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ABSTRACT

Mouse ovarian aryl hydrocarbon hydroxylase (AHH, EC
1.14.14.2) activity was measured in control mice and in DBA/
2N (hereafter called D2) and C57BL/6N (hereafter called B6)
mice treated with 3-methylcholanthrene (MC). Basal ovarian
AHH activity was similar in both strains (3 pmol/mg/min).
Ovarian AHH was induced 2- to 3-fold in B6 mice after MC
treatment, while no change was observed in similarly treated
D2 mice. Primordial oocytes of both D2 and B6 mice were
destroyed by the carcinogenic polycyclic aromatic hydrocar
bons (PAH), MC, benzo(a)pyrene (BP), and 7,12-dimethyl
benz(a)anthracene (DMBA), but not by the noncarcinogens,
pyrene, a-naphthoflavone, and fl-naphthoflavone. The rate of
primordial oocyte destruction after PAH administration was
faster in responsive B6 mice than in nonresponsive D2 mice.
After a single i.p. injection of PAH (80 mg/kg), 50% of the
oocytes were destroyed by the following times: DMBA, 1 day
for B6, 2 days for D2; MC, between 2 and 3 days for B6, 6
days for D2; BP, between 2 and 3 days for B6, 12 days for D2.
Dose-response curves of DMBA, MC, and BP also indicated
greater primordial oocyte toxicity in responsive B6 mice than
in nonresponsive D2 mice. The threshold dose for oocyte
destruction 5 days after PAH injection was: DMBA, <1 mg/kg
for B6, <2.5 mg/kg for D2; MC, <5 mg/kg for B6, â€œ-80mg/
kg for D2; BP, <5 mg/kg for B6, â€”â€˜80mg/kg for D2. In MC
treated D2B6F1 x D2 backcross mice, PAH-inducible ovarian
AHH activity and rapid primordial oocyte toxicity cosegregated
with inducible hepatic AHH activity. Primordial oocyte toxicity
was blocked by simultaneous treatment with a-naphthoflavone.
The relative toxicity of the carcinogens to primordial oocytes in
both D2 and B6 mice was DMBA > MC > BP.

INTRODUCTION

Spontaneous ovarian tumors are uncommon in most inbred
(4) and wild (1) mice. However, malignant ovarian granulosa
cell tumors can be initiated in mice with certain PAH2 (7).
Shortly after treatment of mice with the carcinogenic PAH, MC,
BP, or DMBA, primordial oocytes are destroyed, leading to
early ovarian failure and subsequent tumor development. De
struction of the primordial oocytes is thought to be necessary
for granulosa cell tumor formation, inasmuch as none develops
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until the oocytes are completely destroyed (9, 10).
PAH cancinogenesis and toxicity require metabolic activation

of the parent compound by microsomal cytochnome P-450-
dependent monooxygenases (6). The reactive epoxides formed
may bind covalently to tissue macromolecules, spontaneously
hydrolyze to dihydnodiols, onserve as substrates for glutathione
transferase, UDP-glucuronyltransferase, or epoxide hydrase
(15). The dihydrodiols may be recycled through the monooxy
genases forming the reactive diol-epoxides presently thought
to be the proximate carcinogens (17, 21).

In earlier studies with the C57BL/6N (hereafter called B6)
and DBA/2N (hereafter called D2) inbred strains of mice, we
have demonstrated an association between inducible ovarian
AHH activity and primordial oocyte toxicity (1 1, 12). It is well
established that the inducibility of AHH by PAH exhibits genetic
variation in the liver and other organs of inbred strains of mice
(1 4, 19). It is probable that the genetic regulation of such
induction involves several alleles at more than one genetic
locus; however, the difference between the 2 phenotype
strains, B6 being responsive and D2 being nonresponsive to
AHH induction by PAH, is explained almost completely by a
single gene difference in accordance with classical Mendelian
segregation, the responsive allele being dominant (14, 19).
The presence of PAH responsiveness in the mouse correlates
highly with MC tumorigenesis (8), DMBA toxicity,3 and aceta
minophen hepatotoxicity (18). [For reviews, see the papers of
Nebertand Felton(14) and Thorgeirssonand Nebert (21)]. In
this paper, we extend our observations on the strain difference
in PAH induction of ovarian AHH activity and primordial oocyte
toxicity of various carcinogenic and noncarcinogenic PAH in
D2, B6, and D2B6F1 x D2 backcross mice.

MATERIALS AND METHODS

Animals. Inbred D2 and B6 mice were obtained from the
Veterinary Resources Branch, NIH. D2B6F1 x D2 backcross
mice were provided by Dr. Daniel Nebert, National Institute of
Child Health and Human Development. For each experiment,
the mice were age matched within 1 week; unless otherwise
noted, animals used were 4 to 6 weeks old. Care of the animals
has been described previously (12).

Chemicals.BP,MC,DMBA,ANF,andBNFwerepurchased
from Sigma Chemical Co., St. Louis, Mo. Pynene was a gift
from Dr. Melvin Newman, Ohio State University. The PAH were
dissolved in corn oil and administered i.p. to the mice.

OvarianAHHActivity.Miceweretreatedwiththetestcom
pound or vehicle 40 hr prior to sacrifice. Animals were sacni
ficed by cervical dislocation, and ovaries were removed. The
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9000 x g supematant was prepared and assayed as described
previously (12).

Primordial Oocyte Numb&. Animals were given i.p. mnjec
tions of the compounds and sacrificed at the times noted in the
legends. Ovaries were then fixed in Bouin's medium and proc
eased as described previously (12).

RESULTS

Basal ovarian AHH activity was similar for both strains of
mice (3 pmol/mg/min; Table 1). Treatment with MC resufted
in a 2- to 3-fold induction of B6 ovarian NIH activity, while no
change was observed in D2 ovarian NIH activity. Backcross
mice treated with MC and phenotyped by hepatic AHH activity
differed in ovarian AHH activity and oocyte number (Table 2).
The responsive phenotype had ovarian AHH activity close to
that observed in MG-treated responsive B6 mouse ovary (9.0
prrd/mg/mm), while the nonresponsive phenotype had over
Ian AHH activity similar to that observed in MC-treated D2
mouse ovary (3.2 pmol/mg/min). The PrimOrdial oocyte num
ber in the MG-treated responsive phenotype was significantly
below that in the nonresponsive phenotype.

Oocyte number in D2 and B6 mice treated with corn oil,
BNF, and pyrene did not differ significantly from that in control

animals O'able 3). The mice treated with the carcinogens BP,
MC, or DMBA, however,had significantlyfewer PrimOrdial
oocytes (with the exception of BP-treated D2 mice). In addition,
the toxicity of PAH to PrimOrdialoocytes appeared graded with
DMBA, causing more complete destruction than did MC, which
was in turn more toxic than was BP.

The time course of primordial oocyte destruction after a
single injection of the PAH varied with both mouse strain and
carcinogen (Chart 1). B6 mice lost 50% of their primordial
oocytes by 2 days after BP treatment, between 2 and 3 days
after MC treatment, and within 1 day after DMBA treatment.
The rate of oocyte destruction in nonresponsive D2 mice was
much slower, with 50% destruction occurring at 10 days for
BP, 6 days for MC, and 2 days for DMBA. PrimOrdial oocytes
were completely destroyed in responsive B6 mice by all 3
carcinogens but with different end points (BP, 7 days; MC, 5
days; and DMBA, 2 days) than in D2 mice. Complete destruc
tion of primordial oocytes in nonresponsive D2 mice occurred
at 6 days with DMBA and 15 days with MC. Fourteen days
after treatment of D2 mice with BP only 65% of the primordial
oocytes had been destroyed, and destruction appeared to have

The dose-response studies also reflected similar strain and
carcinogen differences (chart 2). B6 mice heated with BP

@@B6responsive
D2 naswe@onsiveâ€”

(pmol/mg/min)

8.7 Â±2.4a(8t
3.3 Â±1.t(8)@mor@

@
remaning

60 Â±77 (8)
1299 Â±369'(8)0206F,

x D2responeive
D2B6F, x D2 nonre@loneive9.0

Â±3.9 (14)
3.2 Â±1.7@'(9)404

Â±465 (11)
1126 Â±1055'@(12@

a@@ S.D.
a@ Il parentheses, numbm'of a*nals.
C@ <@ (Student's t tent).

d@ < o.oos Sturient's t tent).

Tntile 3

a Moms Â± S.D.
b@ > oos (a@niysisof vai@ice and ixmcrs mni@ie rwge tesÃ¼.
C Nund@ers Ei iwei@ieses, minitsm' of ovaies.

d ,@< o.os (@yais of valsace id Ikescw's mtdt@le rsage test).

showed destruction of primordial oocytes at 5 mg/kg (the
lowest dose tested), while 02 mice did not show loss of
primordial oocytes below 40 mg/kg. Treatment with MC at 5
mg/kg also produced significant oocyte destruction in 86
mice, while none was seen in D2 mice treated with less than
40 mg/kg. The most potent of the carcinogens tested, DMBA,
destroyed approximately 60% of the primordial oocytas in 86
mice at 1 mg/kg and destroyed about 30% of the primordial
oocytes in 02 mice at 2.5 mg/kg. Once the threshold for
oocyte destruction was exceeded, the rate of dose-dependent
loss seemed the same for all 3 carcinogens and m both strains
of mice.A plateauof destructionappearedwhen the primordial
oocyte number fell below 90% of control in 86 mice treated
with MC or BP, while the more toxic OMBA produced complete
â€” oocytedestruction.OnlyDMBAproducedcomplete
oocyte destruction in nonresponsive D2 mice.

Destruction of primordial oocytes by PAH was blocked by
treating the animals with ANF (Qiart 3). The number of pnmor
dial oocytes remaining in D2 and 86 mice at 3 and 5 days after
an 80-mg/kg injection of BP, MC, or DMBA was greater than
50% of that in control, while unprotected animals (with the
exception of BP-treated 02) had less than 50% remaining at 5
th@

A comparisonof the rate of oocyte destructionin weaning
(Swoek) and middle-aged (8-month) D2 and 86 mice treated
with DMBA or MC suggested a decreased rate of oocyte loss
in 86 mice with age, while in 02 mice the rate of primordial
oocyte loss appeared to increase with age (Table 4).

The ovaries of 02 and 86 mice have similar levels of AHH
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activity (3 pmrA/mg/min). Treatment of both strains with MC
results in induction of ovarian AHH activity in responsive 86
mice (up to 9 pmol/mg/rrin), while nochangeoccursin ovarian
AHH activity in nonresponsive D2 mice. @iductionof ovarian
NIH activity by MC in D2B6F x D2 mice correspondswith
induction of hepatic Mill activity. The responive phenotype,
based on induction of hepahc ANSIactivity, has MC-indudble
ovarian AHH activity whie the nonresponaive phenotype does
not@These data are consistent with previous observatlons on
the induction of AHH activity by PAH in kver and exlraiepmic
tissues ofthese 2 inbred strains end their genetic crosses (19).

The presence of AHH and epoxide hydrase (15) in the ovary,
a target organ for PAH toxicity and carcinogevicfty, is not
surprising. The ovary, therefore, hasthe cepecityto metabolize
PAIl in vivo to diol-epoxides, potent mutagens, and carcino
gens (6, 16, 21). This is in agreement with the experiments of
JuN(7), in which ov@es incubated in medium containing PAH
produced ovariwi tumors when implanted in nonexposed syn
_c hosts. Beater and Rohrbom (2) have also demonstrated
meiotic errors in oocytes from mice treated with BP. However,
these data do not predude the possib@y that extragonadal
metabolic activity of PAN may also play a role in gonadal
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toxicity, germ cell mutations, and gonadal carcinogenesis.
Murine oocytes appear to be selectively sensitive to carol

nogenic PAH, since pyrene, a noncacinogenic PAH, produces
no oocyte destruction in responsive 86 mice, the strain most
sensitive to oocyte toxicity by carcinogenic PAH. Oocyte de
struction also does not occur in nice treated with ANF or BNF,
nor does toxicity occur in follicidar cells or ovarian stromal
cells of mice treated with MC (5).

The mouse strain difference in PAH induction of the ovarian
AHH activity is also reflected in PAH primordial oocyte toxicity.
Responsive 86 mice have a significantly greater rate of pri
mordial oocyte destruction after treatment with BP, MC, or
DMBA than do nonresponsive 02 mice. Responsive D2B6F@
x D2 mice also have greater oocyte loss following treatment
with MC than do similarly treated nonresponsive backcross
mice (Fable 2). indicating that primordial oocyte toxicity is
greater in mice with PAIl-inducible ovarian AHH activity. k@
creased toxicity of xenobiotics as a resuft of more rapid acti
vation in the responsive 86 strain has been investigated using
other systems and is consistent with the data reported here
(14, 19). The variation in oocyte destructionwith respect to
time for both strains indicates that toxic levels of reactive
metabolites are reached more quickly in the 86 mouse ovary
but also indicates their production in the nonresponsive D2
mouse. Although the strains do differ in rate of metabolism, the
eventual outcome of sufficient PAH exposure wiU be complete
primordial oocyte destruction in either strain. This is consistent
with the observed ovarian carcinogenicity of the PAH in non
responsive mouse strains (7, 10). Of special interest, h@ver,
are the graded destruction of primordial oocytes by carcino
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Effect of age on primordial oocyte loss after treatment with MC orOMBAAnimals
were treated with PAH (80 mg/kg) 7 days prior tosacrifice.No.

of primordialoocytes/ovaryStrain

Control MCDMBAD25

wk 5136 Â± 7078 (5)b 2736 Â±252 (6) 897 Â±638(6)8
mos. 2148 Â± 543 (8) 853 Â±217 (6) 160 Â±150(6)B65

wk 3574 Â±1235 (7) 33 Â± 48 (6) 20 Â± 31(6)8
mos. 1287 Â± 398 (8) 173 Â±131 (6) 53 Â±112 (6)
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PAH. Oocyte destruction occurs at much lower doses in the
responsive B6 strain than in the nonresponsive D2 strain,
reflecting higher levels of toxic metabolites in the responsive
ovary. Carcinogenic PAH themselves have no intrinsic oocyte
toxicity, as demonstrated by the ANF protection experiments.
ANF is known to compete with the PAH for the enzyme active
site in the monooxygenase (20), so that blocking the metabo
lism of PAH blocks the primordial oocyte toxicity of these
compounds.

The carcinogens tested, BP, MC, and DMBA, are known to
produce murine ovarian granulosa cell tumors through a mech
anism which requires destruction of primordial oocytes (7, 9,
10). The graded response of oocyte destruction observed here
with DMBA > MC > BP is the same as the relative ability of
these compounds to produce ovarian tumors (7) as well as
their relative carcinogenicity and DNA binding in a mouse skin
tumor system (3). Oocyte destruction by the carcinogenic PAH
tested appears dependent on both the carcinogenicity of the
PAH and the metabolic activity of the target tissue, suggesting
that the mouse primordial oocyte toxicity assay may provide a
useful in vivo system for studying relative carcinogenicity of
certain xenobiotic compounds activated by the microsomal
monooxygenase system (13).

Human ovarian cancer is an environmentally associated dis
ease (10). The recent demonstration of early menopause in
women smokers underscores the sensitivity of the human ovary
to PAH (6). The similarities among PAH exposure, oocyte
destruction, and ovarian cancer in the mouse, PAH exposure
(via cigarette smoke and other environmental pollutants) and
early menopause, and rising PAH pollution and increasing
incidence of ovarian cancer suggest that human exposure to
PAH, ovarian metabolism to ovotoxic reactive intermediates,
and subsequent ovarian tumorigenesis may be linked (14).
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Chart 3. Protection of primordial oocytes from PAH destruction by ANF.

Abscissa, primordial oocyte number as percentage of control; ordinate, days
after administration of PAH (80 mg/kg). ANF (80 mg/kg p.) was given on Days
â€”1 , 0, 1 , 2, 3, and 4. Circles, D2 mice; squares, B6 mice; open symbols, PAH

treated mice; closed symbols, mice treated with both PAH and ANF. Each point
represents the mean number of primordial oocytes from 6 to 8 ovaries.
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