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ABSTRACT

5-Methylchrysene, (Â±)-frans-1,2-dihydro-1,2-dihydroxy-5-
methylchrysene, (Â±)-frans-7,8-dihydro-7,8-dihydroxy-5-methyl-
chrysene, (Â±)-frans-1,2-dihydroxy-anf/-3,4-epoxy-1,2,3,4-tetra-
hydro-5-methylchrysene (anf/-DE-l), (Â±)-fans-1,2-dihydroxy-syn-
3,4-epoxy-1,2,3,4-tetrahydro-5-methylchrysene (syn-DE-l), and
(Â±)-frans-7,8-dihydroxy-ani/-9,10-epoxy-7,8,9,10-tetrahydro-5-
methylchrysene (anf/'-DE-ll) were tested for tumorigenicity in

newborn mice and for tumor-initiating activity on mouse skin. In
newborn mice, a total dose of 56 nmol of anf/-DE-l induced 4.6

lung tumors/mouse and 1.2 liver tumors/mouse. These inci
dences were significantly higher than observed for any of the
other metabolites, tested at equimolar doses. The results indi
cate that anf/'-DE-l, but not syn-DE-l or anf/'-DE-ll, is a major

ultimate carcinogen of 5-methylchrysene in the newborn mouse.
Anf/'-DE-l was also more tumorigenic than anf/'-DE-lf on mouse

skin, inducing 4.4 tumors/mouse after an initiating dose of 100
nmol, compared to zero tumors per mouse induced by anf/'-DE-

ll. However, anf/-DE-l was less tumcrigenic on mouse skin than
was its metabolic precursor, frans-1,2-dihydro-1,2-dihydroxy-5-
methylchrysene or its parent hydrocarbon, 5-methylchrysene.

INTRODUCTION

Bioassays of dihydrodiol metabolites of PAH3 and of the
corresponding "bay-region" dihydrodiol-epoxides have demon

strated that these metabolites are in many cases major proxi
mate and ultimate carcinogens (7, 26). Methylated PAH, partic
ularly those with a methyl group in the same bay region as the
epoxide ring of a putative dihydrodiol-epoxide metabolite, are

often more carcinogenic than their parent hydrocarbons or other
methyl isomers (9, 10, 12, 17). An example is 5-MeC (Chart 1),

which is the most carcinogenic methylchrysene isomer and is
more carcinogenic than chrysene (13). However, no bioassays
of bay-region dihydrodiol-epoxides with a methyl group and

epoxide ring in the same bay region have been reported. Re
cently, 3 bay-region dihydrodiol-epoxides of 5-MeC, anf/'-DE-l,

syn-DE-l, and anf/-DE-ll (Chart 1), were synthesized (2, 24). In

this paper, we report the results of bioassays in newborn mice
and on mouse skin of these dihydrodiol-epoxides and of their
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precursor dihydrodiols. The results indicate that anf/'-DE-l is a

major ultimate carcinogen of 5-MeC, as our previous studies
have suggested (14-16, 19-21), and provide a basis for the
observation that a bay-region methyl group frequently enhances

tumorigenicity.

MATERIALS AND METHODS

Chemicals. 5-MeC, 5-MeC-1,2-diol, 5-MeC-7,8-diol, anfi-DE-l, and
anf/-DE-ll were synthesized as described (2, 13, 24). syn-DE-l was
prepared from 5-MeC-1,2-dtol in the usual way (11 ). All compounds were
pure according to analysis by high-performance liquid chromatography,
prior to each animal treatment. 12-O-Tetraclecarioylphorbol-13-acetate

was obtained from Consolidated Midland Corp., Brewster, NY.
Bioassay in Newborn Mice. Eighty pregnant ICR/Ha mice were

obtained from HarÃanSprague-Dawley, Madison, Wl. Pups were given

i.p. injections of the appropriate compound dissolved in DMSO as
described previously (3-6). The doses of each compound in DMSO were

administered as follows: 8 nmol/5 Â¡i\on Day 1,16 nmol/10 /xl on Day 8,
and 32 nmol/20 ÃŸ\on Day 15. Mice were weaned at 21 days of age and
separated by sex. They were housed in solid-bottomed polycarbonate

cages (10/cage) with hardwood chip bedding and were fed Purina
laboratory chow and water ad libitum. Animals were kept under standard
conditions [22 Â±2Â°(S.D.), 50 Â±10% relative humidity; 12-hr-light-12-

hr-dark cycle] until 35 weeks of age. After sacrifice, lung and liver tumors

were counted. Representative lesions were examined histoiogically. Liver
tumors were hepatocellular adenomas and lung tumors, alveologenic
adenomas.

Bioassay (or Tumor-initiating Activity. Each group consisted of 20
female CD-1 mice obtained at the age of 28 to 35 days from Charles

River Breeding Laboratories, Inc., Kingston, NY. Animals were housed
as described above. At the age of 50 to 55 days, each mouse received
a single initiating dose of the appropriate compound in 0.1 ml of acetone.
Ten days later, promotion began by application of 2.5 /ig of 12-O-
tetradecanoylphorbol-13-acetate in 0.1 ml of acetone, 3 times weekly for

25 weeks. Mice were shaved when necessary, and tumors were counted
weekly. At autopsy, skin tumors were processed for histology. Tumors
were predominantly papillomas.

Statistical significance was evaluated using the 2-sample f test and
the x2 test.

RESULTS

The results of the bioassay in newborn mice are summarized
in Table 1. As in previous studies, tumors were observed in lung
and liver. Anf/'-DE-l was significantly more active (p < 0.0001) as

a lung tumorigen than any of the other compounds. Low but
significant numbers of lung tumors were also induced by 5-MeC
(p < 0.001), 5-MeC-1,2-diol (p < 0.05), 5-MeC-7,8-diol (p < 0.05),
and syn-DE-l (p < 0.01 ). Anf/-DE-l also induced significantly more

liver tumors than any of the other compounds, with the males
being more susceptible. Significant (p < 0.05) numbers of liver
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tumors, compared to controls, were also induced by 5-MeC, 5-
MeC-1,2-diol, and syn-DE-l.

The results of the assay for tumor-initiating activity are pre
sented in Table 2. Anti-DE-\ was tumorigenic, but anf/-DE-ll was
inactive. Anf/'-DE-l was less tumorigenic than was either 5-MeC

or 5-MeC-1,2-diol, as judged by the number of tumors per
mouse. 5-MeC-1,2-diol was more tumorigenic than was 5-MeC,
but 5-MeC-7,8-diol was less tumorigenic than was 5-MeC.

DISCUSSION

The results of the tumorigenicity study in newborn mice dem
onstrate that anf/-DE-l, but not syn-DE-l or anf/-DE-ll, is a major

5-MÂ«C

OH
5-MeC-7,8-DIOL

aiti- DE-I Ã/ff-DE-1

Chart 1. Structures of 5-MeC. 5-MeC-i ,2-diol. 5-MeC-7,8-dk>l, anti-OE-l, syn-
DE-l, and anr<-DE-ll.

ultimate carcinogen of 5-MeC in this model. anf/'-DE-l is the first

example of an ultimate carcinogen of a methylated PAH to be
established in a bioassay. Under conditions similar to those used
in this assay, 1400 nmol of (Â±)-frans-1,2-dihydroxy-anf/-3,4-
epoxy-1,2,3,4-tetrahydrochrysene induced 16 lung tumors per
mouse, and 700 nmol of its (+)-enantiomer induced 5.5 lung
tumors per mouse (3, 6). In our assay, 56 nmol of anf/'-DE-l
induced 4.6 lung tumors per mouse. Thus, anf/'-DE-l is probably

at least 5 to 10 times more tumorigenic in the newborn mouse
than the corresponding dihydrodiol-epoxide of chrysene, a find

ing which parallels the activities of their parent hydrocarbons
(13). The relatively low activity of syn-DE-l compared to anf/'-DE-

I is also consistent with results of bioassays of chrysene dihy-
drodiol-epoxides (3, 6).

The greater susceptibility of male than of female newborn mice
to the induction of hepatic tumors by anf/'-DE-l is in accord with

previous studies. Males developed more hepatic tumors than
females upon treatment with various metabolites of chrysene,
dibenzo(a,/)pyrene, dibenzo(a,n)pyrene, and dibenz(a,n)an-
thracene (3-6). It is possible that this differential susceptibility

may be due to differing levels of detoxifying enzymes in newborn
male and female mouse liver; glutathione-S-transferase activities

are known to be sex dependent (18). Further studies are required
to determine the basis for this difference in susceptibility.

The results of the assay for tumor-initiating activity on mouse
skin clearly demonstrate that anf/-DE-l is more tumorigenic than
is ant/'-DE-ll, as in the newborn mouse assay. However, anf/'-DE-

I is less tumorigenic than is 5-MeC in this model system. This

was not entirely unexpected as there are a number of examples
of bay-region dihydrodiol-epoxides which are less active on

Table 1
Tumorigenicity of S-MeC metabolites in newborn mice

ICR/Ha mice were given i.p. injections of each compound (total dose, 56 nmol) in DMSO on the first, eighth,
and 15th days of life. Mice were weaned at the age of 21 days, separated by sex, and sacrificed at 35 weeks.

Effective no. ofmiceCompound5-MeC5-MeC-1,2-dtol5-MeC-7,8-diolanfi-DE-lsyn-DE-lanfi-DE-llDMSONo.

of
mice

treated100100100100100100100SexFemaleMaleTotalFemaleMateTotalFemaleMateTotalFemaleMateTotalFemaleMaleTotalFemaleMateTotalFemaleMateTotalTotal483583434487454691483886414990504999414889Pulmonary

tumors%of

tumor-
bearing
animals2120211211121813158182812961761812746Tumors/animal0.250.260.250.140.180.160.240.130.195.63.34.60.340.060.170.060.180.120.070.040.06Hepatic

tumors%of

tumor-
bearing
animals1223177251611274341971411423222Tumors/animal0.290.430.340.230.520.380.490.020.250.132.61.20.460.200.370.040.020.030.020.040.03
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Tab(e2
Tumor-initiatingactivity of 5-MeC metabolites on mouse skin

Groups of 20 female CD-1 mice (age, 50 to 55 days) were shaved and treated
with a single dose of each compound in 0.1 ml of acetone. Ten days later, each
group was treated 3 times weekly with 2.5 /Â¿gof 12-O-tetradecanoylphortx>l-13-
acetate in 0.1 ml of acetone, for 25 weeks.

5-MeC5-MeC-1

,2-diol5-MeC-7,8-diolanf/-DE-lanfi-DE-llDose

(nmol)100

33100

33100

33100

33100

33%

of tumor-bearing
animals15wk"50

4585

7010

560

350

025

wk90

80100

8575

3080

650

5Tumors/animal15

wk1.2

1.14.3

2.40.1

0.11.8

0.40

025

wk5.2

3.912.7

9.91.3

0.34.4

1.30

0.1

Acetone 10 0.1
8Weeks of treatment with 1Z-O-tetradecanoylphorbol-IS-acetate.

mouse skin than their parent hydrocarbons, despite strong evi
dence that they are major utlimate carcinogens (7). The reason
for the relatively low activity of anf/-DE-l on mouse skin is not

known. It is possible that significant amounts of it may not have
reached the target cells in mouse epidermis, although studies on
benzo(a)pyrene-7,8-diol-9,10-epoxide would suggest that such

a simple explanation may not be correct (25).
Our previous studies on the metabolic activation of 5-MeC

strongly suggested that a DE-I isomer should be a major utlimate
carcinogen. Thus, 12-, 1-, or 3-fluoro-5-MeC (but not 6-, 7-, 9-,
or 11-fluoro-5-MeC) were inactive or less tumorigenic than was
5-MeC (15). Their low tumorigenic activities were due to inhibition
by fluorine of formation of 5-MeC-1,2-diol and the corresponding
dihydrodiol-epoxides (1, 15). In agreement with this, an earlier
mouse skin tumorigenicity assay had shown that 5-MeC-1,2-diol
was a proximate carcinogen of 5-MeC (16). Finally, a major DNA
adduct formed in mouse epidermis treated with [3H]5-MeC was

identified as the addition product of the exocyclic amino group
of deoxyguanosine to C-4 of anf/-DE-l (19-21). Some DNA
adducts are also formed in mouse skin via syn-DE-l4 and anti-

DE-II (19-21). The results of the present bioassays suggest that
these are not important in 5-MeC tumorigenesis.

The results of these bioassays clearly show that anf/-DE-l,

which has a methyl group in the same bay region as the epoxide
ring, is more tumorigenic than is anf;'-DE-ll. Our earlier studies

also indicated that this should be the case. Thus, we had shown
previously that 5-MeC-1,2-diol was more tumorigenic on mouse
skin than was 5-MeC and that 5-MeC-7,8-diol was less tumori
genic than was 5-MeC (16). The results of the present mouse

skin study confirm our earlier bioassay, in which the metabolically
formed dihydrodiols were used. 5-MeC-7,8-diol is apparently the

only example of a racemic diequatorial dihydrodiol which can
form a bay-region dihydrodiol-epoxide but is less tumorigenic
than its parent hydrocarbon. 5-MeC-1,2-diol and 5-MeC-7,8-diol,
the precursors to anf/'-DE-l and anf/-DE-ll, were formed to the

same extent in mouse epidermis in vivo (21). However, between

Â«A.A. Melikian, S. S. Hecht, D. Hoffmann, J. Pataki, and R. Q. Harvey,
manuscript submitted for publication.

4 and 48 hr after treatment with [3H]5-MeC, the total adducts

formed in DNA from DE-I exceeded by 2- to 3-fold those formed
from DE-II (21). This was shown to be at least partially due to
enhanced reactivity of anf/-DE-l with DNA in vitro, compared to
anf/'-DE-ll (21). These studies, together with the results of the

bioassay^, show that the enhancing effect of the bay-region
methyl group in 5-MeC tumorigenesis is due to the higher
tumorigenicity of the bay-region dihydrodiol-epoxide with the

methyl group and the epoxide ring in the same bay region, as in
anf/'-DE-l. Among the monomethylchrysenes, only 5-MeC can

form a bay-region dihydrodiol-epoxide metabolite with the epox

ide ring and methyl group in the same bay region. This is a major
factor in its unique tumorigenic activity.

The stereochemical aspects of DE-I tumorigenicity require
further study. Anti-DE-l and syn-DE-l used in this assay were
racemic mixtures. Previous investigations of bay-region dihydro
diol-epoxide tumorigenesis have clearly shown that single en-

antiomers can possess exceptional tumorigenic activity (7). For
example, of the 4 possible chrysene bay-region dihydrodiol-
epoxides, only (+)-frans-1,2-dihydroxy-anf/-3,4-epoxy-1,2,3,4-

tetrahydrochrysene was a strong tumorigen in the newborn
mouse model. This enantiomer was also formed preferentially
from chrysene, upon metabolism with rat liver microsomes (23).
It will be important to determine whether the high activity of anf/-
DE-l, compared to syn-DE-l and anf/-DE-ll, is due to the activity

of a single enantiomer and if this enantiomer is preferentially
formed metabolically from 5-MeC.

We have suggested previously that the structural requirements
favoring tumorigenicity of methylated PAH are a bay-region
methyl group and a free peri-position, both adjacent to an

unsubstituted angular ring (12). Many examples of the enhanced
tumorigenicity of PAH with a bay-region methyl group are avail
able, the most notable being 7,12-dimethylbenz(a)anthracene(9,

10, 12, 17). Our results, taken together with studies on the
metabolic activation of other methylated PAH of this type (8,17,
22, 27, 28), strongly suggest that the enhancing effect of a bay-
region methyl group on tumorigenicity in these other systems
may also be due to the higher tumorigenicity of the bay-region
dihydrodiol-epoxide metabolites, having their methyl group and

epoxide ring in the same bay region.
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