracer methods make it possible to study synthetic processes
in a direct way indicates that this branch of cancer research has a bright
future.

The history of this subject, like that of cancer research in general, is
virtually limited to the present century. The limitation is even more strict
in that it dates of necessity from the discovery of x rays and radium. Since
their practical usefulness and the severity of their effects on tissue were
soon recognized, we find that early attention was given to effects on tissue
and to carcinogenesis. Unfortunately, during the first half of this period
measurements of radiation dose lacked the present degree of precision, so
that data from this period are mainly semiquantitative. The early history
of observations in radiation carcinogenesis was outlined in a previous 're-
view (Brues, 1951a).

177
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I1. Basis oF Rapiarion EFrFECTS

It is likely that much further understanding of radiation effects on
cells and tissues will have to be gained before the processes involved in the
production or therapy of cancer are unraveled. It seems worth while to
restate here certain facts in relation to radiation effects that may have
important bearing on cancer research.

1. Immediate radiation effects are largely chemical in nature and are
localized in space. Probably the most important of these from the point of
view of pathology is the production of short-lived free radicals in water,
whose major effects are oxidative. Disruption of other molecules through
excitation or transposition of electrons also occurs, but, as far as we know
at present, this is of secondary importance in radiotoxic action on the
higher organisms.

Ultraviolet irradiation, which will not be considered at any length
here, requires the absorption of much more energy in, for example, car-
cinogenesis in skin. Because of the low penetration of ultraviolet light
through tissue, its effects in the higher organisms are strictly limited.

The effects of radiation are, by and large, entirely attributable to the
irradiated areas. Where remote effects occur they may be treated as excep-
tions, and it is profitable in these cases to give special consideration to the
chain of events connecting the local insult to the later response. The local-
ized nature of the effect is particularly demonstrated in radiation carcino-
genesis; the chief exceptions to this will be discussed below.

2. The various biological effects of ionizing radiations take place over
a remarkably wide range of dosages. Denaturation of proteins and killing
of certain of the simplest organisms require a dose of the order of 1,000,000
r (roentgen units). Immediate death of the higher animals ‘“under the
beam’ does not occur until 50,000 r or more have been absorbed. Dosages
of x radiation between 200 and 1000 r are lethal to the higher animals
(depending on the species) after a latent period of several days to three or
four weeks, however, whereas leucopenia and visible damage to chromo-
somes are detectable after less than 100 r.

Radiation cancer usually occurs after dosages of 1500 to 5000 r or
more, and the dosages useful in cancer therapy are of the same order. A
great deal of attention has been given by clinical radiologists to the rela-
tive radioresistances of the several types of malignant tumors. Generally
speaking, the radiosensitivities of tumors fall in the same range as those of
the normal tissues.

3. Clinical radiation sickness after total-body irradiation can largely
be explained on the basis of cellular damage to the more radiosensitive tis-
sues. This may not be true of the initial radiation response, which, al-
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though familiar to radiotherapists, is less understood in its fundamentals
than the later responses. The gradual development of a severe reaction
state several days after irradiation (true radiation sickness), and the
course of recovery therefrom in nonfatal cases, is associated with de-
pressed function of the blood-forming organs and damage to the epithelial
lining of the digestive tract, while such benign changes as epilation and
sterility are likewise based on obvious cellular damage. Present indications
are that therapeutic procedures favoring recovery from radiation sickness
are largely supportive in nature and act through restoration of blood vol-
ume, improved recovery of leucocytes, or control of bacteremia. Certain
prophylactic measures, on the other hand, may be directed towards in-
fluencing the state of tissue oxidations at the time of irradiation.

4. Damage on the cellular level seems basic to most other radiation
effects: cytoplasm and nucleus both partake in the effects, but the nuclear
components appear to be most reproducible and occur at the lowest dos-
ages. The visible nuclear consequences are an immediate inhibition of cell
division and damage to chromosomes resulting in subsequent abnormal
divisions. Owing to the fact that the more radiosensitive tissues—in gen-
eral those that are in a process of continual restoration—show the most
marked nuclear changes, it is generally assumed that those changes are in
large part responsible for such destruction.

A considerable number of chemical radiomimetic agents have recently
been discovered which have predominantly nuclear effects. These sub-
stances are also, in various degrees, carcinogenie, carcinolytic, and muta-
genic. The alkylamines (nitrogen mustards), in particular, also have toxic
actions quite similar to those of total-body irradiation. Certain antimetab-
olites, including those interfering with folic acid synthesis, inhibit tissue
proliferation and the growth of the more radiosensitive tumors. It is an
unfortunate fact that carcinolytic and tumor-inhibiting agents in these
general categories are generally effective only against such tumors as are
particularly sensitive to the ionizing radiations.

III. RapiatioN CARCINOGENESIS

The production of cancer by local irradiation antedates perhaps the
discovery of ionizing radiation as such. The Bergkrankheit of the workers
in the mines at Schneeberg and Joachimsthal has been thought to be re-
lated to the small concentration of radon in the air of these mines (Hueper,
1942); and, although direct experimental evidence is lacking for the car-
cinogenic role of radiations in this instance, it is nevertheless true that the
air passages of miners breathing this air are subjected to « radiations well
above presently accepted ‘‘permissible” levels for the gas and its decay
products (Evans and Goodman, 1940).
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More definite clinical evidence for radiation carcinogenesis lies in the
production of skin cancer or subcutaneous sarcoma in heavily x-irradiated
areas (Hesse, 1911) ; of malignant bone tumors after prolonged retention of
radium or radium plus mesothorium (Martland and Humphries, 1929) or
after local x irradiation (Cahan ef al., 1948); of pelvie tumors after irradia-
tion in this area (Fournier, 1935); and of laryngeal tumors after roentgen
treatment of Graves’s disease (Petrov and Krotkin, 1932). Regular expo-
sure to moderate or desultory exposure to excessive total-body radiation
is thought to be responsible for the high incidence of leukemia in phy-
sicians and particularly among radiologists (March, 1947), and that this
may follow even a single radiation dose is suggested by the modest in-
crease in the incidence of leukemia among the survivors at Hiroshima who
were in the areas closest to the atomic bomb.

Local irradiation in various sites has been widely investigated, and the
production of neoplasia has been abundantly verified. Many of these
studies have been reviewed previously (Brues, 1951a; Salter, 1948) and
will not be covered in detail here. Earlier work dealt with the effects of
locally directed x radiation and the implantation of radon tubes and other
radiation sources. More recently, the skin and subcutaneous lissues of rats
and mice were exposed uniformly to 8 radiation from P2 (Raper et al.,
1951). This was done by placing the animals in boxes made of phosphorus-
containing Bakelite plaques that were activated by pile neutrons. This
resulted in the development of skin carcinomas and a small proportion of
subcutaneous sarcomas, corresponding roughly to the fractions of g-ray
energy absorbed, respectively, in the epithelium and in the subcutaneous
tissues. The optimal dosages for induction of malignant tumors was 4000
to 5000 rep (equivalent roentgens), and tumors began to appear only after
a latent period of about nine months. Under these conditions, where the
entire body surface was irradiated, multiple tumors were observed (up to
forty or more in a rat), so that a single animal would bear tumors of a
variety of histologic types. The employment of daily S-ray treatments of
50 rep produced very similar results. Unfortunately, it is impossible to
make a quantitative comparison between single and daily dosages, since
no daily dosage levels were used between 50 rep and 5 rep (the latter accu-
mulating to about 1800 rep in a year without inducing tumors in this
period).

Subcutaneous tumors have been produced by a variety of other tech-
niques causing local concentration of ionizing radiation. Local implanta-
tion of radon tubes and other radioactive sources have produced various
tumors; Hartwell (1951) has tabulated many of the earlier data. In a
series of experiments in this laboratory, plutonium and insoluble salts of
Y were injected subcutaneously and intramuscularly in mice. A very



IONIZING RADIATIONS AND CANCER 181

high percentage of the mice receiving injections of 1 to 30 xc. of Y?* phos-
phate or 0.06 to 1 uc. of Pu**® developed local fibrosarcomas (Lisco et al.,
1947b). These tumors appeared after a long latent period (about 200 days)
and increasing the dose through an additional factor of 10 had no influence
on the length of this intervening period.

Gastrointestinal tumors have been produced by isolated exposures of
this tract in a manner analogous to administration of 8 rays externally to
the skin. When solutions of Y*' are fed to rats or mice by stomach tube,
virtually none of the isotope is absorbed; and the g-ray dose to the colon
is greater than to the rest of the tract because of the fact that the gastro-
intestinal contents move more slowly through the lower part of the tract.
In conformity with this distribution of local dosage, adenocarcinomas
were induced in the colon by single sublethal feedings or by daily feedings
over a period of months (Lisco ef al., 1947a). Again, the latent period was
one of many months. The earliest tumor was seen 135 days after a single
feeding, and the mean latent period was over a year. Although many
of these animals gained weight normally, ulcerative and hyperplastic
changes were generally observed even in animals that did not develop
tumors.

Local irradiation of the skeleton is accomplished through fixation of a
large number of radiocelements. Elements in the alkaline earth group
(notably Ca*s, Sr®® or Srf, and Ra) are deposited in bone with extreme
efficiency, yet are lost very slowly after the blood concentration is reduced.
Many other elements, notably gallium, the rare earths, and the heaviest
elements, also appear in the skeleton in higher concentrations than else-
where in the body.

The most nearly quantitative data on human carcinogenesis are de-
rived from observations on the occurrence of bone tumors after absorp-
tion of radium or mixtures of radium and mesothorium. Bone sarcoma
has frequently been seen several years after fixation of radium, which was
administered for therapéutic purposes or ingested in the course of painting
luminous watch dials. Because very small amounts of radium deposited
in the human skeleton can be detected by physical methods, estimates of
the retained radium have been readily obtained in such cases. Clinical
surveys have indicated that sarcoma may occur when as little as 1 ug. of
radium is present in the skeleton.

What this means in terms of total radiation during the retention period
is less certain, since few patients have been studied over long periods of
time. After ten to twenty years, the daily excretion rate may be as little
as 1075 of the retained amount, and the amount present at twenty yearsis
about one-fifth that at six months (Marinelli ef al., 1952). Moreover, many
patients (including those in the watch-dial industry) also received meso-
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thorium; (an isotope of radium), which has a decay chain of a-ray emit-
ters somewhat better retained than that of radium but reduced about
tenfold after two decades by physical decay. It has been pointed out that
most of the cases bearing sarcomas with a radium burden under 5 pg. had
also been exposed to considerable amounts of this shorter-lived chain
(Aub et al., 1952). A recent study has indicated that patients receiving
pure radium and retaining as little as 1 ug. after twenty years have roent-
genologic evidence of skeletal damage (Marinelli ef al., 1952). In any case,
it may be estimated that the accumulated dose of radiation to the skele-
ton in cases showing pathologic changes and tumors has always been in
the thousands of rep.

A series of cases of bone sarcoma apparently induced by x-ray therapy
has been collected (Cahan et al., 1948), showing that 1500 r (based on ex-
ternal measurements) may be enough to evoke a carcinogenic response
several years later. Owing to the relatively high mean atomic number of
osseous tissue, the physical dose to bone is somewhat higher than to soft
tissues.

Experimental studies of animals have shown that bone tumors are
readily induced by a number of bone-seeking radioelements, including
radium (Sabin et al., 1932; Dunlap et al., 1944; Brues et al., 1946), stron-
tium 89 (Brues ef al., 1946), cerium 144-praseodymium 144 (Lisco et al.,
1947b), plutonium (Lisco et al., 1947b), and phosphorus 32 (Brues et al.,
1949; Koletsky et al., 1950). Undoubtedly any radioelement concentrat-
ing primarily in the skeleton would be carcinogenic if administered in
adequate dosage. Latent periods are long (under optimal conditions, five
to eight months), as in other instances of radiation carcinogenesis.

Lung tumors follow the introduction of radicelements by tracheal intu-
bation (Lisco and Finkel, 1949). They are found in association with severe
loecal radiation damage to the lung.

IV. MgcuAaNIsM oF CARCINOGENESIS

Leaving for the moment the question of the neoplastic consequences
of total-body irradiation, which will be discussed in a later section, it ap-
pears that the induction of tumors by local irradiation is remarkably re-
producible and that its study should lead to important information con-
cerning the mechanism of carcinogenesis in general. In so far as studies
have been made, there seems to be no great diversity in the response of
various species of mammal to such stimuli, as regards dose-effect relation-
ships or the nature of the response. In chemical carcinogenesis, of course,
it is known that there are differences in the metabolic fate of various
carcinogens that depend on inborn and environmental factors, which may
to some extent determine differences in carcinogenicity.
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It seems established that continued stimulation is not necessary to
evoke a neoplastic process in the case of ionizing radiations. With ultra-
violet irradiation of skin, on the other hand, Blum (1950) has shown in the
course of exhaustive experimental work that repeated stimulation is neces-
sary. In the case of chemical carcinogens, it is often true that the greater
part of the effective material is rapidly eliminated after administration,
yet recent work (Miller, 1950; Miller and Miller, 1947) suggests that a
small amount may persist in combination with tissue proteins, and this
may be necessary for carcinogenesis. The most clear-cut instance of a
response after a brief period of intense stimulation is in the case of skin
cancer after a single superficial S-ray treatment by several months. The
somewhat scanty data that are available indicate that daily treatments
are no more efficient and may be somewhat less efficient as regards total
radiation dose required for a given response.

The length of the latent period in radiation carcinogenesis is undoubt-
edly of significance. Although this period is comparable with that seen in
most instances of chemical carcinogenesis, it has never been possible—
even under the most intense stimulation—to shorten it to the few weeks
characteristic of maximal stimulation of a susceptible animal by a suitable
chemical carcinogen, in which the latent period can virtually be accounted
for by the growth of a few cells to a tumor of visible size.

Since some intermediate factors must exist between application of a
radiation stimulus and the onset of tumor growth (at least at a growth rate
equal to that of the established tumor), efforts have been made to show
that the process is mediated by chemical events taking place in tissue as a
result of irradiation. A comparison of pure cholesterol with the same mate-
rial after intense pile irradiation (at least equivalent to 108 r) has shown
that the irradiated cholesterol, although altered markedly in its chemical
structure, had not gained in carcinogenicity (Cloudman et al., 1952).

Similar experiments were performed at an opposite extreme of carcino-
genicity, in which potent hydrocarbon carcinogens were similarly irradi-
ated, with a possible increase in their biologic activity (Barnes et al., 1948).
An earlier report indicated a synergistic action between methylcholan-
threne, and cosmic radiation (Figge, 1947), but this has so far failed to be
generally confirmed (George ef al., 1949). Likewise, a direct combination of
g8 irradiation and carcinogenic hydrocarbons to stimulate tumor genesis in
skin and subcutaneous tissues has failed to elicit more than a simple
additive response (Cloudman and Hamilton, 1949).

A comparison between the histogenesis of skin tumors induced by g
irradiation (7900 rep) and by benzopyrene (Gliicksmann, 1951) has served
to emphasize the difference in the latent periods. Whereas after benzo-
pyrene the tumors seem to arise directly in stimulated epithelial cells, 8
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irradiation results in a cyclical hyperplasia and necrosis (attributed in part
to vascular damage), and tumors arise after several months, when the
hyperplastic responses have become less vigorous. It is noteworthy that
these observations were made after a single irradiation of thirty seconds’
duration. In like manner, the origin of tumor foci in bone irradiated by
radium or plutonium appears to follow a series of destructive and pro-
liferative changes (Bloom and Bloom, 1949).

Thus, both statistical and histologic investigations indicate that the
process of radiation carcinogenesis is a rather complicated one and prob-
ably progresses in more than one stage. On the other hand, there is much
to suggest that a somatic mutation hypothesis will satisfy most of the
known facts regarding the nature and origin of cancer, so that the status
of this theory is worthy of some discussion.

V. Tue MurarioNn HyroTHESIS

A malignant tumor, once it has developed, consists of a strain of self-
propagating cells that have developed certain deviant characteristics
which must undoubtedly be reducible to a chemical or metabolic basis.
The temptation is therefore strong to assume that the origin of cancer is
in some way related to a discrete chemical change, possibly occurring in a
single somatic cell (similar to mutation in a germ cell), which confers such
a property on this cell and its descendents.

In favor of this view are the facts that many of the known carcinogens
have also been shown to act as mutagens and that many of them also have
visible effects on the nucleus and on the course of cell division. Certainly
the frequency with which chromosome aberrations and other defects in
cell division are seen in somatic cells after relatively small radiation dos-
ages indicates that deficiencies and maldistribution of genic material is a
necessary consequence in most cells, at least in a proliferating tissue,
irradiated with dosages in the order of thousands of roentgens.

If we assume, for the moment, that it is sufficient for a single cell to
undergo a particular genie injury in order to mutate to a cancer cell and
that such a cell will inevitably lead to a tumor through proliferation, some
interesting consequences follow. It can be shown that under optimal con-
ditions for radiation carcinogenesis not more than one in 107 or 10% cells
treated in equivalent fashion (by thousands of rep of 8 radiation) gives
rise to a tumor. It seems clear that tumors arise focally, and this is borne
out by the fact that under an intense stimulation, such as the administra-
tion of sublethal doses of Sr® the distribution of multiple tumors in a
group of mice follows the random Poisson distribution (Brues, 1949). The
probability of carcinogenesis on the cellular [evel is thus of the same order
as that of a single genetic mutation induced by irradiation. When we
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progress from the mouse to the rat and the rabbit, in which equivalent
dosage :body weight remains the same, many more cells will receive the
same degree of stimulation without a comparable increase in number of
tumors; and in point of fact there is some evidence that the latent period is
increased in species of longer life span (Brues, 1951b). Recalling the fact,
that the rabbit has, tissue by tissue, some one-hundred times as many
cells as the mouse, we see at once that, if single cell mutations were re-
sponsible for tumor formation, cells of the larger animals must be corre-
spondingly unlikely to mutate in this manner, in spite of their morpho-
logical similarity. This a priori improbable situation might, in a sense, be a
necessary adaptation in the evolution of larger animals, but one recalls
that there is evidence to suggest that genetic mutation frequency is not
reduced in man, but may actually be increased (Neel and Falls, 1951).

The whole question of the possible role of somatic mutations is conse-
quently one to which answers are lacking at present. The weight of the
evidence seems to indicate that other factors, at least general tissue re-
sponses, probably including vascular changes, are a necessary part of the
radiation carcinogenic process as it is usually seen.

VI. SomE PracTticar MATTERS

Since tumor induetion shares with genetic effects the distinction of oc-
curring at the lowest radiation dosages known to alter normal conditions,
one question of practical importance is whether (as is probably the case
with mutations in the germ plasm) no true threshold exists; that is,
whether even the smallest dosage of radiation confers a probability of
tumor formation proportional to its amount. If this is the case, then there
is no point in setting a “‘ permissible’’ dose in terms of one which will have
no effects. It is possible that this is the situation, although there are no
clinical or experimental data that clearly indicate that a carcinogenic proc-
ess takes place in the absence of some grossly visible overall pathologic
process. Further work should be directed toward the question of whether
there is a threshold, especially since the future may bring mass irradia-
tions of populations, where a statistical tendency not seen in past clinical or
experimental work might emerge.

Another question which has been raised relates to the problem of
radioactive dust particles. Since they form an industrial hazard, it is
desirable to know whether concentrated ‘‘hot spots’’ of radiation are more
effective carcinogenically than the same amount of radiation distributed
diffusely. A recent experiment (Passonneau et al., 1953) employed rats
exposed to equivalent amounts of S-ray energy infringing on the body
surface either diffusely from a plane source or from ten to fifty point
sources distributed over the same area. The results indicate that the point
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sources are actually less effective in inducing skin cancer than the plane
source emitting 5000 or 7500 rep. This can perhaps be explained by the
fact that a larger proportion of irradiated cells are killed where the fewer,
more intense sources are used. This experiment therefore fails to settle the
fundamental question, namely, whether or not the probability of tumor
development in a given tissue of a given species or strain is linear with
dose.

VII. CarciNoGENIC AcTiONS OF ToTan-Bopy IRRADIATION

Unlike most active agents, the ionizing radiations administered in the
form of external or v radiation or neutrons of high energy may subject the
tissues to a relatively uniform physical and chemical dosage. Many in-
vestigators have demonstrated carcinogenic action by single sublethal
dosages or by dosage patterns that permit animals to live long enough to
pass the latent period. Scrutiny of the data makes it appear that in some
instances a general but mild carcinogenic stimulus is involved, whereas in
others there are obviously intermediate physiologic factors.

The general carcinogenic effect of total-body irradiation is apparently
correlated with a reduction in life span (Lorenz, 1950), whether a single
sublethal dose is given early in life or a low dosage rate is continued
throughout the experiment. Isolation of the various ‘““causes’ or patho-
logic states associated with death indicates that many of these appear
earlier in irradiated than in control animals (Sacher et al., 1949), although
this should not necessarily be taken to indicate that the radiations act
through acceleration of the aging process. The result is, of course, statis-
tically the same. If we represent the “rate of aging’’ as the reciprocal of
the life span, we find that this quantity is increased about linearly with
the dose of radiation (Boche, 1946) within the range of dosage that can
yield significant results (suggesting, but not proving empirically, the
absence of a threshold).

Increased general tumor incidence has been shown to follow neutron
irradiation as well as x irradiation of rats (Barnett, 1949; McDonald et al.,
1947). Induction or acceleration in the appearance of lung tumors in mice
also follows total-body irradiation and appears attributable to local ef-
fects (Lorenz, 1950).

We now turn to two instances of carcinogenesis in mice where the evi-
dence definitely suggests intermediate physiologic factors; that is, where
a direct relation between irradiation of a single cell or locus and develop-
ment of cancer can be ruled out. The first of these is the case of ovarian
tumors in mice. Furth and Butterworth (1936) first observed that these
tumors followed, after several months, a single sublethal total-body irra-
diation. Subsequent observations (Lick et al., 1949) have indicated that
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there is no such effect if a single ovary is irradiated, provided that there is
present at the same time an intact ovary that was shielded during the
irradiation. This strongly suggests that the primary effect of irradiation
on the ovary may be to cause it to evoke a gonadotropic response which
results in tumor development; the analogy to the behavior of ovarian
transplants into the bed of the portal circulation (Furth and Sobel, 1947)
is obvious. Lorenz finds that mice receiving 0.11 r daily develop consider-
able numbers of ovarian tumors and that those with granulosa-cell tumors
are also highly prone to develop mammary sarcoma, a neoplasm that is
ordinarily very rare in the strain of mice used (Lorenz, 1950).

Mouse leukemia or lymphoma is another neoplasm that follows rela-
tively small dosages of total body irradiation. This is a spontaneous
disease that occurs frequently in many strains of mice, and its morbidity
rate increases with age in the same manner as that of most spontaneous
tumors. The evidence for the leukemogenic action of irradiation in mice is
considerable and has been reviewed previously (Brues, 1951a). Some
recent, observations make it clear that unknown physiologic factors must
be important in this instance. Age at the time of irradiation is very critical
in some strains (Kaplan, 1948b); tumors in young mice tend to arise in the
thymus (Kaplan, 1948a) and are partly prevented by thymectomy
(Furth, 1946); and total-body irradiation is enormously more effective
than the summation of responses to partial-body irradiations would
indicate (Kaplan, 1949). Moreover, when two half-body irradiations are
given separately, the time interval between these irradiations (within a
span of days) strongly determines their additivity (Kaplan, 1951). The
protection that is afforded by protecting part of the lymphoid tissue indi-
cates that other factors must modify to a considerable extent any local
cellular changes induced by irradiation. Furthermore, it has been shown
that fractionation of the total-body dose into ten daily dosages results in
an increased response, perhaps the only case in which enhancement of a
carcinogenic effect of ionizing radiation through fractionation has been
shown. Phosphorus 32, which irradiates all the blood-forming tissues, is
leukemogenic to mice (Furth and Butterworth, 1936) whereas radiostron-
tium, which spares most of the lymphoid tissues, is not (Brues ef al., 1946).

Another fact indicating that genetic or physiologic factors are of im-
portance in determining radiation leukemia in mice lies in lack of correla-
tion, among various strains, with the intensity of the leukemogenic re-
sponse to other agents and with the normal incidence in these strains
(Kirschbaum and Mixer, 1947).

It is worthy of comment that the induction of mouse leukemia takes
place through a shorter latent period than the other known carcinogenic
responses.
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Other species of animals appear to be much less prone to develop radia-
tion leukemia. Evidence cited above suggests that the human being is
mildly susceptible and that the latent period is several years.

VIII. Facrors IN RapiatioN THERAPY oF TUMORS

Despite the fact that the major usefulness of ionizing radiations, ex-
cepting radiography and some recent developments, has been in the
therapy of human tumors, we are still far from understanding their mode
of action in causing tumor regression. Regression of irradiated tumors can
involve a number of processes; damage to resting cells, death of cells at a
subsequent mitosis, ecytologic changes because of somatic mutations or
unequal distribution of chromatin, inhibition of mitosis, cell differentia-
tion, vascular damage resulting from irradiation of the tumor or of sur-
rounding tissues, and the nature of the repair processes. It is not im-
probable that all of these processes have some part to play.

Damage 1o resting cells, or at least visible damage, is probably a minor
factor in tumor therapy, where dosages are seldom in excess of 10,000 r.
When much higher dosages are used, cell death appears to follow marked
volume changes (Buchsbaum and Zirkle, 1949) or other morphologic
changes (Brues and Stroud, 1951), while pycnosis of the resting nucleus
may oceur at about 250,000 r (Tahmisian, 1949).

Death of cells that have been previously irradiated with dosages in the
therapeutic range is likely to occur at the time when division takes place.
A striking example of this is the simultaneous pycnosis that occurs at the
time of beginning cell activity in grasshopper embryos at the end of dia-
pause, although they were irradiated long before (Tahmisian and Adam-
son, 1951). At times one can observe death of cells after an unsuccessful
attempt at division where a chromosome bridge is present (Brues and
Rietz, 1951a); this represents a small proportion of the degenerating cells
in most injured tissues. The possible role of effects on the genes in deter-
mining this has been discussed by Lea (1947, pp. 341ff). Where cell
degeneration is a prominent feature of tumor regression, one finds that it
takes place only gradually during a period of several hours to days after
irradiation (Gliicksmann, 1946; Gliicksmann and Spear, 1949).

Using chromosome bridges or breaks as a criterion of potentially lethal
cell damage, it has been shown that many biological objects are ;most
gensitive in the early stages of mitosis (Sparrow, 1948). It is of interest
that mouse lymphoma, which is a tissue of high radiosensitivity, appears
gensitive, in terms of chromosome damage, over a longer period of its
mitotic cycle than most other materials (Marshak, 1942).

Inhibition of mitotic division is a universal accompaniment of even
moderate radiation dosages, and Lea (1947, p. 300) suggested that it
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might account for the considerable enlargement of cells following irradia-
tion. It is possible that cell enlargement plays a more important role in the
regression of tumors than has been suspected, since it seems to be most
noticeable at the time when regression is actively taking place (Brues and
Rietz, 1951a), and hence at a time when pathologic examination of human
material is not often made. It does occur in human neoplasms (Wood,
1949) and has also been observed in experimental tumors several days
after a single radiation dose (Tansley and Wilson, 1947) or after inter-
mittent treatments. Using an imbedded point source of 8 irradiation, we
have noted that enlargement of tumor cells occurs in just those areas
where the dosage has been high enough to result in a continuous inhibition
of cell division, which offers strong evidence that it results from continued
nuclear and cell growth in the absence of mitosis (Brues and Rietz, 1951b).

It is to be remembered that some nuclear or cell swelling may take
place soon after irradiation, possibly because of physiological mechanisms
similar to those causing cell death where extremely large doses are given.
Failla (1940) observed vacuolation of cells soon after irradiation, and a de-
tailed account of the phenomensa has been made by Warren ef al. (1951).
Cytochemical evidence has shown that this process may be associated
with depolymerization of desoxyribonucleic acid (Harrington and Koza,
1951), which has also been observed by gross chemical methods several
hours after irradiation of the thymus (Ely and Ross, 1949). It appears
that further work will be necessary to permit a clear separation of the
early changes in irradiated cells from the more gradual enlargement re-
sulting from inhibited mitosis [with synthesis or endomitosis (Tansley and
Wilson, 1947) going on]. It is likewise not possible at present to explain
the relation of the latter phenomena to tumor regression.

Cell differentiation is another response which has been brought into
consideration as a possible radiation effect leading to the cessation of
tumor growth. As described by Gliicksmann (1946), the differentiating
cell is one with a large amount of differentiating cytoplasm and a rela-
tively small nucleus, permanently incapable of division. The development
of cells of this type during irradiation, as well as their presence in the un-
treated tumor, is well correlated with curability (as distinguished from
regression rate) after radiation therapy (Gliicksmann, 1948). Cells appear
during therapy in tumors of a given cell type which take on certain char-
acteristics of the parent cells; thus, enlarging cells of an epithelial tumor
keratinize, and persisting bone tumor cells begin to lay down calcium in a
pattern resembling the structure of bone (Gliicksmann, 1952). Responses
of this type have been noted frequently in human tumors and normal tis-
sues under radiation therapy; a recent report describes maturation and
keratinization in carcinoma cells (Hall and Friedman, 1948), and “‘over-
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differentiation’’ in the form of excessive collagen formation in connective
tissue is also noted (Jolles, 1949). Other tissue responses, such as squa-
mous metaplasma in the normal oral mucous glands (Friedmann and
Hall, 1950), may likewise be related to a similar mechanism.

Although the usefulness of differentiation as a criterion of radiocura-
bility may be in dispute, and although the validity of the term *‘ differen-
tiation” in this connection is seriously questioned (Jolles and Koller,
1950), the various changes included here deserve careful and controlled
examination. Since acute inhibition of mitosis in tissues of many kinds is
universally a temporary phenomenon, and apparently occurs without
other cell changes, one must look elsewhere for a mechanism to explain the
development of permanently inhibited cells. The exact nature of the
“differentiation’’ of malignant or normal cells under irradiation deserves
study not only in connection with the problem of tumor therapy, but for
its probable bearing on important and obscure questions in basic cell
biology.

Extrinsic Factors. It is recognized that tumor regression may berelated
to events other than those directly affecting the tumor cells. A recent re-
view (Marinelli and Brues, 1953) discusses these responses in somewhat
more detail than will be given here.

Pathologic changes in the blood vessels are often encountered in
heavily irradiated tissues, including dilatation, thrombosis, and necrosis
(Hall and Friedman, 1948). Vascular changes are especially noteworthy
in the area surrounding a point source of 8 irradiation of about 1 me.
(Brues and Rietz, 1951c) and apparently account for the central area of
necrosis, since the cells immediately surrounding such an area appear
healthy. There have been contradictory assertions: (1) that these changes
are fully responsible for radiation effects on tumors (Pullinger, 1932); and
(2) that they are in no way responsible (Melnick and Bachem, 1937).

The connective tissue response has long been considered important in
tumor radiotherapy (Melnick and Bachem, 1937). It is generally believed
that the growth of tumors is dependent on the tissue environment, and
particularly on surrounding connective tissue, although direct evidence on
this point has been difficult to obtain. Certainly there is often considerable
difference in the viability and growth rates of metastases from malignant
tumors; and the question of the environment of early tumors is bound to
enter into any discussion of carcinogenesis. A recent investigation of the
relation of diet to tumor responses to radiation (Elson and Lamerton,
1949; Devik et al., 1950) has shown that, although a low protein diet
favors immediate inhibition of tumor growth by irradiation, a high pro-
tein diet is more favorable for permanent elimination of the tumor; it is
suggested that the latter process is supported by a more vigorous con-
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nective tissue response. This response has been studied in some detail by
the “sieve’ technique of irradiation (Jolles and Koller, 1950; Jolles,
1949), which also offers some promise of usefulness in therapy through
partial protection of the stroma. The general status of the connective
tissue responses, which have a long history, is outlined by Jolles and Koller
(1950).

In vitro irradiation has been used in attempts to evaluate the various
factors in the irradiation response of tumors. Careful comparative studies
of carcinoma ¢n vivo and in tissue cultures (Lasnitski, 1945, 1947) suggest
that the lethal process is quite comparable except that, at higher dosages,
effects appear in the ¢n vivo irradiated tumor that are not paralleled in cul-
ture and suggest some influence of extracellular factors. Investigation of
the death of cultures after a single irradiation emphasizes that the length
of time during which a culture remains viable varies with dose and may
become very long after low dosages but that death takes place within a few
weeks (Paterson, 1942). In the writer’s experience, the survival time of ir-
radiated cultures is sufficiently variable to make this criterion of radiation
dosage a difficult one to use.

Irradiation of tumor fragments before inoculation again yields some-
what variable results, and it often appears that fragments are somewhat
more resistant to irradiation than tumors in vive. Crabtree and Cramer
(1932) noted that the radiosensitivity of tumor fragments was increased
by treatment with cold or cyanide during the time of irradiation.

It has recently been suggested (Hall et al., 1952) that some of the
vagaries of irradiated tumor fragments can be explained on the basis of
oxygen tension. It is known that radiosensitivity can be decreased by
anoxia in such different systems as bacteria, pollen, and the higher ani-
mals, an effect which is no doubt related to the chemical events occurring
in water during irradiation. It now appears that the radiosensitivity of
tumor fragments is likewise enhanced by conditions that facilitate pene-
tration of oxygen (asin the irradiation of small fragments) or depress oxy-
gen utilization (as do cyanide and low temperatures) and that, under com-
parable conditions favoring radiosensitivity, they become resistant if
irradiated in an oxygen-free environment.

The bearing of these facts on radiosensitivity of tumors in vive is
largely unexplored, although it is well known that such variables as tem-
perature and blood supply have marked effects on responses to external
irradiation.

An important clinical aspect of radiation therapy is the increasing
radioresistance of tumors during the course of repeated irradiation
therapy. The gradual development of vascular insufficiency after x-ray
therapy offers at least a partial explanation of this phenomenon. Acquired
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radioresistance has been discussed in its various aspects by Windholz
(1947).

IX. ImMmuniTy To HETEROLOGOUS TUMORS

Another matter that is worthy of further investigation is the effect of
irradiation on tumor immunity. It seems to be generally true that those
tumors that grow appreciably when transplanted into heterologous hosts
are the ones that maintain a rapid enough growth rate to outstrip the
development of the immune mechanism. The effect of total-body irradia-
tion is to accentuate the tolerance of a host for a heterologous tumor trans-
plant. Since the lymphocyte seems to play an important role in tumor
immunity (Murphy and Sturm, 1925; Ellis et al., 1950), it may be pre-
sumed, as a working hypothesis, that irradiation acts through depression
of the lymphocyte reserve or of immune material derived from these cells,
probably the former (Kidd, 1950). The administration of 100 r total-body
irradiation has a considerable effect on heterotransplantability (Hall,
1952), indicating that a radiosensitive system is involved. Local irradia~
tion of an implantation site may impede transplantability; this is appar-
ently not an immune response, since metastases are not so inhibited
(Grynkraut and Flaks, 1938). The observation made some years ago
(Bagg, 1938) that the resistance of a host may change oppositely, depend-
ing on the dosage of radiation, may offer an explanation of paradoxical
results in this area of investigation.

X. Isoropric TRACER Stupies IN CANCER

It is not the purpose of this review to discuss the tracer approach to
cancer biochemistry, except to note that this method seems certain to
yield critically important information not derivable by other techniques.
This is because tracer methods afford the best direct approach to investiga-
tion of synthesis of substances in tissue; and it seems most probable that
the biochemical peculiarities of cancer involve derangements of some of
these synthetic mechanisms.

A word may be in order, however, regarding the validity of experi-
ments employing radioisotopes, from the point of view of the radiation
dosage encountered in the tissues under investigation.

A useful formulation of radiation dosage from an isotope distributed
uniformly throughout an infinitely large mass of water or tissue (for g-ray
emitters, this is a matter of a few grams) is the following:

D = 55CE

where D is the dosage rate in roentgen equivalents per day, C is the con-
centration of the isotope in microcuries per gram, and E is the energy of



IONIZING RADIATIONS AND CANCER 193

its radiation in million electron volts. For the C4 8 ray, this means that a
concentration of 1 pe. per gram will yield about 3 rep per day in an in-
finite volume (less in a limited one), and P3? will yield a little over ten
times as much.

When we examine the sensitivities of biochemical systems to irradia-
tion, we find that it requires of the order of 300 r or less to reduce markedly
the rate of synthesis of desoxyribonucleic acid in tumors and growing tis-
sues (Hevesy, 1951), while the sensitivities of the sulfhydryl enzymes in
the pure state are of the same order; and those of many other enzymes
are much less (Barron and Dickman, 1949). In case of doubt as to the
validity of experimental results, it may be suggested that an experiment
be run at two isotope concentrations differing, say, by a factor of 10; if
the results are the same, there exists a strong presumption that they are
valid for a nonirradiated system.
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I. INTRODUCTION

Although Michaelis (1905) and Ehrlich (1907) found that tumors
could be transmitted with tissues subjected to freezing, it was not until
1938 that storage of tumors in the frozen state was proposed as a feasi-
ble method of preservation (Breedis and Furth, 1938). Even now,
low-temperature preservation of experimental tumors is employed in
relatively few laboratories as an alternative to maintenance by serial
transplantation.

Much of the work reported in the literature on the transmission of
tumors with frozen material has been devoted to the relative merits of
slow or fast freezing or to the demonstration of cell survival. The methods
that have been employed by different authors have varied so much that
it is difficult to compare their results. Reports on long-term storage are
few. It is therefore not surprising that, notwithstanding the obvious
advantages of low-temperature preservation as an alternative to the
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serial transplantation of tumors, there has been a reluctance to employ
this method. If applied empirically, the freezing of tumors can yield only
variable and suboptimal results. However, progress has recently been
made in elucidating the phenomena which determine the survival of some
tumor cells in the frozen state. Other observations on the survival of
spermatozoa and erythrocytes confirm the importance of methods of
““preconditioning” cells prior to freezing and indicate a considerable field
for further investigation.

Some of the more malignant transplantable animal tumors may be
preserved in the frozen state for years without any demonstrable loss of
activity. As far as such tumors are concerned, satisfactory methods of
preparation for freezing and low-temperature storage have been devel-
oped. These are based on observations of and correlations between cell
state and resistance which seem to indicate the way to the development
of more rational and effective methods of preservation. It remains for
future investigation to determine if such methods will be applicable,
with suitable modifications, to all tumors.

II. HisToriCcAL REVIEW

1. Early Experiments (1905-1937)

The earliest report indicating that tumor cells might survive freezing
and thawing is that of Michaelis (1905), who stated, very briefly, that he
had successfully transplanted Jensen’s carcinoma after it had been
exposed to liquid air for 30 minutes. In 1906 Ehrlich (1907), discussing
the temperature limits of tumor survival, confirmed the upper limits
reported by Jensen and Loeb but stated that the lower limit (5 minutes
at —18°C.) must be reduced considerably. Ehrlich said that he had
repeatedly seen tumors develop after being kept for 48 hours at —25° to
—30°C. Furthermore, he had even obtained a tumor with a carcinoma
that had been stored continuously in the refrigerator for 2 years at —8°
to —10°C., and the limit had not been reached in the preservation of a
chondroma. Apolant (1914) confirmed that Ehrlich obtained one tumor
with the carcinoma stored for 2 years but added that he also obtained
sixty negative results.* Salvin-Moore and Walker (1908) and Salvin-
Moore and Barratt (1908) exposed fragments of an Ehrlich mouse
tumor and a Jensen mouse tumor, respectively, to liquid air for 20 to
30 minutes and then grafted these fragments subcutaneously. Some
tumors were obtained, but the percentage of successful grafts is not
stated. Although these authors pointed out the alternatives of cell sur-

* “Jg in einem Falle ging allerdings nur eine von 60 Impfungen mit einem Karzi-
nommaterial an, das volle 2 Jahre bei —8-10° aufbewahrt worden war.” (1914, p. 367.)
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vival and causal virus and referred to the survival of plant seeds and
trypanosomes at —125°C., they refrained from drawing conclusions from
their observations.

Gaylord (1908) repeated these experiments of Salvin-Moore and his
collaborators, using a mouse carcinoma. He obtained two tumors in nine
mice with a portion which was frozen for 40 minutes, three tumors in
fourteen mice with a portion frozen for 80 minutes, and tumors in all of
five mice with the control portion. In some instances the mice were killed
in 4 to 7 days and the graft examined for growing cells, This author also
found that embryonic mouse tissue was killed by freezing with liquid air
but that Trypanosoma gambiense survived for 20 minutes, although not
for 40 minutes.

Cramer (1930) described more detailed observations on the effect of
freezing on a series of transplantable tumors. He employed Jensen rat
sarcoma, S 37, Crocker sarcoma, and carcinomas 63, 91, and 113. These
tumors were finely minced and subjected to repeated freezing and thaw-
ing, (a) four times to below —20°C. on a freezing microtome or (b) four
to eight times to —80°C. using liquid air, and thereafter tested by
inoculation in a large number of experiments. Cramer reported the
results of eighty-two experimentsutilizing 695 mice. In addition, attempts
to obtain tissue culture growth with S 37 and carcinoma 63 were made,
but these gave negative results. The treated carcinomas were found to be
consistently inactive, but tumors were obtained in twenty-four out of
fifty experiments with the sarcomas, and these were found to be his-
tologically similar to the parent tumor. A greater number of tumors was
obtained with S 37 {rozen to below —80°C. Further experiments showed
that the transmitting property was evanescent, being removed by
washing with saline and also disappearing rapidly on incubation. Cramer
stressed the differences exhibited “even by cells of one and the same
sarcoma strain—37 S—when tested at different times.” He drew no
definite conclusions but considered three possibilities: (a) that sarcoma
cells survived freezing but that the resistance to freezing varied greatly
at different times; (b) that mammalian malignant neoplasms might be
transmitted without the intervention of cells; and (c) that cells damaged
but not disintegrated by freezing could reconstitute their structural
organization and ‘‘resume life.”

Auler (1932) carried out experiments with the Ehrlich carcinoma, the
Jensen rat sarcoma, and the Flexner-Jobling tumor. The tumors were
ground up in a mortar, diluted with 5 to 10 parts of saline, and frozen by
means of CO, ice for 5 to 35 minutes. The Flexner-Jobling tumor was
found to be inactive after this treatment, but some tumors were obtained
with the others. These were histologically similar in type to the mother
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tumor, and Auler concluded that cells must have survived and that the
presence of a carcinogenic *Zellkolloide” could be ruled out. Klinke
(1937) reported a series of experiments in which the Ehrlich mouse
sarcoma was frozen in liquid nitrogen. Tumors were obtained not only
with suspensions subjected to brief freezing (3 minutes) but also with
frozen tumor subsequently stored at —20°C. for 2 weeks or for 47 hours
in an icebox.

No useful purpose would be served by proceeding with a chronological
summary of the literature beyond this point, for subsequent authors deal
with various aspects of the subject which are best discussed separately.
However, the next important contributions should be briefly mentioned
here. Barnes and Furth (1937) and Breedis et al. (1937) found that ““the
transmitting agent of the leukemia of mice, presumably malignant
leucocytes,” previously considered to be inactivated by freezing, would
remain viable even at —70°C. if frozen slowly. Breedis and Furth (1938)
reported observations on tumors which had been kept in the frozen state
up to 448 days. Klinke (1939, 1940) was successful in obtaining growth in
tissue culture from tumors frozen at —196°C., thus providing direct
proof of cell survival under these conditions.

2. Influence of Raie of Freezing

Although various workers have investigated the effects of rapid and
slow freezing and thawing on tumor survival, it is difficult to compare the
results because of differences in materials and techniques employed. The
terms “rapid” and ‘“slow” have been used in a relative sense, and the
fastest rates of freezing employed are insufficient to prevent crystalliza-
tion of water and produce the intracellular vitreous state which Luyet
and Gehenio (1940) have contended is essential to cell survival. According
to the vitrification hypothesis of these authors, it is essential to cool and
also to thaw the cell or organism so rapidly that amorphous solidification
will occur before ice crystals can form. Cooling at the rate of at least
several hundred degrees per second to a temperature below —40°C.
(approx.) is required. Because the rate of heat transfer is the limiting
factor, this ultrarapid cooling cannot be achieved if the thickness of the
preparation exceeds 0.1 mm. and the water content exceeds 709, (Luyet,
1951). Organisms which can be subjected to vitrification and equally
rapid thawing may survive this treatment, but they are killed by slow
rates of freezing and thawing which are as fast as the fastest rate investi-
gated in tumor survival studies. With most tumors slow freezing com-
bined with rapid thawing has given better survival than rapid freezing,
and slow thawing is deleterious. It is evident, therefore, that the survival
of tumors in the frozen state cannot be explained by any modification of
the vitrification hypothesis.
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It has been mentioned that Barnes and Furth (1937) were the first to
observe the importance of slow cooling. These authors, together with
Breedis ¢f al. (1937), found that leukemic cell preparations cooled rapidly
to —37°C. and held at this temperature for 30 minutes failed to produce
leukemia, but that if the preparations were cooled slowly to —70°C. they
retained the ability to transmit the disease when held in the frozen state
for periods up to 32 days. Breedis and Furth (1938) reported observations
on a number of mouse tumors subjected to slow freezing under the title
“The Feasibility of Preserving Neoplastic Cells in the Frozen State.”
Breedis and Furth minced the tumors with scissors into a small amount
of Tyrode solution on an iced plate. The suspension was sealed in glass
tubes which were placed in an alcohol bath and slowly cooled by the
addition of fragments of CO, ice. After freezing the material was stored
on CO; ice, and when required for test was thawed quickly because this
was thought to be less injurious than slow thawing. Excellent survival
was obtained with the following tumors: lymphocytic leukemia (survival
for 440 days), myelocytic leukemia (440 days), monocytic leukemia
(430 days), sarcoma 3172 (448 days), and mammary carcinoma (98 days).
A strain of chloroleukemia was found difficult to preserve, but it survived
if large fragments of spleen were frozen. Breedis and Furth also noted
that chicken tracheal epithelium kept in the frozen state for 327 days
exhibited ciliary motion on thawing. They concluded that the tumor
inducing activity of the frozen-preserved materials is attributable to the
survival of living cells—not virus—because frozen tumor suspension
irradiated at —70°C. with 4000 r (a dose of x-rays sufficient to kill cells
but not viruses) was completely inactivated.

Mider and Morton (1939) compared the effects of two rates of freezing
on solid portions of S 37, S 180, and the Walker rat carcinoma. Rapid
freezing was carried out by immersing the tube containing the tissue in a
bath of Methyl Cellosolve and CO, ice at —74°C. A thermocouple
inserted into the tissue showed that 3 to 5 minutes were required to reach
the temperature of the refrigerant. Slow freezing was effected by starting
with the bath of Methyl Cellosolve at room temperature and cooling it
by the addition of CO, ice fragments at a rate sufficient to give the mini-
mum temperature in not less than 20 minutes. The frozen tissue was
thawed at room temperature or in a water bath at 30°C. and cut into
fragments. These were grafted subcutaneously in the inguinal region en
one side, a control (unfrozen) portion of tumor being grafted on the other.
Mider and Morton’s results, unfortunately, are given only in percentages
of grafts which grew to form tumors. Tests were carried out with tumor
frozen and thawed up to six times, presumably with the idea of enhancing
any differences due to rate of freezing. In all instances where tumors
developed the latent period was prolonged with frozen and thawed
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material. When the tumor tissue was frozen once only, no significant
difference was attributable to the rate of freezing; 8 to 909, of sarcoma
grafts and 45 to 509, of the carcinoma grafts were successful. The results
obtained with repeated freezing and thawing might seem to suggest that
rapid freezing gave better survival. However, the data are incomplete,
and it is doubtful whether they can be accepted at their apparent face
value in view of the fact that many grafts failed to take. It is to be noted
also that Mider and Morton kept the tumor tissue frozen for periods
ranging from 5 minutes to 24 hours before thawing, and these variations
may have influenced the results. These authors also tested the effect of
freezing on tumor suspensions prepared in 3 parts of buffered Ringer.
The sarcoma suspensions did not survive freezing and thawing in this
state, but some tumors were obtained with the carcinoma suspension
when it was frozen slowly. Klinke (1940), who succeeded in obtaining
growth in tissue culture from fragments of carcinomas and sarcomas,
emphasized the need for rapid freezing and thawing.

Breedis (1942) made a careful and detailed analysis of the effect of
the rate of freezing on leukemic cells, and his results clearly show slow
freezing to be less destructive than fast freezing. Breedis stated that he
found this difficult to explain because profound changes may occur when
materials are kept frozen for a protracted time close to the freezing point;
for example, Moran (1929) found that the freezing of frog musecle at
—2°C. to equilibrium removed 789, of the water as ice.

Breedis’ methods and results merit detailed consideration. He pre-
pared the leukemic cell suspensions by mincing tumor, spleen, and lymph
nodes in Tyrode solution with 109, rabbit serum or amniotic fluid and
took the important precaution of filtering the suspension through cotton
to remove cell clumps. The temperature changes which occurred during
slow freezing were recorded by thermocouples inserted into specially
designed tubes containing the suspensions. Flat tubes with very thin
walls were used for the study of the effect of rapid cooling through various
temperature ranges. Three strains of leukemia were compared in regard
to their resistance to rapid or slow freezing combined with rapid or slow
thawing. Suspensions to be frozen slowly were placed in thin-walled tubes
in an alecohol bath at 0°C., and the temperature of the bath was lowered by
approximately 0.5° per minute by adding small pieces of solid CO,. At
—60°C. the rate was increased to 1.0° per minute, and at —70°C. the
tubes were immersed in liquid nitrogen at —196°C. Rapid freezing was
accomplished by allowing the suspension to fall drop by drop onto differ-
ent parts of the inner wall of a thin-walled tube immersed in liquid
nitrogen. All suspensions were kept at —196°C. for approximately 1 hour
and were thawed as needed for injection. For rapid thawing the tube was
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transferred to alcohol at —40°C. for 5 minutes and then shaken in water
at 37°C. Slow thawing was effected by placing the tube in a small beaker
containing alcohol at —43°C. in the icebox. A tube containing the original
suspension was kept in ice water until the other tubes had been frozen,
and this suspension was then titrated by inoculating a series of dilutions
made in Tyrode solution to which 109 rabbit serum or amniotic fluid
had been added. The frozen and thawed suspensions were injected without
dilution. The average length of life of the mice after inoculation with
dilutions of the control suspension gave a fair indication of the concen-
tration of the transmitting agent, and from these data an approximate
estimate of the survival values of the frozen leukemic cell suspensions
could be obtained. With one exception, where the material was slow-
frozen and slow-thawed, survival was demonstrated only in suspensions
subjected to slow freezing and rapid thawing. The least resistant strain
of leukemia showed a survival of only 1 in 10,000 to 1,000,000.

Breedis then proceeded to a detailed analysis of the effect of rapid
cooling through various temperature ranges using one of the more resist-
ant strains of leukemia. A large number of preparations were subjected
to different rates of cooling through different parts of the temperature
range from 0° to —70°C.; when this temperature was reached, each
preparation was cooled to —196°C. Breedis’ observations show quite
clearly that the “changes which are peculiar to rapid freezing alone and
lead to complete inactivation take place during rapid transition from the
liquid to the solid state, in a range of temperature lying between —15°C.
and the freezing point.” He remarked that ‘“‘the sharp end point at which
the cooling rate causes complete inactivation is remarkable. Approxi-
mately 1 per eent of activity was preserved whether cooling through the
range 0° to —15°C. required 30 minutes or 1 minute, but when this range
was passed through in 12 seconds or less, the material became innocuous,
its activity being reduced to less than 0.0001 per cent.”

In the article in which these observations are presented Breedis
reviewed the literature and discussed the possible mechanisms of death
by freezing. He stated: ‘“Results that show slow freezing to be less
destructive than rapid freezing are difficult to explain,” but, arguing from
the observations of Moran (1926) (see Section III.1), he considered that
the dehydrating effect of freezing, leaving protoplasm a less favorable
site for ice crystal formation provides a likely explanation.

Snell and Cloudman (1943) investigated the rate of freezing on the
survival of fourteen transplantable tumors in mice. Thin slices of tissue
( X 2 X 6 mm., approximately) were placed in vials containing Freon 11
or isopentane, either at —79°C. (fast freezing) or at room temperature.
For slow freezing the vial, or alternatively a small piece of tissue, inserted
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into a dry tube, was placed in CO, ice. The following tumors were em-
ployed: three lymphoid leukemias, two myeloid leukemic tumors, a tera-
toma, a melanoma, a reticuloendothelioma, four-mammary carcinomas,
and two fibrosarcomas. The teratoma and some of the leukemias did not
stand freezing, and the others showed different degrees of survival. The
results, judged from the percentage of tumors which appeared and their
average lag, show trends which suggest that rapid freezing produced more
severe damage.

Excluding the contribution of Breedis concerning leukemic cells, it is
impossible to draw any firm conclusions regarding the relative merits of
fast and slow freezing from the literature which has been cited. It is
probable that the results obtained by various workers have been influ-
enced by numerous factors introduced by variations in technique and
choice of different tumors. Comparisons of survival have been hampered
by the lack of suitable quantitative methods applicable to solid tumors.
The careful observations of Breedis (1942) might appear to prove beyond
question the superiority of slow freezing, especially in the range of 0° to
—15°C. However, an unexpected factor discovered by Gabrielson et al.
(1952) might seem to invalidate the work of Breedis. Gabrielson et al.,
using other strains of leukemia, found that, although fast-frozen suspen-
sions appeared inactive when stored for 24 hours at —76°C., activity
reappeared on further storage at this temperature. Accordingly, they
postulate a labile inhibitory factor to explain this recovery of ability to
transmit leukemia. Undoubtedly there is evidence that elusive labile
factors may reduce the activity of freshly frozen tumor suspensions
(Craigie, unpublished), but the observations of Gabrielson et al. do not
prove that Breedis’ results were due to failure to keep his material frozen
for 72 hours before testing, for, here again, we are faced with the difficulty
of comparing and interpreting results of different observers. Gabrielson
et al. used unfiltered spleen mash suspensions, they did not freeze as
quickly as Breedis, and they did not investigate the 0° to —15°C. tem-
perature range.

3. Preservation in Dextrose Solutions

Much of the work which has been cited was carried out with tumor
tissue frozen en masse. Breedis and Furth (1938), however, used tissue
finely minced with scissors in a small volume of Tyrode solution, and
Breedis (1942) used leukemic cell suspensions containing 109, normal
rabbit serum or amniotic fluid. Mider and Morton (1939) tested saline
suspensions of the Walker rat carcinoma but found that these were more
readily inactivated by freezing than solid portions of this tumor. Craigie
(1949b), with a view to utilizing low-temperature preservation of tumors
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in the development of more quantitative methods for the study of trans-
plantable tumors, investigated the survival of tumor cell suspensions
when subjected to freezing in a variety of fluids. He considered that ‘it
might be expected that cells exposed to an artificial environment are more
likely to be killed by freezing than are cells situated in the interior of a
piece of intact tissue, because the former are more exposed to the mechani-
cal effects of ice formation and to the strong concentrations of inorganic
salts induced between the initial freezing point and the freezing tempera-
ture of their eutectic solutions.” Preliminary experiments showed that the
rate of inactivation referable to electrolyte concentration was undesirably
high, and Craigie therefore investigated the suitability of dextrose solu-
tions as suspending fluids. He found that dilute cell suspensions prepared
from a C;H sarcoma would survive freezing and thawing in 5.8 9%, dextrose
solution. The protective effect of dextrose was evident when used in con-
centrations ranging from 3 to 409, the optimum being between 5 and 7 %,.
A C;H sarcoma suspension diluted 1 in 12.5 and frozen in 109, dextrose
solution containing 40% glycerol was found to produce tumors in all of
twenty-four inoculated mice after storage for 253 days in the frozen state
on COs ice. Calculations from the mean lag period for two dilutions tested
indicated that probably 259% of the tumor cells survived freezing and
thawing. In presenting these results, Craigie did not discuss any alterna-
tive to cell survival.

In view of the evidence of survival obtained on freezing in hypertonic
dextrose and glycerol solutions Craigie (1949¢) began an investigation of
the effect of dehydration. A number of C;H sarcoma suspensions were
dried from the frozen state in dextrose solution. On one occasion tumors
were obtained with the dried material, and Begg subsequently confirmed
this. These observations, together with others on the activity of frozen-
dried material, were reported by Gye (1949) and Gye et al. (1949).

4. Demonstration of Cell Survival

Gye interpreted the observations of Craigie and Begg on the trans-
mission of tumors with tissue frozen-dried in dextrose as evidence that the
continuing cause of the tumors is probably a virus, although Craigie, on
the basis of quantitative estimates (1949¢ and 1950), considered that the
survival of one cell in a million was sufficient to account for the positive
results obtained. At this time there was little direct evidence available
concerning the ability of tumors or normal somatic cells of homotherms
to withstand freezing. Auler (1932) had noted that tumors induced by
inoculation with Ehrlich mouse carcinoma and Jensen rat sarcoma after
freezing were similar histologically to the mother tumor, and he pointed
out that this indicated cell survival. Mider and Morton (1939) grafted
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rat skin which had been subjected to freezing. They found that squamous
epithelial and connective tissue cells grew after a single freezing to —74°C.
Rapid freezing produced more cellular damage than slowfreezing. Klinke
(1939, 1940) claimed growth in tissue cultures with Jensen rat sarcoma
which had been kept at —196°C. for 2 days and with Ehrlich mouse
sarcoma after it had been frozen for 10 minutes at —253°C. Webster
(1944) described successful takes with human skin grafts refrigerated at
—72°C. Briggs and Jund (1944) demonstrated that mouse skin remains
viable after slow freezing on CO, ice and rapid thawing. Grafts of ventral
skin from young mice were kept in a frozen state from 1 to 48 hours and
then were grafted autoplastically to the dorsum; 529, of these grafts took
wholly or in part and persisted as functional skin. Strumia and Hodge
(1945) successfully transplanted autogenous split-thickness grafts of
human skin which had been preserved in the frozen state from 1 to 61
days at temperatures of —20° to —25°C. In three patients, 80.59,
permanent takes were obtained with forty-one frozen grafts and 86.49,
takes with thirty-four control grafts.

Gye and Mann’s interpretation of observations on the transmission of
tumors with frozen or frozen-dried materials (Gye et al., 1949; Mann
and Dunn, 1949) had the fortunate effect of stimulating further investi-
gation. Passey and Dmochowski (1950) found that when suspensions of
minced tumor tissues which had been previously frozen, or frozen and
dried, were centrifuged, inoculation of the supernatant failed to produce
tumors, whereas the cell deposit was active in this respect. Passey ef al.
(1950) demonstrated sarcoma cell survival by applying tissue culture
methods to suspensions of cells which had been frozen in glucose solutions
and desiccated. Histological evidence that the propagation of tumors with
frozen-dried tissues is due to cellular transmission was obtained by
Dmochowski and Millard (1950), who used the technique of subcutaneous
grafting in plasma clot (Des Ligneris, 1930). Warner et al. (1950) investi-
gated histologically the fate of grafts of S 37 mince after exposure to low
temperatures and freeze-drying. The grafts were removed 3 hours to
10 days after implantation. In the earliest stages extensive necrosis was
observed, but in 24 hours characteristic “ T’ cells appeared at the periph-
ery. The number of “T” cells was roughly proportional to tumor-
producing activity, and they were presumed to be tumor cells which had
migrated out from the inoculated sarcoma mince.

Blumenthal and Walsh (1950) autotransplanted thyroid gland of
guinea pig which had been frozen at —70° or —190°C. One out of twelve
autotransplants was successful with gland frozen at —70°C., and, in
addition, one parathyroid transplant was obtained. When the tissue was
frozen by immersion in liquid nitrogen, eight out of twelve autotrans-
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plants were successful. Kreyberg and Hansen (1950) obtained successful
autotransplants of mouse ear epithelium frozen in sity and then trans-
planted immediately. Serial short-interval studies of subcutaneous trans-
plants of § 37 mash subjected to freezing were made by Walsh et al.
(1950). In 4 to 6 hours all the material had become necrotic, but a few
surviving cells were found on the surface of the abdominal muscle. These
tumor cells began to proliferate in 48 hours. Walsh et al. concluded that
in general freezing does not appreciably alter the latent period of tumor
transplants or their morphological characteristics. Ludwin (1951) showed
that two mouse adenocarcinomas survived freezing with CO. ice, by
inoculating the thawed tumor mash, mixed with charcoal as a locating
agent, into 5-day embryonated eggs. Tumor growths were found in a
number of eggs surviving to the eighteenth day, and these showed
mitosis and the histology of the original tumor.

Transplantation experiments which demonstrate in yet another way
that living tumor cells survive freezing were carried out by Bittner and
Imagawa (1950) and by Law (1951). Bittner and Imagawa showed that
spontaneous mammary tumors frozen in dextrose could be transmitted
only to mice of the same genetic constitution as the primary host. All the
strains of mice used for testing were susceptible to the milk agent. A
tumor which arose in an A/C,;H/F; breeder was frozen for 48 hours. This
produced tumors in C;Hb/Ax/F; mice but not in C;H, C;Hb, A, or Ax.
A C;H carcinoma (thirty-third passage) was tested after being kept at
—79°C. for 17 days. Tumors were obtained in C;H, C;Hb, and Ax/
C;Hb/F; mice but not in A or D.

Law employed two mammary tumors of C;H mice, one containing the
milk agent, the other not. These were frozen at —79°C. and after thawing
were transplanted to C;Hb and RIL/C;Hb/F, hybrid mice. Progressively
growing tumors were obtained. These were transplanted for five serial
transfer generations in RIL/C;Hb/F; hybrid mice and then tested in
C;Hb, RIL, and F; hybrids. The tumors grew in F; hybrids and C;Hb but
not in the RIL strain.

I11. ResistancE oF TuMor CeLLs To FREEZING AND THAWING

1. General Considerations

The extensive literature pertaining to survival or death of organisms
at freezing temperatures has been reviewed by Luyet and Gehenio
(1938, 1940). Much of this literature is irrelevant, for it is concerned with
organismal or systemic death whereas cell survival depends on a number
of intrinsic and extrinsic factors which prevent cellular or protoplasmic
death. The distinction between cellular and cytoplasmic death is not an
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entirely satisfactory one, but it serves to emphasize that cell death during
freezing or thawing or in the frozen state may be brought about in a
number of different ways. Cellular death occurs when the traumatic
effects of freezing and thawing produce gross cytological changes which
appear to be incompatible with survival. Protoplasmic death is to be
inferred in those instances where quick freezing of a tissue gives excellent
morphological preservation but the cells do not remain viable (vide
Parkes and Smith, 1953), and their death must be attributed to unknown
physicochemical changes due to internal freezing,.

There are three ways in which tumor cells may be grossly damaged
during freezing: (1) by pressure and shear, (2) by penetration of the cell
membrane by ice crystals, and (3) by exposure to hypertonic concentra-
tions of salts present in the intercellular fluid. It is to be expected that the
relative importance of each of these effects will vary according to the type
of tumor and the way in which the tumor tissue is prepared for freezing.

1. Pressure and shear effects caused by the expansion of ice and the
rapid flow of fluid between the crystals are possibly of greatest importance
in coherent tumor tissue frozen en masse. However, it should be borne in
mind that the same disruptive forces are applied when a tumor is finely
minced in order to prepare a cell suspension. This effect is well shown with
the pressure mincer designed by Craigie (1949a). This instrument, when
a close-fitting and finely grooved plunger is used, effectively strips the
cytoplasm from many kinds of normal and neoplastic cells, e.g., liver or
differentiated mammary carcinoma cells. This selective effect aids in the
preparation of suspensions in which the surviving cells are those that are
relatively more resistant to subsequent manipulations.

2. Although it must be accepted that cells may be killed as a result
of penetration by the sharp growing points of ice crystals, it is probable
that this is the least important cause of death when tumor tissue or cell
suspensions are subjected to freezing. Should penetration occur, death is
to be attributed to consequent intracellular ice crystal formation and not
to injury to the plasma membrane per se.

3. During freezing, the separation of ice crystals above the eutectic
temperatures of the salts in solution results in the development of
strongly hypertonic solutions. Consider the figures for salts present in
Ringer solution: the eutectic mixture of KCl with water is 259, and its
freezing point is —10.7°C.; of NaCl, 30.49%,, with a freezing point of
—21.2°C.; of CaCl,, 489, with a freezing point of —52°C. This means,
for example, that if a cell suspension is frozen at a temperature above
—20°C. in 34 volumes of 0.859%, sodium chloride, the volume of concen-
trated salt solution will be approximately equal to that of the cell and its
concentration will be 309%,. Under such conditions cell death is to be
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expected. On the other hand, if the volume of extracellular fluid is small
in relation to cell volume as in solid tumor frozen en masse, or, alterna-
tively, if a cell suspension is diluted with a nonelectrolyte such as dextrose
or glycerol, cell survival may be expected, provided that the temperature
is not lowered too quickly and that the cells are able to withstand a cer-
tain degree of dehydration by exosmosis. Luyet and Gehenio (1940)
classified organisms, spores, and seeds which survive at low temperatures
(in this instance, at the temperature of liquid air) into three groups: (1)
those that survive when dry, (2) those that survive when wet, and (3)
those that survive ultrarapid cooling and thawing only while wet and
provided that some degree of plasmolysis has been induced by exposure
in hypertonic sodium chloride, sucrose, or glycerol solution.

It has long been known that, when tissue is frozen, water migrates
from the cells and passes into the intercellular spaces. Moran’s observa-
tions (1926) on gelatin gels demonstrated that the presence of electrolyte
is not an essential factor in this migration of water, although the process
in tissues may well be accelerated by the presence of intercellular elec-
trolyte. Cells may be killed if plasmolysis proceeds too far, but, on the
other hand, partial dehydration may promote survival. Breedis (1942)
considered that the dehydrating effect of slow freezing, leaving the proto-
plasm a less favorable site for ice crystal formation, is a probable explana-
tion of the survival of leukemic cells exposed to freezing and thawing,
provided that the temperature is not lowered too quickly through the
range 0° to —15°C. In this connection Breedis quoted the observations
of Moran on gelatin gels. Moran (1926) found that ice crystals do not
form in gelatin gels containing less than 35% water. If discs of higher
gelatin content than 129, are frozen slowly, ice forms only on the outside
of the dises until & final equilibrium of 54.3% at —3°C. or 65.29, at
—19°C. is attained. Thereafter ice does not form within the gel even after
immersion in liquid air. On the other hand, after rapid freezing, numerous
ice foci form throughout the discs. Luyet and Thoennes (1938) observed
that survival of onion epidermis was promoted if previously dehydrated
by plasmolysis in hypertonic salt solution; Luyet and Hodapp (1938)
found that a large percentage of frog spermatozoa showed motility after
being partially dehydrated in 2 M sucrose, frozen in a thin film of liquid
air, and thawed rapidly at 20°C. The view that partial dehydration of
certain types of cell causes increased resistance to freezing is further
supported by more recent observations, e.g., on the remarkable protec-
tive effect of glycerol on fowl spermatozoa (Polge et al., 1949).

Dehydration may occur during freezing and presumably may be
brought about in two ways: (1) directly by extracellular ice formation,
as in Moran’s gelatin gel experiments, and (2) by exosmosis due to the
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formation of hypertonic salt concentrations above the eutectic points
(Table I).

TABLE 1
Effects on Cell Survival of Physical Changes during Freezing
Physical Change Physical Effects on Cell Cell Survival
Ice formation (a) Pressure and shear Prejudiced
(b) Dehydration Favored or prejudiced

Increased extracellular (a) Injury to plasma membrane Prejudiced
salt concentration (b) Dehydration Favored or prejudiced

It is to be expected from a consideration of the physical changes which
oceur during freezing and the possible effects of these on the cell (Table I):

1. That survival of the cell up to the point when intracellular freezing
may occur depends on its ability to withstand (a) pressure and shear, (b)
exposure to hypertonic salt solution, and (c) the dehydrating effects of
extracellular ice formation and of exosmosis.

2. That different types of tumor may differ greatly in their ability
to survive when frozen en masse.

3. That survival may vary according to rate of freezing.

4. That the composition of the suspending fluid may have a profound
influence on survival of tumor mince or cell suspensions.

In the absence of evidence to the contrary it seems reasonable to
assume that, unless freezing in individual cells is ultrarapid, the changes
induced by intracellular ice formation may cause death by disrupting the
submieroscopic organization of eytoplasm and nucleus and by producing
irreversible physicochemical changes. The observations of Hazel ef al.
(1949) on the effects of freezing colloidal silicic acid are of interest in this
connection. The stability of this colloidal system depends on the tem-
perature to which it is rapidly frozen and also on the rate of thawing. If
frozen at temperatures below —55°C. and thawed rapidly, the system
remains stable. It also remains stable for an indefinite period if frozen
in liquid air and kept at a temperature below —55°C. If, however, the
frozen sol is transferred to a temperature of —35°C. for 15 minutes, it
coagulates irrespective of the rate of subsequent thawing. Hazel et al.
relate this phenomenon to the fact that at a temperature of about —55°C.
a polymorphic transition occurs from a fine ice structure with a dis-
oriented lattice (not a vitreous state) to a more orderly lattice with a
higher lattice energy, this higher lattice energy being sufficient to over-
come the solvation energy.

It is unknown whether cell survival on storage at temperatures from
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—70° to —79°C. depends on the intracellular fluids remaining unfrozen.
Luyet and Gehenio (1940) suggested that the absence of freezable water
may be the important factor in the survival of some cells under certain
conditions. However, it may be argued that sudden intracellular freezing
from a supercooled state may result in vitrification when CQO, ice is used
as refrigerant. Luyet (1951), in a recent summary of the principles and
techniques of vitrification by rapid cooling, stated that the “dangerous”
crystallization temperature range for protoplasm is between zero and
some tens of degrees below zero. Because rate of transfer of heat is a
limiting factor, ““it is impossible to reach the cooling velocity required for
vitrification—which is of the order of several hundred degrees per second
—with any object which measures more than about 0.1 mm. in one dimen-
sion when the water content is between 70 and 80 per cent.” In order to
attain the necessary rate of ultrarapid cooling, a very high temperature
differential is necessary and the organisms or tissue to be cooled must be
immersed in a fluid cooled in a liquified gas such as liquid nitrogen.
However, it would appear that it is not necessary to cool the object to a
temperature approaching —200°C. but merely to cool it with very great
speed to a temperature which probably lies between —32° and —55°C.
The former figure is that which might be inferred from Luyet’s statement
(1951), and the latter follows from the remarks of Hazel et al. regarding
ice structure. It may therefore be suggested that, when tumor tissue or a
suspension of tumor cells is frozen to a temperature of —70°C. (approx.),
cells may become vitrified provided that the rate of cooling has not been
too rapid. This paradoxical effect, if it does occur, would arise in the
following way. Slow cooling exerts a dehydrating effect on unfrozen cells,
thus depressing the freezing point of the protoplasm and favoring super-
cooling. If supercooling proceeds to below the transition temperature of
ice (—55°C., approx.), subsequent solidification of the cell to a vitreous
or semivitreous state is likely to occur with extreme rapidity. Some sup-
port for this view seems to be provided by the fact that rapid thawing of
frozen tumor suspensions is essential if maximum survival is to be
secured. It is difficult to understand why this should be so if the surviving
cells had remained unfrozen because, in this event, a slow reversal of the
freezing process would seem more likely to favor survival during thawing.
On the other hand, if intracellular vitrification should occur, maximum
survival is to be expected only if the cells are warmed as rapidly as possi-
ble through the dangerous temperature range of ice crystallization.

2. Microscopic Observations

A number of difficulties have impeded the investigation of tumor
survival in the frozen state and the development of techniques for low-
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temperature preservation. When tumors are obtained by the grafting of
tumor tissue which has been frozen en masse, the results yield little
information beyond the fact that a sufficient number of tumor cells
survive to initiate growth. The surviving cells may represent a very small
proportion of cells viable in the graft before freezing, and accurate
quantitative comparisons of technique are impossible. Statistically
significant differences in mean lag period may be of some value as an
indication of gross differences in the number of tumor cells surviving.
Differences in the percentages of takes, however, should be interpreted
with caution, because when the proportion of viable cells in a graft is
reduced below the level required to give 909 takes & number of other
factors play an important part in determining whether tumor growth will
become established. The most important of these are (a) the reaction
of the graft to the dead tissue, (b) the ability of viable cells to migrate
to the periphery of the reaction zone, and (¢) adequacy of the initial
stimulus to vascularization. Another factor becomes operative if tumors
such as S 37, which arose in hybrid mice, are used; this is (d) the develop-
ment of tumor resistance which may overtake delayed growth of tumors
arising from small numbers of cells.

In some tumors, e.g., 8 37, the tumor cells vary greatly in their
resistance to freezing, and the distribution of resistant cells in the tumor
is quite irregular. It is therefore impossible to obtain valid comparisons
with portions of such a tumor subjected to different methods of freezing
en masse (Craigie, unpublished). Consequently, useful comparisons can
be made only if the tumor is first reduced to a homogeneous single-cell
suspension which can be divided into aliquot parts, e.g., Breedis (1942)
with leukemic cell suspensions. Unfortunately, there is no satisfactory
method of reducing solid tumors to single cell suspensions without
destroying a large proportion of tumor cells in the process because of
their susceptibility to pressure and shear. The pressure mincer designed
by Craigie (1949a) for the preparation of tumor suspensions is a useful
and convenient tool for the selective destruction of tumor cells least likely
to survive freezing (Section III.1).

A further difficulty arises from the fact that cells which may appear
to be normal on cytological examination may be incapable of initiating
tumor growth on transplantation. Craigie (Craigie et al., 1951; Craigie,
unpublished) has studied extensively the correlations between the
capacity of free tumor cell suspensions to initiate tumors and the phase
microscopy of the cells present. Initially, confusing results were obtained
when control and treated tumor cell suspensions were titrated subeu-
taneously in serial dilutions in mice and portions of these serial dilutions
were mounted on cytometer slides and recorded photographieally, for
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comparison with the in vivo tests. A variety of extracellular and intra-
cellular physiological fluids were used, and no correlation whatever could
be established between cell count and tumor-inducing activity under the
experimental conditions employed. Some suspensions which on phase
contrast examination appeared to consist almost entirely of intact and
presumably viable cells were found to be devoid of any tumor-inducing
activity, whereas others in which all cells appeared to be grossly damaged
proved to be almost as active as the untreated control suspension. When
dextrose solutions were used as suspending fluids, the results became
even more puzzling, for dextrose produces immediate and striking changes
in free tumor cells obtained by mincing techniques. The nucleus swells,
and the nucleoli and associated masses of chromatin become invisible;
later the cytoplasm disintegrates and separates from the cell. (This effect
of dextrose cannot be attributed entirely to preliminary trauma during
mincing because the same effect may be observed in a small proportion
of ascites tumor cells when these are transferred to dextrose solutions.)

In these studies phase contrast objectives having a phase plate trans-
mission of approximately 509, were used initially. It was noted that
tumor cell suspensions prepared from transplantable mouse tumors which
show excellent survival in the frozen state in dextrose solution (Cs;H sar-
coma, S 37, C;7 sarcoma, and carcinoma 63) contained a small and vari-
able number of extremely refractile bodies which were at first assumed to
be dead cells derived from necrotic areas of the tumor. However, it finally
became evident from the quantitative studies that the tumor-inducing
activity of frozen and thawed cell suspensions was consistently and di-
rectly proportional to the number of ‘“refractile’’ cells present. It was
also observed that such cells might swell and lose their refractility when
transferred to Ringer or Tyrode solution (Craigie et al., 1951). Consider-
able quantities of ‘‘refractile”’ cells in a relatively pure state were obtained
by growing S 37 or C;H sarcoma as ascites tumors, treating the cellular
peritoneal exudate with dextrose solution, and fractionating the cells by
differential centrifugation. It was established that a very high percentage
of the tumor cells which had assumed the inactive “refractive’ state
survived freezing and thawing in dextrose solution and that some sur-
vived drying from the frozen state. For example, a pure suspension of S
37 “refractile” cells was dried in a single cell layer in dextrose at —20°C.
On reconstitution 0.29% of these cells were found to have retained their
“refractile’” appearance. Eight mice were injected with an average sub-
cutaneous dose of 75 of these surviving cells; in five of these tumors were
noted 12 days after inoculation and seven showed growing tumors by the
twenty-first day (Craigie et al., 1951).

When cells pass into the resistant “refractile” state in which they are
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able to survive under conditions which are rapidly lethal for active cells,
they shrink and assume a rounded form. This change is accompanied by a
change in refractive index and, as a result, the normal phase contrast
image is replaced by one which is largely optical artifact even when high
transmission phase plates (7' = 70 to 80%) are employed. A marked op-
tical membrane is present at the boundary of the cell and is accompanied
by brilliant internal and external halos (Fig. 1), and the nucleus of the

TABLE 1I
Distinguishing Characteristics of « and 8 Cell Phases of Diphasic Tumors

Extreme « Type

Extreme 8 Type

Dedifferentiated.

Actively mobile.

Free growth on peritoneal and pleural
exudate.

High and uniform cytoplasmic absorption
at 2536 A. Other evidence of high cyto-
plasmic PNA,

Imperfect phase contrast image (see text).

Relatively resistant to pressure and shear.

Killed by freezing unless conditions per-

Differentiated.

Sedentary.

Dependent upon supporting surfaces and
adequate supply of O..

Low or irregular cytoplasmic absorption
at 2536 A, according to type of tumor.

Normal phase contrast image showing
nuclear and cytoplasmic detail.

Sensitive to pressure; cytoplasm readily
stripped from nucleus by shear.

Killed by freezing,

mit change to P state.

cell is invisible. It is a matter of very great difficulty to distinguish tumor
cells from other cells (e.g., macrophages) when both are in the ‘‘refrac-
tile”’ state, and it is impossible to distinguish one tumor from another
when only “refractile” cells are available for comparison. Craigie (1952a)
proposed the term ‘“‘paramorphic” to designate this resistant and inactive
cell state.

In the course of investigations into the origin of these paramorphic
cells and their resistance to freezing Craigie (1952a,b) found it necessary
to recognize in addition two extremes of active cell states in certain di-
phasic experimental tumors (C;H sarcoma, S 37, and T 2146). These
active states, termed a and 8 phases, show the ultraviolet absorption
characteristics of the extreme type A and type B cells described by Cas-
persson and Santesson (Caspersson, 1950). Rapid transformation from
one state to the other may be induced in vitro by appropriate manipula-
tions. Similar changes of state occur in vivo. When a diphasic tumor forms
a solid vascularized growth, the majority of cells proliferate in the 8 phase,
but when it is propagated as an ascites tumor, the cells grow in the «
phase in a free state in the exudate they induce. It should be appreciated
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that change of cell state occurs in response to environmental conditions
and may be rapid. Consequently, no assumptions regarding stability of
state are permissible when tumor cell suspensions are manipulated in
vitro, and it is imperative that each and every preparation and dilution
thereof be subjected to microscopic examination at the time of inocula-
tion when quantitative titrations for tumor-inducing activity are being
carried out.

R I .
-

Fic. 1. Phase contrast, 8-mm. objec- Fic. 2. 2536 A&, 6-mm. objective,
tive, N.A. 0.45. N.A. 0.7.

Figs. 1 and 2. S 37 cells in paramorphic state.

The distinguishing characteristics of - and 8-phase cells are indicated
in Table II, and the appearances of the extreme a type under phase con-
trast illumination and at 2536 A are shown in Figs. 1 and 2. It should be
pointed out that the microscopy of a-phase cells is attended by certain
optical and technical difficulties. Optical artifacts are accentuated if phase
plates having too low a percentage transmission are used, and resolution
is limited in hanging drop preparations. The technical difficulties are due
to the rapid changes exhibited by a-phase cells in response to environmen-
tal changes which may be induced in preparing them for microscopic ex-
amination; for example, if peritoneal exudate is diluted with physiological
salt solution and mounted between slide and cover slip, rapid oxygen de-
pletion depresses the activity of a-phase cells and induces changes to the
inactive paramorphic state.

A few simple factors determine phase transformation and change to
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the inactive paramorphic state in vitro. These are summarized in Table
II1.

The influence of factors listed in Table I1T on cell state may be simply
and clearly demonstrated with ascites tumor cells in a shallow hanging-
drop preparation, provided that precautions are taken to prevent the
suspending fluid from becoming hypertonic by evaporation and provided
that a high standard of chemical cleanliness is observed in the washing

TABLE III
Factors Which Determine o = 8 Transformation and Transition to the Paramorphic
State in Viiro

Change Factors

ato B  Occurs at 20° to 37°C.; rate dependent on temperature. Supporting surface
necessary, e.g., plasma clot, glass or quartz, other differentiated cells. Free
access of O,. Isotonic physiological salt solution with increased K: Na ratio.

ato P Reduced temperature. O, deprivation. Hypertonic physiological salt solu-
tions. Isotonic or hypertonic dextrose or glycerol solution.

Ptoa Increased temperature. O, Replacement of dextrose solution with isotonic
physiological salt solution.

Ptos Presumably P to «; then « to 8.
Btoa Slow and infrequent in microscopic preparations. Cell usually dies under

and environmental changes employed to induce « to P transformation.
B8 to P Probably occur more frequently when solid tumor is cooled en masse.

of glassware and the preparation of the physiological salt solutions
employed.

The available evidence indicates that only tumor cells in the para-
morphic state are able to survive freezing to —79°C. (Craigie et al., 1951;
Craigie, 1952a,b). This conclusion is based on detailed quantitative
studies with S 37, T 2146, C;H sarcoma, and Bp 8 sarcoma (Craigie, un-
published) and is supported by less detailed observations on a number of
other diphasic tumors—Daels guinea pig sarcoma, Jensen rat sarcoma,
and a number of primary and transplanted C;H mammary carcinomas.
Table IV shows results obtained with a preparation of S 37 ascites tumor
cells frozen for 8 days at —70°C. This particular example is selected for
two reasons. One purpose is to show how rapidly tumors may develop
from a few surviving tumor cells, provided that they are injected in a
small volume with minimum of dead cells and tissue debris. The ultra-
violet photomicrographs (Figs. 3 and 4) of the suspension used in this
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experiment illustrate another point which will be discussed in Section
IV.2.C. In this experiment 8 37 peritoneal exudate was frozen in am-
poules without additional diluent. After storage in the frozen state for 8
days it was quickly thawed at 37°C. without agitation. Rapid clotting
occurred, and 9 minutes later the fluid exuding from the contracting clot
was separated. A portion of this fluid was diluted with 22.5 parts of Ringer
solution, and the diluted material was used immediately for ultraviolet

b

Fic. 3. Fic. 4.

Figs. 3 and 4. S 37 cells after freezing and thawing; 2536 A, 6-mm. objective, N.A.
0.7; see Table IV and text. Fields selected to show: A, cell damaged by freezing;
B, Loss of cytoplasmic absorption at 2536 A and potocytosis.

phetomicrography, cytometer count (under phase contrast), and mouse
titration. Approximately 609, of the cells remained in the paramorphic
state in the diluted preparation at the time of mouse inoculation. The re-
sults of mouse titration are shown in Table IV. Twenty C;H mice were
employed for the titration. Each mouse was inoculated at two subcutane-
ous sites with 0.01 and 0.001 ml. of the freshly thawed and diluted cell
suspension. The remaining portion of the cell suspension which exuded
from the clot was kept at 19°C. for 4 hours before being diluted and in-
jected at two other subcutaneous sites in the same mice employed for
titration of the freshly thawed preparation.

The observations of Craigie have been limited largely to a number of
highly malignant tumors selected for investigation of the relationship be-
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tween cell state and resistance to freezing because of the relatively high
proportion of resistant or potentially resistant cells that they contain. In
these diphasic tumors the main source of inactive paramorphic cells which
are resistant to freezing are a-phase cells. In more differentiated tumors
which are less resistant to freezing a-phase cells appear to be absent.
Nevertheless ‘some survival does occur, and this is associated with the
presence of a few paramorphs in the frozen and thawed tumor suspension.
In such tumors these resistant cells can be derived only from B-phase

TABLE IV

Mean Interval Till
Volume Injected Number of Cells  First Appearance  Standard  Standard

Subcutaneously * Injected { of Tumors Deviation Error
0.01 ml. 5600 7.3 days 3.80 +0.95
(16 sites)

0.001 ml, 500 9.5 days 2.43 +0.65
(14 sites)

Undiluted ascitic fluid held at 19°C. for 4 hours and then diluted 1 in 23.5
0.01 ml. 3200 7.5 days 2.40 +0.57
(18 sites)

0.001 ml. 320 10.0 days 1.11 +0.30
(14 sites)

* Micrometer syringe employed.

1 Phase contrast count of cells in paramorphic state; figures may include some macrophages (prob-
ably less than 5 %). Nonrefractile cells, which showed the dextrose effect on the nucleus and, in most
instances, gross cytoplasmic changes, are not included in these counts.
cells, and it seems probable that susceptibility to freezing is due to the
occurrence of lethal physical changes before any large number of these
differentiated cells can adapt themselves to the changing environment.
Investigation is difficult because of the small proportion of cells that do
survive and the fact that a very small number (100 or less) may be
capable of initiating a new tumor on transplantation of the treated tumor
suspension.

3. Dehydration and Survival

In Sections 11.2 and III.1 it was noted that Breedis suggested that his
observations on the effect of rate of cooling on the survival of leukemic
cells could be explained on the basis of partial dehydration. He re-
marked that ‘“Initial freezing of water in extracellular fluids would result
in the concentration of osmotically active material outside of the cell.
Water would diffuse out of the cell to restore osmotie equilibrium leaving
the protoplasm partially dehydrated. That such protoplasm may be a less
favorable site for ice crystal formation has already been indicated.” More
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recent observations on the influence of glycerol media and rate of cooling
on the survival of fowl and mammalian spermatozoa (Polge et al., 1949;
Polge, 1951 ; Smith and Polge, 1950; Polge and Rowson, 1952), red blood
cells (Smith, 1950; Sloviter, 1951a,b; Mollison and Sloviter, 1951; Molli-
son et al., 1952), rabbit ovarian granulosa cells (Smith, 1952), rat ovarian
tissue (Parkes and Smith, 1953), and malpighian cells and epidermal
melanoblasts of rabbit skin (Billingham and Medawar, 1951) support the
view that some degree of cell dehydration is an essential factor in the de-
velopment of resistance to freezing. However, as Parkes and Smith (1953)
point out in their discussion of their observations on grafts of frozen ovar-
ian tissue, other factors as yet not understood must play an important
part in determining cell survival during freezing and at low temperatures.
Hodapp and Menz (1951) investigated the respiration of liver and S 37
tumor slices exposed to liquid nitrogen. They found that liver cells are
more readily killed under comparable conditions and that partial dehy-
dration with ethylene glycol prior to rapid freezing quantitatively in-
creases the survival of S 37 cells. Good correlation was observed between
the morphological and respiratory characteristics of S 37 tumor cells after
freezing, thawing, and incubation for 4 hours at 37°C. (Hodapp et al.,
1952). The respiration of tumor cells pretreated with ethylene glycol was
50 to 609 of the unfrozen controls, but when this pretreatment was
omitted no significant respiration could be demonstrated after free