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Cancer accounts for a third to a quarter of all deaths
in our time (Am Cancer Soc) and hence it is important to
take adequate steps to prevent the disease as well as to
direct efforts to its early diagnosis and cure. Prevention
can only be applied if the environmental causes of cancer
can be identified and a considerable effort is being
directed at the moment towards this end. There are two
principal methods available for assessing the carcinogenic
hazard to man, firstly the identification of a chemical as
a carcinogen and secondly the monitoring of human exposure
to it.

The methods available for the detection of chemical
carcinogens are limited to two or possibly three
approaches. The first approach is the epidemiological one,
the second is animal experimentation and the third method,
which is likely to acquire more importance in the future,
is the in vitro group of tests known generically as
short-term tests for carcinogenicity and mutagenicity.

In this talk we shall touch briefly on some of the
epidemiological studies employed to discover the
carcinogenic activity of solvents but attention will be
mainly paid to animal experiments and particulrly to the
pitfalls that may be encountered in assessing the
carcinogenic risk from the results of such studies.

Let us first of all have a look at the reasons fo
using animals in the detection of carcinogens. The an ls
engloyed are mainly of the mammalian species -
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non-mammalian species (eg, fish) have occasionally been
employed but experience wilh them is very limited. For
logistic and cost reasons, mice and rats are the species of
choice but where the situal:ion demands it, higher species,
including primates, are uscd as well.

Experience shows that all mammals develop cancer
towards the end of their life-span. 1In this respect they
resemble man. The tumours that develop in animals may run
a benign or malignant course as in man and, as in man, they
may arise in any cell type. Histologically, tumours
resemble also the human ones in architecture although but
the histological appearance of the tumour is not
necessarily associated with the same type of biological
behaviour in animals and in man (Turusov, 1976, 1979).
Furthermore, it has been repeatedly shown that substances
which are carcinogenic to man are also carcinogenic in one
or more species of laboratory animals. In Table 1, I have
summarised some well known causes of human cancer. All of
these chemicals and products (with one or two exceptions)
have been tested in rodents or in dogs and gave a positive
result when tested in animals.

This experience has served to indicate that animals
are useful models for detecting substances that are likely
to present a carcinogenic hazard for man and over the years
many chemicals (including some solvents) have been tested
by one or more route and found to be carcinogenic.
Unfortunately, however, several pitfalls have been
encountered in extrapolating animal data to the human and
in discussing the carcinogenicity of solvents, some of
these pitfalls will be mentioned.

Although epidemiological studies have been conducted
on a number of solvents, a reasonably firm connection
between solvent exposure and cancer was only obtained in
the case of benzene. It is interesting to trace the
historical background which led to the acceptance of
benzene as a human carcinogen since it typifies the way in
which human evidence is collected and analysed.

More than Walf-a-o nt ry ago D lore and BO ‘gomano
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Frons IARC MOnographs on the Evaluation of the Carcinogenic Risk of Chemicals to Nusans, Supplemen
1. IARC Lyor. 1979,
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(1928) drew attention to a pogsible association between
leukaemia and occupational exposure to high concentrations
of benzene. A few years later, Emile-Weil (1932) made
similar observations. With one exception, all these cases
had occurred in workers occupationally exposed to high
concentrations of benzene vapour, usually of the order of
150-1,000 ppm. Many "quasi-epidemiological®” studies have
been reported on hospital patients in whom a diagnosis of
leukaemia has been correlated retrospectively with an
occupational history of exposure to benzene while
examination of groups of workers with known high exposures
to benzene revealed a higher than usuval incidence of
leukaemia (Van Raalte and Grasso, 1982). Since then the
levels of benzene have gradually been lowered and the
current exposure seldom exceeds 5-10 ppm but well-conducted
epidemiological studies carried out on workers who had been
exposed to benzene before current hygienic measures were
enforced have demonstrated a higher than expected incidence
of leukaemia: the cases of leukaemia were found to have
occurred amongst those workers whose jobs involved a very
high (>1,000 ppm) exposure to benzene (Van Raalte and
Grasso, 1982). Further epidemiological studies have been
carried out on workers whose exposure was much less than
the "heroic" concentrations encountered fifty or so years
ago. As far as can be judged at the moment, there is no
convincing evidence that exposure to concentrations of
benzene below 100 ppm have been causally connected with
leukaemia.

I think there is a point worth making in considering
the carcinogenicity of benzene. It is usually assumed in
these epidemiological studies that the only mode of human
exposure was by inhalation and yet it is inconceivable that
some skin absorption had not taken place from the exposed
parts of the body such as the hands and face, so that in
reality, the actual dose of benzene absorbed is probably
considerable higher than the epidemiological studies
suggest. Although this consideration may provide some
additional degree of reassurance that benzene is not as
potent a carcinogen for man as some studies would suggest,
there is no room for complacency and efforts should be made
to reduce exposure to the lowest practicable level.

Benzene appears to be an exception to the rule that
human carcinogens are also carcinogenic to animals.
Several attempts have been made in the past to reproduce in
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animals the bone-marrow effects seen in man. Although
bone-marrow depression and aplasia have been produced
readily in experimental species (Van Raalte and Grasso,
1982),it has not been possible to produce leukaemia in
these species. Recently, however, Maltoni has succeeded in
inducing ear duct tumours (Zymbal gland carcinomas) in
Sprague-Dawley rats, by excessively high doses of benzene
given orally. Although tYis brings benzene into line with
other human carcinogens i™ their ability to induce tumours
in animals as well as im man, it does not explain why
rodents a refractory to tl) leukaemogenic efEce t Of thi
chemical.

There is hardly any epidemiological work to speak of on
the carcinogenicity of other solvents (See IARC, 1979) so
that the animal carcinogenicity data are the only source of
information on which to base an assessment of carcinogenic
hazard to man. 1In fact very few of the 300 or so solvents
in current use have been tested for carcinogenicity. One
assumes that these few were selected either because of a
history of heavy exposure and/or because of extensive
industrial use.

The commonly used solvents that have been tested for
carcinogenicity in rats and mice are listed in Table 2 and
all of them produced a statistically significant increased
incidence of tumours and by definition they are therefore,
carcinogenic to experimental animals. Eight of these
solvents produced liver tumours, one produced tumours in
the stomach and mammary gland and one produced tumours in
the urinary bladder. Only three solvents, acetone, toluene
and dichloromethane have been tested with negative results
(Van Duuren et al, 1978, Coombs, 1978, Theiss et al, 1977).

Most of these solvents have been in use for a
considerable number of years and one suspects that exposure
of workers to many of them was not much less than that to
benzene and yet there is no indjcation that any of them
have produced cancer in man. it is, therefore, essential
to examine critically the results of the carcinogenicity
tests in order to determine the relevance to human hazard
of the type of tumours induced in rodents by these solvents.
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Liver Tumours in Rodents

3

Tumours of the liver are induced more frequently than
tumours in any other organ of the rodent by chemical
carcinogens (ECETOC, 1982). A large proportion of
hepatocarcinogens in rodents are non-genotoxic and include
most of the chlorinated hydrocarbon carcinogens and
substances such as phenobarbitone (Schulte-Hermann, 1974),
BHT (Olsen et al, 1983) and selenium (Wilbur, 1980). The
solvents that induced liver tumours are either
non-genotoxic or weakly mutagenic. Seemingly they produced
mutations only in bacteria, [with the exception of
1,2-dichloroethane which induced mutations in Drosophila as
well] (See IARC, 1979). It is relevant to examine briefly
some of the mechanisms by which non-genotoxic chemicals
induce liver tumours. : i

Most, if not all, genotoxic hepatocarcinogens either
produce hepatocellular necrosis or some type of
sub-cellular change such as SER hypertrophy, peroxisome
proliferation or increased lysosomal activity (ECETOC,
1978, Schulte-Hermann, 1974, Cohen and Grasso, 1981).
Hepatocellular necrosis stimulates a reparative process
which invloves active cell proliferation. Continued damage
to the liver leads to a cycle of cell necrosis and
regeneration. It is generally considered that cells in an
active phase of division are more prone to transformation
than normal cells (Coombs and Bhatt, 1978) either because
they are more sensitive to damage from environmental car-
cinogens or else because there is a greater chance of an
error in DNA replication if cells are forced to proliferate

more frequently and over a much longer period than under
conditions of "fair wear and tear" (ECETOC, 1982). The

increased turnover rate of hepatocytes probably accounts
for the development of cancer when repeated cycles of
necrosis and regeneration are provoked.

The sub-cellular changes in the liver mentioned in the
previous paragraph are almost invariably associated with
liver enlargement, a process which involves an initial
phase of hyperplasia. If the liver is maintained in an
enlarged state by the continued administration of the
chemical a subsequent and gradual increase in ploidy levels
occurs (Schulte-Hermann, 1974) by a process of endonuclear
reduplication. This process is considered to be the
counterpart of hyperplasia (Brodsky and Uryvaeva, 1977).
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The continued replication of DNA which endonuclear
reduplication entails would appear to be as prone to lead
to the development of transformed cells as the replication
that takes place prior to.cell division since the majority
of compounds that cause liver enlargement also cause
tumours (Schulte-Hermann, 1974, Cohen and Grasso, 1981).
At current levels of exposure of man to solvents it is most
unlikely that liver cell necrosis would occur.
Furthermore, the phenomenon of liver enlargement so common
in the rodent, does not appear to occur in man (Cohen and
Grasso, 1981), so that the risk'of cance: development in
the liver of man from hepatocarcinogenic non-genotoxic
solvents at current levels of exposure is negligible.

Solvents have induced other types of tumours apart
from liver tumours (See Table 2). For example, 1,2-
dichloroethane has induced squamous cell carcinoma in the
stomach, haemangiosarcomas and uterine tumours in rats and
mammary gland tumours, lymphomas and pulmonary tumours in
mice, while diethylene glycol has induced tumours of the
bladder.

Significance of Stomach Tumours

The stomach in rats is made up of a squamous
(forestomach) and a glandular portion which are
anatomically divided by a ridge of tissue known as the
limiting ridge. The tumours induced by 1,2-dichloroethane
were squamous cell carcinomas and therefore arose in the
forestomach. The stomach of the mouse has a similar type
of anatomical structure as that of the rat.

Earlier work, particularly in the mouse, has shown
that this portion of the stomach is sensitive to tumour
production by polycyclic aromatic hydrocarbons and other
classes of carcinogens given by the oral route (Odashima,
1979). Furthermore, naturally occuring tumours are
exceedingly rare in this region (Odashima, 1974) so that
any tumour induction here has a much more clear
relationship to the inducing agent than tumours induced in
other tissues where the natural incidence is high (eg, 5%
or more).

On this basis, the induction of tumours of the
forestomach by 1-2,dichloroethane is clear evidence of it
carcinogenicity. The significance for man of tumour
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Table' 2

SOLVENTS TESTED FOT CARCINOGENICITY WITH POSITIVE RESULTS

Site of
carcinogenic
SOlvent administ-otion Species action Ref
C rbon « etra Oral Mouse, . Liver 1
chioride inhalation and rat and
subcutaneous hamster
Chloroform Oral Mouse and " 2
Rat
1,4-Dioxane " Rat " 2
Xexachloro Moo e " <
ethone
~,1,2-Tri- " 5
ohloroetlla e
1,1,2,2-etr - " 6
chloroetlane
Trichloro- " " " 7
ethylene
Tetrachloro- " " " 8
ethylene
1 Z-Dichloro- " @at Forestomach 9
ethone Mammary
glands
Haemangio-
sarcoma
" " Moo e Mammaxy 9
glan®s
Liver, Lun(
Uterus
Diethylene " Rat Blndder 10

glycol
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in®u tion Of this eor- !s, however, debateable. It has
becEn shown tllat propionic acid (Mori, 1953) and butylated
hydroxyanisol (BHA) (Ito et al, 1983) can induce tumours in
this region. Propionic acid is a product of intermediary
metabolism, while BHA had been tested previously for
carcinogenicity mixed with the diet with negative results
(Deichmann, 1955). Studies of the early changes with BHA
(P Grasso's personal observation) have revealed marked
hyperplasia in the squamous epithelium suggesting an
increased turn-over rate of the cells in this tissue. As
discussed in the previous section this increased turn-over
rate could be the principal factor in cell transformation
in this epithelium as in liver.

Mammary Tumours in Mice

1, 2-dichloroethane induced also mammary tumours in mice.
Mammary tumours in this species are now held to be caused
principally by the mammary tumour virus (MTV) (originally
was known as the Bittner agent) since most strains of mice
are infected by it (Grasso et al, 1977). The production of
tumours by this agent, however, is influenced by two other
factors: genetic tendency and hormonal status. The
interplay of these three factors determines the background
incidence of tumours in most of the mouse strains used in
conventional carcinogenicity screening tests and accounts
for strains with a low incidence as well as strains with a
high incidence of tumours. Administration of carcinogens,
eg, polycyclic aromatic hydrocarbons, by the oral route can
increase considerably the incidence of these tumours but
there is no evidence that these compounds are acting solely
on the genome (Grasso et al, 1977). Since oestrogenic
hormones, both the synthetic and naturally occuring ones
increase considerably the incidence of these tumours (Nandi
and McGrath, 1973) the carcinogens could be exerting some
hormone-like action on the mammary gland tissue. Thus, the
induction of mammary gland tumours is an uncertain index of
carcinogenicity and cannot be advanced in support of any
claims for the carcinogenic activity of 1,2-dichloroethane.

Signi€icon e of Golmona y TomO rs id Mice

These were induced by 1,2-dichlorocethane and there was
also a marginal increase in these tumours in mice treated
witn dichloromethane.
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The factors responsible for the induction of tumours
in mice were discussed in detail’in a review by Shimkin and
Stoner (1975). These authors cited evidence which
indicates that these tumours are predominantly benign and
are genetically determined. It would thus appear that some
of the lung cells in the mouse are prone to undergo
neoplastic transformation. This subject is discussed in
detail in IARC Mono 20 and the conclusion reached was that
induction of these tumours provides only a limited evidence
for carcinogenicity so that on their own, they are
unsuitable for assessing hazard to man.

Carcinomas of thi O ina y Bla®T r

These tumours were reported in the results of
carcinogenicity tests of diethylene glycol (Weil et al,
1965). This chemical was at one time extensively used in
the pharmaceutical industry and to a more limited extent as
a solvent in the food industry. It may occur as a
contaminant of polyoxyethyleneglycol, an emulsifying agent
used in food and may, therefore, be ingested by a wide
section of the population as well as presenting some hazar®
to those handling the product.

Weil et al (1965), pointed out that stones were found
in all the bladders bearing tumours and demostrated that
the bladder tumours did not develop in the absence of
stones. Furthermore, they demonstrated that the stones
produced tumours when implanted in the bladder of otherwise
untreated rats.

Later experiments demonstrated that foreign bodies,
such as paraffin wax or cholesterol pellets or glass beads,
produced vesical carcinoma (Grasso, 1970). Attempts were
made to explain these tumours on carcinogenic contaminants,
but even glass beads that were carefully washed with soap
and water and then rinsed in several changes of distilled
water produced carcinomas. A study of the early changes
produced by foreign bodies implanted in the vesical lumen
revealed that a marked hyperplasia developed soon after
implantation and that a strong correlation exists between
hyperplasia and the later development of carcinoma (Grasso,
1976).

This correlotion was establishe® more firmly following
th ublication of the re ults of an Experiment on
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ethyl-sulphonyl naphthalene l-sulfonamide (ENS) by Flaks et
al, (1973). This compound is a potent bladder
carcinogen in mice and a number of experiments have shown
that it also produces pronounced hyperplastic clanoes as
well as calculi in this organ. The calculs are thOught to
result from the alkaline urine produced by the
administration of ENS. When the urine was acidified >y th
addition of ammonium chloride to the drinksng water,
neither calculi or tumours of the bladder were produc=d by
ENS administration (Flaks et al, 1973).

The sum total of these observations indicate that if
The compound produces bladder calculi then no conclusion

ocan be drawn on the carcinogenic properties Of the compourn®

Significance of Lymphomas in Mice

It is now acknowledged that most mouse strains that
are used in carcinogenicity nmmnw:amrmnvocn a variety of
lymphoma viruses. This topic has been reviewed by Lilly
and Pincus (1973) who concluded that two interrelated
factors are responsible, namely the presence of a virus
belonging to the C-type RNA group, a gene (or genes) that
govern the likelihood of infection by lymphoma viruses and
the host response to the transformed cell. The
administration of a chemical may in some instances tip the
scales against the host by, for example, interfering with
the immune defence mechanism, allowing the virus to produce
a tumour.

Because genetics and tumour viruses may play a major
role in the induction of lymphomas, no reliance can be
placed on an increased incidence of this tumour as evidence
of carcinogenicity.

CONLC OSION

Of the solvents that have been investigated for their
carcinogenic potential only benzene presents any real
hazard. There is ample human evidence that exposure to
levels of benzene of 100 ppm and over in ambiet air carries
a risk of producing leukaemia. None of the other solvents
present any real hazard. As I have attempted to show,
there are grounds for suspecting that the tumours observed
when these solvents were tested in .animals are not induced
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as a result of damage to the gengme (with the possible
exception of 1,2-dichloroethane but by some other mechanism
such an increase in cell turn-over rate or an increase in
nuclear ploidy, viral infection, genetic factors or
hormonal status. Although there are grounds for some
reassurance that these chemicals are not carcinogenic for
man every effort should be made to reduce human exposure tO
the lowest limit practicable.

1,2-dichloroethane deserves some special attention.
This compound seems to have produced a galaxy of tumours,
three of which (stomach, lung and mammary gland) have been
commented upon. The other two tumour types
(haemangiosarcoma and uterine tumours) are uncommon in
control rats. For some unknown reason the
haemangiosarcomas were found in a variety of tissues rather
than in one organ as, say, vinyl chloride (liver) or
propylene oxide (nasal mucosa). It could be argued that
these tumours arise from the¢ connective tissue and since
this is diffusely distributed thoughout the body the
scatter of haemangiosarcoma is a reflecion of the
anatomical distribution of connective tissue. Although
this argument is a sound one from the histogenetic
viewpoint it must be kept in mind that the
haemangiosarcomas were not dose-related and of a relatively
low incidence. Only in the males did the tumour incidence
reach statistical significance. The former comment applies
also to the uterine tumours so that although the cited
evidence provides a formidable array of tumours the hazard

to man is not as great as the numbers and variety of the
tumours might suggest. Nevertheless, the experimental

findings with this solvent indicate that it is

likely to present a greater hazard than any of the
other solvents discussed in this talk, except for benzene.
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INTRODUCT"ON

Many hypoteses have been formulated and tested in
empirical investigations concerning the nature of the
effects to be expected in solvent exposure. These hypoth-
eses cover a wide spectrum of impairments of the functional
capacity of the nervous system. They range from a transi-
tory depressant action on arousal, to serious irreversible
organic brain dysfunctions.

The choice of the behavioral performance tests should
depend on the hypothesis to be tested. A slight transient
effect on arousal during short-term exposure to low solvent
concentration could probably only be detected by means of a
very sensitive and reliable vigilance task. In the case of
serious organic brain damage, on the other hand, almost any
behavioral performance test would probably reveal a deficit
in mental capacity. In the latter case, the sensivity of
the tests to detect solvent-induced performance changes
would be of secondary importance  More important would be
to evaluate the extent and nature of the damage, which
would require the use of a comprehensive and differentiated
battery of behavioral tests.

The present paper presents a short review of the
main results obtained from the application of behavioral
performance tests in the study of solvent toxicity and is
based on a paper presented at the International Conference
on Organic Solvent Toxicity held in Stockholm 1984 (Gambe-
rale, 1985). The studies reviewed have been divided into



