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ABSTRACT

The polycyclic aromatic hydrocarbon pollutant benzo[a]pyrene (BaP) is a known developmental gonadotoxicant. However,
the mechanism of BaP-induced germ cell death is unclear. We investigated whether exposure to BaP induces apoptotic
germ cell death in the mouse fetal ovary or testis. Mouse fetal gonads were dissected at embryonic day 13.5 days

postcoitum (dpc) and fixed immediately or cultured for 6, 24, 48, or 72 h with various concentrations of BaP (1-1000 ng/ml).
Germ cells numbers, apoptosis, and proliferation were evaluated by immunostaining. Treatment of fetal ovaries with BaP
for 72 h concentration-dependently depleted germ cells. Treatment with BaP elevated the expression of BAX protein at6h
and activated downstream caspases-9 and -3 at 24 h in a concentration-dependent manner in germ cells of fetal ovaries. As
a consequence, ovarian germ cell numbers were significantly and concentration-dependently decreased at 48 h.
Pretreatment with z-VAD-fmk, a pan-caspase inhibitor, prior to exposure to 1000 ng/ml BaP prevented BaP-mediated
ovarian germ cell death; there were no effects of BaP or z-VAD-fmk on germ cell proliferation. No significant effects of BaP
exposure on caspase 3 activation or germ cell numbers were observed in fetal testes after 48 h of culture. Our findings show
that BaP exposure increases caspase-dependent and BAX-associated germ cell apoptosis in the mouse fetal ovary, leading
to germ cell depletion. In contrast, the cultured 13.5 dpc fetal testis is relatively resistant to BaP-induced germ cell death.
This study provides a novel insight into molecular mechanisms by which BaP has direct gonadotoxicity in the mouse fetal

ovary.
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Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous envi-
ronmental toxicants generated during incomplete combustion
of organic compounds. PAHs can induce a wide range of adverse
health effects via the generation of reactive metabolites and re-
active oxygen species (ROS) (Penning, 2004; Xue and
Warshawsky, 2005). Some PAH metabolites are activating li-
gands for aryl hydrocarbon receptor (AhR), a transcription factor
that mediates the cellular response to xenobiotic compounds,
and elicit their toxic effects, at least in part, by the activation of
AhR and subsequent up-regulation of cytochrome P450 en-
zymes that convert PAHs into reactive metabolites (Burczynski

and Penning, 2000; Shimizu et al., 2000; Wilson and Safe, 1998).
Benzo[a|pyrene (BaP), a carcinogenic PAH, is commonly found
in cigarette smoke, gasoline and diesel exhaust, and in grilled
and broiled foods (ATSDR, 1995). Maternal exposure to BaP
causes extensive deleterious effects on fetal development and
tumorigenesis in offspring (Shum et al,, 1979; Turusov et al,,
1990; Wislocki et al., 1986).

The mouse fetal ovary and testis are important targets for
PAHs, including BaP. Maternal smoking, a primary route of hu-
man fetal exposure to BaP, disturbs human fetal ovarian devel-
opment and endocrine signaling (Fowler et al., 2014), decreases
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fecundability (Weinberg et al., 1989) and advances menopause
(Strohsnitter et al., 2008) in daughters. Both prenatal and post-
natal BaP exposure reduce ovarian function and follicle num-
bers in female mice. Maternal smoking reduces sperm
concentration and quality in sons in adulthood (Jensen et al.,
2004), and both prenatal and postnatal exposure to BaP alter
sperm morphology and decrease spermatogenesis in male mice
(Nakamura et al.,, 2012). We have shown that BaP treatment
dose-dependently decreases ovarian follicle numbers in F1 fe-
male mice exposed in utero to 2 or 10 mg/kg/day BaP from gesta-
tional days 7 to 16 compared with oil treated controls at 7.5
months of age (Lim et al., 2013). Moreover, the 10 mg/kg/day BaP
dose destroys nearly all developing oogonia/oocytes and causes
epithelial ovarian tumors in F1 offspring. Similarly, exposure to
the same transplacental regimen of BaP exposure decreases tes-
ticular and epididymal sperm counts in the F1 male offspring,
but in contrast to the ovary only minimal effects are observed at
the lower, 2 mg/kg dose (Nakamura et al., 2012).

Apoptotic programmed cell death is responsible for germ
cell loss in developing fetal gonads both in humans (Hartshorne
et al., 2009) and mice (Alton and Taketo, 2007; Coucouvanis et al.,
1993; De Felici et al., 1999; Robles et al., 2000). There are 2 major
apoptotic pathways, the receptor-mediated or extrinsic path-
way and the mitochondrial or intrinsic pathway, both of which
initiate the activation of caspase cascades that converge on acti-
vation of caspase 3, resulting in cell death. AhR is expressed in
mouse germ cells at all developing stages (Robles et al., 2000).
Pro-apoptotic BCL2-family molecules such as BCL2-associated
X protein (BAX) are major regulators of the mitochondrial
pathway. In fetal and neonatal mouse ovaries, the model PAH
9,10-dimethylbenz[a]anthracene (DMBA) increases germ cell ap-
optosis and oocyte destruction via AhR-driven Bax expression
(Matikainen et al., 2001a,). In vitro exposure of human fetal testis
to DMBA increases BAX expression and germ cell apoptosis
(Coutts et al., 2007). These studies suggest that BAX plays a criti-
cal role in apoptotic germ cell death in response to PAH expo-
sure; however, DMBA is not an environmentally relevant PAH to
which humans are exposed.

Several lines of evidence show that exposure to PAHs has
negative impacts on the reproductive system in both fetuses
and adults. Benzo[a|pyrene is an environmentally relevant PAH
that we have shown destroys germ cells during prenatal devel-
opment; however, the mechanism(s) by which prenatal BaP ex-
posure destroys germ cells are not fully elucidated. Here, we
hypothesized that exposure to BaP induces apoptotic germ cell
death via activation of the mitochondrial apoptotic pathway in
the mouse fetal gonad. To test this hypothesis, we examined
the effects of BaP treatment on caspase activation and BAX pro-
tein expression in cultured fetal ovaries and testes.

MATERIALS AND METHODS

Animals. C57BL/6] mice were bred in our colony, housed in an
American Association for the Accreditation of Laboratory
Animal Care-accredited facility, with free access to deionized
water and laboratory chow (Harlan Teklad 2919) on a 14:10 h
light-dark cycle. Temperature was maintained at 69°F-75°F.
The experimental protocols were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals (NRC,
1996) and were approved by the Institutional Animal Care and
Use Committee at the University of California, Irvine. The 10-
week-old females were mated with males on the evening of pro-
estrus, determined by vaginal cytology, and the morning after
overnight mating was considered 0.5day postcoitum (dpc).
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Pregnant mice were sacrificed by CO, euthanasia on 13.5 dpc,
and the fetuses were quickly removed from the uterus. Fetuses
were dissected using a stereomicroscope, and the sex was de-
termined by the morphology of the gonads and subsequently
confirmed by Sry genotyping (Primers: F, TTGTCTAGAG
AGCATGGAGGGCCATGACAA and R, CCACTCCTCTGTGACACT
TTAGCCCTCCGA).

Gonad culture and BaP treatment. Fetal gonads were dissected
with mesonephros intact and either fixed immediately (0 h) or
cultured as described previously (Lambrot et al., 2006; Livera
et al., 2006) for 6, 24, 48, or 72 h in media with 0.005% dimethyl
sulfoxide (DMSO) alone or with various concentrations of BaP
(1, 5, 10, 100, 500, or 1000 ng/ml) in Dulbecco’s modified Eagle’s
medium/Ham F12 (1:1) (Gibco, Grand Island, New York) supple-
mented with 0.1% bovine serum albumin, 100 pg/ml streptomy-
cin, and 100IU/ml penicillin G. Benzo[a]pyrene (Supelco,
Bellefonte, Pennsylvania) was dissolved in DMSO and a fresh al-
iquot of stock solution (20ng/ml) was used to make the BaP
treatment media for each experimental run. Gonads were
placed on 0.4 um Millicell-CM Biopore membranes (Millipore,
Billerica, Massachusetts) floating on 400 pl culture medium in
tissue culture dishes and cultured at 37 °C in a humidified atmo-
sphere containing 95% air and 5% carbon dioxide. In preliminary
experiments (72 h), we cultured fetal ovaries with or without
0.005% DMSO and with or without additional growth factors
(stem cell factor/KitL, leukemia inhibitory factor, and insulin-
like growth factor) and observed no effects on germ cell num-
bers (data not shown). Therefore, the additional growth factors
were omitted for subsequent experiments. At the end of the cul-
ture, gonads were fixed in Bouin’s solution overnight at 4°C and
embedded in OCT before being stored at —80°C. The embedded
gonads were sectioned at 5 um for immunostaining.

Immunofluorescence for germ cell counting. Complete serial sec-
tions were cut for every gonad and mounted so that there were
4 sets of slides that contained 4 sections each, which were sepa-
rated by 3 intervening sections. One complete set of slides, con-
taining every fourth section through the entire gonad was
immunostained with TRA98 antibody for germ cell counts, and
the other sets were used for immunostaining with other anti-
bodies as described below. We performed immunofluorescence
assays for germ cell-specific antigen (TRA98) using a rat anti-
TRA98 monoclonal IgG antibody (1:200; Abcam ab82527,
Cambridge, Massachusetts). We confirmed that this antibody
stained germ cells by double staining with mouse Vasa homolog
antibody (data not shown; Baltus et al., 2006). The germ cells
were identified by their distinctive morphology with large size
and spherical shape. We counted germ cells in every fourth sec-
tion and multiplied the sum of the values obtained for the ob-
served sections of 1 gonad by 4 to obtain a total count of germ
cells per gonad. All counts were carried out blind to treatment
on images captured using a Retiga 2000R digital camera with an
Olympus BX60 microscope equipped with fluorescence filters
using ImageJ software (National Institutes of Health, Bethesda,
Maryland).

Immunohistochemistry. Slides were thawed and heated for
15min in a 10 mM citrate buffer (pH 6.0). The primary antibod-
ies—rabbit anticleaved caspase-3 Asp 175 (1:100; Cell Signaling
#9664, Beverly, Massachusetts), rabbit anticleaved caspase-9
Asp 353 (1:100; Cell Signaling #9509), rabbit anti-BAX (1:200;
Santa Cruz Biotechnology sc-6236, Santa Cruz, California), and
rabbit anti-Ki67 (1:200; Abcam #15580)—were detected using
biotinylated goat antirabbit secondary antibodies in 5% or 10%
normal goat serum and avidin-biotin—peroxidase complex
(Vectastain Elite ABC kit; Vector Laboratories, Burlingame,
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California). Peroxidase activity was visualized using 3,3'-dia-
minobenzidine substrate. Slides were counterstained with he-
matoxylin. Germ cells that stained positively and negatively for
each apoptotic marker were counted and quantities expressed
as fractions were used for statistical analyses. Negative controls
(primary antibody replaced with nonimmune IgG, primary anti-
body without secondary antibody, or secondary antibody with-
out primary antibody) were included in every experiment. To
confirm the specificity of cleaved caspase-9 immunostaining,
we included adult mouse ovaries as positive controls. As antici-
pated, caspase-9 was activated in the granulosa cells of atretic
ovarian follicles (data not shown). We previously validated the
cleaved caspase-3 antibody in a similar manner (Lim et al,
2015). In addition, our results showed similar patterns of acti-
vated caspase-9 immunostaining in both nuclei and cytoplasm
of cells as have been reported by others (Angenard et al., 2010;
Eckle et al., 2004; Hanoux et al., 2007).

Pan-caspase inhibitor treatment

Fetal ovaries were treated with (1) 0.005% DMSO (vehicle con-
trol); (2) pretreated with 50pM z-VAD-fmk (R&D Systems
FMKO01, Minneapolis, Minnesota), a pan-caspase inhibitor, for 1
h and then incubated in fresh media with 0.005% DMSO (inhibi-
tor control); 3) 1000ng/ml BaP alone for 48 h; or 4) pretreated
with 50 pM z-VAD-fmk for 1h and then incubated with 1000 ng/
ml BaP for 48 h. At the end of the culture, fetal ovaries were pro-
cessed for TRA98 immunofluorescence or for Ki67 immunos-
taining and TRA98- or Ki67-positive germ cells were counted, as
described above.

Statistical analysis

All values are presented as mean * SEM in figures. For studies
on apoptosis, quantities expressed as fractions were subjected
to arcsine square root transformation prior to analysis followed
by 1-way analysis of variance and then LSD post hoc test. For
germ cell numbers, we used linear regression to examine the ef-
fect of BaP concentration followed by pairwise comparisons us-
ing Fisher’s LSD test. Statistical analyses were performed using
SPSS 20.0 for Mac OS X (IBM Software).

RESULTS

Prenatal BaP Exposure Increases Female Germ Cell
Death

In an initial concentration-response experiment, dpc 13.5 fetal
ovaries were cultured for 72 h with 0, 1, 5, 10, 100, 500, or
1000ng/ml BaP in 0.005% DMSO. We observed a concentration-
dependent depletion of germ cells, with the 1000 ng/ml group
differing significantly from control (Supplementary Figure 1). In
subsequent experiments, 13.5 dpc fetal ovaries were cultured
with 0, 50, 500, or 1000 ng/ml BaP in 0.005% DMSO. At 13.5 dpc,
uncultured ovaries (0 h) contained 5948 = 1077 germ cells per
ovary (Figure 1). In fetal ovaries cultured for 48h, the mean
number of total germ cells per ovary (5520 + 1694) in control go-
nads was maintained at about 92% of Oh ovaries, which is simi-
lar to germ cell number (5158 +468) observed in the same
mouse strain (C57BL/6) at 15.5 dpc (Rodrigues et al., 2009). Germ
cell number concentration- and time-dependently decreased
with BaP treatment, and the effect of BaP concentration was sta-
tistically significant at 48 h (P =.025, effect of concentration by
linear regression; Figure 1).

Increased Apoptosis in the Mouse Fetal Ovary After BaP
Exposure Correlated With Female Germ Cell Loss

Based on the concentration-dependent difference in germ cell
numbers at 48 h, we examined 3 key markers of apoptosis at 6
and 24 h by immunohistochemistry. Caspase-3, the executioner
caspase, is activated by both the intrinsic and extrinsic apopto-
tic pathways. Few apoptotic germ cells were detected by cleaved
caspase-3 staining in uncultured (0 h) mouse fetal ovaries (< 1%
of total germ cells). About 3% of germ cells were cleaved
caspase-3 positive in control ovaries at both 6 and 24 h. After
24 h in culture, treatment with 1000ng/ml BaP significantly
increased the percentage of caspase-3-positive germ cells
(7.1% = 0.6%) compared with controls (3.0% =+ 0.4%; P=.018), and
treatment with increasing concentrations of BaP at 24 h induced
caspase-3 activation in a concentration-dependent manner
(P=.007; Figure 2A-C). However, no statistically significant
change was observed at 6 h. Caspase-9 is the initiator caspase
in the intrinsic or mitochondrial apoptotic pathway. Similar to
activated caspase-3, 3% of germ cells were cleaved caspase-9
positive in control ovaries at both 6 and 24h. Treatment with in-
creasing concentrations of BaP-induced caspase-9 activation at
24 h in a concentration-dependent manner (P =.007; Figure 2D-
F). Intergroup comparisons showed significant differences be-
tween control (2.9% +0.6%) and 1000ng/ml BaP (5.5% * 0.1%)
groups at 24 h (P=.036). Like cleaved caspase-3, no statistically
significant change was observed at 6 h.

BAX plays an important role in apoptosis, acting as an up-
stream regulator of caspase-mediated cell death in the mito-
chondrial apoptotic pathway. In female gonads cultured with or
without BaP, germ cells, and to a lesser degree somatic, pre-
granulosa cells, were immunopositive for BAX (Figure 2G-I).
Treatment with BaP increased the number of BAX-positive
germ cells in a concentration-dependent manner at 6 h
(P=.036), whereas no significant differences were observed at
24 h. Intergroup comparisons showed that the number of BAX-
positive germ cells was significantly higher in the 1000 ng/ml
BaP group compared with controls (6.0% +1.2% vs 3.0% * .4%;
P=.024).

Inhibition of Caspases Normalizes the Number of Germ
Cells in BaP Exposed Fetal Ovaries

To confirm that BaP-mediated germ cell death requires caspase
activation, we used in vitro pretreatment with 50 uM z-VAD-fmk,
a pan-caspase inhibitor. Treatment with 1000 ng/ml BaP alone
significantly reduced the number of germ cells compared with
vehicle control (2393 * 764 vs 6782 = 1850; P=.038) and inhibi-
tor alone (2393+764 vs 8053+ 1254; P=.007), respectively
(Figure 3). Pretreatment with z-VAD-fmk prior to exposure to
1000ng/ml BaP completely prevented the depletion of germ
cells (6312 + 1305 in BaP plus z-VAD-fmk vs 6782 * 1850 in vehi-
cle controls).

BaP Treatment Does Not Alter Germ Cell Proliferation in
Cultured Fetal Ovaries

We also assessed the effects of BaP treatment on germ cell pro-
liferation in the ovaries from the caspase inhibition experiment
by immunostaining for the mitosis-specific protein, Ki67
(Scholzen and Gerdes, 2000). We observed that about half of the
germ cells were Ki67 positive in uncultured E13.5 ovaries,
whereas only 10%-15% were Ki67 positive in all 4 experimental
groups cultured for 48h, consistent with the large majority of
germ cells having entered meiosis (Figure 4 and Supplementary
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FIG. 1. Benzo[a]pyrene (BaP) induces germ cell loss in mouse fetal ovaries. Total number of germ cells was counted as described in Materials and Methods section in
13.5 dpc ovaries cultured for 0, 6, 24, or 48 h with 0, 50, 500, or 1000 ng/ml respectively, BaP in 0.005% DMSO. A, Mean * SEM total number of germ cells per fetal ovary.
Representative images of germ cells in control (B) and BaP-treated (C) ovaries at 48 h identified by TRA98 immunofluorescence. *P =.025, effect of concentration by lin-

ear regression. n=3 — 5/group. Scale bars, 100 um. UC, uncultured (0h).

Figure 2). There were no statistically significant differences in
the percentages of Ki67-positive cells among the vehicle control,
z-VAD-fmk, BaP, and z-VAD-fmk plus BaP groups.

Effect of BaP on Male Germ Cells

We cultured mouse fetal testes from male littermates of the fe-
male fetuses used for the fetal ovary experiments using the
same experimental protocol. A total of 13.5 dpc uncultured tes-
tes (0 h) contained about 4000 germ cells per testis. The germ
cell number was increased to about 130% of 0 h levels in fetal
testes cultured with control media for 48 h, but there were no sta-
tistically significant effects of BaP treatment on germ cell num-
bers (Figure 5A). We observed a nonsignificant 2% increase in the
percentage of cleaved caspase 3 positive germ cells at 6 h of
50ng/ml BaP treatment compared with controls. Culture with 50,
500, or 1000 ng/ml BaP for up to 48 h did not increase the percent-
age of germ cells positive for activated caspase-3 (Figure 5B).

DISCUSSION

Several PAHs have demonstrated developmental gonadotoxicity
in males and females (Coutts et al., 2007; Lim et al., 2013;
MacKenzie and Angevine, 1981; Nakamura et al., 2012), but the
mechanism of fetal gonadotoxicity of BaP, a known carcino-
genic PAH and environmental toxicant, remains unclear. We in-
vestigated for the first time the direct effects of BaP on cultured
mouse fetal gonads. Our study demonstrates that exposure of
mouse fetal gonads to BaP at 13.5 dpc increases apoptosis of fe-
male germ cells without affecting their proliferation, resulting
in decreased germ cell number in the mouse fetal ovary, where-
as the same concentrations have no effect on the fetal testis.
Our findings also show that the loss of female germ cells re-
quires activation of pro-apoptotic caspases in the mouse fetal
ovary and that BAX may be involved in BaP-induced caspase
activation.

In humans, maternal cigarette smoking is a major route of
BaP exposure to the developing fetus and is also associated with
various adverse health effects in exposed offspring (Chen et al.
2006; Harvey et al. 2007), including decreased fecundability in
females and decreased semen quality in males (Jensen et al.,
2004; Ramlau-Hansen et al, 2007, Weinberg et al., 1989).

Concentrations of BaP have been reported to be 20-40ng BaP/
cigarette (Lodovici et al., 2004; Shopland et al., 2001) in main-
stream cigarette smoke and 1.32 + 0.68 ng/ml in ovarian follicu-
lar fluid of women who smoke (Neal et al., 2008). The exposure
levels of BaP used in this study are 1-1000 ng/ml (4 nM to 4 uM).
Thus, the 2 lowest concentrations of BaP tested bracket BaP con-
centrations in human follicular fluid. Whereas these concentra-
tions of BaP did not significantly affect germ cell number in the
present study, humans are simultaneously exposed to dozens
of PAHs, and total exposure to PAHs in highly exposed humans
(smokers who live in an urban area and consume grilled or
smoked foods) is in the neighborhood of 2 pg/kg/day (ATSDR,
1995; Lodovici et al., 2004; Menzie et al., 1992; Shopland et al.,
2001). At concentrations of 50-1000 ng/ml BaP, we observed that
fetal ovaries undergo concentration-dependent apoptotic germ
cell death, resulting in significantly decreased germ cell num-
bers (Figure 1). In cultured rat secondary follicles, 1.5ng/ml of
BaP significantly inhibited follicle growth (Neal et al., 2007). The
difference in BaP concentrations inducing toxic effects may be
associated with the different species studied, the different end-
points examined, or the culture system. Isolated follicles in cul-
ture have direct contact with BaP, whereas germ cells in intact
fetal ovaries cultured in our experiments are surrounded by so-
matic cells and epithelial membrane. Similarly, in a study in
which postnatal day 4 mouse ovaries were cultured with in-
creasing concentrations (1-10 000 ng/ml) of BaP, no increase in
pro-apoptotic markers was observed, but the antiapoptotic pro-
tein BCL-2 was increased at 100ng/ml BaP (Tuttle et al., 2009).
Because apoptosis and necrosis can occur simultaneously and
caspase activation is also an early event associated with necro-
sis (Zeiss, 2003), we cannot definitively rule out the possibility
that germ cells may be destroyed by necrosis by BaP exposure.
Cigarette smoke exposure decreases primordial follicle counts
and induces autophagy in ovarian granulosa cells in mice
(Furlong et al.,, 2015; Gannon et al., 2012; Tuttle et al., 2009).
Because cigarette smoke is a primary source of exposure to BaP,
autophagic germ cell death could be another pathway involved
in BaP-induced germ cell loss observed in the present study.
The extensive production of ROS during BaP metabolism
may play a critical role in initiating and propagating BaP-
induced germ cell death. Biotransformation of BaP to reactive
metabolic intermediates occurs via several metabolic pathways,
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FIG. 2. Benzo[a]|pyrene (BaP) exposure activates caspases-3 and -9, and increases germ cell expression of BAX protein in fetal ovaries. Germ cell apoptosis was assessed
by cleaved caspase-3, -9, and BAX immunostaining in 13.5 dpc ovaries cultured for 0, 6, or 24 with 0, 50, 500, or 1000 ng/ml, respectively, BaP in 0.005% DMSO. A,
Mean + SEM percentage of cleaved caspase-3 positive germ cells at 6 and 24h (*P=.007 effect of concentration by linear regression, **P=.018 vs control). B-C,
Representative images of cleaved caspase-3 immunostaining in fetal ovaries at 24h. D, Mean + SEM percentage of cleaved caspase-9 positive germ cells at 6 and 24h
(*P=.007 effect of concentration by linear regression, **P < .05 vs control and 50 ng/ml BaP). E and F, Representative images of cleaved caspase-9 immunostaining in fe-
tal ovaries at 24 h. G, Mean + SEM percentage of BAX-positive germ cells at 6 and 24h (*P =.036 effect of concentration by linear regression, **P =.024 vs control). Hand I,
Representative images of fetal ovaries identified by BAX immunostaining at 6 h. Arrows point to caspase-positive germ cells (C and F) or BAX-positive germ cells (I).
n=3-4/group. Scale bars, 15 um. UC, uncultured (0 h).
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FIG. 3. Benzo[a]|pyrene (BaP)-mediated germ cell death in fetal ovaries requires caspase activation. Germ cells were counted as described in Materials and Methods sec-
tion in 13.5 dpc ovaries cultured for 48 h with 0.005% DMSO alone, 50 uM of z-VAD-fmk pretreatment followed by control media, 1000 ng/ml of BaP alone, or z-VAD-fmk
pretreatment followed by BaP. A, Mean + SEM total number of germ cells per ovary. Representative images of germ cells identified by TRA98 immunodetection in fetal
ovaries cultured with z-VAD-fmk (B); 1000 ng/ml BaP (C); z-VAD-fmk and 1000 ng/ml BaP cotreatment (D). n=6-7/group. Scale bars, 100 pm. *P < .05 compared with vehi-
cle and z-VAD-fmk control. UC, uncultured (O h).
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FIG. 4. Benzo[a]pyrene (BaP) does not affect germ cell proliferation in mouse fetal ovaries. Germ cell proliferation was assessed by Ki67 immunostaing in the same ova-
ries as for Figure 3. A, Mean =+ SEM percentage of Ki67 positive germ cells at 0 and 48 h. Representative images of germ cells identified by Ki67 immunodetection in fetal
ovaries: 0h uncultured (B); 0.005% DMSO (C); z-VAD-fmk (D); 1000 ng/ml BaP (E); z-VAD-fmk and 1000 ng/ml BaP cotreatment (F). n=4-5/group. Ki67 positive cells are
dark brown in online version. Arrows point to examples of meiotic germ cells typical of the leptotene stage.

and these metabolites are largely responsible for BaP toxicity.
The most well-known pathway, which is catalyzed by
cytochrome P450 (CYP) and microsomal epoxide hydrolase en-
zymes, promotes the formation of BaP-7,8-dihydrodiol 9,10-
epoxide (BPDE), a major reactive metabolite that forms
mutagenic DNA adducts (Xue and Warshawsky, 2005). Another
pathway involves enzymatic dehydrogenation of dihydrodiol
metabolites to generate BaP quinones with the concomitant

production of ROS that directly attack DNA (Penning, 2004;
Penning et al., 1996). Prostaglandin-endoperoxide synthases are
important enzymes involved in bioactivation of PAHs in the de-
veloping embryo (Rich and Boobis, 1997; Wells et al., 2009).
Prostaglandin-endoperoxide synthases oxidize PAHs to free
radical intermediates, which also initiate ROS generation (Wells
et al., 2009). Due to relative lack of adequate CYP metabolic ca-
pacity in the fetus (Miller et al., 1996), the latter ROS-generating
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FIG. 5. Benzo[a]|pyrene (BaP) does not deplete germ cells in cultured 13.5 dpc mouse fetal testes. A, Germ cells were counted as described in Materials and Methods sec-
tion in 13.5 dpc testes cultured for 0, 6, 24, or 48 h with 0, 50, 500, or 1000 ng/ml, respectively, BaP in 0.005% DMSO. Mean + SEM total number of germ cells identified by
TRA98 immunodetection. B, Mean + SEM percentage of apoptotic germ cells identified by immunohistochemical staining of cleaved caspase-3. n=23-5/group. UC,

uncultured (Oh).

pathway may be dominant in fetal gonads in response to BaP
exposure. Therefore, the germ cell death observed in the pre-
sent study may be initiated via oxidative stress-induced activa-
tion of pro-apoptotic caspases. In human keratinocytes, a
strong enhancement of CD95 (Fas)-mediated apoptosis was ob-
served with BaP at concentrations activating the AhR, but BPDE
failed to enhance CD95-mediated cell death, indicating that the
pro-apoptotic effect of BaP is neither associated with BPDE-
mediated DNA adduct nor BPDE-related signaling (Stolpmann
et al., 2012). In cultured mouse zygotes exposure to 5 and 50 nM
BaP increased the production of ROS and apoptotic cell death
(Zzhan et al., 2015). In this context, it seems very likely that BaP
could be metabolized to gonadotoxic intermediates with the
concurrent production of ROS that are responsible for apoptotic
germ cell death in the fetal ovary. Because the role of ROS in
germ cell apoptosis in the fetal ovary remains to be determined,
further investigations are required to verify the involvement of
ROS in germ cell loss during development.

In response to stress activation, BAX forms a homodimer
and promotes of the release of cytochrome ¢ from the mito-
chondria, which results in the activation of caspase-9 and sub-
sequent activation of caspase-3. We observed that BAX protein
is expressed in both germ and somatic cells of the fetal ovary,
with intense staining in germ cells (Figure 2G-I). This

distribution of BAX immunostaining agrees well with the previ-
ously reported distribution of BAX protein in mouse fetal ova-
ries (Alton and Taketo, 2007) and neonatal ovaries (Matikainen
et al., 2001a). Our findings suggest that BAX may be involved in
the activation of downstream pro-apoptotic caspases-9 and -3
following exposure of fetal ovaries to BaP (Figure 2). We further
demonstrated that fetal ovarian germ cell destruction by BaP re-
quires caspase activation by showing that pre-treatment with a
pan-caspase inhibitor completely prevented the BaP-induced
depletion of germ cells (Figure 3). Whereas the z-VAD-fmk-pre-
treated ovaries appeared morphologically healthy, it is possible
that they sustained BaP-induced damage that may persist and
have deleterious effects later in life. Interestingly, culture of
postnatal day 4 mouse ovaries with similar concentrations of
BaP (1-10 000ng/ml) for 6 or 24 h, did not increase BAX, BCL2,
caspase-3, caspase-8, or Fas ligand protein levels (Tuttle et al.,
2009), suggesting that the fetal ovary is much more sensitive to
BaP-induced germ cell destruction than the neonatal ovary. Our
findings are in good agreement with previously published stud-
ies demonstrating that exposure of cultured 13.5 dpc fetal
mouse ovaries to the DMBA metabolite DMBA-3,4-dihydrodiol
for 72h causes BAX-dependent oocyte loss (Matikainen et al.,
2002), and that BAX regulates mouse germ cell survival and apo-
ptosis during fetal life (Rucker et al., 2000).
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To our knowledge, this is the first study to report on Ki67
immunostaining in 13.5 dpc ovaries and in cultured fetal ova-
ries at this stage of development. We observed that about half
of the germ cells were Ki67 positive in uncultured 13.5 dpc ova-
ries. A previous report described “almost all” germ cells as Ki67
positive in 12.5 dpc ovaries (Atchison et al., 2003). A 50% decline
in the percentage of Ki67-positive germ cells in the fetal ovary
between 12.5 and 13.5 dpc is consistent with the onset of entry
into meiosis on 13.5 dpc (Baltus et al., 2006; Menke et al., 2003).
Moreover, after 48 h of culture in our system, we clearly observe
progression to leptotene and zygotene stages of meiotic pro-
phase I in the control ovaries, based on the characteristic nu-
clear morphology (Supplementary Figure 2), as has been
described for uncultured ovaries at 14.5-16.5 dpc (Baltus et al.,
2006). Notably, BaP treatment had no effect on the percentages
of Ki67-positive cells.

We previously showed that prenatal exposure to BaP de-
creases sperm counts in the F1 male offspring (Nakamura et al.,
2012). Interestingly, our immunohistologic analysis of fetal tes-
tes in the present study showed no significant effect of BaP on
either the total number of germ cells per testis (Figure 4A) or on
the rate of apoptosis (Figure 4B). The developmental window
from 13.5 to 16.5 dpc is critically important in the development
of the murine ovary and the testis. The transition from mitosis
to meiosis of primordial germ cells occurs between 13.5 and 15.5
dpc in the ovary (Borum, 1961; Menke et al., 2003), whereas in
the testis, primordial germ cells proliferate until 12.5 dpc and
then gradually enter the quiescence phase in an unsynchron-
ized manner between 12.5 and 14.5 dpc (Western et al., 2008). In
our prior in vivo study, we observed dose-dependent declines in
spermatogenesis with BaP dosing of the pregnant dam daily
from 6.5 to 16.5 dpc, spanning both the period of testicular germ
cell mitosis and the onset of quiescence (Nakamura et al., 2012).
Similar to the present in vitro results, the developing ovary was
more sensitive to BaP than the developing testis of littermate
male siblings (Lim et al., 2013; Nakamura et al., 2012). Taken to-
gether our in vivo and in vitro studies suggest that the critical
window for the fetal testicular germ cell toxicity of BaP is during
the window from 6.5 to 12.5 dpc, prior to the cessation of mitotic
proliferation. Other possible explanations for the apparently
lower sensitivity of the fetal testis to BaP include less bioactiva-
tion of BaP and/or greater detoxification or antioxidant produc-
tion in the fetal testis compared with the fetal ovary. We plan to
explore these possibilities in future studies.

Our results show that culture of fetal mouse ovaries with
BaP concentration-dependently induces caspase-dependent
germ cell death, which is preceded by increased germ cell ex-
pression of the pro-apoptotic BCL-2 family protein BAX. The re-
sults are consistent with BAX-mediated activation of the
proteolytic caspase cascade. In contrast, cultured fetal testes
at the developmental stage studied are resistant to the induc-
tion of germ cell death by the same concentrations of
BaP. Together with our prior studies showing that transplacen-
tal ovarian toxicity was more severe than testicular toxicity
in male littermates at the same maternal dose of BaP, the pre-
sent study provides additional evidence that the fetal ovary is
more sensitive to BaP-induced germ cell death than the fetal
testis.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.oxford
journals.org/.
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