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ABSTRACT
The polycyclic aromatic hydrocarbons dibenzo(a,i)pyrene
and dibenzo(a,h)pyrene,
each of which possesses two bay
regions, and their bay-region difluorinated derivatives were
tested for mutagenicity for ouabain and 6-thioguanine resist
ance in Chinese hamster V79 cells. Since V79 cells do not
metabolize polycyclic aromatic hydrocarbons, mutagenesis
was tested in both the presence and the absence of golden
hamster embryo cells capable of metabolizing polycyclic aro
matic hydrocarbons. Neither of the dibenzopyrenes nor their
fluorinated derivatives were mutagenic in the absence of the
golden hamster embryo cells. In the presence of these cells
(cell-mediated assay), both dibenzopyrenes were mutagenic,
whereas the difluorinated derivatives, 2,10-difluorodibenzo(a.i)pyrene and 3,10-difluorodibenzo(a,h)pyrene,
either were
inactive or exhibited (on a dose basis) a weak response.
However, the mutagenicity of the dibenzopyrenes was elimi
nated when they were coincubated with 7,8-benzoflavone, a
mixed-function oxidase inhibitor. The results suggest that met
abolic oxidation of these polycyclic aromatic hydrocarbons at
the bay region (presumably to diol-epoxides) is required for a
mutagenic response in the cell-mediated assay.
INTRODUCTION
DBPs" are in the environment as constituents of coal tar (29),
polluted urban air (15, 33), exhaust fumes from gasoline en
gines (25), and cigarette smoke condensate (26). Two of these
DBPs, DB(a,i)P and DB(a,h)P, are potent carcinogens; the
sarcomagenic effect of DB(a,i)P exceeds that of B(a)P (11,12,
14, 16, 36). A number of studies with bacterial mutagenesis
assays in which activation was carried out in Aroclor-induced
rat liver homogenates have shown DBPs to be mutagenic (2, 6,
32).
In this study, we used Chinese hamster V79 cells to assay
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for the mutagenicity of DBPs and their fluorinated derivatives
to further establish the relationship between mutagenesis of
PAHs in the cell-mediated assay and their ability to induce
tumors in experimental animals; we further sought to determine
the role of the bay region in the activation of DBPs to mutagens
for mammalian cells. Resistance to OUA and TG served as the
genetic markers. Metabolism of the PAHs in the cell-mediated
assay was supplied by hamster embryo fibroblasts.
MATERIALS

AND METHODS

Chemicals. DB(a,h)P was a gift from Dr. Pierre Jacquignon; DB(a,i)P
was obtained from Koch-Light Laboratories, Toyle, England. 2,10Difluoro-DB(a,i)P was synthesized by the method described by Boger
ef al. (5). 3,10-Difluoro-DB(a,h)P
was prepared by a base-catalyzed
double cyclization procedure described recently (27). The 3-fluoroand 2-fluoro-DB(a,i)P derivatives were synthesized according to the
methods described by Boger ef al. (5) and Sardella et al. (28).
Cell Culture. Chinese hamster V79 cells, originating from subclone
V79-4 (Professor E. Y. Chu, University of Michigan, Ann Arbor, Mich.),
were used as target cells for mutagenesis, and secondary and tertiary
cultures derived from whole embryos of golden hamsters served as the
PAH-metabolizing cells in the cell-mediated mutagenesis assay (1820). Both cell types were propagated in Dulbecco's modified Eagle's
medium with 10% fetal calf serum (Grand Island Biological Co., Grand
Island, N. Y.). The cultures were maintained in a humidified incubator
at 37Â°and were supplied with a constant amount (10%) of CO2 in air.
For the cell-mediated assay, 2 x 106 hamster embryo cells (X-ray
"Irradiated with 5000 R) were seeded in 3 ml of medium in 60-mm Petri
dishes and incubated overnight. Their plating efficiency ranged from
about 50 to 70%. On the following day, the irradiated cells were
overlaid with 1 ml of medium containing 3 x 105 V79 cells/dish. The
hydrocarbons in 1 ml of medium were added 4 to 5 hr later. Cultures
were then incubated for 48 hr, after which the medium was removed.
The cells were dissociated with EDTA-trypsin and counted in a hemacytometer. The V79 cells could be easily distinguished from the larger
and granulated irradiated hamster embryo cells. For determination of
cloning efficiency and consequently of cytotoxicity of the tested hydro
carbons, the cells were seeded in 8 dishes in 4 ml of medium at 200
cells/dish. The number of colonies was determined 7 days later after
Giemsa staining. For determination of the number of OUAR mutants,
16 to 32 dishes were seeded with 5 x 104 V79 cells/dish. OUA (1 mM
final concentration) was added 2 days after seeding. The number of
mutant colonies was determined 12 to 14 days later, after Giemsa
staining. The number of TGR mutants was determined after a 7-day
expression time, which we have found previously to be optimal. After
cultivation, the cultures were dissociated, and a total of 2 x 106 V79
cells were seeded into 100-mm Petri dishes in 10 ml of medium without
TG. After a total of 7 days (a period which included one subculture to
prevent confluency), the cells were dissociated, and the V79 cells were
seeded at 200 cells/dish (8 dishes) for determination of the cloning
efficiency and at 2 x 104 cells/dish (16 to 32 dishes) for selection of
TG resistance. TG was added at a final concentration of 30 JIM. Cloning
efficiency was determined 7 days after seeding, and TG resistance
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was determined after 11 days. The mutation frequencies for ODA and
TG resistance were determined per 106 colony-forming cells based on
cloning efficiency and the number of cells seeded for mutant selection.
Maintenance of the drug-resistant phenotype was established by tests
on a series of isolated mutant cells after they were subcultured for 2 to
6 weeks in the absence of a selecting agent.

RESULTS
Mutagenicity of DB(a,i)P and DB(a,h)P. In the absence of
PAH-metabolizing cells, DB(a,i)P, DB(a,h)P, and their fluorinated derivatives displayed no cytotoxicity and no enhanced
mutagenicity in V79 cells over the concentration range 0.03 to
0.3 jug/ml (data not shown). However, in the presence of the
PAH-metabolizing
hamster embryo cells, DB(a,i)P and
DB(a,h)P induced in a dose-dependent manner both OUAR and
TGR mutations in V79 target cells (Table 1). For comparison,
we tested the mutagenicity of B(a)P under the same conditions.
Treatment with 0.3 Â¿igof B(a)P per ml resulted in about 60
OUAR and about 270 TGR colonies/106 colony-forming cells
(Table 1). This corresponds to about 50 and 20% of the
mutagenicity of DB(a,i)P and about 70 and 40% of the muta
genicity of DB(a,h)P for ODA and TG resistance, respectively.
The involvement of microsomal oxidation in the metabolism
of these DBPs to mutagens was tested by using BF, a known
inhibitor of mixed-function oxidases (9, 35). BF at concentra
tions of 3 /ig/ml reduced the mutagenicity of DB(a,i)P and
DB(a,h)P by more than 95%. In the presence of BF, the
mutagenicity of DB(a,i)P at 0.1 and 0.3 /ig/ml was reduced in
the case of ODA resistance from about 50 and 120 mutants/
106 colony-forming cells, respectively, to control level. The
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of TGR mutants at DB(a,h)P concentrations

of 0.1

and 0.3 ftg/ml was reduced from 290 and 1200 to 5 and 26
mutants/ 106 colony-forming cells, respectively. Similarly, the
mutagenicity of DB(a,h)P at 0.3 jig/ml was reduced from about
80 and 670 to 2 and 8 OUAR and TGR mutants/ 106 colonyforming cells, respectively. In addition to the reduction or
elimination of mutagenicity, BF also caused elimination of the
cytotoxic effect of these DBPs. In the presence of BF, the
surviving fraction of cells treated with each of the DBPs at 0.3
/ig/ml was increased from 0.4 to that of control values (Table
1). These results indicate that the metabolism of the DBPs into
mutagenic and cytotoxic derivatives requires microsomal oxi
dation in the cell-mediated assay.
Mutagenicity
of Bay-Region Fluorinated
Derivatives of
DB(a,i)P and DB(a,h)P. The presence of a fluorine atom in one
of the bay regions of DB(a,i)P caused the mutation frequency
for QUA and TG resistance to decrease by 50% or greater.
When both bay regions were fluorinated, the mutagenicity
dropped essentially to background levels for both the OUAR
and TGR markers (Table 1). A similar response was obtained
for DB(a,h)P. At 0.3 /tg/ml, this DBP induced in V79 cells about
80 and 670 OUAR and TGR cells, respectively; whereas 3,10difluoro-DB(a,h)P at a dose as high as 3 /ig/ml yielded only 4
and 10 such mutants per 106 colony-forming cells, respec
tively.
DISCUSSION
Our results show that DB(a,h)P and DB(a,i)P induce muta
tions in V79 cells in the presence but not in the absence of

Table 1
mutagenesis with DBPs and their bay-region fluorine derivatives
of QUA"
mutants/ 106 colony-

of TG" mutants/
10s colony-forming
cells0124
tion Qig/ml)0.030.10.30.10.30.10.30.10.30.31.03.00.030.10.3Surviving
fraction0.90.70.40.71.11.11.11.11.20.51.21.00.80.60.4No.
forming
cells21
Â±5d48
9289 Â±
7117Â±
21211 Â±1

PAHDB(a,i)PDB<a,i)P

92Â±

225
Â±

BF*2-Fluoro-DB(a.i)P3-Fluoro-DB(a,i)P2,10-Difluoro-DB(a.i)PDB(a,h)PConcentra
+

12Â±
123Â±

126Â±
332Â±

452Â±
711Â±

442Â±
620Â±

457Â±
53Â±

3126Â±
96Â±

14Â±
23Â±
18Â±

25Â±
26Â±
2110Â±

318Â±
384Â±
Â±8No.
DB(a.h)P + BFe

0.3

1.1

2 Â±1

3,10-Difluoro-DB(a,h)P

1.0
3.0

0.9
0.9

2 Â±1
4 Â±1

B(a)P

0.3
1.0

1.0
0.7

9264Â±
2668Â±1
Â±17
8 Â± 1

3 Â±
10 Â±

61 Â±8
97 Â±9

267 Â±13
293 Â± 8

a Surviving fraction is given relative to the untreated control, which is taken as 100%.
Solvent-treated
c Solvent-treated

control yielded 2 Â±1.
control yielded 4 Â±1 TGn mutants/10"

colony-forming

cells.

Mean Â±S.E.
* Concentration of BF in culture media is 3 fig/ml.
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hamster embryo fibroblasta, which are known to metabolize
PAH (18). In this cell-mediated assay, both DB(a,h)P and
DB(a,i)P were mutagenic at doses as low as 0.3 Â¿ig/ml. Fur
thermore, at similar doses, they yielded mutation frequencies
greater than that for B(a)P. Responding in this way, the hamster
embryo fibroblast-mediated mutagenesis assay is in agreement
with tumorigenesis data that classify the DBPs as potent tumor
Â¡nducers. DB(a,i)P is a potent sarcomagenic agent when ad
ministered by s.c. injection (24); when compared with B(a)P, it
induced more tumor-bearing mice by a factor of about 7 (27).
In addition, both DB(a,i)P and DB(a,h)P are potent tumor initi
ators in mouse skin (1 1, 27); when compared to B(a)P
DB(a,h)P was found to be more active than B(a)P.
Fluorine substitution of a PAH ring carbon reduces the elec
tron density of the ring carbon atom with minimal steric effects
by the fluorine that has replaced the hydrogen atom. A reduc
tion in the mutagenic and carcinogenic activity of a fluorinated
compound compared with its parent implies the involvement of
that particular fluorinated carbon atom(s) in the metabolic
activation of the parent compound. The fluorine substitution
technique has been used in studies of carcinogenesis (1 1-1 3,
17, 21 , 30), mutagenesis (21 , 30), and DNA repair (7, 8).
Fluorine substitution at both bay regions of DB(a,i)P [2,10difluoro-DB(a,i)P] essentially inactivates the hydrocarbon in
terms of tumors produced by s.c. injection and reduces to 5%
its initiating response in mouse skin (1 1, 27). A similar type of
response was reported with 3,10-difluoro-DB(a,h)P
(12). The
fibroblast-mediated mutagenesis assay responded in the same
manner. At the tested doses, both parent DBPs exhibited
frequencies more than 2 orders of magnitude higher than
control values. Fluorination at the 2,10- and the 3,10-positions
of DB(a,i)P and DB(a,h)P, which are the bay regions of the
DBPs, reduced the mutagenic response of the parent com
pounds essentially to that of the control. These results, coupled
with the data which indicate that BF, a mixed function oxidase
inhibitor, reduced the conversion of these DBPs into mutagenic
metabolites (21-23) strongly implicate bay-region oxidative
metabolic products of the parent compound in the tumorigenic
and mutagenic processes. Hecht et al. (11) and Wood ef a/.
(38) have related diol-epoxides of DBPs to tumorigenesis and
mutagenesis.
While the cell-mediated V79 assay correlated with mouse
tumorigenesis with both DBP isomers and their bay-region
difluorinated analogs (Table 1), the results of the Salmonellamicrosome assay (1) with DB(a,i)P and 2,10-difluoro-DB(a,i)P
(38) indicate that the Salmonella assay does not necessarily
parallel the negative carcinogenic response of the difluorinated
compound. Twenty-five nmol of the unhalogenated DB(a,i)P
produce 115 and 410 net his revertants/plate in strains TA1 00
and TA98, respectively. The noncarcinogenic 2,10-difluoroDB(a,i)P, which produced little or no response in the cellmediated assay, produces a mutagenic response about 75%
of that of the parent compound in the Sa/mone//a-microsome
assay, 90 and 305 net his revertants/plate
for TA100 and
TA98, respectively. These results are summarized in Table 2.
The negative response of cell-mediated mutagenesis when
both bay regions of DBPs are blocked with fluorine atoms vis
a-vis the strong positive mutagenic response in the presence
of microsome-mediated metabolism strongly suggests that an
alternative pathway not present in intact cells is provided by
microsome-mediated
metabolism. This alternative metabolic

1648

Table 2
Comparison of DBP tumor data and mutagenidty data determined in the
fibroblast-mediated mammalian cell assay and in the Salmonella-microsome
assay
Mutagenesis

diated V79
assay6QUA"
(skin painting
and/or s.c. in
jection)3Â±Fibroblast-me
TGR117

crosome assa/TA

TA98115
100

410
1211
DB(a,i)P
40
45
84
668
DB(a,h)P
2,10-Difluoro-DB(a,i)PTumorigenesis
90
305
3
6Sa/mone//a-mi8 Based on data of Hecht er al. (11 ) and Sardella et al. (27).
" See Table 1.
c Based on data of Wood ef al. (37); values represent units of revertants per
plate at DBP concentrations of 25 nmol.

product may be the K-region epoxide known to occur in microsome-mediated metabolism of other PAHs (10).
The lack of correlation between the skin tumor data and the
results from the Salmonella assay may be due not to the fact
that Salmonella is the target cell but rather to the method of
activation. Studies with 7,12-dimethylbenz(a)anthracene(3,
4)
have demonstrated that liver microsomes in vitro can render a
metabolic product yield that is quite different from that derived
from in vivo activation.
On the basis of the results showing the ability of the V79
cell-mediated mutagenesis assay to activate DBPs in a way
that produces mutagenesis values that parallel the mouse
sarcoma and skin tumor data and also on the basis of the
evidence that the Sa/iDone//a-microsome test may predict falsepositive results in fluorinated PAH compounds (Table 2), we
suggest that the V79 cell-mediated assay may be more appro
priate in detecting potential carcinogenic hazards of PAHs.
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