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Mutagenic and Carcinogenic Properties
of Polycyclic Aromatic Hydrocarbons

by Yu. V. Pashin* and L. M. Bakhitova*

The rapid development of the chemical industry, combustion of fossil fuels, and smoking of tobacco
have resulted in contact of the general population with henza(a)pyrene and other carcinogenic aromatic
hydrocarbons. Persons especially at risk occupationally are those engaged in thermal processing of oil
shale, coal, and heavy residual petroleum.

1t has been shown that polycyclic aromatic hydrocarbons require metabolic activation before they can
act as muiagens or carcinogens. This metabolic activation results from interaction with microsomal
enzymes present in many body cells, yielding reactive epoxides which react with DNA and produce
mutations in the count frame shift or participate in covalent bonding. While opinions differ regarding the
relative role of these processes in mutagenesis, considerable evidence exists which links mutagenesis and
carcinogenesis.

Metabaolites of the polycyclic aromatic hydrocarbons which are carcinogenic are usually mutagenic,
which supports the hypothesis that damage to chromosomes plays an important role in carcinogenesis.
These facts open the possibility to monitoring the spread of carcinogenic substances in the biosphere by

relatively simple tests whose endpoint is mutagenesis.

The rapid development of the modern chemical
industry has resulted in the introduction of a large
number of polycyclic aromatic hydrocarbons into
the environment. These substances have been de-
tected in air, soil, reservoir. water, marine sedi-
ments, and in some types of food products.

Production processes related to heat treatment
and incomplete fuel combustion of combustible
shale in particular serve as the primary sources of
environmental pollution by polycyclic aromatic hy-
drocarbons.

Eleven carcinogenic polycyclic aromatic hy-
drocarbons were detected in the air of industrial
cities (/, 2). These substances are released into the
environment in the exhaust gases of internal com-
bustion engines, in various types of smoke, in the
smoke from tobacco, and in fly ash. The most wide-
spread of these is benz(a)pyrene. Fly ash from coke
contains 0.2 ug benz(a)pyrene per gram of coke ash,
from 7.5 to 9.2 ug benz(a)pyrene per gram of coal
ash, 1.4 to 1.5 ug benz(a)pyrene per gram of brown
coal ash, and 11.5 to 20.1 pg of benz{a)pyrene per
gram of wood ash (3). Benz(a)pyrene is also found
in various tars which are dumped into water reser-
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voirs with wastewater from chemical or petroleum
processing and wastes from the coal tar chemical
and shale industries (). The following amounts of
benz(a)pyrene were detected in the wastewater of
the following industrial enterprises: coal-tar chemi-
cal enterprises, 0.092-2.65 mg/l. {5); petroleum pro-
cessing enterprises, 0.58-0.181 wug/l. (6); production
of acetylene, 0.061 mg/l. (7). It should be stated that
the wastewater treatment facilities did not remove
benz{a)pyrene.

Since benz(a)pyrene is frequentiy found in
drinking water, the World Health Organization has
established that its concentration should not exceed
0.2 ug/l. (8).

A large number of people in industry come into
contact with products containing polycyclic aro-
matic hydrocarbons in the following forms: workers
at enterprises which thermally process combustible
shales, hard coal, petroleum and also at enterprises
utilizing products from the thermal processing of
fuels (hard coal, pitch, tars, bitumins and oils, shale
tar and oils, certain types of petroleum and products
obtained from processing pitch, residual heavy oil,
bitumins and oil of petroleum origin), along with
products from the wood chemical industry and the
processing of peat. As a consequence, it has been
established that benz(a)pyrene is contained at a
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level of 0.001-1%, in various types of coal tar
1.5-2% in coal pitch, and 0.2% in shale tars, par-
ticularly of the Kamara type (9). Other hy-
drocarbons are also found in the majority of the
above industrial products, but at lower concentra-
tions.

Polycyclic aromatic hydrocarbons represent a
danger due to their potential carcinogenic and
mutagenic capabilities. It has been shown that ap-
proximately 909% of the cancer occurring in man is
of chemical origin (/(?). Data exist which indicate
that 60-80% of various forms of cancer in man are
the result of the effect of the environment (/1, /2). It
is probable that polycyclic aromatic hydrocarbons
make their contributions in this respect.

There have been a significant number of studies
to investigate the mechanism responsible for the
mutagenic effect of polycyclic aromatic hy-
drocarbons in in vitro test systems and their capac-
ity for malignant transformation of mammalian cells
in in vitro—in vivo tests and to determine the car-
cinogenic potential of these compounds for animals
in vivo.

It was shown that polycyclic aromatic hy-
drocarbons are among those compounds which by
themselves are neither active mutagenic agents nor
active carcinogens, but only after transformation
through the mammalian metabolism are they con-
verted into chemically reactive derivatives which
damage genetic material and evoke malignant
changes in cells. It is shown that the potentially
carcinogenic pelycyclic aromatic hydrocarbons
manifest their mutagenic properties after activation
by microsomal liver enzymes in mammals {(/3-/8).
Later it turned out that the activating capacity is not
possessed solely by liver enzymes but also by the
enzymes of other organism tissue, such as lung (/9,
20), along with the epithelial bronchial ¢ells in man
21).

Many studies have concerned the probiem of how
polycyclic aromatic hydrocarbons are metabolized
in the mammalian organism. It is shown that
polycyclic aromatic hydrocarbons are metabolized
into epoxides (/3, 22-24). Epoxides couple with
nucleic acids to a greater extent than do the corre-
sponding hydrocarbons. It is on this basis that their
significant activity in inducing malignant transfor-
mation can be explained (23). It is supposed (25)
that the metabolic transformation of polycyclic ar-
omatic hydrocarbons is necessary for the covalent
bond formation of their metabolites with DNA,
RNA, and albumins.

Cavalieri and Calvin (26) proposed the effect of
enzymes served as the mechanism for activating
polycyclic aromatic hydrocarbons. Resuits from a
study of the reactivity at various points of the ring
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system of the three strongest hydrocarbon carcino-
gens, i.e., benz(a)pyrene, 7,12-dimethylbenzo-
anthracene, and 3-methylcholanthrene, showed the
most reactive positions to be those at which the
proton is replaced easily. It is most likely that the
bonds with nucleic acids are formed at these posi-
tions.

Studies concerned with the degree of hy-
drocarbon bonding with macromolecules relate to
the establishment of a relationship between the
number of bonds and the level of cellular metab-
olism, the carcinogenic activity of the chemical
compound, the state of DNA, and other aspects. A
positive correlation has been established between
the cellular metabolic activity and the bonding di-
mension of the polycyclic aromatic hydrocarbons
with DNA (27). The highest number of bonds noted
for DNA was observed for DNA which was ob-
tained from cells with high metabolism (28).

Quantitative studies were also undertaken to in-
vestigate the bonding of polycyclic aromatic hy-
drocarbons which differ with respect to their degree
of carcinogenicity with DNA, RNA, and albumin. A
positive correlation was established between the
carcinogenic activity of chemical substances and
the number of bonds with macromolecules 29-3/).
This correlation was considered as a bond between
the hydrocarbon molecules and the macromolecule
at a dosage of 1 mAM of hydrocarbon/mouse. It
turned out that the bonding level with polycyclic
aromatic hydrocarbons is characteristically greater
for DNA than for protein or RNA. For a given dose,
it took 0.1-1.0 molecules of hydrocarbon/molecule
of DNA while it took 0.01-0.02 molecules in the
case of protein. In studying the interaction of di-
methylbenzanthracene {DMBA) at various concen-
trations with normal cages of rodents (32) it was
also established that the highest activily in bonding
hydrocarbon is inherent to DNA. At doses of
0.01-0.1 mg/ml, the number of bonds with RNA was
two times less and with proteins four times less than
with DNA. At the highest possible saturated con-
centrations of DMBA, the bonds were equivalent to
one molecule of hydrocarbon/molecule of DNA,
while in the case of protein, the ratio was one
molecule of hydrocarbon/1250 molecules of protein.

Besides the capacity to form covalent bonds,
another mechanism was determined for the interac-
tion with DNA. Epoxides can be physically situated
in the DNA molecule (/3, 22, 33-35). This appears
to be the reason for the insertions in the replication
process and in the repair synthesis of DNA. Obvi-
ously shift stabilization of the repeating sequence of
bases is observed. The effectiveness of the building
agent as one which has shifted the mutagen count
framework declines, if this agent is capable of
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reacting covalently with DNA. Obviously this abil-
ity to be incorporated in the molectle can be fixed
by this covalent reaction.

Studies have also been undertaken concerned
with the malignant transformation of mammalian
cells in vitro under the effect of hydrocarbons. In
treating the cell cultures of mouse prostate gland
with various polycyclic aromatic hydrocarbons,
such malignant transformation were observed as the
formation of multilayer cultures with chaotic cell
orientation, the manifestation of cells with mul-
tipolar mitoses, increase in the capacity of cells to
stick to glass, and their increased sensitivity to heat.
On transplantation of such cells in animals, the lat-
ter as a rule develop tumors (36-40).

In studying the quantitative aspects of malignant
transformations after treating the cell cultures of
mice with carcinogenic and noncarcinogenic hy-
drocarbons, a clear correlation was observed be-
tween the carcinogenic activity of the polycyclic ar-
omatic hydrocarbons and the transformation fre-
quency, Powerful carcinogens conditioned the
maximum frequency of transformations, while non-
carcinogenic polycyclic aromatic hydrocarbons did
not produce transformed cell colonies (38, 41).

As a consequence, DNA, RNA, and proteins
serve as the primary targets for carcinogenic hy-
drocarbons. Reactive epoxides are formed in the
mammalian organism. These reactive epoxides are
obviously those terminal forms on which malignant
transformation of cells depend. The epoxides can
react with fundamental DNA and RNA and also
build themselves in between the bases of DNA,
evoking mutations in the count frame shift.

It was shown that DNA in the most sensitive re-
ceptor for polycyclic aromatic hydrocarbons, RNA
and proteins being less sensitive. This corresponds
to the mutation theory of carcinogenesis. In dealing
with the problem as to which of the two processes,
i.e., the formation of the covalent bonds or the lo-
cation (intercalation), is of greater significance in
carcinogenesis, the first process is considered by a
number of authors to be the most important factor
in the biological phenomena of carcinogenesis and
mutagenesis (27, 42), while other authors (/4, /6)
show that carcinogenic polycyclic aromatic hy-
drocarbons manifest themselves in test strains
which have been designated for determining muta-
gens, shifting the count frame and that it is primarily
the intercalation of hydrocarbons between the DNA
bases which is the reason for carcinogenesis, while
the covalent bonds intensify the carcinogenic po-
tential of the chemical compound.

It has been hypothesized that the manifestation of
mutations in somatic cells may be the reason for
carcinogenesis (43—5). It was also shown that the
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terminal metabolites of many carcinogens (includ-
ing those of polycyclic aromatic hydrocarbons) are
mutagens (46). The parallel effect of the mutagenic
and carcinogenic action of hydrocarbons was noted
by Avertsev (¢7) and Fridlyanskaya (48), who
showed the carcinogenic polycyclic aromatic hy-
drocarbons evoke chromosomal aberrations in a rat
cell culture, while their noncarcinogenic analogs do
not have an effect from a practical poiat of view on
chromosome mutation frequency. On the basis of
these studies, the authors conclude that mutations
participate in carcinogenesis.

In studying the quantitative relationship between
the carcinogenic and mutagenic properties of
polycyclic aromatic hydrocarbons, a parallel ef-
fect was found between the ability of 12-benzo-
anthracene derivatives to damage the chromo-
somes of bone marrow cells and the ability to
cause sarcoma when rats were injected with
these substances (49). The results of the work
clearly show the gquantitative correlation and make
it possible to suppose that damage to chromosomes
plays an important role in carcinogenesis. In addi-
tion, Teranishi et al. (/7) used the Iball index (30) to
evaluate the carcinogenicity of polycyclic aromatic
hydrocarbons in polluted air. Their mutagenic po-
tential was studied on Salmonella by using the pro-
cedure of Ames et al. (/3). Three of the most pow-
erful carcinogens vielded a substantial number of
histidine positive revertants. The weak carcinogens
did not have any demonstrable effect on the strains
studied. As a consequence, the paratle] effect be-
tween the carcinogenic and mutagenic action of
chemical compounds can serve as an indirect proof
of the mutagenic process of malignancy (5/, 52).

The results of testing chemical carcinogens for
mutagenicity in various test systems show that
many, up to 8092 (53) and even up to 90% (54), and
perhaps all of the chemical carcinogens are muta-
gens (35). In this respect, the study of the mutagenic
properties of chemical carcinogens and in particular
of polycyclic aromatic hydrocarbons opens up a
great possibility to monitor the spread of substances
in the biosphere which are dangerous from the car-
cinogenic point of view.

From the point of view of practice, the use of
already studied genetic methods which define en-
vironmental mutagens will make it possible in a
short time by use of mass screening methods to de-
termine environmental pollutants which are harmful
from a carcinogenic point of view and which would
otherwise require a great deal of time and labor to
determine by ordinary methods.

In its entirety, problems associated with the pre-
vention of environmental pollution by carcinogenic
substances should be solved by a complex of
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means. Under these conditions, genetic methods
could play a decisive role in solving the individual
aspects of this problem.

REFERENCES

. Fishbein, L. Mutagens and potential mutagens in the bio-

sphere. 1: DDT and its metabolites, polychlorinated
biphenyls, chlorodioxins, polycyclic aromatic hy-
drocarbons, haloethers. Sci. Total Environ. 2: 305 (1974).

. Fishbein, L. Atmospheric mutagens. In: Chemical Muta-

gens. Principles and Methods for their Detection, Vol. 4, A.
Hollaender, Ed., Plenum Press, New York and London,
1976, pp. 231-237.

3. Masec (1966).

'S

% ~1 O LA

15.

16.

17.

18.

19.

20.

21.

22.

. Grushko, G. M. Harmful Organic Compounds in Industrial

Wastewater. Khimiya, Leningrad, 1976, p. 128.

. Yansheva et al. (1963).

. Yershova, K. P. (1968).

. Livke, V. A. (1969).

. European Water Standards. Meditsina, Moscow, 1970,

p. 60.

. Lazarev, [. V., and Levina, E. N. Harmful Substances in

Industry. I. Organics, Vol. 1. Khimiya, Leningrad, 1976,
p. 600.

. Boyland, E. The correlation of experimental carcinogenesis

and cancer in man. Progr. Exptl. Tumor Res. 11: 222 (1969).

. Epstein, 8. S. Carcinogenicity as a public health hazard.

Environmental determinants of human cancer. Cancer Res.
34; 2425 (1974).

. Hammond, E. C. The epidemiological approach to the etiol-

ogy of cancer. Cancer 35: 652 (1975).

. Ames, B. N., Sims, P. 8., and Grover, P. L. Epoxides of

carcinogenic polycyclic hydrocarbons are frameshift muta-
gens. Science 176: 47 (1972).

. Ames, B. N., Lee, F. D., and Durston, W. E. An improved

bacterial test system for the detection and classification of
mutagens and carcinogens. Proc. Natl. Acad. Sci. (U. 8.)70:
782 (1973).

Ames, B. N., Durston, W. E., Yamasaki, E., and Lee, F. D.
Carcinogens are mutagens: a simple test system combining
liver homogenates for activation and bacteria for detection.
Proc. Natl. Acad. Sci. (U. 8.) 78; 91 (1974).

Ames, B. N. A combined bacterial and liver test system for
detection and classification of carcinogens and mutagens.
Genetics 78: 91 (1974).

Teranishi, K., Kokichi, H., and Watanabe, H. Quantitative
relationship betweeen carcinogenicity and mutagenicity of
polyaromatic hydrocarbons in Salmonella ryph. mutant.
Mutat. Res. 31: 97 (1975).

Huberman, E., and Sachs, L. Cell-mediated mutagenesis of
mammalian cells with chemical carcinogens. Int. J. Cancer,
13; 326 (1974).

Kier, L. D., Yamasaki, E., and Ames, B. N. Detection of
mutagenic activity in cigarette smoke condensates. Proc.
Natl. Acad. Sci. (U. §.) 71: 4159 (1974).

Weekes, V., and Brusick, D. fn vitro metabolic activation of
chemical mutagens. 1I. The relationships among mutagen
formation, metabolism and carcinogenicity for dimethylnit-
rosamine and diethylnitrosamine in the livers, kidneys and
lungs of Balb/Cj, C;7Bj6j, and RF/J mice. Mutat. Res. 31:
175 (1975).

Harris, C. C., Genta, V. M., Frank, A. L., Kaufman, D. G.,
Barrett, L. A., and McDowell, E. M. Carcinogenic
polynuclear hydrocarbons bind to macromolecules in cul-
tured human bronchi, Nature 254: 68 (1974).

Cookson, M. J., Sims, P., and Grover, P. L. Mutagenicity of

188

23.

24.

25.
26.

27,

28.

29.

30.

3
32
33.

34,

35.

36.

37.

38.

39.

40,

41.

42,

43.

44.

epoxides of polycyclic hydrocarbons correlates with car-
cinogenicity of parent hydrocarbons. Nature (New Biol.)
234: 186 (1971).

Grover, P. L., Sims, P., Huberman, E., Marquart, H.,
Kuroki, T., and Heidelberger, C. fn vitro transformation of
rodent calls by K-region derivatives of polycyclic hy-
drocarbons. Proc. Natl. Acad. Sci. (U.S.) 68: 1098 (1971).
Huberman, E. L., Aspiras, C., Heidelberger. P. L., and
Sims, P. Mutagenicity to mammalian cells of epoxides and
other derivatives of polycyclic hydrocarbons. Proc. Natl.
Acad. Sci. (U. S.) 68: 3195 (1971).

Brookes, P. (1971).

Cavalieri, E., and Calvin, M. Molecular characteristics of
some carcinogenic hydrocarbons. Proc. Natl. Acad. Sci.
(U. S.) 68: 1251 (1971).

Kuroki, T., and Heidelberger, P, L. The binding of PAH to
the DNA, RNA and protein of transformable cells in culture.
Cancer Res. 31: 2168 (1971).

Brookes, P., and Heidelberger, C. {solation and degradation
of DNA from cells treated with tritium-labelled 7,12-
dimethylbenz(a)anthracene: studies on the nature of the
binding of this carcinogen to DNA Cancer Res. 29: 157
(1969),

Brookes, P., and Lawley, P. D. Evidence for the binding of
pelynuclear aromatic hydrocarbons to the nucelic acids of
mouse skin: relation between carcinogenic power of hy-
drocarbons and their binding to deoxiribonucleic acid. Na-
ture 202: 781 (1964).

Brookes, P. Quantitative aspects of the reaction of some
carcinogens with nucleic acids and the possible significance
of such reactions in the process of carcinogenesis. Cancer
Res. 26: 1994 (1966). '

Brookes, P. Covalent interaction of carcinogens with DNA.
Life Sci. 16: 331 (1975).

Diamond et. al. (1967).

Arcos, J. C., and Argus, M. F. Molecular geometry and
carcinogenic activity of aromatic compounds, Adv. Cancer
Res. 11: 305 (1968).

Albert, A. Relations between molecular structure and
biological activity: stage in the evolution of current con-
cepts. Ann. Rev. Pharmacol. 11; 13 (1971).

Ames, B. N. Carcinogens are mutagens: their detection and
classification, Environ. Health Perspect. 6: 115 (1973).
Heidelberger, C., and Yipe, P. T. Malignant transformation
in vitro by carcinogenic hydrocarbons. Science 115: 214
(1967).

Aaronson, S. A., and Todaro, G. J. Basis for the acquisition
of malignant potential by mouse cells cultivated in vitro.
Science 162: 1024 (1968).

Chen, T. T., and Heidelberger, C. Quantitative studies on
the malignant transformation of mouse prostate cells by car-
cinogenic hydrocarbons in vitro. Intern. J. Cancer 4: 116
(1969).

Di Paolo, I. A.. Nelson, R. L., and Donovan, P. J.
Sarcoma-producing cell lines derived from clones trans-
formed in vitro by benz(a)pyrene. Science 165: 101 (1969).
Evans, C. H., and Di Paolo, J. A, Neoplastic transformation
of guinea pig fetal cells in culture induced by chemical car-
cinogens. Cancer Res. 35: 1035 (1975).

Huberman, E. Mammalian cell transformation and cell-
mediated mutagenesis by carcinogenic polycyclic hy-
drocarbons, Mutat. Res. 29: 285 (1975).

Neidle, S. Polycyclic aromatic carcinogenesis. Nature 263:
92 (1976).

Bauer, K. H. Mutationstheorie der Geschwulst Entstehung
Ubergang von Korperzellen in Geschwulstzetlen durch
Geidinderung. Springer-Verlag, Berlin, 1928.

Dubinin, N. P. Environmental mutagens. In: General Ge-

Environmental Health Perspectives



45,
46.

47,

netics, Nauka, Moscow, 1976, p. 466,

Watson, J. D. Molecular Biology of the Gene, 2nd Ed. W. A.
Benjamin, New York, 1970.

Maugh, T. H. Chemical carcinogenesis: a long neglected
ficld blossoms. Science 183: 944 (1974).

Avertsev, 8. A. Comparing the mutagenic effect of carcino-
gens and their non-carcinogenic analogs. In: The Function,
Morphology, Genetics and Biochemistry of a Cell. Lenin-
grad, 1974, pp. 138-139.

48. Fridlyanskaya, L I., Avertsev, S. A., and Pleskaya, N. M.
Comparing the mutagenic effect of carcinogens and their
noncarcinogenic analogs. Genetika 9: 169 (1975).

49. Sugiyama, T. Chromosomal aberration and carcinogenesis
by various benz(a)anthracene derivatives. Gann. 64: 637
(1973).

June 1979

50.

50
52,

53

54.

35.

Iball, J. The relative potency of carcinogenic compounds.
Am. J. Cancer 35: 186 (1939).

Malling (1966).

Ong. T., and De Serres, F. J. Mutagenicity of chemical car-
cinogens in Newrospora crassa. Cancer Res. 32: 1890 (1972).
McCann, J. E., Choi, E., Yamasaki, E., and Ames, B. N.
Detection of carcinogens as mutagens in the almonella/
microsome test. Part 1. Assay of 300 chemicals Proc. Natl.
Acad. Sci. (U. 8.) 72: 1535 (1975).

D¢ Serres, F. J. The correlation between carcinogenic and
mutagenic activity in short-term iests for autation-induction
and DNA repairs. Mutat. Res. 31: 203 (1975).

Sugimura, T. Is carcinogenesis related to somatic mutation?
Bull. Unio Int. Cancrum 12: 1 (1974).

189



